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DESCRIPTION

TITLE
BATTERY-DRIVEN MOTOR AND MOTOR-DRIVEN SYSTEM

TECHNICAL FIELD
[0001] The present disclosure relates to a battery-driven motor and a motor-
driven system. In particular, the present disclosure relates to a battery-driven
motor and a motor-driven system driven at a high speed, suitable for use in a
battery powered cordless home appliance, electric vehicle (EV), cutting

equipment, drone, and the like.

BACKGROUND

[0002] A motor driven by electric power supplied from a battery is required to
be highly efficient and capable of operating for a long period of time. On the
other hand, there is high demand for reduction of overall dimensions and
weight of equipment. These are often trade-offs, and achieving both at a high
level is technically difficult. In other words, relatively high efficiency in a
motor is easily obtained by increasing dimensions and decreasing magnetizing
flux density of an iron core, for example, but weight and dimensions increase
accordingly. Further, maximum revolution speed may be increased in order to
downsize a motor, but electric power supply voltage limitations exist for a
motor driven by electric power supplied from a battery as described above, so
the power supply side needs to be addressed. For example, a method to secure
a high voltage for high-speed revolutions could be to provide a voltage booster
circuit, but this would inevitably increase overall dimensions and weight of
equipment, and as a result, would offset size reduction achieved by a higher
motor speed.

[0003] Application of high magnetic flux density and low iron loss material as
an iron core material is known to be effective in improving motor efficiency
and output power, not only for a motor as described above. However, there are
limits to improvement of iron loss and magnetic flux density of an iron core
material, and even for the same motor, a required material property changes
depending on operating conditions. Ideal iron core material properties have not
been made clear, especially under the electric power supply constraints of

battery operation, and selection of optimal materials for a battery-driven motor
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and optimizing overall efficiency, dimensions, and weight of equipment has
not been achieved. In response to such circumstances, in some special
applications such as automobile racing, an iron core material such as
permendur (Fe-Co alloy), which has an excellent saturation magnetic flux
density property, is sometimes used (for example, JP 2018-174650 A (PTL 1)).

CITATION LIST
Patent Literature
[0004] PTL 1: JP 2018-174650 A

SUMMARY

(Technical Problem)
[0005] Here, the cost of permendur is relatively high and the supply of Co can
be unstable. Therefore, there is demand for a technology that is able to optimize
overall efficiency, dimensions, and weight of equipment using highly available
non-oriented electrical steel sheets.
[0006] In order to solve the above technical problem, it would be helpful to
provide a battery-driven motor and a motor-driven system that achieve a high
output density without compromising overall system efficiency.
(Solution to Problem)
[0007] In view of the above technical problem, the inventors of the present
disclosure have intensively studied iron core materials having electromagnetic
properties suitable for high-speed motors. As a result, it was found that, when
a motor-driven system has a battery supply current of 3.0 C or higher to meet
a maximum motor output requirement, using an electrical steel sheet as a motor
iron core material having a magnetic flux density (Bso) of 1.65 T or higher
when magnetic field strength is 5,000 A/m and an iron loss (Wio/1000) of 40.0
W/kg or less under sinusoidal excitation of 1 kHz - 1.0 T effectively reduces
overall system loss and achieves both output density and efficiency.
[0008] A battery-driven motor according to an embodiment of the present
disclosure is,

a battery-driven motor supplied electric power from a battery via an
inverter to drive a load, wherein

current supplied from the battery is 3.0 C or more when driven at
maximum output, the battery-driven motor comprising

a stator core provided with an electrical steel sheet as an iron core
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material that has a magnetic flux density of 1.65 T or more at a magnetic field
strength of 5,000 A/m and an iron loss of 40.0 W/kg or less under sinusoidal
excitation of 1 kHz - 1.0 T.
[0009] Further, a motor-driven system according to an embodiment of the
present disclosure comprises:

a battery;

an inverter; and

a battery-driven motor supplied electric power from a battery via an
inverter to drive a load, wherein

current supplied from the battery is 3.0 C or more when driven at
maximum output, the battery-driven motor comprising

a stator core provided with an electrical steel sheet as an iron

core material that has a magnetic flux density of 1.65 T or more at a magnetic
field strength of 5,000 A/m and an iron loss of 40.0 W/kg or less under
sinusoidal excitation of 1 kHz - 1.0 T.
(Advantageous Effect)
[0010] According to the present disclosure, a battery-driven motor and a
motor-driven system that achieve high output density without compromising

overall system efficiency is provided.

BRIEF DESCRIPTION OF THE DRAWINGS

[0011] FIG. 1 schematically illustrates structure of a battery-driven motor
according to an embodiment of the present disclosure;

FIG. 2 illustrates a battery loss evaluation flow and a definition of
battery loss Wb;

FIG. 3 illustrates an example of actual measurement evaluation results
of battery loss in a battery-driven motor;

FIG. 4 illustrates an example of a battery-driven motor fabricated as an
interior permanent magnet (IPM) motor;

FIG. § illustrates an example of a battery-driven motor fabricated as a
surface permanent magnet (SPM) motor; and

FIG. 6 illustrates shape of a fabricated iron core.

DETAILED DESCRIPTION
[0012] FIG. 1 schematically illustrates structure of a battery-driven motor 10

according to an embodiment of the present disclosure. The battery-driven
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motor 10 is supplied electric power from a battery via an inverter that converts
direct current (DC) power to alternating current (AC) power to drive a load.
The battery-driven motor 10, the battery, and the inverter constitute a motor-
driven system 1, as illustrated in FIG. 1.
[0013] The motor-driven system 1 may be used in battery-driven equipment
such as an electric vehicle, a vacuum cleaner, a drone, and the like. The battery-
driven motor 10 has a load such as a rotating shaft provided in the battery-
driven equipment.
[0014] Requirements for an electrical steel sheet that is a core material of the
battery-driven motor 10, and a reason for such limitation are described below.
Here, there are no restrictions on the type of the battery-driven motor 10.
Further, composition and production processes are not restricted as long as
specified magnetic properties of an electrical steel sheet are obtained. In the
following description, "%" means "mass%" with respect to composition
amounts.
[0015] As an electrical steel sheet used as the core material of the battery-
driven motor 10, a steel sheet that meets the requirements described below
should be selected.
[0016] (Current supplied from the battery at maximum output is 3.0 C or more)
To achieve an increase in output density of a motor, it is advantageous
to apply a power source that has a large capacity, that is, capable of supplying
power at a high voltage and a high current. However, a system driven by a
power supply from a battery has a voltage restriction, and inclusion of a voltage
booster circuit increases size and weight. Therefore, according to the present
embodiment, lithium-ion battery cells are connected in series or parallel or a
combination of series and parallel, depending on a voltage required to drive
the motor, to reduce overall system loss in a system suitable for high-output
density of the motor by supplying current at a relatively large discharge rate of
3.0 C or more. Battery loss Wb, described below, is proportional to the square
of the discharge rate (C rate) (see FIG. 3). However, by applying the structure
of the present embodiment, current may be reduced and battery loss may be
effectively reduced compared to conventional technology. The C rate indicates
speed of discharge, and 1 C is defined as an amount of current that fully
discharges nominal capacity of the battery in one hour. For example, 2.0 C is
the amount of current that will fully discharge the nominal capacity of the

battery in 0.5 hours. The higher the C rate value of the battery's maximum
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discharge condition, the greater the battery loss, but the higher the value, the
higher the output density of the motor, and the easier it is to achieve the effect
of reducing overall system loss by application of the present technology.
Therefore, the C rate is preferably 5.0 C or higher, and more preferably 8.0 C
or higher. On the other hand, when a maximum C rate is lower than 3.0 C, the
effect is difficult to obtain.

[0017] Further, battery loss reduction directly contributes to suppression of
temperature rise in the battery, which is also effective in suppressing
degradation of the battery due to charge-discharge cycles. This is one major
advantage of the battery-driven motor 10 and the motor-driven system 1
according to the present embodiment.

[0018] The number of lithium-ion batteries connected in series may be
adjusted according to the required voltage, as described above. Depending on
the required dimensions and continuous drive time of the motor-driven system
I, more lithium-ion batteries may be connected in parallel. Lithium-ion
batteries are a preferred battery type to achieve high energy density and high-
output density. However, the battery type is not limited to this example.
[0019] (Battery loss Wb)

FIG. 2 illustrates an evaluation flow of battery loss Wb. First, constant
current (CC) discharge properties are evaluated in a charge-discharge device.
In detail, a constant current discharge test is conducted using a method
described in "JIS C 8711" at 0.2 C (a current value that reaches a discharge
termination voltage in 5 hours) and a discharge rate when the motor is driven
at maximum output. By integrating a curve of discharge capacity W (Ah) and
voltage between terminals V (V), an amount of electrical work (Wh) provided
by the battery to an external system may be calculated. The battery loss Wb
(W) is then calculated from a difference between voltage drop curves at 0.2 C
and the C rate at maximum output. Specifically, dividing the difference (energy
(Wh) illustrated in FIG. 2) by discharge time (h) yields the battery loss Wb
(W) at maximum output per unit time. When the C rate at maximum output
(maximum C rate) is, for example, 3.0 C, then V (Cmax) in the formula
illustrated in FIG. 2 is V (3.0 C). Further, 1/Cmax of the discharge time is 1/(3.0).
[0020] FIG. 3 illustrates an example of battery loss Wb measurement results
for a lithium-ion battery having a rated voltage of 21.6 V and a rated capacity
of 2.8 Ah. A charge-discharge device PFX2512 manufactured by Kikusui

Electronics Corp. was used for the measurements. As long as a similar constant
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current discharge test may be performed according to voltage/current capacity
to be evaluated, any evaluation device may be used. Further, evaluating large
battery packs with many cells connected is difficult, such as those used in
electric vehicles, and therefore a charge-discharge test may be performed by
extracting some cells or a single cell. As illustrated in FIG. 3, as the discharge
rate increases, the battery loss Wb increases. Here, when the battery loss Wb
relative to the motor loss Wm (iron loss and copper loss) satisfies Wm < Wb,
an effect of reducing motor current proportional to battery current is effectively
produced. More preferably, Wm x 2.0 < Wb. Therefore, iron core material is
preferably selected so that this relationship is satisfied.

[0021] (Electrical steel sheet properties)

The higher the magnetic flux density (Bso) of a material, the higher the
torque of the motor, and therefore motor current is reduced when compared to
the same torque. Therefore, the magnetic flux density (Bso) of a selected iron
core material is preferably 1.65 T or more. Here, the magnetic flux density
(Bso) 1s magnetic flux density at a magnetic field strength of 5,000 A/m. There
is no particular upper limit. Magnetic flux density (Beoo) is preferably 1.95 T
or more to effectively contribute to higher torque (that is, lower current),
particularly when iron core material is near magnetic saturation in driving at
maximum motor output. More preferable is 2.00 T or more. Here, the magnetic
flux density (Besoo) is magnetic flux density at a magnetic field strength of
60,000 A/m. Iron loss (W1o/1000) is an effective indicator of iron loss reduction
during motor drive. Therefore, the iron loss (Wio/1000) of the selected iron core
material is preferably 40.0 W/kg or less. More preferable is 30.0 W/kg or less.
Here, the iron loss (W1o/1000) is iron loss under sinusoidal excitation at 1 kHz
-1.0T.

[0022] There are no other restrictions on an electrical steel sheet as long as
the above magnetic properties are achieved. For example, differences in
composition and production process of electrical steel sheets do not influence
the effect. There are no special restrictions regarding insulating coating, as
long as at least one surface is provided with a known insulating coating. Here,
application of a Co-Fe alloy such as permendur, which is known as a high
magnetic flux density soft magnetic material (magnetic flux density Bso of 2.3
T or more), is not assumed due to high material cost and poor availability.

[0023] There is no restriction on thickness of the electrical steel sheet either,

but thickness is preferably selected appropriately to satisfy the iron loss
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described above. An iron core material including Si may be selected. In many
material grades of electrical steel sheet, there is a trade-off between magnetic
flux density and iron loss, but distribution of Si concentration in a thickness
direction allows for a reduction in iron loss at high frequencies while
minimizing a decrease in magnetic flux density, making it relatively easy to
achieve both high magnetic flux density and low iron loss. Further, there are
no restrictions on processing and stacking method of electrical steel sheets, but
a high stacking factor is preferred to effectively increase motor torque (reduce
current) due to the high magnetic flux density property of material. For
example, electrical steel sheets are preferably cut into a desired motor core
shape by laser processing, vacuum impregnated with epoxy adhesive while
applying pressure in a stacking direction, and work hardened to obtain a
stacking factor of 90 % or more.

[0024] (Maximum motor revolution speed)

As mentioned above, high speed revolution is an effective means of
increasing motor output density, and therefore a maximum revolution speed of
10,000 rpm or more is preferable. Depending on demand for smaller size and
higher speed, or for supplied voltage value, speed may be further increased,
and the maximum revolution speed is more preferably 20,000 rpm or more. The
maximum revolution speed is even more preferably 50,000 rpm or more.
[0025] To reduce overall size and weight of a system, it is effective to reduce
size of the motor, which is a heavy object, and particularly the iron core.
Therefore, iron core material is preferably selected so that output (kW) to
weight (kg) of the iron core of the motor exceeds 5 kW/kg. More preferable is
7 kW/kg. Even more preferable is 10 kW/kg.

[0026] As mentioned above, there is no restriction on the type of the battery-
driven motor 10, and any type may be effective. However, a surface permanent
magnet (SPM) motor or an interior permanent magnet (IPM) motor using a

magnet are preferred to increase the output density and efficiency of the motor.

EXAMPLES
[0027] Examples and comparative examples are provided below, but the
present disclosure is not limited to the conditions used in the following
examples.
[0028] (Example 1)

An IPM motor having a form illustrated in FIG. 4 was fabricated using
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an electrical steel sheet indicated in Table 1 as an iron core material. The
fabricated IPM motor includes a rotor core 11, a stator core 12, a shaft 13, and
magnets 14. The iron core was processed by blanking with a press mold and
stacking by caulking. The magnets 14 were inserted into the resulting rotor
core 11, and a winding was applied to the stator core 12. These were assembled
to produce the IPM motor. Further, 200 lithium-ion battery cells (3.6 V) were
provided to power the IPM motor. Two series of 100 of these cells were
connected in parallel to obtain a battery with a total voltage of 360 V.

[0029] [Table 1]

(Table 1)
Iron core | Wio/1000 Iron core weight
i B B Remarks
material | (Wikg) 50 (T) | Beoo (T) (kg)
A 26 1.66 2.00 1.83 Example 1
B 60 1.68 1.97 1.81 Comparative Example 1
C 26 1.53 1.88 1.80 Comparative Example 2

[0030] The battery and the motor were controlled by the motor-driven system
1 that includes an inverter and was configured so that current supplied by the
battery at maximum motor output was 4.0 C. Here, the lithium-ion battery cell
used was evaluated according to FIG. 2, and the battery loss Wb was 10 W at
4.0 C. In other words, the battery loss Wb for the entire battery (200 cells) was
2 kW.

[0031] Table 2 indicates results of evaluating the output and the motor loss
Wm for the fabricated IPM motor when operated at maximum output (18,000
rpm). The motor in the example using iron core material A that has magnetic
properties included in defined ranges had a higher maximum output and a
higher maximum motor output density (kW/kg) relative to the motor iron core
weight. Here, the defined ranges are the magnetic flux density (Bso) of 1.65 T
or more at the magnetic field strength of 5,000 A/m and the iron loss (W10/1000)
of 40.0 W/kg or less under sinusoidal excitation of 1 kHz - 1.0 T.

[0032] [Table 2]

(Table 2)
Iron core Maximum Wb | Wm ME.IXII‘IIUIII m9t0r output
material motor output &w) | aew) Wb > Wm | density per weight of motor Remarks
kW) iron core (kW/kg)
A 15 2 0.9 ©) 8.2 Example 1
B 14.2 2 2.2 X 7.8 Comparative Example 1
C 14.2 2 1.2 O 7.9 Comparative Example 2
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[0033] Table 3, on the other hand, indicates results of measuring time from a
fully charged battery to motor shutdown and battery temperature immediately

after shutdown when the same motors were driven at 12 kW (10,000 rpm) motor

output.
[0034] [Table 3]
(Table 3)
IL?;:I:;T Battery life (min) Batteg:f;;p\}::z?g after Remarks
A 20 48 Example 1
B 18 59 Comparative Example 1
C 17 62 Comparative Example 2

[0035] The example using iron core material A had a battery life that was at
least 10 % longer than for the comparative examples using iron core materials
B and C, indicating that the motor is excellent as a motor for battery-driven
equipment. Further, a reduction of 10 °C or more was achieved with respect to
the battery temperature after motor shutdown for the example. This is due to
the reduction of battery loss, which is expected to not only reduce a risk of
failure due to thermal runaway of the battery, but also to have a positive impact
on cycle properties through repeated use.

[0036] (Examples 2-5)

The SPM motor having a form illustrated in FIG. 5 was fabricated using
an electrical steel sheet indicated in Table 4 as an iron core material. The iron
core materials A-C were the same as above. A new electrical steel sheet
different from the core materials A-C was used as a core material D. The iron
core was processed by blanking with a press mold and stacking by caulking.
[0037] [Table 4]

(Table 4)

Iron cc')re Wionooo| Bso | Beoo Ir(')n core Remarks

material | (W/kg) | (T) (T) | weight (kg)
A 26 1.66 | 2.00 0.08 Example 2, Example 4
B 60 1.68 | 1.97 0.08 Comparative Example 3, Comparative Example 5
C 26 1.53 [ 1.88 0.08 Comparative Example 4, Comparative Example 6
D 37 1.68 | 2.08 0.08 Example 3, Example 5

[0038] The resulting rotor core comprised a shaft and magnets, and a winding
was applied to the stator core. These were assembled to produce the SPM motor.
Lithium-ion battery cells (3.6 V) were provided to power the SPM motor. Seven

of these cells were connected in series (7 series) or two series in parallel (7
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series X 2 parallel) to obtain a battery having a total voltage of 25.2 V.

[0039] The battery and the motor were controlled by the motor-driven system
1 that includes an inverter and was configured so that current supplied from
the battery at maximum motor output was 6.0 C for the seven-cell series and
3.0 C for the two parallel seven-cell series. Here, the lithium-ion battery cell
used was evaluated according to FIG. 2, and the battery loss Wb was 20 W at
6.0 C. In other words, the battery loss Wb for the entire battery (7 cells) was
140 W. On the other hand, the battery loss at 3.0 C was 5 W. In other words,
the battery loss Wb for the entire battery (14 cells) was 70 W.

[0040] Table 5 indicates results of evaluating the output and the motor loss
Wm for the fabricated SPM motor when operated at maximum output (100,000
rpm). The motors in the example using the iron core materials A and D that
have magnetic properties included in the defined ranges had a higher maximum
output and a higher motor maximum output density relative to the motor iron
core weight. Here, the defined ranges are the magnetic flux density (Bso) of
1.65 T or more at the magnetic field strength of 5,000 A/m and the iron loss
(Wio/1000) of 40.0 W/kg or less under sinusoidal excitation of 1 kHz - 1.0 T.
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[0042] Table 6, on the other hand, indicates results of measuring time from a
fully charged battery to motor shutdown and battery temperature immediately
after shutdown when the same motors were driven at 0.4 kW (90,000 rpm)
motor output.

[0043] [Table 6]

(Table 6)

B e g L vt B
A 10 55 Example 2
B . . 8 62 Comparative Example 3

7 I series

C 8.5 65 Comparative Example 4
D 9.5 54 Example 3
A 21 32 Example 4
B 7 in series x 19 33 Comparative Example 5
C 2 in parallel 19 34 Comparative Example 6
D 20.5 31 Example 5

[0044] The examples using the iron core materials A and D had battery lives
longer than the comparative examples using the iron core materials B and C,
indicating that they are excellent as motors for battery-driven equipment.
Further, a reduction in battery temperature after motor shutdown was also
achieved for the examples. This is due to the reduction of battery loss, which
is expected to not only reduce a risk of failure due to thermal runaway of the
battery, but also to have a positive impact on cycle properties through repeated
use. Further, among the examples, when the battery structure of a 7 series and
a higher C rate were used (Examples 2 and 3), the battery lives were
approximately 10% longer than for the comparative examples (Comparative
Examples 3 and 4), and the battery temperatures after motor shutdown were
approximately 10 °C lower, which indicates that the motors are outstandingly
superior as motors for battery-driven equipment.

[0045] Iron core materials E and F indicated in Table 7 were then used to
produce iron cores having a form illustrated in FIG. 6. Here, the motor type is
a 14-pole outer rotor SPM. Weight of the iron core is 35 g. After blanking, the
iron core was stacked to a height of 10.5 mm by adhesive stacking to make the
motor core. Insulating coating and winding were applied to the resulting motor

core, and assembled into a motor. Further, four lithium-ion battery cells (3.7
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V) were connected in series to supply power to the motor, resulting in a battery
having a total voltage of 14.8 V.
[0046] [Table 7]

(Table 7)
Iron C(?re Wiornooo | Bso | Bsoo Si gradient Battery lift| Wm [ Wb Remarks
material | (Wkg) | (T) | (T) (min) kW) | kW)
E 30 1.66 | 2.02 None 13 0.18 | 0.22 | Example
Present
F 31 1.67 | 2.04 15 0.11 | 0.18 | E 1
(ASi= 1.5 %) xampie

[0047] Table 7 also indicates results of evaluation of time until motor drive
could no longer be maintained for such a motor-driven system by continuously
driving the motor at 10,000 rpm - 0.31 Nm (325 W). Both the iron core
materials E and F were examples that had nearly equivalent magnetic
properties. However, the iron core materials E and F differed in presence or
absence of a gradient of Si composition in the thickness direction. While the
magnetic properties are almost the same, the battery life was improved by about
15 % for the iron core material F, which indicates that an excellent motor
system may be constructed when the thickness direction has the Si gradient.
This result may be attributed to an effect of the Si gradient that suppresses
degradation of the iron core material when processed into an iron core.
Alternatively, material having the Si gradient may suppress adverse effects on
magnetic properties due to stresses applied to the motor core by the insulation
coating and winding. From the above, having the Si gradient in the disclosed
battery-driven motor not only makes it easier to satisfy the required magnetic
properties for the material, but also effectively improves the performance of
the overall system when assembled as a motor.

[0048] As described above, the battery-driven motor 10 and the motor-driven
system 1 of the present embodiment effectively reduce overall system loss and
achieve both output density and efficiency through the above structure. In other
words, the battery-driven motor 10 and the motor-driven system 1 of the
present embodiment achieve a high output density without compromising
overall system efficiency. Further, by application of the battery-driven motor
10 and the motor-driven system 1, compact and highly efficient battery-driven
equipment such as electric vehicles, vacuum cleaners, and drones may be

realized.
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[0049] Although embodiments of the present disclosure have been described
based on the drawings and examples, it should be noted that a person skilled
in the art may make variations and modifications based on the present
disclosure. Therefore, it should be noted that such variations and modifications
are included within the scope of the present disclosure.

REFERENCE SIGNS LIST

[0050] 1 Motor-driven system
10 Battery-driven motor
11 Rotor core
12 Stator core
13 Shaft

14 Magnets
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CLAIMS

[Claim 1] A battery-driven motor supplied electric power from a battery
via an inverter to drive a load, wherein

current supplied from the battery is 3.0 C or more when driven at
maximum output, the battery-driven motor comprising

a stator core provided with an electrical steel sheet as an iron core
material that has a magnetic flux density of 1.65 T or more at a magnetic field
strength of 5,000 A/m and an iron loss of 40.0 W/kg or less under sinusoidal
excitation of 1 kHz - 1.0 T.

[Claim 2] The battery-driven motor of claim 1, wherein a battery loss Wb
relative to a motor loss Wm of the battery-driven motor satisfies Wm < Wb

when driven at maximum output.

[Claim 3] The battery-driven motor of claim 1 or 2, wherein the battery

is a lithium-ion battery.

[Claim 4] The battery-driven motor of any one of claims 1 to 3, wherein
a maximum revolution speed is 10,000 rpm or more and output in kW to iron

core weight in kg is greater than 5 kW/kg.

[Claim 5] The battery-driven motor of any one of claims 1 to 4, wherein
the electrical steel sheet has a magnetic flux density of 1.95 T or more at a
magnetic field strength of 60,000 A/m and an iron loss of 30.0 W/kg or less

under sinusoidal excitation of 1 kHz - 1.0 T.

[Claim 6] The battery-driven motor of any one of claims 1 to 5, wherein

the iron core material has a Si concentration distribution in a thickness

direction.
[Claim 7] A motor-driven system comprising:
a battery;

an inverter; and
a battery-driven motor supplied electric power from a battery via an
inverter to drive a load, wherein

current supplied from the battery is 3.0 C or more when driven at
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maximum output, the battery-driven motor comprising

a stator core provided with an electrical steel sheet as an iron
core material that has a magnetic flux density of 1.65 T or more at a magnetic
field strength of 5,000 A/m and an iron loss of 40.0 W/kg or less under

sinusoidal excitation of 1 kHz - 1.0 T.



