
6736 IEEE TRANSACTIONS ON INDUSTRY APPLICATIONS, VOL. 60, NO. 5, SEPTEMBER/OCTOBER 2024

Superior Efficiency Under PWM Harmonic Current
in an Axial-Flux PM Machine for HEV/EV Traction:

Comparison With a Radial-Flux PM Machine
Ren Tsunata , Masatsugu Takemoto , Jun Imai, Tatsuya Saito, and Tomoyuki Ueno

Abstract—This paper evaluates the harmonic current caused by
a pulse width modulation (PWM) inverter and how it affects the
efficiency of a novel axial-flux permanent-magnet machine using
a ferrite permanent magnet (AF-FePM) in traction applications.
First, differences between the finite element analysis (FEA) and
experimental results are discussed using a prototype of the pro-
posed AF-FePM. Second, the AF-FePM is compared with a com-
mercially available radial-flux permanent-magnet machine using a
Nd-sintered magnet (RF-NdPM). For both machines, the efficiency
and loss are calculated using FEA when applying the sinusoidal and
harmonic currents. Additionally, we present the superior efficiency
of the AF-FePM under the PWM harmonic current during a
WLTC driving cycle because the designed model employs the ferrite
magnet and a round copper wire, unlike the RF-NdPM. Finally,
motor and inverter losses at different switching frequencies are also
evaluated. This paper eventually shows that the proposed AF-FePM
would be one of the suitable candidates to enhance high efficiency
under PWM harmonic current condition based on comprehensive
discussion.

Index Terms—Axial gap motor, axial-flux machine, carbon-fiber-
reinforced plastic, ferrite magnet, iron loss, PWM drive, PWM
harmonic current, radial-flux machine, soft magnetic composite,
switching frequency, WLTC drive.

I. INTRODUCTION

P ERMANENT magnet synchronous machines (PMSMs) for
traction applications need to be manufactured at low cost

due to the increasing production volume of electric vehicles in
recent years [1], [2]. We have proposed an axial-flux permanent
magnet machine (AFPM) that achieves low cost by employing
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Fig. 1. 3D model of the proposed AF-FePM for traction applications.

Fig. 2. 3D model of a commercially available RF-NdPM mounted in Honda
Freed (target machine).

a ferrite permanent magnet (ferrite PM) and round copper wire,
as shown in Fig. 1 [3]. Our proposed AFPM is referred to as
AF-FePM in this paper. The AF-FePM can be manufactured
at lower cost than a commercially available radial-flux perma-
nent magnet machine (RFPM) with a neodymium-sintered PM
(Nd-sintered PM) and rectangular copper wire (Fig. 2) [4]. The
commercially available RFPM is mounted in a Honda Freed and
is set as the target machine, which is referred to as RF-Nd-PM
in this paper [5]. The high-performance RF-NdPM was chosen
for the reference machine in this paper because it uses the same
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TABLE I
TARGET SPECIFICATIONS OF THE AF-FEPM AND RF-NDPM

concentrated winding stator as the proposed AF-FePM, making
it easy to compare.

In [3], we proposed a novel rotor structure and suitable shapes
for the tooth-tips of the AF-FePM. Additionally, we demon-
strated that the proposed structure can compensate for the low
remanence of the ferrite PM and the low magnetomotive force of
the round copper wire. As a result, although the AF-FePM uses
a ferrite PM and round copper wire, it is capable of achieving the
required performance of the target RF-NdPM shown in Table I.
On the other hand, comparison of the two machines in our
previous research considered only analysis with a sinusoidal
input current [3], but the input current during actual operation
includes harmonic components caused by a PWM inverter [6].

The PWM harmonic current causes harmonic loss in each part
in the proposed AF-FePM and target RF-NdPM, respectively.
The effect of the PWM harmonic current on the RF-NdPM is
large because of its Nd-sintered PM, rectangular copper wire,
and laminated steel sheet (LSS). In contrast, we expect that the
AF-FePM will suppress the increase in the PWM harmonic
loss because of its ferrite PM, round copper wire, and soft
magnetic composite (SMC). It is important, and would be useful,
to understand differences in how the PWM harmonic current
affects the efficiencies of AF-FePM and RF-NdPM over a wide
operating region, but this has not been investigated yet.

Many research groups have investigated the influence of the
PWM harmonic current on the losses in RFPMs [7], [8], [9].
However, there have been few reports on the influence on losses
in AFPMs because three-dimensional finite element analysis
(3D-FEA) is generally needed. In some studies, AFPMs have
been investigated using approximate 2D-FEA [10], [11]. Addi-
tionally, in those studies, comparison with RFPM has not been
performed. Therefore, this paper has the following aims:

1) Verify the accuracy of the PWM harmonic current used
for FEA through experiments.

2) Perform a comprehensive comparison of the AF-FePM
and the target RF-NdPM using FEA.

Fig. 3. B-H curves of Nd-sintered PM and ferrite PM.

3) Clarify the superiority of the proposed AF-FePM by con-
sidering the PWM harmonic loss in a WLTC driving cycle.

4) Evaluate total loss including inverter loss at different
switching frequencies.

Only FEA results were reported in a previous conference pa-
per at ECCE2023 [12]. The present paper includes newly added
experimental results and additional FEA results. Furthermore,
this paper newly includes the evaluation of the effects of the
switching frequency on loss in both machines and inverters.

This paper is organized as follows. Section II describes the
structures, features, and materials of the proposed AF-FePM and
the target RF-NdPM. Additionally, the simulation results of the
PWM harmonic current caused by the PWM inverters in both
machines are also shown. Section III verifies the accuracy of
the PWM harmonic current used for FEA through experiments.
In Section IV, FEA is used to compare the efficiencies and
losses of both machines when sinusoidal and PWM harmonic
currents are applied. Section V presents a comparison of the
total energy loss of both machines in a WLCT driving cycle,
and demonstrates the superior efficiency of the AF-FePM com-
pared with the RF-NdPM. Section VI evaluates the effect of
switching frequency on motor and inverter losses, and discusses
the appropriate switching frequency at frequently used operating
area.

II. STRUCTURE OF THE TWO MACHINES AND ANALYSIS OF

PWM HARMONIC CURRENTS

A. Materials and Structure

Figs. 1 and 2 show the structures and materials of the AF-
FePM and the RF-NdPM. Table I lists the specifications of the
AF-FePM and the RF-NdPM. The RF-NdPM is mounted on a
commercially available hybrid vehicle (Honda Freed). In this
paper, the proposed AF-FePM is compared with the RF-NdPM.
Both machines have the same volume. Moreover, the axial length
and outer diameter of both machines are 78.6 mm and 261.6 mm,
respectively. The combination of poles and slots differ between
them, however. The RF-NdPM uses 12 poles and 18 slots, while
the AF-FePM uses 16 poles and 18 slots because the mechanical
strength of a disk-shaped rotor can be improved. Additionally,
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Fig. 4. Iron loss density of SMC (HB2, Sumitomo Electric Ind., Ltd.) and LSS
(35A270).

the AF-FePM enables back-FEM with a low THD, owing to the
16 poles/18 slots combination [13].

The AF-FePM uses a ferrite PM, which helps reduce the cost
of the permanent magnet. Fig. 3 shows the B-H properties of
the Nd-sintered PM (NMX-39EH, Hitachi Metals, Ltd.) and the
ferrite PM (NMF-15G, Hitachi Metals, Ltd.). The ferrite PM
has a 63% lower residual magnetic flux density compared with
the Nd-sintered PM. However, there is no PWM harmonic loss,
including the eddy current loss in the ferrite PM, because of its
near zero electric conductivity [14].

Furthermore, the AF-FePM uses a round copper wire, which
can reduce the eddy current loss in the winding [4]. It can,
therefore, be expected that the harmonic loss due to a PWM
inverter is suppressed by the round copper wire. Moreover, Fig. 4
shows the iron loss properties of an SMC and an LSS (35A270),
which were used for the magnetic cores in both machines. The
SMC (HB2, Sumitomo Electric Industries, Ltd.) chosen for the
AF-FePM has good iron loss properties compared with many
SMC materials [15]. At low frequencies near the operating
frequency, as shown in Fig. 4(a), the iron loss of the LSS is lower
than that of the SMC. Additionally, the operating frequencies of
the AF-FePM and the RF-NdPM differ at the same rotational
speed due to the difference in the number of poles. Fig. 4(b)
shows the iron loss in the high-frequency region. Unlike the

low-frequency region, the SMC has lower iron loss than the
LSS. Accordingly, this implies that the PMW harmonic iron
loss due to an inverter in the SMC is lower than that in an LSS.
Additionally, in [16], the harmonic iron loss of SMC (HB2)
and LSS considering the DC-bias is compared. According to
measured results, SMC can significantly suppress the increase
in iron loss due to DC-bias, compared to LSS. In summary, the
AF-FePM is likely to minimize the decrease in efficiency caused
by the PWM harmonic loss. On the other hand, this means that
if Nd-sintered PM or LSS is applied to AFPM, the advantage
against the PWM harmonic current is likely to be lost.

B. PWM Harmonic Current Simulation

In this paper, the PWM harmonic current was calculated by
a circuit simulator (PSIM, ver. 11.1.7). Fig. 5 shows schematic
PSIM circuit and current control used to calculate the PWM
harmonic current. The three-phase inverter is driven by the
current control using typical feedback, as shown in Fig. 5(b).
In this paper, co-simulation that combines current analysis with
FEA was not performed in PSIM. The reason is that when
co-simulation is performed, it is necessary to perform FEM at
the same time as current analysis, and it takes a long time for
the current to reach a steady state [17], [18]. Therefore, in this
research, we input the harmonic current waveform analyzed with
PSIM into the FEA software to finish the FEA with one period
of electrical angle. As a result, analysis time can be reduced.
On the other hand, when analyzing the harmonic current with
PSIM, it is necessary to consider differences in spatial harmonics
between the AF-FePM and RF-NdPM in order to perform accu-
rate analysis. Therefore, we have adopted a “behavioral model”
for the PMSM model used in PSIM. The behavioral model is
an analysis model that has lookup tables for PMSM spatial
harmonics, inductance [19]. The PWM harmonic currents of
the AF-FePM and RF-NdPM were calculated in all operating
areas under these prerequisites. In this section, the switching
frequency was set to 5 kHz. The evaluation and clarification of
the appropriate switching frequency for both machines including
the inverter is detailed in Section VI.

Fig. 6 shows the simulation results of PWM harmonic currents
in the two machines at 2000 rpm and 33 Nm. The area around
this operating point is frequently used during the WLTC driving
cycle. The analyzed PWM harmonic current of the AF-FePM
has a higher operating frequency than the RF-NdPM because
of the greater number of poles. As a result, the THD of the
analyzed PWM harmonic current in the AF-FePM is also higher
than that of the RF-NdPM, as shown in Fig. 6(a) and (b). The
greater number of poles reduces the number of switching times
per an electrical angle of 360 deg. Fig. 6(c) and (d) show that
the harmonic components corresponding of the switching fre-
quency of the AF-FePM are larger than those of the RF-NdPM.
Accordingly, in terms of the input current, the AF-FePM is more
susceptible to the target RF-NdPM.

III. EXPERIMENTAL VERIFICATION OF PWM HARMONIC

CURRENT USED FOR FEA

In this section, as a preliminary step toward the analytical
comparison, we describe use of a prototype AF-FePM to confirm
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Fig. 5. Schematic PSIM circuit and current control for analyzing the PWM harmonic current waveforms of the AF-FePM and RF-NdPM. (a) Circuit configuration.
(b) Control scheme.

Fig. 6. Analyzed PWM harmonic current waveforms and spectra with switching ripple at 2000 rpm, 33 Nm, and fsw = 5 kHz. (a) Current waveform of the
AF-FePM (16 poles). (b) Current waveform of the RF-NdPM (12 poles). (c) Harmonic spectrum of the AF-FePM. (d) Harmonic spectrum of the RF-NdPM.

the accuracy of the PWM harmonic current used in FEA and its
efficiency.

A. Prototype and Test Platforms

Fig. 7 shows the prototype of the AF-FePM. Fig. 7(a) and
(b) show the rotor and stator, respectively. The AF-FePM uses
a 16 pole/18 slot combination. In the rotor, the CFRP is directly
wound around the ferrite PMs to increase the effective area of

the magnet and enhance the mechanical strength simultaneously
[3]. In the stator, the SMC and the round copper wire are
used for the stator core and the winding, respectively. The
tooth-tips of the stator core were inserted to the teeth. The
entire stator was then molded with epoxy for cooling. We
confirmed that the prototype can be manufactured and assembled
without any issues. In this case, the tooth-tip and the tooth
need to be separated. On the other hand, this shape can be
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Fig. 7. Prototype of the proposed AF-FePM. (a) Rotor (16 poles). (b) Stator
(18 slots).

Fig. 8. Test platform and drive system. (a) Prototype and load. (b) Controller
and inverters.

manufactured by one pressing process in mass production, as
proposed in [20]. Additionally, the AF-FePM has a double-stator
and single-rotor structure [21]. Hence, the prototype has the two
stators.

Fig. 8 shows the test platform and drive system used in this
paper. The prototype of the AF-FePM is connected to an induc-
tion machine as a load via a torque meter. A three-phase inverter
(Myway Plus Corporation) was used to drive the prototype.

Fig. 9. Comparison of FEA-predicted and measured back-EMF (1000 rpm).

Fig. 10. Screenshot of an oscilloscope measuring the input PWM harmonic
current waveforms and electrical angle at 2000 rpm, 60 Arms, and β = 21 deg.

B. Experimental Results

Fig. 9 shows the FEA-predicted and measured no-load back-
EMF of the AF-FePM at 1000 rpm. The error of the voltage
effective value between the two waveforms is 0.5%, indicating
that the prototype was manufactured with high accuracy. Fig. 10
shows a screenshot of an oscilloscope (DL950, Yokogawa Test &
Measurement Corporation) measuring PWM harmonic currents
at the operating point that has the highest efficiency in the
AF-FePM. The rotational speed, current effective value, and
current phase angle β were 2000 rpm, 60 Arms, and 21 deg.,
respectively. Furthermore, the switching frequency fsw of the
inverter for the prototype was set to 5 kHz. From the phase
relationship with the electrical angle, we can see that the current
phase angle β can be controlled as expected.

Fig. 11 shows a comparison of the calculated and measured
PWM harmonic currents (fsw = 5 kHz). The calculated and
measured PWM harmonic current waveforms agree well, and
Fig. 11(b) shows the spectra of both. The total harmonic dis-
tortions (THD) of the calculated and measured currents are
4.79% and 4.87%, respectively. There is a slight error in the
amplitude of the component corresponding to the switching
frequency. The slight error might be caused by some control
factor and parasitic components. Such a phenomenon has also
been reported elsewhere [9], [22], [23]. However, in this result,
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Fig. 11. Comparison of calculated and measured PWM harmonic currents
when the switching frequency is 5 kHz. (a) Current waveforms. (b) Spectrum.

the accuracy of the calculated PWM harmonic current is very
high, which indicates that the influence of the PMW harmonic
current on the losses can be predicted by the FEA.

In general, total loss in the experiment is larger compared with
the FEA result due to the mechanical loss and the increase in iron
loss. Iron loss is increased by the PWM harmonic current. The
mechanical loss can be calculated by subtracting the total loss
in the FEA from the total loss in the experiment under no-load
condition. By subtracting this from the experimental results, it is
possible to calculate efficiency by considering only the increase
in loss in the PWM harmonic current.

Fig. 12 shows comparisons of the FEA-predicted and mea-
sured efficiencies at three representative operating points. The
two FEA-predicted efficiencies are calculated when applying
sinusoidal and PWM (fsw = 5 kHz) harmonic currents. The
measured total loss was obtained with a power meter (WT1800,
Yokogawa Test & Measurement Corporation). Then, the effi-
ciency in the experiment was calculated by subtracting the me-
chanical loss from the total loss. Fig. 12(a) shows the efficiencies
at a low-speed and low-torque operating point. At this operating
point, the total loss is small because the output power is low.
This means that the influence of the PWM harmonic loss on the

Fig. 12. Comparisons of FEA-predicted and measured efficiency. (a) Low-
speed and low-torque point (1313 rpm (base speed), 5 Nm, 10 Arms). (b) The
highest efficiency point (2000 rpm, 50 Nm, 60 Arms). (c) High-speed point
(4000 rpm, 20 Nm, 20 Arms).

efficiency tends to be high. Therefore, the FEA-predicted value
when applying the PWM current is much lower than with the
sinusoidal current. As a result, the FEA-predicted value with the
PWM current is very close to the measured efficiency. Fig. 12(b)
and (c) show the efficiencies at the highest efficiency point
and the high-speed operating point, respectively. Similarly, the
FEA-predicted efficiencies with the PWM harmonic currents at
these operating points also show values that are very close to
the efficiency obtained in experiments. From these results, we
conclude that the efficiency of actual machines can be predicted
with relatively high accuracy by considering PWM harmonic
currents in FEA.

IV. LOSS AND EFFICIENCY CALCULATION USING FEA

A. Each Loss At A Frequently Used Operating Point

In this research electromagnetic properties and losses were
calculated with FEA using JMAG Designer (version 21.0). The
harmonic iron loss calculated by FEA using JMAG Designer
does not consider the DC-bias. In this paper, the proposed
AF-FePM and the target RF-NdPM were analyzed using 3D-
FEA and 2D-FEA, respectively. Fig. 13 and Table II show
mesh models of the two machines and winding parameters,
respectively. In the two machines, a very fine mesh was set,
in order to accurately analyze the eddy current in the winding.
In particular, the analysis time is extremely long because the
AF-FePM is evaluated by 3D-FEA. The coil fill factor Cf of the
proposed AF-FePM is lower than that of the RF-NdPM because
the round copper wire is used, as shown in Table II.

When predicting the eddy current loss of a magnet using 2D-
FEA, the error from 3D-FEA may become large. This is due to
the inability to accurately simulate the eddy current path with
2D-FEA, and the error increases as the axial length of the model
becomes smaller [24]. Furthermore, it is difficult to predict the
eddy current loss using 2D-FEA when the PM is divided in the
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Fig. 13. Mesh models of two machines for FEA. (a) AF-FePM. (b) Target
RF-NdPM.

TABLE II
WINDING PARAMETERS OF THE AF-FEPM AND RF-NDPM

axial direction [25]. On the other hand, if the PM is not divided
in the axial direction, the error in the eddy current loss of the PM
obtained by 2D-FEA and 3D-FEA is small [26], [27], [28]. In
the target RF-NdPM the Nd-sintered PMs are not divided in the
axial direction, and, hence, it is possible to accurately calculate
loss, even with 2D-FEA.

Fig. 14 shows the magnetic flux density in the stator core of the
AF-FePM at 2000 rpm and 33 Nm. The armature current is low
at this operating point. Accordingly, magnetic saturation does
not occur in the stator core. Fig. 15 shows the torque waveforms
of the AF-FePM at the corresponding operating point when a
sinusoidal current and PWM harmonic current with fsw = 5
kHz are applied. The average torque of the AF-FePM is 33 Nm
regardless of input currents. However, torque ripple of the AF-
FePM increases when the harmonic current is applied because

Fig. 14. Magnetic flux density distributions of the AF-FePM when applying
a PWM harmonic current with fsw = 5 kHz (2000 rpm, 33 Nm).

Fig. 15. Torque waveform of the AF-FePM analyzed with sinusoidal and
harmonic currents (2000 rpm, 33 Nm, fsw = 5 kHz).

of slight changes in the magnetic flux during operation. This
change in magnetic flux causes additional harmonic iron loss
[29], [30].

Fig. 16 shows the iron loss density distribution in the SMC sta-
tor core of the AF-FePM at 2000 rpm and 33 Nm. Fig. 16(a) and
(b) show the distribution at a corresponding operating frequency
of 266 Hz when sinusoidal and PWM harmonic currents are
applied, respectively. The fundamental amplitude of sinusoidal
and harmonic currents is the same, and, therefore, the iron loss
density distributions are almost the same. Regions indicating
high magnetic flux density in Fig. 14 have high iron loss density.
Fig. 16(c) and (d) show the iron loss density distributions at
5.6 kHz corresponding to the PWM harmonic components.
In Fig. 16(c) the overall iron loss density is zero because a
sinusoidal current is applied. In contrast, the iron loss density in
Fig. 16(d) is obviously higher than in Fig. 16(c). This implies
that the PWM harmonic iron loss corresponding to the switching
frequency occurs in the stator core.

Fig. 17 shows a comparison of the iron loss spectra in the
stator cores of the tow machines at 2000 rpm and 33 Nm when
sinusoidal and PWM harmonic currents are applied, respec-
tively. Both analyses with sinusoidal and PWM harmonic
currents were performed with the same analysis resolution.
Fig. 17(a) shows a comparison of the iron loss in the AF-FePM.
The low-order harmonic iron losses in the two cases are almost
the same regardless of the input currents. However, if the PWM
harmonic current is applied, the high-order harmonic iron loss
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Fig. 16. Iron loss density distributions in the stator core of the AF-FePM
(2000 rpm, 33 Nm). (a) Fundamental iron loss at (266 Hz, sinusoidal current).
(b) Fundamental iron loss (266 Hz, harmonic current). (c) Harmonic iron
loss (5.6 kHz, sinusoidal current). (d) Harmonic iron loss (5.6 kHz, harmonic
current).

occurs. As a result, it can be seen that the stator core iron loss
increases for frequencies over 5 kHz, which is the switching
frequency. Additionally, the higher the frequency becomes, the
smaller the iron loss that occurs, regardless of the input cur-
rent. This is because the iron loss of the SMC is small in the
high-frequency region, as shown in Fig. 4(b). Fig. 17(b) shows
a comparison of the stator iron loss in the LSS of the RF-NdPM.
The low-order harmonic iron losses in the two cases are almost
the same regardless of the input currents, which is a similar
trend to what was seen in the AF-FePM. On the other hand, the
higher the frequency, the larger the high-order harmonic iron
loss. This is because the LSS tends to have a larger iron loss
at high-frequency regions compared to the SMC, as shown in
Fig. 4. Furthermore, if the PWM harmonic current is applied,
then high-order harmonic iron loss occurs.

Table III lists the iron loss in the stator cores of the two
machines at 2000 rpm and 33 Nm. Under sinusoidal current
conditions, the iron loss of the AF-FePM is larger than that of
the RF-NdPM due to the large low-order iron loss of the SMC.
Moreover, the iron loss of both machines is increased in cases

Fig. 17. Comparison of the spectrum of iron loss in the stator cores when
applying sinusoidal and PWM harmonic currents (2000 rpm, 33 Nm). (a) The
AF-FePM. (b) The RF-NdPM.

TABLE III
SUMMARY OF STATOR IRON LOSS AT 2000 RPM AND 33 NM

where PWM harmonic currents are considered. However, the
rate of increase in the iron loss of the AF-FePM is much lower
than that of the RF-NdPM. This is because the iron loss density
of the SMC in the high-frequency region is lower than the LSS,
as shown in Fig. 4.

Fig. 18 shows the efficiency and losses of the two machines
when applying the sinusoidal and analyzed PWM harmonic
currents at 2000 rpm and 33 Nm. The total loss calculated for
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Fig. 18. Loss and efficiency when applying a sinusoidal current and the
analyzed PWM harmonic current with fsw = 5 kHz (2000 rpm, 33 Nm).

the sinusoidal current in the AF-FePM is 9.5% larger than in
the RF-NdPM because the iron loss of the SMC is large in the
low-frequency region. In contrast, the total loss simulated by
the PWM harmonic current with fsw = 5 kHz in the AF-FePM
is 3.3% smaller than that in the RF-NdPM. This means that the
magnitude relation of the total loss and the efficiency in both
machines is reversed by the PWM harmonic components in the
input current. In the RF-NdPM the increasing ratio of the eddy
current loss in the Nd-sintered PM and the rectangular copper
wire is high. Additionally, the increasing ratio of the iron loss
in the RF-NdPM is higher than in the AF-FePM because the
iron loss of the SMC is smaller at fsw = 5 kHz than in the LSS,
as shown in Table III. Hence, the AF-FePM can moderate the
increase in harmonic loss despite having a higher THD of input
current.

B. Loss and Efficiency Over A Wide Operating Range

Fig. 19 shows the THD of the analyzed PWM harmonic
current of the two machines at 2000 rpm. The THD of the
AF-FePM is higher than that of the RF-NdPM in all areas
because of the greater number of poles. In the region where
the torque is small the THD of both machines is high because
the fundamental amplitude of the armature current is small.

Fig. 20 shows a reduction in the efficiency under the PWM
harmonic currents and the efficiency of the two machines at 2000
rpm. Although the THD of the PWM harmonic current in the AF-
FePM is higher, the decrease in efficiency caused by the PWM
harmonic current is lower than in the RF-NdPM (Fig. 20(a)). As a
result, for the PWM harmonic current the torque at which the ef-
ficiency of both machines is reversed shifts to 22 Nm from 40 Nm
(Fig. 20(b) and (c)), and the AF-FePM exhibits higher efficiency
over a wider area. In the AF-FePM, the iron loss changes greatly

Fig. 19. THD of the analyzed PWM harmonic current at fsw = 5 kHz
(2000 rpm).

Fig. 20. Efficiency properties of the AF-FePM and RF-NdPM at 2000 rpm.
(a) Reduction of efficiency due to the PWM harmonic current. (b) Efficiency
calculated for the sinusoidal current. (c) Efficiency calculated for the analyzed
PWM harmonic current at fsw = 5 kHz.
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Fig. 21. Efficiency maps calculated under the sinusoidal current condition. (a) The proposed AF-FePM. (b) The target RF-NdPM.

Fig. 22. Efficiency maps calculated under the PWM harmonic current condition with fsw = 5 kHz. (a) The proposed AF-FePM. (b) The target RF-NdPM.

with respect to the magnetic flux density of the SMC used in the
stator core. As a result, the efficiency of the AF-FePM changes
secondarily.

Fig. 21 shows efficiency maps calculated from the sinu-
soidal currents in the two machines, each of which has a high-
efficiency area of over 96%. In addition, the frequently used
representative operating points of each phase in WLTC driving
cycle are also plotted on the maps. The AF-FePM has much
higher efficiency than the RF-NdPM in the high-speed region
because its eddy current loss in the round copper wire and
ferrite PM is extremely low. In contrast, as rotational speed
increases, the efficiency of the RF-NdPM becomes markedly
lower than that of the AF-FePM due to the eddy current loss in the
Nd-sintered PM and the rectangular copper wire. Specifically,
when both machines output 22 kW at the maximum rotational
speed of 6800 rpm, the winding eddy current loss of the tar-
get RF-NdPM is 1.0 kW, while the proposed AF-FePM can
suppress it to approximately 0.2 kW [31]. As shown by the
representative operating points of high phase and extra-high
phase, both machines also operate in the high-speed region
in WLTC driving cycle, which is likely to affect the total en-
ergy loss. However, in the low-speed and low-torque region

the efficiency of the RF-NdPM is higher than that of the AF-
FePM because the LSS exhibits lower iron loss compared with
the SMC.

Fig. 22 shows efficiency maps considering the PWM har-
monic loss caused by PWM switching at fsw = 5 kHz. As men-
tioned in the previous section, the AF-FePM can minimize the
effects of the PWM harmonic current. Consequently, although
the THD of the PWM harmonic current is high, the AF-FePM
can maintain high efficiency over a wide operating area. In
contrast, the region with efficiency of over 96% is not seen in
the efficiency map of the RF-NdPM because of the large effect
of the PWM harmonic current.

Fig. 23 presents maps of the reduction in efficiency (efficiency
under the PWM harmonic current subtracted from that under the
sinusoidal current). In the two machines the effect of the PWM
harmonic loss on the efficiency is large in the low-torque region
because the THD of the PWM harmonic current is high in these
areas. However, the reduction in efficiency of the AF-FePM is
much lower than that of the RF-NdPM. Accordingly, although
the AF-FePM has both a greater number of poles and a harmonic
current with higher THD than the RF-NdPM, it is possible to
suppress the decrease in efficiency. As a result, the AF-FePM can
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Fig. 23. Maps of the reduction in efficiency, calculated by subtracting the efficiency with the PWM harmonic current from the efficiency with the sinusoidal
current. (a) The proposed AF-FePM. (b) The target RF-NdPM.

Fig. 24. The vehicle driving cycle (WLTC class 3) and the corresponding
operating points of the AF-FePM and RF-NdPM. (a) Vehicle speed pattern.
(b) Corresponding operating points.

maintain high efficiency at the representative operating points
in the WLTC driving cycle.

V. COMPARISON BASED ON A WLTC DRIVING CYCLE

Fig. 24 shows a vehicle driving cycle (WLTC class 3) and the
corresponding operating points of the two machines [32]. In this
paper the characteristics of both machines are evaluated using
these operating patterns. In addition, the frequently used repre-
sentative operating points of each phase in WLTC driving cycle

are also plotted. Fig. 25 shows the total loss in both machines
during the WLTC driving cycle, which is calculated based on the
map data shown in Figs. 21 and 22. Fig. 25(a) shows the total
loss in both machines calculated using sinusoidal currents. In
the low, medium, and high phase modes the AF-FePM has more
moments with higher total loss compared to the RF-NdPM. One
reason for this is that both machines frequently operate in the
low-torque region where the RF-NdPM has higher efficiency in
these three modes. On the other hand, in the extra-high phase
mode both machines frequently operate in the high-speed region,
as shown in Fig. 24(b). As a result, the total loss of the AF-FePM
is noticeably smaller than that of the RF-NdPM, as shown in
Fig. 25(a). In the high-speed and large-torque region the output
power is large, and, therefore, the difference in efficiency tends
to affect the total loss.

Fig. 25(b) indicates the same comparison between the two
machines when the PWM harmonic current with fsw = 5 kHz is
applied. As mentioned previously, the AF-FePM can restrain
the decrease in efficiency, especially in the low-torque area.
Therefore, the AF-FePM can avoid increasing the total loss in
the low, medium, and high phase modes. On the other hand,
the RF-NdPM exhibits a larger decrease in efficiency when
considering the PWM harmonic current, leading to a large total
loss compared to the AF-FePM. Additionally, in the high and
extra-high phase modes it can be observed that the total loss
difference between the two machines has increased.

Fig. 26 shows the total energy loss of the two machines
during the WLTC driving cycle. The values in Fig. 26 are
obtained by integrating the graph in Fig. 25. The AF-FePM has
a larger loss than the RF-NdPM in the low, medium, and high
phase modes when considering the sinusoidal current because
the efficiency of the RF-NdPM is higher in the low-speed and
low-torque regions. However, the energy loss of the AF-FePM
in the extra-high phase is 19.0% lower. Consequently, the total
energy loss of both machines is almost the same when applying
the sinusoidal current. On the other hand, in the case where the
PWM harmonic current was considered the total energy loss of
the RF-NdPM increased by 21.4%. In contrast, the AF-FePM
can limit the increase in the total energy loss to 8.0%. As a result,
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Fig. 25. Total loss in the AF-FePM and RF-NdPM during WLTC cycle. (a) Sinusoidal current operation. (b) PWM harmonic current operation (fsw = 5 kHz).

Fig. 26. Total loss of the AF-FePM and RF-NdPM during the WLTC driving
cycle and a comparison based on the presence/absence of the PWM harmonic
components in the input current.

the AF-FePM can achieve 15.9% lower total energy loss with
the PWM harmonic current than the RF-NdPM.

Additionally, the total energy loss in the low, medium, and
high phase modes of the AF-FePM is 5.2% smaller than that
in the RF-NdPM. Hence, the relationship for the total energy
loss between the two machines is reversed. Furthermore, in the
AF-FePM the increase in total energy loss can be restrained

when a low switching frequency is used, as in this investigation.
This means that the AF-FePM can reduce inverter loss and
improve system efficiency. In addition to having better thermal
properties than RFPMs [33], the AF-FePM can suppress the rise
in temperature because the total energy loss is small.

VI. IMPACT OF SWITCHING FREQUENCY ON TOTAL LOSS

CONSIDERING THREE PHASE INVERTER

In the previous sections, we showed that AF-FePM can sup-
press loss in harmonic currents. On the other hand, various
techniques exist to reduce harmonic currents and corresponding
losses. For example, harmonic currents can be suppressed by
using a sine wave filter [34]. However, the system becomes larger
and costs increase because additional components such as induc-
tors are required. Furthermore, next-generation semiconductors
such as SiC and GaN devices can suppress device switching
loss even when the switching frequency is increased, making it
possible to increase system efficiency [35]. Hori et al. [36] dis-
cusses variable switching frequency technology that uses GaN
devices to increase the system efficiency considering motors and
inverters. On the other hand, SiC and GaN devices also have the
problem of increased costs and GaN’s low withstand voltage.
Additionally, [37] proposes a method of suppressing harmonic
current by switching using carrier phase shift technique. In [38],
the harmonic current is suppressed by optimizing the switching
sequence. However, [37] and [38] require multi-inverters, which
increases the size of the system.
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Fig. 27. Analyzed harmonic currents at different switching frequency at
2000 rpm and 33 Nm. (a) AF-FePM (40 Arms). (b) RF-FePM (42.5 Arms).

From the above, countermeasures for the harmonic current
generally have disadvantages such as increased costs and larger
systems. On the other hand, the AF-FePM proposed in this
paper can suppress an increase in loss even at low switching
frequencies. Hence, it may be possible to improve system effi-
ciency by lowering the switching frequency fsw in inverters using
regular Si devices. Therefore, this section discusses harmonic
current waveforms and their THD, inverter loss, and total loss
considering three-phase inverter as the switching frequency is
changed.

Fig. 27 shows analyzed harmonic current waveforms of AF-
FePM and RF-NdPM at different switching frequencies at fre-
quently used operating points (2000 rpm, 33 Nm). Additionally,
Fig. 28 indicates the spectra of the harmonic currents, showing
peaks corresponding to each switching frequency. Furthermore,
Fig. 29 shows the THD of the harmonic currents with respect to
the switching frequency fsw in both machines. When the switch-
ing frequency is increased for both machines, THD decreases,
and at fsw = 20 kHz, the waveform becomes close to a sine wave.
As a result, the difference between both machines disappears.
On the other hand, as shown in Section II, in the case of fsw =
5 kHz, the THD of the input current is higher for the proposed
AF-FePM.

Fig. 30 shows the inverter losses for both machines at different
switching frequencies. The considered inverter in this paper
employs A 400 V Si-MOSFET as switching devices. Inverter
losses are generally classified into switching loss and conduction

Fig. 28. The spectra of input harmonic current in both machines at 2000 rpm
and 33 Nm. (a) AF-FePM (40 Arms). (b) RF-NdPM (42.5 Arms).

Fig. 29. Comparison of THD of the input harmonic currents for both machines
at 2000 rpm and 33 Nm.

Fig. 30. Inverter losses used for the AF-FePM and RF-NdPM at differ-
ent switching frequencies (2000 rpm and 33 Nm). (a) AF-FePM (40 Arms).
(b) RF-NdPM (42.5 Arms).



TSUNATA et al.: SUPERIOR EFFICIENCY UNDER PWM HARMONIC CURRENT IN AN AXIAL-FLUX PM MACHINE FOR HEV/EV TRACTION 6749

Fig. 31. Motor loss and total system loss including inverter loss of both
machines versus switching frequency at 2000 rpm and 33 Arms. (a) Motor
loss. (b) Total system loss.

loss, and can be predicted mathematically [39], [40]. In this
paper, inverter losses in the system for AF-FePM and RF-NdPM
were calculated based on [39]. As the switching frequency is
increased, the switching loss linearly increases in the inverter of
both machine systems. As a result, at this operating point, the
switching loss become dominant at fsw = 20 kHz. Furthermore,
the conduction loss is hardly affected by the switching frequency.
In addition, total inverter loss of RF-NdPM is slightly larger than
that of the AF-FePM because the input current is larger.

Fig. 31 indicates the motor loss and the total loss including the
inverter loss at different switching frequencies. As the switching
frequency decreases, the loss increases for both machines, but
the change is smaller for the AF-FePM. As a result, at high
switching frequencies, the AF-FePM has larger loss than that
of the RF-NdPM, but at fsw = 5 kHz, AF-FePM can achieve
lower loss. Furthermore, Fig. 31(b) shows the total loss including
inverter loss, and it can be seen that in both cases, the lower the
switching frequency, the smaller the total loss. Therefore, it is
possible to reduce system loss by setting the switching frequency
to fsw = 5 kHz in this investigation.

In addition, in the high switching frequency range, the to-
tal loss of both machines is almost the same, but the AF-
FePM can suppress the increase in motor loss even at low
switching frequencies. As a result, the total system loss of the
AF-FePM can be lower than that of the RF-NdPM at fsw = 5
kHz.

VII. CONCLUSION

In this paper, we evaluated the effect that the PWM harmonic
current has on the proposed AF-FePM and on a commercially
available RF-NdPM mounted in a Honda Freed. The following
conclusions were reached for each investigation and evaluation.

1) As a preliminary step toward the analytical comparison,
PWM harmonic currents were evaluated in experiments
using a prototype AF-FePM to confirm the accuracy of
the PWM harmonic current used in FEA. As a result, the
THD of the calculated and measured currents were 4.79%
and 4.87%, respectively, which showed good agreement.
Additionally, FEA-predicted efficiency of the AF-FePM
considering the harmonic current and the measured effi-
ciency were almost matched at representative operating
points. Accordingly, we concluded that the efficiency of
actual machines can be predicted with relatively high
accuracy by considering PWM harmonic currents in FEA.

2) The THD of the harmonic current in the AF-FePM was
higher than that of the RF-NdPM in all operating region
because of the greater number of poles. However, the
AF-FePM can moderate the increase in harmonic loss
despite having a higher THD of input current. This is
because the iron loss density of the SMC used for the
AF-FePM in the high-frequency region is lower than the
LSS for the RF-NdPM. Furthermore, it was found that
the round copper wire and ferrite PM also contributed
to suppressing the increase in PWM harmonic losses in
the AF-FePM. On the other hand, it should be noted that
applying other materials to the AFPM may eliminate these
benefits against the PWM harmonic loss.

3) Loss of both machines was compared for a WLTC driving
cycle. In the analysis with the sinusoidal current, the total
energy loss in the WLTC driving cycle was almost identi-
cal for the two systems, but when the PWM harmonics
were taken into consideration the AF-FePM was able
to suppress any increase in the total loss, resulting in a
total loss reduction of 15.9% compared to the RF-NdPM.
Accordingly, we saw that the AF-FePM has superior effi-
ciency than the RF-NdPM for the PWM harmonic current,
which comes from the PWM inverter.

4) The total system loss considering the inverter loss when
changing the switching frequency was evaluated at repre-
sentative operating points. As a result, this paper revealed
that the total system loss can be reduced by setting the
switching frequency to 5 kHz in both machines. Eventu-
ally, the total system loss of the proposed AF-FePM was
lower than that of the RF-NdPM.

Based on the above conclusions, the proposed AF-FePM can
be realized at low cost, has high motor efficiency, and can
improve system efficiency including the inverter. Therefore, it
can be considered.
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