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The magnetic geared machine has been studied in both the traction motor for battery electric vehicles and the transmission system 

for hybrid electric vehicles. Unlike the coaxial magnetic gear, it has the AC armature winding on the inner part or the outer part. 

Besides, because the AC armature field and PM excitation field have different space harmonic components from each other, the flux 

modulation characteristics by the modulating pieces are also different. Thus, in this paper, firstly, the space harmonic components of 

AC armature field in the magnetic geared machine and PM excitation field in coaxial magnetic gear are presented, and the flux 

modulation characteristics are also compared. Secondly, the unmodulated space harmonic components of the magnetic fields at the 

outer air-gap are defined, and the resultant magnetic radial forces at modulating pieces in coaxial magnetic gear and the magnetic 

geared machine are analyzed. 

 
Index Terms— Coaxial magnetic gear, electric continuously variable transmission (E-CVT), magnetic geared machine, radial force 

space harmonic. 

 

I. INTRODUCTION 

HE various structures of the coaxial magnetic gear (CMG) 

have been proposed as an alternative to the mechanical 

gear in low-speed, high-torque application or power 

transmission system. Particularly, the magnetic geared 

machine, which has the AC armature winding on the inner part 

or the outer part instead of the permanent magnet (PM) rotor, 

has been studied [1]. When it is designed as the traction motor, 

in general, the inner PM rotor is replaced by the AC armature 

winding, and the outer PM rotor is used as the output. This  

structure can get the improved torque by the modulation effect 

between the magnetic fields at the inner air-gap and the outer 

air-gap [2]. In case of the gearing operation such as the electric 

continuously variable transmission (E-CVT) of the hybrid 

electric vehicle, the magnetic geared machine has two rotors 

and one stator [3]. Generally, the outer PM rotor is replaced by 

the AC armature winding, and the inner PM rotor and the 

modulating pieces rotor are connected with the engine and the 

torque regulating machine, respectively.  

Both the magnetic geared machine and CMG are operated 

by the flux modulation effect. Thus, there are plenty of space 

harmonic components in the magnetic field at the inner and 

outer air-gap. These space harmonic components in the 

magnetic field cause the radial force at the modulating pieces, 

and the resultant vibration and noise occur. However, it should 

be noted that because the AC armature field and PM excitation 

field have different space harmonic components from each 

other, the flux modulation characteristics by the modulating 

pieces in AC armature field and PM excitation field are also 

different. Thus, in this paper, firstly, the space harmonic 

components of AC armature field in the magnetic geared 

machine and PM excitation field in CMG are presented, and 

the flux modulation characteristics by the modulating pieces 

are also compared. Secondly, the unmodulated space harmonic 

components in the magnetic fields at the outer air-gap are 

defined as they are relatively bigger amplitude compared with 

the other harmonics. Finally, the resultant magnetic radial 

forces at modulating pieces in CMG and the magnetic geared 

machine are analyzed. 

II. ANALYSIS MODELS 

Fig. 1 shows the topologies of the CMG and the magnetic 

geared machine. The CMG consists of the two PM rotors and 

one modulating pieces part, and the magnetic geared machine 

has the AC armature winding at the inner part instead of the 

PM rotors. In the case of AC armature winding, the 

concentrated winding is employed, and the pole pairs are 

defined as the same pole pairs with that of the inner PM rotor 

in CMG. The PM excitation field in CMG or AC armature 

field in the magnetic geared machine is modulated by the 

modulating pieces, and it is synchronized with the PM 

excitation field, produced by the outer PM [2]. In both the 

CMG and the magnetic geared machine, the inner part and the 

outer PM have the pole pairs of 4 and 22, respectively, and the 

number of the modulating pieces, Ns is designed as 26. 

III. SPACE HARMONIC ANALYSIS OF THE FLUX DENSITY 

Fig. 2 shows the space harmonic spectra of the radial and 

tangential flux density distribution at the inner air gap in the 

CMG and the magnetic geared machine. It is produced by the     

inner magnetic source, when both of the modulating pieces     

 
Fig. 1. Topology of analysis model: (a) Coaxial magnetic gear (CMG), (b) 
Magnetic geared machine. 
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and the PM on the outer rotor are replaced by the air region. In 

case of CMG, because the PM has the radial magnetization, 

the PM excitation field is distributed with half-wave symmetry 

at the air-gap, and it has the space harmonic components 

which correspond to an odd harmonic (m = 1, 3, 5, … , ∞) as 

shown in Fig. 2(a). These space harmonic components are 

synchronized with the inner PM rotor and rotate with the same 

speed and direction. But, the AC armature field in the 

magnetic geared machine has all space harmonic components 

(n = 1, 2, 4, 5, 7, 8, … , ∞) except the multiple of third order 

harmonic as shown in Fig. 2(b). These space harmonic 

components rotate with different speed and direction. In other 

words, these are distinguished into the positive phase sequence 

and negative phase sequence. 

The space harmonic spectra of the radial and tangential flux 

density distribution at the outer air gap in CMG and the 

magnetic geared machine, which passed through the 

modulating pieces, are presented in Fig. 3. To clearly see the 

space harmonic component produced by inner source, the 

outer PM is replaced by the air region. We can show that the 

22nd space harmonic component corresponding to the number 

of pole pairs of the outer PM, which is working harmonic 

producing the torque at the outer air-gap. But, it should be 

noted that there are unmodulated space harmonic components 

which have bigger radial component than that of the working 

harmonic. Actually, these unmodulated space harmonic are the 

main cause of the radial force at the modulating pieces. To 

know how these unmodulated space harmonic components are 

produced, the modulating function is expressed as in (1). 
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where the k is the space harmonic order of the modulation 

function, Ωs is the rotating speed of the modulating pieces 

rotor, and the λr0 is the dc component of the modulating 

function. Thus, we can get all space harmonic components of 

the flux density at the outer air gap using the space harmonic 

order of the PM excitation field, AC excitation field, and 

modulation function as presented in table I [2]. The 

unmodulated space harmonic orders corresponding the dc 

component of the modulating function are highlighted in grey. 

IV. RADIAL FORCE ON THE MODULATING PIECES 

The modulating pieces part suffers from the radial force by 

plenty of space harmonic component in the magnetic field at 

the inner and outer air-gap. Thus, the characteristics of the 

radial force are considerably different in the CMG and the 

magnetic geared machine because of the difference of the 

space harmonic components in the AC armature field and PM 

excitation field. 

Fig. 4 shows the maximum radial force at one point of the 

inner and outer surface of the modulating pieces when the 

CMG and the magnetic geared machine operate with the full 

load condition. In case of CMG, the maximum radial forces at 

each modulating piece are similar to each other, however, in  

 
Fig. 2.  Comparison of space harmonic spectra of the radial and tangential flux 
density distribution at the inner air gap by the inner magnetic source when 

both the modulating pieces and the outer PM are replaced by the air region: (a) 

CMG, (b) Magnetic geared machine. 

 
Fig. 3.  Comparison of space harmonic spectra of the modulated radial and 

tangential flux density distribution at the outer air gap by the inner magnetic 
source when the outer PM is replaced by the air region: (a) CMG, (b) 

Magnetic geared machine. 

TABLE I 
SPACE HARMONIC ORDERS OF THE FLUX DENSITY AT THE OUTER AIR GAP 

 

 
Fig. 4.  Maximum radial force at one point of the inner and the outer surface 
of the modulating pieces when the CMG and the magnetic geared machine 

operate with the full load condition: (a) CMG, (b) Magnetic geared machine. 
 

the magnetic geared machine, it is quite different. This is    

because the unmodulated space harmonics, which rotate at 

different directions, and the reluctance difference depending 

on the relative position of the modulating piece and the tooth 

of stator. In the full paper, the correlation between the radial 

force and the reluctance difference will be presented, and the 

characteristics of the radial force at the modulating pieces by 

the unmodulated space harmonic components in the magnetic 

field will be specifically presented 
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