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Core Loss Reduction of an Interior
Permanent-Magnet Synchronous Motor
Using Amorphous Stator Core
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Abstract—The core losses of an interior permanent-magnet syn-
chronous motor (PMSM) have been reduced by about 50% using
an amorphous magnetic material (AMM) stator core instead of
a nonoriented (NO) steel stator core. Numerical calculation and
experimental tests data have been compared to evaluate the relia-
bility of the results. The AMM stator core has been realized using
the latest improvements in manufacturing technologies.

Index Terms—Amorphous magnetic material, magnetic cores,
magnetic losses, permanent-magnet motor.

I. INTRODUCTION

HE THREE main types of losses in rotational electrical
machines are the mechanical losses caused by the fric-
tion with air and between mechanical parts, the copper losses
due to coils resistance, and the core losses caused by the varia-
tion of the magnetic flux in the core parts. Both the mechanical
and copper losses have been extensively investigated but the
core loss phenomenon is yet to be completely understood by the
scientific and engineer communities. Research studies are still
carried out to reduce, understand, and evaluate these losses.
Since amorphous magnetic material (AMM) has superior
characteristics as high resistivity and low coercive force, it
offers potential reduction of iron loss, especially at high fre-
quency [1]. The AMM has successfully been used for trans-
formers’ applications. It was found that the no-load losses of
transformers could be reduced by up to 70% when AMM was
used instead of grain-oriented silicon iron [2]. However, due
to its high magnetostriction, the AMM magnetic properties
can deteriorate and its iron losses increase in case of exter-
nal magnetic field application [1]. The heat treatment also has
an important role in the magnetic properties of the amorphous
material, like magnetic permeability and coercive force [3].
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Moreover, the AMM is also sensitive to mechanical stress and
its iron losses can increase due to core manufacture [2], [4]. The
AMM sheets are very thin and have high mechanical brittleness,
which result in difficult magnetic core manufacturing. However,
the technological advances in amorphous ribbons manufactur-
ing have permitted improvements in surface quality, resulting
in higher lamination factor [5]. In addition, new cutting tech-
niques made the manufacture of electrical motor cores easier
[61-[8].

Therefore, several kinds of electrical motors using amor-
phous cores have been developed. Since the core losses increase
with the motor speed, the AMM can bring substantial improve-
ment over conventional electrical steel sheets for high-speed
applications [9], [10]. Moreover, since the cost of magnets
is relatively high, AMM has also been used for radial-field
switched reluctance motor (SRM) [11]. In this study, a core
loss reduction of about 63% was found at 8500 r/min, com-
pared to the same machine using low loss silicon steel. The
proposed SRM’s efficiency was competitive with an interior
PMSM (IPMSM). Induction motor (IM) core losses can also
be diminished using AMM. In [12], AMM has been used to
manufacture the stator core of an IM. A reduction of the core
losses by almost 50% has been found at no-load and sinusoidal
supplied voltage.

As for the PMSM type, it should be noted that, by now,
AMM has been preferred for the axial-field type [9], [13]-
[15] rather than radial-field PMSMs. In [13], the stator of the
axial-field PMSM is made of several amorphous wound cores
that are easy to manufacture and require few cutting. However,
wound cores imply high core losses. Unfortunately, reducing
these core losses requires more cutting [14], [15]. Moreover,
highly performant axial-field PMSMs generally have a flat
geometry (large diameter and little axial length) [16], which
is not suited for all applications. In [17], AMM was used to
build the stator teeth of a radial-field surface PMSM (SPMSM).
The authors measured a core loss reduction of about 40% at
5500 r/min compared to the same PMSM made from conven-
tional electrical steel sheets. A radial-field IPMSM using AMM
has also been developed in [18]. Geometrical optimization
allowed increasing the power density significantly compared to
its equivalent made of silicon steel.

In this paper, a radial-field IPMSM with the entire stator
core made of AMM is proposed. The rotor, however, is still
made of conventional nonoriented (NO) electrical steel sheets.
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TABLE 1
MATERIAL CHARACTERISTICS

NO AMM
Reference 35H300 2605HB1IM
Composition Fe-Si Fe-Si-B
Thickness (pm) 350 25
Saturation magnetic
flux density (T) ele 168
Resistivity (uQ-m) 0.5 1.20
Iron loss density at 50
Hzand 1 T (Wikg) 1.119 0.171
Iron loss density at 50 2419 0.400

Hzand 1.5 T (W/kg)

Unlike [9] and [10], a low-speed application is presented here.
It will be shown that AMM can be helpful in reducing core
losses even at low speed. Compared to SRM [11] and IM [12],
IPMSMs usually have higher efficiency and offer the advantage
of a higher torque per volume. Therefore, it could be interest-
ing to evaluate the potential benefit of AMM for an IPMSM
also. As mentioned previously, the use of AMM is easier in
axial-field PMSMs but this type of motor has a limited range of
applications [16]. As a consequence, AMM is tried in a radial-
field motor type here. Moreover, in [17], AMM has been used
to build the stator teeth of an SPMSM. The work presented here
differs from [17] in that the developed motor has interior perma-
nent magnets (PMs) and has its full stator core made of AMM
(not only the teeth). Finally, an IPMSM with a stator core made
of AMM has been developed in [18] but the work did not focus
on the core losses comparison with its equivalent made from
conventional NO-silicon steel.

In this paper, the IPMSM core losses are defined by the sum-
mation of the stator, rotor, and magnets iron losses (hysteresis
and eddy-current losses). It should be noted that in normal load
condition, the copper losses can be much higher than the core
losses in a PMSM. Then, even a rather big reduction of the
core losses will lead to a small increase of the overall effi-
ciency. However, a reduction of the core losses can be beneficial
in some applications like electrical vehicles or hybrid electri-
cal vehicles, where an electrical motor can be operated at zero
torque or zero current. In these conditions, the core losses are
the main contributor to the overall electrical motor losses. In
addition, future electrical vehicles are likely to increase the
rotational speed of their embedded electrical motor, making it
work up to an electrical frequency of 1 kHz. Since the core
losses increase with the operating frequency, they could become
higher than the copper losses in some cases.

In this paper, the core losses are evaluated both experimen-
tally and by finite-element method (FEM) under no-current
condition. This test is useful to evaluate the core losses because
no copper loss appears. The experimental data show a decrease
of the core losses of about a half when compared to an IPMSM
with a stator core made of NO-electrical steel sheets.

IEEE TRANSACTIONS ON INDUSTRY APPLICATIONS, VOL. 52, NO. 3, MAY/JUNE 2016

2.5
=) -+NO +AMM 2
2 2
= /
215 /
)
: /
o !
.
=

0 :

100 1000 10 000 100 000
Magnetic field (A/m)

1 10

Fig. 1. B—H curves of AMM and NO-materials.
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Fig. 2. Iron loss characteristic of the amorphous material.
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Fig. 3. Iron loss characteristic of the NO-material.

II. MOTOR GEOMETRY AND MANUFACTURE

Two IPMSMs with identical geometries have been manufac-
tured. The first, hereafter called NO-IPM, has a laminated stator
made of standard NO-steel sheets, and the second, hereafter
called AMM-IPM, has a laminated stator made of amorphous
material. The material characteristics are described in Table 1.



OKAMOTO et al.: CORE LOSS REDUCTION OF AN INTERIOR PMSM

Fig. 4. Quarter cross-sectional view of the motor. The cross section of the full
motor has horizontal and vertical reflection symmetries.

TABLE II
MOTOR SPECIFICATIONS

Poles/slot number 8/12

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 W; 10 mm

PM length Lpm 20 mm

PM thickness Wpym 2 mm

Core length L. 47 mm
Winding method Concentrated
Number of winding turns 37

PM residual magnetization 1.28T

PM electrical resistivity 1.6x10°Q'm

Fig. 1 shows the B—H curves of both materials, where B is the
magnetic flux density and H is the magnetic field. Figs. 2 and 3
show the iron loss density of both materials, which depends on
the magnetic flux density and its frequency. These charts have
been obtained by experimental measurements.

A cross-sectional view of the proposed motor is illustrated in
Fig. 4 and the motor specifications are listed in Table II.

Since the amorphous ribbon is thin and brittle, special tech-
niques have been adopted for the stator core manufacture. The
manufacturing process is illustrated in Fig. 5. The amorphous
sheets were first stacked and cut into the stator shape using a
wire-cut technique. The cut stack was then placed into a vac-
uum box. After the vacuum was established, the cut stack was
immersed into resin for lamination coating and bonding. The
box was then submitted to high pressure to make the resin fill
the interlaminations. Finally, the bonded stack was heated at a
temperature of 180 °C for 150 min.

The two stators can be seen in Fig. 6. The stacking factor of
the AMM stator core is 0.86 and that of the NO-stator is 0.99.
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Fig. 5. Amorphous stator core manufacture process.

Fig. 6. (Left) AMM stator core and (right) NO-stator core.

III. CoRE LOSSES EVALUATION BY FEM
A. Numerical Analysis Method

The core losses of the two motors have been calculated by
two-dimensional (2-D) magnetic field analysis using the IMAG
simulation software. JMAG calculates the core loss density in
the stator, rotor, and magnets at no-current condition by sim-
ulating the case in which the rotor of the IPMSM is rotated
by an external motor and the three phases are in open circuit.
Consequently, the core losses are caused by the rotating mag-
nets. The simulation tool calculates the magnetic flux density
and the core loss density W (W /m?) for several positions of the
rotor spanning a total rotation angle of 90°, which corresponds
to one electrical period.

In 2-D analysis, JMAG solves the vector potential equation
based on the characteristic illustrated in Fig. 1. The equation
is solved to find the magnetic flux density at each point of
the motor cross-section. The 2-D vector potential equation is
derived from Maxwell equation and is given by

9 (, 94 +g L, A __J+06AZ 0
or \'Y oz oy\ "oy ) ot

where A is the vector potential on the z-axis, v, , are the mag-
netic reluctance on the x- and y-axis, Jj is the current density in
the coil parts, which is equal to zero in this calculation, and o is
the electrical conductivity. In our case, v, and v, are equal since
NO-material and AMM are considered magnetically isotropic.

To evaluate the core loss density W, JMAG first calculates
the tangential component By and the radial component B,
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of the magnetic flux density at each point of the 2D motor
cross section. A fast Fourier transform (FFT) is then per-
formed to find the harmonic components of B; and By. Finally,
JMAG calculates the core loss density at each point using the
Steinmetz equation

W = Z (knfi (B2
=1

This equation is a sum through the harmonics of the magnetic
flux density. At every point of the stator, rotor, and magnets, the
magnetic flux density is usually not sinusoidal. In no-current
condition, the stator slots shape and the rectangular magnets
are responsible for harmonics [19]. Then, it is preferable to take
these harmonics into account. ¢ is the harmonic rank, n is the
rank of the highest harmonic, f; is the frequency of the ith har-
monic, B, ; and By ; are the amplitudes of the ¢th harmonic of
the radial and tangential component of the magnetic flux den-
sity, respectively, and kj, and k. are the Steinmetz constants of
the hysteresis and eddy-current losses, respectively, which are
derived from the data in Figs. 2 and 3.

It should be noted that the formulation in (2) calculates the
alternating core losses only. However, the magnetic flux den-
sity is not only alternating but also rotating, making additional
rotating core losses to appear [20]. Then for more accuracy,
the calculation should consider the peak value of the radial
component B, and the tangential component By of the mag-
netic flux density, along with the magnetic flux variation locus.
Ma et al. report that considering the rotational core losses in
the numerical calculation can reduce the prediction error of
20% in average from 1000 to 4000 r/min, for an IPMSM with
concentrated windings [21]. This percentage can also be con-
sidered as the proportion of the rotational core losses in the total
core losses. It should be noted, however, that, contrary to the
no-current condition of this paper, both calculations and exper-
iments in [21] were performed under load condition with an
armature current of 4 A. In [22], the core losses of a high-speed
surface-mounted permanent-magnet motor with concentrated
windings were modeled. By proposing a new model for the
core losses numerical evaluation, it was found that the rotational
core losses account for about 12.5% of the total core losses at
20 000 r/min. Both calculations and experiments in [22] were
performed at no-load (small phase current).

It can be concluded from [21] and [22] that the rotational
core losses have a non-negligible impact. However, an approx-
imation similar to (2) has been used in [19] to evaluate the core
losses of an IPMSM and the authors found a good agreement
between experiment and calculation.

T Bg,i) + ke f} (Bgz + Bgz)) 2

B. Analysis Results

Figs. 7 and 8 show the peak flux density in one period and the
maximum core loss density that occurs during the rotation, for
a rotating speed of 750 and 3000 r/min, respectively. The mag-
netic flux density in the AMM stator core is slightly higher than
the magnetic flux density in the NO-stator core but the values
can be considered quite similar. However, the core loss den-
sity in the NO-stator core is significantly higher than the core
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Fig. 7. (Top) Flux density and (bottom) core loss density at 750 r/min under
no-current condition.
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Fig. 8. (Top) Flux density and (bottom) core loss density at 3000 r/min under
no-current condition.

loss density of the AMM stator core. Fig. 9 illustrates the mag-
netic field in the rotor and stator parts at 750 and 3000 r/min.
The relative permeability of AMM and NO-silicon steel are
quite different, which explains the difference observed on the
magnetic field.

Table III shows the entire core losses of both motors calcu-
lated by the FEM software at the rotational speed values 750,
1500, 2250, and 3000 r/min. In average, the core losses of the
AMM-IPM are 65% lower than the core losses of the NO-IPM.
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Fig. 9. Magnetic field at (up) 750 r/min and (bottom) 3000 r/min under no-
current condition.

TABLE 111
CORE L0Oss CALCULATION BY FEM

Speed (r/min) f&MM-IPM core NO-IPM core losses
osses (W) (W)

750 0.526 1.619

1500 1.420 4.133

2250 2.493 7.036

3000 3.783 10.473

Fig. 10 shows the core losses in the different parts of the motor
at the same speed values, as in Table III. The average core loss
reduction in the stator only is 83%. The ratio of core losses
between the NO-IPM and the AMM-IPM is approximately 3
at every speed values. However, if one considers only the sta-
tor part, the ratio of core losses, which can be estimated using
Fig. 10, clearly increases with the speed.

IV. CORE LOSSES EVALUATION BY EXPERIMENT

The experimental test bench for the no-current test is illus-
trated in Fig. 11. A brushless dc motor is used to rotate the
AMM-IPM or the NO-IPM. A torque meter is placed between
the two motors to measure the shaft torque 7" and a speed sensor
measures the rotational speed w. The torque meter measures the
material deformation and translates it into a torque value. The
maximum torque that can be measured is 1 N- m and the max-
imum speed is 25 000 r/min. The three phases of the stator of
the proposed IPMSM are in open circuit.

A. Magnetic Flux and Back EMF Measurement

As it can be seen in Fig. 4, B coils have been placed on the
four teeth of the u phase coil. When the motor is rotating, the B
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Fig. 11. Experimental test bench for the no-current test.

coils provide a periodic voltage Vp that can be used to calculate
the average flux density through the tooth cross section B(t)

1
~ NpS,

t

B(t) / Vi (u)du 3)
0

where Np is the number of turns of the B coil and S, is the

tooth cross section surface given by

St = Wth. (4)

The magnetic flux density has been measured in both the
NO-IPM and the AMM-IPM. The comparison is illustrated in
Fig. 12 and shows the magnetic flux density along the electrical
angle, which has been estimated using an additional encoder.
The measurement has been done at 750 r/min but the peak flux
density has been found almost independent from the rotational
speed. In accordance with the FEM calculation, only a small
difference can be observed between the two motors. This is due
to the fact that the magnetic flux density is mainly imposed by
the magnets and maintained below a level of 1 T. Even though
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Fig. 13. Experimental back EMF measurement.

the magnetic saturation of AMM is lower than NO-steel, this
saturation is not reached here and does not impact B is both
motors.

The peak value of the back electromotive force (EMF) pro-
duced by the rotating magnets in the windings has also been
measured at 750, 1500, 2250, and 3000 r/min. The results are
illustrated in Fig. 13. It is possible to calculate the back EMF
constant from the obtained curve. The constants of both motors
are given in Table IV. They appear to be quite similar. This
result is consistent with the measurement results of the mag-
netic flux. However, it cannot be concluded that the torque
capacity is equivalent since saturation can appear at high input
current. This paper focuses on the experimental tests with no-
current, so the possible problem of magnetic saturation with
current is not addressed here.

B. Core Losses Measurement

Since no-current is flowing through the stator windings, the
entire core losses are only produced by the magnet rotation. The
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TABLE IV
BACK EMF MEASUREMENT RESULTS

AMM-IPM NO-IPM
Back EMF constant
(V/kr/min) 26.6 26.9
TABLE V

CORE LOSS MEASUREMENT RESULTS

Speed (r/min) AMM-IPM core NO-IPM core losses
P losses (W) W)
750 0.817 1.516
1500 1.963 3.864
2250 3.581 7.092
3000 6.000 12.472
14.0
12.0 +|-A&- FEM (NO) A
10.0 |—#—Experiment (NO) -4
% g0 |0 FEM (AMM) Sl
Y : A
é -@-Experiment (AMM) /‘/
o 6.0
5 /
© 4.0
2.0
0.0 T :
750 1500 2250 3000

Rotational speed (r/min)

Fig. 14. Experimental core loss measurement.

output mechanical power of the brushless dc motor is equal to
WT' = Peore + Prech ()

where P, is the core loss of the tested motor and Pecp 18 the
mechanical friction loss. Ppech has first been measured using
a rotor of the same shape without magnets (no-core losses),
keeping identical bearings and couplings. Then, a second test
has been carried out using the rotor with magnets. The core
losses of both IPMSMs have been calculated by subtracting the
value of P, measured during the first test from the output
mechanical power measured during the second test.

The results are presented in Table V. In average, the core
losses of the IPMSM with AMM stator core are approxi-
mately half the core losses of the IPMSM with NO-stator core.
Moreover, a comparison between FEM calculation and exper-
imental measurements is provided in Fig. 14. The measured
core losses of the NO-IPM seem to be higher than the calcu-
lated ones at 3000 r/min. This could be due to the fact that the
rotational core losses were not taken into account in the numer-
ical calculation [21], [22]. As for the AMM-IPM, the measured
core losses appear to be higher than the calculated ones for all
speeds. Besides the consideration of the rotational core losses,
it should be noted that part of this increase is also very proba-
bly due to the fact that the iron loss characteristic of AMM can
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be deteriorated during the core manufacture process that causes
mechanical stress. It should finally be added that both experi-
mental data and FEM data are subject to uncertainties. To be
conservative, it is better to rely on the experimental results and
conclude that the amorphous stator core can reduce the motor
core losses by about 50%.

V. CONCLUSION

In this paper, an IPMSM using a stator made from amor-
phous material has been proposed. The core losses produced
by magnet rotation have been measured experimentally and by
numerical calculation. It has been found that a reduction of the
core losses by about one-half can be obtained compared to the
same motor using a conventional stator with NO-silicon steel
sheets. Numerical calculation and experiments show a good
agreement but it is thought that the mechanical stress during
the AMM core manufacture is responsible for a deterioration
of the material iron loss characteristics. Future work will
concentrate on the core loss measurement when the motor is
controlled by a three-phase inverter, both in no-load and load
conditions. Some effort should also be put on improving the
numerical calculation reliability.
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