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 Nowadays, the replacement of mechanical technologies by magnetic 

technologies has several advantages. Therefore, in this paper, we compare in 

an indirect drive chain the conventional concentric magnetic gear (CCMG) 

and the double-stage concentric magnetic gear (DSCMG) used as a speed 

multiplier for a high-power offshore wind turbine. This comparison is 

performed for the same gear ratio and the same torque at the input of both 

magnetic gears to obtain the same torque values at the output of each gear. 

The goal is to determine which one has the smaller amount of magnet and 

the higher volumetric torque density. After the calculation of the gear ratio, a 

first choice of geometrical parameters is adopted. Several simulations carried 

out by the finite element method (FEM) allowed to obtain the desired 

torques and to fix the final geometrical parameters of each magnetic gear. 

The results obtained show that the DSCMG has both the smallest magnet 

volume and the highest volumetric torque density compared to the CCMG. 
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NOMENCLATURE 

 

𝐺 : Gear ratio  𝜌 : Air density 

Ω𝐺  : Rated speed of the DFIG  𝐶𝑝 : Turbine performance coefficient 

Ω𝑤𝑡  : Rated speed of the turbine  𝜆 : Tip speed ratio 

𝑓 : Frequency  𝑠 : Slip in nominal operation  

𝑁𝑆 : Number of ferromagnetic pole pieces  

  of the CCMG 

 𝐵𝑟 , 𝐵𝜃

  

: Radial and tangential components of the  

  magnetic flux density 

𝑝 : Number of pole pairs of the DFIG  𝑐𝑓 : Cogging torque factor 

𝑃𝐷𝐹𝐼𝐺  : Generator power  𝜑 : Scalar magnetic potential 

𝑅 : Radius of the turbine blade  𝑅𝑖 : Radius of the inner rotor 

𝑇𝑖𝑛 , 𝑇𝑜𝑢𝑡 : Input and output torque of the magnetic gear  𝜇0 : Magnetic permeability of the vacuum 

𝐿𝑒 : Stack length of the magnetic gear  𝑇𝐷𝑆 : Volumetric torque density 

 

https://creativecommons.org/licenses/by-sa/4.0/


Int J Appl Power Eng ISSN: 2252-8792  

 

Contribution to the comparison of conventional concentric magnetic gear … (d’Almeida Renaud Philippe) 

31 

𝐵𝑟𝑖𝑛 , 

𝐵𝑟𝑜𝑢𝑡  

: Radial flux density of inner and  

  outer rotor 

 𝐵𝜃𝑖𝑛 ,  
𝐵𝜃𝑜𝑙𝑢𝑡 

: Tangential flux density of inner and  

  outer rotor 

𝑉 : Total volume of the magnetic gear  𝑃𝑓 : Iron losses 

𝑡𝑟𝑖𝑛,  
𝑡𝑟𝑜𝑢𝑡 

: Inner and outer torque ripple coefficient  𝑇av_𝑖𝑛, 

𝑇av_𝑜𝑢𝑡 

: Average input and output torque 

𝑇min _𝑖𝑛 : Minimum input torque  𝑇max _𝑜𝑢𝑡 : Maximum output torque 

𝑇min _𝑜𝑢𝑡 : Minimum output torque  𝑇max _𝑖𝑛  : Maximum input torque 

𝑁𝑆1, 𝑁𝑆2

  

: Number of ferromagnetic pole pieces of  

  the first and second stage of the DSCMG 

 𝑃1,  𝑃2  : Number of permanent magnet pole pairs  

  of the inner and outer rotors of the CCMG 

𝑃1_1 , 
𝑃2_1 

: Number of permanent magnet pole pairs  

  of the inner and outer rotors of the  

  first stage 

 𝑃2_1,  𝑃2_2 : Number of permanent magnet pole pairs  

  of the inner and outer rotors of the  

  second stage 
 

 

1. INTRODUCTION 

The demand for electrical energy is increasing day by day because of the growing population. To 

satisfy this demand, most countries harness their various renewable energy sources for clean power 

generation and boost their energy mix. Among the various renewable energy sources, wind energy occupies 

an important place in terms of installed generation capacity in the world. From the year 2011 to the year 

2022, its generation capacity has increased from 238 GW to 845 GW [1]. Offshore wind power generation is 

very advantageous because the winds at sea are stronger and more regular. The development of offshore 

wind turbines offers promising prospects with the improvement of existing technologies [2]. For high power 

(above 1 MW) wind energy conversion systems (WECS) offshore it is essential to have systems that generate 

less loss and have good efficiency [3]. 

The WECS indirect drive chain consists of a turbine, a mechanical gear and a generator. Mechanical 

gears allow to transmit a high speed and a low torque to the generator shaft from a low speed and a high 

torque of the connected wind turbine. The mechanical gears used in offshore applications are often multi-

stage planetary gears. Figure 1 shows this type of gearbox in the drive chain. Despite their important role, 

these mechanical gears are usually the weakest link in the wind power conversion system [4], [5]. This is 

because they are prone to several failures and their maintenance is very expensive [6]–[9]. The magnetic 

gears are the most promising alternative to the mechanical gears because of their high transmission and high 

torque density [10]. Compared to mechanical gears they operate without contact and generate low acoustic 

noise [11]. They offer several advantages, namely: improved reliability of WECS, reduced unplanned 

downtime, longer maintenance intervals, reduced labor costs and improved profitability of wind farms. All of 

these benefits contribute to the increased productivity and profitability of WECS.  
 
 

 
 

Figure 1. Indirect drive chain of WECS with mechanical gear 
 

 

Several magnetic gear topologies have been proposed in the literature. However, it was in the early 

2000s that the concentric magnetic gear proposed by [12] emerged as the most attractive topology. Figure 2 

shows the concentric magnetic gear in the production chain. Therefore, several authors have extensively 

studied this type of magnetic gear in various fields of application [13]–[15]. Unfortunately, these studies have 

shown that magnetic gears also have their limitations. Due to the fact that they are based on permanent 

magnets, they induce eddy current losses which cause them to heat up [16]–[20]. On the other hand, in 

offshore applications, the torques to be developed are very large and lead to bulky magnetic gears with large 

quantities of magnets. However, the cost of permanent magnets, especially in rare earth, is very high. These 



                ISSN: 2252-8792 

Int J Appl Power Eng, Vol. 13, No. 1, March 2024: 30-44 

32 

different aspects limit their design and their use in high power WECS. It is in this context that in this paper 

we compare the CCMG and the DSCMG when they are each connected at their output to the shaft of a 1.633 

MW double fed induction generator (DFIG). The objective here is to see between the two magnetic gears the 

one that will be much more reliable and economically profitable.  

 

 

 
 

Figure 2. Indirect drive chain of WECS with concentric magnetic gear 

 

 

This paper is divided into three parts. In the first part the description and the principle of operation 

of each of the two magnetic gears is presented. The second part deals with the sizing methodology of each of 

the magnetic gears and finally the third part is devoted to the analysis of the obtained results.  

 

 

2. DESCRIPTION AND OPERATION OF THE STUDIED MAGNETIC GEARS  

The topologies of the two studied magnetic gears are shown in Figure 3. In the drive chain, the 

configuration adopted for each of the two magnetic gears is to connect the low speed rotor of the turbine to 

the inner rotor shaft of the magnetic gear and the high-speed rotor of the DFIG to the outer rotor shaft of the 

magnetic gear. The CCMG gear shown in Figure 3(a) consists of two rotors, one of which is inside and the 

other outside. Between the two rotors are the ferromagnetic pole pieces. Each rotor contains permanent 

magnets on its inner (for the outer rotor) and outer (for the inner rotor) surface. It can be noticed that there are 

more permanent magnet pole pairs on the inner rotor than on the outer rotor. The inner rotor is therefore the 

low speed rotor. When the wind turbine is connected to the inner rotor, it rotates at low speed and the 

permanent magnets of the inner rotor create a magnetic field through the ferromagnetic pole pieces. The 

modulation of this magnetic field by the ferromagnetic pole pieces interacts with the magnetic field created 

by the permanent magnets of the outer rotor and forces it to rotate at high speed in the opposite  

direction [21], [22]. This allows the shaft of the DFIG connected to the external rotor to rotate at high speed. 

 

 

  
(a) (b) 

 

Figure 3. Topology of (a) CCMG and (b) DSCMG 
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The DSCMG is shown in Figure 3(b). The first stage is distinguished from the second stage by the 

concentric circle shown in white in the figure. It consists of two concentric magnetic gears, one of which is 

inside the other. The first magnetic gear is the first stage and the second is the second stage. They both share 

a common rotor. It can be seen that in the first stage, the inner rotor has the greatest number of permanent 

magnet poles. It represents the low-speed rotor connected to the wind turbine. at the second stage, the outer 

rotor has the least number of permanent magnet poles. It represents the high-speed rotor connected to the 

shaft of the DFIG. The operation of this magnetic velocity multiplier is similar to the conventional magnetic 

multiplier with the only difference that the torque transmission is done between two stages: from the first 

stage to the second stage. 
 

 

3. METHODOLOGY FOR COMPARING THE CCMG AND DSCMG 

To compare the two magnetic gears, it is necessary to size them for the same gear ratio G. The 

flowchart proposed in Figure 4 indicates the steps to be followed for the sizing. The gear ratio G is calculated 

by (1), where Ω𝐺  and Ω𝑤𝑡  are the respective nominal velocities of the DFIG and the turbine. They are defined 

by (2) and (3) [23], [24]. 
 

𝐺 =
Ω𝐺

Ω𝑤𝑡
 (1) 

 

Ω𝐺 =
2𝜋𝑓(1−𝑠)

𝑝
 (2) 

 

Where 𝑓 is the frequency in Hz; 𝑠 is the slip in nominal operation; and 𝑝 is the number of pole pairs of the 

DFIG. 
 

Ω𝑤𝑡 =
𝜆

𝑅
(

2𝑃𝐷𝐹𝐼𝐺

𝐶𝑝𝜌𝜋𝑅2)

1

3
` (3) 

 

Where 𝑃𝐷𝐹𝐼𝐺  is the generator power (MW); 𝑅 is the radius of the turbine blade (m); 𝜌 is the air density 

(kg/m3); 𝐶𝑝 is the turbine performance coefficient; and 𝜆 is the tip speed ratio. The DFIG parameters used are 

listed in Table 1. 
 
 

Table 1. The DFIG parameters 
Parameters (unit) Value  Parameters (unit) Value 

PDFIG (MW) 1.633  λ 6.908 
Cp 0.44  f(Hz) 50 

ρ (kg/m3) 1.225  s 0.02 
R(m) 35  p 2 

 

 

The gear ratio G expressed by (1) is again a function of the numbers of pole pairs of permanent 

magnets at each magnetic gear. This ratio is described by (4) for the CCMG and (5) for the DSCMG [25]. 
 

𝐺 =
𝑃1

𝑃2
 (4) 

 

Where 𝑃1 and 𝑃2 are respectively the number of permanent magnet pole pairs of the inner and outer rotors of 

the CCMG. 
 

𝐺 = 𝐺1 × 𝐺2 (5) 
 

With 𝐺1 and 𝐺2 the respective gear ratio of the first and second stage defined by the following system: 
 

{
𝐺1 =

𝑃1_1

𝑃2_1

𝐺2 =
𝑃1_2

𝑃2_2

  (6) 

 

Where 𝑃1_1 and 𝑃2_1 are respectively the number of pole pairs of permanent magnets of the inner and outer 

rotors of the first stage of the DSCMG. Similarly, 𝑃2_1 and 𝑃2_2 are respectively the number of pole pairs of 

permanent magnets of the inner and outer rotors of the second stage of the DSCMG. 
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Figure 4. Sizing flowchart of the studied magnetic gears 
 

 

The numbers of ferromagnetic pole pieces 𝑁𝑆 for the CCMG and 𝑁𝑆1 and 𝑁𝑆2 respectively for the 

first and second stage of the DSCMG must satisfy the following relationships: 

 

{

𝑁𝑆  = 𝑃1  +  𝑃2 
𝑁𝑆1  = 𝑃1_1  +  𝑃2_1 

𝑁𝑆2  = 𝑃1_2  +  𝑃2_2 
 (7) 

 

The cogging torque factor (𝑐𝑓) whose expression is presented in (8) must be close to the value 1 to 

reduce torque ripples as much as possible. This coefficient is calculated in the same way at the DSCMG level 

by replacing 𝑁𝑆 and 𝑃1 by 𝑁𝑆1 and 𝑃1_1  at the first stage and 𝑁𝑆 and 𝑃1 by 𝑁𝑆2 and 𝑃1_2 at the second stage [26]. 

 

𝑐𝑓 =
2𝑃1×𝑁𝑆

𝐿𝐶𝑀(2𝑃1,𝑁𝑆)
 (8) 

 

We impose subsequently that 𝑐𝑓 is to be equal to 1 in order to have the best combinations ( 𝑃1,  𝑁𝑠), 

(𝑃1_1,  𝑁𝑠1), and ( 𝑃1_2,  𝑁𝑠2). 
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The magnetic parameters 𝑃1, 𝑃2, 𝑃1_1, 𝑃1_2, 𝑃2_1, 𝑃2_2,  𝑁𝑠, 𝑁𝑠1, and  𝑁𝑠2 are therefore selected by 

strictly adhering to (1) through (8) listed above. The radial 𝐵𝑟  and tangential 𝐵𝜃  components of the magnetic 

flux density are described by (9) and (10) [27]. 

 

𝐵𝑟 = −𝜇0
𝜕𝜑

𝜕𝑟
 (9) 

 

𝐵𝜃 = −
𝜇0

𝑟

𝜕𝜑

𝜕𝜃
 (10) 

 

Where 𝜑 represent the scalar magnetic potential and 𝜇0 is the magnetic permeability of the vacuum. 

The input torque 𝑇𝑖𝑛 and output torque 𝑇𝑜𝑢𝑡  of each magnetic gear are given by (11). 

 

{
𝑇𝑖𝑛 =

𝑃𝐷𝐹𝐼𝐺

Ω𝑤𝑡

𝑇𝑜𝑢𝑡 =
𝑇𝑖𝑛

𝐺

 (11) 

 

The relationship (11) allows the analytical calculation of the desired input and output torques of each 

magnetic gear. The torque 𝑇𝑖𝑛 developed by inner rotor of each gear is also defined as (12) [28]. 

 

𝑇𝑖𝑛  =
𝐿𝑒𝑅𝑖

2

𝜇0
∫ (𝐵𝑟𝑖𝑛 + 𝐵𝑟𝑜𝑢𝑡)(𝐵𝜃𝑖𝑛 + 𝐵𝜃𝑜𝑢𝑡)𝑑𝜃

2𝜋

0
 (12) 

 

Where 𝑅𝑖 is the radius of the inner rotor; 𝐿𝑒 is the Stack length of the magnetic gear; 𝐵𝑟𝑖𝑛, 𝐵𝑟𝑜𝑢𝑡  and  

𝐵𝜃𝑖𝑛  , 𝐵𝜃𝑜𝑢𝑡 are respectively the radial and tangential flux density of inner and outer rotor. With 

∫ 𝐵𝑟𝑖𝑛
2𝜋

0
𝐵𝜃𝑖𝑛𝑑𝜃 = 0 and ∫ 𝐵𝑟𝑜𝑢𝑡

2𝜋

0
𝐵𝜃𝑜𝑢𝑡𝑑𝜃 = 0 the simplified analytical expression of (12) is (13). 

 

𝑇𝑖𝑛  = 𝜋𝜇0𝐿𝑒𝑅𝑖
2 ∑ [(𝑃𝑛,𝑜𝑢𝑡𝑆𝑛,𝑖𝑛 + 𝑄𝑛,𝑜𝑢𝑡𝑅𝑛,𝑖𝑛) + (𝑃𝑛,𝑖𝑛𝑆𝑛,𝑜𝑢𝑡 + 𝑄𝑛,𝑖𝑛𝑅𝑛,𝑜𝑢𝑡)]∞

𝑛=1  (13) 

 

Where:  

 

𝑃𝑛,𝑖𝑛 = 𝑛(𝐸𝑛,𝑖𝑛𝑅𝑖
𝑛−1 − 𝐹𝑛,𝑖𝑛𝑅𝑖

−𝑛−1) (14) 

 

𝑄𝑛,𝑖𝑛 = 𝑛(𝐺𝑛,𝑖𝑛𝑅𝑖
𝑛−1 − 𝐻𝑛,𝑖𝑛𝑅𝑖

−𝑛−1) (15) 

 

𝑅𝑛,𝑖𝑛 = −𝑛(𝐸𝑛,𝑖𝑛𝑅𝑖
𝑛−1 + 𝐹𝑛,𝑖𝑛𝑅𝑖

−𝑛−1) (16) 

 

𝑆𝑛,𝑖𝑛 = 𝑛(𝐺𝑛,𝑖𝑛𝑅𝑖
𝑛−1 + 𝐻𝑛,𝑖𝑛𝑅𝑖

−𝑛−1) (17) 

 

𝑃𝑛,𝑜𝑢𝑡 = 𝑛(𝐸𝑛,𝑜𝑢𝑡𝑅𝑖
𝑛−1 − 𝐹𝑛,𝑜𝑢𝑡𝑅𝑖

−𝑛−1) (18) 

 

𝑄𝑛,𝑜𝑢𝑡 = 𝑛(𝐺𝑛,𝑜𝑢𝑡𝑅𝑖
𝑛−1 − 𝐻𝑛,𝑜𝑢𝑡𝑅𝑖

−𝑛−1) (19) 

 

𝑅𝑛,𝑜𝑢𝑡 = −𝑛(𝐸𝑛,𝑜𝑢𝑡𝑅𝑖
𝑛−1 + 𝐹𝑛,𝑜𝑢𝑡𝑅𝑖

−𝑛−1) (20) 

 

𝑆𝑛,𝑜𝑢𝑡 = 𝑛(𝐺𝑛,𝑜𝑢𝑡𝑅𝑖
𝑛−1 + 𝐻𝑛,𝑜𝑢𝑡𝑅𝑖

−𝑛−1) (21) 

 

with 𝐸𝑛,𝑖𝑛, 𝐸𝑛,𝑜𝑢𝑡, 𝐹𝑛,𝑖𝑛, 𝐹𝑛,𝑜𝑢𝑡, 𝐺𝑛,𝑖𝑛, 𝐺𝑛,𝑜𝑢𝑡 , 𝐻𝑛,𝑖𝑛, and 𝐻𝑛,𝑜𝑢𝑡 constants. 

After the calculation of the gear ratio, and the selection of the magnetic parameters, a first standard 

choice of the geometrical parameters (thickness of the yokes, thickness of the permanent magnets, thickness 

of the ferromagnetic pole pieces, internal and external radii of the rotors) of each magnetic gear is 

established. Several simulations are then performed in dynamic operation by the FEM. The Flux-2D version 

2022 finite element analysis software is used here. When the desired torques (𝑇𝑖𝑛 and 𝑇𝑜𝑢𝑡) are reached, the 

simulation is stopped and the geometrical parameters obtained are fixed. These parameters are final for each 

magnetic gear. We deduce the elements we need for the comparison. This comparison is done at various 

levels, namely: the comparison of permanent magnets volumes, volumetric torque densities, eddy current 

losses in the magnets, iron losses in the rotor yokes and torques ripple. 

The calculation of the volumetric torque density (𝑇𝐷𝑆) is done analytically using the (22) [15]. 
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𝑇𝐷𝑆 =
𝑇𝑖𝑛

𝑉
 (22) 

 

Where V is the total volume of the magnetic gear. For the calculation of the iron losses (𝑃𝑓) the Flux2D 

software uses (23) based on the Bertotti method [29]. 
 

𝑃𝑓 = 𝑘1𝑓𝐵𝛼1 + 𝑘2(𝑓. 𝐵)𝛼2 + 𝑘3(𝑓. 𝐵)𝛼3 (23) 
 

With 𝐵: flux density, 𝑘1𝑓𝐵𝛼1: hysteresis losses, 𝑘2(𝑓. 𝐵)𝛼2: eddy current losses, and 𝑘3(𝑓. 𝐵)𝛼3 : losses by 

excess. The eddy current losses in the magnets are also obtained after simulation. 

In order to compare the stability of the inner and outer torques of each magnetic gear, the torque 

ripple coefficient is calculated after simulation. The inner torque ripple 𝑡𝑟𝑖𝑛 is given by (24) [30]. 
 

𝑡𝑟𝑖𝑛 =
𝑇max _𝑖𝑛−𝑇min _𝑖𝑛

𝑇av_𝑖𝑛
 (24) 

 

Where 𝑇max _𝑖𝑛 is the maximum input torque value; 𝑇min _𝑖𝑛 is the minimum input torque value; and 𝑇av_𝑖𝑛 is 

the average input torque value. The same in (24) is used to calculate outer torque ripple by substituting inner 

torques with outer torques values. 

 

 

4. RESULTS AND DISCUSSION  

The gear ratio calculated from (1) give G = 54.7. The speed of the generator in nominal operation is 

1,800 rpm and that of the wind turbine is 32.9 rpm. Thus, these speeds are respectively imposed on the 

generator shaft and the turbine shaft. After the various simulations made with the FEM, the geometrical 

parameters obtained for each gear are shown in Table 2. 
 

 

Table 2. Geometrical parameters of each magnetic gear 
Parameters (unit) CCMG 

Value 

DSCMG 

First stage value Second stage value 

Number of pole pairs of the inner rotor 

Number of pole pairs of the outer rotor  
Number of ferromagnetic Pole-Pieces  

Thickness of the inner air gap (mm) 

Thickness of the outer air gap (mm) 
Thickness of the ferromagnetic Pole-Pieces (mm) 

Thickness of the permanent magnets of the inner rotor (mm) 

Thickness of the permanent magnets of the outer rotor (mm) 
Thickness of the inner rotor yoke (mm) 

Thickness of the outer rotor yoke (mm) 

Internal radius of the magnetic gear (mm) 
External radius of the magnetic gear (mm) 

Stack length (m)  

164 

3 
167 

2 

2 
30 

25 

25 
45 

45 

850 
1,024 

2 

53 

8 
61 

2 

2 
30 

25 

25 
45 

45 

451.5 
625.5 

2 

58 

7 
65 

2 

2 
5.78 

5 

5 
16.5 

10.76 

625.5 
672.54 

2 

 
 

At the level of the CCMG, the flux density map is shown in Figure 5. The curves of the inner and 

outer torques are presented in Figure 6. Similarly, the flux density variations in the inner and outer air gaps 

are shown in Figures 7 and 8 respectively. 

It is clear from Figure 5 that the maximum flux density reached is 3.008T. As described in the 

methodology, the turbine shaft is connected to the inner rotor and the generator shaft to the outer rotor. In this 

configuration, the inner rotor must rotate at low speed, developing a high inner torque. The outer rotor must 

rotate at high speed in the opposite direction, developing a low outer torque relative to the inner rotor. The 

gear ratio is kept constant during speed and torque transmissions between the two rotors.  

Figure 6 shows that the average torque at the input of the inner rotor is 3.8×105 Nm. This is 

considerably higher than the torque transmitted at the output of the outer rotor, which is 6.97×103 Nm. The 

two torques plotted on this figure are opposite in sign. This explains why the two rotors rotate in opposite 

directions. This result is logical given the configuration we've adopted, which enables us to use the CCMG as 

a speed multiplier on the outer rotor. 

In Figures 7 and 8, the maximum flux density reached in the middle of the inner and outer air gaps 

are 1.131T and 1.089T respectively. It can be seen that the magnetic field amplitude in the middle of the 

inner air gap is greater than that of the outer air gap. This is because there are significantly more permanent 

magnet pole pairs in the inner rotor than the outer.  
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Figure 5. Magnetic flux density map in the CCMG 
 

 

 
 

Figure 6. Torques curves in the CCMG 

 

 

 

 
 

Figure 7. Flux density variations in the inner air gap 
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Figure 8. Flux density variations in the outer air gap 
 

 

The volumes of the magnets used in the inner and outer rotors are 0.2851 m3 and 0.3036 m3 

respectively. The total volume of the CCMG is 2.0488 m3. Each stage of the DSCMG is simulated separately 

while respecting the constraints related to the common rotor. That is, the speeds and torques of the outer rotor 

of the first stage and the inner rotor of the second stage must be the same. The results of the first stage are 

presented in Figures 9 to 12. 

In the first stage of the DSCMG, the maximum flux density given by the flux density map in  

Figure 9 is 3.655T. The inner rotor of the first stage is connected to the turbine shaft. Consequently, its torque 

amplitude must be greater than its outer rotor amplitude. Figure 10 shows that the input torque developed at 

the first-stage inner rotor is 3.8×105 Nm. This torque is the same as that applied at the CCMG input. At the 

output of the first stage, the average torque is 5.74×104 Nm lower than the inner torque. This is quite normal, 

since the first stage is also used as a speed multiplier at its output. What's more, the curves for the two 

torques have opposite signs. This proves that the two rotors of the first stage rotate in opposite directions. 

Figures 11 and 12 show, respectively, the variations of radial flux density in the middle of the air 

gaps of the inner and outer rotors of the first stage. The maximum flux density value for the inner rotor is 

2.01T, higher than that for the outer rotor, which is 1.672T. This result can be seen from the higher number 

of permanent magnet pole pairs in the inner rotor as compared with the outer rotor. The magnet volumes used 

in the first stage are 0.16 m3 for the inner rotor and 0.178 m3 for the outer rotor. 
 
 

 
 

Figure 9. Flux density map in the first stage 
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Figure 10. Torques curves in the first stage 
 

 

 
 

Figure 11. Flux density variations in the inner air gap 

 

 

 
 

Figure 12. Flux density variations in the outer air gap 
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Second-stage results from the DSCMG are presented in Figures 13 to 16. Figure 13 shows the flux 

density map of the second stage. The maximum flux density given by this map is 2.819T. The inner and outer 

torques of the second stage are plotted in Figure 14. It can be seen that the average input torque of the second 

stage is 5.74×104 Nm. This torque is equal to the average torque at the output of the first stage, since the first 

and second stages share a common rotor. The second-stage output is connected to the high-speed generator 

shaft. The output torque of the second stage should consequently be lower than the input torque. This is the 

case in this application, since the second-stage output torque is 6.94×103 Nm. The inner and outer rotors of 

the second stage rotate in opposite directions because their torques have opposite signs. The output torque of 

the second stage is approximately equal to the output torque of the CCMG, as expected for the comparison of 

the two magnetic gears. 

 

 

 
 

Figure 13. Flux density map in the second stage 

 

 

 
 

Figure 14. Torques curves in the second stage 
 
 

Figures 15 and 16 show the radial flux density variations at the center of the inner and outer air gaps 

of the second stage. The maximum flux density in the inner and outer air gap of the second stage are 

respectively 1.326 T and 1.106 T. The amplitude of the flux density of the inner rotor is greater than the outer 

rotor because there are more permanent magnet pole pairs in the inner rotor than the outer rotor. The magnet 

volumes obtained in the second stage are 0.0405 m3 in the inner rotor and 0.0414 m3 in the outer rotor. The 

total volume of the DSCMG is 1.5611 m3. 
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Figure 15. Flux density variations in the inner air gap 
 
 

 
 

Figure 16. Flux density variations in the outer air gap 

 

 

Table 3 shows the comparative values of the results obtained. It can be seen that the total volume of 

permanent magnets used at CCMG is 0.5887 m3. This volume is significantly higher than the total volume 

used in the DSCMG which is 0.42 m3. This result shows that there will be less eddy current losses in the 

DSCMG magnets than in the CCMG magnets. This is justified by the eddy current losses found after 

simulation which give values of 94.24 kW at the CCMG and only 23 kW at the DSCMG. These values prove 

that there are about four times more eddy current losses in the CCMG magnets than in the DSCMG magnets. 

The volumetric torque density of the DSCMG is 243.42 kNm/m3. This density is significantly better 

than that of the CCMG which is only 185.47 kNm/m3. Moreover, the iron losses of the CCMG are 84.8 kW. 

These losses are more than twice as high as those of the DSCMG which are 41.36 kW.  

Table 4 shows the torque ripples calculated at the inner and outer rotors of each magnetic gear. It 

can be seen that the inner and outer torque ripples of the CCMG are 1.55% and 15.51% respectively. There is 

therefore more stability of torque at the output of the inner rotor than at the outer rotor of the CCMG. 

Similarly, on the DSCMG, the torque ripples of the inner and outer rotors are 0.97% and 4.12% respectively. 

We also note that there is more stability of torque at the output of the DSCMG's inner rotor than at its  

outer rotor. 
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Table 3. Comparative values of CCMG and DSCMG 
 Conventional concentric 

magnetic gear (CCMG) 

Double-stage concentric magnetic gear  

(DSCMG) 

  First stage Second stage 

Generator power (MW) 

Gear ratio  

1.633 

54.7 

1.633 

6.6 8.29 
Total gear ratio  54.7 54.7 

Input torque (N.m) 3.8×105 3.8×105 5.74×104 

Output torque (N.m) 6.97×103 5.74×104 6.94×103 
Internal magnets volume (m3) 0.2851 0.16 0.0405 

External magnets volume (m3) 0.3036 0.178 0.0414 

Total volume of magnets (m3) 0.5887 0.42 
Volume of magnetic gear (m3) 2.0488 1.5611 

Volumetric torque density (kNm/m3) 185.47 243.42 

 
Eddy current losses (kW) 

 
94.24 

14.79 8.212 
23 

 

Iron losses (kW) 

 

84.8 

3.19 38.17 

41.36 

 
 

Table 4. Torques ripple comparison 
 Conventional concentric 

magnetic gear (CCMG) 

Double-stage concentric 

magnetic gear (DSCMG) 

Maximum input torque 𝑻𝐦𝐚𝐱_𝒊𝒏 (N.m) 

Minimum input torque 𝑻𝐦𝐢𝐧_𝒊𝒏 (N.m) 

Average input torque 𝑻𝐚𝐯_𝒊𝒏 (N.m) 

Inner torque ripple 𝒕𝒓𝒊𝒏 (%) 

3.841×105 

3.782×105 

3.8×105 
1.55 

3.829×105 

3.792×105 

3.8×105 

0.97 

Maximum output torque 𝑻𝐦𝐚𝐱 _𝒐𝒖𝒕 (N.m) 7.587×103 7.085×103 

Minimum output torque 𝑻𝐦𝐢𝐧_𝒐𝒖𝒕 (N.m) 

Average output torque 𝑻𝒂𝒗_𝒐𝒖𝒕 (N.m) 

6.506×103 

6.97×103 

6.799×103 

6.94×103 

Outer torque ripple 𝒕𝒓𝒐𝒖𝒕 (%) 15.51 4.12 

 

 

When we compare the torque ripples of the CCMG and the DSCMG, we notice that the torque 

ripple at the inner rotor of the DSCMG is lower than that of the CCMG. This torque ripple is reduced by 

37.42% at the inner rotor of the DSCMG compared with that of the CCMG. It can be affirmed that the inner 

rotor of the DSCMG is more stable than that of the CCMG. Similarly, the torque ripple of the DSCMG outer 

rotor is significantly lower than that of the CCMG outer rotor. The torque ripple of the outer rotor of the 

DSCMG is reduced this time by 73.44% compared with that of the CCMG. Output torque stability of the 

DSCMG outer rotor is therefore significantly improved compared with that of the CCMG. We can deduct 

from these results that the DSCMG is more stable than the CCMG in torque transmission. It presents less 

torque ripple at the inner and outer rotor than the CCMG. 

From these various comparisons, it can be concluded that in the same high-power offshore power 

train, the choice of DSCMG is more advantageous than that of CCMG. This is because the DSCMG is less 

cumbersome because of its small volume compared to the CCMG. In addition, the DSCMG has less losses 

and its torque density is higher than that of the CCMG. The DSCMG also transmits a more stable torque with 

less ripple than the CCMG. 

 

 

5. CONCLUSION  

The improvement of wind energy technologies requires high performance drive systems with good 

reliability, low cost and high efficiency. The replacement of mechanical gears by magnetic gears in WECS 

represents one of the best solutions to obtain good performances. However, magnetic technologies generate 

enough heat which usually degrades their efficiency especially when used to develop high torque and power. 

In WECS used offshore it is important to see which type or topology of magnetic gears will be more suitable 

and economically viable. This work shows the comparison between two magnetic gears able to be used in a 

high-power indirect wind energy production chain. Each of the two magnetic gears, namely the CCMG and 

the DSCMG, are sized and used here as speed multipliers on the external rotor to drive the DFIG shaft. For 

the same gear ratio of 54.7 and the same average torque of 3.8×105 N.m applied at the input of each magnetic 

gear's inner rotors, the FEM simulation gives approximately the same torque values at the output of each 

magnetic gear. The torque density of the DSCMG is 23.81% better than that of the CCMG. The DSCMG has 

around four times less eddy current losses and two times fewer iron losses than the CCMG. Torque ripple 

analysis showed that the DSCMG's inner-rotor torque ripple is reduced by 37.42%, and its outer-rotor torque 

ripple is also reduced by 73.44% compared to the CCMG. The DSCMG therefore has the smallest magnet 
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volume, the highest torque density, the best torque transmission stability and the best efficiency compared to 

the CCMG. Therefore, DSCMG will be more cost effective to use in WECS than CCMG. Further studies on 

loss reduction of DSCMG will be required to improve its performance for its design. 

Despite their ability to validly replace mechanical gears, the two magnetic gears compared are quite 

bulky and their design remains complex. The design of the DSCMG remains more complex than that of the 

CCMG. This is because it has three rotors and two modulating rings. In addition, a large quantity of magnet 

is used in each magnetic gear. This can significantly increase the cost of their design, due to the high cost of 

rare-earth permanent magnets.  
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