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ABSTRACT Variable flux motors with adjustable magnetic flux have been gaining attention because of
their capability to simultaneously achieve a high torque density and high efficiency. In addition, the output
power characteristic, which is related to acceleration performance, in high-speed areas is important in
traction applications. However, typical traction motors have lower output power in high-speed areas. In this
paper, a Hybrid-Excitation Variable Flux Memory Motor (HE-VFMM) is therefore proposed to enhance
output power characteristics under six-step operation mode in high-speed area. The proposed HE-VFMM
can perform magnetic flux adjustment with two components: field winding and variable flux permanent
magnet (VPM), thus dramatically increasing flux adjustment range. The simulation results show the proposed
HE-VFMM achieves 23.7% higher output power at 17,000 rpm than that of an existing traction motor in Prius
4th generation that has the same size while maintaining high efficiency in the frequently used operating
area. Additionally, it was found that variable magnetic flux is very effective in enhancing the output power,
especially in the high-speed region because the magnetic saturation in the stator core is mitigated by field-
weakening control. Consequently, as the rotational speed increases, an increase ratio of the output power
caused by the adjustable magnetic flux becomes higher. This paper shows that the proposed HE-VFMM is
an effective method for improving the problem of low output power in high-speed regions in traction motors.

INDEX TERMS Variable flux memory motor, hybrid excitation motor, traction applications, EV, HEV,
six-step operation, one-pulse drive, output power density.

I. INTRODUCTION

Traction motors for EV and HEV require high torque den-
sity and efficiency [1]. In addition, the output power char-
acteristic in high-speed areas is also important in traction
applications because it is related to acceleration performance.
However, as shown in Fig.1 typical traction motors are prone
to have a lower output power in the high-speed area than
its peak point around the base speed [2], [3]. Accordingly,
to improve the acceleration performance in high-speed areas,
it is essential to increase the motor size. On the other hand,
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if the output power in the high-speed area is increased with
a fixed motor size, the efficiency in the frequently used
operating area decreases. Thus, this paper aims to address
the problem of low output power in the high-speed area
of traction motors while maintaining motor size and high
efficiency.

In recent years, variable flux motors with adjustable flux
leakage have been gaining attention because they can achieve
high torque density and efficiency. With variable flux motors,
the magnetic flux can be properly adjusted, so there is a
possibility of improving the output power in high-speed areas
while maintaining the same motor size and high-efficiency
performance. Variable flux motors can be classified into
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FIGURE 1. Typical characteristic of output power of traction motors and
goal of this research.

[ Variable flux motor |

(1) ("(»nlingrulimJ Others

I
Memory motor

(VEMM)

(2) Change method

1
Hybrid excitation
motor (HEM)

(2) FW* position | (“rw: Ficld winding)

[AC-magnetized | [DC-magnetized]| [Rotor type] [Stator type |
i (3) PM material

[Single-PM| [Hybrid PM]|

Proposed HE-VFMM

FIGURE 2. Classification of typical variable flux motors and position of
proposed HE-VFMM.

various configuration. Fig. 2 shows classification of typical
variable flux motors and position of the proposed motor in
this research. One of the typical configurations is Variable
flux memory motor (VFMM). VFMM can change the mag-
netization state of permanent magnet (PM) by pulse current.
Additionally, VFMMs are classified into AC-magnetized and
DC-magnetized type by the magnetization method [4], [5].
Furthermore, each type can be classified into single-PC and
hybrid-PM types, and various structures are being stud-
ied [6], [7]. In recent years, the hybrid-PM type has been
actively investigated because its high output density and high
variable magnetic field capacity.

On the other hand, there is a structure such as a hybrid
excitation motor (HEM) that has variable field magnetism
using PM and field winding (FW) [8]. HEMs can be classified
according to whether the FW is installed in the rotor or stator.
A slip ring is required to apply the field current to the FW on
the rotor, but high field adjustment capability can be achieved.
On the other hand, when the FW is installed in the stator, a slip
ring is not necessary, but the variable flux range is reduced.

Our research group has proposed hybrid-excitation vari-
able flux memory motor (HE-VFMM), which achieves
greater performance by combining VFMM and HEM [9]. The
proposed HE-VFMM can perform magnetic flux adjustment
with two components: the field winding and variable flux
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permanent magnets (VPM), thus dramatically increasing flux
adjustment range. As a result, the proposed HE-VFMM is
likely to realize much higher efficiency and output power
simultaneously compared with typical interior permanent
magnet synchronous motors (IPMSM) with constant mag-
netic flux.

The efficiency of the proposed HE-VFMM has already
been investigated, and its performance is superior to a traction
motor in the Toyota Prius 4™ generation [9]. In this paper,
the output power performance of the proposed HE-VEMM
was investigated and compared to that of the traction motor
in the Prius 4™ generation as a target motor. Their output
power is evaluated under the six-step operation mode because
the target motor operates with this control method in the
high-speed region. The simulation results show that the pro-
posed HE-VFMM achieves 23.7% higher output power at
17,000 rpm than that of the target motor. This result shows
that the proposed HE-VFMM can dramatically enhance the
acceleration characteristics in the high-speed region, which
is one of the drawbacks of traction motors. In addition, this
paper proposes and evaluates a non-constant air gap for the
HE-VFMM to enhance the efficiency in the six-step operation
mode.

Il. STRUCTURE AND MECHANICAL STRENGTH OF
PROPOSED HE-VFMM

A. STRUCTURE AND DESIGN PARAMETERS

Fig. 3 shows cross-sectional views of the proposed
HE-VFMM and the target motor mounted in the Prius 4th
generation. In this paper, the proposed HE-VFMM is com-
pared to the target motor, which is an IPMSM with good
performance for a better comparison to understand its effec-
tiveness [10]. Both motors have the same stator structure and
basic parameters such as dimensions, voltage, and rotational
speed, as listed in Table 1. Heat generation in the winding is
strongly related to the current density [11]. Accordingly, the
armature current density of the proposed HE-VFMM was set
to 27.5 Arms/mm? which is same as the target motor. On the
other hand, since it is more difficult to cool the rotor than the
stator, the maximum current density of the DC field current
is 15 A/mm?2. The current value in this case is 12 A. Moreover,
the magnetizing current pulse is three times the rated value
because it is applied only for a short period of time. This
means that the maximum magnetizing current pulse is 36 A.
Additionally, the maximum value of demagnetization and
magnetization currents is same each other.

Variable flux motors can be classified into several types
depending on the variable flux scheme as shown in Fig. 2.
Notably, many research groups have developed variable
flux memory motors (VFMM) and hybrid excitation motors
(HEM) [7], [12], [13], [14], [15]. VFMMs have variable-flux
permanent magnets (VPM) that can change their magne-
tization ratio (MR) and magnetization direction (MD) by
applying a current pulse. Accordingly, the VFMM can realize
magnetic flux adjustment by changing the MR and MD of the
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FIGURE 3. Cross-sectional Views of evaluated motors. (a) Proposed
HE-VFMM. (b) Target motor mounted in Prius 4th generation for
comparison.

VPM [16]. On the other hand, HEMs have both permanent
magnets (PMs) and field windings, adjusting magnetic flux
in the air gap by controlling the field current.

Table 2 lists comparison of VFMMs, HEMs, and the pro-
posed HE-VFMM in traction applications. VFMMs have
simple structure that is almost same as typical IPMSMs, real-
izing variable magnetic flux with low cost. On the other hand,
VFMMs need to input magnetizing current pulse into the
armature winding, and therefore, VPMs need to be installed
close to the rotor surface. As a result, there is not much
flexibility in the position of VPMs. This makes it easy to
cause unintentional demagnetization, which is a critical issue
in VFMMs because VPM is exposed to the diamagnetic field
caused by load current in the armature winding, especially in
traction applications. The unintentional demagnetization is an
unexpected change in MR and MD of VPMs due to the arma-
ture current during operation or diamagnetic field caused by
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TABLE 1. Main parameters and dimensions of proposed HE-VFMM.

Item Value
Pole / Slot combination 8 pole / 48 slot”
Total axial length 118.5 mm*
Stator outer diameter 215 mm"
Max. DC-bus voltage 600 V*
Max. inverter current 180 Arms”
Max. armature current density 27.5 Arms/mm?*
Max. rotational speed 17,000 rpm*

15 Ade/mm? **

45 Ade/mm? ™"

Rated field current density

Max. magnetizing current density

(*Same value as target motor (Toyota Prius 4th generation))
(*"Rated field currentis 12 A (= 15 Ad/mm?))
(*""Maximum magnetizing current is 36 A (= 45 Adc/mm?))

CPMs [17]. The unintentional demagnetization has been con-
sidered in several research groups. For example, double layer
structure is effective in enhancing durability against the unin-
tentional demagnetization of VPM [18]. However, the fact
remains that there are restrictions on the location of the VPM
in the VFMM.

HEMs have high controllability because a variable mag-
netic flux can be realized by simply changing the field
current. Additionally, the PMs in HEMs are constant-flux
permanent magnets (CPM) that have unchanged MR and
MD. Therefore, the flexibility of the PM position in the HEMs
is high. However, HEMs require additional field windings,
leading to increased costs. Moreover, HEM can be classified
according to whether the field winding is in the rotor or
stator [19], [20]. HEMs with rotor winding require a slip
ring, which causes maintenance and cost issues in traction
applications [21]. However, in recent years, the problem has
gradually improved, as seen in Renault’s ZOE, which uses a
traction motor with a slip ring [22].

On the other hand, HEMs have critical issues in terms of
efficiency in low-speed and middle-torque areas, which are
frequently used [9]. The efficiency in that area is reduced by
a constantly applied field current, which generates the field
copper loss. Additionally, the copper loss in the field winding
causes an increase in the rotor temperature. Therefore, the
efficiency of conventional HEMs in this area is prone to
decrease compared with that of typical [IPMSMs.

Compared with the aforementioned conventional motors,
the proposed HE-VFMM shown in Fig. 3(a) can overcome
the issues of VFMMs and HEMs. Fig. 4 shows the principle
of the variable flux scheme for each variable flux motor.
As mentioned above, the VFMM shown in Fig. 4(a) realizes
variable magnetic flux due to a change in the MR and MD of
the VPMs. The magnetic flux of the HEM, shown in Fig. 4(b),
is changed by adjusting the field current in the rotor. On the
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TABLE 2. A Comparison of traction motors with different variable flux schemes.

Components for

Motor type variable magnetic flux Advantages Disadvantages
. e Necessity of applying current
e Simple structure pulse to armature winding
(almost same as typical IPMSMs) o .
VFMM VPM = N edlAom Gumr s e Low flexibility of PM position
e Good manufacturability, low cost e Structure prone to unintentional
demagnetization of VPM"
¢ Higher cost due to additional
« High controllability field winding than VFMM
(Easy to change magnetic flux) ¢ Low maintainability of slip ring
HEM Field winding
e High flexibility of PM position * Low ei.hclency in low-speed
operating area due to constantly
generating field copper loss™
e Larger variable flux range
than VFMM and HEM
¢ High resistance to unintentional
demagnetization of VPM e Higher cost due to additional
VPM ( i i field winding than VFMM
HE-VFMM i Improving demerit of VFMM) g
(Proposed model) Field winding o High efficiency by not applying ~ * Low maintainability of slip ring

field current steadily

e Need to employ divided core

(“Tmproving demerit of HEM)

e High efficiency over a wide

operating area

other hand, Fig. 4(c) shows the variable flux scheme of the
proposed HE-VFMM. The proposed HE-VFMM combines
the HEM with VFMM, having both the field winding and
VPM. The proposed HE-VFMM achieves high performance
while compensating for the drawbacks of the HEM and
VFMM, as shown in Table 2. Unlike many conventional
VEMMs, VPMs are installed on the inner side of the rotor
in the proposed motor. Hence, the durability against uninten-
tional demagnetization can be enhanced because the effect of
the diamagnetic field from the armature current is restrained.

In Mode-1, a closed magnetic path in the rotor is con-
structed by some CPMs and VPMs after the VPM is demag-
netized by magnetizing current applied to the field winding.
As a result, the magnetic flux density in the air gap By
is decreased, reducing the iron loss and induced voltage.
In Mode-2, MD of VPM is reversed by current pulse applied
to the field winding, and then By is increased. In contrast to
the HEM, the proposed HE-VFMM does not require a con-
stant input of the field current. This implies that the proposed
HE-VFMM can improve the copper loss in the field winding
of the HEM.

Furthermore, the proposed HE-VFMM can additionally
enhance Bg by constantly applying a field current /s under
a certain condition, as shown in Mode-3. Accordingly, the
proposed HE-VFMM realizes a larger variable flux range
than conventional HEMs and VFMMs by seamlessly chang-
ing among the three modes.
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In summary, the proposed VFMM uses two methods for
adjusting the magnetic flux. The d-axis magnetic flux ¥4 of
the proposed HE-VFMM can be defined as

Ya = Lgiqg + wcpm + vam + ¢f (D

where L; and i; are the d-axis armature inductance and
current, respectively; ¥cpm and VYypm are the flux linkages
of the CPM and VPM, respectively; vy is the magnetic flux
generated by the field current Iy applied to the field winding
on the rotor. Accordingly, the proposed HE-VFMM realizes
a very large adjustable range of 1, owing to the adjustable
Vypm and Yry.

Additionally, the VPMs in the proposed HE-VFMM are re-
magnetized and demagnetized by a current pulse in the field
winding. As a result, VPMs can be sufficiently magnetized,
although they are installed on the inner side of the rotor.
Furthermore, the proposed motor can prevent VPMs from
unintentional demagnetization by applying a field current
under heavy-load condition. This implies that the proposed
HE-VFMM can improve the unintentional demagnetization
problem of the VFMM.

B. ASSEMBLY PROCEDURE AND MECHANICAL
STRENGTH, MATERIALS

The proposed HE-VFMM has two types of permanent magnet
(PM) materials because a hybrid PM structure in the VFMM
is employed [23]. The proposed HE-VFMM has NdFeB

82027



IEEE Access

R. Tsunata et al.: Design and Analysis of HE-VFMM for Traction Applications

Bg increases

Bg decreases

Field winding
Both

Field winding

Changing

Adjusting field

Bg increases
A

........

..........
...................

Field
current Iy

Adjusting field
current I,

(b)
B increases

current I,

Bg additionally increases

High tensile
steel sheet

Field
current Iy

FIGURE 4. Principle of each variable flux scheme. (a) VFMM. (b) HEM. (c) Proposed HE-VFMM.

‘ X m
= (R26HE) -
F-“" Sa <o
il
35HXT780T
W

|

FIGURE 5. Assembly procedure of proposed rotor in HE-VFMM.

magnet (NMX-39EH, Hitachi Metal, Ltd.), which is a CPM
and SmCo magnet (R26HE, Shin-Etsu Chemical, Co., Ltd.),
which is a VPM.

Fig. 5 shows the assembly procedure for the proposed HE-
VFEMM. The proposed HE-VFMM has divided rotor cores,
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because the field winding must be inserted inside the rotor.
Firstly, VPM and CPM 1, which are located between magnetic
poles are inserted into rotor corel that is a high-tensile steel
sheet (35HXT780T, Nippon Steel Co., Ltd.). Secondly, the
field winding is automatically wound on rotor corel from
outside. Thirdly, the CPM2 and the rotor core2 which is the
electromagnetic steel sheet (35A210) are inserted into the
rotor corel. As a result, the basic structure of the rotor is
complete. The field current is supplied to the field winding
in the rotor via a slip ring [24].

A structural analysis at the maximum rotational speed of
17,000 rpm is carried out to clarify the mechanical strength
of the proposed HE-VFMM and the target motor (Prius).
In this paper, the structural analysis did not consider the
adhesive between the rotor core and PMs. Furthermore, the
magnetic force was not considered in this analysis because
the centrifugal force is dominant, especially in the high-
speed region. The proposed HE-VFMM employs two types
of materials in the rotor. In the area contributing to an
increase in the reluctance torque uses the electromagnetic
steel sheet (35A210) [25], and in other parts, the high-tensile
steel sheet (35SHXT780T) is used for enhancing mechanical
strength of the rotor. The yield point strengths of the materials
are 432 MPa and 860 MPa for the electromagnetic steel sheet
and high-tensile steel sheet, respectively. Structural analysis
was carried out using CAD software (SolidWorks) in this

paper.
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FIGURE 6. FEA predicted Von Mises Stress distributions at 17,000 rpm.
(a) Electromagnetic steel sheet (35A210) in proposed HE-VFMM. (b) High
tensile steel sheet (35HXT780T) in proposed HE-VFMM. (c) Target motor
for comparison.

Fig. 6 shows the distribution of the von mises stress in the
rotors of the two motors at 17,000 rpm. Fig. 6(a) shows the
result of the electromagnetic steel sheet in the proposed HE-
VFMM. The maximum von mises stress is 321 MPa at the
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FIGURE 7. Operating point of VPMs when applying demagnetizing and
re-magnetizing current pulse.

ribs located on both sides of the CPM, while the yield point
strength is 432 MPa. Hence, the safety factor of the electro-
magnetic steel sheet is 1.4, and it was revealed that there is a
sufficient margin of mechanical strength. Fig. 6(b) shows the
distribution of the von mises stress of the high-tensile steel
sheet. The maximum von mises stress is 684 MPa around the
CPM located between poles, while the yield point strength
is 860 MPa so that the safety factor of the high-tensile steel
sheet is 1.3. Fig. 6(c) shows the von mises stress in the rotor
of the target motor. The target motor has only an electro-
magnetic steel sheet (35A210). The maximum von mises
stress is 325 MPa, getting a safety factor of 1.3. From the
above, it was found that the proposed HE-VFMM with the
divided rotor core can realize sufficient mechanical strength
and feasibility because its safety factor is almost same as that
of the commercially supplied motor mounted in Prius.

Ill. BASIC PERFORMANCE OF PROPOSED HE-VFMM

A. MAGNETIZATION CHARACTERISTIC

Fig. 7 shows operating point of VPMs when applying demag-
netizing and re-magnetizing current pulse to the FW. As men-
tioned above, the maximum magnetizing current is 36 A.
The MR of VPMs can be perfectly changed from +90%
to -90% within maximum magnetizing current. Accordingly,
the proposed HE-VFMM can realize variable magnetic flux
by changing the MR. In addition, accuracy of the magne-
tization analysis is important. In our research group, mag-
netization characteristic simulated by 2D-FEA is in good
agreement with the experimental results [24]. Other literature
also reports that the error between experimental and FEA
results in the magnetization characteristics of a VFMM is
small [19].

B. VARIABLE FLUX PERFORMANCE UNDER NO-LOAD

Figs. 8 and 9 show the magnetic flux density distributions
of the proposed HE-VFMM and the target motor under no-
load condition, respectively. As shown in Fig. 8, the proposed
HE-VFMM can dramatically change the magnetic flux den-
sity in the stator core because of the MR of the VPM and
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FIGURE 8. Magnetic flux density distributions at no-load condition.
(a) Proposed HE-VFMM with MR = -90%, If = 0 A. (b) Proposed HE-VFMM
with MR = +90%, If = 0 A. (c) Proposed HE-VFMM with MR = +90%, If =
12 A (15 A/mm2).

field current Ir. The magnetic flux density in the target
motor is constant because it does not have a field winding or
VPM. Additionally, the proposed HE-VFMM realizes lower
and higher magnetic flux densities than the target motor
simultaneously. This implies that the proposed HE-VFMM
can simultaneously achieve high efficiency and high output
power in high-speed areas.

Fig. 10 shows the air gap flux density waveforms of both
motors under no-load condition. Fig. 10(a) indicates that the
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FIGURE 10. Air gap flux density waveforms under no-load condition.
(a) Proposed HE-VFMM in different MR conditions. (b) Target motor.

proposed HE-VFMM can dramatically change the magnetic
flux in the air gap. In case that an MR is -90% and I is
0 A, fundamental amplitude of the magnetic flux waveforms
is 0.44 T in the proposed HE-VFMM. This value is lower
than that of the target motor shown in Fig. 10(c). On the
other hand, the proposed VFMM with an MR of +90% and Iy
of 15 A/mm? achieves 85% higher amplitude compared to the
target motor. It can be predicted that the proposed HE-VFMM
is able to realize higher output power than that of the target
motor.
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FIGURE 11. No-load voltage of both motors at maximum rotational speed

of 17,000 rpm. (a) Case of MR changes. (b) Case of the field current
changes.

Fig. 11 shows the no-load line-to-line voltage of the pro-
posed HE-VFMM and the target motor at 17,000 rpm when
the MR of the VPM and field current Iy are changed. The
proposed HE-VFMM with an MR of -90% has almost the
same value as that of the target motor. On the other hand, with
an MR of 4+90%, the induced voltage is increased by 40.0%,
as shown in Fig. 11(a). The proposed motor can additionally
enhance the magnetic flux density in the air gap by applying
afield current Ir, and therefore, the induced voltage increases
by 40.5%, as shown in Fig. 11(b). In summary, the proposed
motor has the capability of enhancing the output power under
the six-step operation mode in a high-speed area by adjustable
magnetic flux due to VPM and field current.

The iron loss of the proposed HE-VFMM also varies with
the MR of the VPM and field current, similar to the induced
voltage. Fig. 12 shows the no-load iron loss of the proposed
HE-VFMM and target motor at 17,000 rpm when the MR
of VPM and the field current Iy are changed. The proposed
HE-VFMM with an MR of -90% has 24.6% lower iron loss
than that of the target motor. Hence it can be predicted that
the proposed HE-VFMM realizes higher efficiency in the
operating region where the iron loss is dominant.

Notably, in Figs. 11(b) and 12(b), there is a sudden change
in the voltage and iron loss when the field current switch from
4.8 Ato 6 A. This is because the direction of the magnetic flux
flow on both sides of the VPM is reversed by the field current,
as shown in Fig. 13.

C. MAXIMUM TORQUE PERFORMANCE AT LOW-SPEED
Fig. 14 shows the magnetic flux density distributions of the
proposed HE-VFMM and target motor at 3000 rpm and a
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FIGURE 12. No-load iron loss of both motors at maximum rotational
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FIGURE 13. Magnetic flux density and magnetic flux flows when field
current is changed under no-load condition. (a) If = 4.8 A. (b) If = 6 A.

maximum armature current of 180 Arms. The current phase
angles are 50 deg. and 55 deg., respectively. Fig. 15 shows
the corresponding torque waveforms for both motors. The
stator cores of both motors are markedly saturated by the
large armature current. To increase the magnetic flux of the
proposed HE-VFMM, the MR of the VPM and the field
current are set to maximum values of +90% and 12 A,
respectively. However, the average torques of the two motors
are almost the same, although the no-load voltage has a very
large difference, as described in Fig. 11. This is due to the
magnetic saturation in the stator core at this operating point,
which requires the maximum torque. On the other hand, it can
also be described that the proposed HE-VFMM achieves the
same high torque density as the target motor.

IV. OUTPUT POWER PERFORMANCE IN SIX-STEP
OPERATION MODE

In this section, the output power and efficiency of the pro-
posed HE-VFMM and target motor are compared in the
six-step operation mode. Additionally, a suitable rotor shape
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FIGURE 14. Magnetic flux density distributions under maximum torque
condition at 3000 rpm and 180 Arms. (a) Proposed HE-VFMM (MR =
+90%, If = 12 A). (b) Target motor mounted in Prius.
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FIGURE 15. Torque waveforms of both motors under maximum torque
condition at 3000 rpm and 180 Arms.
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FIGURE 16. Modification of rotor shape in HE-VFMM to reduce iron loss
in six-step operation mode. (a) Conventional model. (b) Proposed model
with non-constant air gap.

of the HE-VFMM for enhancing the efficiency of the six-step
operation is also described. The current waveforms (see
Fig. 20) and magnetic properties of both motors are calculated
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= +90%). (b) Proposed model with non-constant air gap(MR = +10%).
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FIGURE 18. Air gap flux density waveforms of two HE-VFMM in six-step
operation mode (17000 rpm, 24 Nm).
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FIGURE 19. Harmonic spectrum of magnetic flux density in the air gap of
two HE-VFMMs in six-step operation mode (17000 rpm, 24 Nm).

using an electromagnetic field simulator (JMAG-designer,
ver. 21.0, JSOL Co., Ltd.).

A. SUITABLE ROTOR STRUCTURE FOR ENHANCING
EFFICIENCY IN SIX-STEP OPERATION MODE

Fig. 16 shows the two rotor shapes of the HE-VFMM. The
rotor shape shown in Fig. 16(a) has a typical constant-air-gap
structure. In contrast, the proposed rotor structure shown in
Fig. 16(b) employs a non-constant air gap. A non-constant
air gap can reduce the harmonic components of the magnetic
flux in the air gap, and therefore, the iron loss can be reduced.
Fig. 17 shows the magnetic flux density distributions of the
two HE-VFMMs employing different rotor shapes in the
six-step operation mode at 17,000 rpm and 24 Nm. Harmonic
magnetic flux occurs in the air gap of the conventional model,
as shown in Fig. 17(a). On the other hand, the harmonic
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FIGURE 20. Voltage and calculated current waveform of two HE-VFMMs
in six-step operation mode (17,000 rpm, Vdc = 600 V). (a) Conventional
HE-VFMM employing constant air gap (MR = +90%, If = 0 A).

(b) Proposed HE-VFMM employing non-constant air gap (MR = +10%,
If=0A).

flux obviously decreases in the proposed model, as shown in
Fig. 17(b), owing to the proposed non-constant air gap.

Fig. 18 shows Air gap flux density waveforms of two
HE-VEMM in six-step operation mode (17000 rpm, 24 Nm).

Fig. 19 shows the harmonic spectrum of the magnetic
flux density in the air gap of the two HE-VFMMs in the
six-step operation mode at 17,000 rpm, 24 Nm. The total
harmonic distortion (THD) of the magnetic flux density in
the air gap of the conventional and proposed HE-VFMM
are 106.6% and 69.9%, respectively. This means that the
proposed non-constant air gap is highly effective in reducing
the THD of the magnetic flux in the air gap.

Fig. 20 shows the voltage and current waveforms in the
conventional and proposed HE-VFMMs under six-step oper-
ation at a maximum rotational speed and DC-bus voltage
of 600 V. Because of the six-step operation, the current wave-
forms include harmonics [26]. The applied current waveform
of the conventional HE-VFMM using a constant air gap has
a large THD of 21.6% because of the large harmonics of the
magnetic flux in the air gap. On the other hand, the proposed
HE-VFMM using a non-constant air gap can reduce the THD
of the current waveform to 5.6%, as shown in Fig. 20(b). As a
result, the applied current of the proposed HE-VFMM is close
to a sine wave, which contributes to reducing iron loss.

Fig. 21 shows the loss and efficiency of the two
HE-VFMMs and the target motor mounted in Prius 4th gen-
eration at the same operating point in the six-step operation
mode. The conventional HE-VFMM with a constant air gap
has the largest iron loss owing to the harmonics of the mag-
netic flux and input current. Consequently, the efficiency
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FIGURE 21. Loss and efficiency of conventional HE-VFMM (MR = +90%,
If = 0 A) and proposed HE-VFMM with non-constant air gap (MR = +10%,
If = 0 A) and target motor (Prius) in six-step operation (17,000 rpm, 24
Nm).
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FIGURE 22. Efficiency and output power of proposed HE-VFMM when MR

of VPM and If are changed in six-step operation mode (17,000 rpm,
600 V).

is the lowest. On the other hand, the proposed HE-VFMM
employing a non-constant air gap realizes the same efficiency
as the target motor at an operating point of 43 kW because
the harmonics of the magnetic flux and input current can be
reduced.

B. OUTPUT POWER CHARACTERISTIC IN SIX-STEP
OPERATION MODE
Fig. 22 shows the efficiency versus output power of the pro-
posed HE-VFMM when the MR of the VPM and field current
I are changed in the six-step operation mode at 17,000 rpm.
As the MR and field current increase, the output power can
be significantly improved by increasing d-axis magnetic flux
Yq. As aresult, the proposed HE-VFMM can achieve 23.7%
higher output power than that of the target motor as shown in
Fig. 23 while maintaining almost the same efficiency in the
low-power area as the target motor.

Fig. 24 shows the torque increasing ratio k versus the MR
and Iy of the proposed HE-VFMM at two operating points.
The torque increasing ratio k is defined as

Ty — T
ko= —F b 100 )

base
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FIGURE 23. Comparison of efficiency and output power between
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FIGURE 24. Torque increasing ratio k of proposed HE-VFMM when
generating maximum torque at each operating point. (a) Case of MR
changes. (b) Case of the field current changes.

where Tpase is the torque of the proposed HE-VFMM when
MR is -90% and I is O A, respectively (namely, the smallest
torque); T is the torque when MR and the field current are
changed. At Point-1, k is evaluated in six-step operation mode
at 17,000 rpm. Point-2 is set to 3,000 rpm and 180 Arms.
In Fig. 24, k at Point-1 is higher than at Point-2 because the
magnetic saturation in the stator core is mitigated at Point-
1 due to smaller armature current and the field weakening
control, as shown in Figs. 14 and 17, respectively. This result
indicates that the variable flux function is more effective at
higher rotational speeds.

Fig. 25 shows the output power of the proposed
HE-VFMM and target motor as functions of the rotational
speed. The proposed HE-VFMM realizes a much higher
output power than the target motor because of the variable
flux functions. Additionally, as the rotational speed increases,
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FIGURE 26. N-T curves of proposed HE-VFMM and target motor (Vdc =
600 V).

an increasing ratio of the output power becomes higher. This
is because the torque increasing ratio k is higher, especially
in the high-speed area. Furthermore, Fig. 26 indicates N-T
characteristics of the proposed VFMM and target motor. The
proposed HE-VFMM achieves higher torque, especially in
high-speed area.

V. CONCLUSION

This paper proposed a novel HE-VFMM that achieves an
adjustable magnetic flux over a wide range and assessed
how it performs in a high-speed area with a six-step oper-
ation mode. In addition to the higher torque and efficiency
than those of the target motor mounted in Toyota Prius 4"
generation, the proposed HE-VFMM realizes 23.7% higher
output power at 17,000 rpm in the six-step operation while
maintaining the same motor size. Additionally, this paper
shows a suitable rotor shape to enhance the efficiency of the
HE-VFMM in a six-step operation. Moreover, it was found
that the variable flux functions were more effective in increas-
ing the output power, especially in high-speed areas. Con-
sequently, the proposed HE-VFMM simultaneously realizes
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(i) high efficiency over a wide operating area, (ii) high torque
performance in low-speed areas, and (iii) high output power
characteristics in high-speed areas. In summary, the proposed
HE-VFMM is a good candidate for EV/HEV traction.
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