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DESCRIPTION

INFORMATION PROCESSING DEVICE, INFORMATION STORAGE DEVICE, AND
CONTROL DEVICE OF ROTARY ELECTRIC MACHINE

TECHNICAL FIELD
The present invention relates to an information processing device that calculates a

current command value of a rotary electric machine, an information storage device that

stores a current command value of a rotary electric machine, and a control device that

controls a current of a rotary electric machine.

BACKGROUND ART

A control device of a rotary electric machine according to the below-described
Patent Document 1 comprises a first rotor in which a winding is provided and which is
mechanically connected to an engine, a second rotor in which a permanent magnet which
is electromagnetically coupled with the winding of the first rotor is provided and which is
mechanically connected to a drive shaft, a stator in which a winding which is
electromagnetically coupled to the permanent magnet of the second rotor is provided, a slip
ring which is electrically connected to the winding of the first rotor, a brush which
electrically contacts the slip ring, a first inverter which applies a control to allow
transmission and reception of electric power between a battery and the winding of the
stator, and a second inverter which applies a control to allow transmission and reception of
electric power between the battery and the winding of the first rotor through the slip ring
and the brush. In Patent Document 1, because a motive power from the engine
transmitted to the first rotor is transmitted to the second rotor by the electromagnetic
coupling of the winding of the first rotor and the permanent magnet of the second rotor, the
drive shaft can be driven by the motive power of the engine. During this process, the

current in the winding of the first rotor may be controlled by a switching control of the
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second inverter, to control a torque acting between the first rotor and the second rotor. In
addition, the drive shaft can also be driven by generating a motive power in the second
rotor using electric power supplied through the first inverter to the winding of the stator by
the electromagnetic coupling between the winding of the stator and the vpermanent magnet
of the second rotor. In this process, the current in the winding of the stator may be
controlled by a switching control of the first inverter, to control a torque acting between the
stator and the second rotor.

[Related Art References]

[Patent Documents]

[Patent Document 1] JP 2000-50585 A

[Patent Document 2] JP 2011-205741 A

[Patent Document 3] JP 2009-33917 A

[Patent Document 4] JP 2009-73472 A

[Patent Document 5] JP 2009-274536 A

SUMMARY OF INVENTION

[Technical Problem]

In Patent Document 1, the current in the winding of the first rotor is controlled
based on a torque command value between the first rotor and the second rotor, and a
copper loss of the winding of the first rotor changes according to the current in the winding
of the first rotor.  Similarly, the current in the winding of the stator is controlled based on
a torque command value between the stator and the second rotor, and a copper loss of the
winding of the stator changes according to the current in the winding of the stator.
Because of this, depending on the torque command value between the first rotor and the
second rotor and the torque command value between the stator and the second rotor, a total
copper loss of the winding of the first rotor and the winding of the stator may be increased.

Moreover, when currents are simultaneously applied to the winding of the first

rotor and the winding of the stator, a magnetic interference phenomenon occurs where the
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current in the winding of the first rotor affects the torque between the stator and the second
rotor and the current in the winding of the stator affects the torque between the first rotor
and the second rotor. Because the mutual torques change due to the magnetic interference,
the current command value for applying an accurate éontrol according to the torque
command values cannot be determined. Even if the torque is controlled according to the
torque command value, the total copper loss of the winding of the first rotor and the
winding of the stator may not be the minimum.

One advantage of the present invention is that, in a rotary electric machine in
which torque can act between a first rotor and a second rotor and between a stator and a
second rotor, a current command value for reducing the loss due to the copper loss is
calculated while controlling the torques according to the torque command values even
under magnetic interference. Another advantage of the present invention is that, in the
above-described rotary electric machine, the loss due to the copper loss is reduced while
controlling the torques according to the torque command values even under magnetic
interference.

[Solution to Problem]

In order to achieve at least a part of the advantages described above, an
information processing device, an information storage device, and a control device of a
rotary electric machine according to the present invention employ the following
configurations.

According to one aspect of the present invention, there is provided an information
processing device that éalculates a current command value based on a torque command
value of a rotary electric machine, wherein the rotary electric machine comprises a first
rotor in which a rotor winding is provided, a stator in which a stator winding is provided,
and a second rotor that opposes the first rotor and the stator and that is rotatable relative to
the first rotor, a torque acts between the first rotor and the second rotor according to a
magnetic flux due to a current in the rotor winding acting on the second rotor, and a torque

acts between the stator and the second rotor according to a magnetic flux due to a current
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in the stator winding acting on the second rotor, a linkage magnetic flux of the stator
winding can be adjusted by the current in the rotor winding and a linkage magnetic flux of
the rotor winding can be adjusted by the current in the stator winding, the information
processing device comprises a current command value calculating unit that calculates a
current command value for the rotor winding and a current command value fbr the stator
winding with respect to a torque command value between the first rotor and the second
rotor and a torque command value between the stator and the second rotor, based on an
evaluation function representing a total copper loss of the rotor winding and the stator
winding and using a first magnetic interference model and a second magnetic interference
model, the first magnetic interference model represents a relationship of the linkage
magnetic flux of the rotor winding with respect to the current in the rotor winding and the
current in the stator winding, and the second magnetic interference model represents a
relationship of the linkage magnetic flux of the stator winding with respect to the current in
the rotor winding and the current in the stator winding.

According to another aspect of the present invention, preferably, the first magnetic
interference model and the second magnetic interference model include model equations
related to a magnetomotive force, in which the current in the rotor winding and the current
in the stator windihg are combined with a setting ratio.

According to another aspect of the present invention, preferably, the setting ratio
is 1:C, where C is a coefficient representing a degree of magnetic interference.

According to another aspect of the present invention, preferably, the first magnetic
interference model and the second magnetic interference model further include model
equations representing a degree of change of the linkage magnetic flux by magnetic
saturation.

According to another aspect of the present invention, preferably, the first magnetic
interference model and the second magnetic interference model have a model related to a
d-axis linkage magnetic flux and a model related to a g-axis linkage magnetic flux.

According to another aspect of the present invention, preferably, the current
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command value calculating unit calculates the current command value for the rotor
winding and the current command value for the stator winding based on the evaluation
function and a constraint condition including a condition that a voltage of the rotor winding
is less than or equal to a first limit value and a voltage of the stator winding is less than or
equal to a second limit value, and using the first magnetic interference model and the
second magnetic interference model.

Aécording to another aspect of the present invention, preferably, electric power
can be converted between an electricity storage device and the stator winding by a first
electric power conversion device, electric power can be converted between the electricity
storage device and the rotor winding by a second electric power conversion device, and the
first limit value and the second limit value are set to values smaller than a voltage of the
electricity storage device.

According to another aspect of the present invention, preferably, the current
command value calculating unit calculates the current command value for the rotor
winding and the current command value for the stator winding based on the evaluation
function and a constraint condition including a condition that the current in the rotor
winding is less than or equal to a third limit value and the current in the stator winding is
less than or equal to a fourth limit value, and using the first magnetic interference model
and the second magnetic interference model.

According to another aspect of the present invention, preferably, electric power
can be converted between an electricity storage device and the stator winding by a first
electric power conversion device, electric power can be converted between the electricity
storage device and the rotor winding by a second electric power conversion device, the
third limit value is set to a value smaller than a capacity of the second electric power
conversion device, and the fourth limit value is set to a value smaller than a capacity of the
first electric power conversion device.

According to another aspect of the present invention, preferably, the current

command value calculating unit calculates the current command value for the rotor
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winding and the current command value for the stator winding such that the evaluation
function is approximately minimum.

According to another aspect of the present invention, there is provided an
information storage device that stores the current command value for the rotor winding and
the current command value for the stator winding calculated by the information processing
device according to the present invention in correspondence to the torque command value
between the first rotor and the second rotor and the torque command value between the
stator and the second rotor.

According to another aspect 6f the present invention, there is provided a control

device of a rotary electric machine, that controls the current in the rotor winding and the

‘current in the stator winding based on the current command value for the rotor winding and

the current command value for'vthe stator winding calculated by the information processing
device according to the present invention.
[Advantageous Effects of Invention]

According to various aspects of the present invention, by calculating a current
command value for a rotor winding and a current command value for a stator winding
using a first magnetic interference model representing a relationship of a linkage magnetic
flux of the rotor winding with respect to a current in the rotor winding and a current in the
stator winding and a second magnetic interference model representing a relationship of a
linkage magnetic flux of the stator winding with respect to the current in the rotor winding
and the current in the stator winding and based on an evaluation function representing a
total copper loss of the rotor winding and the stator winding, it is possible to calculate a
current command value that reduces the loss due to the copper loss while controlling the
torque between the first rotor and the second rotor and the torque between the stator and
the second rotor according to the torque command values. Furthermore, by controlling
the current in the rotor winding and the current in the stator winding based on the
calculated current command values, it is possible to reduce_thev loss due to the copper loss

of the rotary electric machine while controlling the torques according to the torque
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command values.

BRIEF DESCRIPTION OF DRAWINGS

FIG. 1 is a diagram schematically showing a structure of a hybrid drive device
having a control device of a rotary electric machine according to a preferred embodiment
of the present invention.

FIG. 2 is a diagram showing an example structure of a rotary electric machine.

FIG. 3 is a diagram showing an example structure of a rotary electric machine.

FIG. 4 is a diagram showing an example structure of a rotary electric machine.

FIG. 5 is a diagram showing a flow of a d-axis magnetic flux when a d-axis
current flows in a rotor winding.

FIG. 6 is a diagram showing é flow of a g-axis magnetic flux when a g-axis
current flows in a rotor winding.

FIG. 7 is a diagram showing a flow of a d-axis magnetic flux when a d-axis
current flows in a stator winding.

| FIG. 8 is a diagram showing a flow of a g-axis magnetic flux when a g-axis

current flows in a stator winding.

FIG. 9 is a diagram showing an example relationship of currents Ly and Iou for
torques of Tin = 0 and Tout = 90 Nm.

FIG. 10 is a functional block diagram showing an example structure of an
electronic control unit and an information processing device.

FIG. 11 is a flowchart showing an example process executed by an information
processing device.

FIG. 12 is a diagrarﬁ showing an example relationship of an evaluation function f
with respect to a current in in a rotor winding.

FIG. 13 is a functional block diagram showing another example structure of an

‘electronic control unit.

FIG. 14 is a diagram showing another example structure of a rotary electric
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machine.

FIG. 15 is a diagram showing another example structure of a rotary electric
machine.

FIG. 16 is a diagram showing another example structure of a rotary electric
machine.

FIG. 17 is a diagram showing another example structure of a rotary electric
machine.

FIG. 18 is a diagram showing another example structure of a rotary electric
machine.

FIG. 19 is a diagram showing another example structure of a rotary electric

machine.

DESCRIPTION OF EMBODIMENTS

A preferred embodiment of the present invention (hereinafter referred to as
“embodiment”) will now be described with reference to the drawings.

FIGs. 1 ~ 4 are diagrams schematically showing a structure of a hybrid drive
system having a control device of a rotary electric machine according to a preferred
embodiment of the present invention. FIG. 1 schematically shows an overall structure,
and FIGs. 2 — 4 schematically show the structure of a rotary electric machine 10. The
hybrid drive system of the present embodiment comprises an engine (internal combustion
engine) 36 provided as a prime mover that can generate motive power (mechanical motive
power), a transmission (mechanical transmission) 44 that can change a gear ratio provided
between the engine 36 and a drive shaft 37 (a wheel 38), and the rotary electric machine 10
provided between the engine 36 and the transmission 44, which can generate a motive
power (mechanical motive power) and that can generate electric power. The hybrid drive

system of the present embodiment can be used, for example, as a motive power output

_system for driving a vehicle.

The rotary electric machine 10 comprises a stator 16 fixed on a stator case (not
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shown), a first rotor 28 that can rotate relative to the stator 16, and a second rotor 18 that
opposes the stator 16 and the first rotor 28 with predetermined gaps therebetween in a
radial direction orthogonal to a rotational axis of the rotor, and that can rotate relative to
the stator 16 and the first rotor 28. In the example configuration shown in FIGs. 1 — 4, the
stator 16 is placed at a position on a radially outer side in relation to the first rotor 28 with
a space from the first rotor 28, and the second rotor 18 is placed at a position in the radial
direction between the stator 16 and the first rotor 28. In other words, the first rotor 28 is
placed to oppose the second rotor 18 at a position radially inward with respect to the
second rotor 18, and the stator 16 is placed to oppose the second rotor 18 at a positon
radially outward in relation to the second rotor 18. The first rotor 28 is mechanically
connected to the engine 36, so that the motive power from the engine 36 is transmitted to
the first rotor 28. Similarly, the second rotor 18 is mechanically connected to the drive
shaft 37 through the transmission 44 so that the motive power from the second rotor 18 is
gear-changed at the transmission 44 and transmitted to the drive shaft 37 (wheel 38). In
the following description, the first rotor 28 is described as an inpuf-side rotor, and the
second rotor 18 is described as an output-side rotor.

The stator 16 includes a stator core 51 and stator windings 20 of a plurality of
phases (for example, 3 phases), provided on the stator core 51 along a circumferential
direction of the stator core 51. In the stator core 51, a plurality of teeth 51a protruding
toward the inside in the radial direction (toward the output-side rotor 18) are placed along
the circumferential direction of the stator with a space therebetween, and the stator winding
20 is wound around the teeth 51a to form the magnetic pole. An AC (alternating current)
current of a plurality of phases (for example, 3 phases) flows in the stator windings 20 of
the plurality of phases, so that the stator winding 20 generates. a rotational magnetic field
that rotates in the circumferential direction of the stator. In the example configuration of
FIGs. 3 and 4, one magnetic pole is formed for six teeth 5la around which the stator
windings 20 of three phases are wound.

The input-side rotor 28 includes a rotor core 52 and rotor windings 30 of a
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plurality of phases (for example, 3 phases), provided on the rotor core 52 along a
circumferential direction of the rotor core 52. In the rotor core 52, a plurality of teeth 52a
protruding toward the outside in the radial direction (toward the output-side rotor 18) are
placed along the circumferential direction of the rotor with a space therebetween, and the
rotor windings 30 are wound around the teeth 52a to form a magnetic pole. An AC
current of a plurality of phases (for example, 3 phases) flows in the rotor windings 30 of
the plurality of phases, so that the rotor winding 30 can generate a rotational magnetic field
that rotates in the circumferential direction of the rotor. In the example configuration of
FIGs. 3 and 4, one magnetic pole is formed for three teeth 52a around which the rotor
windings 30 of three phases are wound.

The output-side rotor 18 includes a plurality (16 in the example configuration of
FIGs. 3 and 4) of permanent magnets 33 placed with a space therebetween (with an equal
space) along the circumferential direction of the rotor, and a plurality (the same number as
the permanent magnets 33; 16 in the example configuration of FIGs. 3 and 4) of soft
magnetic members 53 each of which is placed between permanent magnets 33 that are
adjacent to each other in the circumferential direction of the rotor. Each of the plurality
of soft magnetic members 53 placed in a divided manner with equal space in the
circumferential direction of the rotor comprises an inner circumferential surface (first
surface) 61 which opposes the input-side rotor 28 (teeth 52a) with a predetermined gap
therebetween, an outer circumferential surface (second surface) 62 which opposes the
stator 16 (teeth 51a) with a predetermined gap therebetween, a side surface (third surface)
63 which faces (contacts) a magnetic pole surface of one of adjacent permanent magnets
33, and a side surface (fourth surface) 64 which faces (contacts) a magnetic pole surface of
the other of the adjacent permanent magnets 33, and a magnetic flux passes between the
inner circumferential surface 61 and the outer circumferential surface 62. In the example
configuration of FIGs 3 and 4, the magnetic pole surface of each permanent magnet 33 is
placed inclined with respeét to the radial direction, and the side surfaces 63 and 64 of each

soft magnetic member 53 are also formed inclined with respect to the radial direction. In
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addition, in the example configuration of FIGs. 3 and 4, in each soft magnetic member 53,
a width of the inner circumferential surface 61 along the circumferential direction of the
rotor is equal to the space between teeth 52a that are three teeth away from each other in
the circumferential direction of the rotor, and a width of the outer circumferential surface
62 along the circumferential direction of the rotor is equal to the space between teeth Sla
that are six teeth away from each other in the circumferential direction of the rotor. In the
following description, when the plurality of permanent magnets need to be distinguished,
the permanent magnets will be described with reference numerals 33-1‘, 33-2, and 33-3.
Similarly, in the following description, when the plurality of soft magnetic members 53
need to be distinguished, the soft magnetic members will be described with reference
numerals 53-1 and 53-2, and the inner circumferential surfaces 61, the outer
circumferential surfaces 62, and side surfaces 63 and 64 of the soft magnetic members 53
will also be referred with reference numerals of 61-1, 61-2, 62-1, 62-2, 63-1, 63-2, 64-1,
and 64-2 as necessary.

In each soft magnetic member 53, the magnetic pole surface of the permanent
magnet 33 faced by the side surface 63 and the magnetic pole surface of the permanent
magnet 33 faced by the side surface 64 have the same polarity, and the same poles of the
permanent magnets 33 adjacent in the circumferential direction of the rotor are connected
via the .soft magnetic member 53. For example, in the soft magnetic member 53-1, the
magnetic pole surface of the permanent magnet 33-1 contacted ny the side surface 63-1 is
an N pole surface, and the magnetic pole surface of the permanent magnet 33-2 contacted
by the side surface 64-1 is an N pole surface. On the other hand, in the soft magnetic
member 53-2 adjacent to the soft magnetic member 53-1 in the circumferential direction of
the rotor with the(permanent magnet 33-2 therebetween, the magnetic pole surface of the
permanent magnet 33-2 faced by the side surface 63-2 is an S pole surface, and the
magnetic pole surface of the permanent magnet 33-3 contacted by the side surface 64-2 is
an S pole surface. Because of this, in the soft magnetic members 53 adjacent in the

circumferential direction of the rotor (for example, the soft magnetic members 53-1 and
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53-2), the magnetic pole surfaces of the permanent magnets 33 faced by the side surfaces
63 and 64 are of opposite polarities from each other, and the soft magnetic member 53 in
which the side surfaces 63 and 64 contact the N pole surfaces of the permanent magnets 33
and the soft magnetic member 53 in which the side surfaces 63 and 64 contact the S pole
surfaces of the permanent magnets 33 are alternately placed along the circumferential
direction of the rotor. In addition, between the soft magnetic members 53 adjacent in the
circumferential direction of the rotor (for example, the soft magnetic members 53-1 and
53-2), in addition to the permanent magnets 33, a gap 54 for increasing the magnetic
resistance is provided. Alternatively, a non-magnetic material may be provided in place
of the gap 54.  Alternatively, the soft magnetic members 53 adjacent in the
circumferential direction of the rotor (for example, soft magnetic members 53-1 and 53-2)
may be connected to each other by a bridge.

FIG. 4 shows a flow of a field magnetic flux by the permanent magnets 33. As
shown in FIG. 4 by the arrows, in the soft magnetic member 53-1, the field magnetic flux
by the permanent magnet 33-1 flows from the side surface 63-1 to the inner circumferential
surface 61-1 and the outer circumferential surface 62-1, and a field magnetic flux by the
permanent magnet 33-2 flows from the side surface 64-1 to the inner circumferential
surface 61-1 and the outer circumferential surface 62-1. In relation to the input-side rotor
28, the inner circumferential surface 61-1 of the soft magnetic member 53-1 functions as
the N pole surface, and a field magnetic flux acts from the inner circumferential surface
61-1 of the soft magnetic member 53-1 to the input-side rotor 28 (teeth 52a). In relation
to the stator 16, the outer circumferential surface 62-1 of the soft magnetic member 53-1
functions as the N pole surface, and a field magnetic flux acts from the outer
circumferential surface 62-1 of the soft magnetic member 53-1 to the stator 16 (teeth 51a).
On the other hand, in the soft magnetic member 53-2, a field magnetic flux by the
permanent magnet 33-2 flows from the inner circumferential surface 61-2 and the outer
circumferential surface 62-2 to the side surface 63-2, and a field magnetic flux by the

permanent magnet 33-3 flows from the inner circumferential surface 61-2 and the outer
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circumferential surface 62-2 to the side surface 63-3. In relation to the input-side rotor 28,
the inner circumferential surface 61-2 of the soft magnetic member 53-2 functions as the S
pole surface, and a field magnetic flux acts from the input-side rotor 28 (teeth 52a) to the
inner circumferential surface 61-2 of the soft magnetic member 53-2. In relation to the
stator 16, the outer circumferential surface 62-2 of the soft maghetic member 53-2
functions as the S pole surface, and a field magnetic flux acts from the stator 16 (teeth 51a)
to the outer circumferential surface 62-2 of the soft magnetic member 53-2. In this
manner, the inner circumferential surface 61 and the outer circumferential surface 62 of the
same soft magnetic member 53 function as the magnetic pole surfaces of the same polarity.
In the circumferential direction of the rotor, the inner circumferential surface 61
functioning as the N pole surface and the inner circumferential surface 61 functioning as
the S pole surface are alternately placed, and the outer circumferential surface 62
functioning as the N pole surface and the outer circumferential surface 62 functioning as
the S pole surface are alternately placed. In the inside of each soft magnetic member 53,
in order to facilitate passing of the magnetic flux between the inner circumferential surface
61 and the outer circumferential surface 62, between the side surfaces 63 and 64 and the
inner circumferential surface 61, and between the side surfaces 63 and 64 and the outer
circumferential surface 62, the gap and the non-magnetic material are preferably not
provided, and a portion of high magnetic resistance is preferably not provided.

An electricity storage device 42 which can be charged and discharged and which
is provided as a DC (direct current) power supply can be formed by, for example, a
secondary battery, and stores electric energy. An inverter 40 provided as the first electric
power conversion device for converting electric power between the electricity storage
device 42 and the stator winding 20 can be realized by a known structure having a
switching element and a diode (rectifying element) connected inversely parallel with
respect to the switching element, and can convert DC electric power from the electricity
storage device 42 into AC power (for example, 3-phase AC power) by a switching

operation of the switching element and supply the converted power to each phase of the
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stator winding 20. In addition, the inverter 40 can also convert the electric power in a
direction to convert the AC current flowing in each phase of the stator winding 20 into DC
current and to recover the electric energy into the electricity storage device 42. As
described, the inverter 40 can convert the electric power in both directions between the
electricity storage device 42 and the stator winding 20. |
A slip ring 95 is mechanically connected to the input-side rotor 28, and is
electrically connected to each phase of the rotor winding 30. A brush 96 having its
rotation fixed is pressed against the slip rihg 95 and electrically contacts the slip ring 95.
The slip ring 95 rotates along with the input-side rotor 28 while sliding with respect to the
brush 96 (while maintaining electrical contact with the brush 96). The brush 96 is
electrically connected to an inverter 41. The inverter 41 provided as a second electric
power conversion device that converts electric power between at least one of the electricity
storage device 42 and the inverter 40 and the rotor winding 30 can be realized by a known
structure having a switching element and a diode (rectifying element) connected inversely
parallel with respect to the switching element, and can convert DC electric power from the
electricity storage device 42 into AC power (for example, 3-phase AC power) by a
switching operation of the switching element and supply the converted power to each
phase of the rotor winding 30 through fhe brush 96 and the slip ring 95. In addition, the
inverter 41 can also convert the electric power in a direction to convert the AC current
flowing in each phase of the rotor winding 30 into DC current. In this process, the AC
electric power of the rotor winding 30 is taken out by the slip ring 95 and the brush 96, and
the taken-out AC electric power is converted into DC power by the inverter 41, The
electric power converted to DC by the inverter 41 may be converted into AC power by the
inverter 40 and supplied to each phase of the stator winding 20. In other words, the
inverter 40 can convert at least one of the DC electric power from the inverter 41 and the
DC electric power from vthe electricity storage device 42 into AC power, and supply the

converted power to each phase of the stator winding 20. In addition, the electric power

‘converted into DC by the inverter 41 can be recovered into the electricity storage device 42.
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As described, the inverter 41 can convert electric power in both directions between one of
the electricity storage device 42 and the inverter 40 and the rotor winding 30.

An electronic control unit 50 is formed as a microprocessor with a CPU as a core,
and comprises a ROM that stores a processing program, a RAM that temporarily stores
data, and an input/output port. The electronic control unit 50 controls the electric power
conversion at the inverter 40 by controlling the switching operation of the switching
element of the inverter 40, to control the AC current flowing in each phase of the stator
winding 20. The electronic control unit 50 also controls the electric power conversion at
the inverter 41 by controlling the switching operation of the switching element of the
inverter 41, to control the AC current flowing in each phase of the rotor winding 30.
Further, the electronic control unit 50 controls an operation state of the engine 36, and a
gear ratio of the transmission 44.

With the switching operation of the inverter 40, an AC current of 3 phases flows
in the stator winding 20 of 3 phases, the stator winding 20 generates a rotational magnetic
flux that rotates in the circumferential direction of the stator, and a magnetic flux due to the
current in thé stator winding 20 acts on the output-side rotor 18. In response, by an
electromagnetic interaction (attraction and repulsion) between the rotational magnetic flux
generated by the AC current in the stator winding 20 and the field magnetic flux generated
by the permanent magnet 33 flowing between the outer circumferential surface 62 .and the
side surfaces 63 and 64 of the soft magnetic member 53, a torque Tou can be caused to act
between the stator 16 and the output-side rotor 18, and the output-side rotor 18 can be
rotationally driven. In other words, the electric power supplied from the electricity
storage device 42 to the stator winding 20 through the inverter 40 can be converted into the
motive power (mechanical motive power) of the output-side rotor 18, and the stator 16 and
the output-side rotor 18 can function as a synchronous motor (PM motor unit). Moreover,
the motive power of the output-side rotor 18 can be converted into the electric power of the
stator winding 20, and the electric power can be recovered into the electricity storage

device 42 through the inverter 40. The electronic control unit 50 can control the torque
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(PM motor torque) Tou acting between the stator 16 and the output-side rotor 18, by
controlling, for example, at least one of an amplitude and a phase angle of the AC current
flowing in the stator winding 20 by the switching operation of the inverter 40.

When the input-side rotor 28 rotates relative to the output-side rotor 18 and a
rotation difference is caused between the input-side rotor 28 and the output-side rotor 18,
an induced electromotive force is generated in the rotor winding 30, an induced current
(AC current) flows in the rotor winding 30 due to the induced electromotive force, a
rotational magnetic field is generated, and a magnetic flux due to the current in the rotor
winding 30 acts on the output-side rotor 18. In response, by an electromagnetic
interaction between the rotational magnetic field generated by the induced current in the
rotor winding 30 and the field magnetic flux by the permanent magnet 33 flowing between
the inner circumferential surface 61 and the side surfaces 63 and 64 of the soft magnetic
member 53, a torque Tin can be caused to act between the input-side rotor 28 and the
output-side rotor 18, and the output-side rotor 18 can be rotationally driven. Because of
this, the motive power (mechanical motive power) can be transmitted between the
input-side rotor 28 and the output-side rotor 18, and the input-side rotor 28 and the
output-side rotor 18 can function as an induction electromagnetic coupling unit.

When the torque (electromagnetic coupling torque) Tin is to be generated between
the input-side rotor 28 and the output-side rotor 18 by the induced current in the rotor
winding 30, the electronic control unit 50 applies the switching operation of the inverter 41
to allow flow of the induced current in the rotor winding 30. In this process, the
electronic control unit 50 can control the electromagnetic coupling torque Tis acting
between the input-side rotor 28 and the output-side rotor 18 by controlling the AC current
flowing in the rotor winding 30 by the switching operation of the inverter 41. On the
other hand, when the electronic control unit 50 stops the switching operation by
maintaining the switching element of the inverter 41 at the OFF state, the induced current
does not flow in the rotor winding 30, and the torque Tin does not act between the

input-side rotor 28 and the output-side rotor 18.
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When the engine 36 is generating the motive power, the motive power of the
engine 36 is transmitted to the input-side rotor 28, and the input-side rotor 28 is
rotationally driven in the engine rotation direction. When a rotational speed of the
input-side rotor 28 becomes higher than a rotational speed of the output-side rotor 18, the
induced electromotive force is generated in the rotor winding 30. The electronic control
unit 50 applies the switching operation of the inverter 41 to allow the flow of the induced
current in the rotor winding 30. In response to the magnetic flux due to the current in the
rotor winding 30 acting on the output-side rotor 18, the electromagnetic coupling torque Ti,
in the engine rotation direction acts from the input-side rotor 28 to the output-side rotor 18,
and the output-side rotor 18 is rotationally driven in the engine rotation direction. In this
manner, the motive power from the engine 36 transmitted to the input-side rotor 28 is
transmitted to the output-side rotor 18 by the elecfromagnetic coupling between the rotor
winding 30 of the input-side rotor 28 and the permanent magnet 33 of the output-side rotor
18. The motive power transmitted to the output-side rotor 18 is gear-changed by the
transmission 44 and is transmitted to the drive shaft 37 (wheel 38), and is used for forward
rotation driving of a load such as a forward travel driving of the vehicle. Therefore, the
wheel 38 can be rotationally driven in the forward rotation direction using the motive
power of the engine 36, and the vehicle can be driven in the forward traveling direction.
In addition, because the rotational difference between the input-side rotor 28 and the
output-side rotor 18 can be tolerated, even when the rotation of the wheel 38 is stopped, the
engine 36 does not stall. Because of this, the rotary electric machine 10 can be caused to
function as a travel starting device, obviating the need for separate provision of a travel
starting device such as a frictional clutch and a torque converter.

Moreover, the AC electric power generated in the rotor winding 30 is taken out
through the slip ring 95 and the brush 96. The taken-out AC electric powér is converted
into DC power by the inverter 41. With the switching operation of the inverter 40, the
DC electric power from the inverter 41 is converted into AC power by the inverter 40 and

supplied to the stator winding 20, so that an AC current flows in the stator winding 20, and
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a rotational magnetic flux is formed in the stator 16. In response to the magnetic flux due
to the current in the stator winding 20 acting on the output-side rotor 18, the torque Tout in
the engine rotation direction can be caused to act from the stator 16 to the output-side rotor
18. With such a configuration, a torque amplification function for amplifying the torque
in the engine rotation direction of the output-side rotor 18 can be realized. In addition,
the DC electric power from the inverter 41 can be recovered into the electricity storage
device 42.

F urther, by controlling the switching operation of the inverter 40 to supply electric
power from the electricity storage device 42 to the stator winding 20, it is possible to
rotationally drive the wheel 38 in the forward rotation direction using the motive power of
the engine 36, and to assist the rotational driving in the forward rotation direction of the
wheel 38 by the motive power of the output-side rotor 18 generated using the supplied
electric power to the stator winding 20. In addition, during a deceleration operation of the
load, the electronic control unit SO can control the switching operation of the inverter 40 to
recover the electric power from the stator winding 20 to the electricity storage device 42,
so that the motive power of the load can be converted into the electric power of the stator
winding 20 by the electromagnetic coupling between the stator winding 20 and the
permanent magnet 33, and the electric power can be recovered into the electricity storage
devicé 42.

When EV (Electric Vehicle) travel is to be executed in which the load is driven
(the wheel 38 is rotationally driven) without using the motive power of the engine 36, but
using the motive power of the rotary electric machine 10, the electronic control unit 50
controls the switching operation of the inverter 40 to control the driving of the load. For
example, the electronic control unit 50 controls the switching oper}ation of the inverter 40
to convert the DC electric power from the electricity storage device 42 into AC power and
supply the converted power to the stator winding 20. With such a configuration, the
supplied electric power to the stator winding 20 is converted into the motive power of the

output-side rotor 18 by the electromagnetic coupling between the stator winding 20 and the
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permanent magnet 33, and the drive shaft 37 (wheel 38) is rotationally driven. In this
manner, even when the engine 36 is not generating the motive power, the wheel 38 can be
rotationally driven by supplying electric power to the stator winding 20.

Here, in the stator 16 and the output-side rotor 18, the direction in which the
magnetomotive force by the permanent magnet 33 acts on the stator 16; more specifically,
a direction of the magnetic flux of the magnet passing through a center position of the
outer circumferential surface 62 of the soft magnetic member 53 in the circumferential
direction of the rotor, is set as a d-axis (magnetic flux axis), and a position deviated from
the d-axis by 90° in the electric angle (position at an end of the outer circumferential
surface 62 in the circumferential direction of the rotor) is set as a g-axis (torque axis). In
the outer circumferential surface 62 of the soft magnetic member 53, a current in the stator
winding 20 for maximizing the d-axis magnetic flux passing through the center position in
the circumferential direction of the rotor (minimizing the q-axis magnetic flux passing
through the position of the end in the circumferential direction of the rotor) is set as a
d-axis current, and a current in the stator winding 20 for maximizing the g-axis magnetic
flux passing through the position of the end in the circumferential direction of the rotor
(minimizing the d-axis magnetic flux passing through the center position in the
circumferential direction of the rotor) is set as a g-axis current. Simi.larly, in the
input-side rotor 28 and the output-side rotor 18, a direction in which the magnetomotive
force by the permanent magnet 33 acts on the input-side rotor 28; more specifically, a
direction of the magnetic flux of the magnet passing through a center positon of the inner
circumferential surface 61 of the soft magnetic member 53 in the circumferential direction
of the rotor, is set as the d-axis, and a position deviated from the d-axis by 90° in the
electric angle (position of the end of the inner circumferential surface 61 in the
circumferential direction of the rotor) is set as the g-axis. In the inner circumferential
surface 61 of the soft magnetic member 53, a current in the rotor winding 30 for
maximizing a d-axis magnetic flux passing through a center position in the circumferential

direction of the rotor (minimizing a g-axis magnetic flux passing through the position of
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the end in the circumferential direction of the rotor) is set as the d-axis current, and a
current in the rotor winding 30 for maximizing the g-axis magnetic flux passing through
the position of the end in the circumferential direction of the rotor (minimizing the d-axis
magnetic flux passing through the center position in the circumferential direction of the
rotor) is set as the g-axis current. |

FIG. 5 shows a flow of the d-axis magnetic flux in the case where the d-axis
current flows in the rotor windihg 30. As shown by the arrows in FIG. 5, the d-axis
magnetic flux due to the d-axis current in the rotor winding 30 acts from the input-side
rotor 28 (teeth 52a) to the inner circumferential surface 61-1 of the soft magnetic member
53-1, flows in the soft magnetic member 53-1 from the inner circumferential surface 61-1
to the outer circumferential surface 62-1, and acts on the stator 16 (teeth 51a) and is linked
to the stator winding 20. | The d-axis magnetic flux flowing in the stator 16 acts from the
teeth 51a to the outer circumferential surface 62-2 of the soft magnetic member 53-2, flows
in the soft magnetic member 53-2 from the outer circumferential surface 62-2 to the inner
circumferential surface 61-2, and returns to the input-side rotor 28 (teeth 52a). As shown
by the arrows in FIGs. 4 and 5, the d-axis magnetic flux due to the d-axis current in the
rotor winding 30 acts in the opposite direction from the field magnetic flux by the
permanent magnet 33 for the input-side rotor 28, and acts in the same direction as the field
magnetic flux by the permanent magnet 33 for the stator 16. Because of this, by
generating the d-axis magnetic flux by the d-axis current in the rotor winding 30 to weaken
the field magnetic flux acting from the permanent magnet 33 to the input-side rotor 28, it is

possible to strengthen the field magnetic flux acting from the permanent magnet 33 to the

stator 16. In addition, by generating the d-axis magnetic flux by the d-axis current in the

rotor winding 30 to strengthen the field magnetic flux acting from the permanent magnet

33 to the input-side rotor 28, it is possible to weaken the field magnetic flux acting from

~ the permanent magnet 33 to the stator 16. In this manner, the d-axis magnetic flux due to

the d-axis current in the rotor winding 30 affects the linkage magnetic flux to the stator

winding 20 by flowing between the inner circumferential surface 61 and the outer
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circumferential surface 62 of the soft magnetic member 53 and acting on the stator 16.

Meanwhile, FIG. 6 shows a flow of the g-axis magnetic flux in the case where the
g-axis current flows in the rotor winding 30. As shown in FIG. 6, the g-axis magnetic
flux due to the g-axis current in the rotor winding 30 acts from the input-side rotor 28
(teeth 52a) to the inner circumferential surface 61-1 of the soft magnetic member 53-1, and
flows in the soft magnetic member 53-1. Compared to the d-axis magnetic flux, the
amount of the g-axis magnetic flux acting from the outer circumferential surface 62-2 of
the soft magnetic member 53-1 to the stator 16 (teeth 51a) is lower, and a large part of the
g-axis magnetic flux flowing in the soft magnetic member 53-1 returns from the inner
circumferential surface 61-1 of the soft magnetic member 53-1 to the input-side rotor 28
(teeth 52a). The flow of the g-axis magnetic flux in the soft magnetic member 53-2 is
similar to that in the soft magnetic member 53-1. Therefore, compared to the d-axis
magnetic flux, the influence of the g-axis magnetic flux due to the g-axis current in the
rotor winding 30 on the linkage magnetic flux to the stator winding 20 is lower.

FIG. 7 shows a flow of the d-axis magnetic flux in the case where the d-axis
current flows in the stator winding 20. As shown by the arrows in FIG. 7, the d-axis
magnetic flux due to the d-axis current in the stator winding 20 acts from the stator 16
(teeth 51a) to the outer circumferential surface 62-1 of the soft magnetic member 53-1,
flows in the soft magnetic member 53-1 from the outer circumferential surface 62-1 to the
inner circurﬁferential surface 61-1, and acts on the input-side rotor 28 (teeth 52a) and is

linked to the rotor winding 30. The d-axis magnetic flux flowing in the input-side rotor

- 28 acts from the teeth 52a to the inner circumferential surface 61-2 of the soft magnetic

member 53-2, flows in the soft magnetic member 53-2 from the inner circumferential
surface 61-2 to the outer circumferential surface 62-2, and returns to the stator 16 (teeth
51a). As shown by the arrows in FIGs. 4 and 7, the d-axis magnetic flux due to the d-axis
current in the stator winding 20 acts in an opposite direction from the field magnetic flux
by the permanent magnet 33 for the stator 16, and acts in the same direction as the field

magnetic flux by the permanent magnet 33 for the input-side rotor 28. Because of this, by
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generating the d-axis magnetic flux by the d-axis current in the stator winding 20 to
weaken the field magnetic flux acting from the permanent magnet 33 to the stator 16, it is
possible to strengthen the field magnetic flux acting from the permanent magnet 33 to the
input-side rotor 28. Similarly, by generating the d-axis magnetic flux by the d-axis
current in the stator winding 20 to strengthen the field magnetic flux acting from the
permanent magnet 33 to the stator 16, it is possible to weaken the field magnetic flux
acting from the permanent magnet 33 to the input-side rotor 28. In this manner, the
d-axis magnetic flux due to the d-axis current in the stator winding 20 affects the linkage
magnetic flux to the rotor winding 30 by flowing between the outer circumferential surface
62 and the inner circumferential surface 61 of the soft magnetic member 53 and acting on
the input-side rotor 28.

On the other hand, FIG. 8 shows a flow of the g-axis magnetic flux in the case
where the g-axis current flows in the stator winding 20. As shown in FIG. 8, the g-axis
magnetic flux by the g-axis current in the stator winding 20 acts from the stator 16 (teeth
51a) to the outer circumferential surface 62-1 of the soft magnetic member 53-1, and flows
in the soft magnetic member 53-1. Compared to the d-axis magnetic flux, the amount of
the g-axis magnetic flux acting from the inner circumferential surface 61-1 of the soft
magnetic member 53-1 to the input-side rotor 28 (teeth 52a) is lower, and a large part of
the g-axis magnetic flux flowing in the soft magnetic member 53-1 returns from the outer
circumferential surface 62-1 of the soft magnetic member 53-1 to the stator 16 (teeth 51a).
The flow of the g-axis magnetic flux in the soft magnetic member 53-2 is similar to that in
the soft magnetic member 53-1. Therefore, compared to the d-axis magnetic flux, the
influence of the g-axis magnetic flux due to the g-axis current in the stator winding 20 on
the linkage magnetic flux to the rotor winding 30 is lower.

Thus, when the AC current is applied to the rotor winding 30 and the stator
winding 20, the d-axis magnetic flux component due to the d-axis current component in the
rotor winding 30 can weaken the field magnetic flux by the permanent magnet 33 acting on

the input-side rotor 28, and strengthen the field magnetic flux by the permanent magnet 33
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acting on the stator 16. In other words, the d-axis magnetic flux component due to the
d-axis current component in the rotor winding 30 can be set as a weakening field magnetic
flux for the rotor winding 30 itself, and also as a strengthening field magnetic flux for the
stator winding 20. The strengthening field magnetic flux interacts with the q-axis current
component in the stator winding 20, so that an additional torque separate from a magnet
torque and a reluctance torque is generated between the stator 16 and the output-side rotor
18, and a torque amplification effect can be obtained. In this process, unlike the
strengthening field control of the related art, because the weakening field for the rotor
winding 30 itself is used, it is possible to amplify the torque Tour between the stator 16 and
the output-side rotor 18 while inhibiting a counter electromotive force in the rotor winding
30.

Similarly, when the AC current is applied to the rotor winding 30 and the stator
winding 20, the d-axis magnetic flux component due to the d-axis current component in the
stator winding 20 can weaken the field magnetic flux by the permanent magnet 33 acting
on the stator 16, and strengthen the field magnetic flux by the permanent magnet 33 acting
on the input-side rotor 28. In other words, the d-axis magnetic flux component due to the
d-axis current component in the stator winding 20 can be set as a weakening field magnetic
flux for the stator winding 20 itself, and also as a strengthening field magnetic flux for the
rotor winding 30. The strengthening field magnetic flux interacts with the g-axis current
component in the rotor winding 30 so that an additional torque is also generated between
the input-side rotor 28 and the output-side rotor 18, and a torque amplification effect can
be obtained. In this process, unlike the strengthening field control of the related art,
because the weakening field for the stator winding 20 itself is used, the torque Tin between
the input-side rotor 28 and the output-side rotor 18 can be amplified while inhibiting the
counter electromotive force in the stator winding 20. Therefore, a multiplier effect can be
obtained in which the torque Tin between the input-side rotor 28 and the output-side rotor
18 and the torque Tou between the stator 16 and the output-side rotor 18 strengthen each

other, while inhibiting the counter electromotive forces in the rotor winding 30 and the
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stator winding 20.  As a result, the amount of permanent magnets 33 can be reduced.

In addition, when an AC current is applied to the rotor winding 30 and the stator
winding 20, the d-axis magnetic flux component due to the d-axis current component in the
rotor winding 30 can strengthen the field magnetic flux by the permanent magnet 33 acting
on the input-side rotor 28, and weaken the field magnetic flux by the permanent magnet 33
acting on the stator 16. With this configuration, it is possible to amplify the torque Tin

between the input-side rotor 28 and the output-side rotor 18 while inhibiting the counter

electromotive force in the stator winding 20. Similarly, the d-axis magnetic flux

component due to the d-axis current component in the stator winding 20 can strengthen the
field magnetic flux by the permanent magnet 33 acting on the stator 16, and weaken the
field magnetic flux by the permanent magnet 33 acting on the input-side rotor 28. With
such a configuration, the torque Tout between the stator 16 and the output-side rotor 18 can
be amplified while inhibiting the counter electromotive force in the rotor winding 30.

In this manner, in the rotary electric machine 10, because the magneﬁc flux due to
the current in the rotor winding 30 and the magnetic flux due to the current in the stator
winding 20 magnetically interferes with each other, the linkage magnetic flux to the stator
winding 20 can be adjusted by the current in the rotor winding 30 and the linkage magnetic
flux to the rotor winding 30 can be adjusted by the current in the stator winding 20.
When the magnetic interference between the magnetic flux due to the current in the rotor
winding 30 and the magnetic flux due to the current in the stator winding 20 is to be used,
there are infinite combinations of a current Iin in the rotor winding 30 and a current Ioyt in
the stator winding 20 for setting the torque Tin between the input-side rotor 28 and the
output-side rotor 18 and the torque Tou between the stator 16 and the output-side rotor 18
to requested values. For example, FIG. 9 shows a relationship for the combinations of Iin
and Iou for generating Tin = 0 and Tou =90 Nm. In FIG. 9, a current advance angle Bin of
the rotor winding 30 is Bin = 90°, a current advance angle Bou of the stator winding 20 is
Bout = 30°, and, the Lin on the horizontal axis and the Iou on the vertical axis are normalized

by dividing these values by Iout which generates Tout = 90° at Iin = O (that is, a current value
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that does not use the magnetic interference). As shown in FIG. 9, there are infinite
combinations of Iin and Iou for generating Tin = 0 and Tou = 90 Nm using the magnetic
interference.

FIG. 10 shows an example functional block diagram of the electronic control unit
50 that controls the current Iin in the rotor winding 30 and the current Lo in the stator
winding 20 of the rotary electric machine 10. A coupling torque command value
calculating unit 135 calculates a command value Tin_rer of the electromagnetic coupling
torque acting between the input-side rotor 28 and the output-side rotor 18 based on, for
example, a degree of opening of acceleration A (requested driving torque of the wheel 38)
and a vehicle velocity V (rotational speed of the wheel 38). An MG torque command
value calculating unit 155 calculates a command value Tou ref of an MG torque acting
between the stator 16 and the output-side rotor 18 based on, for example, the degree of
opening of acceleration A (requested driving torque of the wheel 38) and the
electromagnetic coupling torque command value Tin_ret calculated by the coupling torque
command value calculating unit 135.

A current command value setting unit 136 sets a d-axis current command value
Iin_d ref and a g-axis current command value lin_q_ref of the rotor winding 30 and a d-axis
current command value Iou d ref and a g-axis current command value Iout_q_ref Of the stator
winding 20 based on the electromagnetic coupling torque command value Tin_rer calculated
by the coupling torque command value calculating unit 135 and the MG torque command
value Tou ref calculated by the MG torque command value calculating unit 155. A
torque-current characteristic storage unit 137 is formed as an information storage device,
and stores a torque-current characteristic representing a relationship of a combination of
the current command values (lin d ref, Iin q refs Iout_é_ref, and lout g ref) With respect to a
combination of the torque command values (Tin__ref and Tout ref). The current command
value setting unit 136 reads the torque-current characteristic stored in the torque-current
characteristic storage unit 137, and sets, in the read torque-current characteristic, a

combination of the current command values (Iin d ref, lin qref, Jout d ref, and Lout g ref)
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corresponding to a combination of the torque command values (Tin_ref and Tout ref).

A rotor winding current controller 140 controls the switching operation of the
inverter 41 (electric power conversion at the inverter 41) so that a d-axis current Iis 4 and a
g-axis current Iin_q in the rotor winding 30 respectively match the d-axis current command
value lin d rer and the g-axis current command value lin_q rer Which are set by the current
command value setting unit 136. A stator winding current controller 160 controls the
switching operation of the inverter 40 (electric power conversion at the inverter 40) so that
a d-axis current Lot ¢ and a q-axis current Lo q in the stator winding 20 respectively match
the d-axis current command value Iout_d ref and the g-axis current command value lout_q_ref
which are set by the current command value setting unit 136. With this configuration, a
control is applied such that the electromagnetic coupling torque Tin between the input-side
rotor 28 and the output-side rotor 18 matches the torque command value Tin_ref and such
that the MG torque Tou between the stator 16 and the output-side rotor 18 matches the
torque command value Tout_ret.

Next, an information processing device 70 for calculating the combination of the
current command values (Iin_d_ref, Lin_q ref, lout_d_ref, and Iout_q ref) based on the combination of
the torque command values (Tin_ref and Tout_ref) Of the rotary electric machine 10 will be
described. The information processing device 70 may be formed as a microprocessor
with a CPU as a core, and comprises a ROM that stores a processing program, a RAM that
temporarily stores data, and an input/output port.

FIG. 10 shows an example functional block diagram of the information processing
device 70. A model storage unit 172 stores a model equation (physical equation) for
calculating a linkage magnetic flux @i, of the rotor winding 30 and a linkage magnetic flux
®ou of the stator winding 20. As described above, in the rotary electric machine 10,
because the magnetic flux due to the current [i; in the rotor winding 30 and the magnetic
flux due to the current Iou in the stator winding 20 magnetically interfere with each other,
the linkage magnetic flux ®i, of the rotor winding 30 changes not only by the current Ii; in

the rotor winding 30, but also by the current Loy in the stator winding 20, and is a function
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of the current Iin in the rotor winding 30 and the current Low in the stator winding 20.
Similarly, the linkage magnetic flux ®ou of the stator winding 20 is also a function of the
current Iin in the rotor winding 30 and the current Lou in the stator winding 20. Thus, the
model storage unit 172 stores a magnetic interference model (first magnetic interference
model) representing a relationship of the linkage magnetic flux @i, of the rotor winding 30
with respect to the current iy in the rotor winding 30 and the current loy in the stator
winding 20, and a magnetic interference model (second magnetic interference model)
representing a relationship of the linkage magnetic flux @ou of the stator winding 20 with
respect to the current Iin in the rotor winding 30 and the current oy in the stator winding 20.
A current command value calculating unit 174 reads the first and second magnetic
interference models stored in the model storage unit 172, and calculates the current
command values Lin d ref and lin_q ref of the rotor winding 30 and the current command
values Iout d rer and lout g rer Of the stator winding 20 with respect to the given torque
command values Tin_ref and Tout_ref, based on an evaluation function f representing a total
copper loss of the rotor winding 30 and the stator winding 20 and using the first and
second magnetic interference models.

In the rotary electric machine 10, the electromagnetic coupling torque Tin between
the input-side rotor 28 and the output-side rotor 18 is represented by the following
Equation (1), the MG torque Tou between the stator 16 and the output-side rotor 18 is
represented by the following Equation (2), a voltage Vin of the rotor winding 30 is
represented by the following Equation (3), a voltage Vou of the stator winding 20 is
represented by the following Equation (4), the current Iin in the rotor winding 30 is
represented by the following Equation (5), and the current Ioy in the stator winding 20 is
represented by the following Equation (6). The evaluation function f representing the
total copper loss of the rotor winding 30 and the stator winding 20 is represented by the
following Equation (7). In Equations (1) ~ (7), lin_d represents the d-axis current in the
rotor winding 30, Iin_q represents the q-axis current in the rotor winding 30, Iou_q represents

the d-axis current in the stator winding 20, Lou_q represents the g-axis current in the stator
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winding 20, ®in_q represents the d-axis linkage magnetic flux of the rotor winding 30, @i, 4
represents the q-axis linkage magnetic flux of the rotor winding 30, @ou 4 represents the
d-axis linkage magnetic flux of the stator winding 20, @ou_q represents the g-axis linkage
magnetic flux of the stator winding 20, Ri, represents a phase resistance of the rotor
5 winding 30, Rou represents a phase resistance of the stator winding 20, Pi, represents a
number of poles of an induction electromagnetic coupling unit by the input-side rotor 28
and the output-side rotor 18, Pow represents a number of poles of a PM motor unit by the
stator 16 and the output-side rotor 18, win represents a rotational angular speed of the
input-side rotor 28, and wou represents a rotational angular speed of the output-side rotor
10 18.

[Equation 1]

in_g (Din_qlin_d) (D
Tout = Pout*(d)oul_dlout_q - (Dout__qlout_d) i (2)

T, =P (D, ol

. 2 2
15 Vin =\[(Rinlin_d+(min _(oout) q)in_d) * (RinIin_q+(min —mout) (Din_q) . (3)
2 2
Vom =\/ (RoutIOUt_d+mout(Dout_d) + (RoutIout_q+('oout(Dout_q) t (4)
2 2
in in_d + Im_q i (5)
2 2
Icnut = Iout_d * Iout_q (6)
20
2 2

In the first magnetic interference model, the d-axis linkage magnetic flux ®in_g of
the rotor winding 30 (model related to the d-axis linkage magnetic flux) can be represented

25 by the following Equation (8) which is a function of Iin_d, lin_g, Iout_d, and Iout_g.
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[Equation 2]

(I)in_d (Iin_d’ I I I )

in_q®> “out_d ? Tout_q

(Ld+de*lIout_d|)*(Iin_d - CdZ*Iout_d - m'2)

kdd kd
1+ (Mdd+Mddd*|Iout__dl)*|Iin_d - Cdl*Iout_d - m'II + (qu+qud*|Iout_d|)*llin_q+cq1*I !

out gl
.(8)

In the numerator on the right side of Equation (8), C42 represents a coefficient
representing a degree of the magnetic interference of the d-axis, and fm*; represents a d-axis
magnetomotive force by the magnetomotive force of the permanent magnet 33. The term
(Tin_a—Ca2*Iout_a—fm2) is a model equation related to the d-axis magnetomotive force in
which Iin_d¢ and Iou g4 are combined with a setting ratio of 1:Cq, and represents a total sum
of magnetomotive forces of the d-axis acting on the input-side rotor 28, taking into
consideration the magnetic interference between the magnetomotive force due to Iin_a and
the magnetomotive force due to Iou ¢. The term Lg represents the d-axis inductance (Iin_d
= Lout_a = 0) of the induction electromagnetic coupling unit, L4s represents a change rate of
the d-axis inductance of the induction electromagnetic coupling unit due to Iou ¢, and
(La+Lda*[Tout_d]) represents the d-axis inductance of the induction electromagnetic coupling
unit at no load (Iin_a = 0). Therefore, the numerator on the right side of Equation (8)
corresponds to a product of the total sum of the magnetomotive forces of the d-axis and the
d-axis inductance of the induction electromagnetic coupling unit at no load, and represents
the d-axis linkage magnetic flux of the rotor winding 30 in consideration of the magnetic
interference between the magnetic flux due to Iin_¢ and the magnetic flux due to Iout g in the
case where magnetic saturation does not occur in the d-axis magnetic circuit.

Meanwhile, in the denominator on the right side of Equation (8), Cai is a
coefficient representing a degree of magnetic interference of the d-axis, fi1 is the d-axis
magnetomotive force by the magnetomotive force of the permanent magnet 33, kdd is a
constant unique to the induction electromagnetic coupling unit, and |Tin_¢—Ca1*Iout_o~fm"1]
represents a magnitude of a total sum of the magnetomotive forces of the d-axis. The

term Mgqg represents a saturation coefficient of the d-axis magnetic circuit, Mqdq represents
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a change rate of the saturation coefficient of the d-axis magnetic circuit by Iou g, and
(MaatMada™*|lout_a) corresponds ‘to a coefficient representing the degree of magnetic
saturation of the d-axis by lout o. Therefore, the term (MgatMada*|Loue_d|)*|Tin_a—Ca1 *Lout_a—
fm'1[X9¢ is a model equation representing a degree of change of the d-axis linkage magnetic
flux by the magnetic saturation caused by the d-axis magnetomotive force, and
corresponds to a degree of magnetic saturation of the d-axis by the d-axis magnetomotive
force. In addition, Cqi is a coefficient representing a degree of the magnetic interference
of the g-axis, kdq is a constant unique to the induction electromagnetic coupling unit, and
in_g+Cq1*Lout_gf represents a magnitude of a total sum of the magnetomotive forces of the
g-axis taking into consideration the magnetic interference between the magnetomotive
force due to Iin_q and the magnetomotive force due to Iouw . The term Muyq represents a
saturation coefficient of the g-axis magnetic circuit, Mdqq represents a change rate of the
saturation coefficient of the g-axis magnetic circuit by lou ¢, and (MdqtMaqa™[Tout_df)
corresponds to a coefficient representing a degree of magnetic saturation of the g-axis.
Therefore, (Maq+Maqa*|Tout_d])*|Tin_g+Caq1*Tout_o/**® is @ model equation representing a degree
of change of the d-axis linkage magnetic flux by the magnetic saturation caused by the
g-axis magnetomotive force, and corresponds to the degree of the magnetic. saturation of
the d-axis by the g-axis magnetomotive force. The denominator on the right side of
Equation (8) is a model equation representing a degree of change of the d-axis linkage
magnetic flux by the magnetic saturation, and corresponds to the degree of the magnetic
saturation of the d-axis by the d-axis and g-axis magnetomotive forces. As a result,
Equation (8) represents the d-axis linkage magnetic flux of the rotor winding 30 taking into
consideration the magnetic interference between the magnetic flux due to Iin g and the
magnetic flux due to Iout q in a case where the magnetic saturation occurs in the d-axis
magnetic circuit.

The term fm1 in the denominator on the right side of Equation (8) can be
represented by the following Equation (9) which is a function of the g-axis currents [ 4

and Lot g, because the d-axis magnetomotive force changes by the magnetic saturation of
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the d-axis magnetic circuit by the magnetic flux due to the q-axis current. Similarly, fn2
in the numerator on the right side of Equation (8) can be represented by the following
Equation (10), which is a function of the g-axis currents [iy ¢ and low . In Equations (9)
and (10), Cui, Ci2, Ci3, Ca1, Coz, and Cx are coefficients representing the degree of

5 magnetic interference, and fu1 and fm2 are exponential functions of (Iin_q+Cqi*lout_q)
representing the total sum of the magnetomotive forces of the g-axis.

[Equation 3]
2
Jur =CFCRRexpt (L, (FC L, ) /Cd - 00)

, 2
f;n n T C21+C22*exp{'(lin_q+cqI”Iout_q) /CZS} t (10)

10 In addition, in the first magnetic interference model, the g-axis linkage magnetic
flux ®iy_q of the rotor winding 30 (model related to the g-axis linkage magnetic flux) can

be represented by the following Equation (11), which is a function of Iin_d, lin_q, Tout_a, and

Iout_q-
[Equation 4]
15
q)in_q (Iin_d’ Iin_q’ Iout_d ’ Iout_q)
(Lq+qu*]Iout_qD*(Iin_q - Iout_q *-f;n’3)
- kqd k
1+ (qu+quq*IIou1_ql)*lIin_d +C03*Iout_d ’fol ! + (qu+quq*IIou'_ql)*lIin_q+(Cq30+Cq3*lIout_qD*Iout_ql *
..(1D)
20 In the numerator on the right side of Equation (11), f3 represents a degree of

magnetic interference of the magnetomotive force due to Iout_q on the magnetomotive force
due to Iin q, and represents an influence by the magnetomotive force of the permanent
magnet 33. The term (Iin g~lout ¢*fm3) is a model equation related to the g-axis
magnetomotive force in which Iin q and Iouw_q are combined with a setting ratio of 1:fw3,
25 and represents a total sum of the magnetomotive forces of the g-axis acting on the
input-side rotor 28 taking into consideration the magnetic interference between the
magnetomotive force due to Iin ¢ and the magnetomotive force due to Iout q. The term Lq

represents a g-axis inductance (Iin_g = Iout ¢ = 0) of the induction electromagnetic coupling
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unit, Lqq represents a change rate of the g-axis inductance of the induction electromagnetic
coupling unit by Jour q, and (LqtLgq*|Iout o) represents the g-axis inductance of the
induction electromagnetic coupling unit at no load (Iin ¢ = 0). Therefore, the numerator of
the right side of Equation (11) corresponds to a product of the total sum of the
magnetomotive forces of the g-axis and the g-axis inductance of the induction
electromagnetic coupling unit at no load, and represents the g-axis linkage magnetic flux of
the rotor winding 30 taking into consideration the magnetic interference between the
magnetic flux due to Iin_q and the magnetic flux due to lout_q in a case where the magnetic
saturation does not occur in the g-axis magnetic circuit.

On the other hand, in the denominator on the right side of Equation (11), Cg3 is a
coefficient representing a degree of magnetic interference of the d-axis, fo represents the
d-axis magnetomotive force by the magnetomotive force of the permanent magnet 33, kqd
is a constant unique to the induction electromagnetic coupling unit, and |Iin_¢+Ca3*Iout_o—fo|
represents a magnitude of the total sum of the magnetomotive forces of the d-axis. The
term Mgq represents the saturation coefficient of the d-axis magnetic circuit, Mgqq
represents a change rate of the saturation coefficient of the d-axis magnetic circuit by Lou g,
and (Mqa+Madq*|lout_g|) corresponds to a coefficient representing the degree of the magnetic
saturation of the d-axis by Iout q. Therefore, (Mqa+Madq*|lout_g|)*|Lin_a+Ca3*Ioue_a-fol% is a
model equation representing the degree of change of the g-axis linkage magnetic flux by
the magnetic saturation caused by the d-axis magnetomotive force, and corresponds to the
degree of magnetic saturation of the g-axis by the d-axis magnetomotive force. In
addition, Cq3 and Cg3o are coefficients representing the degree of magnetic interference of
the g-axis, kqq is a constant unique to the induction electromagnetic coupling unit, and
ITin_qH(Cq30tCq3*|lout_ql)*1out q] represents a mégnitude of the total sum of the
magnetomotive forces of the d-axis. The term Mgq represents the saturation coefficient of
the g-axis magnetic circuit, Mqqq represents a change rate of the saturation coefficient of
the g-axis magnetic circuit by lou g, and (MgqtMaqq*{Tout o) corresponds to a coefficient

representing the degree of magnetic saturation of the g-axis by Iouw g  Therefore,
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(MgqtMaaq™*[Tout_ql)*|Tin_q+H(Cq30+Cq3*|Tout_q)*Tout ¢/*% is a model equation representing a
degree of change of the q-axis linkage magnétic flux by the magnetic saturation caused by
the g-axis magnetomotive force, and corresponds to the degree of magnetic saturation of
the g-axis by the g-axis magnetomotive force. The denominator on the right side of
Equation (11) is a model equation representing a degree of change of the g-axis linkage
magnetic flux by the magnetic saturation, and corresponds to the degree of magnetic
saturation of the g-axis by the d-axis and g-axis magnetomotive forces. As a result,
Equation (11) represents the g-axis linkage magnetic flux of the rotor winding 30 taking
into consideration the magnetic interference between the magnetic flux of [, ¢ and the
magnetic flux by Iout q in a case where the magnetic saturation occurs in the g-axis
magnetic circuit.

The term fo in the denominator on the right side of Equation (11) can be
represented by the following Equation (12) which is a function of the g-axis currents Iin g
and Iout g, because the d-axis magnetomotive force changes by the magnetic saturation of
the d-axis magnetic circuit by the magnetic flux caused by the g-axis current. In Equation
(12), Co10, Co1, Co20, Co2, Co30, Co3, Cqa0, and Cqa are coefficients representing the degree of
magnetic interference. Similarly, fu3 in the numerator on the right side of Eduation (11)
can be represented by the following Equation (13) which is a function of the d-axis
currents Lin ¢ and Iout_d, because the g-axis magnetomotive force changes by the magnetic
saturation of the g-axis magnetic circuit by the magnetic flux caused by the d-axis current.
In Equation (13), Cs1, Cs2, Cs3, Css, and Cqy4 are coefficients representing the degree of the
magnetic ‘interference.

[Equation 5]

2
Jo = (CogtCor Mog gDH(CoagtCop ™Moy o) eXP &My HC oo TC o™ Moue oD Tou o) MCosoCos* Moy o

2
Sz =Gy ¥Cy expl-(, o +Cy "L 7G50 /Cyd -..(13)

Similarly, in the second magnetic interference model, the d-axis linkage magnetic

flux @out_a of the stator winding 20 (model related to the d-axis linkage magnetic flux) can
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be represented by the following Equation (14), which is a function of Iin 4, Iin_g, lout 4, and

Iout_q .

[Equation 6]

(I)in__d (Iin_d’ Iin_q’ Iout_d ’ Iout_q)
(Ld+de*|Iin_dl)*(Iout_d - CdZ*Iin_d - m’2)
kdd
1+ (Mdd+Mddd*|Iin_dD*IIout_d - Cdl*I'n_d 0 (qu+qud*|Iin_dD*lIout_q+qu*I

kdq
in_qI

...(14)

In the numerator on the right side of Equation (14), (Iout ¢—Ca2*lin_d—fm2) is a
model equation related to the d-axis magnetomotive force in which Iout g and Iin ¢ are
combined with a setting ratio of 1:Ca2, and represents a total sum of the magnetomotive
forces of the d-axis acting on the stator 16, taking into consideration the magnetic
interference between the magnetomotive force by lou ¢ and the magnetomotive force by
Iin ¢. The term Lq represents a d-axis inductance (Iout d = lin ¢ = 0) of the PM motor unit,
Lad represents a change rate of the d-axis inductance of the PM motor unit by I 4, and
(La+Laa*|Tin_a|) represents the d-axis inductance of the PM motor unit at no load (Iout_¢ = 0).
Therefore, the numerator on the right side of Equation (14) representé the d-axis linkage
magnetic flux of the stator winding 20 taking into consideration the magnetic interference
between the magnetic flux due to Iow_¢ and the magnetic flux due to iy 4 in a case where
magnetic saturation does not occur in the d-axis magnetic circuit.

On the other hand, in the denominator on the right side of Equation (14), kdd is a
constant unique to the PM motor unit, and |lout_d¢—Cq1*Iin_¢—fm'1] represents a magriitude of
the total sum of the magnetomotive force of the d-axis. The term Myq represents a
saturation coefficient of the d-axis magnetic circuit, Mggd represents a change rate of the
saturation coefficient of the d-axis magnetic circuit by Iin 4, and (Maa+Mada*|lin_d])
corresponds to a coefficient representing a degree of magnetic saturation of the d-axis by
Lin_d. Therefore, (Maa+Mada*[Tin_d))*Tout ¢—Ca1*lin_a—f1[*% is a model equation
representing the degree of change of the d-axis linkage magnetic flux by the magnetic

saturation caused by the d-axis magnetomotive force, and corresponds to the degree of
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magnetic saturation of the d-axis by the d-axis magnetomotive force. In addition, kdq is a
constant unique to the PM motor unit, and |lout_q+Cq1*Lin_q| represents the magnitude of the
total sum of the magnetomotive forces of the g-axis taking into consideration the magnetic
interference between the magnetomotive force due to I q and the magnetomotive force
due to lin . The term Myq represents a saturation coefficient of the g-axis magnetic circuit,
Magqa represents a change rate of the saturation coefficient of the q-axis magnetic circuit by
lin_d, and (MagtMaqa*|lin_a]) corresponds to a coefficient representing the degree of
magnetic saturation of the g-axis by lin_da. Therefore, (MaqtMaqa*|Tin_a[)*{Tout_q+Cq1*Tin_g/*%
is a model equation representing the degree of change of the d-axis linkage magnetic flux
by the magnetic saturation caused by the g-axis magnetomotive force, and corresponds to
the degree of magnetic saturation of the d-axis by the g-axis magnetomotive force. The

denominator on the right side of Equation (14) is a model equation representing a degree of

- change of the d-axis linkage magnetic flux by the magnetic saturation, and corresponds to

the degree of magnetic saturation of the d-axis by the d-axis and g-axis magnetomotive
forces. As aresult, Equation (14) represents the d-axis linkage magnetic flux of the stator
winding 20 taking into consideration the magnetic interference between the magnetic flux
due té Iou ¢ and the magnetic flux due to Iin ¢ in a case where the magnetic saturation
occurs in the d-axis magnetic circuit.

The term fwn'i in the denominator on the right side of Equation (14) can be
represented by the following Equation (15), which is a function of the g-axis currents Iin_q
and Lout_g, because the d-axis magnetomotive force changes by the magnetic saturation of
the d-axis magnetic circuit by the magneﬁc flux caused by the g-axis current. Similarly,
f2 in the numerator on the right side of Equation (14) can also be represented by the
following Equation (16), which is a function of the g-axis currents lin q and lou q. In
Equations (15) and (16), fm'1 and fm2 are functions of (Iout_q+Cq1*lin_g) which represents the
total sum of the magnetomotive force of the g-axis.

[Equation 7]

2
St =C“+C12*exp{-(lout_q+qu*I. )/Cp ...(15)

in_q
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2
Sz = CytCprexpl-(l,, *C* L, ) /Cyy}  ...(16)

Similarly, in the second magnetic interference model, the q-axié linkage magnetic
flux @out_q of the stator winding 20 (model related to the g-axis linkage magnetic flux) can

be represented by the following Equation (17), which is a function of Lin_d, Tin_g, Tout_d, and

Iout_q-
[Equation 8]
(I)in_q (Iin_d’ Iin_q’ Iout_d ’ Ibut_q) « « : «
_ (Lq+qu |Iin_q|) (Ioul_q - Iin_q f;n’_})
kqd k
1+ (qu+quq*|Iin_qD*Ilout_d +Cd3*Iin_d ’fol ! + (qu+quq*'Ii"_ql)*llou'_q+(cq30+cq3*lIin_q,)*Iiﬂ_qI " )
..(17)

In the numerator on the right side in Equation (17), fi'3 represents the degree of
magnetic interference of the magnetomotive force due to Iin q on the magnetomotive force
due to lout g, and represents the influence by the magnetomotive force of the permanent
magnet 33. The term (Iout ¢—lin ¢*fm3) 1s a model equation related to the g-axis
magnetomotive force in which Iow q and Iin_q are combined with a setting ratio of 1:fu3,
and represents the total sum of the magnetomotive forces of the g-axis acting on the stator
16, taking into consideration the magnetic interference between the magnetomotive force
due to Iout_q and the magnetomotive force due to Iin . The term L represents the g-axis
inductance (Iout q = linq = 0) of the PM motor unit, Lyq represents a change rate of the
g-axis inductance of the PM motor unit by Iin_g, and (Lqt+Lqeq*|Tin_q|) represents the g-axis
inductance of the PM motor unit at no load (Iout ¢ = 0). Therefore, the numerator on the
right side of Equation (17) represents the g-axis linkage magnetic flux of the stator winding
20 taking into consideration the magnetic interference between the magnetic flux due to
Lout_q and the magnetic flux due to Iin ¢ in a case where the magnetic saturation does not
occur in the g-axis magnetic circuit.

Meanwhile, in the denominator of the right side of Equation (17), kqd is a

constant unique to the PM motor unit, and |[lou ¢+Ca3*Iin_s—fo| represents a magnitude of a
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total sum of the magnetomotive forces of the d-axis. The term Mgq represents a saturation
coefficient of the d-axis magnetic circuit, Mqq4q represents a change rate of fhe saturation
coefficient of the d-axis magnetic circuit by Iin 4, and (Mqa+Maaq*|lin_q) corresponds to a
coefficient representing the degree of magnetic saturation of the d-axis by lin . Therefore,
(Maqd+Madq*|Tin_q[)* [Tout_a+Ca3*Iin_o~fo%® is a model equation representing the degree of
change of the g-axis linkage magnetic flux by the magnetic saturation caused by the d-axis
magnetomotive force, and corresponds to the degree of magnetic saturation of the g-axis
by the d-axis magnetomotive force. In addition, kqq is a constant unique to the PM motor
unit, and |Tout qH(Cq30tCq3*[lin_q/)*Iin_ o/ represents a magnitude of the total sum of the
magnetomotive forces of the d-axis. The term Mgq represents a saturation coefficient of
the g-axis magnetic circuit, Mgqq represents a change rate of the saturation coefficient of
the g-axis magnetic circuit by Iin q, and (Mgq+Mqqq*|lin_g]) corresponds to a coefficient
representing the degree of magnetic saturation of the g-axis by Iin g  Therefore,
(MaqtMagq™|lin_q)*[Tout_q+(Cq30+Cq3*|lin_q))*Iin_g/*% is a model equation representing a
degree of change of the q-axis linkage magnetic. flux by the magnetic saturation caused by
the g-axis magnetomotive force, and cdrresponds to the degree of the magnetic saturation
of the g-axis by the g-axis magnetomotive force. The denominator on the right side of
Equation (17) is a model equation representing a degree of change of the g-axis linkage
magnetic flux by the magnetic saturation, and corresponds to the degree of magnetic
saturationyof the g-axis by the d-axis and g-axis magnetomotive forces. As a result,
Equation (17) represents the g-axis linkage magnetic flux of the stator winding 20 taking
into consideration the magnetic interference between the magnetic flux due to Iow_q and the
magnetic flux due to [in_q in a case where the magnetic saturation occurs in the g-axis
magnetic circuit.

The term fp in the denominator on the right side of Equation (17) can be
represented by the following Equation (18), which is a function of the g-axis currents Iin g
and Iout g, because the d-axis magnetomotive force changes by the magnetic saturation of

the d-axis magnetic circuit by the magnetic flux caused by the g-axis current. Similarly,
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fm’3 in the numerator on the right side of Equation (17) can be represented by the following
Equation (19), which is a function of the d-axis currents lin_q and Iou 4, because the g-axis
magnetomotive force changes by the magnetic saturation of the g-axis magnetic circuit by
the magnetic flux caused by the d-axis current.

[Equation 9]

in_q in_q in_q in_q

2
Jws =Gy +C32*exP{‘(Iout_d+Cd4*Iin_d+C34) ICyy  ..(19)

FIG. 11 is a flowchart showing an example process executed by the information
processing device 70. In step S101, a combination of torque command values (Tin_rer and
Tout_ref) 1s set. In step S102, as a constraint condition, a condition is set by the current
command value calculating unit 174 that the torque Tin is equal to the torque command
value Tin_ref (Tin = Tin_rer) and the torque Tout is equal to the torque command value Tous_rer
(Tout = Tout_ref).  Tin is obtained by substituting ®in_¢ of Equation (8) and ®;,_q of Equation
(11) (first magnetic interference model) into Equation (1), Tou is obtained by substituting
Dout g of Equation (14) and ®oue_q of Equation (17) (second magnetic interference model)
into Equation (2), and Tin and Tout are functions of I = (Tin_d, lin_g, Tout_d> Tout_q)-

In step S103, the current command value calculating unit 174 calculates a
combination of the currents (lin_d, lin_g, Iout_d, and Iout q) that minimizes the evaluation
function f representing the total copper loss of the rotor winding 30 and the stator winding
20, within the range of the constraint condition which is set in step S102. The evaluation
function f is represented by Equation (7) which is a function of I = (Iin_d, Iin_g, Lout_d5 Louc_q),
and a process to calculate the value of the evaluation function f is repeated while changing
the values of Ilin_d, lin g, lout_d, and Iout q within the range satisfying the constraint condition,
to search for a combination of the currents (Iin_d, Lin_g, Iout_d, and Iout_q) that minimizes the
evaluation function f. As an algorithm for searching the current that minimizes the
evaluation function f in this process, a known technique may be employed, and thus, the
algorithm will not be described in detail. For example, FIG. 12 shows the relationship of

the evaluation function f with respect to the current Iix in the rotor winding 30 under the
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constraint condition of Tin = Tin_ref = 0 and Tout = Tout_ref = 90 Nm. In FIG. 12 also, with
regard to Iin on the horizontal axis, the value is normalized by dividing by Iout (current
value which does not use the magnetic interference) that generates Tout = 90 Nm at Iin = 0.
As shown in FIG. 12, with the use of the magnetic interference, there is a value of I;, where
the evaluation function f becomes smaller compared to the case of Iin = 0 which does not
use the magnetic interference, and, in the example configuration of FIG. 12, the evaluétion
function f is minimized with Iis = 0.34. In step S104, the combination of the currents
(Tin_d, Tin_g, Tout_d, and Tout_q) calculated in step S103 is determined by the current command
value calculating unit 174 as a combination of the current command values (Iin_d ref, lin_q ref,
Tout_d_ref, and Tout_q ref)-

As the current command values lin_d_ref, Tin_q ref, Tout_d_ref, and Lout_q rer determined
by the current command value calculating unit 174, it is not necessary to set the currents
Lin_d, Iin ¢, lout d, and Iou_q that minimize the evaluation function f. For example, values
which are slightly larger (or slightly smaller) than the currents Lin_d, lin_g, fout_a, and Iout q
which result in the minimum evaluation function f may be set as the current command
values lin_d_ref, lin_q_ref, Tout_d ref, and Iout q ref.

The combination of the current command values (Iin_d ref, lin_q ref, lout_d ref, and
Lout q ref) calculated by the information processing device 70 (current command value
calculating unit 174) is stored in correspondence to the combination of the torque
command values (Tinref and Tout ref) as the torque-current characteristic in the
torque-current characteristic storage unit 137 of the electronic control unit 50. In other
words, the torque-current characteristic that minimizes (or approximately minimizes) the
evaluation function f is stored in the torque-currenf characteristic storage unit 137. In the
rotor winding current controller 140 and the stator winding current controller 160 of the
electronic control unit 50, the current Iin in the rotor winding 30 and the current Iout in the
stator winding 20 are respectively controlled based on the relationship of the current
command values Iin_d ref and Iin_q ret for the rotor winding 30 and the current command

values Lout_d_ref and Iout_q ref for the stator winding 20 with respect to the torque command
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values Tin rer and Tout refr, calculated by the information processing device 70 (current
command value calculating unit 174). With this configuration, the torques Tin and Tou
follow the torque command values Tin_ref and Tout_ref, respectively, and the current Ii, in the
rotor winding 30 and the current Ioy in the stator winding 20 are controlled so that the total
copper loss of the rotor winding 30 and the stator winding 20 is minimum (or
approximately minimurh).

As described, in the rotary electric machine 10, when the magnetic interference
between the magnetic flux due to the current Ii, in the rotor winding 30 and the magnetic
flux due to the current Iy in the stator winding 20 is used, there are infinite combinations
of the currents (Iin and Iou) for matching the torques Tin and Tou With the torque command
values Tin_ref and Tout_ref, respectively. In this regard, in the present embodiment, from the
infinite combinations, a combination of the current command values (lin_d ref, lin_q ref,
Tout_d_ref, and Lour_g ref) that minimizes (or approximately minimizes) the total copper loss of
the rotor winding 30 and the stator winding 20 can be selected using the first and second
magnetic interference models. By controlling the current Ii; in the rotor winding 30 and
the current Iowt in the stator winding 20 based on the current command values lin g ref,
lin_q_ref, Tout_d_ref, and Iout_q ref, it is possible to improve a power factor of the rotary electric
machine 10 compared to the case where the magnetic interference is not used, and the loss
by the copper loss of the rotary electric machine 10 can be reduced.

In the present embodiment, the electronic control unit 50 may also function as the
information processing device 70, and the process in the flowchart of FIG. 11 may be
executed by the electronic control unit 50. In a functional block diagram of FIG. 13, the
current command value setting unit 136 also functions as the current command value
calculating unit 174, and calculates the combination of the current command values (Iin_d_ref,
Lin q_ref, Lout_d_ref, and lout g ref) that minimizes (or approximately minimizes) the evaluation
function f using the first and second magnetic interference models stored in the model
storage unit 172. In the rotor winding current controller 140 and the stator winding

current controller 160, the current Iin in the rotor winding 30 and the current Iou in the
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stator winding 20 are respectively controlled based on the current command values lin_g ref
and Iin_q ref for the rotor winding 30 and the current command values Iou d ref and lout g_ref
for the stator winding 20 calculated by the current command value setting unit 136. In
this case, the torque-current characteristic storage unit 137 may be omitted.

As the constraint condition which is set in step S102 in the flowchart of FIG. 11,
in addition to the conditions of Tin = Tin_ref and Tout = Tout_ref, Other conditions may be
added such as that the voltage Vin of the rotor winding 30 is less than or equal to a limit
value (first limit value) Vi timit (Vin < Vin_timi) and that the voltage Vou of the stator
winding 20 is less than or equal to a limit value (second limit value) Vout jimit (Vour <
Vou_timit). The voltage Vin can be obtained by substituting @in_g¢ of Equation (8) and (Dau
of Equation (11) (first magnetic interference model) into Equation (3), and is a function of
I = (Tin_d, Lin_q, lout_d, Tourq) and @in and wour. The voltage Vou can be obtained by
substituting ®ou ¢ in Equation (14) and ®out q in Equation (17) (second magnetic
interference model) into Equation (2), and is a function of I and ®wout. For win and wout,
values detected by a rotational angular speed sensor are used, and the limit values Vin_fimit
and Vout jimit are set to values, for example, lower than the voltage of the electricity storage
device 42. By adding the constraint conditions of Vin < Vin_timit and Vout < Vout_limit, it 1S
possible to reduce the loss by the copper loss of the rotary electric machine 10 while
inhibiting the counter electromotive force of the rotor winding 30 and the counter
electromotive force of the stator winding 20.

Alternatively, as the constraint condition, conditions may be added that the current
Iin in the rotor winding 30 is less than or equal to a limit value (third limit value) Lin_timit (Tin
< Tin_timit) and that the current Iou in the stator winding 20 is less than or equal to a limit
value (fourth limit value) Iout timit (Tout < Ioutsimit). The current Iin is represented by
Equation (5), which is a function of Iin ¢ and lin_q, and the current Iow is represented by
Equation (6) which is a function of lout_d and Iout g The limit value Lin_timit 1s set, for
example, to a value less than a capacity of the inverter 41, and the limit value Iout 1imit is set,

for example, to a value less than a capacity of the inverter 40. By adding the constraint
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conditions of Tin < Iin_jimit and Tout < out timit, it is possible to reduce the loss by the copper
loss of the rotary electric machine 10 while inhibiting the current Ii» in the rotor winding 30
and the current oy in the stator winding 20.

Alternatively, as the constraint conditions, conditions may be added that Vi, <
Vin_timit and Iin < Iin_imit.  With such a configuration, the loss by the copper loss of the
rotary electric machine 10 can be reduced while inhibiting the counter electromotive force
of the rotor winding 30 and the current Iin. Alternatively, as the constraint conditions, the
conditions of Vout < Vout_limit and Iout < Lout_limit may be added. With such a configuration,
the loss by the copper loss of the rotary electric machine 10 can be reduced while
inhibiting the counter electromotive force of the stator winding 20 and the current Ioy.

Alternatively, in the evaluation function f of Equation (7) representing the total
copper loss of fhe rotor winding 30 and the stator winding 20, the phase resistance Rin of
the rotor winding 30 and the phase resistance Rou of the stator winding 20 may be changed
according to a temperature Tin of the rotor winding 30 and the temperature Tou of the stator
winding 20, respectively. In this case, as shown in FIG. 13, a rotor winding temperature
sensor 81 which detects the temperature ti, of the rotor winding 30 and a stator windirig
temperature sensor 82 which detects the temperature Tou of the stator winding 20 are
provided in the rotary electric machine 10. In the current command value setting unit 136,
the phase resistance Rin of the rotor winding 30 is set based on the temperature ti, of the
rotor winding 30 detected by the rotor winding temperature sensor 81, and the phase
resistance Rout of the stator winding 20 is set based on the temperature tow of the stator
winding 20 detected by the stator winding temperature sensor 82. The value of the
evaluation function f is calculated using the phase resistances Rin and Rouw Which are set
based on the temperatures Tin and Tow. According to such an example structure, the
copper loss of the rotary electric machine 10 which changes according -to the temperature
Tin Of the rotor winding 30 and the temperature Tou of the stator winding 20 can be more
precisely minimized.

The first and second magnetic interference models are not limited to those
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described above, and various modifications and simplifications are possible. For example,
the denominator on the right side of Equation (8) may be simplified by setting kdd = 1 and
kdq = 1, and, the denominator on the right side of Equation (11) may be simplified by
setting kqd = 1 and kqq = 1. Similarly, the denominator on the right side of Equation (14)
may be simplified by setting kdd = 1 and kdq = 1, and the denominator on the right side of
Equation (17) may be simplified by setting kqd = 1 and kqq = 1.

Moreover, in Equations (9), (10), (12), and (13), the part of the exponential
function may be approximated by a polynomial equation. Alternatively, each of i1, fin2,
and fo may be simplified to a constant assuming that the d-axis magnetomotive force by the
magnetomotive force of the permanent magnet 33 is a constant, and fi'3 may be simplified
to a constant assuming that the degree of the magnetic interference of the magnetomotive
force due to Lout_q on the magnetomotive force due to lis_q is constant.

In addition, assuming that, from FIGs. 5 — 8, the degree of magnetic interference
at the g-axis between the magnetomotive force due to Iin_q and the magnetomotive force
due to Iout_q is sufficiently small compared to the degree of magnetic interference at the
d-axis between the magnetomotive force due to Iin ¢ and the magnetomotive force due to
Lout_d, it is possible to simplify the denominator on the right side of Equation (8) by setting
Cqi = 0, simplify the denominator on the right side of Equation (11) by setting Cq3 = Cq30 =
0, and simplify the numerator on the right side of Equation (11) by setting fn3 = 0.
Similarly, the denominator on the right side of Equation (14) may be simplified by setting
Cq1 = 0, the denominator on the right side of Equation (17) may be simplified by setting
Cq3 = Cq30 = 0, and the numerator on the right side of Equation (17) may be simplified by
setting fis = 0. |

Moreover, the numerator of the right side of Equation (8) may be simplified by
setting Lg¢ = O assuming that the d-axis inductance of the induction electromagnetic
coupling unit is constant, and the numerator on the right side of Equation (11) may be
simplified by setting Lqq = 0 assuming that the g-axis inductance of the induction

electromagnetic coupling unit is a constant. Similarly, the numerator on the right side of
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Equation (14) may be simplified by setting Lag = O assuming that the d-axis inductance of
the PM motor unit is a constant, and the numerator on the right side of Equation (17) may
be simplified by setting Lqq = 0 assuming that the g-axis inductance of the PM motor unit
is a constant.

Furthermore, the denominator on the right side of Equation (8) may be simplified
by setting Mada = 0 assuming that the saturation coefficient of the d-axis magnetic circuit is
a constant, and by setting Mqqa = 0 assuming that the saturation coefficient of the g-axis
magnetic circuit is a constant. The denominator on the right side of Equation (11) may be
simplified by setting Mgqdq = 0 assuming that the saturation coefficient of the d-axis
magnetic circuit is a constant, and by setting Mgqq = 0 assuming that the saturation
coefficient of the q-axis magnetic circuit is a constant. Similarly, the denominator on the
right side of Equation (14) may be simplified by setting Mada = 0 assuming that the
saturation coefficient of the d-axis magnetic circuit is a constant, and by setting Maqa = 0
assuming that the saturation coefficient of the g-axis magnetic circuit is a constant. The
denominator on the right side of Equation (17) may be simplified by setting Mqgq = 0
assuming that the saturation coefficient of the d-axis magnetic circuit is a constant, and by
setting Mqqq = O assuming that the saturation coefficient of the g-axis magnetic circuit is a
constant.

Further, the denominator on the right side of Equation (8) may be simplified by
setting Myq = Muaga = 0 assuming that the influence of the q-axis magnetomotive force on
the magnetic saturation of the d-axis is sufficiently small compared to the d-axis
magnetomotive force, and the denominator on the right side of Equation (11) may be
simplified by setting Mgs = Mgyq = O assuming that the influence of the d-axis
magnetomotive force on the magnetic saturation of the g-axis is sufficiently small
compared to the g-axis magnetomotive force. Similarly, the denominator on the right side
of Equation (14) may be simplified by setting Maq = Muqas = 0 assuming that the influence
of the g-axis magnetomotive force on the magnetic saturation of the d-axis is sufficiently

small compared to the d-axis magnetomotive force, and the denominator on the right side
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of Equation (17) may be simplified by setting Mqd = Mqdq = 0 assuming that the influence
of the d-axis mangetomotive force on the magnetic saturation of the g-axis is sufficiently
small compared to the q-axis magnetomotive force. |

Further, the denominator on the right side of Equation (8) may be simplified to 1
by setting (Mdad = Mdad = Mdq = Myqa = 0) by not taking into consideration the magnetic
saturation of the d-axis, and the denominator on the right side of Equation (11) may be
simplified to 1 by setting (Mgd = Mgqdq = Mqq = Mgqq = 0) by not taking into consideration
the magnetic saturation of the g-axis. Similarly, the denominator oh the right side of
Equation (14) may be simplified to 1 by not taking into consideration the magnetic
saturation of the d-axis, and the denominator on the right side of Equation (17) may be
simplified to 1 by not taking into consideration the magnetic saturation of the g-axis.

The first and second magnetic interference models are not limited to the equation
models described above, and may be, for example, in the form of a map of each linkage
magnetic flux for each current which can be obtained by magnetic field analysis or a
ratioﬁal function model in which the denominator and the numerator are represented with
polynomial equations of an arbitrary order with respect to each current.

Furthermore, the rotary electric machine 10 is not particularly limited to the

- structure described above or a magnet placement structure such as the structure of FIG. 6

of Patent Document 3, so long as the linkage magnetic flux of the stator winding 20 can be
adjusted by the current in the rotor winding 30 and the linkage magnetic flux of thé rotor
winding 30 can be adjusted by the current in the stator winding 20. For example, with
regard to the permanent magnet 33 placed between soft magnetic members 53 adjacent in
the circumferential direction of the rotor, as shown in FIG. 14, a placement may be
employed in which an inclination angle of the magnetic pole surface with respect to the
radial direction is 90°. FIG. 14 also shows the flow of the field fnagnetic flux by the
permanent magnet 33, similar to FIG. 4. Alternatively, the magnetic pole surfaces of the
permanent magnets 33 may be placed along the radial direction.

Alternatively, as shown in FIGs. 15 — 18, for example, a configuration may be
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employed in which an axial type rotary electric machine 10 is provided in which the
output-side rotor 18 opposes the input-side rotor 28 and the stator 16 in the rotor rotational
axis direction. FIG. 15 shows an example structure of the axial type rotary electric
machine 10, FIG. 16 shows an example structure of the stator 16, FIG. 17 shows an
example structure of the input-side rotor 28, and FIG. 18 shows an example structure of the
output-side rotor 18. Each of the plurality of soft magnetic members 53 placed in a
divided manner in the circumferential direction of the rotor with an equal space
therebetween comprises a lower surface (first surface) 61 which opposes the input-side
rotor 28 (teeth 52a) with a predetermined gap therebetween, an upper surface (second
surface) 62 which opposes the stator 16 (teeth 51a) with a predetermined gap therebetween,
a side surface (third surface) 63 which faces (contacts) a magnetic pole surface of one
permanent magnet 33 of adjacent permanent magnets 33, and a side surface (fourth
surface) 64 which faces (contacts) the magnetic pole surface of the other permanent
magnet 33 of the adjacent permanent magnets 33. In the example configuration of FIG.
18, the magnetic pole surface of each permanent magnet 33 is placed along the radial
direction.

In addition, in the output-side rotor 18, for example, as shown in FIG. 19, a
non-magnetic member 35 may be provided in place of the permanent magnet 33. In the
example configuration of FIG. 19, the plurality of soft magnetic members 53 are placed in
a divided manner in the circumferential direction of the rotor with a space therebetween
(with equal space). A plurality (same number as that of the soft magnetic members 53) of
non-magnetic members 35 are placed in the circumferential direction of the rotor with a
space therebetween (with equal space), and each non-magnetic member 35 is placed
between soft magnetic members 53 adjacent in the circumferential direction of the rotor.
Each of the soft magnetic members 53 placed between the non-magnetic members 35
adjacent in the circumferential direction of the rotor comprises an inner circumferential
surface (first surface) 61 which opposes the input-side rotor 28 (teeth 52a) with a

predetermined gap therebetween, an outer circumferential surface (second surface) 62

46



10

15

20

25

WO 2015/147120 PCT/JP2015/059276

which opposes the stator 16 (teeth 5ta) with a predetermined gap therebetween, a side
surface (third surfaee) 63 which faces (contacts) one non-magnetic member 35 of the
adjacent nen-magnetic members 35, and a side surface (fourth surface) 64 which faces
(contacts) the other non-magnetic member 35 of the adjacent non-magnetic members, and
a magnetic flux passes between the inner circumferential surface 61 and the outer
circumferential surface 62. In place of the non-magnetic member 35, it is also possible to
provide a gap.  Alternatively, the soft magnetic members 53 adjacent in the
circumferential direction of the rotor may be connected to each other by a bridge.

As shown in FIG, 19, the d-axis magnetic flux due to the d-axis current in the
rotor winding 30 flows between the inner circumferential surface 61 and the outer
circumferential surface 62 of the soft magnetic member 53, and acts on the stator 16, to
affect the linkage magnetic flux to the stator winding 20. Because of this, the d-axis
magnetic flux due to the d-axis current in the rotor winding 30 acts, for the stator 16,
similar to the field magnetic flux when the permanent magnet 33 is provided in the
position of the non-magnetic member 35. Therefore, the linkage magnetic flux of the
stator winding 20 can be adjusted by the current in the rotor winding 30. Similarly, the
d-axis magnetic flux due to the d-axis current in the stator winding 20 flows between the
outer circufnferential surface 62 and the inner circumfereﬁtial surface 61 of the soft
magnetic member 53 and acts on the input-side rotor 28, to affect the linkage magnetic flux
to the rotor winding 30. Because of this, the d-axis magnetic flux due to the d-axis
current in the stator winding 20 acts, for the input-side rotor 28, similarly as the field
magnetic flux when the permanent magnet 33 is provided at the position of the
non-magnetic member 35. Therefore, the linkage magnetic flux of the rotor winding 30
can be adjusted by the current in the stator winding 20.

For the first and second magnetic interference models when the non-magnetic
member 35 or the gap is provided in place of the permanent magnet 33, it is possible to
consider a configuration where fiy'1 = fiw2 = fo = 0 in the above description.

A preferred embodiment of the present invention has been described. The
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present invention, however, is not limited to the embodiment in any ways, and various
modifications are possible within the scope and spirit of the present invention.
[Explanation of Reference Numerals]

10 ROTARY ELECTRIC MACHINE; 16 STATOR; 18 OUTPUT-SIDE ROTOR
(SECOND ROTOR); 20 STATOR WINDING; 28 INPUT-SIDE ROTOR (FIRST
ROTOR); 30 ROTOR WINDING; 33 PERMANENT MAGNET; 35 NON-MAGNETIC
MEMBER; 36 ENGINE; 37 DRIVE SHAFT; 38 WHEEL; 40, 41 INVERTER; 42
ELECTRICITY STORAGE DEVICE; 44 TRANSMISSION; 50 ELECTRONIC
CONTROL UNIT; 51 STATOR CORE; 52 ROTOR CORE; 53 SOFT MAGNETIC
MEMBER; 54 GAP; 61 INNER CIRCUMFERENTIAL SURFACE (FIRST SURFACE);
62 OUTER CIRCUMFERENTIAL SURFACE (SECOND SURFACE); 63, 64 SIDE
SURFACE (THIRD SURFACE, FOURTH SURFACE); 70 INFORMATION
PROCESSING DEVICE; 81 ROTOR WINDING TEMPERATURE SENSOR; 82
STATOR WINDING TEMPERATURE SENSOR; 95 SLIP RING; 96 BRUSH; 135
COUPLING TORQUE COMMAND VALUE CALCULATING UNIT; 136 CURRENT
COMMAND VALUE SETTING UNIT; 137 TORQUE-CURRENT CHARACTERISTIC
STORAGE UNIT; 140 ROTOR WINDING CURRENT CONTROLLER; 155 MG
TORQUE COMMAND VALUE CALCULATING UNIT; 160 STATOR WINDING
CURRENT CONTROLLER; 172 MODEL STORAGE UNIT; 174 CURRENT
COMMAND VALUE CALCULATING UNIT.
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CLAIMS

1. An information proceSsing device that calculates a current command value based on a
torque command value of a rotary electric machine, wherein

the rotary electric machine comprises a first rotor in which a rotor winding is
provided, a stator in which a stator winding is provided, and a ‘second rotor that opposes
the first rotor and the stator and that ‘is rotatable relative to the first rotor,

a torque acts between the first rotor and the second rotor according to a magnetic
flux due to a current in the rotor winding acting on the second rotor, and a torque acts
between the stator and the second rotor according to a magnetic flux due to a current in the
stator winding acting on the second rotor,

a linkage magnetic flux of the stator winding can be adjusted by the current in the
rotor winding and a linkage magnetic flux of the rotor winding can be adjusted by the
current in the stator winding,

the information processing device comprises a current command value calculating
unit that calculates a current command value for the rotor winding and a current command
value for the stator winding with respect to a torque command value between the first rotor
and the second rotor and a torque command value between the stator and the second rotor,
based on an evaluation function representing a total copper loss of the rotor winding and
the stator winding and using a first magnetic interference model and a second magnetic
interference model,

the first magnetic interference model represents a relationship of the linkage
magnetic flux of the rotor winding with respect to the current in the rotor winding and the
current in the stator winding, and |

the second magnetic interference model represents a relationship of the linkage
magnetic flux of the stator winding with respect to the current in the rotor winding and the

current in the stator winding.
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2. The information processing device according to Claim 1, wherein
the first magnetic interference model and the second magnetic interference model
include model equations related to a magnetomotive force, in which the current in the rotor

winding and the current in the stator winding are combined with a setting ratio.

3. The information processing device according to Claim 2, wherein
the setting ratio is 1:C, where C is a coefficient representing a degree of magnetic

interference.

4. The information processing device according to Claim 2, wherein
the first magnetic interference model and the second magnetic interference model
further include model equations representing a degree of change of the linkage magnetic

flux by magnetic saturation.

5. The information processing device according to Claim 1, wherein
the first magnetic interference model and the second magnetic interference model
have a model related to a d-axis linkage magnetic flux and a model related to a g-axis

linkage mégnetic flux.

6. The information processing device according to Claim 1, wherein

the current command value calculating unit calculates the current command value
for the rotor winding and the current command value for the stator winding based on the
evaluation function and a constraint condition including a condition that a voltage of the
rotor winding is less than or equal to a first limit value and a voltage of the stator winding
is less than or equal to a second limit value, and using the first magnetic interference model

and the second magnetic interference model.

7. The information processing device according to Claim 6, wherein

50



10

15

20

25

WO 2015/147120 PCT/JP2015/059276

electric power can be converted between an electricity storage device and the
stator winding by a first electric power conversion device,

electric power can be converted between the electricity storage device and the
rotor winding by a second electric power conversion device, and

the first limit value and the second limit value are set to values smaller than a

voltage of the electricity storage device.

8. The information processing device according to Claim 1, wherein

the current command value calculating unit calculates the current command value
for the rotor winding and the current command value for the stator winding based on the
evaluation function and a constraint condition including a condition that the current in the
rotor winding is less than or equal to a third limit value and the current in the stator
winding is less than or equal to a fourth limit value, and using the first magnetic

interference model and the second magnetic interference model.

9. The information processing device accdrding to Claim 8, wherein

electric power can be converted between an electricity storage device and the
stator winding by a first electric power conversion device,

electric power can be converted between the electricity storage device and the
rotor winding by a second electric power conversion device,

the third limit value is set to a value smaller than a capacity of the second electric
power conversion device, and

the fourth limit value is set to a value smaller than a capacity of the first electric

power conversion device.

10. The information processing device according to Claim 1, wherein
the current command value calculating unit calculates the current command value

for the rotor winding and the current command value for the stator winding such that the
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evaluation function is approximately minimum.

11. An information storage device that stores the current command value for the rotor
winding and the current command value for the stator winding calculated by the
information processing device according to Claim 1 in correspondence to the torque
command value between the first rotor and the second rotor and the torque command value

between the stator and the second rotor.

12. A control device of a rotary electric machine, that controls the current in the rotor
winding and the current in the stator winding based on the current command value for the
rotor winding and the current command value for the stator winding calculated by the

information processing device according to Claim 1.

52



PCT/JP2015/059276

WO 2015/147120

0S

LINA TOHLINOD
OINOH1O313

ANI

[ op

(47

ANI

1/16



WO 2015/147120 PCT/JP2015/059276

41 ELECTRICITY

STORAGE
/ DEVICE

/42

INVERTOR

/ 40
INVERTOR

91

T\

93

96

(M

<

30

5

N

2/16



WO 2015/147120

16 54
51a
20
20
51a
20
' N
S
—3
51 s
10

33

28

33 53
53
S
N
N
S
54
30
52a
30
30
b2a
52
S
S
N
NN \S

FIG. 3

3/16

53

PCT/JP2015/059276

33




0000000000000

. !
(551) \‘\{gy///\\\\/’
(64-1) ‘«@YJ%\\E

54 //""‘

N>

‘Lg/"
‘M@.
= .

posl »\ -
’K\\\\y&\\\%}jl (333)




~~
™~
Pan

o
N

7~
L ot
N

©S
N

N

N

@ ,

£

v,

o)

=

I

=

[

o

A
~~
—

1

132]
S
132]

o

%\WW’/ Vi
NS S

NS -
TR, o

e

A\
INSS S



© N ma ¥ o
D 08 Y oF ™

\

7

LT

el

N “ g
2 4

i —

- £

© 6 5T

N - _.L_._A
5 Ll

:

FIG.6



WO 2015/147120

33(33-1) 63 (63-1)

30

52a
30

52
53
(53-1)

61
(61-1)

64
(64-1)

54

PCT/JP2015/059276

62
(62-1)

ELECTRICITY
APPLIED

54

33
(33-2)

63
(63-2)

62
——(62-2)

(61-2)

64
(64-2)

54

20
10 ' 51a
20

FIG. 7

7116

53
(53-2)

54

33
(33-3)

ELECTRICITY
APPLIED

51






WO 2015/147120 PCT/JP2015/059276

] :
0.8 §
0.6 :
'out
(NORMALIZED 0.4 I T T T
VALUE) - 5
: ; — an®
oo L | Ba=0
. . SRR L] _ o
Bout =30
0 T S
0 0.2 04 0.6 0.8 1
I, (NORMALIZED VALUE)

FIG. 9

____________ N N N S
EVALUATION i i i I
FUNCTIONf  f->g------- omnennneeee bomenene e ome o omneenneees
0 0.2 04 06 - 0.8 1
I (NORMALIZED VALUE)

FIG. 12

9/16



PCT/JP2015/059276

WO 2015/147120

HITTOHLINOD
INIHEND
ONIaNIM
HO10d

HITIOHULNOD
INIHHND
ONIAONIM
d0l1vlis

r—==-"-"=-""="~="=""="=¥~=-==== ]
| |
{ |
! 1INN |
_—___1{ 3ovyols i
¢l I 130w I
| |
| !
| [N PN
] t -7 0L
| & (
' ONILYTINDTIVO 1
P ANTVA !
VLl ! ONVINNOD !
“ ANINHND "
R N Gel
||||||||||||||||||||||||||||||| g A
< i
|
|
1INN 3OVHOLS N I
ILSIHILOVHVH I
\Lo MINE At ONILVINOWO  fe—t—r A
I
Lg1 -3N0NOL - OO _
o u |
anoy¥oL  f=——V
ONITdNO2 |
{
I
1
: ] 1
077Uy ] “geaTpTUl | 1INN e “
ONILL3S I
INTVA I
ANYIWWOD 1INN I
INIYHND ONILYINDIVO | v
- ¢ 1o a1, 1no ANIVA =T
480770 | ¢ JauTpTINO | ja4no | ANVINNOS "
3NDYHOL ONW .
[
]
IIIIIII o

10/16



WO 2015/147120

( START }

PCT/JP2015/059276

S101

SET TORQUE COMMAND VALUES
Tin_ref, Tout_ref

SET CONSTRANT |

CONDITION

CALCULATE CURRENTS
Iin_d,lin_a, lout_d,l out_a THAT

MINIMIZE EVALUATION FUNCTION f

VALUES [ in_d_ref, | in_a_ref,
[ out_d_ref, I out_a_ref

END

FIG. 11

1116

S102

S103

DETERMINE CURRENT COMMAND / S104



PCT/JP2015/059276

WO 2015/147120

d3TI0HINOD
INIYHND
ONIANIM
=[e2¥e}-

YITI0HLINOD
ANIHHND
ONIAONIM
HOLV1S

-

FEY VI R C-Y iy T

091

JoubTIno [ “ 4oUTpTIN0 |

é8

GE1
IIIII |
I
!
I
LINN LINN “
IOVHOLS ONILVINOTVD  f=p—
T300W aNIvA I
- ANVYWINOD (.
iU INOYOL AuTI
e ONIMdNO?D "
|
|
|
t
1INA e !
ONILLIS |
INTVA "
ANVYWWOD LINN I
INFHEND e ONILYINDTVO I
48471no L ANTIVA __
ANVINNOD |
INOYOL OW X
- |
|
NSO VIO ——————m e — - —— A
\
\
9¢1 wq h
H 1
\ GGl
\
\
08§

v

12116



WO 2015/147120

30

30

52a

63
(63-1)

61
(61-1)

53
(53-1)

54
63
(63-2)
52

61
(61-2)

133(33-1)

PCT/JP2015/059276

62
(62-1)

64
(64-1)

33
(33-2)

54
20
51a
20

62
(62-2)

53
-(53-2)

13/16

<\ / \. v s
18 16






FIG. 17

FIG. 18
15/16



WO 2015/147120

30

52a

30
652
53
(53-1)

61
(61-1)

64
(64-1)

ELECTRICITY
APPLIED

54

61
(61-2)

64
(64-2)

54

ELECTRICITY
APPLIED

28

35
63 (63-1)

16

FIG. 19

16/16

PCT/JP2015/059276

62
(62-1)

54

35

63
(63-2)

—— 53
(53-2)

/ @‘—( 652 )

| 54

35

51

20

51a

20

51a

20



INTERNATIONAL SEARCH REPORT

International application No

PCT/JP2015/059276

A. CLASSIFICATION OF SUBJECT MATTER

INV. HO2P21/00 HO2K16/02
ADD.

According to International Patent Classification (IPC) or to both national classification and IPC

B. FIELDS SEARCHED

HOZ2P HO2K

Minimum documentation searched (classification system followed by classification symbols)

Documentation searched other than minimum documentation to the extent that such documents are included in the fields searched

EPO-Internal, WPI Data

Electronic data base consulted during the international search (name of data base and, where practicable, search terms used)

C. DOCUMENTS CONSIDERED TO BE RELEVANT

Category™

Citation of document, with indication, where appropriate, of the relevant passages

Relevant to claim No.

figures 1-3

_/__

Y WO 2012/133905 Al (TOYOTA CHUO KENKYUSHO 1-12
KK [JP]; TOYOTA MOTOR CO LTD [JP]; AISIN
SEIKI [) 4 October 2012 (2012-10-04)
page 6, line 2 - page 7, line 11

Further documents are listed in the continuation of Box C.

See patent family annex.

* Special categories of cited documents :

"A" document defining the general state of the art which is not considered
to be of particular relevance

"E" earlier application or patent but published on or after the international
filing date

"L" document which may throw doubts on priority claim(s) or which is
cited to establish the publication date of another citation or other
special reason (as specified)

"O" document referring to an oral disclosure, use, exhibition or other
means

"P" document published prior to the international filing date but later than
the priority date claimed

"T" later document published after the international filing date or priority
date and not in conflict with the application but cited to understand
the principle or theory underlying the invention

"X" document of particular relevance; the claimed invention cannot be
considered novel or cannot be considered to involve an inventive
step when the document is taken alone

"Y" document of particular relevance; the claimed invention cannot be
considered to involve an inventive step when the document is
combined with one or more other such documents, such combination
being obvious to a person skilled in the art

"&" document member of the same patent family

Date of the actual completion of the international search

7 August 2015

Date of mailing of the international search report

17/08/2015

Name and mailing address of the ISA/

European Patent Office, P.B. 5818 Patentlaan 2
NL - 2280 HV Rijswijk

Tel. (+31-70) 340-2040,

Fax: (+31-70) 340-3016

Authorized officer

Roider, Anton

Form PCT/ISA/210 (second sheet) (April 2005)

page 1 of 2




INTERNATIONAL SEARCH REPORT

International application No

5 June 2008 (2008-06-05)
paragraphs [0574] - [0580]
figure 4

PCT/JP2015/059276

C(Continuation). DOCUMENTS CONSIDERED TO BE RELEVANT
Category™ | Citation of document, with indication, where appropriate, of the relevant passages Relevant to claim No.
Y SUNG-YOON JUNG ET AL: "Current Minimizing 1-12

Torque Control of the IPMSM Using Ferrari

s Method",

IEEE TRANSACTIONS ON POWER ELECTRONICS,

INSTITUTE OF ELECTRICAL AND ELECTRONICS

ENGINEERS, USA,

vol. 28, no. 12,

1 December 2013 (2013-12-01), pages

5603-5617, XP011514331,

ISSN: 0885-8993, DOI:

10.1109/TPEL.2013.2245920

page 5605, right-hand column, last

paragraph - page 5606, left-hand column
Y US 20127217747 A1l (CAO SHU YU [SG] ET AL) 1-12

30 August 2012 (2012-08-30)

paragraphs [0004], [0008], [0009]

paragraphs [0078], [0079]

paragraph [0098]

claims 1, 10, 12

figure 4
Y US 2008/129243 Al (NASHIKI MASAYUKI [JP]) 1-12

Form PCT/ISA/210 (continuation of second sheet) (April 2005)

page 2 of 2




INTERNATIONAL SEARCH REPORT

Information on patent family members

International application No

PCT/JP2015/059276
Patent document Publication Patent family Publication
cited in search report date member(s) date

WO 2012133905 Al 04-10-2012 CN 103459179 A 18-12-2013
JP 2012210903 A 01-11-2012
US 2014028031 Al 30-01-2014
WO 2012133905 Al 04-10-2012
US 2012217747 Al 30-08-2012  EP 2478609 Al 25-07-2012
US 2012217747 Al 30-08-2012
US 2014252768 Al 11-09-2014
WO 2011034500 Al 24-03-2011
US 2008129243 Al 05-06-2008  CN 101192808 A 04-06-2008
DE 102007057499 Al 05-06-2008
JP 5167631 B2 21-03-2013
JP 2008141835 A 19-06-2008
US 2008129243 Al 05-06-2008

Form PCT/ISA/210 (patent family annex) (April 2005)




	Page 1 - front-page
	Page 2 - front-page
	Page 3 - description
	Page 4 - description
	Page 5 - description
	Page 6 - description
	Page 7 - description
	Page 8 - description
	Page 9 - description
	Page 10 - description
	Page 11 - description
	Page 12 - description
	Page 13 - description
	Page 14 - description
	Page 15 - description
	Page 16 - description
	Page 17 - description
	Page 18 - description
	Page 19 - description
	Page 20 - description
	Page 21 - description
	Page 22 - description
	Page 23 - description
	Page 24 - description
	Page 25 - description
	Page 26 - description
	Page 27 - description
	Page 28 - description
	Page 29 - description
	Page 30 - description
	Page 31 - description
	Page 32 - description
	Page 33 - description
	Page 34 - description
	Page 35 - description
	Page 36 - description
	Page 37 - description
	Page 38 - description
	Page 39 - description
	Page 40 - description
	Page 41 - description
	Page 42 - description
	Page 43 - description
	Page 44 - description
	Page 45 - description
	Page 46 - description
	Page 47 - description
	Page 48 - description
	Page 49 - description
	Page 50 - description
	Page 51 - claims
	Page 52 - claims
	Page 53 - claims
	Page 54 - claims
	Page 55 - drawings
	Page 56 - drawings
	Page 57 - drawings
	Page 58 - drawings
	Page 59 - drawings
	Page 60 - drawings
	Page 61 - drawings
	Page 62 - drawings
	Page 63 - drawings
	Page 64 - drawings
	Page 65 - drawings
	Page 66 - drawings
	Page 67 - drawings
	Page 68 - drawings
	Page 69 - drawings
	Page 70 - drawings
	Page 71 - wo-search-report
	Page 72 - wo-search-report
	Page 73 - wo-search-report

