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                     Abstract 
  The magnetic gear composite motor has a compact structure, strong reliability, and high transmission effi  ciency, which can 

make great contributions to the development of the future industry, construction engineering, aerospace, and other fi elds. 

However, there are certain problems in many aspects of the current magnetic gear. Therefore, the research on the magnetic 

gear composite motor is of great signifi cance. Based on the unique alternating structure and superior magnetic fi eld char-

acteristics of the Halbach array, Halbach magnetization was performed on the inner rotor of the designed magnetic gear in 

this study, and the performance of it was compared with that of radial magnetic gear, Halbach composite motor, and radial 

composite motor. The experimental results show that under the Halbach magnetization method, the three-layer air gap’s 

strength of magnetic gear is signifi cantly improved, and the harmonic amplitude is reduced. Accordingly, the sinusoidal 

property is improved; the minimum torque of this composite motor is 22.11N·m, the maximum torque is 206.41N·m, and the 

maximum torque is 25.88%, which is obviously higher than the radial magnetization composite motor’s maximum torque. 

Torque ripple is lower than that of the radial composite motor, showing that the motor runs more smoothly. The eddy current 

loss represents a reduction of 86W, and the performance and eff ects are better than those of the radial composite motor in 

all aspects, which proves the eff ectiveness of this research method. 

   Keywords     Halbach array    ·  Magnetic gear    ·  Composite motor    ·  Inner rotor    ·  Radial magnetization  

      Introduction 

 The traditional mechanical gear can improve the motor 

driving torque because of its advantages such as high trans-

mission rate, large variation of transmission ratio range, 

etc. (Güven  2021 ).  However, the disadvantages of high 

friction loss, high noise and strong vibration also greatly 

shorten its service life, aff ecting the use of mechanical gears 

(Hernández-Sierra et al.  2020 ). Magnetic gear is a kind of 

direct drive device, which has the advantages of low noise, 

high effi  ciency, and easy maintenance. However, due to 

the insuffi  cient performance of permanent magnets, the 

torque density of magnetic gears does not meet the practi-

cal requirements, so they have been unable to be used in 

the engineering fi eld for a long time (Huang et al.  2021 ). 

Compared with the structure of other traditional methods, 

the alternating structure of the Halbach array can improve 

the torque density of magnetic gears and help reduce the use 

of expensive permanent magnetic materials (Liu  2021 ). At 

the same time, it can also ensure the output capacity of the 

magnetic gear and improve the utilization effi  ciency of the 

permanent magnet (Guo et al.  2019 ). Therefore, to prolong 

the service life of the motor, this research adopts a magnetic 

gear drive device and magnetizes the magnetic gear based 

on the Halbach array to improve the utilization rate of a per-

manent magnet and applies it to the design of a composite 

motor, providing a new idea for the development of magnetic 

gear and the design of composite motor in the future. 
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effect, the electromagnetic power is output through the 

modulation ring of the magnetic gear or the multipole rotor, 

which can multiply the output torque, signifi cantly reduce 

the speed and improve the output torque density. It is very 

suitable for low-speed and high-torque direct-drive applica-

tions. As a variable speed mechanism similar to mechani-

cal gear, it is easy to think that magnetic gear can realize 

variable speed transmission or torque amplifi cation through 

axial series composite medium and high speed permanent 

magnet motor or generator. The main advantages of mag-

netic gear are as follows: it does not need lubrication and 

regular maintenance, and its maintenance-free life is more 

than 10 years; With out-of-step overload protection feature, 

it can eff ectively avoid the risk of gear seizure and reduce 

the impact of the transmission system on the motor; It can 

realize non-contact sealing transmission and plays an irre-

placeable role in medicine, petrochemical, aerospace and 

other fi elds; High reliability and low vibration noise can 

also reduce friction loss caused by mechanical contact and 

improve system effi  ciency. Compared with mechanical gear, 

the main disadvantage of magnetic gear is its lower reduc-

tion ratio and torque density. In addition, due to the special 

concentric electromagnetic structure of magnetic gear and 

the high similarity of permanent magnet motor, other com-

posite methods, such as radial series, pseudo-direct drive, 

stator winding compound modulation ring, etc., are theoreti-

cally feasible. The volume, quality, torque density, reliability 

and other indicators of the system are determined by the dif-

ferent combination modes of magnetic gear and motor. Tak-

ing the radial magnetic gear composite motor as an example, 

there are several common composite modes of magnetic gear 

and motor at present, including axial/radial series connec-

tion, permanent magnet rotor multiplexing, multi-pole per-

manent magnet and stator composite, and modulation ring 

stator, etc. The selection of these structures will aff ect the 

performance, cost, processing diffi  culty, etc. of the motor. 

According to diff erent compounding methods, magnetic gear 

composite motors can be divided into four types, as shown in 

Table  1 . The overall advantages of the magnetic gear com-

posite motor are shown in the following aspects: improving 

the reduction ratio, improving the torque density, high per-

formance and low cost, and multi-electromechanical port 

motor. In order to achieve a higher torque density, the reduc-

tion ratio of the traditional magnetic fi eld modulated gear is 

generally low, and it is diffi  cult to achieve a reduction ratio 

higher than 20, while the motor system generally used for 

wind power generation needs a reduction ratio of more than 

50; On the other hand, a higher reduction ratio also helps to 

reduce the size and copper loss of the motor and improve 

the output torque and effi  ciency of the motor system. For 

torque density, on the one hand, the torque performance is 

continuously improved through structural innovation and 

dimensional parameter optimization; On the other hand, it 

is to increase the reuse rate of the electromagnetic eff ective 

part and mechanical parts by improving the degree of the 

magnetic gear and motor. The alternating pole permanent 

magnet structure can increase the utilization rate of perma-

nent magnet and reduce the amount of permanent magnet in 

the magnetic gear and magnetic gear composite motor. One 

of the main reasons is that the alternating pole structure can 

produce high reluctance torque.  

    Magnetic gear composite motor design 

 Magnetic gear composite motor has great advantages in 

mechanical equipment. First of all, it can eff ectively solve 

the problem that permanent magnet synchronous motor is 

diffi  cult to improve torque density due to its own structural 

limitations; Second, magnetic gears can save some transmis-

sion and transmission devices to save costs (Jung  2019 ). 

  Table 1       Basic situation 

of diff erent magnetic gear 

composite motors  

  Motor topology    Number of 

air gaps  

  Magnetic circuit 

coupling  

  Structural complexity    Torque density  

  Axial series connection    3    No    More complex    Higher  

  Radial series    3    Yes/No    Complex    High  

  Pseudo direct drive type    2    Yes    Simple    Higher  

  Modulated stator type    2    Yes    More complex    Higher  

  Fig. 1       A magnetic gears’ schematic diagram structure  
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 The magnetic regulation of the magnetic ring is the 

theoretical basis of the magnetic gear compound motor. 

As shown in Fig.  1 , the magnetic gear adopts a concentric 

structure, which is mainly composed of three parts: the 

inner and outer rotor and the magnetic control ring. When 

the magnetic gear is running, the magnetic control ring 

remains stationary and works in magnetic modulation. 

The inner rotor is also called "high-speed rotor" because 

its outer surface is affi  xed with permanent magnets with 

fewer pole pairs; "low-speed rotor" is also the outer rotor’s 

other name, and its inner surface is affi  xed with permanent 

magnets with more pole pairs. The outer rotor and the 

inner rotor rotate at low and high speeds respectively and 

are separately connected with the output end and the load. 

By the same token as the control ring, the air gap mag-

netic fi eld on the inner rotor generates a certain number 

of harmonic components. Then, the internal and external 

air magnetic fi elds are aff ected, to realize the coupling of 

internal and external magnetic fi elds of the rotor, fi nally 

generating transmission torque.         

 Assuming that the magnetic gear is magnetized radially, 

the air gaps between the outer permanent magnets of the 

inner rotor and control ring and the inner side and control 

ring are inner and outer rotor air gaps, respectively. When 

there is no magnetic control ring, the radial fl ux density 

component of the magnetic gear air gap magnetic fi eld is 

formula ( 1 ).

       

 Correspondingly, the tangential component is shown 

as formula ( 2 ).

       

 In the above two formulas,   brm(r)     and   b� m(r)     respec-

tively represent the radial and tangential fl ux density’s 

Fourier coeffi  cients when there is no magnetic control 

ring;   m = 1, 3,5, � � �     are the harmonic order,   p     represents 

magnetic pole pairs,   � 0     represent initial rotor angle, while 

  � r     represent the rotor speed. Both the inner and outer air 

gap magnetic fi elds are aff ected by the same action of the 

fi eld. Therefore, when the magnetic density of the inner 

rotor side needs to be calculated, the amount of the side’s 

permanent magnet pole pairs can be used   pi     to represent 

permanent magnet pole pairs number   p     , and inner rotor 

speed.   � r_i     is the rotational speed of the rotor   � r      ; simi-

larly, when the outer magnetic density of the rotor side 

is sought, then permanent magnet pole pairs   po     and rota-

tional speed on the outer rotor side are   � r_o     the perma-

nent magnet poles   p     and rotor rotational speed   � r     . When 

the magnetic control ring is introduced, the permeability 

 (1)
B0

r (r, � ) =
�

m=1,3,5...

brm(r) cos(mp(� Š � r t) + mp� 0)

 (2)
B0

� (r, � ) =
�

m=1,3,5...

b� m(r) sin(mp(� Š � r t) + mp� 0)

changes accordingly. Therefore, the complex permeability 

function’s radial component is expressed by the Fourier 

series as formula ( 3 ).

       

 The tangential component is expressed as Eq. ( 4 ).

       

 In the above formula ( 3 ) and formula ( 4 ),   � r     is magnetic 

permeability distribution function’s Fourier coefficient, 

which   � s     represents the rotational angular velocity of the 

magnetic control ring. Therefore, it can be deduced that the 

radial magnetic density modulated by the magnetic control 

ring can be shown as formula ( 5 ).

       

 As the formula ( 6 ) shown, it expresses the tangential fl ux 

density modulated by the magnetic control ring.

       

 From this, Eq. ( 7 ) represents the amount of spatial har-

monic pole pairs that can obtain air gap magnetic density.

       

 In the above formula, the values of   m     and   j     are respec-

tively   m = 1, 3,5, ...,�      ,   j = 0, 1, 2, 3, ...,�      . The parameter 

  k     (   k = ± j     ) is introduced to indicate whether the magnetic 

gear has the function of the magnetic adjustment ring. When 

  k = 0     , it means that there is no adjustable magnetic ring; 

when   k     it is not 0, it means that the magnetic adjustable 

ring has played a role in the magnetic gear, which can be 

expressed by formula ( 8 ). In the formula,   ns     represents iron 

cores.

       

 In addition, since the harmonic component consists 

of some spatial pole pairs and rotational speed, it can be 

obtained the rotational angular velocity of the spatial har-

monic component from formula ( 5 ) and formula ( 6 ), which 

is expressed as Formula ( 9 ).

       

 From the above formula, the air-gap space harmonic com-

ponent’s rotational angular speed is related to the rotational 

angular speed of the magnetic control ring and the rotor 

velocity and is divided into two motion modes. The fi rst one 

is that the magnetic adjusting ring does not move, and the 

 (3)
� r (r, � ) = � r0(r) +

�

j=1,2,3...

� rj (r) cos(jns(� Š � st))

 (4)
� � (r, � ) = � � 0(r) +

�

j=1,2,3...

� � j (r) cos(jns(� Š � st))

 (5)Br(r, � ) = B0
r (r, � ) � � r (r, � )

 (6)B� (r, � ) = B0
� (r, � ) � � � (r, � )

 (7)pm,j = ��mp± jns
��

 (8)pm,k = ��mp+ kns
��

 (9)� m,k =
mp

mp+ kns
� r +

kns

mp+ kns
� s
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two rotors rotate; the second is that one rotor is fi xed, and 

the control ring and the other rotor rotate. When magnetic 

control ring’s rotational angular speed is equal to 0, that is 

  � s = 0     , so as formula ( 10 ), it means the transmission ratio 

of gear.

       

 In the above formula,   T0     and   Ti     represent outer and inner 

rotor torque, respectively.   Gr     , gear ratio’s value, is expressed 

as the inverse of pole pairs’ ratio of permanent magnets 

rotors. This means that two-layer rotors rotate in opposite 

directions. As its value be greater than 1, that is   Gr > 1     , 

which means inner rotor’s rotational speed is faster than 

outer rotor’s. So as to realize gear’s transmission torque 

and speed regulation, outer rotor torque needs to be greater 

than the inner rotor torque. According to the design rules of 

magnetic gear and the relevant national standards for set-

ting magnetic gear parameters, as well as the values given 

by most scholars, the range of transmission ratio is set to 

4/15–13/2, the range of internal torque is 2.84N. m-3.874N. 

m, the range of external torque is 13.18N. m-17.85N. m, and 

the rated speed of low speed and high speed rotors is 500r/

min and 3875r/min, the magnetic pole pairs of high speed 

rotor and low speed rotor are 4 and 19 pairs respectively, the 

number of magnetic pole pieces is 23, the thickness of per-

manent magnet of high speed rotor is 7 mm, the thickness of 

magnetic pole pieces is 8 mm, the axial length of air gap is 

 (10)Gr =
� i

� 0
=

T0

Ti
= Š

ns Š pi

pi
= Š

p0

pi

25 mm, and the thickness of permanent magnet of low speed 

rotor is 7 mm(Lee et al.  2019 ; Liu et al.  2019 ). 

 Figure  2  shows a quarter cross-sectional structure of a 

composite motor based on magnetic gears. A magnet motor 

with a magnetic gear together forms a magnetic gear com-

posite motor. The conjugate inner rotor consists of the mag-

netic gear’s inner rotor plus the permanent magnet motor’s 

outer rotor. Both its inner and outer sides are affi  xed with 

permanent magnets with pole pairs by the same amount. 

The outer rotor of the composite motor is the gear’s outer 

rotor. This structure with three layers of air gaps is diffi  cult 

to produce, but it can greatly reduce the space occupied by 

the drive system and the weight of the transmission system 

during operation, on the premise of ensuring the drive capa-

bility of the motor.         

    Optimization of�inner rotor magnetic gear based 
on�Halbach magnetization method 

 The magnetic gear composite motor design, like any other 

motor design, requires magnetization of the permanent mag-

nets. There are three common methods to magnetize gears, 

radial, parallel, and Halbach magnetization. These magnet-

izing methods have their own characteristics, can generate 

diff erent breath magnetic fi elds, and have diff erent eff ects 

on electromechanical performance. For example, although 

parallel magnetization is low-cost, fl exible, and convenient, 

for an external rotor motor, the performance of the motor 

will be reduced. But Halbach’s alternating pole structure 

  Fig. 2       Sectional drawing of 

magnetic gear composite motor  
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is not the same as the traditional magnetic pole structure, it 

can reduce the usage of much NdFeB—this material is very 

expensive, reducing costs, while also greatly reducing the 

output of the permanent magnets to the motor Ability impact 

is minimized (Luo et al.  2019 ). Moreover, since the size of 

the density often infl uences a motor’s output torque, many 

studies often use the Halbach array to enhance a motor’s 

output capacity (Zhang et al.  2020 ). In summary, based on 

the advantages of the Halbach array, this study uses the Hal-

bach magnetization method to optimize the magnetic gear 

composite motor. At the same time, because the composite 

motor designed here has several permanent magnet poles 

on the outer rotor side, the Halbach magnetization method 

will be used for the inner rotor. Using the splicing method 

to combine the permanent magnets that are separated into 

blocks is the Halbach magnetization method. Equation ( 11 ) 

is expressed as the magnetizing direction of the Halbach 

magnetizing magnet.

       

 In the above formula, it   �      represents the angle between 

the magnetization vector and the horizontal direction, and 

  Š     is the inner rotor structure. In the cylindrical coordinate 

system, each permanent magnet’s magnetization vector   ���M     

can be expressed by formula ( 12 ), that is, the sum of a radial 

magnetization vector and a tangential magnetization vector. 

In the formula,   ���Mr = ���M cos(P� )     ,   ���M� = ± ���M sin(P� )     ,   ��er     rep-

resent the magnetization vector of radial unit,   ��e�      correspond-

ing to the magnetization vector of tangential unit.

      

formula ( 13 ) represents air-gap radial magnetic density with 

Halbach magnetization.

       

 And formula ( 14 ) manifests tangential density.

       

 Equation ( 13 ) and Eq. ( 14 ) are represented   D0     by Eq. ( 15 ).

 (11)� m = (1 Š p)�

 (12)���M = ���Mr ��er ± ���M� ��er

 (13)

Br1 =
4Br

D0

p
1 Š p

(1 + � r )[1 Š (
Ri

R0
)pŠ1] � [ 1 + (

Rm

r
)2p](

r
Ri

)pŠ1 cos(p� )

 (14)

B� 1 = Š
4Br

D0

p
1 Š p

(1 + � r )[1 Š (
Ri

R0
)pŠ1] � [ 1 Š (

Rm

r
)2p](

r
Ri

)pŠ1 sin(p� )

       

 In Eqs. ( 13 )-( 15 ),   � r     denote the magnetic permeability, 

which   Rm     is the radius of the motor rotor,   Ri     and   R0     denote 

permanent magnet’s inner and outer radius, respectively. 

Conventionally, there are M permanent magnets under each 

pole magnetized by Halbach, and the parameters and angles 

of these permanent magnets are the same, moreover, air-gap 

magnetic fi eld’s tangential components are superimposed on 

each other. This particular combination of magnetic poles 

increases this kind magnetic fi eld’s sine, making air-gap 

magnetic fi eld very good sine. The advantages of Halbach 

magnetization are not only refl ected in its excellent sinusoi-

dality, but also in the unilateral eff ect of its magnetic fi eld, 

which can greatly improve the magnetic density amplitude 

on motor’s air gap side. 

 This unilateral eff ect is manifested as diff erent eff ects on 

both sides of the magnetic fi eld generated by the The Hal-

bach array, one side is strengthening and the other side is 

weakening. The strengthening eff ect is shown by the mag-

netic fi elds superimposing each other on this side and cance-

ling each other out on the other side (see Fig.  3 ). Figure  4  

shows the magnetization directions of common Halbach per-

manent magnet arrays divided according to the electrical 

angle occupied by each permanent magnet, which are 90°, 

60°, and 45° permanent magnet arrays, respectively. The 

direction of the arrow in the fi gure is the charging direction 

of the permanent magnet Magnetic orientation.                 

 In this study, the 60° magnetization method is adopted. 

Under the specifi c condition that the inner rotor pole pairs’ 

amount and magnetization directions of permanent mag-

nets are the same, the permanent magnets of inner rotor 

of the motor can generate larger magnetic fi elds on their 

respective air gap sides. Then divide each permanent mag-

net into 3 equal parts. The study set the magnetic ratio as 

-27:4, that is,   Gr     = − 27:4, which means that there are 30 

magnetic adjustment teeth, and the polar pairs’ amount of 

the inner and outer rotors are 4 and 7. Finally, the Halbach 

inner rotor magnetic gear composite motor model of this 

study is formed, which consists of four components: an inner 

rotor, an inner stator, the control ring, and an outer rotor. 

 (15)

D0 = 2(1 Š � r )[(1 Š � r )(
Ri

R0
)2p + (1 + � r )(

Rm

R0
)2p]

Š 2(1 + � r )[1 + � r + 1 Š � r (
Rm

Ri
)2p]

  Fig. 3       Unilateral eff ect of H 

albach array  
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gear composite motor are compared and analyzed. Table  2  lists 

maximum and minimum torque of conventional magnetic gear 

composite motor and the Halbach magnetic gear composite 

motor, and depending on these two data, calculates average 

and ripple out. Here, average calculation formula of torque 

ripple is formula ( 16 ). 

        

 (16)b =
Tmax Š Tmin

Tave

 In the formula,   Tmax     represents the maximum output 

torque,   Tmin     represents minimum value of torque, accord-

ingly   Tave     shows torque’s average value. And value of b 

decides torque pulse’s intensity. b’s value is larger, and 

pulse is stronger, so operation of this motor is more unsta-

ble; while the value of b is smaller, the smaller the pulse, the 

more stable the operation of the composite motor. 

 The motor’s outer maximum torque using the radial mag-

netization method is 163.97N·m, the inner minimum torque 

is 20.07N·m, and the transmission ratio is about 8.16; while 

one motor using the Halbach structure has a inner mini-

mum torque, which is 22.11N·m, and outer rotor’s maximum 

torque is 206.41N·m, which is 25.88% higher than radial 

magnetization method’s maximum. And actual transmission 

ratio of Halbach is about 9.33, which is closer to 9.25 that 

is theoretically perfact value than radial method, indicating 

that performance of the alternating pole structure’s motor 

has been improved to a certain extent. Moreover, Halbach 

magnetic gear’s average torque increased from 163.59N·m to 

206.21N·m compared to the radial magnetic gear; the aver-

age output torque of the inner rotor increased from 20.62N·m 

to 22.21N·m. Meanwhile, motor designed by Halbach struc-

ture’ is lower than radial magnetization methods on internal 

and external ripple, inner ripple is reduced from 5.33% to 

1.36%, and outer torque ripple is reduced from 0.34% to 

0.20%. When a current of 20A is input to one motor, Fig.  8  

shows its torque.         

 Because the inner rotor Halbach alternating pole mag-

netic gear composite motor designed is composed of the gear 

and inner motor, if a certain current is passed to the motor, 

the motor will generate torque, which will be transferred to 

the inner rotor together with the outer rotor of the magnetic 

gear under ring’s modulation, and the torque will cancel 

each other out, so that inner torque becomes 0. Therefore, it 

is shown in Fig.  8  that as be rated load state, the combined 

inner torque of motor is 0. And see from the above fi gure, it 

shows that inner torque ripple of Halbach alternating pole 

magnetic gear composite motor is very small, which shows 

that the motor runs very smoothly, and it is also because 

the Halbach structure ensures that the fundamental wave 

component increases slightly. At the same time, in fl ux den-

sity the unwanted harmonic components are reduced. Here, 

  Fig. 7       Magnetic density of outer layer and harmonic spectra of two 

magnetization methods  

  Table 2       Comparison of torque 

ripple between two kinds of 

composite motors  

  type    Inner/outer rotor    Maximum /(N·m)    Minimum /(N·m)    Average /(N·m)    Ripple b/%  

  Radial mag-

netic gear 

compound 

motor  

  Inner rotor    21.17    20.07    20.62    5.33  

  Outer rotor    163.97    163.41    163.59    0.34  

  Halbach mag-

netic gear 

compound 

motor  

  Inner rotor    22.41    22.11    22.21    1.36  

  Outer rotor    206.41    206.00    206.21    0.20  
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