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ABSTRACT Variable magnetic flux motors have been proposed to achieve high-efficiency operation over
a wide drive range ranging from high torque to high-speed. This paper clarifies the high efficiency area
expansion effect of a variable flux motor with a magnetic composite material inserted in the rotor. To achieve
the effect of enlarging the maximum efficiency range, this motor uses magnetic composite materials with
much lower saturation magnetic flux density and iron loss than electromagnetic steel plate. This paper
reports the magnetic and mechanical properties of the magnetic composite material using Fe–Si–Al alloy,
considering low iron loss. The simulation results clarified the variable magnetic flux characteristics for
reducing loss at high-speed rotation by actively utilizing the magnetic saturation region of the magnetic
composite material. The efficiency improvement in the high-speed region is attributed to the suppression
of spatial harmonics without significantly reducing the q-axis inductance. Furthermore, the proposed motor
achieves both the expansion of the high-efficiency range and relaxation of mechanical stress by increasing
the thickness of the bridge part adjacent to the permanent magnet.

INDEX TERMS Field-weakening control, magnetic composite material, spatial harmonics, variable mag-
netic flux motor.

I. INTRODUCTION
The high-efficiency of electric motors used in a wide range of
fields is indispensable for preventing global warming [1], [2],
[3], [4]. The progress of electrification of propulsion motors
for automobiles and aircraft will increase the demand for
higher efficiency over a wide operating range [5], [6], [7],
[8], [9], [10].

An interior permanent magnet synchronous (IPM) motor
with a structure in which a permanent magnet is embed-
ded inside the rotor is effective for improving efficiency
[11], [12]. The IPM motor’s weakened field current control
allows for a wide operating range from low- to high-speed
rotation [13], [14], [15]. Furthermore, by utilizing reluctance
torque, the field weakening current is effective in improving
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torque performance. The weakened field current in the high-
speed rotation region lowers the counter electromotive force
constant, allowing the operating region to be expanded, but it
tends to increase copper and iron losses.

Variable magnetic flux motors have been proposed to real-
ize high-efficiency operation in a wide drive range from high
torque to high-speed range [16], [17], [18], [19], [20], [21].
The variable torque constant is achieved by controlling the
amount of field magnetic flux from the outside. A combi-
nation of low coercive magnets in the high coercive magnet
vicinity of the rotor also realizes variable field magnetism
[22], [23], [24], [25]. The low-coercivity magnet shape and
rotor insertion position determine the high-efficiency range
of the variable magnetic field motor [26]. A parallel-inserted
hybrid permanent magnet motor has been proposed, with
high efficiency, high speed, and a wide magnetization adjust-
ment range [27]. Additionally, permanent magnets have been
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engineered to realize variable magnetic fields [28], [29].
Furthermore, an axial motor for in-wheel motors has been
proposed that controls the magnetization state of thermoset-
ting resin with a field winding to change the field mag-
netic flux [30]. The stator coil’s pulse current modifies the
magnetic force of the low magnetic force magnet, which
controls the magnetic flux. Mechanically varying to realize a
variable magnetic flux has been proposed [31]. Variable flux
motors with stator windings that cause magnetic saturation
of the electromagnetic steel plate via a three-dimensional
magnetic path have also been proposed [32]. These motors,
however, necessitate an increase in inverter capacity, the addi-
tion of coils and actuators, and complicate the mechanism.
As a result, a simple structure with variable magnetic flux is
required.

A variable leakage flux (VLF) motor that can obtain the
effect of variable flux only by vector control used in general
motors has been proposed [33]. This motor has a flux barrier
in the rotor core that is shaped to take into account the
armature reaction from the stator. Controlling the magnitude
and phase of the armature current for the magnetic flux
interlinking from the permanent magnet to the coil results in
variable magnetic flux. The magnetic flux of the magnet is
short-circuited in the rotor, which causes a decrease in the
interlinkage magnetic flux to the armature in the high-speed
rotation and low torque region. This phenomenon realizes
the suppression of the field weakening current caused by a
decrease in the counter electromotive force constant [33]. Due
to magnetic flux saturation, VLF motors have large variable
salient pole characteristics, making it difficult to estimate the
rotor position with high precision. Real-time acquisition of
motor parameters enables a sensorless control of VLFmotors
that accounts for magnetic flux saturation [34], [35].

This paper examines the performance of variable flux
motors utilizing magnetic composites (abbreviated as MC
motors). Magnetic composite material is created by combin-
ing magnetic powder and resin and sintering it [36], [37],
[38], [39], [40]. This material has a unique magnetic prop-
erty that the saturation magnetic flux density and magnetic
permeability can be easily controlled by changing the type
of the magnetic powder. The loss of a high-speed rotary
motor is primarily affected by spatial harmonics caused by the
magnetic flux’s large time fluctuation. The use of magnetic
composite material with precisely controlled permeability in
the stator is effective in lowering the spatial harmonics of
high-speed rotary motors [41], [42].

The MC motor obtains variable magnetic flux charac-
teristics by using the magnetic flux saturation of the mag-
netic composite material. The magnetic composite material
is introduced into the rotor flux barrier, which has been
magnetically saturated by the stator’s armature reaction. The
variable magnetic flux due tomagnetic saturation expands the
high-efficiency range in the medium to high-speed rotation
range from several thousand to 10,000 rpm. The insertion
position of the magnetic composite material and the magnetic
characteristics are also parameters of the variable magnetic

FIGURE 1. Structures of test motor (unit: mm).

flux. Both the insertion position and the magnetic proper-
ties of the magnetic composite material can be variables of
the variable magnetic flux, resulting in improved variable
magnetic flux controllability. Moreover, for high rotational
speeds, mechanical stress tends to increase at the thin bridges
between rotor magnets [43], [44]. Adjusting the insertion
position of the composite magnetic material will also reduce
mechanical stress.

Chapter 2 describes the characteristics of magnetic com-
posite materials and the principle of MC motors. Chapter 3
explains the measurement results of the magnetic proper-
ties of the magnetic composite materials containing vari-
ous magnetic powders. The simulation results indicate that
variable magnetic flux is feasible. Furthermore, the obtained
loss, when compared to conventional IPM and VLF motors,
demonstrates the effect of the magnetic composite materials
in enhancing maximum efficiency. The fourth chapter dis-
cusses the mechanical properties of the magnetic composite
materials. A thicker bridge adjacent to the magnets may facil-
itate an increase in the high-efficiency area and a reduction in
mechanical stress.

II. VARIABLE MAGNETIC FLUX MOTOR USING
MAGNETIC COMPOSITE MATERIAL
A. MOTOR CONFIGURATION
Figure 1 depicts the configuration of the MC motor used
in this paper. The MC motor is constructed by inserting a
magnetic composite material into the flux barrier of the rotor.

For comparison, IPM and VLF motors are used; VLF
motors have variable flux characteristics, similar to MC
motors [33]. The test motor specifications are shown in
Table 1; it has 6 poles and 45 slots, a stator with an outer
diameter of 176.1 mm, and axial length of 100 mm. The
stators of the three types of motors are the identical; the only
difference is the configuration of the flux barrier between the
rotor’s permanent magnets.
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FIGURE 2. Characteristics of magnetic composite material.

TABLE 1. Specification of test motor.

B. MAGNETIC COMPOSITE MATERIAL CHARACTERISTICS
The magnetic composite material is manufactured by mix-
ing and sintering magnetic powder with resin as shown in
Fig. 2(a). To prevent eddy currents and thus reduce iron loss
in the magnetic composite material, the magnetic powder
is dispersed and blended in the resin. This characteristic
is effective in reducing iron loss in ultra-high-speed rotary
motors of 100,000 rpm and high-frequency transformers of
over 10 kHz [42], [45], [46]. Magnetic composite materials
have lower magnetic permeability and saturation magnetic
flux density than electrical steel sheets and other magnetic
materials, as shown in Fig. 2(b). However, the saturationmag-
netic flux density and magnetic permeability can be easily
adjusted by simply changing the material and compound-
ing ratio of the magnetic composite material. Furthermore,
no pressurizing process, such as a dust core, is required
for manufacturing, allowing for the low-cost formation of a
flexible structure (bulk or sheet) [38], [39], [40], [45].

FIGURE 3. Principal of variable flux motor using magnetic composite
material.

C. PRINCIPAL OF VARIABLE MAGNETIC FLUX
Figure 3 shows a cross-sectional configuration of an MC
motor. The variable magnetic flux effect realized by utilizing
the magnetic saturation of the magnetic composite material
expands the high-efficiency range for the medium- to high-
speed rotation range. The states of the magnetic flux under
low torque and high torque action of the MC motor are
shown in Figs. 3(a) and (b), respectively. At low torque, the
magnet’s flux is short-circuited via the composite material,
reducing the number of magnetic fluxes linking the stator.
The magnetic flux, however, is easily connected with the
stator because the magnetic composite material is magneti-
cally saturated as a result of the armature’s reaction at high
torque. The change in the magnetic flux through the sta-
tor results in the variable torque characteristics depicted in
Fig. 3(c).
MCmotors take benefit of the fact that magnetic composite

materials are prone to magnetic saturation. Electrical steel
sheets, which are frequently used in motor cores, have a satu-
ration magnetic flux density of more than 1.5 T and a relative
permeability of several thousand to 10,000 to avoid magnetic
saturation and achieve high torque. The magnetic composite
material, on the other hand, has a saturation magnetic flux
density of approximately 1 T and a relative permeability
of 10-50. Variable permeability has been demonstrated by
inducing magnetic saturation of electrical steel sheets with
additional stator windings [32]. The variable magnetic flux
effect of the MC motor can be obtained without using addi-
tional windings by positively utilizing themagnetic saturation
of the magnetic composite material.
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TABLE 2. Magnetic simulation conditions.

TABLE 3. Comparison of high efficiency area.

D. MC MOTOR ADVANTAGES
The following advantages are expected for MC motors by
using magnetic composite materials.

1) The variable magnetic flux effect, which takes advan-
tage of the magnetic saturation of the magnetic compos-
ite material, suppresses the weakening field current during
medium- to high-speed rotation, lowering copper loss. Com-
pared to the VLF motor, inserting a magnetic composite
between the permanent magnets results in a higher q-axis
inductance, which increases the reluctance torque in the field-
weakening region.

2) The use of a magnetic composite material between
permanent magnets reduces the variation of rotor reluctance
with rotation angle, thereby suppressing spatial harmonics.
This effect reduces iron loss in the medium to high speed
range.

The effects of 1) and 2) expand the high efficiency range
in the medium to high-speed range as shown in Fig. 4.
3) The magnetic characteristics, as well as the position

of the magnetic composite material, influence the variable
magnetic flux characteristics of the MC motor. Increased
the variable flux parameter improves mechanical strength,
resulting in flexible motor design.

III. MOTOR EFFICIENCY CHARACTERISTICS
A. MAGNETIC PROPERTIES OF MAGNETIC
COMPOSITE MATERIALS
Figures 5(a) and 5(b) reveal the measurement results of the
iron loss characteristics and magnetization characteristics,

FIGURE 4. Effects on high efficiency of MC motor.

FIGURE 5. Magnetic properties of magnetic composite material.

respectively. The iron loss characteristics weremeasuredwith
a B-H analyzer (SY-8218: IWATSU ELECTRIC CO., LTD.).

The magnetic composite material uses Fe–Si–Al (Sendust)
magnetic powder with an average particle size of 40 µm and
epoxy resin. The magnetic composite material was created
by mixing, stirring, and firing magnetic powder at a volume
ratio of 69 vol.%. The magnetic powders of the magnetic
composite materials were prepared using Fe-amorphous alloy
of 64 vol.% (Fe-AMO) and Fe-silicon of 67 vol.% (Fe-Si).
The mixing ratio for each magnetic powder is the upper limit
value considering the viscosity of the material.

When compared to other materials, the iron loss of the
magnetic composite material using Sendust is the lowest.
Magnetic composite materials have lower saturation mag-
netic flux density and relative magnetic permeability than
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FIGURE 6. Torque characteristics.

magnetic steel sheets. Sendust magnetization properties are
intermediate between the other two types. The complex spe-
cific magnetic flux real part µr’ is 16, and the saturation
magnetic flux density Bs is 0.8 T. The magnetic composite
material with Sendust, which has the lowest core loss, is used
for the MC motor.

B. TORQUE CHARACTERISTICS
Electromagnetic field simulation shows the torque char-
acteristics, efficiency characteristics and loss characteris-
tics of MC motors. The analysis conditions are shown in
Table 2; and the two-dimensional finite element method of
JMAG-Designer is employed. In the analysis, the magnetic
properties of magnetic saturation are approximated by extrap-
olation. Figure 6 illustrates the torque characteristics of the
MC and IPM motors. The torque constant of the IPM motor
is larger than the MC motor and has linearity with respect to
the current. The MC motor, on the other hand, has a larger
curvature at low current than the linear approximation line
and returns to linear at high torque, indicating the effect of
the variable magnetic flux motor [33]. At low torque/high-
speed rotation, this effect reduces the counter electromotive
force constant, suppressing the field weakening current and
lowering copper loss.

Figure 7 depicts the magnetic flux density distribution of
the MC motor. At zero load, the permanent magnet’s mag-
netic flux short-circuits the rotor, while the stator’s interlink-
age magnetic flux is suppressed. A high current expands the
saturation region of the magnetic composite material. At a
30-A load, most of the magnetic composites are magneti-
cally saturated above 1 T, and the flux interlinking of the
stator is increasing. The magnetic flux distribution in the MC
motor changes with the current, indicating that the magnetic
composite material realizes variable magnetic flux. The MC
motor uses the same principle as the VLF motor to achieve
variable magnetic flux, which can change the amount of
leakage magnetic flux.

C. EFFICIENCY CHARACTERISTICS
Figure 8 shows the efficiency characteristics of IPM,VLF and
MC motors. The maximum efficiency range of MC motors

has been increased to over 5,000 rpm. In addition, the range
of efficiency of 94% has been expanded to over 8,000 rpm,
and the efficiency at high-speed rotation of 15,000 rpm has
also improved to 90% in MC motor. Compared to the 96%
area of IPM motor, the maximum torque of MC motor is
almost the same, and the maximum speed is increased by
more than 2,000 rpm. Similarly, the maximum speed of MC
motor is approximately 500 rpm higher than that of VLF
motor. Table 3 shows the comparison of the high-efficiency
areas. VLF and MC motors have a maximum efficiency area
exceeding 96%, more than twice that of IPM motors. In the
96% efficiency region, the MC motor has a lower maximum
torque but a higher maximum speed. The efficiency expan-
sion effect of MC motors using Fe-AMO and Fe–Si is almost
the same as that of VLF motors, but they are smaller than MC
motors using Sendust.

D. LOSS CHARACTERISTICS
The copper loss and field weaken current (d-axis current)
maps will be used to confirm the factors for expanding the
high-efficiency range. Figure 9 is a copper loss map of each
motor, which shows that the copper loss of MC motors in the
high-speed rotation range at 10,000 rpm is reduced by about
50% compared to IPM motor. The copper loss of MC motors
in the high speed range is smaller than that of IPM and VLF
motors. Figure 10 depicts the d-axis current of each motor.
At 10,000 rpm, the MC motor can reduce the d-axis current
by about 25 A and 10 A compared to IPM and VLF motors,
respectively, which is the primary factor in reducing copper
loss. The variable magnetic flux with the magnetic composite
material can improves motor efficiency.

Figure 11 is an iron loss map of each motor. The iron loss
in the high-speed rotation region of the MC motor around
10,000 rpm is reduced by nearly 70% and 10% compared
to IPM and VLF motors, respectively, which is a factor for
improving efficiency in the same way as the copper loss. Fig-
ure 12 shows the result of Fourier transforming the magnetic
flux density in the gap between the stator and the rotor. Spatial
harmonics above 2 kHz are greatly reduced in MC motors,
which contributes to lower iron loss.

Table 4 shows the comparison of the loss of MTPA (Max-
imum torque per ampere) control, 8,000 rpm and 10 Nm
drive, in weakened field domain. Because of the low phase
current operation, the MC motor has a 32.7% lower current
than the IPMmotor, which greatly reduces copper loss. Space
harmonic suppression is effective in lowering stator and rotor
iron losses. The magnetic composite material has almost no
iron loss, which contributes to a reduction in rotor iron loss.

The copper and iron losses of the MC motor are reduced
by 28% and 27%, respectively, when compared to the
VLF motor. Copper loss is reduced not only by lowering
field-weakening currents based on variable field magnetism
but also by increasing saliency. As shown Table 4, the
MC motor has a higher saliency ratio than the VLF motor,
resulting in higher reluctance torque. VLF and MC motors,
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FIGURE 7. Magnetic flux distributions of MC motor.

FIGURE 8. Efficiency map.

however, have significantly lower q-axis inductance than IPM
motors, which contributes to lower maximum torque.

The suppression of spatial harmonics and the reduction of
stator flux linkage affect the reduction of iron loss in MC
motors. The result of Fourier transforming the magnetic flux
density in the gap between the stator and rotor is shown in
Figure 12. In MC motors configurable without flux barriers,
spatial harmonics above 2 kHz are greatly reduced, con-
tributing to lower rotor iron loss. The maximum interlinkage

TABLE 4. Comparison of losses.

magnetic flux of the stator for the VLF and MC motors is
1.83T and 1.75T, respectively, with the difference also being
one of the factors reducing the MC motor’s stator iron loss.

IV. RELIEF OF MECHANICAL STRESS
In Section III, the effect of widening the high efficiency range
with variable magnetic flux was confirmed by using a mag-
netic composite material composed of Sendust. This section
explains how the size of the magnetic composite affects the
motor’s high-efficiency area and mechanical stress.

A. MECHANICAL PROPERTIES OF MAGNETIC
COMPOSITE MATERIALS
A dumbbell-shaped specimen was used to test the ten-
sile strength of the magnetic composite material with
Sendust. To measure the elongation, a strain gauge
(KFG-10-120-C1-1L1M2R; Kyowa Dengyo Co., Ltd.) was
attached to the center of the measurement sample. A tensile
tester was used to measure the tensile load and strain gauge
displacement at 1 mm/min (Autograph AG-300kN Xplus;
Shimadzu Corporation).
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FIGURE 9. Copper loss map.

FIGURE 10. Field weakened current map.

FIGURE 11. Iron loss map.

FIGURE 12. Spectrum of magnetic flux density (N = 8000 rpm).

The results of stress measurements are shown in Figure 13,
which show that the magnetic composite barely stretches to
its maximum breaking strength. The tensile and breaking
strengths are both 31.4 MPa, and the longitudinal modu-
lus of elasticity (Young’s modulus) is 27.4 GPa. The ultra-
sonic method yielded a poisson’s ratio of 0.28. According
to the water displacement method, the weight density is
5.32 kg/m3.

FIGURE 13. Stress in magnetic composite materials.

B. VON MISES STRESS COMPARISON
The von Mises stress is often used for strength analysis
of the bridge part of electrical steel sheets [33], [47]. This
paper also focuses on the stress analysis of the bridge part
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FIGURE 14. Mises stress distribution (N = 8000 rpm).

FIGURE 15. Mises stress distribution with stress reduction model (N = 8000 rpm).

TABLE 5. Structural simulation conditions.

of electrical steel sheets. The von Mises stress of the motor
rotor at 8,000 rpm was evaluated by the two-dimensional
finite element method structural analysis of JMAG-Designer.
Table 5 shows the conditions for structural analysis, where
the physical properties of the magnetic composite material
are the measurement results. Contact and adhesion con-
ditions were considered for the permanent magnets and
magnetic composites. The maximum tensile stress of mag-
netic composites assumed to be brittle materials was also
analyzed.

Figure 14 shows the results of von Mises stress analysis.
The von Mises stress of the magnetic composite material is
significantly less than its tensile strength, thus providing ade-
quate resistance to centrifugal force. The stress at the bridge
between the magnet and air gap tend to be high. IPM, VLF

and MCmotors have maximum stress values of 136.6, 127.7,
and 127.2 MPa, respectively. The maximum tensile stress of
the magnetic composite is 3.34 MPa, which is smaller than
the break point as shown Fig. 13.

C. RELATIONSHIP BETWEEN BRIDGE THICKNESS AND
HIGH-EFFICIENCY AREA
Increasing the width of the bridge is effective in relieving
stress. Meanwhile, larger bridge’s width increases magnetic
flux short-circuiting and tends to diminish motor torque. The
analysis confirmed the effect of increasing the bridge spacing
on von Mises stress and the maximum efficiency region.

The spacing between the bridges in Fig. 1 has been
increased from 0.5 to 1.5 mm. Figure 15 depicts each motor’s
von Mises stress distribution. IPM, VLF and MC motors
have respective maximum stress values of 123.2, 107.6, and
100.0 MPa. The bridge portion of the motor rotor can be
substantially de-stressed. The maximum tensile stress of the
magnetic composite of the motor with widened bridge is
4.46MPa, which is also smaller than the break point as shown
Fig. 13.
Figure 16 depicts the efficiency maps of IPM, VLF, and

MC motors with respect to the stress relaxation type. The
numbers in parentheses represent the 96% region values of
the motors without enlarging the bridge in Fig. 8. The 96%
area of all stress relaxation-type motors extends to the high-
speed section. While the maximum torque value in the 96%
region decreased significantly for the stress relaxation type
IPM and VLF motors, the rate of decrease was small for
the MC motor. By adjusting the size of the magnetic com-
posite material, both stress relief and expansion of the high-
efficiency region are accomplished.
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FIGURE 16. Efficiency map (Stress reduction model).

V. CONCLUSION
This study proposes a variable magnetic flux motor that uti-
lizes magnetic saturation by embedding a magnetic compos-
ite material in a rotor. Magnetic composite materials exhibit
significantly lower saturation magnetic flux density and mag-
netic permeability than electrical steel sheets. Their magnetic
properties are controlled by changing the mixing ratio of the
magnetic powder of the material. The proposed technique
achieves a torque curve at a low load, implying that variable
magnetic flux is generated by using a magnetic composite
material. The proposed motor reduced current by 32.7% at
8,000 rpm due to its lower phase. Furthermore, the MCmotor
suppressed spatial harmonics and reduced iron loss 72.8%
compared with IPM motor. Because of these loss reduction
effects, the high efficiency range of 96% was expanded to
more than twice that of the IPM motor. Furthermore, the
mechanical stress is affected by the thickness of the bridge
between rotor’s permanent magnets. Based onmagnetic com-
posite material’s physical property measurement results, the
effect of bridge distance on the high-efficiency area and

mechanical stress relaxation was confirmed. The MC motor
with a broader bridge has lesser torque loss than other motors
and can reduce the most stress.
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