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Abstract

In this paper, a novel 3/27/24 (pole pairs of inner rotor permanent magnet
[PM]s/modulator/outer rotor PMs) high torque density yokeless magnetic gear with asym-
metric Halbach PM array is presented and optimized for electric vehicle powertrain. The
key is to improve the torque performance by replacing the magnetic steel with the light
nonmagnetic material as the rotor core and employing the embedded magnetic steel bar as
well as trapezoidal PM structure to form a low magnetic resistance in the magnetic circuit.
The proposed machine has significant performance improvements in two aspects. Firstly,
it has high torque density and low iron loss with the yokeless structure. Secondly, it has
a high anti-saturation capability and low torque ripple with the asymmetric Halbach PM
array and the embedded magnetic steel bar. The proposed structure is optimized by the
co-simulation of the finite-element method and C++ optimization software. For a clear
evaluation, the proposed structure is compared with generalized solutions in terms of per-
formance and cost. Comparison results indicate that the proposed solution has the highest
output torque, torque density, and torque per PM weight among solutions, reaching 214.1
N-m, 58.2 N-m/kg, and 95.6 N-m/kg, which greatly enhances the performance of the

magnetic gear.

1 | INTRODUCTION

Magnetic gear (MG) provides the solution for replacing the
mechanical gearbox in the electric vehicle propulsion system
[1-5] for its inherent advantages of high transmission effi-
ciency, ovetload protection, low working noise, and physical
isolation [6—7]. To tap the potentials of industrial application,
researchers focus on the MG, including radial-flux [8-10] MG,
axial-flux MG [11, 12], and magnetic-geared machines [13—15],
for finding the better performance solutions. However, due to
the limit of machine structures, all those MGs employ rotor
iron cores to form the magnetic circuit and reduce the magnetic
reluctance, which becomes the major weight of the machine.
For compensating inherent drawbacks, the yokeless structure
has been proposed and applied in MG. However, the yokeless
structure leads to poor performance of MG inevitably with the
removal of iron cores since it increases the magnetic reluctance

and introduces a great leakage flux. For solving this problem,
the papers [16—19] proposed the types of MGs with the Hal-
bach PM array, focusing on the arrangement and design of it. A
yokeless MG with Halbach PM array for lessening the reliance
on iron cores is shown in Figure 1c compared with the conven-
tional MG and yokeless MG shown in Figures 1a and 1b, which
can reduce the leakage flux to some degree. Compared with the
conventional solution, the yokeless structures use glass fibre
reinforced polymer (GFRP) with the density of 1.1 g/cm? and
operating temperature of 115° to replace the magnetic steel (7.8
g/cm?) as the material of rotor cores. However, the Halbach
structure cannot solve the leakage flux issue altogether as the
magnetic circuit still needs to contain the air gap, which will lead
to a large magnetic reluctance. Hence, although the generalized
design and research in this topology have made some progress,
in terms of its design thought, the improvement level is very
limited.
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FIGURE 1 Structure compatison of MGs. (a) Conventional MG. (b)
Yokeless MG. (c) Yokeless MG with Halbach PM array. MG, magnetic gear;
PM, permanent magnet

In this paper, a novel yokeless MG with asymmetric Halbach
PM array consisting of trapezoidal Halbach PM array and
embedded magnetics steel bar is proposed to overcome the
shortcomings mentioned above. The trapezoidal structure is
employed to further reduce the output ripple and the embed-
ded magnetic steel bar installed in the radially magnetized PM
is to reduce the magnetic reluctance as well as to improve
the torque performance. Besides, the thickness of the yoke-
less MG’s rotor core can be reduced only if it has sufficient
mechanical strength for maintaining the operation of MG,
which further reduces the weight and improves the torque

density.

2 | ANALYTICA MODELLING OF THE
PROPOSED GEAR

In this section, the design of the asymmetric Halbach PM
arrangement and the equivalent magnetic circuit is derived.
The discussion in this section is divided into the following
aspects:

1) The yokeless structure design, mechanical strength consid-
eration, and the operating principle are analyzed catefully.

2) The general pattern of the Halbach PM arrangement is
analyzed and conducted. The magnetization of the asymmet-
ric Halbach PM array and the equivalent magnetic circuit are
deduced.

2.1 | Structure configuration and operating
principle analysis

The overall structure of the proposed yokeless MG with the
asymmetric trapezoidal Halbach PM array is shown in Figure 2,

Modulator

Halbach PM
[ Magnetic steel bar
| [ Supportor (GFRP)

FIGURE 2 Topology of the proposed yokeless MG with asymmetric
structure consisting of Halbach PM array and embedded magnetic steel bar

which contains four kinds of magnetized PMs, GFRP support-
ers, and embedded magnetic steel bar.

The thickness of the rotor core can be reduced to a certain
level only if it has sufficient mechanical strength for maintaining
the operation of MG. In this paper, GFRP is employed as the
material of iron core (supporter), which has a tensile strength of
53.9-75.5 MPa (1 N/mm?). The affordable torque of the sup-
porter should follow (1):

T
ob = E (1)
where b, 7', §, and L are the ultimate strength, torque, stressed
area, and the length of force, respectively. Hence, the thickness
of the rotor is selected as 2.5 mm, which can tolerate more than
2000 N-m acting on the rotor.
All MGs or magnetic-geared machine, including the pro-
posed structure, should comply with the fundamental rule,
which is expressed as (2)

P = NL + NH (2)

where V], and [V are the numbers of pole pairs of the low-
speed rotor (LSR) and high-speed rotor (HSR), Pis the number
of modulators.

For getting a higher torque, P should be equal to Vy +
Ny [20]. Similarly, the speeds of corresponding HSR and LSR
should follow:

m= =G ®

where wy, is the mechanical speed of LSR while wy is
that of high speed. The proportion G, of the two speeds
is the gear ratio, which means the speed ratio of the MG
equals the inverse ratio of the PM pole-pair numbers of two
rotofs.

The fixed parameters of the proposed structure are shown in
Table 1 and the others will be optimized and discussed in the
next section.
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TABLE 1  Fixed parameters of the proposed machine

QUANTITY Value \L H ﬁ J[

Radial diameter 110 mm ™ Magnetization

Axial length 110mm e M7 (0)

Air gap 0.5 mm Mx(0)

Number of pole pairs of PM in LSR 3 ,——‘:IM;R“T M7 /
Number of pole pairs of PM in HSR 24 ] 0, MLRI 0

Number of modulators 27 PSS A H

Speed of LSR 300 rpm j > T
Speed of HSR 2400 rpm

Tangentially magnetized PM [l Reversed tangentially magnetized PV
B Radially magnetized PM B Reversed radially magnetized PM
[ Embedded magnetic steel bar

(b)

FIGURE 3  The asymmetric Halbach PM arrangement. (a) Outer rotor
(low speed rotor). (b) Inner rotor (high speed rotor)

2.2 | The general pattern of asymmetric
Halbach PM array

The proposed asymmetric Halbach PM array installed LSR and
HSR is indicated in Figures 3a and 3b. The magnetized direc-
tions of PMs have four types, including radial, reversed radial,
tangential, and reversed tangential indicated as the white arrows
in the figure.

For the Halbach topology, the magnetization generated by
radially and tangentially magnetized PMs can be expressed by
Fourier series expansions as follows:

M (©) = My ©)ir + My 0) % (4)

where My and My are the radial and tangential components of
the magnetization while 7T and 7R are the unit vector in the radial
and tangential directions.

However, the proposed asymmetric structure cannot be ana-
lyzed via (4) with the employment of the embedded magnetic
steel bar and the trapezoidal structure. As for the former, the
Fourier series-based magnetization model of the LSR internal
field can be indicated as Figure 4.

The M; g, M, ,,, and M; yare the peak magnetization of radi-

LR
ally magnetized PM with and without the embedded magnetic

FIGURE 4 Fourier seties expansion of trapezoidal Halbach
magnetization model

steel bar as well as the tangentially magnetized PM. The M »
that is always larger than Minor the magnetic steel bar will
occupy space for installing, which reduces the volume of radially
magnetized PMs in LSR inevitably.

O Trp
M;p 0) = % /M]/‘R cos (1) dB — /MLR cos (nB) d6
0 6
o (1,0)
6,
My ©) = % /M]‘T cos (#0) sin (an@)
O

©)

The tangentially magnetized PM is perfectly symmetric, mak-

ing the peak value of magnetization the same. The 8, and 6, are

determined by the parameters 4, indicated in Figure 3. Hence,

M; () and M; »(0) can be rewrtitten as (5) where the py is the

pole pairs of the PMs in the rotor. Similatly, the magnetization
generated by the PMs in the HSR can be shown as

Ty
— / Mllﬂ cos (1n0) d6
Myp 0) = % 6,?; cos (ane)
i
9 + / My cos (nB) dO ©)
0
6
M+ ©) = % /MHT cos (#0) sin (ﬂpye)
L O

The trapezoidal structure has variable proportions varied to
the distance from the central point of the machine. Hence,
assuming that the /5 is small enough, Equation (5) (6) needs to
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Ry ir Ry air
Ry_air Ry air . A
Ry _py Ry pm
Fy -I: :I— F Fy -l: ]— Fr
RM _air RMJ"‘"
(2) (b)

FIGURE 5 Equivalent magnetic circuit of the machine. (a) Without the
embedded magnetic steel bar. (b) With the embedded magnetic steel bar

be revised as

> r—1
Mip= [ M ®) (191 + 7 (by — /?1)> dl
r—/a() ’
3 . ©)
> r—1
Mpr = [ My (6) (/?3 + I (b — /?3)> dl
L r—/a() ’
> r—1
My = Mpr ©) | by + T (by = ho) | dl
< e ®)
> r—1
My = / My (6) (1?8 + T (hyo — bs)) dl
L " =hip

where ris the radius of PMs and /is the distance between the
bottom of PMs in LSR and the calculating points.

By regulating the parameters 4, the useless harmonics of
the magnetization Mcould be reduced, which guarantees a low
torque ripple of the proposed design, compared to conventional
solutions with any pole pairs combination.

2.3 | Equivalent magnetic circuit analysis

The equivalent magnetic circuit of yokeless MG with and with-
out the embedded magnetic steel bar is shown in Figure 5. The
magnetomotive forces generated by the PMs installed in the two
rotors and modulated by modulator are connected in series and
the amplitudes of them have the same direction.

In Figure 5, the F{; and /i, are the magnetomotive forces
generated by the HSR PM and LSR PM; Ryy pyr, &y, pyr, and
Ryj_,rare the magnetic resistor of the HSR PM, LSR PM, and
the air gap between rotors and modulators. Prominently, the
MG has two same air gaps which provide two Ry ,;, in the
magnetic circuit. As for the yokeless MG without the embedded
magnetic steel bar, there is a leakage flux outside of the LSR PM
and inside of the HSR PM. It inevitable leads to a high magnetic
resistance Ryy 4, and Ry ., which is shown in Figure 6.

RM_air -

Ryt gir

FIGURE 6 Magnetic resistor diagram of yokeless structure. (a) Without
the embedded magnetic steel bar. (b) With the embedded magnetic steel bar

As shown in Figure 6, the proposed structure can reduce
the magnetic resistors Ry i, and Ry ., which significantly
improves the flux ¢ and performance of the yokeless MG.
Although the magnetomotive force F will be reduced slightly
with the installation of the magnetic steel bar, it can be
solved by increasing the PMs volume slightly since the trape-
zoidal structure requires a very limited volume of magnetic
steel bar.

This effectiveness of the proposed design can also be indi-
cated as (9) and (10)

¢ = Tuthi )

2RN_air Ry _pyvR1_pMH R _air T RH _air

¢I — FPII+“{

= ; ;
2B\ it Ry py TR py

(10)

As shown in (9) and (10), it can be easily indicated that the
proposed structure has an inherent high flux with the same
volume of PMs, which guarantees a high torque density of the
proposed design compared to conventional solutions.

3 | OPTIMIZATION AND COMPARISON

In this section, the optimization algorithm is proposed and
implemented via a co-simulation between the finite-element
method and designed C++ software. The optimized parame-
ters and calculation results are selected for finding the impacts
of dimensional parameters on the proposed structure. The opti-
mized targets are selected according to the torque density, the
ripples of both rotors, as well as the PMs consumption.
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TABLE 2  Optimization parameter ranges
Start
) Kefe.(it::;ﬂc?;;ii::;dd Optimized quantity Symbol Range
Set optimization L - -
targets LSR outer magnetic angle ratio h1/h2 0.3-0.8
= Model . . .
i a e P eitarmAtoi i LSR inner magnetic angle ratio h4/h3 1-1.7
nitia
generation (n=100) qualified? LSR magnetic bar thickness ratio h5/h6 0.2-0.4
N7z HSR outer magnetic angle ratio h9/h10 0.4-0.8
Models calculation
and seledtion Save the model HSR inner magnetic angle ratio b7/h8 0.7-1.7
Delete the model ' HSR magnetic bar thickness ratio h11/h12 0.2-0.4
Performance Y LSR PMs thickness h6 2.5-6 mm
is better than last : HSR PMs thickness 512 2.5-6 mm
generation? Iterations>100?
HSR/LSR yoke thickness 3-8 mm
Modulator thickness 3-7 mm

Save and select the
calculated models

Keep the previous
model for next
optimization

End

FIGURE 7 Designed optimization procedure of the proposed machine

3.1 | Optimization algorithm

The optimization procedure of the proposed machine is shown
in Figure 7. The genetic algorithm (GA) is employed as the opti-
mization algorithm [21-24].

Firstly, the optimization targets are set as the LSR torque, rip-
ples of two rotors while the population quantity is selected as
100 considering the computing power.

Secondly, the models with different parameters ate generated
and calculated. After the calculation, the results are saved and
selected based on the performance of optimized targets. If the
performance of the calculated model is better than the previous
generation, it will be kept for the next optimization or it will be
deleted.

Thirdly, the qualification of the calculated model will be
selected, preventing the computer from calculating unrea-
sonable dimensional parameters and wasting computational
resources.

Finally, if the iterations reach the set point, the optimization
progress is finished. By introducing the co-simulation of opti-
mization, a quantitative and detailed comparison between the
conventional MG, yokeless MG, yokeless MG with Halbach PM
array, and the proposed structure can be effectively conducted.

The range of the optimization parameters 41-h12 is shown
in Table 2. Except the thickness of the PMs and the embedded
magnetic steel bar (b5, 46, h11, and 5#12), the /n is defined as the
proportion between the width of the normal Halbach PM array
and the corresponding width of the trapezoidal structure.

3.2 | Optimized result comparison

The optimized parameters /,are indicated in Figure 3. For get-
ting a convenience optimized, the proportion of the relevant
parameters is set and used in optimization.

0.124, 0.07, 214.1
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FIGURE 8 Optimization results of LSR torque versus LSR ripple and
HSR ripple. (a) The proposed machine. (b) The conventional MG. (c) The
yokeless MG with Halbach PM array. (d) The yokeless MG. HSR, high-speed
rotor; LSR, low-speed rotor

As for the comparison models, the conventional MG, yoke-
less MG, yokeless MG with Halbach also be optimized via co-
simulation. The optimization parameters include the thickness
of PMs in two rotors, modulator, yoke the proportion between
the modulator and its gap.

The optimization results of LSR torque versus LSR ripple and
HSR ripple are shown in Figure 8. The proposed structure can
achieve the largest output torque capacity and lowest ripple of
both LSR and HSR under a fixed radial diameter and axial length
shown in Table 1, reaching 214.1 N-m, 0.103, and 0.009 while
the torque of the conventional MG, yokeless MG and yoke-
less MG with Halbach PM array only reach 174, 118, and 193.8
N-m. However, only the torque performance cannot verify the
effectiveness of the proposed design, hence, LSR torque versus
torque density and torque density with PM weight is also con-
ducted, as shown in Figure 9.

As shown in Figure 9, the torque density and torque density
with PMs of the proposed structure also has the best perfor-
mance, reaching 58.20 and 95.65 N-m/kg and showing different
advantages compared with those three comparison models.
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FIGURE 9 Optimization results of LSR torque versus torque density and
torque density with PM weight. (a) The proposed machine. (b) The
conventional MG. (c) The yokeless MG with Halbach PM array. (d) The
yokeless MG
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FIGURE 10 Optimization results of LSR torque versus PM consumption

Compared with the conventional MG with 46.1 N-m/kg of
torque density, the proposed structure is with a significant
improvement of 26.1% while the torque density with PM
weight shows no significant difference.

As for the yokeless MG with Halbach PMs array, the pro-
posed structute has a comprehensive advantage in both two
aspects: improve the torque density and torque density with
PMs’ weight with 8.3% and 5.2%. The improvement seems not
obvious; however, the optimization results indicate that the pro-
posed structure has a better anti-saturation capacity: the output
torque can increase linearly with the increase of PMs volume in
a larger range while that of the yokeless MG with Halbach will
stop increasing with a smaller volume of PMs, as indicated in
Figure 10.

As shown in Figure 10, under a fixed volume of machine, the
yokeless MG with Halbach PM array will be saturated when the
PM consumption reaches about 2.24 kg, which means that the
LSR torque cannot increase with the PM beyond that. Promi-
nently, the LSR torque of the proposed structure can keep
increasing if the PM is not more than 2.39 kg, extending the
saturation point with an improvement of 6.7%.

© =
=
S

70
60

Torque per PM (N-nvkg)
o
S

FIGURE 11 Optimization results of torque density with PMs weight
versus thickness proportion between magnetic steel bar and PMs of LSR and
HSR
TABLE 3  Optimized parameters of the proposed gear
Symbol Quantity Value
h6 Outer rotor PM thickness (mm) 4.8
h5 Outer rotor steel bar thickness (mm) 1.1
h12 Inner rotor PM thickness (mm) 6.6
yan Outer rotor steel bar thickness (mm) 1.3
bi/h2 LSR outer magnetic angle ratio 0.75
b4/h3 LSR inner magnetic angle ratio 1.55
bh9/h10 HSR outer magnetic angle ratio 0.75
H7/h8 HSR inner magnetic angle ratio 1.05
Modulator thickness (mm) 3.5
LSR magnetic bar thickness ratio 0.15
LSR magnetic bar thickness ratio 0.15

Furthermore, compared with the yokeless MG, the proposed
structure has overwhelming superiority in all torque, torque
density, and torque density with PMs’ weight, increasing more
than 108.4%, 66.1%, and 66.3%, respectively. It also indicates a
strong anti-saturation capacity of the proposed structure com-
pared to yokeless MG.

The thickness proportion between the magnetic steel bar
and the PMs of LSR and HSR will greatly impact the perfor-
mance, which is the key optimization parameter in this progtess.
Figure 11 indicates the relation between the torque density with
PMs and the proportion mentioned above.

The torque density with PMs peaks at the magnetic steel bar
and PM proportion of LSR and HSR with 0.15 and 0.15, reach-
ing 95.65 N-m/kg. Hence, after comparison and selection, the
optimized dimensional combination is chosen and shown in
Table 3 and the model with optimized parameters will be used
in the next section for the performance analysis and compared
with the other conventional solutions.

4 | PERFORMANCE ANALYSIS

In this section, the performance of the proposed structure will
be analyzed and compared to the conventional MG, yokeless
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FIGURE 13  Flux density distribution under full load condition

MG, and yokeless MG with Halbach PM array, including the
torque, loss, and efficiency.

4.1 | Magnetic field analysis

Figure 12 demonstrates the magnetic field distribution of the
proposed structure calculated by FEA, whose linkage flux in
both the outer side of LSR PM and the inner side of HSR PM
is reduced significantly. Although the yokeless structure cannot
fully reduce the linkage flux, however, with the introduction of
the magnetic steel bar, more flux will be through it instead of
through the air to form the magnetic circuit compared to the
conventional solution shown in Figure 1.

Figure 13 shows the magnetic flux density of the proposed
structure under the full load condition, verifying the effective-
ness of the proposed design with a relatively low saturation sta-
tus.

Figure 14 shows the harmonic spectra of inner and outer
air gap flux density as well as the fast fourier transform (FFT)
analysis results. The magnetic flux density in the inner air gap
consists of both the thitd and 24th harmonics while the third
dominates the flux density waveform, which meets the analysis

B Outer Air Gap

0
0 10 20 30 40 50 60 70 80 90 100
Harmonic Orders

(©)

FIGURE 14 Radial air-gap flux density distribution. (a) Inner air gaps. (b)
Outer air gaps. (c) Corresponding FFT analysis results

result shown in Figure 14c. Similarly, the magnetic flux density
outer ait gap also consists of third and 24th harmonics, while
the domination harmonics become the 24th harmonic. Except
for the main working harmonics as the red marks in Figure 14,
the other harmonics are also shown.

4.2 | Torque performance
The relation between LSR and HSR torque of the proposed
structure as well as the electrical angle is shown in Figure 15,
showing a great torque-angle characteristic. The maximum
output torque of HSR and LSR reaches 28.0 and 214.1 N-m,
respectively. If the input torque or load torque is beyond
these limits, the MG will lose its pace, and oscillation will
occut.

Figure 16 shows the cogging torque of the two rotors, only
reaching about 6.4% and 0.61% of the maximum torque gener-
ated by HSR and LSR.
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FIGURE 16 Cogging torque of two rotors
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FIGURE 17 LSR torques comparison

The LSR and HSR torque of four MG are shown in
Figures 17 and 18, including the conventional MG, yokeless
MG, yokeless MG with Halbach PM as well as the proposed
machine. The output torque of the proposed machine is the
largest, followed by the yokeless MG with Halbach PM array,
conventional MG, and yokeless MG.

Besides, the proposed structure also has a great ripple pet-
formance compared to yokeless MGs. A detailed parameter
comparison under the working situation is shown in Table 4,
where Motor I, II, III, and IV are conventional MG, yoke-
less MG, yokeless MG with Halbach PM array, and proposed
machine. As shown in Table 4, the proposed structure has the
best torque performance with torque and ripple, reaching 214
N-m and 0.7% (LSR) as well as 12.5% (HSR). Besides, the core
loss of the proposed structure is reduced significantly compared
to the conventional MG although it has the highest solid loss.

Time (ms)

FIGURE 18 HSR torques comparison
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FIGURE 19 Core loss comparison

TABLE 4  Performance comparison results

Modell Modelll ModelIll Model IV

Weight (kg) 3.36 2.72 3.13 3.26
Core loss (W) 63.72 15.3 27.6 22,5
Solid loss of PM (W) 42.9 55.2 146.3 157.3
Output torque (N-m) 147.2 102.3 193.8 214.1
LSR ripple 0.2% 0.8% 0.5% 0.7%
HSR ripple 11.1% 34.6% 21.2% 12.5%
PM weight (kg) 1.76 1.71 2.05 2.18
Iron weight (kg) 1.58 0.88 0.92 0.93
Supporter weight (kg) 0 0.152 0.154 0.149
Torque density N-m/kg)  46.14 37.21 62.5 65.69
Torque density per PMs 96.31 57.48 96.13 95.65
(N-m/kg)
Efficiency (%0) 97.7 97.8 97.2 97.4

However, considering the solid loss and core loss, the proposed
structure still has relatively high efficiency, reaching 97.4%. Fur-
thermore, the proposed structure also has the highest torque
density and the best anti-saturation capacity among those gen-
eralized MGs.

4.3 |

Loss and efficiency comparison

Figure 19 shows the core loss of the proposed structure,
yokeless MG with Halbach PM array, conventional MG, and
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FIGURE 21 Efficiency comparison

yokeless MG with the LSR speed from 200 to 1000 rpm. Due
to the yokeless structure, the core loss of yokeless MGs can
be reduced sharply compared to conventional MG. Promi-
nently, the proposed structure has the lowest core loss with the
introduction of the embedded magnetic steel bar.

Figure 20 indicates the PM solid loss of those MGs versus
LSR speed from 200 to 1000 rpm. All the solid loss of MGs will
increase significantly with the increase in LSR speed. However,
due to the asymmetric Halbach PM array, the proposed struc-
ture has the highest solid loss in particular with a higher LSR
speed, followed by the yokeless MG with Halbach PM array,
yokeless MG, and conventional MG.

Figure 21 shows the relations between the efficiency and LSR
speed of those MGs, whose loss consists of the solid loss and
the core loss.

As shown in Figure 21, the proposed structure has no advan-
tage in terms of efficiency among four types of MGs and the gap
between them is widen with the increase of LSR speed espe-
cially when the speed is larger than 500 rpm. Hence, the pro-
posed structure is more applicable to be used in the direct-drive
electric vehicle for its high torque density, high torque output
capacity, and low torque ripple.

5 | CONCLUSION

This paper proposes a 3/27/24 yokeless MG with an asym-
metric structure consisting of the trapezoidal Halbach PM
array and embedded magnetic steel bar, which improves the
performance significantly. First, the leakage flux of the pro-
posed structure is reduced and the torque performance is

improved with the introduction of the embedded magnetic
steel bar by reducing the magnetic resistor of the magnetic
circuit, reaching 214.1 N-m. Secondly, by using GFRP in place
of silicon steel as the material of the rotor core, the torque
density is improved significantly, reaching 59.28 N-m/Kg.
Thirdly, the anti-saturation capacity of the MG with the pro-
posed structure can be improved significantly compated to the
yokeless MG with Halbach PM array. Finally, the iron loss and
solid loss are carefully analyzed and compared. Considering
the power efficiency, the proposed structure is more suitable
to operate from the speed of 200 to 500 rpm, which indicates
that it is more applicable to be used in low-speed high-torque
applications.
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