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The rotation of an electrodynamic wheel (EDW) above a flat conductive, non-magnetic, track induces currents in the track that can 

create lift and thrust/braking force.  This paper presents a new type of dual-EDW that consists of two EDWs in series that can also create 

a controllable lateral force. The magnitude and direction of the lateral force can be changed via the relative phase angle shifting of the 

two rotors. The changes in the lateral force magnitude as well as direction are shown to not affect the lift and thrust force magnitude.  

The geometric analysis of the design is presented and the practical difficulty of implementing the design is also discussed.  

 
Index Terms— Eddy current, electrodynamic wheel, finite element analysis, magnetic levitation.   

I. INTRODUCTION 

N ELECTRODYNAMIC wheel (EDW) creates lift and thrust 

force through the rotation of a magnetic rotor above a 

passive conductive track, made of aluminum or copper [1-7]. 

EDWs are being studied for use in magnetic levitation (maglev) 

vehicles, and recently a four wheeled [5, 6] and six wheeled [7] 

EDW-maglev prototype vehicle has been designed.  As the flat 

track is passive the use of an EDW could enable the maglev 

levitation (maglev) infrastructure to be as low cost as alternative 

high-speed rail systems. A flat track guideway also could enable 

the EDW-maglev vehicle to be integrated into existing rail and 

highway infrastructure.  

  Due to the edge-effects the rotation of a radial EDW over a 

finite-width flat track will create lateral instability [5]. One 

approach to creating lateral recentering force is to use a split-

sheet track design [2], however the re-centering force created 

by the split-track is relatively small and the lateral forces do not 

scale well as the size increases. In addition, a split in the track 

greatly reduces the lift-to-weight ratio and thrust force [2]. A 

second option that has been proposed in the past is to use active 

control to rotate the EDWs around a vertical axis [1]. By 

mechanically rotating the orientation of the wheels the angle of 

the translational force is controlled and therefore the lateral 

position is shifted. However, this method introduces relatively 

significant mechanical design complexities and does not 

provide passive stability during lateral disturbances.  

  Recently the use of a vertical conductive sheet side-wall 

with an EDW has been shown to provide a sizable eddy current 

induced recentering force, the side-wall also increases the lift 

and thrust force [5]. But using a conductive side wall will 

increase the guideway complexity.  

  This paper investigates the forces created by a new dual-

EDW design, as shown in Fig. 1, that can create lateral 

recentering force when using a completely flat conductive track. 

The dual-EDW configuration contains a front-EDW with a one 

pole-pair diametrically magnetized rotor, and a rear-EDW that 

contains two 180-degree phase shifted one pole-pair diametric 

magnetized rotor magnets. The rear-EDW magnets are 

magnetization anti-parallel with each other, thereby creating a 

transverse directed pole-pair. Unless otherwise specified the 

axial offset length lm as defined in Fig. 1(b) is assumed to be 

zero, this is the ideal case.  

 
 

 
(a)  

 
(b) 

Fig. 1. (a) Side-view of the dual-EDW that are separated by a distance, d and 

the front-EDW and rear-EDW have equal width, bf = br. (b) shows a top-view 

(when θm = 0) also shown is an axial offset misalignment, lm.  
 

This paper uses an analytic-based 3-D second order vector 

potential (SOVP) steady-state model to compute the forces and 

rotor torque [3, 4]. This analytic-based model is used to 

determine the geometric parameters that help to maximize the 

lateral force. A discussion of the practical difficulties of 

implementing the new design is also presented. 

II. FORCE ANALYSIS 

       Assuming an absence of track edge-effects, then if the rear-

EDW was by itself, it would create a net-zero lateral force. Re-

gardless of the orientation of the single rotor, the eddy current 

forces produced on each half of the magnet rotor will be such 

that the forces are directed to push the magnet in the direction 

of that half of the magnet, relative to the axial center. The equal 

and opposite lateral forces will always cancel out. However, 

with the addition of the front-EDW, the presence of the rear ro-

tor alongside the single pole-pair front rotor causes a relative 

change in field variation experienced by the conducting track, 

with the fields on one axial half of the EDW constructively add-

ing, and the other half destructively adding. This results in a 

relative increase in the induced current in the track, and thus the 

reflected magnetic field, on one side of the EDW, and a relative 

reduction in induced current on the other side of the EDW. The 
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interaction between the EDW fields and the axially imbalanced 

induced track fields causes an imbalanced lateral force to be 

created, giving rise to a non-zero lateral force. 
   

A. Force Validation 

       Due to the need to simultaneously model high-speed rota-

tional and translational motion in 3-D the use of a finite element 

analysis (FEA) eddy current solver is computationally challeng-

ing. Therefore, an analytic-based (SOVP) steady-state 3-D eddy 

current model developed by Paul et al. [3, 4] was used. The der-

ivation of the dual-EDW model is summarized in the Appendix. 

Using the values shown in Table I this model was validated by 

comparing it with a 3-D JMAG FEA model. An example force 

comparison is shown in Fig. 2. Fig. 2(a) compares the lateral 

force as a function of phase angle, and Fig. 2(b) compares the 

lift and thrust force values. The phase angle θm is defined in Fig. 

1(a). A very good agreement between the analytic and FEA is 

seen.  The lateral force is sinusoidal and a function of θm, but 

interestingly the lift and thrust force are not affected by changes 

in phase angle.    
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Fig. 2. Dual-rotor EDW analytic model and FEA model phase angle change 

force comparison for (a) lateral force and (b) lift and thrust force. Parameters 

used are as given in Table I. The rotors angular speed and translational speed 

were fixed at (ωm, vx) = (1000 r/min, 0 m/s). 
 

TABLE I. DUAL- EDW MODEL PARAMETERS 

Rotor Value Units 

Magnet residual flux density 1.42 T T 

Magnet relative permeability 1.055 - 

Airgap, yg 10 mm 

Outer Radius, ro 50 mm 

 Inner Radius, ri 10 mm 

Rear rotor width, br 100  mm 

Front rotor width, bf 100 mm 

Rotor offset, d 0.1ro mm 

Axial offset length, lm 0 mm 

Track conductivity, σ (Cu) 5.69×107 Sm-1 

Track thickness, h 12.7 mm 
 

III. PHASE ANGLE AND SLIP SPEED 

The phase angle that results in the peak force and zero force 

operating point is not constant, but changes with the transla-

tional velocity and the slip, where the slip speed is defined by  

 o xs r v= −    (1) 

and ω = angular speed, vx = translational speed, and ro = outer 

rotor radius. As an example,  Fig. 3 shows how the peak lateral 

force phase angle is shifted with slip when vx = 25 m/s, this is 

in addition to the peak force changing. The changes in force 

magnitude and angle are shown in Fig. 4, in which the peak 

positive, lateral force and the phase angle that results in this 

force was evaluated. The peak lateral force occurs near zero slip 

and its peak value is comparable to that of the thrust force indi-

cating it should scale well. Fig. 4 shows that there is a maximum 

peak operating slip, with the achievable lateral force decreasing 

as the operating point diverges from this value, leveling out to 

a near constant value at very high slip. The peak force phase 

angle ranges between -50° to 180° and since the maximum neg-

ative and positive force values are 180° apart, the variation in 

peak force phase angle can be significant enough to flip over 

the possible range of operations. 
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Fig. 3. Lateral force vs phase angle plot for different slip speeds, s, values 

when the translational velocity is vx = 25 m/s.  The peak lateral force phase 

angle depends on the slip value.  

IV. SCALING CHARACTERISTICS 

In the following study the geometric factors that influence 

the dual-EDW forces are studied using the 3-D steady-state 

SOVP dual-rotor model that is presented in the Appendix.  
 

A. Rotor Spacing  

The dual-EDW fields are a superposition of the rear rotors 

transverse pole-pair and front rotors’ single pole-pair. A lateral 

force is produced because of the imbalance in the axial field 

variation. Therefore, the spacing, d, between the rotors must 

Lift force 
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play a large role in the range of lateral forces that can be created. 

To study the relative effect of rotor spacing a rotor spacing ra-

tio, defined as  

 / od r = . (2) 

has been used. As the rotor spacing ratio increases, the influence 

of the two rotors on each other declines, decreasing the gener-

ated lateral force. This occurrence can be seen in Fig. 5, in 

which the values shown in Table I were used to plot the peak 

lateral force as a function of the rotor spacing ratio. Fig. 5 shows 

that the smallest practical spacing d between rotors should al-

ways be selected.  

The thrust and lift forces are also shown Fig. 5 and interest-

ingly the forces are constant with rotor offset ratio. This is be-

cause there is an unequal lift and thrust force on each axial side 

of the rotor.  Due to the rotor field interactions, one side results 

in a decrease in force relative to that produced when the rotors 

are independent of each other. But the other side resulting in an 

increase in force. Unlike the lateral force, however, the thrust 

and lift forces on each side of the rotors have the same direction, 

and thus the forces always add constructively. As the rotor spac-

ing changes, the increase and decrease in the forces on either 

side of the rotors varies, but in equal amount, resulting in a net 

force that is constant. This is not the case if the rear rotor con-

tained a single magnet pole-pair across the entire width.  
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Fig. 4. (a) Peak lateral force as a function of slip speed and the associated 

phase angle for the dual-rotor EDW, (b) the change in thrust and lift force as a 

function of slip.  

 

B. Rotor Width 

The relative rotor width plays a significant role in the magni-

tudes of force produced by the dual-EDW. If the EDWs do not 

have the same width, then this will limit the region that the 

fields from each rotor can meaningfully interact. This influence 

was studied by using a front and rear-rotor width factor, defined 

respectively by 

     /f f ob r =  (3) 

                                    /r r ob r = .                           (4) 

Fig. 6 shows how the forces change as a function of the rear 

rotor width ratio Λr for the case when Γ = 0.1ro and when the 

front rotor has a fixed width ratio of Λf = 2. Fig. 6 shows that as 

the rear rotor width increases, the peak lateral force initially in-

creases rapidly, then begins to level out, approaching a constant 

value at a higher rear rotor width. Therefore, it is recommended 

that by selecting a rear rotor that is double the axial width of the 

front rotor, such that Λr = 2Λf, a lateral force that is ~78 % of 

the peak force will be obtained.  Further size increases have a 

diminishing return. 
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Fig. 5. Dual-rotor EDW lateral force, thrust force and lift force as a function 

of rotor offset ratio when (s, vx) = (10,10) m/s. Except as noted, parameters are 

as given in Table I. 
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Fig. 6. Lateral force, thrust force and lift force for the dual rotor EDW as a 

function of rotor width ratio when the front rotor width is fixed at Λf = 2. (s,vx) 

= (10 m/s,10 m/s). (b) shows the torque requirement for the front and rear 

rotor. Except as noted, the parameters are as given in Table I. 

IV. PRACTICAL IMPLEMENTATION  

When the two diametrically magnetized one pole rotors are in 

close proximity they will give rise to a large sinusoidal 

torque [8].  As the rear-EDW magnets are magnetization anti-

parallel with each other, their 180o phase shift eliminates the 

magnet rotor torque. To demonstrate this internal torque elimi-

nation the proof-of-principle dual-EDW design, as shown in 



Fig. 7 was constructed. The construction demonstrated the prac-

tical difficulties in implementing the presented design. To elim-

inate the internal force between the magnets the mechanical 

alignment needed to be extremely precise along with the mag-

netization alignment. For instance, Fig. 8 shows that even a 

small misalignment in the axial position lm will give rise to a 

sizable magnet rotor torque.  Fig. 8 also shows that just a 5o 

error difference in the rotor magnetization misalignment will 

also results in a significant magnet rotor interaction torque. 

These practical factors made constructing and successfully test-

ing the prototype challenging. 
 

  
(a) (b) 

Fig. 7. (a) Side-view and (b) top-view (when θm = 0) for a dual-rotor EDW. 

The rotor radii are ro = 12.7 mm and the front rotor has a width bf = 40 and the 

rear rotor has a width br = 50.8 mm. 

V. FINITE WIDTH FORCE ANALYSIS 

The dual-EDW lateral force can be used to counteract the finite-

width edge-effect destabilzation force. As an example, consider 

the design shown in Fig. 9, in which the track width is wt = 

200 mm, and the rotor width is br = bf  = 100 mm. The 

remaining model parameters are as given in Table I. The lateral 

force created by the dual-EDW was computed, using JMAG 3-

D FEA, to be Fz,s = - 100 N.  Therefore, this is the maximum 

lateral force that can be created at the track center. Fig. 10 shows 

how the value of the net-lateral force changes as the dual-EDW 

moves off-center. The axial center is at Zo = 0 as defined in 

Fig. 9. The lateral force plot in Fig. 10 shows that for Zo < 

28 mm a steady-state (average) negative force can be created 

that counteracts the edge-effect’s de-stabilization force. 

However, as a force ripple exists the effective range of 

stabilization will be lower. 
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Axial center misalignment, lm [mm] 

Fig. 8. Rotor magnet interaction torque between magnet rotors as a function of 

rear rotor axial center offset. Also shown is the torque when the magnetization 

vector has a 5o
 offset relative ideal. The parameters used are given in Table I. 

The analysis was completed for the case when (ωm,vx) = (1000 r/min, 25 m/s). 

 

 
 

Fig. 9. Top view of the FEA model for the dual-rotor EDW.  When the axial 

position Zo =0 the rotors will be centered over the track.  
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Fig. 10. Lateral force as a function of axial offset. The model uses the 

parameters shown in Table I. The EDW was rotated at ω = 1000 r/min. 

 

It should be noted that the size of the lateral force can be 

increased further by using a third EDW in series, like as shown  

in Fig. 11(a). In this case the blue magnets are all magnetized 

in the opposite diametric direction to the red magnets. The Fig. 

11(a) configuration will ideally cancel out the internal torque 

and double the lateral force. It should be noted that the three-

EDW design shown in Fig. 11(b) will not cancel out the internal 

torque and is therefore not advisable.   

 
(a) 

 
(b) 

Fig. 11. Three-series EDW (a) contains that the one pole-pair transverse-flux 

rotor on the sides (b) contains a central transverse-flux rotor. The blue magnets 

are all magnetized in the opposite diametric direction to the red magnets. 

CONCLUSIONS  

This paper has presented a new type of dual-EDW design that 

can create lateral recentering force over a flat track. It is shown 

that the lateral force can be independently changed, through 

rotor phase angle shifting, and does not change the lift and 

thrust force. Ideally the dual-EDW should eliminate the internal 

magnet torque between the rotors. However, because of 

mechanical tolerance limitations and differences in magnet 

magnetization the complete elimination of the internal rotor 

torque is challenging to achieve in a practical design.  

ACKNOWLEDGEMENTS  

The authors would like to thank the JMAG Corporation for the 

use of their FEA software. This material is based upon work 

supported by the National Science Foundation under grant 

number 1810489. 
 

APPENDIX  

A. Dual-EDW Rotor Field 

In [3, 4] it is shown that a magnetic rotor can be modeled by 

a cylindrical magnetic charge sheet along the surface of the 

magnet. Using this method, the magnetic flux density of a  
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EDW rotor can be calculated by  
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where    

         ˆ ˆ ˆ( cos ) ( sin ) ( )o o o o ox r x y r y z z z = − + − + −R        (6) 

ρm is the magnetic charge density on the cylindrical charge 

sheet model of the rotor, ro is the outer radius of the magnet. 

Applying Gauss’s Law to the cylindrical charge surface, ρm is 

found to be equal to twice the component of the source mag-

net’s flux density that is normal to the sheet [9]. Assuming the 

magnetization is uniform along the axial length, the front-EDW 

rotor’s source charge density function can be expressed as: 

 ( ) ( ),1( , ) 2 ( , ) u /2 u /2s

m o o r o o o f o fz B r z b z b    = + − −
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where u is a step function. For P = 1 pole-pairs the radial flux 

density component at the rotor surface can be approximated by 

[10] 
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where μr = magnet relative permeability, and Brem = magnet 

remnant flux density of the rotor. The rear-EDW rotor can be 

modeled as two single rotors side by side, with one segment’s 

magnetization 180° angularly shifted relative to the other. This 

lets the effective magnetic charge density to be given by 
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Substituting (7), (8), and (9) into (5) the normal component of 

the magnetic flux density for the front and rear-EDW is  
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The total magnetic flux density is then 
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B. Eddy Current Force  

  The 3-D analytic based eddy current force equation for an 

EDW with a velocity vx and angular speed ω is given by [3, 4]  
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where w is the width of the track, l is the length of the track, yg 

= airgap height, and Rmn is given by 
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The complex harmonic magnitude field source term, Smn, in (14) 

is determined by evaluating [3, 4] 
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