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In this paper, we develop and examine permanent magnet synchronous motors (PMSMs) by use of both stator and rotor cores
made of nanocrystalline magnetic materials (NMMs). We report core loss properties of the PMSM with the NMM under inverter
excitation. In addition, we compare core losses of the PMSM with conventional non-oriented (NO) steel sheets under inverter
excitation to discuss the core loss characteristics of the NMM motor. In average, under inverter excitation, the reduction ratio in
core loss of the PMSM made of NMM is about 60% as compared with the core loss of the PMSM with NO sheets. In particular,
the average decrease obtained by using NMM rotor core instead of NO rotor core is about 30%.

Index Terms— Core loss, iron loss, nanocrystalline magnetic materials (NMMs), non-oriented (NO) steels, permanent magnet

synchronous motor (PMSM).

I. INTRODUCTION

HE three main types of losses in the motors correspond

to the copper losses, the mechanical losses, and the
core losses (iron losses). Several researchers have recently
addressed the core loss reduction of the motor based on
core with amorphous magnetic materials (AMMs) [1]-[12]
and nanocrystalline magnetic materials (NMMs) [13], [14].
The AMM and the NMM offer core loss reduction of
motor in comparison with conventional non-oriented (NO)
electrical steel sheets. In particular, the NMM presents
lower iron loss density in comparison with the AMM [15].
This paper aims to develop “both stator and rotor cores”
with the NMM and to examine the core loss proper-
ties of the motor with nanocrystalline cores excited by a
inverter.

Previous studies have shown that permanent magnet
synchronous motors (PMSMs) by the use of “only stator core”
with the NMM have low core losses in comparison with the
NO core [13], [14]. Therefore, the next phase is to understand
core loss properties of “both stator and rotor cores” with the
NMM. The evaluation of both the stator and rotor cores with
the NMM allows us to realize low-loss motor system.

In this paper, based on both experiments and numer-
ical simulations, we address the core loss properties of
the PMSM with the NMM stator and rotor cores under
pulsewidth-modulation (PWM) inverter excitation. We com-
pare core losses of the PMSM with the NO cores under the
PWM inverter excitation to discuss the core loss characteristics
of the NMM motor. In particular, we focus on core loss
reduction of motor that depend on stator and rotor core
materials.
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Fig. 1. Photographs of fabricated (a) rotor and (b) stator cores with NMM.
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Fig. 2. Schematic of completed PMSM and control system. In this

experimental system, we measure core losses under no-load condition. Here,
the motor core is excited by three-phase inverter with classical PWM control.

II. MOTOR CORE, EXPERIMENTAL TEST METHOD, AND
NUMERICAL SIMULATION METHOD

A. Motor Core

Fig. 1 shows the appearance of the fabricated rotor and
stator cores with NMM. The fabricated rotor and stator cores
are inserted into the motor casing (completed PMSM shown
in Fig. 2). For comparison purposes, in this paper, the stator
and rotor cores made of NO electrical steel sheets (35H300)
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TABLE I
SPECIFICATIONS OF MATERIALS USED FOR MOTOR
(ROTOR AND STATOR) CORES

NO NMM
Reference 35H300 FT-3M
Density [kg/m®] 7650 7300
Composition Fe-Si Fe-Si-B-Cu-Nb
Thickness [pm] 350 18
Saturation magnetic
flux density [T] 2.12 1.23
Relative permeability 1550 [16] 70000 [17]
Resistivity [p$2-m] 0.52 [18] 1.2 [17]

are also used. The NO electrical steel sheets and the NMM
consist of Fe-Si and Fe-Si-B-Cu-Nb, respectively. Table I
shows the specifications of two different materials used for
the motor cores.

The nanocrystalline alloy ribbons are laminated and impreg-
nated with acrylic resin to make the block core. The laminated
block core is then cut in the shape of the rotor and stator
cores using electric discharge machining. The rotor core with
an outer diameter of 74-mm and a thickness of 47-mm is
constructed. After that, the Sm-Fe-B bonded magnets are
buried inside the rotor and then the shaft is inserted into the
rotor core. The stator diameter is 128 mm and the stator core is
manufactured in four separated pieces [14]. The space factor
of the NMM rotor and stator cores is about 82% and 81%,
respectively. The stator and rotor cores made of NO sheets
reach a space factor of 99%. Here, the cores for two different
materials are the same design. See [2], [12], [14] for the
details of design and fabrication process of the NMM stator,
NO rotor, and NO stator cores.

In this paper, we perform three kinds of motor tests. The
first test, called NO-PMSM, has the stator and rotor cores
made of NO sheets, the second test, called NMM-PMSM, has
the stator and rotor cores made of NMM, and the third test,
called NMM-NO-PMSM, has the stator core with NMM and
the rotor core with NO sheets.

B. Experimental Setup of Motor Test

The total core losses of motor tests are measured under
no-load condition, in which good accuracy of core loss
measurement can be performed in comparison with the case
in load condition. Here, the total core losses correspond to the
stator, rotor and magnets losses. Fig. 2 shows the set-up of
the PMSM control system, which consists of a three-phase
voltage source PWM inverter with insulated gate bipolar
transistors. Here, a power analyzer (PX8000, Yokogawa) is
used to measure the phase voltages, the phase rms currents,
and then the input active electrical power Pj,. Conventional
vector control is used for the rotational speed control. In the
experiments, the core 10ss Peore 1S given by

Peore = Pin — IéotorR — Py (1)
Pin:Pu+Pv+Plu (2)
II%IOIO]” = qu + 11)2 + Iz%) 3)

where R (= 0.5 Q) is the winding resistance, Imotor 1S
the total rms current, I, , , are, respectively, the u, v, and
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Fig. 3. Schematic of numerical model (1/4-region model). The working
conditions based on the experimental results are simulated by a 2-D FEM
using the JMAG software. See [2] for the details of the numerical model.

w rms currents, Py, are, respectively, the u, v, and w input
powers, and P, is the mechanical loss. In our experiments,
the mechanical losses P,, are obtained by using a rotor without
magnetization (see [1], [2], [12] for the details of core loss
measurement and mechanical loss measurement methods).
Here, the mechanical losses at 750, 1500, and 2250 r/min are
0.34, 0.88, and 1.4 W, respectively.

In the following experiments, the dc bus voltage Vyc,
the d-axis current, the switching dead time, and the carrier
frequency f. are set to 250 V, 0, 3.5 us, and 1 kHz,
respectively. The motor used in this paper is the PMSM with
eight poles and 12 slots. The tests are done at a rotational speed
of 750, 1500, and 2250 r/min that correspond to electrical
frequency f, of 50, 100, and 150 Hz, respectively.

C. Numerical Simulation Method

Fig. 3 shows a finite-element method (FEM) model. Here,
2-D non-linear magnetic field analysis with A-method is
used for our numerical simulations, which are a time-stepped
simulation. By using numerical simulations, we can obtain
the core loss repartition (stator, rotor, and magnets losses) and
distributions.

The equation of the magnetic vector potential A is given as

0
rot(vrotA) = Jo — o EA + vorotM, )

where v denotes the magnetic reluctivity, Jo is the current
density in the coil parts, o is the conductivity, vg is the space
reluctivity, and M (= 0.728 T) is the magnetization of the
permanent magnets (PMs). Ideal phase voltage waveforms
based on the experimental results are used as the input of
the numerical analysis.

In our simulations, the magnet losses Wp,g are calculated
based on the analyzed eddy current density and the electrical
conductivity. Here, the measured electrical conductivity o of
the PM is 2344 S/m. In our simulations, the eddy currents in
the stator and rotor parts are not calculated and then the stator
core losses Wiator and rotor core losses Wioor (soft magnetic
core losses) are calculated from Steinmetz equation. Therefore,
in numerical simulations, the entire core losses Whyuloss are
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Fig. 4. Representative loss characteristics as a function of magnetic flux
density at 50 Hz, 1 kHz, 2 kHz, and 10 kHz. In our numerical simulations,
loss characteristics at 50 Hz, 400 Hz, 1 kHz, 2 kHz, 5 kHz, and 10 kHz are
used as the input to obtain the core losses. (a) NO. (b) NMM.

given by
Whuloss = Wmag + Witator + Wiotor (5)

ne N
Witator + Wrotor = Z |:Z{a(|Bk|)fk}:| Vie

ie=1 Lk=1

-%EZ[EZﬁGBH ﬂlﬁ] (6)

ie=1
step ne

2
3> ey )

Oj
tltel e

Wmag =

where a denotes the coefficient of hysteresis loss, £ is the
coefficient of eddy current loss, T is the fundamental period,
v is the volume obtained by multiplying the element area
by the core length, B is the magnetic flux density, f is the
frequency, J is the eddy current density, ie is the element
number, and k is the harmonic order. o and f are calculated
based on loss characteristics of the materials (NO sheets and
NMM) as shown in Fig. 4. In this paper, we consider not the
loss related to the material itself but the core loss caused by
factors, such as the core geometrical configuration and so on,
in the PMSM by numerical simulations. Therefore, we use the
fitting loss characteristics shown in Fig. 4.

The numerical simulation method is summarized as follows.
First, the iron loss characteristics of the NO and the NMM
are obtained from catalog data [16] and loss in a ring spec-
imen, respectively. Second, we fit the loss characteristics
of NO sheets and the NMM to equalize the numerical
data [each numerical core loss of the NO-PMSM and the
NMM-PMSM at 2250 r/min shown in Fig. 5(b)] to the exper-
imental data [each experimental core loss of the NO-PMSM
and the NMM-PMSM at 2250 r/min shown in Fig. 5(a)]. and
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Fig. 5. (a) Experimentally entire core losses as a function of rotational speed.
For NO-, NMM-NO-, and NMM-PMSM, the core losses are measured under
no-load condition. (b) Corresponding numerical entire core losses calculated
by JMAG software.

Finally, based on the fitting loss characteristics at 2250 r/min,
we calculate the core losses of the NO-, and the NMM-PMSM
at 750 and 1500 r/min, respectively. In addition, we also cal-
culate the core losses of the NMM-NO-PMSM at 750, 1500,
and 2250 r/min. See [2], [12] for more details of numerical
simulation model and methods.

III. RESULTS AND DISCUSSION

Fig. 5(a) shows experimental results of entire core losses
as a function of the rotational speed under no-load condi-
tion. Here, the NO-, NMM-NO-, and NMM-PMSM under
the PWM inverter excitation are evaluated. The core loss
increases with increasing the rotational speed for each motor
test. The NO-PMSM (NMM-PMSM) exhibits core losses of
about 2.0, 4.3, and 6.6 W (0.8, 1.7, and 2.5 W) at 750,
1500, and 2250 r/min, respectively. The core loss of the
NMM-NO-PMSM is about 1.1, 2.4, and 3.6 W at 750, 1500,
and 2250 r/min, respectively. In average, under PWM inverter
excitation, the reduction ratio in core loss of the NMM-PMSM
(NMM-NO-PMSM) is about 60% (45%) as compared with the
core loss of the NO-PMSM. These results show that the core
loss reduction depends not only on the stator core but also
on the rotor core. In particular, the average decrease obtained
by using the NMM rotor core instead of the NO rotor core is
about 30%.

Here, the current values of the NMM-PMSM are 0.33,
0.63, and 0.99 A at 750, 1500, and 2250 r/min, respectively.
Fig. 5(a) shows the core losses under different current density.
The NMM-PMSM (NO-PMSM) exhibits copper losses of
about 0.16 W (0.11 W) at 750 r/min, of about 0.60 W (0.39 W)
at 1500 r/min, and of about 1.5 W (0.96 W) at 2250 r/min,
respectively. The copper losses of the NMM-NO-PMSM are
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Fig. 6. Numerical core loss repartition for NO- (left), NMM-NO-
(center), and NMM-PMSM (right). These results are calculated by using
Egs. (6) and (7). Inset: magnified figures of Wpag at 2250 r/min.

0.10 W at 750 r/min, 0.39 W at 1500 r/min, and 0.97 W at
2250 r/min, respectively. Here, the mechanical loss of the NO-,
NMM-NO-, and NMM-PMSM at 750 r/min accounts for 14,
22, and 26% of the input power, respectively. The percentage
of the mechanical loss to the input power in the NMM-PMSM
is higher than that in the NO- and NMM-NO-PMSM.

Fig. 5(b) shows the entire core losses as a function of the
rotational speed simulated by JIMAG software. The experimen-
tal core losses [Fig. 5(a)] are consistent with the calculated
core losses [Fig. 5(b)]. Here, in the NMM-NO-PMSM, there
is the slight difference between experimental and numerical
results. This is mainly due to the fact that the slight difference
between the stator and rotor cores for a deterioration of the
core losses caused by the manufacture process are not taken
into account in the numerical simulations. In our future work,
we will evaluate the building factor, which can understand
the core losses caused by factors, such as the manufactur-
ing process and so on [19], [20], in each core (stator and
rotor cores).

Fig. 6 shows core loss repartition between the rotor, stator,
and magnets for the NO-, NMM-NO-, and NMM-PMSM.
In average, the Wy, of the NO-, NMM-NO-, and
NMM-PMSM accounts for less than 1% of the total core
losses, because the Sm-Fe-B bonded magnets exhibit low loss.
Therefore, almost all losses for the entire core losses corre-
spond to losses derived from soft magnetic materials (NO and
NMM). In the NMM-PMSM (NMM-NO-PMSM), the inter-
linkage magnetic flux ® of copper coil induced by the PM is
27.6 (25.2) mWb at 1500 r/min. The NMM-PMSM shows
slightly large interlinkage magnetic flux @ compared with
that of the NMM-NO-PMSM. Therefore, because of slightly
large @, the stator core losses Wgiaor of the NMM-PMSM
are slightly larger than those of the NMM-NO-PMSM. The
details of the relationship between the rotor core materials
and the interlinkage magnetic flux will be investigated.

Fig. 7 shows the core loss distributions of the NO-,
NMM-NO-, and NMM-PMSM for the rotational speed of
1500 r/min. The core loss density in the NMM stator and rotor
cores is significantly lower than that in stator and rotor cores
with NO sheets. These results confirm the benefit of using not
only the NMM stator core but also the NMM rotor core to
reduce the core losses of the motor.
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Fig. 7. Numerical core loss distributions at 1500 r/min for NO-, NMM-NO-,
and NMM-PMSM.

IV. CONCLUSION

We for the first time developed and examined the PMSM
by use of “both stator and rotor cores” made of the NMM.
In average, under the PWM inverter excitation, the reduction
ratio in core loss of the NMM-PMSM (NMM-NO-PMSM)
was about 60% (45%) as compared with the core loss of
the NO-PMSM. In particular, the average decrease obtained
by using the NMM rotor core instead of the NO rotor
core was about 30%. These results open the way to further
research for ultimate low-loss motor system based on both
the rotor and stator core with the NMM. In our future works,
we will evaluate the torque capacity as well as the decrease of
core losses under load condition. The efficiency comparison
between the NO-, NMM-NO-, and NMM-PMSM under load
condition will also be investigated.
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