
 

Abstract —This paper presents a nonlinear adaptive magnetic 
equivalent circuit (MEC) of a coaxial magnetic gear (MG). High 
speed (HS) and low speed (LS) rotors are equipped with surface 
mounted PMs. The stationary ring (SR) located between the rotors 
is constituted by magnetic iron pieces which create the flux 
modulation. Using the MEC, the magnetic flux density is 
calculated in the different parts of the MG, as well as the stall 
torque. In order to evaluate the reliability of the proposed model, 
the results are compared to 2–D finite-element analysis (FEA). 

Index Terms —Flux modulation, magnetic equivalent circuit, 
magnetic gear, reluctances, saturation effect. 

I. INTRODUCTION 

AGNETIC gears have become a very attractive choice 
for power transmission systems since they may offer 

significant advantages when compared to conventional 
mechanical gears. No mechanical contact is needed, which 
reduces the maintenance costs, the cooling, the lubrication, the 
breakages and the acoustic noise. Moreover, efficiency and 
torque density are higher, especially when coaxial topologies 
are used [1], [2]. In the case of coaxial (radial-flux) MGs, the 
permanent magnets (PMs) can be mounted on the surface of the 
rotors [1]–[4] or embedded in the iron, which reduces the PM 
eddy-current losses and improves the mechanical structure [5]–
[7]. In addition to the coaxial MGs (or radial-flux MG), other 
MG topologies have been studied for different applications. 
Thus, when reduced axial length is required, axial-flux MGs are 
better suited. In [9], a surface-mounted axial-flux MG, 
achieving a torque density higher than 70 kN/m3, has been 
studied. The PMs can also be embedded in the iron and a higher 
torque density can be achieved [10]. Transverse-flux MG [11] 
and hybrid MG, which consists of a combination between axial-
flux and transverse-flux MGs [12] can be an interesting solution 
to improve the torque density. Nevertheless, the fabrication is 
more complex, which limits their application. 

In order to increase the torque density of the power systems, the 
electrical machine can be integrated with the MG, which 
improves drastically the torque per volume ratio of the system, 
composed by the electrical machine and the MG [13]–[16]. 

Due to the complex structure of MGs, numerical models using 
2-D/3-D finite-element analysis (FEA) are mainly used to 
analyze their electromagnetic performances [1]–[16]. 
Analytical models can also be used to reduce the computation 
time [17]–[20]. However, the saturation effect is neglected, 
which constitutes the main limitation of the analytical models.  

Fig. 1.  Coaxial magnetic gear equipped with surface mounted PMs.

 
In order to account for the nonlinear B–H characteristic of the 
iron, semi-analytical models based on the magnetic equivalent 
circuits can be used [21], [22]. These models have been widely 
developed for electric machines [23]–[29] but less for magnetic gears. 
It can be explained by the higher slotting effect inducing leakage 
fluxes, which are difficult to predict and model. 
 
In [21], the authors have proposed a magnetic equivalent circuit 
of a surface-mounted MG with an automatic mesh. The 
discretization of the different parts of the MG (the stator, the 
rotors and the airgaps) is similar, and each element is composed 
of two tangential and two radial reluctances. The saturation 
effect is taken into account by considering a nonlinear equation 
obtained from the B–H characteristic of the core material. To 
account for motion, the magneto-motive forces (MMF) of the 
PMs of each rotor are expressed by an analytical expression 
depending on the position of the rotors. This avoids 
recalculating and reorganizing the different elements of the 
MEC at each step time, especially the airgap reluctances, 
linking the different parts of the MG. 

In this paper, the method developed in [27] is applied to a 
surface-mounted PMs MG. This method, based on nonlinear 
adaptive 2-D/quasi 3-D MEC, has been applied for axial and 
radial flux PM machines [28]–[30]. The mesh discretization is 
automatic and adaptive and the saturation effect is taken into 
account by an interpolation function. In contrary to [21], each 
part of the MG can be modeled separately and connected to the 
other parts through air-gap tangential sliding-line (SL), 
constituted by tangential reluctances, deducted from the relative 
position of the radial reluctances. These air-gap tangential 
reluctances insure the motion and are calculated at each step 
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time. The proposed model is generic with respect to the number 
of pole pairs in the rotors, the number of magnetic pieces and 
the geometrical parameters.  

In section II, the flux modulation principle, which is applied to 
obtain the magnetic gear, is described. Then, in section III, the 
studied magnetic gear and the proposed MEC are presented. 
Details of the mesh, the reluctance formulas and the nonlinear 
system solving are given. The magnetic flux density and the 
stall torque are calculated using the proposed model and 
compared to 2-D FEA. The results obtained with the proposed 
method are in good agreement with 2-D FEA, with an error 
lower than 3%. 

II. DESCRIPTION OF THE FLUX MODULATION PRINCIPLE 

The magnetic gear is constituted by three elements: HS 
rotor, LS rotor, and a stator. In some configurations, the three 
elements are all in motion. The operation principle is based on 
the flux modulation of the magnetic flux density created by a 
magnetic source in the internal air-gap, using iron pieces. 
Asynchronous space harmonics, having high amplitudes, are 
then generated in the external air-gap, as shown in Fig. 2. In 
order to choose the best pole pairs numbers combination 
between the two magnetic field sources, the flux density 
harmonics in the external air-gap has been analyzed without and 
with adding the intermediate iron pieces. Asynchronous 
harmonics appear when introducing the irons pieces, and their 
orders and frequencies can be given, respectively, by [2] 
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where 1p  is the pole pairs number of the HS rotor, cn  is the 

iron pieces number, m and k are coefficients defined by : 
, , ,m 1 3 5   and , , ,k 0 1 2     respectively, 1  

represents the HS rotor speed, and c represents the iron ring 

speed. The combination m 1  and k 1   defines the order of 
the highest asynchronous space harmonic amplitude (see 
Fig. 3). Thus, the pole pairs number of the external magnetic 
field source is given by 

2 1 cp p n  . (3) 

In the studied example, depicted in Fig. 1, the pole pairs 
numbers of the two magnetic sources and the iron pieces 
number are 1p 4 , 2p 20  and cn 24 , respectively. 

If the intermediate ring is considered as stationary 
(i.e., 0c   ), the gear ratio is given by 
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The negative sign indicates that the two rotors rotate in opposite 
directions. 

Another configuration can be obtained by maintaining the 
external part fixed (i.e., 2 0   ), the gear ratio is equal to 
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In this case, the intermediated ring (LS rotor) rotates in the same 
direction as the HS rotor. Moreover, the gear ratio is higher than 
that of the previous configuration. 

In this study, the first configuration is considered. However, the 
second one can be studied using the proposed method. 

 
(a) 

 
(b) 

 
(c) 

Fig. 2. Magnetic flux modulation principle : (a) magnetic flux density in 
the external air-gap, (b) space harmonics without iron pieces, et (c) space 

harmonics with iron pieces. 

 



 

 

Fig. 3. Identification of the space harmonic orders using the 

combinations  ,m k . 

III. DESCRIPTION OF THE PROPOSED MEC 

A. Description of the Magnetic Gear 

The studied MG is depicted in Fig. 1. As mentioned in the 
previous section, the intermediate iron pieces are considered as 
stationary, and the external LS rotor rotates in the opposite 
direction of the internal HS rotor. The main geometric and 
magnetic parameters are described in  

TABLE I. 

B. List of Assumptions 

Different assumptions have been considered in the proposed MEC: 
 the PMs are radially magnetized; 
 all the magnetic gear regions have radial faces; 
 the end-effects are neglected; 
 Dirichlet condition is applied according the inner 

and outer diameter of the MG. 

C. Automatic Mesh of the MG 

The MG is considered as composed by two rotating zones (i.e., 
HS and LS rotors) and a stationary zone (i.e., the intermediate 
ring). Each zone can be modelled independently. As shown in 
Fig. 4, each zone can be meshed independently and considering 
different discretizations. The connection between static and 
rotating zone is accomplished using the air-gap tangential 
reluctances. Only these reluctances vary with motion. An example 
of mesh is presented in Fig. 5.  

D. Reluctance Calculation and Nonlinear System Solving 

The analytical expressions of the radial and tangential 
reluctances are given by [30] 
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where 0  is the vacuum permeability, L is the stack length of 

the machine, iB , i , i
inR , i

outR  are, respectively, the 

magnetic flux density, the opening angle, the inner radius and 

the outer radius of the reluctance i , 
ir i(B )  is the relative 

permeability of the reluctance i  defined by 
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where rm  is the relative permeability of the PMs , ib  

represents the magnetic flux density iB  divided by 1T, and 

1 4k k  are the interpolation coefficients obtained by 

minimizing the square-error between the B–H characteristic 
provided by the manufacturer and the values obtained using the 
Marrocco’s function [31] The steel laminations Arcelor 
Mittal M330–35A have been used for the studied MG. The 
interpolation coefficients are reported in TABLE II and the 
obtained curve is depicted in Fig. 6. 

 

 

 
(a) 

 
(b) 

 
(c) 
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Fig. 4.  Elementary and improved mesh of : (a-b) pole-pitch, and (c-d) 
tooth-pitch 

Fig. 5.  Example of magnetic gear mesh 
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TABLE I 
GEOMETRIC AND MAGNETIC PARAMETERS. 

Parameters Values 

Inner radius of the HS rotor, [mm] 38 

Outer radius of the LS rotor, [mm] 70 

Pole pairs number of the HS rotor, 1p  4 

Pole pairs number of the LS rotor, 2p  20 

Iron pieces of the intermediate ring, cn  24 

Yoke thickness of the HS rotor, [mm] 5 

Yoke thickness of the LS rotor, [mm] 5 

Iron pieces thickness, [mm] 10 

PMs thickness of the HS rotor, [mm] 5 

PMs thickness of the LS rotor, [mm] 5 

Angular PM span to pole-pitch ratio (HS rotor), 1 

Angular PM span to pole-pitch ratio (LS rotor), 1 

Angular iron piece angle to tooth-pitch ratio, 0.5 

Internal air-gap length, [mm] 1 

External air-gap length, [mm] 1 

Rotation speed of the HS rotor, 1  [rpm] 6,000 

Rotation speed of the HS rotor, 2  [rpm] -1,200 

Rotation speed of the intermediate ring, c  [rpm] 0 

Gear ratio, rG  5 

Iron stack length, L [mm] 100 

Residual flux density at 0 20mT C  , 0rmB  [T] 1.3 

Relative magnetic permeability, rm  [–] 1.05 

 

TABLE II 
INTERPOLATION COEFFICIENTS OF MARROCCO'S FUNCTION 

FOR THE M330-35A STEEL. 

Coefficient Values Units 

1k  6.38  – 

2k  41.62 10  – 

3k  46.27 10  – 

4k  6.69  – 

 

By using the Marrocco’s interpolation function, the nonlinear 
effect in iron reluctances can be taken into account iteratively 
during the magnetic field calculation. The flowchart describing 
the different steps of the nonlinear system solving is presented 
in Fig. 7, where  F  is the magnetic and electric sources vector, 

 

   is the total incidence matrix,    and    represent, 

respectively, the loop and the reluctance fluxes, and   ,  S  

are the total reluctances matrix and their surfaces [27]–[30]. 

IV. FINITE ELEMENT ANALYSIS AND RESULT COMPARISON 

A. Description of 2-D FEA 

The 2–D FEA has been performed using ANSYS Maxwell® 
software package. Due to the boundary conditions (i.e., 
periodicity), periodicity can be used so that only 1 quarter of the 
MG is analyzed [see Fig. 8]. 

Fig. 6.  Interpolation of B–H characteristic for the M330–35A steel. 

Fig. 7.  Flowchart of the nonlinear system solving [27]. 
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B. Magnetic Flux Density Calculation 

The magnetic flux density has been calculated using the 
MEC and compared to the results obtained by 2-D FEA. 
Different paths are considered in different parts of the MG. The 
main paths are located in: 

 HS rotor yoke; 
 iron pieces; 
 LS rotor yoke; 
 internal and external air-gaps. 

Both radial and tangential components of the magnetic flux 
density have been calculated and compared to 2–D FEA. 

C. Stall and Electromagnetic Torque Calculation 

The stall torque has been calculated using the Maxwell stress 
tensor, given by  

       
ag ag

2
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         , (9) 

where 
agrB  and 

ag
B  are the radial and tangential components of 

the air-gap magnetic flux density, and ag  is the mechanical 

angles vector of the tangential air-gap reluctances at each 
mechanical rotation angle rs  (or step time). 

The external LS rotor is maintained fixed. 
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Fig. 8.  Studied MG: (a) mesh elements; (b) magnetic flux lines, (c) 
magnetic flux density distribution, and (d) validation paths. 

 

 

Fig. 9.  Tangential component of the magnetic flux density in HS rotor 
yoke (i.e., path 1). 

 

 

Fig. 10.  Tangential component of the magnetic flux density in LS rotor 
yoke (i.e., path 6). 

 

 

Fig. 11.  Tangential component of the magnetic flux density in iron pieces 
(i.e., path 3). 

 

 

Fig. 12.  Radial component of the magnetic flux density in iron pieces 
(i.e., path 4). 

 



 

 
(a) 

 

 
(b) 

Fig. 13.  Magnetic flux density in the internal air-gap (i.e., path 2): (a) 
tangential component, and (b) radial component. 

 

 
(a) 

 
(b) 

Fig. 14.  Magnetic flux density in the external air-gap (i.e., path 5): (a) 
tangential component, and (b) radial component. 

 

 

Fig. 15.  Stall torque of the MG. 
 

D. Results Comparison and Discussion 

The magnetic flux density has been calculated in the different parts 
of the MG, and has been compared to 2–D FEA [see Fig. 9–Fig. 14]. 
The main validation paths 1–6 are shown in Fig. 8. The good 
correlation with the results obtained using 2–D FEA confirms the 
reliability of the proposed method. It is important to note that the 
magnetic flux density in highly saturated zones (i.e., in the LS and HS 
rotor yokes) has been calculated with high accuracy. 

By applying the Maxwell stress tensor formula (4), the maximum 
torque that can be transmitted by the MG (i.e., the stall torque) has been 
determined by means of a locked rotor calculation, by maintaining the 
LS rotor fixed. As shown in Fig. 15, the maximum torque calculated 
with the proposed MEC is 102 Nm, which is in good agreement with 
the result obtained by 2–D FEA (105 Nm). The error is lower than 3%. 

V. CONCLUSION 

In this paper, a nonlinear adaptive MEC has been developed 
for a magnetic gear equipped with surface-mounted PMs. The 
magnetic flux density can be calculated in the different zones 
of the magnetic gear with high accuracy. The radial and 
tangential components of the magnetic flux density have been 
compared to the results obtained with 2–D FEA for different 
paths. Moreover, the motion has been considered in the 
proposed model. Thus, the stall torque can be deducted with 
high accuracy (error lower than 3%). 
The proposed MEC neglects the end-effect, which can 
influence substantially the results, especially when the iron 
stack length is too short comparatively to the diameter. Thus, 
future work will focus on the improvement of the model to 
account for the end-effects with comparison to 3–D FEA. 
Furthermore, the improved MEC will be coupled to an 
optimization tool in order to maximize the torque per volume 
ratio while minimizing the PM weight. 
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