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A Novel High Performance Magnetic Gear with
Auxiliary Silicon Steel Sheet

Can Tan, and Libing Jing

Abstract—Magnetic gear is a transmission device with novel
structure. It uses the principle of magnetic field modulation to
transmit torque. In view of the magnetic leakage of the magnetic
gear in the process of rotation and cannot be eliminated, a
magnetic gear model with auxiliary silicon steel sheet is proposed.
Based on the conventional magnetic gear structure, the silicon
steel sheet is placed outside the permanent magnet of the outer
rotor. The magnetization mode of the outer rotor permanent
magnet is tangential magnetization, and the spoke structure is
adopted, and the inner rotor PMs is surface mounted and
magnetized in the radial magnetization. The improved model is
simulated by finite element method under three-dimensional
conditions, and the electromagnetic performances of the model
are optimized. Compared with the conventional magnetic gear
model, the improved model has good performance, which
improves the transmission capacity of output torque and reduces
torque ripple. It is a great significance to improve the
performance of magnetic gear.

Index Terms—Magnetic gear, magnetic flux leakage, Magnetic
field modulation, Magnetic flux density, Torque.

[. INTRODUCTION

As a kind of equipment widely used in industrial production,
mechanical gear has high transmission efficiency, high
transmission power, and high reliability. However, during the
rotation of mechanical gears, due to the meshing between the
gears, there will be problems such as loss and noise. Therefore,
it cannot be applied to occasions with high precision
requirements. At the same time, in the process of mechanical
gear use, it also needs to be regularly inspected and maintained,
which increases the cost [1]. Magnetic gear is a kind of
non-mechanical contact transmission device. It has the merits
of low noise, low mechanical loss, and low processing cost [2].
Magnetic gears have become the most promising alternative to
mechanical gears due to their high transmission ratio and high
torque density.

With the deepening of research, the advantages of magnetic
gear are becoming more and more obvious, but in the early
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stages of the development of magnetic gears, their topological
structure is single and most of the energy of PMs is wasted. At
any moment, only a small part of PMs contribute to torque
transmission, therefore, the development of magnetic gears is
slow [3]. Until 2001, K. Atallah and D. Howe proposed a
coaxial magnetic gear model (CMG) based on the principle of
magnetic field modulation. The number of PMs of the inner
rotor of the magnetic gear is 4 pairs of poles, and the number of
PMs of the outer rotor is 22 pairs of poles. By making a
prototype, the torque density of the model is 100KN-m/m?
[4]-[5]. In order to obtain high torque density, rare permanent
magnet materials, such as NdFeB, are used in magnetic gears.
CMG fully utilizes the PMs on the inner and outer rotors, which
increases the availability of the PMs, and supplements the
deficiency of the conventional magnetic gear in torque [6].
Based on the principle of CMG model, different types of
magnetic gear structures are proposed, such as harmonic
magnetic gear, planetary magnetic gear, and linear magnetic
gear [7]-[8]. In [9], a CMG magnetized by Halbach array is
proposed, and its performance is analyzed. The research on
CMG gradually changes from changing the topology to
optimizing the parameters of CMG, and analyzes the torque
output characteristics of the magnetic ring of magnetic gear
under different shapes [10]. Reference [11] proposed a new
CMG model, which contains two magnetic flux modulation
rings, an inner and an outer magnetic flux modulation ring, and
the results show that this model has the superiority of high
torque. Reference [12] proposed and analyzed a new type of
CMG containing high-temperature superconducting blocks; the
inner rotor is an eccentric pole, and the outer rotor PMs are
magnetized by the Halbach array. Its torque density can reach
173KN-m/m’.

Although the above structure improves the torque density of
the CMG, the leakage of energy emerged by the permanent
magnet outside the rotor to the air is not considered. Due to the
absence of insulating material, magnetic leakage cannot be
avoided. These magnetic flux leakages are useless to improve
the output torque. Therefore, so as to obtain higher output
torque, we can improve the torque by using magnetic flux
leakage.

In this paper, a magnetic gear with auxiliary silicon steel
sheet is proposed. The output torque of the magnetic gear is
improved by placing silicon steel sheet outside the outer rotor.
The second section will introduce the structure of the model
and theory. In the third part, the performance of the model is
analyzed by finite element analysis (FEA). Finally, a
conclusion is drawn in the fourth part.
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Fig. 1. Conventional CMG model.

II. STRUCTURE AND THEORY

As shown in Fig. 1, it is the structure of conventional CMG.
Among them, those with more pole pairs are generally used as
low-speed outer rotors, and those with fewer pole pairs are
generally used as high-speed inner rotors. The magnetic
regulating ring is composed of magnetic conducting steel and
epoxy resin evenly distributed. These three parts rotate around
the center O.

The CMG has two air gaps, the air gap between the inner
rotor, the outer rotor, and the magnetic modulation ring is the
inner air gap and the outer air gap, respectively. Between the
two air gaps, the magnetic modulation ring plays a special role.
It regulates the magnetic field generated by the PMs on the
inner and outer rotors at the air gap, so that the magnetic fields
can be coupled with each other and torque is transmitted.

After adding the magnetic modulation ring, the magnetic
fields in the inner and outer air gaps are modulated to produce
very rich harmonic components based on the original
fundamental wave components. These harmonic components
have their corresponding spatial pole pairs and specific speed in
the air gap. The pole pairs of spatial harmonics contained in the
air gap magnetic field of CMG can be expressed as

B =lmp+kn| @)
where m=1, 3,5 ..., 0; k=0, 1, £2, ..., o0; p is the pole pairs of
PMs on the inner rotor or outer rotor, n, is the number of cores
on the magnetic modulation ring. The relationship between n;
and p is satisfied

Ny = DPin + Dous )
where pi, is the pole pair on the inner rotor, and p,. is the pole
pair on the outer rotor.

The harmonic component has a specific spatial polar number
and speed at the air gap, and the angular velocity of the
harmonic component can be expressed as

mp kn

Q mk = Q r + ; Q s (3)
" mptkn, mptkn,

where Q,,is the angular velocity of the harmonic component,
0Q,1s the angular velocity of the inner or outer rotors, £ is the
angular velocity of the magnetic modulation ring.

When £=0, there are only inner rotor and outer rotor in the
CMG. At this time, the spatial harmonic angular velocity is

equal to the rotor angular velocity. When k # 0, in addition to
the inner and outer rotors, there are flux rings. At this time, the
angular velocity of the spatial harmonic component needs to
consider the influence of the angular velocity of the flux ring.
The necessary condition for stable torque transmission of CMG
is that the pole pairs of PMs on the two rotors are equal to the
pole pairs of spatial harmonic components. When m=1, k=-1, at
this time, except for the fundamental wave, the harmonic
component is the largest spatial harmonic component, which
can be expressed as

Q. =-—t-a-—"-q 4)
p—n p—n
In practice, considering the stiffness and hardness of the
magnetic modulation ring, the magnetic modulation ring is
generally in a stationary state. Therefore, the gear ratio (G,) of
the CMG is

G, = Lo 5)
Pi,

On the outer rotor of the magnetic gear, PMs and silicon steel
sheets are distributed alternately to form a spoke structure.
When rotating, part of the magnetic field of the PMs promotes
torque transmission through silicon steel, and the other part
leaks into the air to form magnetic flux leakage. By placing the
silicon steel sheet on the outside of the outer rotor, the outer
magnetic flux leakage can be returned through the silicon steel
sheet, it can reduce the amount of magnetic flux leakage,
thereby promoting torque transmission. The variation curve of
silicon steel sheet and output torque under different depths and
widths is shown in Fig. 2.

Fig. 2 shows the curve of the output torque of the CMG with
the depth and width of the silicon steel sheet. It can be seen
from the figure that after the silicon steel sheet is placed on the
outside of the outer rotor, although the torques at different
values are different, they all contribute to the increase of the
output torque. When the depth of the silicon steel sheet is 0.8°
and the depth is 1.75mm, the outer rotor has the maximum
output torque.

The improved model is shown in Fig. 3, and its basic
parameters are listed in Table I.

The difference between the improved model and the
conventional model is that there is a layer of silicon steel
outside the rotor permanent magnet of the improved model.
Parallel magnetization can increase the torque. At the same
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Fig. 2. Variation curve of output torque under different depth and width.
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TABLE 1
PARAMETERS OF IMPROVED CMG

Parameter Value
Pole-pairs inner rotor 4
Pole-pairs outer rotor 17
The inner radius of the inner rotor yoke 20 mm
The outer radius of the inner rotor yoke 40 mm
Thickness of PMs Smm
The outer radius of the stationary ring 54 mm
Thickness of the outer yoke 10 mm
The outer radius of the outer rotor yoke 70 mm
The length of the air gap 1 mm
Remanence of PMs 12T
Axial length 60 mm
Thickness of the air zone 15 mm
The width of silicon steel 0.8°
The length of silicon steel 1.75 mm
Number of outer silicon steel sheets 34
Silicon Permanent
steel magnets
sheets
Inner

yoke

Magnetic
modulation
ring

yoke

Fig. 3. Improved CMG model.

time, due to the alternating arrangement of PMs and silicon
steel, the energy generated by the permanent magnet on the
outer rotor will leak into the air, resulting in magnetic leakage

and reducing the utilization efficiency of the permanent magnet.

A layer of silicon steel sheet is added to provide a path for the
outer magnetic flux leakage to circulate between the permanent
magnet and the outer silicon steel, at the same time, the silicon
steel sheet provides a return path with a smaller magnetic
resistance for the magnetic field lines so that more magnetic
leakage is used.

III. PERFORMANCES ANALYSIS
A. Magnetic Field

In order to make a good comparison between the two models,
it is necessary to ensure that the basic parameters of the two
models are the same, and compare the conventional and
improved models by establishing a three-dimensional model.

Fig. 4 shows the distribution of magnetic dense clouds on the
silicon steel sheet outside the improved model. It can be seen
that some of the magnetic field energy leaked in the air is
concentrated on silicon steel, which can be utilized. Fig. 5
shows the magnetic flux density distribution at the air gap.

The radial and tangential magnetic density waveforms of the
inner air gap after finite element calculation are shown in Fig. 6.
It can be seen from the figure that the radial amplitude
component of the improved model is increased at the internal
air gap, but it is the opposite in the tangential direction.
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The corresponding harmonic spectra are shown in Fig. 7. In
contrast to the conventional model, the 4th, 17th, and 25th : —— Improved
harmonics are increased in the radial component, in the
tangential component, the fundamental wave amplitude is
increased, and the other harmonic amplitudes are slightly
smaller than the conventional harmonic amplitudes.

Fig. 8 is the radial and tangential magnetic flux density
waveforms of the two models in the external air gap. As can be
seen from it that the air gap magnetic density amplitude of the
improved model is greater than that of the conventional model.
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B. Torque

According to the Maxwell Stress tensor, the electromagnetic
torque is expressed as follows

2
LR’

Hy
where Losrepresents the effective value of the axial length of the
CMG, uois the magnetic conductivity of the vacuum, R. is the
radius of the air gap, B, and By are the radial and tangential
magnetic flux density, respectively.

Static torque indicates the maximum load that the CMG can
bear, and it is one of the important indexes to investigate the
performance of the CMG. The calculation of static torque is to
fix one rotor and rotate the other. In this paper, the magnetic
modulation ring and the outer rotor are stationary, and the inner
rotor rotation speed is 170r/min, and the static torque waveform
is shown in Fig. 10.

As can be seen from Fig. 10, the changes of torque and
rotation angle are sinusoidal. When the circular angle is 98°, the
inner rotor has the maximum static torque. The conventional
and improved torque values are 18.09N-m and 18.37N-m,
respectively; and the torque is only increased by 1.55%. When
the circular angle is 278°, the outer rotor has the maximum
static torque. The torque values of the conventional model is
75.99Nem, and the torque values of the improved model is
79.32Nem, which increases by 4.38%.

When the magnetic modulation ring is fixed, the rotation
speed of the inner rotor is 170r/min, and the rotation speed of
the outer rotor is40r/min, andit rotates inthe opposite
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direction. Through simulation calculation, the electromagnetic
torque curve is obtained, as shown in Fig. 11.

The fluctuation ranges of internal torque of the conventional
model are 15.27N-m to 16.28N-m, and the proposed model is
15.84N'm to 16.50N-m. The fluctuation range of external
torque is 65.73N-m to 68.68N-m and 68.91N-m to 71.92N'm,
respectively. Either from the perspective of the graph or the
perspective of the data range, it can be seen that the internal and
external torque of the improved model are greater than that of
the conventional model. The average output torque is used for
comparison, on the inner rotor, the output torque of the
improved model is increased by 2.08% based on the traditional
model; at the same time, on the outer rotor, based on the output
torque of the conventional model, the output torque of the
improved model increases by 4.32%.

Torque ripple is used to describe the stability of torque
output. ¢ is the torque ripple coefficient, and its expression is

r -T.
t — max min (7)

where Tpqy is the maximum value of output torque. Ty is the
minimum value of output torque. 7a. is the average value of
output torque. The size of ¢ reflects the stability of torque output.
The smaller the ¢ value, the more stable the torque output.

Since the number of pole pairs of the PMs of the inner rotor
is smaller than that of the PMs of the outer rotor, therefore, we
pay more attention to the transmission stability of the output
rotor, and at the same time, the reduction of magnetic flux
leakage is helpful to improve the outer torque. While improving
the output torque of the outer rotor, reducing the torque ripple
of the outer rotor can improve the operation stability and
improve the conveying efficiency. Table II shows the
comparison of external rotor output torque ripple between the
two models.

It can be seen from table II that the torque ripple of the
improved model is reduced by 2.28% compared with the
conventional model. The torque ripple of the model is reduced,
and the stability of the output torque is improved, which
contributes to the smooth transmission of torque.

1Iv. CONCLUSION

In this paper, a magnetic gear model with auxiliary silicon
steel sheet to reduce magnetic flux leakage is proposed, which
is analysed and calculated by the three-dimensional finite
element method. The simulation results show that the improved
CMG can change the amplitude of air gap magnetic density.
The fluctuation range of internal torque is 15.84N-m to
16.50N'm, and the fluctuation range of external torque is
68.91N'm to 71.92N-m. By reducing magnetic flux leakage,
the torque of CMG is improved. The output torque of the
improved model is increased by 4.32% based on the output
torque of the conventional model, reducing magnetic flux
leakage is helpful to increase the utilization of PMs. At the
same time, the torque ripple of CMG is analysed. The torque
ripple of the improved model is 2.28% smaller than that of the
conventional model. When the ripple is reduced, the torque
output will be more stable.
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