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This paper presents the results of experimental trials carried out on a permanent magnet synchronous motor (PMSM) that uses
a stator core made of a nanocrystalline magnetic material (FINEMET). It is demonstrated that the manufactured stator can reduce
the PMSM total iron loss by 64% to 75% compared with an equivalent motor using a stator made of conventional non-oriented
silicon steel. The experimental results are confirmed by 2-D finite-element analysis.

Index Terms— Amorphous magnetic material (AMM), FINEMET, iron loss, nanocrystalline magnetic material (NMM), permanent

magnet synchronous motor (PMSM).

I. INTRODUCTION

ERMANENT magnet synchronous motors (PMSMs) face

three main types of losses, which are copper loss, mechan-
ical friction loss, and iron loss. For the sake of sustainable
energy consumption, it is vital to reduce the losses in electrical
motors. Copper losses and mechanical friction losses can be
theoretically reduced to nearly zero by using superconducting
materials and magnetic bearings in a vacuum environment,
respectively. However, work remains to be done in order
to manufacture motor cores with high-performance magnetic
materials that can drastically reduce iron losses.

Due to their low cost and simplicity of manufacture,
non-oriented (NO) silicon steel sheets are usually used in
PMSM cores. Some research studies are focusing on using
thin NO sheets in order to reduce eddy currents [1]. However,
the potential of iron loss reduction by improving NO steel
is limited due to the inherent characteristics of the material.
Amorphous magnetic material (AMM) is produced in thin rib-
bons and has high resistivity and low coercive force compared
to NO, thus offering lower iron loss density [2]. AMM has
long been used in applications such as transformers [3], but
the manufacture of the motor core is more challenging due to
its poor mechanical workability. However, the technological
advances in amorphous ribbons manufacturing have permitted
improvements in surface quality, resulting in higher lamination
factor [4]. In addition, new cutting techniques have made the
manufacture of electrical motor cores easier [S]-[7].

As a result, numerous manufacture trials can be found
in the literature. Since iron losses increase with frequency,
AMM has proved to be particularly beneficial to high-speed
motors [8], [9]. Moreover, AMM can also be found in several
axial-field-type motors made of wound cores that require

Manuscript received March 9, 2017; revised April 21, 2017; accepted
April 27, 2017. Date of publication May 2, 2017; date of current version
October 24, 2017. Corresponding author: N. Denis (e-mail:
nicolas.denis @toyota-ti.ac.jp).

Color versions of one or more of the figures in this paper are available
online at http://ieeexplore.ieee.org.

Digital Object Identifier 10.1109/TMAG.2017.2700471

small amount of material cutting [8], [10]-[12]. However,
since axial-field and/or high-speed motors do not suit every
application, the development of radial-field-type lower-speed
electrical motors has also been tried. Magnetic cores of radial-
field-type motors require more cutting, and then manufacturing
them using AMM is more difficult. Nevertheless, AMM has
been used for the manufacture of the stator core of an induction
motor [13] and a reduction in iron loss by about 50% in
no-load and sinusoidal-fed supply conditions has been found,
compared to the same motor using low-loss silicon steel.
AMM has also been used to manufacture the stator of a
synchronous reluctance motor [14]. The motor, driven by an
inverter in load condition, has shown a reduction in iron loss
by 63% at 8500 rpm, compared to the same motor using silicon
steel. Finally, the manufacture of a PMSM stator using AMM
has resulted in an iron loss reduction by 50% when the PMSM
is rotated by an auxiliary motor [15] and by 56% when driven
by a pulsewidth modulation (PWM) inverter [16], compared
to the same motor using silicon steel only.

Nanocrystalline magnetic material (NMM) is derived from
AMM, but its composition differs a little. In addition, while the
amorphous material is non-crystalline, NMM is annealed over
its crystallization temperature, which then presents very small
and uniform grains [17]. This material presents lower iron
loss density compared to AMM. Inductor cores made of NMM
have exhibited lower iron losses compared to their counterparts
made of AMM [18], grain-oriented silicon steel, or high-
performance NO silicon steel [19]. A trial manufacture of a
PMSM stator core with NANOMET-type NMM is reported
in [20]. The experimental results show a motor iron loss reduc-
tion of about 70%. In this paper, a stator core manufactured
using FINEMET-type NMM is presented and used as part of a
PMSM. FINEMET and NANOMET are both nanocrystalline,
but their respective compositions slightly differ. Compared to
NANOMET, the FINEMET ribbon is thinner, which can not
only decrease the eddy currents but also make the manufacture
more difficult. It not only has lower magnetic flux density
saturation but also has lower coercive force. Concerning the
material-specific iron losses, the data provided in [20] are for
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TABLE I
MAGNETIC MATERIAL CHARACTERISTICS

Material type NMM NO
Composition Fe-Si-B-Cu-Nb Fe-Si
Thickness (pm) 18 350
Saturation magnetic flux

density (T) 1.23 212
Resistivity (u€2'm) 1.20 0.52
Coercive force (A/m) 2.5 50
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Fig. 1. B-H curve of 35H300.

a a magnetic flux density of 1.5 T only, which is a value
that cannot be reached in the FINEMET. Consequently, a fair
comparison is not possible. Experimental trials are carried out
to evaluate the potential iron loss reduction compared to an
equivalent motor using a stator made of NO silicon steel.
Section II presents the magnetic material characteristics along
with the motor geometry and explanations about the NMM sta-
tor manufacture. Section III explains the experimental protocol
for the evaluation of the PMSM iron losses and provides the
experimental results. Section IV details the 2-D finite-element
analysis (FEA) and provides the numerical calculation results.

II. MAGNETIC MATERIAL CHARACTERISTICS
AND MOTOR GEOMETRY

A. Magnetic Material Characteristics

The NMM used in this paper is the FINEMET developed
by the Hitachi Metals, Ltd. [21]. Moreover, the conventional
NO silicon steel 35H300 is used for comparison. The charac-
teristics of these two materials are given in Table I. The B—H
curves of both materials are given in Figs. 1 and 2. The iron
loss density characteristics of both materials are given in Figs.
3 and 4. The characteristics of the NMM have been measured
using a B—H analyzer, while those of the 35H300 come from
the manufacturer’s information.

B. Motor Geometry

The motor used in this paper is a PMSM with 8 poles and
12 slots. The NdFeB sintered magnets are buried inside the
rotor. The cross section of the motor is illustrated in Fig. 5,
and Table II gives the motor dimensions. In this paper,
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two different motors are tested. They are identical except
for the stator material. The first, called NO-PMSM, has a
stator made of 35H300 silicon steel sheets, and the second,
called NMM-PMSM, has a stator made of stacked NMM
sheets. It should be noted that both motors have a rotor made
of 35H300.

C. Manufacture of NMM Stator

The maximum width of the NMM ribbon that can be
produced for the time being is 63 mm. Since the stator
diameter is 128 mm, it is manufactured in four separate pieces.
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TABLE II
PMSM GEOMETRICAL DIMENSIONS

Radius of stator core Ry, 64 mm
Radius of rotor core R, 37 mm

Airgap g 1.25 mm

Yoke width W, 9.2 mm
Tooth width 7, 10 mm
Magnet length Lpy 20 mm
Magnet thickness Wpy 2 mm
Axial length 47 mm

The first step consists in cutting the ribbon in rectangular
sheets and piling them up to obtain a laminated stack; then,
an annealing process at about 550 °C is performed in order
to improve the magnetic properties. A resin impregnation step
is then necessary in order to obtain electrical isolation in the
interlaminations. The laminated stack is then cut in the shape
of the stator core using electric discharge machining. Finally,
an etching process is performed in order to increase the
electrical resistivity of the stator edge faces that have locally
melted during the cutting step. Another possibility would
have been to perform electric discharge machining before
lamination, as in [20], but this procedure would have been
quite longer and more complex considering the thinness of the
ribbon. The obtained four pieces are shown together in Fig. 6.
It should be noted that the thinness of the NMM ribbon and
the specific manufacture process result in a stator with a space
factor of 81%, while the stator made of 35H300 reaches a
space factor of 99%. The pieces are then inserted into the
motor casing, as illustrated in Fig. 7. The rotor is mounted
afterward.

III. EXPERIMENTAL TESTS
A. Methodology

The NO-PMSM and NMM-PMSM total iron losses are
measured under what is called no-current condition in this
paper. It is different from the conditions in [20], where the
motor is driven by a PWM inverter, but is still thought to be a
simple way to get a good evaluation of the potential iron loss
reduction. The experimental test bench is illustrated in Fig. 8.
The PMSM is rotated using an external brushless dc (BLDC)
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Fig. 7.

NMM stator core inserted into the motor casing.

motor and its windings are left in open circuit. The BLDC
motor output mechanical power compensates for the force
needed to drive the PMSM rotor at a given speed. This resis-
tance force is caused by the PMSM mechanical friction Py
and its iron losses P; that are solely due to the rotation of the
rotor magnets. Here, P; is considered to be the sum of the
iron losses in the rotor, stator, and magnets. A torque meter
is connected between the two motors in order to measure the
BLDC motor output torque Tpes (in N - m) and the rotational
speed w (rad/s). It is then possible to write

@ Tines = P; + Py. (1)

The maximum torque measurable by the torque meter is
1 N - m and its accuracy is £0.002 N - m.

Performing the measurements as explained in (1), it is
impossible to distinguish P; from Py. Consequently, a sub-
sequent measurement is done to measure Py only, which is
due to the friction in the rotor bearings and the friction of
air. This measurement consists in using the same test bench
as in Fig. 8 but replacing the PMSM rotor by a rotor with
demagnetized magnets; the shape and bearings are identical.
The term P; then disappears in (1), making it possible to
measure Py.
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Fig. 8. Experimental bench for test in no-current condition.
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Fig. 9. Measurement results.

B. Measurements Results

The measurements have been done at 750, 1500, 2250, and
3000 rpm. First of all, the motor is rotated at the desired
speed for about 30 min to warm up. Then Ty and w are
measured for 20 s with a measurement rate of 1 s. The
measurements over the 20 s time span are then averaged. The
above procedure is repeated ten times, excluding the warm up
that is done only once. For a given speed, the average and
standard deviation of the ten obtained values are calculated.
The results are presented in the graph of Fig. 9, in which the
standard deviation is illustrated by bars. It should be noted that
the torque meter accuracy given in the previous section means
that the accuracy of the measured mechanical power @wTes 1S
equal to +0.157 W at 750 rpm and £0.628 W at 3000 rpm.
Fig. 9 also includes the results obtained with a stator made of
AMM, which have already been presented in [15]. Using the
AMM stator, an average iron loss reduction of about 50% is
obtained compared to the NO-PMSM. Using the NMM stator,
an average reduction of about 70% is obtained, which is very
similar to that reported in [20].
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IV. NUMERICAL ANALYSIS BY FINITE-ELEMENT METHOD
A. 2-D Numerical Model and Iron Loss Calculation Method

The purpose of this section is to confirm the experimental
data by numerical analysis using a rather simple model. Conse-
quently, some assumptions are considered and simplifications
are done and detailed below.

Time-stepping 2-D FEA is chosen for the numerical
analysis. The number of elements of the 2-D finite-element
mesh is 28 964. For the magnetic field analysis, the following
2-D A-method equation is used:

o (,24:), @ ( oA: L,
—(vyy— —(vi— ) =— o
ox \Wox ) "oy \ Moy 0T

where A; is the vector potential on the z-axis, vy and v, are
the magnetic reluctance on the x- and y-axes, Jy is the current
density supplied to the coil parts, and o is the electrical con-
ductivity of the material. Since both NMM and NO materials
are considered quasi-isotropic, vy and vy are taken equal and
are derived from the B—H curves of Fig. 1 or 2. In accordance
with the test conditions explained in Section III, Jy is taken
to be equal to zero.

Finally, as will be detailed later in this section, the eddy
currents in the stator and rotor parts are not calculated and
the eddy current losses are approximated using the Steinmetz
equations. Consequently, ¢ is taken to be null in the rotor and
stator. However, the electrical conductivity of the magnets is
considered (o, = 6.25 x 10° S/m) and their eddy currents are
calculated.

In order to evaluate the iron loss density in a given element
of the stator or rotor, the magnetic flux density calculated
using (2) is first decomposed into its radial and tangential
components B, and B;, respectively. A fast Fourier trans-
form (FFT) is then performed to find the harmonic components
of B, and B;. The hysteresis and eddy current loss density in
the element are then calculated using the Steinmetz approxi-
mation [22]

Nh
Wi, = Z (Khys,i (B + B2;) fi + Keai (B + B2;) f7)

i=1
3)

where i is the harmonic rank, N}, is the rank of the highest
harmonic, f; is the frequency of the ith harmonic, and
B,.; and B;; are the amplitudes of the ith harmonic of B, and
By, respectively. Khys; and Keq; are the hysteresis and eddy
current loss Steinmetz constants, respectively, which depend
on the frequency and are obtained from the characteristics
shown in Figs. 3 and 4.

It should be noted that the iron loss calculation in (3) does
not consider the impact of magnetic flux rotation that increases
the losses compared to the case of an unidimensional one [23].
Moreover, the hysteresis loss calculation in (3) considers the
harmonics of the magnetic flux density, but some authors point
out that hysteresis losses are actually independent of the flux
density wave shape (and therefore independent of the harmonic
content) unless minor loops occur [24]. Finally, the calculation
does not take into account the effect of mechanical stress on
the material iron loss density [25]. Mechanical stress can occur
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Fig. 10. Peak magnetic flux distribution (left) and iron loss density
distribution (right) of the NO-PMSM at 750 rpm.
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Fig. 11. Peak magnetic flux distribution (left) and iron loss density
distribution (right) of the NMM-PMSM at 750 rpm.

during the cutting process or if compressive forces are applied
when mounting the stator into the casing. Even though the
model proposed here contains simplifications and assumptions,
it has proved to provide relatively satisfying agreement with
experiment results in the case of NO silicon steel [15], [22] and
is considered sufficient here given the purpose of this paper.

The magnetic field analysis allows calculating the eddy
current density J; in each mesh element of the magnets. The
magnet eddy current loss in a given element is then calculated
by Ohm’s law and time average

N; 2
1 2
Wy = — E S dt 4)
" T =1 Om

where N; is the number of time samples of the numerical
simulation, 7, is the electrical period, and df is the time
sampling duration.

B. Numerical Calculation Results

The distributions of the peak maximum magnetic flux den-
sity and the iron loss density of NO-PMSM and NMM-PMSM
are presented in Figs. 10 and 11, respectively. Figs. 10 and 11
illustrate the case of 750 rpm rotational speed. The magnetic
flux density distributions of the stator appear similar, but it is
possible to notice a decrease in the NMM stator compared to
the NO stator. This is thought to be due to the lowest magnetic
flux density saturation level of the NMM. The iron loss density
distributions present the iron losses in the stator and rotor only
since the magnet eddy currents are calculated at a different
step and cannot be shown together. A similar distribution is
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observed in the rotor while a large decrease appears in the
stator.

The calculation results of the total iron losses of both
NO-PMSM and NMM-PMSM are illustrated in Fig. 12 along
with the experimental results. The discrepancies between the
calculation and the experimental results stay reasonable in
spite of the approximations made in the calculation and the
accuracy of the measurements. Moreover, it can be seen that
the iron loss decrease found by calculation is higher than that
found by experiment. As a quantitative example, the decrease
in iron losses between the NMM-PMSM and the NO-PMSM
at 3000 rpm is found to be 64% by experiment while it is 73%
by calculation. In order to explain this, it should be recalled
that the cutting technique locally melts the material, which
causes short circuits at the edges of the core between sheets.
During the etching step, the resistivity of the edge surfaces is
increased but stays quite low. This increases the eddy currents
compared to the case where the interlamination is perfectly
isolated at the core edge. This problem does not appear for
the NO stator, but is thought to have a quite large impact on
the NMM stator core. However, it is not taken into account
in the FEA, which could explain the differences in the iron
loss decrease rate.
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Similar to Fig. 12, Fig. 13 compares the iron loss data of the
NMM-PMSM with the numerical calculation and experimental
results of the AMM-PMSM presented in [15]. According to
the numerical calculation, the NMM stator iron losses are
lower than that of the AMM stator. It can also be seen that
the total iron loss reduction found by calculation between the
AMM-PMSM and the NMM-PMSM is smaller than that found
by experiment. In order to explain this, it should be noted
that the manufacture of the AMM stator does not include an
etching step, contrary to that of the NMM stator. Consequently,
the resistance of the AMM stator edge surfaces is lower than
that of the NMM stator, which increases the eddy currents.
As stated in the explanation of Fig. 12, this effect is not taken
into account in the numerical calculation, hence explaining
the difference in loss decrease rate between the numerical
calculation and experiments.

V. CONCLUSION

In this paper, the iron losses of a PMSM using a stator
core made of NMM have been measured by experiments and
evaluated by 2-D FEA. An iron loss decrease by 64%—75%
has been found by experiment. The future works should aim
at evaluating the motor performance when driven by a voltage
source PWM inverter. This should include the torque capacity
as well as the efficiency and the decrease in iron losses.
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