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Abstract: The aim of this paper is to present the dynamic behavior of two co-axial rotating shafts connected by a reluctance 
magnetic coupling. The analysis is based on nonlinear differential equations of motion. The reluctance magnetic coupling is 
modeled by an equivalent torsional stiffness coefficient and an additional viscous damping coefficient to account for the 
effects of induced currents in the salient-pole during the transient. These coefficients are obtained from 3D finite element 
electromagnetic models. In order to evaluate the accuracy of the proposed model, several transient responses for the shaft 
line are considered. The simulation results are compared with those obtained from measurements. 
 

1. Introduction 

Magnetic couplings are generally used to transmit a 

rotational movement between two shafts through a sealed 

wall in order to avoid any contact with the product to be 

treated. The torque transmission between the two shafts is 

carried out without contact by the interaction between 

magnetic fields in the air-gap. There are two main types of 

magnetic couplings: synchronous and asynchronous (eddy-

current), with radial and axial flux topologies. The 

synchronous magnetic coupling [1-5] consists of rare-earth 

permanent magnets (PMs) placed on both rotors that move 

at the same speed. It has a pull-out torque, which is the 

maximum torque that can be transmitted by the coupling 

before the stall. For eddy-current couplings [6-9], one of the 

two rotors is made with a conductive plate, usually copper. 

The torque transmission is due to the induced currents which 

depend on the relative speed between the two rotors (slip). 

This results in Joule losses, and adequate cooling may be 

necessary to avoid overheating. 

 Among classical magnetic couplings technologies, 

reluctance torque magnetic couplings have received very 

little attention in the literature [10, 11]. Yet, it can be a good 

option when one of the mechanical shafts has to be placed in 

high temperature environment where permanent magnets 

cannot be used [11]. The goal of this paper is to develop a 

transient model for a reluctance magnetic coupling placed 

between two shafts. It is part of the author's works on the 

dynamic performance of magnetic couplings, following 

those recently performed on two-face permanent magnets 

and eddy-current couplings [12-14].  

While the steady-state performance of magnetic 

couplings is widely studied in the literature, it should be 

noted that very little attention is paid to their transient 

behavior. However, this can be of great importance if a 

magnetic coupling is used to transmit the torque between 

two shafts for servomechanism. Previous published papers 

only concern classical magnetic couplings topologies or 

magnetic gear [12-14], [17-21]. To the best knowledge of 

the authors, no studies have been conducted to analyze the 

transient behavior of a reluctance magnetic coupling.  

 For synchronous magnetic couplings or magnetic 

gears with permanent magnets placed on both rotors [12], 

[17, 18], it has been shown that a stiffness coefficient is 

sufficient in the transient model to correctly predict the 

speed response during start-up. Indeed, the impact of 

induced currents in the magnets during the transient can be 

neglected due to the low value of their electrical 

conductivity. An important experimental result given in [12] 

shows that the synchronism can be lost for an abrupt start-up 

of the motor which cause the load to stall. This will be no 

longer the case for a reluctance magnetic coupling due to the 

supplementary torque caused by induced currents in the 

salient-pole during the transient, as shown later in the paper. 

For eddy-current magnetic couplings, the dynamic 

behavior is well predicted by considering only the damping 

coefficient in the transient model [19-21]. It is shown that no 

oscillation appears on the speed response during start-up 

[13], as is the case for synchronous magnetic couplings with 

permanent magnets on both sides [12]. A comparison of the 

transient performances between eddy-current coupling and 

PMs synchronous coupling is given in [14].  

For the reluctance magnetic coupling studied in this 

paper, the analysis is more complicated in terms of 

modeling because of the induced currents in the salient-pole 

during the transients that cannot be overlooked to correctly 

predict the dynamic performances. To obtain good 

prediction for the dynamic behavior, it will be shown in the 

next parts that it is necessary to take into account both 

stiffness and damping coefficients in the transient model. 

The paper is organized as follows. The description of 

the studied reluctance magnetic coupling is presented in 

section 2. In section 3, the torsional spring stiffness and the 

viscous damping coefficients representing the reluctance 

magnetic coupling will be determined by using 3-D finite 

element simulations. Based on the knowledge of these 

coefficients, a mathematical model for the dynamic behavior 

of the shaft line will be developed in section 4 and used to 

study several transient regimes such as starting. It will be 

shown in section 5 that the synchronization between the two 

shafts can be lost in the event of a sudden start if the air-gap 

is too large. The positive impact of induced currents in the 

salient-pole for the stability will also be demonstrated. 

The simulation results will be compared to 

experimental tests to demonstrate the accuracy of the 

proposed mathematical model 
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Table 1: Geometrical parameters of the magnetic coupling  
 

Symbol Quantity value 

R1 Inner radius of the magnets 30 mm 

R2 

a 

b 

c 

α 

Outer radius of the magnets 

Magnets thickness 

Air-gap length 

Salient-pole thickness 

PMs pole-arc to pole-pitch ratio 

60 mm 

10 mm 

variable 

15 mm 

0.83 

β 

p 

Slot-opening to pole-pitch ratio 

Pole-pairs number 

0.77 

5 

Br 

 

Remanence of  the magnets 

Conductivity of the salient-pole 

1.25 T 

6 MS/m 

 

 
 

 
 

Fig. 1. Geometry of the studied reluctance magnetic 

coupling  

        
 

Fig. 2. Reluctance magnetic coupling prototype placed on 

the test bench between two electrical machines  

 
 

Fig. 3. Equivalent mechanical system of the shaft line with 

the magnetic coupling  

2. Description of the Axial-Field Reluctance 
Magnetic Coupling  

As shown in Fig. 1, an axial-field reluctance 

magnetic coupling is composed of two discs facing each 

other and separated by a small air-gap. One disc is made 

with permanent magnets (PMs) regularly distributed along 

the circumferential direction in order to obtain north and 

south poles. The second disc consists of ferromagnetic 

salient poles, their number being the same as PMs. If one of 

the rotors is rotated, there is a change in energy stored in the 

magnetic circuit. This change is resisted by a restoring 

torque toward the aligned position. The angular shift 

between the two discs is directly related to the transmitted 

torque value. In steady state, the two rotors rotate in 

synchronism. 

The geometrical parameters of the studied reluctance 

magnetic coupling are given in Fig. 1 and defined in Table 1. 

The prototype, which is placed between two electric motors, 

is shown in Fig. 2. The parameters given in Table 1 have 

been obtained after an optimization procedure but this is not 

within the scope of this paper. The optimization goals were 

to obtain a pull-out torque of 15 Nm for an air-gap length of 

3 mm for a external radius set at R2 = 60 mm and the 

minimum volume for the magnets. 

 

3. 3-D Finite Element Modelling  

The first step before studying the dynamic behavior 

of the shaft line is to determine the mechanical parameters 

that represent the magnetic coupling as well as possible. The 

mechanical model of the system is shown in Fig. 3. It is 

composed of a load connected to a motor (drive torque) via 

the reluctance coupler and is equivalent to the test bench 

shown in Fig. 2 where J1 and B1 are the moment of inertia 

and the friction coefficient of the drive rotor, respectively; J2 

and B2 denote the moment of inertia and the friction 

coefficient of the load, respectively. T1 is the drive torque 

(dc motor), and T2 is the load torque (dc generator). 

As shown in Fig. 3, the reluctance magnetic coupling 

can be seen as a rotary spring with torsional stiffness K and 

a viscous rotary damper with a damping factor B connected 

in parallel. The spring stiffness is directly related to the 

synchronous torque between the magnets and the salient 

pole. The damping effect is due to the eddy current loss in 

the salient-pole that only exists during the transient. 

 



 

 

 
 

Fig. 4. B-H curve of the salient poles used in 3D FEM   

 
 

Fig. 6. Torsional stiffness as a function of the air-gap 

length for δ0 = 0°.   

 
 

Fig. 5. Reluctance torque as a function of the load angle 

for 3 values of the air-gap length   
Therefore, the torque transmitted through the 

magnetic coupling can be written as the sum of two terms  
 

   1 2 1 2cT K B         (1) 

 

where 1 and 2 are the drive and the load rotor position, 

respectively, and Ω1=dθ1/dt, Ω2=dθ2/dt represent the speeds 

of each of the rotors. In steady state, the two rotors rotate in 

synchronism (1 = 2) and the transmitted torque only 

depends on the load angle defined as δ = 1 - 2.  

Here, we have assumed that the spring torque is 

directly proportional to the relative position of its two ends, 

as well as for the damper torque but for the relative angular 

speed. We will see in the next section that the reluctance 

torque coupler has a non-linear behavior and the associate 

characteristics should be linearised to define the coefficients 

K and B in (1). 

Three dimensional finite element simulations (3-D 

FEM) are performed using COMSOL Multiphysics® to 

define K and B. The geometrical parameters given in Table 

1 and the actual geometry of the coupling (Fig. 1) are 

considered for the simulations. The non-linear magnetic 

property of the iron parts (B-H curve) has been taken into 

account, Fig. 4. 

 In order to show the effect of the air-gap length, 

three values for the air-gap were considered (b = 3 mm, b = 

5 mm, and b = 7mm). For the determination of the torsional 

stiffness coefficient, a 3-D magnetostatic formulation was 

used while a fully 3-D transient electromagnetic model was 

required to obtain the viscous damping coefficient. In each 

case, the mesh size was refined until converging results 

were obtained [15]-[16]. 

 

3.1. Torsional Stiffness Coefficient  
 

The torque as a function of the load angle δ is shown 

in Fig. 5. The results have been obtained for three values of 

the air-gap length. As can be seen, the torque varies almost 

sinusoidally with the load angle δ with a period equal to /p 

and a peak value Tmax that corresponds to the pull-out torque. 

This is a classical result for reluctance-type actuators [10]. 

Of course, the pull-out torque decreases as the air-gap 

length increases. From Fig. 5, the reluctance torque can be 

approximated by a sinusoidal function as follows 

 

  max 1 2sin 2cT T p      (2) 

 

In order to obtain the torsional stiffness expression 

defined in (1), we have to make a linear approximation of 

(2) at a given operating load angle δ = δ0 using the Taylor 

theorem. The torsional stiffness coefficient can then be 

written as follows 

 

 max 02 cos 2K pT p    with    00 4p    (3) 

 

It should be noted that the torsional stiffness depends 

directly on the pull-out torque and is a multiple of twice the 

number of pole pairs. Fig. 6 shows the torsional stiffness as 

a function of the air-gap length. It can be observed that the 

stiffness decreases when the air-gap increases, and reaches a 

value of around K = 60 N.m/rad for b = 7mm, which is 

much lower than the stiffness of mechanical couplings and 

can be the cause of large torsional oscillation between the 

two rotors during the transients, as will be seen later in the 

paper  

 

3.2. Viscous Damping Coefficient  
 

The viscous damping coefficient B is much more 

difficult to determine because 3D FE simulations must be 

performed by considering transient electromagnetic 

modeling with motion to predict the induced current in the 



 

 

 
 

Fig. 7. Eddy current distribution (module) in the salient-

pole for a relative speed of 10 rad/s between the two 

rotors. 

 
 

Fig. 9. Damping coefficient as a function of the air-gap 

length. 

 
 

Fig. 8. Eddy-current losses in the salient-pole versus the 

relative speed.   

salient pole due to the relative velocity between the two 

rotors. The simulations have been conducted using the 

Rotating Machinery, Magnetic interface in COMSOL 

Multiphysics. 

Fig. 7 shows the eddy current distribution in a 

salient-pole at a given time and for a relative speed of 10 

rad/s between the two rotors. It can be observed that induced 

currents are mainly distributed on the edge of the teeth due 

to the skin effect. It needs a fine mesh to converge towards 

the solution. The simulation times takes about 10 hours to 

obtain the result given in Fig. 7. From the knowledge of the 

current density distribution in steady-state condition, the 

eddy-current losses in salient-poles and back-iron is 

computed as follows  

 

21
( , , )eddy

vol

P J x y z dV


    (4) 

 

where J is the current density, V is the volume, and  is the 

iron conductivity given in table 1.  

Fig. 8 shows the average eddy-current losses as a 

function of the relative speed between the two rotors for 

three values of the air-gap. It can be seen that for the 

considered velocities, the eddy-current losses can be 

approximated as being proportional to the square of the 

relative speed and can then be written as follows 

 

 
2

1 2eddyP B       (5) 

 

where B is the damping coefficient to be determine. 

From the eddy-current losses given in Fig. 8, we 

obtain the damping coefficient as a function of the air-gap 

length as shown in Fig. 9. As expected, the damping 

coefficient decreases with the air-gap and reaches a value of 

around B = 0.01 N.m/(rad/s) for b = 7mm. 

4. Equations of Motion 

 

4.1. Nonlinear Model 
 

The governing equations of motion for the 

mechanical system of Fig. 3 are derived from Newton's 

second law for rigid body. If we consider a nonlinear spring 

element for the magnetic coupling as defined in (2), the 

mathematical model consists of two coupled nonlinear 

differential equations for the angular shafts position 1 and 

2 

2
1 1

1 1 1

2
2 2

2 2 2

c

c

d d
J B T T

dt dt

d d
J B T T

dt dt

 

 

  

  

  (6) 

with 

   1 2
max 1 2sin 2c

d d
T T p B

dt dt

 
 

 
    

 
     (7) 

 

The nonlinear model described by equations (6) and 

(7) will be simulated in the MATLAB/Simulink 

environment. The Simulink scheme is shown in Fig. 10. 

 

4.2. Linearised Model 
 

If we consider the linearised model for the spring 

stiffness as defined in (1), we obtain the following coupled 

linear differential equations for 1 and 2  

 

 

 

2
1 1 2

1 1 1 1 2

2
2 2 1

2 2 2 1 2

d d d
J B B K T K B

dt dt dt

d d d
J B B K K B T

dt dt dt

  
 

  
 

     

     

  (8) 



 

 

 
 

Fig. 10. Simulink block-scheme for the nonlinear model.   

 
 

Fig. 11. Test bench arrangement for the transient 

performance measurement. 

Table 2: Test bench parameters  
 

Symbol Quantity value 

J1 Moment of inertia of the drive motor 0.025 kg.m2 

J2 

B1 
B2 

Ra 

La 

Moment of inertia of the load 

Friction coefficient of the drive motor 
Friction coefficient of the load 

Armature resistance of the dc motor 

Armature inductance of the dc motor 

0.013 kg.m2 

2e-3 Nm/rd/s 

2e-3 Nm/rd/s 

2.5  

0.02 H 
KT Torque constant of the dc motor 1.35 Nm/A 

 

 
 

Fig. 13. Time response of the armature current to a step 

change in voltage (U = 5V). 

 
 

Fig. 12. Experimental setup  

 
From these linear equations, it is possible to identify 

the damping factor and the oscillation period of both rotors, 

as discussed later in the document. In addition, most control 

design techniques are based on a linear model of the 

controlled system. Equations (8) can therefore be used to 

define a transfer function between the drive torque and the 

load rotor position, but this will not be developed here. 

5. Experimental Results 

For the experimental validation, we have 

manufactured an axial-flux reluctance coupler prototype. 

The prototype, which is placed between two electric motors, 

is shown in Fig. 2. The geometrical parameters of the 

prototype are given in Table 1. These geometrical 

parameters have been obtained after an optimization 

procedure but this is not within the scope of this paper. The 

optimization goals were to obtain a pull-out torque of 15 

N.m for an air-gap length of 3 mm for a external radius set 

at R2 = 60 mm and the minimum volume for the magnets.  

The layout of the test bench is shown in Fig. 11 

where the reluctance coupler is placed between two dc 

machines. One of the machines is used as a motor to impose 

the drive torque T1 (main motor). It is powered by a dc 

chopper to control the armature current with a PI controller. 

A dc generator (secondary motor) is used to apply a sudden 

load torque by connecting a resistance to its terminals 

armature winding. Two high-resolution encoders (4096 

pulses/revolution) are placed on the test bench to measure 

the relative angular position between the two rotors and to 

measure the speed on both sides of the coupling during the 

transient. The rotor of the dc generator can be locked if 

necessary. A photograph of the setup is given in Fig. 12. 

The parameters of the drive system under 

consideration are given in Table 2. These parameters have 

been obtained by classical tests. The armature resistance Ra 

and the armature inductance La of the dc motor (main motor 

of Fig. 12) have been identified by the time response of the 

armature current to a step change in voltage (5V) as shown 

in Fig. 13. For this test, the rotor was locked. 

The friction coefficients B1 and B2 were obtained 

from the no-load test for each dc motor. The motor's 

moment of inertia J1 (the same for J2) was measured from 

the velocity decay rate once current to the dc motor has been 

cut. For these tests, the two motors were mechanical 

decoupled, each with a part of the magnetic coupling. 

The torsional stiffness and the damping coefficient 

for the reluctance coupler are given in Fig. 6 and Fig. 9, 

respectively. 

In the following sections, we study two types of 

transient responses and we compare the simulation results 

with tests. For the simulation results, we will consider the 

model with or without damping effect to highlight the 

differences. 



 

 

 
(a) 

 

 
(b) 

 

Fig. 14. Transient responses to a step input in the drive 

torque, (a) Drive torque T1, (b) Rotor position for b = 3 

mm, b = 5 mm, and b = 7 mm, Experimental results. 

Table 3: Comparison between the model and the test for the 

oscillation period 

 

5.1. Rotor Position Response to a Step Input on 
the Drive Torque T1 

 

The first test concerns the angular rotor position 

response to a step input in the drive torque T1 when the other 

side of the magnetic coupling is locked (2 = 0°). As 

explained previously, the control of the drive torque is done 

by regulating the armature current of the dc motor. 

The experimental results are given in Figs. 14. As 

shown in fig. 14(a), the dc motor applies a torque which is 

zero for t < 0s and increases to a step of 4 N.m at t = 0s. The 

transient responses for three values of the rotor position are 

given in Fig. 14(b). We can see large oscillations in the rotor 

position during the transient. The oscillation period T 

increases with the air-gap value. This is due to the decrease 

of the torsional stiffness as shown in Fig. 6. 

As the tests were performed for small variation in the 

rotor position, we can use the linearised model defined in (8) 

to analyze the results obtained in Figs. 14. From (8) and 

considering 2 = 0, we obtain the following second-order 

differential equation between the rotor position and the drive 

torque. 

 
2

1 1
1 1 1 1

d d
J B B K T

dt dt

 
      (9) 

 

If we consider an under-damped system that 

corresponds to the experimental results of Fig. 14(b), the 

damping ratio ζ and the natural frequency ωn are given by: 

 

1

12

B B

KJ



   

1
n

K

J
   (10) 

 

From (10), we obtain the classical expression for the 

oscillation period for a second-order system 

 

2

2

1n

T


 




   (11) 

 

In order to show the accuracy of the proposed model, 

Table 3 compares the oscillation period T for simulation and 

tests. In all cases, the error is less than 10%. 

 

5.2. Transient Performance During Start-Up 
 

For the second test, we study the transient 

performance during start-up by considering two values for 

the air gap length: 5 mm and 7 mm. The results are given in 

Fig. 15 and Fig. 16, respectively. 

The transient performances are evaluated by running 

the dc motor from the stop (at t = 0 s) at a speed of 400 rpm 

under no load condition. A step voltage Udc = 58 V is 

applied to the dc motor at t = 0 s.  Because these tests 

correspond to large variations in the rotors positions, the 

simulations were performed using the non-linear model of 

Fig. 10, adding the dc motor model whose parameters are 

given in Table 2. 

The results obtained for b = 5 mm are given in Fig. 

15. It can be observed speed oscillations between the two 

rotors before the synchronization. This is due to the low 

stiffness specific to synchronous magnetic couplings [12]. 

The simulation result presented in Fig. 15 (dotted line) 

shows a fairly good agreement with the test. The difference 

between test and simulation can be explained by the 

armature inductance variation caused by the magnetic 

saturation due to the field current. The armature inductance 

was measured without the field current (Fig. 13). For an air-

gap of 5 mm, one can observe that the speed of the two 

rotors remains close to each other during the starting. This is 

no longer the case if we consider a higher air-gap value, as 

shown in Fig. 16. 

The test result given in Fig. 16(a) corresponds to an 

air-gap of 7 mm. It shows that for this large air-gap, the 

start-up is now a two-step process. At the beginning (t < 1.2 

s), the speed difference between the two rotors is important.  

For this stage, the torque transmitted through the 

magnetic coupling is mainly due to the damping effect 

(asynchronous torque). Then, synchronization between the 

two rotors occurs with large oscillations at t  1.2s. This is 



 

 

 
 

Fig. 15. Start-up of the shaft line for an air-gap b = 5mm: 

( ────  ) Experimental result, (------) Simulation. 

 
(a) 

 
(b) 

 
(c) 

 

Fig. 16. Start-up of the shaft line for an air-gap b = 7mm: 

(a) experimental result, (b) simulation with damping effect, 

(c) simulation without damping effect.. 

due to the synchronous torque between the magnets and the 

salient poles which becomes predominant.  Finally, the two 

rotors pull into synchronism at around t = 2s. This result is 

very different from the one we had obtained for a 

synchronous magnetic coupling with permanent magnets 

placed on the 2 rotors [12]. This can be explained from the 

electrical conductivity of the salient-pole which is around 

ten times greater than the electrical conductivity of the 

NdFeB magnets and causes a significant asynchronous 

torque at start-up. 

As shown in Fig. 16(b), the transient behaviour of the 

shaft-line during start-up is well predicted if the damping 

effect is taken into account in the simulation. This is no 

longer the case if we consider the magnetic coupling without 

damper (B = 0), as can be seen in Fig. 16(c) where the 

synchronism between the two rotors is lost at the beginning 

of the start, that does not correspond to the test. This last 

result clearly shows that it is necessary to represent the 

reluctance magnetic coupling by the equivalent mechanical 

model illustrated in Fig. 3, with the two components: spring 

and damper. It can be noted that the transient behaviour of a 

reluctance magnetic coupling during the start-up with 

asynchronous and synchronous torque is similar to that of a 

line start synchronous reluctance machine with a damper 

cage winding, although the analytical models for their study 

are not the same [22-23].  

It is worth noting that oscillations between the two 

rotors during starting (as shown in Fig. 15) can be 

problematic to achieve high performance for speed or 

position control in servomechanism applications [24]. If a 

reluctance magnetic coupling is used to transmit the torque 

between two shafts, its transfer function with damping and 

stiffness coefficients (8) must be taken into account when 

designing the PID controller. 

6.  Conclusion 

In this paper, we have developed a new tool to 

effectively predict the transient characteristics of a shaft line 

including a reluctance magnetic coupling. We have shown 

that the reluctance coupler causes speed oscillations between 

the two shafts when starting. One of the most important 

contributions of this paper is the consideration of the 

damping effect due to the induced currents in the salient 

poles during the transient which cannot be neglected in 

order to obtain good predictions. This damping effect is 

advantageous because it prevents the stall between the two 

shafts when starting. Comparisons between experimental 

and simulation results have clearly demonstrated the value 

of the proposed model.  
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