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 
Abstract—In order to improve the operation efficiency of 

coaxial magnetic gear (CMG), in this paper, a CMG model with 
slotted in magnetic modulation ring is proposed. In this model, the 
permanent magnets (PMs) of internal and external rotors are 
distributed in Halbach array, the inner rotor PMs are equally 
divided into 3 small pieces, and the outer rotor PMs are equally 
divided into 2 small pieces. At the same time, the static magnetic 
modulation ring iron blocks are slotted, each iron block has 3 slots, 
the width of the slot is 0.4°, and the depth of the single side slot is 
1mm. Finally, a two-dimensional model is established, and the 
eddy current loss and iron loss of the model are optimized, 
compared with the conventional CMG model, it is found that the 
changed pattern can increase the internal and external output 
torque by 4% and 4.12%, respectively. The eddy current loss is 
reduced by 66.57%, and the iron loss is reduced by 8.9%, which 
significantly improve the operation efficiency of the CMG. 
 

Index Terms—Coaxial magnetic gear, Electromagnetic torque, 
Halbach array, Loss, Slotting.  

I. INTRODUCTION 

ITH the improvement of people's awareness of 
environmental protection, people gradually change from 

fossil energy to new energy. As a representative of new energy 
development, new energy vehicles and charging piles and so on 
have attracted extensive attention of researchers. During the 
process of rotation and torque transmission, the mechanical 
gear will be affected by its inherent problems. For example, 
under the condition of overload, the whole gear will be 
damaged due to different degrees of damage to the teeth of the 
mechanical gear. During normal operation, the meshing 
between the gears will produce noise and vibration, so it is 
necessary to maintain the mechanical gear regularly [1]-[4], 
which limits the scope of use of the mechanical gear. Compared 
with mechanical gears, magnetic gears have the advantages of 
high reliability, overload protection, physical isolation between 
input and output, maintenance free [5], [6]. Based on the 
defects of mechanical gears, magnetic gears have been 
effectively made up, so that magnetic gears have a broader 
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application space and have been proposed by many scholars in 
the fields of wind, traction, and wave energy [7]. 

Early magnetic gears were similar in structure to mechanical 
gears, only including inner rotor and outer rotor. Due to its 
single topology, and the permanent magnet (PMs) can not be 
used to the maximum extent and the output torque density is 
lower than that of mechanical gear. Therefore, the early 
magnetic gear structure did not attract much attention of 
researchers [8]. K.Atallah and D.Howe optimized and 
improved the model structure of the gear, in 2001, they 
proposed a coaxial magnetic gear (CMG) based on the principle 
of magnetic field modulation. The pole pairs of the PMs of the 
internal and external rotator of the CMG are 4 pairs of poles and 
22 pairs of poles, respectively. In addition, it also includes a 
magnetic regulating ring with 26 pairs of poles, the torque 
density of the prototype is measured to be 100KN·m/m3 
[9]-[11]. At any time, the internal and external rotator PMs of 
the structure can participate in the transmission of torque. 
Compared with the early magnetic gear structure, the 
concentric magnetic gear structure improves the utilization of 
permanent magnets. Based on the principle of CMG model 
structure, more structural models, such as harmonic, planetary 
and other model structures, have been proposed [12]. These 
magnetic gears can be applied to transmission systems with 
different requirements [13]. With the deepening of the research 
field of magnetic materials, a new permanent magnet material 
NdFeB appears in people's vision. Compared with other 
permanent magnet materials, NdFeB has better magnetic 
properties. The permanent magnet of magnetic gear is usually 
made of NdFeB, and its magnetization methods include radial 
magnetization, parallel magnetization and Halbach array 
magnetization. Different magnetization directions of PMs have 
diverse effects on the property of the equipment. Compared 
with the conventional radial magnetization and parallel 
magnetization, Halbach magnetization has many merits and 
applications [14]. In order to obtain higher torque density of 
magnetic gear, scholars have used magnetization mode with 
better performance, improved the shape of magnetic 
modulation ring and optimized various parameters of magnetic 
gear [15]. In [16], the CMG adopts Halbach magnetization 
mode, and the magnetic field and torque stability produced by 
this magnetization method are analyzed by simulation. The 
magnetic adjusting ring can modulate the magnetic field 
generated by the PMs, and its different shapes have different 
effects. Reference [17] compares the effects of different shapes 
of magnetic adjusting rings on the output torque characteristics 
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of CMG. In [18], the CMG contains two magnetic modulation 
rings. In addition to the main magnetic modulation ring 
between the internal rotor and the external rotor, there is an 
auxiliary modulation ring outside the external rotor. The 
auxiliary adjusting ring can reduce the flux leakage outside the 
outer rotor, adjust it to useful harmonics and amplify its 
amplitude, so as to improve the torque transmitting ability of 
the CMG and the utilization rate of the PMs. In the 
conventional magnetic gear model, any one of the internal rotor, 
the external rotor and the magnet ring is set to a stationary state, 
and the other two parts rotate at a certain speed, so as to realize 
the power transmission of the fixed transmission ratio. 
Reference [19] proposed a torque transmission model that can 
realize the variable transmission ratio, which controls any one 
of the inner rotor, the outer rotor and the flux adjusting ring, so 
that it has a broader application field. Different permanent 
magnet materials have different properties. When installed in 
the equipment, the quality and volume of the equipment will be 
very different [20], [21]. In addition to optimizing the magnetic 
gear body, researchers also combine the magnetic gear with the 
motor, replace the internal rotor of the magnetic gear with the 
stator winding, and then form a magnetic gear permanent 
magnet composite motor. This composite structure can 
improve the torque and reduce the weight and size.  

In [22], soft iron is used as the material of equipment, which 
is simple to manufacture, but the results show that its loss is 
large. Reference [23] analyzes the variation law of magnetic 
field of magnetic gear, and obtains the relationship between 
iron loss and speed. Reference [24] conducted a prototype test 
on the magnetic gear, and the connection curves between eddy 
current loss, iron loss and speed were obtained. At present, 
there are few literatures on the loss of magnetic gears. Most of 
them simulate it by software and then calculate the loss value. 
Although the above structure has higher torque density and 
better output torque, the problem of loss optimization is not 
discussed. Therefore, in order to obtain better torque and lower 
loss, it is necessary to study the magnetic gear. 

In this paper, a CMG model with a slotted magnetic ring is 
proposed, which can increase output torque and reduce loss. 
The second part will introduce the topology and principle of the 
CMG. In the third part, the feasibility of the model is analyzed 
by finite element method (FEA). Finally, we get some 
conclusions in the fourth part. 

II. TOPOLOGY AND THEORY  

The model shown in Fig. 1 (a) includes three parts: inner 
rotor, outer rotor and magnetic modulation ring, which together 
constitute the conventional topology of CMG. There is a layer 
of gap between the internal rotator and the magnetic ring as 
well as the magnetic ring and the external rotator, which we call 
the inner air gap and the outer air gap, respectively. At the air 
gap, the magnetic field can be adjusted by the magnetic 
modulation ring.  

The improved CMG is shown in Fig. 1(b), and the magnetic 
modulation ring is slotted. At the same time, the inner rotor 
PMs is divided into 3 small pieces; the outer rotor PMs is 
divided into 2 small pieces. The 60° intervals are magnetized 

sequentially, and the arrows in the figure indicate the 
magnetization direction of each small magnet. 

 
(a) 

 
(b) 

Fig. 1. CMG topology. (a) Conventional model. (b) Improved model. 

The magnetic ring is used to regulate the magnetic field of 
the internal and external air gaps. The magnetic conductive 
metal and epoxy resin are alternately arranged to form the 
magnetic ring. In the CMG, when the flux ring is in a static state, 
the magnetic field of the internal and external air gap contains 
not only the original fundamental component, but also very rich 
harmonic components modulated by the flux ring. These 
harmonic components have corresponding spatial polar pairs 
and specific speed at the air gap. The spatial harmonic pole 
pairs of CMG air gap magnetic field can be expressed as 
follows 

m,k i sp | mp kn |                                   (1) 

where m=1,3,5,7,…,∞; k =0, ±1, ±2, ±3…∞; p is the number of  
pole pairs of internal rotator or external rotator, ns is the number 
of cores on the modulation ring. The expression between ns and 
p is given by 

s in outn p p                                       (2) 

where pin is the number of poles of the internal rotor PMs, pout is 
the number of poles of the external rotor PMs. 

In addition, the harmonic component modulated by the flux 
regulating ring at the air gap also has a specific speed, which is 
expressed as 

,
s

m k r s
s s

knmp

mp kn mp kn
    

 
             (3) 
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where Ωm,k is the angular velocity of the spatial harmonic 
ingredient, Ωr and Ωs are the rotation speed of the rotator and 
magnetic ring, respectively. 

When k=0, the angular velocity of spatial harmonic is the 
angular velocity of rotor. At this time, CMG only contains inner 
rotor and outer rotor. When k≠0, the spatial harmonic angular 
velocity is different from the angular velocity of the rotor. In 
addition to the internal and external rotors, the magnetic ring 
also plays a part in CMG. At this time, the angular velocity of 
the space harmonic components also needs to be added to the 
angular velocity of the magnetic rings. The stable torque 
transfer of the CMG must satisfy that the number of pole pairs 
of PMs on both rotors is equal to the number of pole pairs of 
spatial harmonic components. When m=1 and k=-1, the 
harmonic component has the largest spatial harmonic 
ingredient except the basic ingredient, which can be expressed 
as 

1, 1
s

r s
s s

np

p n p n    
 

                   (4) 

Generally, if the magnetic ring is stationary, the transmission 
ratio (Gr) of the CMG can be expressed as 

TABLE Ⅰ 
 PARAMETERS OF IMPROVED CMG 

Quantity Value 

Inner radius of the inner rotor yoke 20mm 
Outer radius of the inner rotor yoke 40mm 

Thickness of PMs on the rotor 5mm 
The length of inner air gap 1mm 
Thickness of stationary ring 8mm 
The length of outer air gap 1mm 

Inner radius of the outer rotor yoke 60mm 
Outer radius of the outer rotor yoke 70mm 

Axial length 60mm 
Remanence of PMs 1.2T 

Slotting width 0.4° 
Single side slotting depth 1mm 
Pole-pairs internal rotor 4 
Pole-pairs external rotor 17 

out
r

in

p
G

p
                                       (5) 

The torque generated by the rotor can be calculated by 
Maxwell Stress tensor, and its expression is 

2
e 2

t 0
0

ef
rm

L R
T dB B 

 


                        (6) 

where Re is a circle of radius in the air-gap, Br and Bt are the 
radial and tangential magnetic flux density, respectively. Lef 
represents the axial length of CMG, μ0 is the permeability of the 
vacuum. 

III. PRFORMANCE ANALYSIS 

The feasibility of the improved CMG is analyzed and 
verified by establishing the finite element model. Table Ⅰ shows 
the parameters of the model. 

A. Flux Density and Harmonics Analysis 

The magnetic field distribution of the two models is obtained 
through simulation as shown in Fig. 2, and the magnetic field 
distribution of the improved model is shown in Fig. 2 (b). 

Slotting on the magnetic ring has no effect on the trend of the 
magnetic field lines and reduces the amount of silicon steel 
used; at the same times, the volume and mass of the magnetic 
gear are reduced. 

 
(a) 

 
(b) 

Fig. 2. Magnetic flux lines. (a) Conventional model. (b) Improved model. 

At the inner air gap, the magnetic density distributions of the 
conventional model and the improved model in the radial and 
tangential directions are shown in Fig. 3. By Fourier 
decomposition of the magnetic density values in the radial and 
tangential directions, the spectrum shown in Fig. 4 is obtained. 
On the spectrum, we can clearly see the increase or decrease of 
the harmonic components. 

As shown in Fig. 4, the improved CMG model significantly 
suppresses high-order harmonics such as 12, 20, 33, 36, 41 and 
44 in radial and tangential directions. 
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(b) 

Fig. 3. Flux density distribution in the inner air gap. (a) Radial component. (b) 
Tangential component. 
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(b) 

Fig. 4. Harmonic spectra of flux density in the inner air gap.(a) Radial 
component. (b) Tangential component. 

The magnetic flux density waveform at the outer air gap is 
exhibit in Fig. 5, which includes radial direction and tangential 
direction. Whether it is the conventional structure or the 
improved structure, there are 17 wave heads in the radial and 
tangential directions, and they all have the same number of pole 
pairs as the PMs of the external rotor. Their flux density 
decomposition harmonic spectrum is shown in Fig. 6. 

Fig. 6 shows the waveform after decomposing the magnetic 
density of the external air gap. It can be seen from the figure 
that the 4th, 17th, 25th and 38th harmonics have changed. 
Among them, the 17th harmonic is the basic harmonic of the 
outer air gap, and its amplitude is the largest. The increase of 
harmonic amplitude can change the transmission capacity of  
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Fig. 5. Flux density distribution in the outer air gap. (a) Radial component. (b) 
Tangential component. 
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Fig. 6. Harmonic spectra of flux density in the outer air gap.(a) Radial 
component. (b) Tangential component. 
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output torque, and the amplitude of 17th harmonic of the 
improved model is increased, which is beneficial to the increase 
of transmission torque of external rotor. As for the amplitude of 
operating harmonic, the improved CMG is larger than the 
conventional model, which is helpful to improve the output 
torque. 

B. Torque 

Static torque is used to measure the load capacity of CMG. 
Fig. 7 shows the variation curve of CMG static torque. Fig. 7 
shows the static torque fluctuation curve of the CMG. 
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Fig. 7. Torque-angle curve. 

As shown in the figure, the static torque changes in a 
sinusoidal curve. With the change of the curve, when the 
rotation angle is 93°, the curve has a peak value; at the same 
time, the torque ratio of inner and outer rotors is equal to the 
ratio of pole pairs of PMs 1:4.25. 

Fig. 8 shows the comparison between the conventional 
model and the improved model steady-state torque. At this time, 
the magnetic modulation ring is in a static state, and the inner 
and outer rotors rotate in opposite directions at speeds of 
170r/min and 40r/min, respectively. The internal torque of the 
conventional model and the improved model fluctuates 
between 17.91N·m and 18.43N·m and 18.90N·m to 19.05N·m, 
respectively. And the external torque of the two models 
fluctuate between 76.95N·m to 77.44N·m and 80.51N·m to 
80.67N·m, respectively. The internal torque and external torque 
of the improved model are significantly higher than those of the 
conventional model. 

The stability of torque is expressed by torque ripple, a is 
defined as the torque ripple coefficient, it can be expressed as 
follows 

max min-

ave

T Ta
T

                                   (7) 

where Tmax is the maximum value of output torque, Tmin is the 
minimum value of output torque, Tave is the average value of 
output torque. 

Table Ⅱ shows the torque comparison between improved and 
conventional CMG. The torque of the improved CMG model is 
obviously greater than that of the conventional model, the 
average output torque of inner and outer rotors is increased by 
4% and 4.12%, respectively. At the same time, the torque ripple 
is significantly reduced. So, the stability of the output torque is 

improved. 

C. Loss analysis 

For the eddy current loss Wec generated by the PMs, it can be 
calculated by adding up the harmonic eddy current density loss 
in each harmonic, which can be expressed as 

0 60 120 180 240 300 360

-20

0

20

40

60

80

180 210 240

-22

-20

-18

-16

T
or

qu
e(

N
·m

)

Circular angle θ(degree)

 Conventional inner rotor
 Improved inner rotor
 Conventional outer rotor
 Improved outer rotor

 
Fig. 8. Electromagnetic torque. 

TABLE Ⅱ 
TORQUE COMPARISON OF CMG 

 
Types 

Tmax 
/(N·m) 

Tmin 
/(N·m) 

Tave 
/(N·m) 

a% 

Inner 
torque 

Ⅰ 18.43 17.91 18.21 2.85 
Ⅱ 19.05 18.90 18.97 0.79 

Outer 
torque 

Ⅰ 77.44 76.95 77.25 0.63 
Ⅱ 80.67 80.51 80.57 0.19 

2| |
( )

2
n

ec
n

J dvW    
                           (8) 

where Jn is the amplitude of the nth time-harmonic, σ is the 
conductivity of the PMs and v is the volume of the PMs. 
The loss of the inner and outer rotor yokes and the magnetic 
modulation ring under different harmonics can be calculated, 
it can be expressed as follows 

22 2 2 2

n

{ [ ( ) ( )] }( )

iron hy ec

h nr nt e nr nt

iron

W W W

kf dVkfA B B A B B

 

      (9) 

where Why is the hysteresis loss of the silicon steel sheet, Wec is 
the eddy loss generated by the silicon steel sheet, f is the change 
frequency of magnetic field strength, Bnr, Bnt are the 
components of magnetic field intensity in radial and tangential 
directions, respectively. Ah and Ae are the hysteresis loss 
coefficient and eddy current loss coefficient of the silicon steel 
sheet, respectively. 

Fig. 9 shows the comparison of iron consumption under 
different slotting depths and widths. It can be seen from the 
figure that when the slotting depth is certain, the volume of 
silicon steel on the magnetic modulation ring will decrease with 
the increase of slotting width, resulting in more magnetic 
leakage, the number of useless harmonics will increase, and the 
curve will show an upward trend. However, the increase of 
slotting width will rapidly reduce the volume of silicon steel, so 
the curve will decline; When the slotting degree is certain, the 
iron loss increases with the increase of the slotting depth. With 
the increase of slotting depth, the silicon steel on the magnetic 
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adjusting ring will be divided into blocks, which will affect the 
modulation of harmonics by the magnetic regulating ring and 
increase the amplitude of useless harmonics. When the degree 
and depth of slotting are both increased, the volume of silicon 
steel will be reduced rapidly, and the loss will be reduced. 
Considering the influence on the output torque while reducing 
the loss, the slotting width and depth are 0.4° and 1mm, 
respectively. 
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Fig. 9. Iron losses at different slotting depths and widths. 

Fig. 10 shows the loss comparison between the modified and 
conventional CMG. In Fig. 10, the iron losses and eddy current 
losses of the improved CMG are smaller than those of the 
conventional CMG. The maximum iron loss and eddy current 
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Fig. 10. The loss comparison of conventional and improved CMG. (a) Iron loss. 
(b) Eddy loss. 

loss of the conventional CMG are 579.01mW and 340.69mW, 
respectively. The maximum iron loss and eddy current loss of 
the improved CMG are 527.41mW and 113.89mW, 
respectively. Compared with the conventional magnetic gear, 
the iron loss and eddy current loss are reduced by 8.9% and 
66.57%, respectively. 

Compared with the conventional CMG model, the eddy 
current loss and iron loss of the proposed CMG model are 
reduced in varying degrees. On the one hand, the amount of 
silicon steel after slotting is significantly less than that of the 
non slotted model, so the iron consumption is reduced; On the 
other hand, because the Halbach array blocks the PMs, the 
conductivity of the whole PMs is reduced, thus reducing the 
eddy current loss. 

D. Loss and speed 

The eddy current loss and iron loss of magnetic gear are 
related to the permanent magnet on the two rotors, the yoke on 
the two rotors and the flux adjusting ring, respectively. The 
FEA is used to analyze the loss. According to the transmission 
ratio of 4.25:1, the speed of the inner rotor is gradually 
increased from 100r/min to 1700r/min. The relationship curves 
between iron loss, eddy current loss and speed are obtained, as 
shown in Fig. 11. 

It can be seen from Fig. 11 that in a given speed range, the 
iron loss and eddy current loss of CMG increase with the 
acceleration of inner rotor speed, and the increase of loss will 
cause the decrease of efficiency. When the inner rotor speed is 
200r/min, the iron loss is 196.3mW and the eddy current loss is 
178mW. When the inner rotor speed is 300r/min, the iron loss 
is 353.6mW and the eddy current loss is 398.7mW. With the 
increase of rotating speed, the loss also increases. Therefore, 
while increasing the torque, we should also control the rotating 
speed of the CMG to achieve the effect of large torque and low 
loss. 
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Fig. 11. Variation curve of loss and speed. 

IV. CONCLUSION 

In this paper, a CMG with slotted magnetic modulation ring 
is proposed and analyzed. The internal and external rotors PMs 
are equally divided and Halbach array is adopted. At the same 
time, the slotted width and depth of the magnetic ring are 0.4° 
and 1mm, respectively. The improved CMG is analyzed and 
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calculated by FEA. The results show that the static torque of the 
proposed model is amplified, and the torque ratio of the 
internal and external rotors meets the ratio of the number of 
pole pairs of PMs of 1:4.25. In addition, the average torque of 
the two rotors is 4% and 4.12% higher than that of the 
conventional CMG, respectively; the ripple was reduced by 
72.28% and 69.84%, respectively. And the iron loss and eddy 
current loss are reduced by 8.91% and 66.57%, respectively 
compared with the conventional model. Finally, the curve of 
loss with speed is given, it is concluded that in order to ensure 
the operating efficiency of CMG, We should control its speed. 
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