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Abstract 

This article focuses on the realization of a magnetic gear with transverse flux architecture. In order to 

analyze both the behavior and modeling of this magnetic gear architecture, an experimental test bench 

was developed, and 3D finite element computations were performed. The instrumentation of this test 

bench serves to measure torque, transverse flux in pole pieces, speeds and efficiency. A comparison 

between experimental findings and 3D finite element model output is proposed in order to validate 

system behavior. 
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Article 
I. Nomenclature 

���(�): Average transverse flux density in pole piece � [T] 	
: Gear ratio �: Number of turns of the sensing coil �
��: Number of pole pairs of the low pole number (LPN) ring ����: Number of pole pairs of the high pole number (HPN) ring �: Pole piece index (1 < � < � ) �: Number of ferromagnetic pole pieces ��: Pole piece cross-section [m²] �
��: Magnetic torque of the low pole number ring [Nm] ����: Magnetic torque of the high pole number ring [Nm] ��(�)
: Electromotive force generated by flux variation in pole piece � [V] �
��: Rotational speed of the low pole number ring [rad/s] ����: Rotational speed of the high pole number ring [rad/s] ��: Rotational speed of the pole piece ring [rad/s] �
��(�)
: Total flux in pole piece q from the LPN ring [Wb] ����(�)
: Total flux in pole piece q from the HPN ring [Wb] �: Load angle of the magnetic gear [rad] ����: Angle of the high pole number ring [rad] �
��: Angle of the low pole number ring [rad] 

II. Introduction 

Many power transmission systems, such as offshore wind turbine drives, include mechanical 

gearboxes [1-2]. For wind energy harvesting, failure and maintenance of this component cause 

service interruptions and the need for repairs, which increase strongly operating costs. To 

improve reliability and availability, replacing these mechanical gearboxes by magnetic gears 

offers a potentially attractive solution [3-4]. The topology of such a magnetic gear, referred to as 

a concentric magnetic gear and featuring a high torque density (Fig. 1a), was proposed by Martin 

[5] and has been the subject of several studies [6-9]. The benefit of a magnetic gear over 

mechanical gearboxes is more substantial for high-torque applications [10-11].  

 

(a)     (b) 

Fig. 1: Magnetic gear topology, as illustrated by low pole numbers (i.e. �
�
 = 2, ���
 = 5, and � = 7): a) 

proposed in [6], and b) proposed in [10] and studied in this article 



This magnetic gear topology displays apparent weaknesses in terms of mechanical strength. 

More specifically, the ferromagnetic pole pieces are very elongated structures, laminated 

perpendicularly to the axis of rotation (in order to minimize iron losses and preserve high system 

efficiency) and then subjected to magneto-mechanical loads [11]. When considering the position 

of this ring with pole pieces between two other rings with permanent magnets, it becomes very 

difficult to increase the stiffness of this ring without degrading the magnetic properties of the 

magnetic gear. 

 

To increase the stiffness of the pole piece ring and maintain a high torque density, another 

magnetic gear topology has been proposed in [10] (Fig. 1b). Unlike the concentric topology, this 

one features an axial flux in the pole pieces, as shown in Fig. 2. This flux is similar to that in the 

axial magnetic gear [12]; however, the magnetic load remains radial like in [7] (as opposed to the 

axial magnetic gear [12]), which simplifies the sizing of bearings [13]. Despite the lower torque 

density when only active part is considered compared to the concentric magnetic gear which 

weight of the structural part is high as for high-powered wind turbines [14][15][16], the transverse 

flux magnetic gear seems to be an attractive solution. 

 
(a)  

 
(b) 

Fig. 2: Flux line paths in magnetic gear topologies: a) concentric magnetic gear without axial flux; and b) 

with axial flux in pole pieces, proposed in [10]. 

 

As is the case for other magnetic gear structures with flux modulation, this topology is 



composed of three magnetic parts: a permanent magnet ring with a low pole number (high 

speed) composed of �
��  pole pairs of permanent magnets and a ferromagnetic yoke; a 

permanent magnet ring with a high pole number (low speed) composed of ����  pole pairs of 

permanent magnets and a ferromagnetic yoke; and an external ring with Q ferromagnetic poles 

(see Fig. 1 for an example with a low pole number; to facilitate readability: �
�� = 2, ����  = 5, 

and � = 7). To provide magnetic torque, the three ring pole numbers must all respect relation 

(1). Moreover, to ensure coupling between the two permanent magnet rings, the total flux in 

pole piece q from the high-speed ring �
��(�)
 is coupled with the total flux in pole piece q from the 

high pole number ring ����(�)
 (2). Depending on the fixed ring, the gear ratio is given in (3). 

 

�
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 (3) 

Unlike the previous topology, the two permanent magnet rings lie inside the pole piece ring, 

which more easily increases stiffness of the pole piece ring from the outside, as described in [13-

16]. Past studies conducted on this magnetic gear architecture have yielded an understanding of 

system behavior [13, 16-17]. However, no experimentation has been performed to validate the 

various magnetic properties, e.g. torque, load angle, transverse flux in pole pieces, and efficiency. 

 

The major contribution of this article consists of the design and creation of a complete 

experimental bench, including this original magnetic gear architecture [10] and the 

instrumentation that enables magnetic property evaluation (torque, load angle, transverse flux 

in pole pieces, efficiency). A comparison with 3D finite element model output serves to validate 

the magnetic torque of the LPN and HPN rings as well as the transverse flux in pole pieces vs. 

load angle. Magnetic gear efficiency has also been analyzed for different loads and speeds. 

III. Magnetic Gear and Test Bench Creation 

A. Magnetic gear design 

In order to study the magnetic behavior of this system, one of the three rings needs to be set 

in a way that allows imposing the gear ratio (3). To derive a simple mechanical design, the 

preferred solution features stationary pole piece rings. It was also opted to use the magnetic gear 

as a reducer, with a high-speed motor as input on the LPN rotor, instead of the kind of multiplier 

found in a wind turbine. The magnetic gear dimensions are listed in Table I, while Figure 3 



presents distinct cross-sectional views of the prototype. The dimensions were chosen in order to 

design as easy as possible a prototype which aims at validating models. 

 

 
TABLE I 

MAGNETIC GEAR DIMENSIONS 

Symbol Quantity Value 

�
�� Pole pairs in the low pole number ring 4 

���� Pole pairs in the high pole number ring 13 Q Transverse ferromagnetic pole pieces 17 D External diameter 150 mm (
��/(���  Radial air gap of the LPN and HPN rings 1.25 mm *�+  Magnet thicknesses of the LPN and HPN ring 5 mm *,-./ Yoke thicknesses of the LPN and HPN ring 15 mm 01 Magnetic length of the LPN and HPN ring 40 mm 0� Length of the ferromagnetic pole pieces 100 mm 

 Thicknesses of pole pieces 22 mm Brem Remanence of the NdFeB N30SH magnets 1.105 T  Permanent magnet splitting of the LPN ring 3  Permanent magnet splitting of the HPN ring 2  Ferromagnetic lamination of HPN, LPN and pole pieces ring 0.35 mm 	
 Gear ratio 3.25 

 

  



 
(a) 

 
(b)    (c) 

Fig. 3: Cross-sectional views of the magnetic gear prototype described in Table I: a) longitudinal view for 

observing the mechanical design, b) view of the HPN magnetic plane, and c) view of the LPN magnetic 

plane 

 

Figures 3b and c indicate that laminated regions (pole pieces and yokes) have a rectangular 

geometry. Indeed, pole piece lamination necessitates rectangular, rather than radial, pole piece 

cross-sections. Moreover, permanent magnets are flat on the yoke side and rounded on the 

airgap side; also, magnetization is parallel. Figure 4 shows the laminated yoke of the LPN ring 

(Fig. 4a) as well as the positioning of the permanent magnets on the yoke (Fig. 4b). 



     

(a)    (b)       m 

Fig. 4: Photograph of the LPN ring: a) laminated yoke assembly, and b) permanent magnet positioning 

on the laminated yoke 

 

B. Test bench 

The test bench of the magnetic gear prototype is presented in Figure 5. A permanent magnet 6 

Nm-3000 rpm brushless motor is used as the input, controlled by an electronic variator and speed 

regulated. At the conversion chain output, an air-cooled Magtrol 24 Nm hysteresis brake imposes 

the resistive torque. 

 

Fig. 5: The test bench set-up 

 

C. Instrumentation 

In order to measure torque and efficiency vs. load angle, the test bench contains both angular 

position sensors and torque sensors placed on either side of the magnetic gear (Fig. 5). The 

torque sensors used herein are 10 and 20 Nm, 50,000 rpm (Magtrol, resp. TM 307 and TM 308 

models), while the incremental encoders are 300 kHz and 3000 rpm with 10-bit resolution (DGS 

35). 



 

(a)      (b)       m 

Fig. 6: Integration of the induced voltage measuring coil generated by the variation of axial flux in pole 

pieces: a) photograph, and b) numerical view of the integration step 

 

Two phenomena are sought for analysis so as to compare experimental measurements with 3D 

finite element computations, namely: 
• evolution of the average HPN and LPN magnetic torque (���� and �
��) vs. load angle � (4); 

• evolution of the electromotive force generated by the variation in axial flux within pole 

pieces, which corresponds to the average flux density axial component in a pole piece ���(�)
, 

vs. time. 

When the pole piece ring is fixed, relation (5) yields the load angle �. To evaluate this angle, 

the two angular position sensors are used and their data processed. 

To measure the total flux in a pole piece, an electromotive force sensing coil was placed around 

two pole pieces (shown in Fig. 6). Total flux can be determined by integrating the electromotive 

force. The relation between average flux density axial component in a pole piece ���(�)
 and axial 

flux in a pole piece ����(�)
 is given in Equation (6). 

6 ���� = ����7 sin(�)�
�� = ����7 . 	
 sin(�) (4) 

� = ����. ���� + �
��. �
�� (5) 

���(�) = <����(�) /��< (6) 

The measurement of electromotive force ��(�)
 vs. time will be compared with the values 

calculated using the 3D finite element model. Relation (7) provides the link between 

electromotive force in a pole piece ��(�)
 and total flux in a pole piece ����(�)

, with � being the 

number of turns in the measuring coil. Insertion of the induced voltage sensing coil into the 

prototype is shown in Figure 6. 

��(�) = � = ����(�)
=> = �. ���� ? ����(�)

? ����  (7) 



IV. 3D Finite Element Model 

As opposed to modeling the concentric magnetic gear structure [3], it is impossible to carry out 

the computation using the 2D finite element method [18]. Since induction features an axial 

component in pole pieces for the transverse flux magnetic gear, a 3D magnetostatic computation 

is necessary. These experimental results will therefore be compared with the magnetostatic 

results from the 3D finite element model (3D FEM). The software enabling this study is COMSOL 

5.2a [19]. 

 

(a) 

 
(b)    (c) 

Fig. 7: 3D FEM mesh, produced with COMSOL 5.2a, of the transverse flux magnetic gear with: a) 3D view 

of the mesh, b) triangular mesh on the LPN ring side, and c) the mesh at the other extremity, i.e. on the 

HPN ring side 

The 3D FEM mesh begins with 5,000 triangles discretizing the sides of both the LPN and HPN 

planes (see Figs. 7b and c). These triangles are then extruded into a triangular prism in order to 

obtain approximately 300,000 3D mesh elements (Fig. 7a). The pole piece region, between the 

two permanent magnet rings and air regions, is meshed with free tetrahedra (Fig. 7a) [20]. The 



magnetic field computation is then carried out, resulting in the induction distribution map shown 

in Figure 8. The computation is performed with external longitudinal air regions not shown in 

Figure 8. Only those air regions on both sides of the magnet are visible in Figure 8. 

 

 

Fig. 8: Induction distribution computed from the 3D finite element method using COMSOL 5.2a 

 

V. Results and Analysis 

We have compared various experimental results (electromotive force and torques) with 3D FEM 

results. Figure 9 shows the evolution in average LPN and HPN torque vs. load angle at 50 rpm for 

the low-speed rotor (HPN ring). Figure 9 indicates that the 3D finite element model outputs 

average magnetic torque values very close to the values measured on the prototype (with the 

maximum error between the 3D FEM computations and experiments equaling 7%).  On the other 

hand, this result enables a torque density on the HPN ring of 141 Nm/m3 considering permanent 

magnet volume and 14.9 Nm/m3 considering active part volume. 

With regard to the electromotive force in a pole piece (which represents induction waveforms), 

Figure 10 displays the comparison of the electromotive force generated by induction variation 

obtained for different load angles at 50 rpm for the low speed rotor (note that electromotive 

force has the same evolution pattern at high-speed rotation). Once again, Figure 10 

demonstrates that simulations output by the 3D finite element model lie close to experimental 

measurements. 



 
Fig. 9: Average torque evolution vs. load angle obtained from the 3D FEM computation and 

experimentation on the prototype presented in Table I, at 50 rpm for the low speed rotor 

 
(a) 

 
(b) 

Fig. 10: Evolution in the electromotive force within a pole piece, as obtained from 3D FEM computations 

and experimentation for different load angle : a)  � = 30°, b) � = 60° at 50 rpm for the low speed rotor 
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The instrumentation developed on the test bench also makes it possible to determine magnetic 

gear efficiency. Figure 11 thus presents the evolution in efficiency at various speeds vs. load 

angle. Efficiency is evaluated by holding the load angle constant while increasing the speed of 

rotation for the range of load angle values. Due to flux modulation (mainly in pole pieces), the 

magnetic gear exhibits magnetic losses that solely depend on the speed of rotation [21] (Fig. 12 

illustrates this phenomenon). A portion of the losses varies in proportion to speed squared, with 

losses increasing faster than the transmitted power as speed increases [21-22]. By moving at 

constant speed, losses no longer evolve as evidenced in Figure 12. When load angle increases, 

efficiency also increases (Fig. 11). 

 

 

Fig. 11: Efficiency evolution in function of the load angle and LPN speed for the magnetic gear presented 

in Table I 

 

This evolution in efficiency differs from that of conventional permanent magnet synchronous 

machines (PMSG). At constant torque, efficiency of PMSG exhibits an optimum with respect to 

speed [24]. For magnetic gear with transverse flux, the efficiency evolution can be explained by 

the principle of modulation, which is required for the power transmission with a magnetic gear. 

Regardless of the load angle value, the magnetic field is strongly rotating (especially in pole 

pieces), thus induces major losses regardless of the transmitted torque [20, 24]. 
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Fig. 12: Losses evolution in function of the load angle and LPN speed for the magnetic gear presented in 

Table I 

VI. Conclusion 

This article has presented the design, production and instrumentation of a magnetic gear 

prototype with a transverse flux, thus enabling comparisons to be drawn between measurements 

and 3D finite element model simulations. Thanks to the test bench instrumentation, both HPN 

and LPN torque can be evaluated, along with the electromotive force generated by axial flux 

variations in pole pieces at different speeds and loads. Results have shown that the 3D finite 

element model is efficient for purposes of computing these various phenomena. Moreover, an 

analysis of efficiency derived through experimentation highlights the limitations inherent in 

applying this transverse flux magnetic gear. The wide variation in pole piece flux generates large 

iron losses in pole pieces independent of the load. It results significant losses at low load, which 

constitutes a major disadvantage for many applications. 
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