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PERMANENT MAGNET SYNCHRONOUS
MOTOR

BACKGROUND
Field of the Invention

The present invention generally relates to a permanent
magnet synchronous motor. More specifically, the present
invention relates to a permanent magnet synchronous motor
with variable permanent magnet (PM) magnetization char-
acteristics.

Background Information

Electric vehicles and hybrid electric vehicles (HEV)
include an electric motor that operates as a drive source for
the vehicle. In a purely electric vehicle, the electric motor
operates as the sole drive source. On the other hand, an HEV
includes an electric motor and a conventional combustion
engine that operate as the drive sources for the vehicle based
on conditions as understood in the art.

Electric vehicles and HEVs can employ an electric motor
having variable PM magnetization characteristics as under-
stood in the art. For example, the PM magnetization level of
the motor can be increased to increase the torque generated
by the motor. Accordingly, when the driver attempts to
accelerate the vehicle to, for example, pass another vehicle,
the motor control system can change the magnetization level
by applying a pulse current for increasing the torque output
of the motor and thus increasing the vehicle speed.

An electric motor which includes a rotor with a low
coercive force magnet and a high coercive force magnet that
are arranged magnetically in series with each other is known
in the art (see Japanese Patent Application No. 2008-
162201, for example). With this motor, the magnetization
level of the low coercive force magnet is changeable accord-
ing to the operating state of the motor to improve the motor
efficiency.

SUMMARY

With this motor, by arranging the low coercive force
magnet and the high coercive force magnet magnetically in
series with each other, the stator current required for the full
magnetization can be reduced. However, with this motor, the
range of achievable magnetization levels is not large enough
to significantly improve the motor efficiency. For example,
with this motor, it is difficult to reduce the iron loss in a high
speed and low torque operation.

One object is to provide a permanent magnet synchronous
motor with which the motor efficiency is properly improved.

In view of the state of the known technology, one aspect
of'a permanent magnet synchronous motor includes a stator,
a rotor rotatable relative to the stator, and a magnetic
structure with a low coercive force magnet and a high
coercive force magnet that are arranged magnetically in
series with respect to each other to define a pole-pair of the
permanent magnet synchronous motor. A magnetization
level of the low coercive force magnet being changeable by
a stator current pulse, and a stator magnetomotive force at a
rated current being equal to or larger than a product of a
magnetic field strength for fully magnetizing the low coer-
cive force magnet and a thickness of the low coercive force
magnet.

BRIEF DESCRIPTION OF THE DRAWINGS

Referring now to the attached drawings which form a part
of this original disclosure:
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FIG. 1 is a partial cross-sectional view of a permanent
magnet synchronous motor in accordance with a first
embodiment;

FIG. 2A is a schematic diagram of a magnetic structure
forming a pole of the permanent magnet synchronous motor;

FIG. 2B is a graph illustrating the relationship between
the B-H curve of a low coercive force magnet and the
permeance curve obtained based on the equivalent magnetic
circuit of the permanent magnet synchronous motor;

FIG. 3 shows graphs illustrating the relationships between
the stator magnetomotive force and the magnetization levels
of'the low coercive force magnets having different thickness
ratios relative to the total thickness of the magnetic struc-
ture;

FIG. 4 is a contour diagram illustrating the motor effi-
ciency of the permanent magnet synchronous motor with the
NT characteristics of the permanent magnet synchronous
motor;

FIG. 5 is a vector diagram illustrating the relative phases
of the current, the stator flux linkage, and the voltage of a
permanent magnet synchronous motor in accordance with a
second embodiment; and

FIG. 6 is a diagram illustrating the relationship between
the spatial distribution of the stator magnetomotive force
and the relative position of a magnet of the permanent
magnet synchronous motor in accordance with a third
embodiment.

DETAILED DESCRIPTION OF EMBODIMENTS

Selected embodiments will now be explained with refer-
ence to the drawings. It will be apparent to those skilled in
the art from this disclosure that the following descriptions of
the embodiments are provided for illustration only and not
for the purpose of limiting the invention as defined by the
appended claims and their equivalents.

First Embodiment

Referring to FIG. 1, a permanent magnet synchronous
motor 10, which can also be referred to as an interior
permanent magnet motor (IPM), is illustrated in accordance
with a first embodiment. As shown in FIG. 1, the motor 10
basically includes a rotor 12 and a stator 14. The motor 10
can be employed in any type of electric vehicle or HEV such
as an automobile, truck, SUV and so on, and in any other
type of apparatus as understood in the art. The rotor 12 and
the stator 14 can be made of metal or any other suitable
material as understood in the art. In the illustrated embodi-
ment, as shown in FIG. 1, the motor 10 is illustrated as IPM.
However, the motor 10 can be any other type of permanent
magnet synchronous motor, such as a surface permanent
magnet synchronous motor (SPM) as understood in the art.

In the illustrated embodiment, the rotor 12 is rotatable
relative to the stator 14, and has a rotor core 16. The motor
10 also includes a plurality of (six in the illustrated embodi-
ment) magnets 18 (e.g., magnet structures) that is fixedly
mounted to the rotor core 16. The rotor core 16 is rotatable
relative to the stator 14 about a center rotational axis O of the
motor 10, and is radially inwardly disposed relative to the
stator 14 with an air gap 20 therebetween. The rotor core 16
is configured to include a plurality of flux barriers 24. The
rotor core 16 is basically formed as a one-piece, unitary
member. In the illustrated embodiment, the rotor core 16 is
radially inwardly disposed relative to the stator 14 with the
air gap 20 therebetween. However, the the rotor core 16 can
be radially outwardly disposed relative to the stator 14 with
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an air gap therebetween as understood in the art. In the
illustrated embodiment, the rotor 12 can employ a conven-
tional rotor as known in the art. Thus, detailed descriptions
will be omitted for the sake of brevity. For example, the rotor
12 can further include a surface bridge that is present to form
a radially outward boundary of each flux barrier 24 that also
forms a part of an outer periphery of the rotor 12.

In the illustrated embodiment, the stator 14 is concentri-
cally arranged relative to the rotor 12 with respect to the
center rotational axis O of the motor 10. As mentioned
above, the stator 14 is radially outwardly disposed relative
to the rotor 12 with the air gap 20 therebetween. In particu-
lar, as illustrated in FIG. 1, the air gap 20 is present between
an outer circumference 28 of the rotor 12 and an inner
circumference 30 of the stator 14 to enable the rotor 12 to
rotate unrestrictedly or substantially unrestrictedly about the
center rotational axis O. The stator 14 basically includes a
plurality of stator teeth 32, a plurality of stator slots 34, and
other components which can be configured in any conven-
tional manner. In the illustrated embodiment, the stator teeth
32 are configured as wide stator teeth as known in the art.
However, the stator teeth 32 can have any suitable size, and
the stator 14 can include any number of stator teeth 32 to
achieve the operability of the embodiments discussed
herein. In this example, the stator teeth 32 are open to the
inner circumference 30 of the stator 14, but can be closed if
desired. The stator slots 34 are inserted with copper or
aluminum wires wound about the stator teeth 32. However,
the stator windings can be made of any suitable type of
material as known in the art. In the illustrated embodiment,
the stator 14 can employ a conventional stator as known in
the art. Thus, detailed descriptions will be omitted for the
sake of brevity.

In the illustrated embodiment, the magnets 18 are spaced
between adjacent pairs of the flux barriers 24 about the
circumference of the rotor 12. As shown in FIG. 1, each of
the magnets 18 has a high coercive force magnet 40 and a
low coercive force magnet 42, and defines each of the motor
poles (pole-pairs) of the motor 10 with alternate polarities.
In the illustrated embodiment, six sets of the magnets 18 are
circumferentially positioned between six flux barriers 24.
However, the number of the magnets 18 can change with
respect to a change in the number of flux barriers 24. In the
illustrated embodiment, as shown in FIG. 1, the d-axis
passes through a center of each magnet 18. On the other
hand, the g-axis passes through each flux barriers 24. In
other words, the g-axis passes between adjacent pair of
magnets 18. However, the magnets 18 or the flux barriers 24
can be positioned at any suitable location with respect to the
d-axis and the g-axis to achieve the operability of the
embodiments discussed herein. With this motor 10, the
magnetization level of the low coercive force magnet 42 is
changeable by the stator current pulse applied to the stator
14 as understood in the art.

Referring further to FIG. 2A, the magnet configuration of
each of the magnets 18 will be explained. As illustrated in
FIGS. 1 and 2A, each of the magnets 18 includes the high
coercive force magnet 40 and the low coercive force magnet
42 that are arranged magnetically in series with respect to
each other to define a single motor pole of the motor 10.
Specifically, as illustrated in FIGS. 1 and 2A, the low
coercive force magnet 42 and the high coercive force
magnet 40 are stacked with respect to each other in a
thickness direction that is parallel to a radial direction or the
d-axis of the motor 10 to define the motor pole of the motor
10. Also, in the illustrated embodiment, the high coercive
force magnet 40 is disposed closer to the air gap 20 between
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the stator 14 and the rotor 12 than the low coercive force
magnet 42 is. This arrangement is preferable as understood
in the art. However, alternatively, the low coercive force
magnet 42 can be disposed closer to the air gap 20 between
the stator 14 and the rotor 12 than the high coercive force
magnet 40 is, as understood in the art.

In the illustrated embodiment, the high coercive force
magnet 40 includes an NdFeB magnet, while the low
coercive force magnet 42 includes a SmCo magnet. How-
ever, the high coercive force magnet 40 and the low coercive
force magnet 42 can be made of any suitable type of material
as understood in the art.

Also, in the illustrated embodiment, the thickness t;,, of
the low coercive force magnet 42 per pole-pair is equal to or
more than 70% of the total thickness tg,,; of the low
coercive force magnet 42 and the high coercive force
magnet 40 per pole-pair (i.e., the total of the thickness t; ,,
of the low coercive force magnet 42 and the thickness t,,,
of the high coercive force magnet 40) as illustrated in FIG.
3 described below. More preferably, the thickness t;,, of the
low coercive force magnet 42 per pole-pair is equal to or
more than 75% of the total thickness tg,,, of the low
coercive force magnet 42 and the high coercive force
magnet 40 per pole-pair (i.e., the total of the thickness t; ,,
of the low coercive force magnet 42 and the thickness t,,,
of the high coercive force magnet 40). Specifically, in the
illustrated embodiment, the thickness t;,, of the low coer-
cive force magnet 42 per pole-pair is 75% of the total
thickness t,,,; of the low coercive force magnet 42 and the
high coercive force magnet 40 per pole-pair, for example.

In the illustrated embodiment, the above-described mag-
net configuration of the magnets 18 is provided for illustra-
tion only, and can employ any other configurations that are
determined in the following manner explained referring to
FIGS. 2B and 3. Specifically, the required stator magneto-
motive force and the magnet configuration, such as the
thicknesses t,;,,, and t;,,, of the high and low coercive force
magnets 40 and 42, can be determined in the following
manner to achieve the desired magnetization state with
reduced current.

FIG. 2B is a graph illustrating the relationship between
the B-H curve of the low coercive magnet 42 and the
permeance curve obtained based on the equivalent magnetic
circuit of the motor 10. As understood in the art, referring to
FIG. 2B, to fully magnetize the low coercive force magnet
42, the stator magnetomotive force at the rated current is
required to be equal to or more than the product of the
thickness t;,, of the low coercive force magnet and the
magnetic field strength 103 that is required for fully mag-
netizing the low coercive force magnet 42. Specifically, as
shown in FIG. 2B, the magnetic field strength 103 is a
magnetic field strength illustrated between the permeance
curve having a slope of the permeance coefficient and
passing through the operating point at the full magnetization
and the permeance curve having a slope of the permeance
coeflicient and passing through the operating point at no
load. Here, the rated current is a stator current that the motor
10 can carry, under specified conditions, without resulting in
overheating or mechanical overstress, for example, as under-
stood in the art. Thus, the rated current is predetermined for
the motor 10, for example.

FIG. 3 shows graphs illustrating the relationships between
the stator magnetomotive force (“Stator MMF”) and the
magnetization levels (“Magnetization™) of low coercive
force magnets having different thickness ratios relative to
the total thickness of magnetic structures, each having a low
coercive force magnet and a high coercive force magnet.
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Specifically, FIG. 3 illustrates the relationships between the
stator magnetomotive force and the magnetization levels of
the low coercive force magnets having the thickness ratios
of 55%, 70%, 85% and 100%, respectively, relative to the
total thickness of the magnetic structures. As understood in
the art, when the thickness ratio of the low coercive force
magnet is 100%, the magnetic structure only includes the
low coercive force magnet. In the illustrated embodiment,
for the low coercive force magnets having different thick-
ness ratios, the total thickness of the magnetic structures is
constant. Referring to FIG. 3, the stator magnetomotive
force required for fully magnetizing the low coercive force
magnet decreases and the minimum magnetization level at
the rated current increases as the thickness ratio of the low
coercive force magnet decreases. Thus, for example, if the
magnet configuration of the magnet 18 has a magnetization
characteristic, such as the magnetization characteristic 104,
then the desired magnetization level can be achieved while
the stator current is reduced.

As understood in the art, the stator magnetomotive force
required for fully magnetizing the low coercive force mag-
net 42 is expressed by the following formula (1):

M

JHigh I
MMF 2 Hyaxlron — ——lhign + ( <+ HMax)([High +1g)
Hoprh Hofr

where MMF represents the stator magnetomotive force per
pole-pair at the rated current or the available stator magne-
tomotive force of the stator winding per pole-pair with the
rated current density, H,,, represents the magnetic field
strength for fully magnetizing the low coercive force magnet
42, t, . represents the thickness of the low coercive force
magnet 42, I, , represents the magnetization of the high
coercive force magnet 40, pg|., represents a magnetic per-
meability of the high coercive force magnet, p,; represents
a magnetic permeability of the low coercive force magnet,
terer, Tepresents the thickness of the high coercive force
magnet 40, J,,  represents the magnetization of the low
coercive force magnet 42 fully magnetized, and t, represents
the air gap length between the stator 14 and the rotor 12.
Furthermore, as understood in the art, the stator magne-
tomotive force required for obtaining the desired minimum
magnetization level is expressed by the following formula

(2):

Jrigh I 2)
+ i — (# + HMin)(lHigh +1g)

1 "

MMF = —Hpyinltion

where MMF represents the stator magnetomotive force per
pole at the rated current, H, ,, represents the magnetic field
strength for demagnetizing the low coercive force magnet 42
to the desired level (e.g., the desired minimum magnetiza-
tion level), t; ., represents the thickness of the low coercive
force magnet 42, J;,, represents the magnetization of the
high coercive force magnet 40, 1,1, represents a magnetic
permeability of the high coercive force magnet, pop., rep-
resents a magnetic permeability of the low coercive force
magnet, tz,,, represents the thickness of the high coercive
force magnet 40, J,, represents the magnetization of the
low coercive force magnet 42 for demagnetizing the low
coercive force magnet 42 to the desired level (e.g., the
desired minimum magnetization level), and t, represents the
air gap length between the stator 14 and the rotor 12.
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In the illustrated embodiment, the configurations of the
stator 14, the rotor 12 and the magnet 18 (e.g., the magnetic
structure) are determined such that the stator 14, the rotor 12
and the magnet 18 are configured to satisfy the formulas (1)
and (2). For example, in the illustrated embodiment, the
stator magnetomotive force MMF of the stator 14 and the
magnet configuration of the magnet 18 that satisfy the
desired minimum magnetization level are determined by the
formula (2), and then it is also determined if the determined
stator magnetomotive force MMF and the determined mag-
net configuration also satisfy the formula (1). With this
arrangement, the magnet configuration that minimizes the
stator magnetomotive force MMF while satisfying the
desired minimum magnetization level can be obtained.

In the illustrated embodiment, the desired minimum mag-
netization level of the low coercive force magnet 42 is
preferably equal to or less than the half of or the substan-
tially half of the maximum magnetization level of the low
coercive force magnet 42 in view of the operating points of
the driving modes and the loss reduction to obtain the
desired magnetization range (or variable magnetization state
capability). Thus, the configurations of the stator 14, the
rotor 12 and the magnet 18 (e.g., the magnetic structure) are
determined such that the stator 14, the rotor 12 and the
magnet 18 are further configured to satisfy the following
formula (3):

®

I Max

Iuin < 2

where J, ,,, represents the magnetization of the low coercive
force magnet 42 for demagnetizing the low coercive force
magnet 42 to the desired level (e.g., the desired minimum
magnetization level), and J,,,, represents the magnetization
of the low coercive force magnet 42 fully magnetized.

Thus, if the magnet configuration of the magnet 18 has a
magnetization characteristic, such as the magnetization
characteristic 104, among the magnetization characteristics
illustrated in FIG. 3, then the desired stator magnetomotive
force or the stator current can be minimized. Specifically, the
magnetization characteristic 104 illustrates the relationship
between the stator magnetomotive force (stator MMF) and
the magnetization level of the low coercive force magnet 42
when the thickness of the low coercive force magnet 42 is
equal to 70% of the total thickness of the magnet 18.

With this arrangement, the desired stator magnetomotive
force or the stator current can be minimized while achieving
the desired magnetization range or change amount of the
magnetization level. Thus, the increase of the copper loss
accompanied by the magnetization state control of the low
coercive force magnet 42 can be minimized. Also, the iron
loss in the high speed and low torque operation can be
decreased, which improves the motor efficiency.

In the illustrated embodiment, as shown in FIGS. 1 and
2A, the low coercive force magnet 42 includes the SmCo
magnet, the high coercive force magnet 40 includes the
NdFeB magnet, and the thickness t; ., of the low coercive
force magnet 42 per pole-pair is 75% of the total thickness
tr OF the low coercive force magnet 42 and the high
coercive force magnet 40 per pole-pair, for example. Also,
with the motor 10, as illustrated in FIGS. 1 and 2A, the low
coercive force magnet 42 and the high coercive force
magnet 40 are stacked with respect to each other in the
thickness direction to define the pole-pair of the motor 10,
and the high coercive force magnet 40 is disposed closer to
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the air gap 20 between the stator 14 and the rotor 12 than the
low coercive force magnet 42 is. Also, with this motor 10,
the stator 14, the rotor 12 and the magnet 18 are further
configured to satisfy the formulas (1) to (3). FIG. 4 illus-
trates the contour diagram illustrating the motor efficiency of
the motor 10 with the torque-speed characteristics of the
motor 10.

With this arrangement of the motor 10, the full magneti-
zation of the low coercive force magnet 40-42 and the
minimum magnetization level equal to or less than half of or
substantially half of the full magnetization level can be
achieved. Also, as illustrated in FIG. 4, the minimum value
of the equivalent magnetization level (MSe) that is defined
by the total magnetomotive force of the low coercive force
magnet 42 and the high coercive force magnet 40 is approxi-
mately 60% of the full magnetization level of the low
coercive force magnet 42, as illustrated by the areas (100%
MSe, 80% MSe, and 60% MSe) separated by dotted lines.
Also, as illustrated in FIG. 4, at the entire speed range
required for the motor 10 including the high speed and low
torque range, the power factor thereof is equal to or more
than 0.7, which is a value that is generally required for the
synchronous motor.

Furthermore, with this motor 10, as shown in FIGS. 1 and
2A, the high coercive force magnet 40 is disposed closer to
the air gap 20 between the stator 14 and the rotor 12 than the
low coercive force magnet 42 is. With this arrangement,
even if the stator magnetomotive force having the spatial
harmonic is applied to the magnet 18, the high coercive
force magnet 40 prevents the instantaneous demagnetiza-
tion, which also prevents the torque decrease during the
motor operation.

Furthermore, with this motor 10, the stator current
required for the magnetization state control of the low
coercive force magnet 42 can be minimized while achieving
the change amount of the magnetization level required for
improving the motor efficiency in the high speed and low
torque operation. Also, the partial demagnetize of the low
coercive force magnet 42 due to the harmonic of the stator
magnetomotive force can be suppressed. Thus, the increase
of the copper loss accompanied by the magnetization state
control of the low coercive force magnet 42 can be sup-
pressed, and the motor efficiency can be improved while
maximizing the torque density.

In accordance with an aspect of the present application,
the stator magnetomotive force MMF at the rated current is
equal to or larger than the product of the magnetic field
strength H,,  for fully magnetizing the low coercive force
magnet 42 and the thickness t;,, of the low coercive force
magnet 42. With this arrangement, the required stator cur-
rent required for changing the magnetization can be
decreased. Thus, the iron loss in the high speed and low
torque operation can be reduced while preventing the
increase of the copper loss accompanied by the magnetiza-
tion, which improves the motor efficiency.

In accordance with an aspect of the present application,
the thicknesses t,,,, and tg,, of the low coercive force
magnet 42 and the high coercive force magnet 40, the
coercivities of the low coercive force magnet 42 and the high
coercive force magnet 40, the maximum magnetization level
Jasax OF the low coercive force magnet 42, the air gap length
t, and the stator magnetomotive force MMF are configured
to satisfy the formula (1). With this arrangement, the
required current for fully magnetizing the low coercive force
magnet 42 is minimized. Thus, the iron loss in the high
speed and low torque operation can be reduced while
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preventing the increase of the copper loss associated with
the magnetization process, which improves the motor effi-
ciency.

In accordance with an aspect of the present application,
the thicknesses t;,,, and tg,., of the low coercive force
magnet 42 and the high coercive force magnet 40, the
coercivities of the low coercive force magnet 42 and the high
coercive force magnet 40, the minimum magnetization level
J s Of the low coercive force magnet 42, the air gap length
t, and the stator magnetomotive force MMF are configured
to satisfy the formula (2). With this arrangement, the mini-
mum magnetization level required for improving the motor
efficiency can be achieved while suppressing the increase of
the stator current. Thus, the iron loss in the high speed and
low torque operation can be reduced while preventing the
increase of the copper loss accompanied by demagnetiza-
tion, which improves the motor efficiency.

In accordance with an aspect of the present application,
the maximum magnetization level J,,,of the low coercive
force magnet 42 and the minimum magnetization level J, .,
of the low coercive force magnet 42 is configured to satisfy
the formula (3). With this arrangement, the iron loss in the
high speed and low torque operation can be reduced, which
improves the motor efficiency.

In accordance with an aspect of the present application,
the low coercive force magnet 42 includes the SmCo mag-
net, the high coercive force magnet 40 includes the NdFeB
magnet, and the thickness t;_,, of the low coercive force
magnet 42 per pole-pair is equal to or more than 75% of the
total thickness t,,,,; of the low coercive force magnet 42 and
the high coercive force magnet 40 per pole-pair. With this
arrangement, the change amount of the magnetization level
required for reducing the iron loss in the high speed and low
torque operation can be ensured, and the stator current
required for the magnetization state control of the low
coercive force magnet 42 can be minimized. Thus, the
increase of the copper loss accompanied by the magnetiza-
tion state control of the low coercive force magnet 42 can be
suppressed. Also, the iron loss in the high speed and low
torque operation can be decreased, which improves the
motor efficiency.

In accordance with an aspect of the present application,
the low coercive force magnet 42 and the high coercive force
magnet 40 are stacked with respect to each other in the
thickness direction to define the pole-pair of the motor 10,
and the high coercive force magnet 40 is disposed closer to
the air gap 20 between the stator 14 and the rotor 12 than the
low coercive force magnet 42 is. With this arrangement, the
partial demagnetize of the low coercive force magnet 42 due
to the harmonic of the stator magnetomotive force can be
prevented. Thus, the motor efficiency can be improved while
maximizing the torque density.

In the illustrated embodiment, the motor 10 is configured
to satisfy the formulas (1) to (3). However, the motor 10 can
also be configured to satisfy only one or two of the formulas
(1) to (3) as needed and/or desired.

Second Embodiment

Referring now to FIG. 5, an example of a permanent
magnet synchronous motor 10 in accordance with a second
embodiment will now be explained. In view of the similarity
between the first and second embodiments, the parts of the
second embodiment that are identical to or substantially
identical to the parts of the first embodiment will be given
the same reference numerals as the parts of the first embodi-
ment. Moreover, the descriptions of the parts of the second
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embodiment that are identical to the parts of the first
embodiment may be omitted for the sake of brevity.

Basically, the motor 10 in accordance with the second
embodiment is identical to the motor 10 in accordance with
the first embodiment, except that the motor 10 in accordance
with the second embodiment is further configured to satisfy
the following formula (4):

Iiax 4
—low
HoHrt

Jtigh
+ ——1IHigh
HoHrn

MMF <

where MMF represents the stator magnetomotive force per
pole-pair at the rated current, J,,, represents the magneti-
zation of the low coercive force magnet 42 fully magnetized,
LolL,;, represents a magnetic permeability of the high coer-
cive force magnet, |,1,; represents a magnetic permeability
of the low coercive force magnet, t;_,, represents the thick-
ness of the low coercive force magnet 42, I, represents
the magnetization of the high coercive force magnet 40, and
tergn represents the thickness of the high coercive force
magnet 40.

Specifically, the required stator magnetomotive force and
the magnet configuration, such as the thicknesses ty,,;, and
t; . Of the high and low coercive force magnets 40 and 42,
can be determined based on the formula (4) to achieve the
required power capability.

FIG. 5 illustrates a vector diagram illustrating the relative
phases of the current, the stator flux linkage, and the voltage
when the thickness t;,,, and the maximum magnetization
level J,,,, of the low coercive force magnet 42, the thickness
trre, and the magnetization level I, of the high coercive
force magnet 40, and the stator magnetomotive force MMF
satisfy the formula (4). Specifically, FIG. 5 illustrates the
stator magnetomotive force or stator current 201, the stator
flux linkage 202 induced by the magnet 18, the stator flux
linkage 203 induced by the stator magnetomotive force 201,
the total stator flux linkage 204, and the voltage 205. When
the magnet configuration of the magnet 18 and the stator
magnetomotive force MMF satisfy the formula (4), the
stator flux linkage 203 induced by the stator magnetomotive
force 201 becomes smaller than the stator flux linkage 202
induced by the magnet 18, the phase difference between the
current 201 and the voltage 205 is equal to or less than 45
degrees, and the power factor thereof is equal to or more
than 0.7, which is a value that is generally required for the
synchronous motor.

With this arrangement, the motor efficiency can be
improved without increasing the capacity of the motor drive
inverter relative to the conventional synchronous motor.

In accordance with an aspect of the present application,
the thickness t;_,, and the maximum magnetization level
Jpta 0 the low coercive force magnet 42, the thickness t;;,,
and the magnetization level I, of the high coercive force
magnet 40, and the stator magnetomotive force MMF are
configured to satisfy the formula (4). With this arrangement,
the power factor generally required for the synchronous
motor can be achieved. Thus, the motor efficiency can be
improved without increasing the capacity of the motor drive
inverter.

In the illustrated embodiment, the motor 10 in accordance
with the second embodiment is identical to the motor 10 in
accordance with the first embodiment, except that the motor
10 in accordance with the second embodiment is further
configured to satisty the formula (4). In other words, in the
illustrated embodiment, the motor 10 in accordance with the
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second embodiment is configured to satisfy the formulas (1)
to (4). However, the motor 10 in accordance with the second
embodiment can also be configured to satisfy only the
formula (4) as needed and/or desired. Also, the motor 10 in
accordance with the second embodiment can also be con-
figured to satisfy the formula (4) in addition to only one or
two of the formulas (1) to (3) as needed and/or desired.

Third Embodiment

Referring now to FIG. 6, an example of a permanent
magnet synchronous motor 10 in accordance with a third
embodiment will now be explained. In view of the similarity
between the first, second and third embodiments, the parts of
the third embodiment that are identical to or substantially
identical to the parts of the first or second embodiment will
be given the same reference numerals as the parts of the first
or second embodiment. Moreover, the descriptions of the
parts of the third embodiment that are identical to the parts
of the first or second embodiment may be omitted for the
sake of brevity.

Basically, the motor 10 in accordance with the third
embodiment is identical to the motor 10 in accordance with
the first or second embodiment, except that the motor 10 is
further configured such that the low coercive force magnet
42 and the high coercive force magnet 40 have widths that
are substantially equal to each other, respectively, and that
the motor 10 is further configured to satisfy the following
formula (5):

®

P
%)

si

MMFsin( :

Jtigh
HoHrn

I Max
THigh —

Zorn Hc,min)(fg + Thign)

He minlLow

where MMF represents the stator magnetomotive force per
pole at the rated current, P represents the total pole number,
mw represents the magnet width, R, represents the stator
inner radius, H, ,,,, represents coercive force of the low
coercive force magnet 42 fully magnetized, t,,, represents
the thickness of the low coercive force magnet 42, I, ,
represents the magnetization of the high coercive force
magnet 40, o, represents a magnetic permeability of the
high coercive force magnet, U, represents a magnetic
permeability of the low coercive force magnet, ty,, repre-
sents the thickness of the high coercive force magnet 40,
J, 0 represents the magnetization of the low coercive force
magnet 42 fully magnetized, and t, represents the air gap
length between the stator 14 and the rotor 12.

Specifically, the required stator magnetomotive force
MMF and the magnet configuration, such as the magnet
width mw of the magnet 18, can further be determined based
on the formula (5) for maximally utilize the low coercive
force magnet 42 by preventing demagnetization even under
the maximum load with the maximum magnetization state
condition.

FIG. 6 illustrates the stator magnetomotive force distri-
bution per pole-pair at the current phase [} when the stator
magnetomotive force MMF has substantially sinusoidal
waveform. As shown in FIG. 6, the center of the magnet 18
with the high and low coercive force magnets 40 and 42 is
located at the electrical angle of zero degrees.

As shown in FIG. 6, the magnetic field 301 applied to the
magnet 18 at the end portion of the magnet 18 is larger than
the magnetic field 302 applied to the magnet 18 at the center
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of the magnet 18. In particular, as shown in FIG. 6, at the
range where the electrical angel is negative, the magnetic
field is applied in a direction to demagnetize the magnet 18.
If this magnetic field strength exceeds the demagnetization
limit, then the magnet 18 becomes unable to maintain the
magnetization level, and will be demagnetized. On the other
hand, when the stator magnetomotive force MMF and the
magnet configuration, such as the magnet width mw, are
configured to satisfy the formula (5), the magnetic field 301
applied to the end portion of the magnet 18 does not
demagnetize the low coercive force magnet 42, and thus the
partial demagnetization at the end portion of the magnet 18
can be prevented.

Thus, the low coercive force magnet 42 can be utilized
maximally, which improve the motor efficiency while pre-
venting the cost increase.

In accordance with an aspect of the present application,
the low coercive force magnet 42 and the high coercive force
magnet 40 have widths mw that are substantially equal to
each other, respectively. Also, the widths mw are configured
to satisfy the formula (5). With this arrangement, the demag-
netization due to the stator magnetomotive force MMF can
be prevented in the maximum torque operation. Thus, the
low coercive force magnet 42 can be utilized maximally,
which improve the motor efficiency while preventing the
cost increase.

In the illustrated embodiment, the motor 10 in accordance
with the third embodiment is identical to the motor 10 in
accordance with the first or second embodiment, except that
the motor 10 is further configured such that the low coercive
force magnet 42 and the high coercive force magnet 40 have
widths that are substantially equal to each other, respec-
tively, and that the motor 10 is further configured to satisfy
the formula (5). In other words, motor 10 in accordance with
the third embodiment is configured such that the low coer-
cive force magnet 42 and the high coercive force magnet 40
have widths that are substantially equal to each other,
respectively, and is configured to satisfy the formulas (1) to
(5). However, the motor 10 in accordance with the third
embodiment can only be configured such that the low
coercive force magnet 42 and the high coercive force
magnet 40 have widths that are substantially equal to each
other, respectively, and be configured to satisfy the formula
(5) as needed and/or desired. Also, the motor 10 in accor-
dance with the third embodiment can also be configured
such that the low coercive force magnet 42 and the high
coercive force magnet 40 have widths that are substantially
equal to each other, respectively, and be configured to satisfy
the formula (5) in addition to only one, two or three of the
formulas (1) to (4) as needed and/or desired.

General Interpretation of Terms

In understanding the scope of the present invention, the
term “comprising” and its derivatives, as used herein, are
intended to be open ended terms that specify the presence of
the stated features, elements, components, groups, integers,
and/or steps, but do not exclude the presence of other
unstated features, elements, components, groups, integers
and/or steps. The foregoing also applies to words having
similar meanings such as the terms, “including”, “having”
and their derivatives. Also, the terms “part,” “section,”
“portion,” “member” or “element” when used in the singular
can have the dual meaning of a single part or a plurality of
parts. The terms of degree such as “substantially”, “about”

and “approximately” as used herein mean a reasonable
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amount of deviation of the modified term such that the end
result is not significantly changed.

While only selected embodiments have been chosen to
illustrate the present invention, it will be apparent to those
skilled in the art from this disclosure that various changes
and modifications can be made herein without departing
from the scope of the invention as defined in the appended
claims. For example, the size, shape, location or orientation
of the various components can be changed as needed and/or
desired. Components that are shown directly connected or
contacting each other can have intermediate structures dis-
posed between them. The functions of one element can be
performed by two, and vice versa. The structures and
functions of one embodiment can be adopted in another
embodiment. It is not necessary for all advantages to be
present in a particular embodiment at the same time. Every
feature which is unique from the prior art, alone or in
combination with other features, also should be considered
a separate description of further inventions by the applicant,
including the structural and/or functional concepts embod-
ied by such features. Thus, the foregoing descriptions of the
embodiments according to the present invention are pro-
vided for illustration only, and not for the purpose of limiting
the invention as defined by the appended claims and their
equivalents.

What is claimed is:

1. A permanent magnet synchronous motor comprising:

a stator;

a rotor rotatable relative to the stator; and

a magnetic structure with a low coercive force magnet and
a high coercive force magnet that are arranged mag-
netically in series with respect to each other to define a
pole-pair of the permanent magnet synchronous motor,

a magnetization level of the low coercive force magnet
being changeable by a stator current pulse, and

a rated current of the permanent magnet synchronous
motor being set such that a stator magnetomotive force
at the rated current is equal to or larger than a product
of a magnetic field strength for fully magnetizing the
low coercive force magnet and a thickness of the low
coercive force magnet.

2. The permanent magnet synchronous motor according

to claim 1, wherein

the stator, the rotor and the magnetic structure are further

configured to satisfy the following formula (1):

®

JHigh

MMF = Hyguliow — ——
HoHm

I
Thigh + (—ax + HMax)([High +1g)
Moty

where MMF represents the stator magnetomotive force per
pole at the rated current, H,,,, represents the magnetic field
strength for fully magnetizing the low coercive force mag-
net, t,,,, represents a thickness of the low coercive force
magnet, Jp, , represents a magnetization of the high coer-
cive force magnet, 1,1, represents a magnetic permeability
of the high coercive force magnet, L, represents a mag-
netic permeability of the low coercive force magnet, tz,.,
represents a thickness of the high coercive force magnet,
J,sa TEPresents a magnetization of the low coercive force
magnet fully magnetized, and t, represents an air gap length
between the stator and the rotor.

3. The permanent magnet synchronous motor according
to claim 1, wherein

the stator, the rotor and the magnetic structure are further

configured to satisfy the following formula (2):
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where MMF represents the stator magnetomotive force per
pole at the rated current, H,,, represents a magnetic field
strength for demagnetizing the low coercive force magnet to
a desired level, t, , represents a thickness of the low
coercive force magnet, J,,,;, represents a magnetization of
the high coercive force magnet, 1,1, represents a magnetic
permeability of the high coercive force magnet, pgu., rep-
resents a magnetic permeability of the low coercive force
magnet, t,,., represents a thickness of the high coercive
force magnet, J,,, represents a magnetization of the low
coercive force magnet for demagnetizing the low coercive
force magnet to the desired level, and t, represents an air gap
length between the stator and the rotor.

4. The permanent magnet synchronous motor according
to claim 1, wherein

the stator, the rotor and the magnetic structure are further

configured to satisfy the following formula (3):

©)

I tax

Iuin < 5

where J, . represents a magnetization of the low coercive
force magnet for demagnetizing the low coercive force
magnet to the desired level, and J,,,, represents a magneti-
zation of the low coercive force magnet fully magnetized.
5. The permanent magnet synchronous motor according
to claim 1, wherein
the stator, the rotor and the magnetic structure are further
configured to satisfy the following formula (4):

JHign 4
Iow + ———IHigh

HoHrn

I tax
HoHrt

MMF <

where MMF represents the stator magnetomotive force per
pole at the rated current, J,,,. represents a magnetization of
the low coercive force magnet fully magnetized, pgu,,
represents a magnetic permeability of the high coercive
force magnet, p 1, represents a magnetic permeability of the
low coercive force magnet t, ,, represents a thickness of the
low coercive force magnet, J, ;, represents a magnetization
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of the high coercive force magnet, and t,,,, represents a
thickness of the high coercive force magnet.
6. The permanent magnet synchronous motor according
to claim 1, wherein
the low coercive force magnet and the high coercive force
magnet have widths that are substantially equal to each
other, respectively, and
the stator, the rotor and the magnetic structure are further
configured to satisfy the following formula (5):

®

. Pmw
MMFsm(4RS‘_ ) =

I Max
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_ JHigh
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where MMF represents the stator magnetomotive force per
pole at the rated current, P represents a total pole number,
mw represents a magnet width, R, represents a stator inner
radius, H, ,,,, represents coercive force of the low coercive
force magnet fully magnetized, t; represents a thickness of
the low coercive force magnet, Jp,,, represents a magneti-
zation of the high coercive force magnet, 1L, represents a
magnetic permeability of the high coercive force magnet,
LolL,; represents a magnetic permeability of the low coercive
force magnet, t,., represents a thickness of the high coer-
cive force magnet, J, . represents a magnetization of the
low coercive force magnet fully magnetized, and t, repre-
sents an air gap length between the stator and the rotor.
7. The permanent magnet synchronous motor according
to claim 1, wherein
the low coercive force magnet includes a SmCo magnet,
the high coercive force magnet includes a NdFeB magnet,
and
a thickness of the low coercive force magnet per pole-pair
is equal to or more than 75% of a total thickness of the
low coercive force magnet and the high coercive force
magnet per pole-pair.
8. The permanent magnet synchronous motor according
to claim 1, wherein
the low coercive force magnet and the high coercive force
magnet are stacked with respect to each other in a
thickness direction to define the pole-pair of the per-
manent magnet synchronous motor, and
the high coercive force magnet is disposed closer to an air
gap between the stator and the rotor than the low
coercive force magnet is.
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