Progress In Electromagnetics Research Letters, Vol. 89, 3744, 2020

Research on Eccentric Magnetic Harmonic Gear with Halbach Array

Libing Jing" and Jun Gong

Abstract—An eccentric harmonic magnetic gear (EHMG) with Halbacharray is proposed in this paper.
According to the theory of magnetic field modulation and one-side effect, the permanent magnets (PMs)
on the inner rotor and outer stator are arranged in a Halbach array. The PMs of inner rotor are divided
into three segments per pole, and the PMs on the outer stator are divided into two segments per
pole. The proposed EHMG with 15 pole pairs on inner rotor PMs and 16 pole pairs on outer stator
PMs is established. The finite element analysis (FEA) is used for simulating the proposed model.
The corresponding magnetic field and static torque of the EHMG are calculated. Compared with the
conventional EHMG, the results show that the torque density of the proposed EHMG is substantially
improved.

1. INTRODUCTION

Compared with conventional mechanical gears, magnetic gears (MGs) have many advantages. MG
transmits torque or power through the interaction of magnetic fields without mechanical contact.
Therefore, MG works with low vibration, low noise, and no lubrication except for ball bearings. MG
also features overload protection, which prevents damage to the system [1-3]. In addition, the seamless
integration of an MG with a conventional motor enables the MG to have a compact design and high
torque density [4-6].

Presently, progress has been made in theoretical and experimental research on MG, and MG has
been applied in various fields such as wind turbines [7, 8], electric vehicles [9, 10], and ship propulsion.
In recent years, MG can transfer as much torque as mechanical gears. The torque density of the coaxial
MG with magnetic field modulation using the modulation ring can be as high as 100 kN - m/m3 [11-14].
In [15], authors proposed and analysed a new coaxial MG using stationary permanent-magnet ring. By
quantitative comparison with traditional coaxial MG radially magnetised, it is proved that the coaxial
MG can achieve more stable transmission with less torque ripple. In [16], the authors analyzed and
calculated the electromagnetic field and the electromagnetic torque of the concentric MG by adopting
the exact analytical method, and optimizeds the design of a concentric MG. They offered an effective
method for the transmission gear. However, when the transmission ratio is too high, the torque density
of these gears tends to decrease significantly. Reference [17] proposed a topological structure of an
MG similar to mechanical harmonic gears, which made the inner and outer rotors not coaxial, namely
EHMG, which was especially suitable for gear speed ratio greater than 20 : 1. In [18], using the boundary
perturbation method, Liu et al. proposed a two-dimensional analytical model of air gap magnetic field
of EHMG. The analytical results are compared with the FEA results to verify the correctness of the
analytical model. In recent years, some scholars proposed to employ Halbach array to radial modulated
magnetic gear [19-21]. In [22], Jian and Chan proposed a coaxial PM with high output torque, which
arranged all PMs with Harbach array.
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The results showed that the output torque increased further [22]. Although the EHMG can meet
the condition of large transmission ratio, the problem of insufficient torque density still exists. Based
on the above research, the Halbach array and EHMG are combined and analyzed in this paper.

Figure 1 shows the conventional EHMG, which is composed of the stator, low-speed rotor, stator
PMs, low-speed rotor PMs, non-uniform air gap, bearing and high-speed rotor.
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Figure 1. Conventional EHMG.

In this paper, an analytical model of EHMG with Halbach PM array is established. The proposed
EHMG has 15 pole pairs on inner rotor PMs and 16 pole pairs on outer stator PMs. A Halbach array
is employed for stator and rotor PMs of EHMG. The FEA will be adopted to analyze the EHMG with
Halbach array, and the air gap magnetic field and static torque are calculated and compared with the
results of conventional EHMG.

2. OPERATION PRINCIPLE

EHMG can be divided into two parts. One part is the stator holding a group of PMs, and the other
part is the inner rotor holding a group of PMs. The stator and rotor are of different centers, and the
nonuniform air gap is formed in the middle. In order to make the nonuniform air gap change sinusoidal,
a high-speed rotor and the inner rotor are sliding in contact. The inner rotor is a low-speed rotor,
and the high-speed rotor is equivalent to the harmonic generator of mechanical harmonic gear. The
high-speed rotor drives the low-speed rotor to rotate around the stator center. The air gap changes
accordingly, and the low-speed rotor rotates around its center at the same time [22]. As shown in Fig. 2,
the EHMG with Halbach array is presented.

After employing the Halbach array, the magnetization direction in each permanent magnet segment
is given by:

M=MT7+M6 (1)
where M, and My are expressed as:
o0
M, = Z M (1) cos(np(6 — o)) (2)
n =1,3,5
o
My = Z My, (n) sin(np(6 — 6p)) (3)
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Figure 2. Proposed EHMG.

where M,,, and My, are expressed as:

Myn(n) = iﬁ:%sin (%) <1+icos (#) X s (W)) (4)

Mg, (n) = ii:%sin (%) (i: gin (#) X sin (W)) (5)

where the positive case is for the outer stator; the minus case is for the low-speed rotor; P is the number
of pole pairs; m is the number of segments of PMs per pole; k is the kth segments of PMs per pole; g
is the initial position angle between the centerline of the PMs and the z-axis of the reference line; B, is
remanence; (g is the permeability of vacuum.

The air gap of EHMG is sinusoidal periodic change, and the length of air gap changes with the
high speed rotor rotation, which can be written in the following form,

g= Ymax T Gmin + (gmax _ gmin) X COS(9 - Wht) (6)

2 2

where gmax and gmin are the maximum and minimum airgap lengths, and wy, is the angular velocity of
the high-speed rotor. According to [16], the number of pole pairs in the space harmonic flux density
distribution produced by the low-speed rotor PMs is given by:

Gnj =np2+ (=1Yp; n=1,3,5...,00 j=1,2 (7)

According to the results in [16], when n = 1 and j = 2, the amplitude of the magnetic density
component corresponding to the number of harmonics is the largest, thus the number of pole pairs on
the stator PMs can be obtained. Therefore, the number of pole pairs on the stator PMs is given by:

p3 = p1+p2 (8)
where ps is the number of pole pairs on the stator PMs, ps the number of pole pairs on the low-speed
rotor PMs, and p; the number of sinusoidal cycles of air gap variation.

In this structure, the number of air gap change cycles is 1, p; = 1, and the transmission ratio G
can be written in the following form,

G=—— )
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3. PERFORMANCES ANALYSIS

In order to compare the conventional EHMG and proposed EHMG, the parameters of the two EHMGs
are chosen to be the same. The specific parameters are shown in Table 1.

Table 1. Parameters of EHMG.

Parameters Values
Inner radius of stator yoke (mm) 49
Outer radius of stator yoke (mm) 54
Outer radius of low-speed rotor yoke (mm) | 41.5
Inner radius of low-speed rotor yoke (mm) | 36.5
Thickness of stator PMs (mm) 3.5
Thickness of low-speed rotor PMs (mm) 3.5
Eccentric distance (mm) 3
Pole pairs of stator 16
Pole pairs of low-speed rotor 15
The minimum air gap (mm) 1
The maximum air gap (mm) 7
Remanence of PMs (T) 1.25
Relative permeability 1
Average air gap length (mm) 4
Axial length (mm) 40
PMs material NdFeB

3.1. Flux Density Distribution

FEA is used for analyzing the conventional EHMG and the proposed EHMGrespectively. Fig. 3 shows
the magnetic field distribution of the two EHMGs. It can be observed that the proposed EHMG exhibits
much lower magnetic flux density in both the low-speed rotor yoke and outer stator yoke than that in
the conventional EHMG. Therefore, yoke materials can be reduced to achieve the purpose of reducing
volume, cost, and weight.

Figure 4(a) shows the radial component of the air gap flux density. Fig. 4(b) shows the tangential
component of the air gap flux density.

As can be seen from Fig. 4, it is obvious that the radial flux density of the proposed EHMG
is slightly improved compared with the conventional EHMG. In terms of tangential flux density, the
proposed EHMG is significantly improved compared with the conventional EHMG.

Figure 5 shows the magnetic density harmonic distribution maps of the air gap. It can be observed
that the largest amplitude is the 15th harmonic. The 15th harmonic is the fundamental wave component
established by a low-speed rotor PMs, which will generate a stable working torque. As can be seen from
Fig. 5, the radial flux density amplitude increases from 0.461 T to 0.482 T, and the tangential flux density
amplitude increases from 0.460 T to 0.785 T. The 14th and 16th harmonics are the effective harmonics
of torque transmission. However, the 45th harmonic is the third harmonic component established by
the low-speed rotor PMs (45 = 15 x 3), which does not participate in the establishment of the magnetic



Progress In Electromagnetics Research Letters, Vol. 89, 2020 41

Figure 3. Flux distributions. (a) Conventional; (b) Proposed.
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Figure 4. Flux density waveforms. (a) Radial component; (b) Tangential component.

torque, and the 44th and 46th harmonics do not participate in the establishment of the magnetic torque
too. After magnetization with Halbach array, almost all of them disappear.

3.2. Static Torque

Static torque is one of the important properties of magnetic gear. According to the Maxwell tensor
method, the radial electromagnetic force and tangential electromagnetic force are expressed as follows,

2T 1
Fy = Legr / 5— (B} = Bj)do (10)
0 2Ho

2T 1
Py = Lefr/ (—BTBG> a0 (11)
0 Ho
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Figure 5. Harmonic spectra of flux density in the airgap. (a) Radial component; (b) Tangential
component.
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Figure 6. Static torque-angle curve.

The electromagnetic torque of harmonic magnetic gear can be written in the following form:

2 2m
T = Li/ (B, Bg)dé (12)
Mo Jo
where L. is the axial length of the EHMG; r is the arbitrary circumference radius with the center of
the low-speed rotor as the center in the air gap; B, and By are the radial and tangential components
of air gap magnetic density at radius r respectively. When the radius is chosen, r is constant.
The outer stator is fixed, and the low-speed rotor rotates an electric cycle relative to the stator.
An electric cycle is 22.5 degrees. The torque-angle curves of the conventional EHMG and the proposed
EHMG are shown in Fig. 6. It can be observed that the static torque of proposed EHMG is greatly
improved compared with that of conventional EHMG. The maximum static torques of conventional
EHMG and proposed EHMG are 22.2 N -m and 48.7 N - m, respectively. The torque is 2.19 times of the
conventional EHMG. Therefore, the torque density of the proposed EHMG is 2.19 times of that of the
conventional EHMG under the same volume.
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4. CONCLUSION

In this paper, an EHMG with a Halbach array has been presented and analyzed. The low-speed rotor
and outer stator PMs adopt a Halbach array. The FEA is used for simulating the proposed model. The
air gap magnetic field and torque of EHMG with a Halbach array are calculated and compared with
the conventional EHMG. Simulation results show that EHMG with a Halbach array can significantly
improve the flux density amplitude of air gap. The static torque increases from 22.2 N -m to 48.7 N - m.
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