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Abstract—Different from the traditional railway trains, the 

combined levitation and guidance EDS maglev train is more likely 
to rotate after being disturbed. Therefore, the rotational 
electromagnetic stiffnesses are significant operating parameters 
for the train. In this paper, the different effects of each 
translational offset generated in the rotational motion on the 
corresponding rotational electromagnetic stiffnesses in the EDS 
maglev train are analyzed and calculated. Firstly, a 
three-dimensional model of the maglev train is established. Then, 
based on the space harmonic method and the equivalent circuit of 
the levitation and guidance circuits, the formulas of rolling, 
pitching and yawing stiffness are presented. Finally, by 
comparing with the three-dimensional finite element simulation 
results, the key translational displacements in the rotational 
motion which has a great impact on the stiffness are obtained. 
Hence, the three-dimensional analytical formula can be simplified 
and the computation can be reduced. In addition, the accuracy of 
the calculation results is verified by comparing with the 
experimental data of Yamanashi test line. 
 

Index Terms—Magnetic spring, EDS maglev train, 
electrodynamic, rotational motion, rolling stiffness, pitching 
stiffness, yawing stiffness 

I. INTRODUCTION 

S high-speed transportation system, Electrodynamic 
suspension (EDS) maglev train can run at a speed of 

500km/h or even higher, which can fill the gap in the transport 
market between traditional railway vehicles and air 
transportation, and is expected to become the next generation of 
high-speed passenger transportation tools [1]-[2]. The structure 
of EDS maglev train is described in Fig.1. Different from the 
traditional railway trains [3]-[7] that rely on mechanical 
interactions between wheels and rails, the unique coils 
arrangement and the track structure of EDS maglev train 
determine its large possibility of multi attitude motion, and put 
forward higher requirements for its electromagnetic dynamic 
characteristics. The rotational electromagnetic stiffnesses will  
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not only determine the operation stability of EDS maglev train, 
but also have a partial impact on the lifting speed of the train  
[2], thus affecting the actual maintenance cost of the landing 
gear and guide wheel used by the train at low speed. Therefore, 
it is particularly necessary to investigate the rotational 
electromagnetic stiffness of EDS maglev train. 

At present, most scholars have studied the influence of 
translational motion of combined levitation and guidance EDS 
maglev train on its electromagnetic characteristics. However, 
only a few scholars have studied the rotating electromagnetic 
stiffness of combined levitation and guidance EDS maglev 
train. In [8], Shunsuke Fujiwara changes the two-dimensional 
distribution model of vehicle coils by changing the coordinate 
system, so as to calculate the rotational stiffness, but the 
calculation amount is large. In [9], Toshiaki Murai et al. used 
the optimization program to analyze the effect of rolling 
stiffness on lifting speed. In [10], Takenori Yonezu et al. used 
computer simulation method to analyze the influence of air gap 
and magnetomotive force of vehicle coil on rolling stiffness. In 
[11], Hiroshi Yoshioka et al. introduced the change trend of 
electromagnetic stiffness, including rotational stiffness, in the 
actual operation. In [12], Oshiaki Murai established a 
three-dimensional electromagnetic analytical model of EDS 
maglev and studied its electromagnetic stiffness. However, the 
analytical model does not analyze the influence of each 
translational offset on the electromagnetic stiffness when the 
maglev train rotates. 

 
Fig. 1. Structure diagram of EDS maglev train. 

In this paper, based on the space harmonic method, by 
analyzing the influence of translational offset caused by 
rotational motion on the rotational electromagnetic stiffness of 
the combined levitation and guidance EDS maglev train, a 
three-dimensional electromagnetic analytical model and 
analytical method which can effectively calculate the rotational 
electromagnetic stiffness of EDS maglev are obtained. The 
effectiveness of the method is verified by comparing the 
three-dimensional finite element method (3-D FEM) simulation 
results with the experimental data of the Yamanashi test line. 
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II. DERIVATION OF ANALYTICAL METHOD  

 

 
(a) Distribution model in z direction 

 
(b) Distribution model in x direction 

Fig. 2.  The three-dimensional M.M.F distribution model. 

It is assumed that the vehicle coils are a periodically 
distributed in the x-axis and z-axis and the periods are 2lx and 
2lz respectively. The number of the vehicle coils is 2N2 on each 
bogie, the length of it is 2lsc, the width is 2bsc, the pitch of it is τg, 
and the M.M.F is NscIsc. According to the three-dimensional 
magnetomotive force space (3-D M.M.F) model as shown in 
Fig. 2, the value of y-direction magnetic flux density By of 
vehicle coil where y>0 can be obtained as 
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(a) Reference current and coordinate system 

 
(b) Equivalent circuit 

Fig. 3.  Reference current and equivalent circuit diagram. 

As shown in Fig.3(a), the figure-eight-shaped coil is 
composed of upper unit coil and lower unit coil. And the origin 
of coordinate system is fixed at the center of bogie, x-axis is 
always parallel to ground coil, y-axis coincides with zero-flux 
position line, and z-axis coincides with centering position line. 
The width of bogie is defined as 2yc. The coordinate of the q-th 

vehicle coil on the bogie is defined as xq=-τscq+5τsc/2, and the 
pitch of the figure-eight-shaped coil is τg. For the ground 
figure-eight-shaped coil, its length is 2lg, the width is 2bg, the 
number of turns is Ng, the distance between the upper unit coil 
and lower unit coils is zg, and the air gap between the 
figure-eight-shaped coils and the vehicle coils is y0. When the 
train is in stable levitation state, the levitation height of the train 
is h, and the distance between the center of the vehicle coil and 
the zero-flux position line is zd. The direction of reference 
currents and equivalent circuit are shown in Fig. 3(b), since the 
size and specification of the opposite figure-eight-shaped coil 
are the same, so Z1 = Z2 = Z3 = Z4 =Z.  

For the convenience of calculation, assuming that the train is 
infinitely thin in z-axis, then the rolling, pitching and yawing 
motions of the combined levitation and guidance EDS maglev 
train can be simplified. Then the simplified rotational motion 
diagram of the train as shown in Fig. 4 can be obtained. The 
rotation angle of the train is assumed to be positive when the 
Direction of the rotation motion is as shown in Fig. 4. The red 
bold lines represent the train, and the blue bold line represents 
the connecting line of the q-th pair of vehicle coils distributed 
on both sides of the bogie. It is assumed that the translational 
displacements of the q-th vehicle coil due to rolling motion are 
Δyϕ and Δzϕ, the translational displacements caused by pitching 
motion are Δxθ and Δzθ, and the translational displacements 
caused by yawing motion are Δxψ and Δyψ.  

 
Fig. 4. Schematic diagram of rolling motion, pitching motion and yawing 
motion of the combined levitation and guidance EDS maglev train. 
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(a) Rolling motion                     (b) Pitching motion 

 
(c) Yawing motion 

Fig. 5. Simplified rotational motion diagram of maglev train. 
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Combined with Fig. 4 and Fig. 5, according to the equivalent 
infinitesimal theorem, since each rotation angle is small, each 
translational offset can be obtained by 
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The flux linkage related to suspension system Ѱl and the flux 
linkage related to levitation system Ѱg can be defined by 
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The electromotive force (E.M.F) changes of the 
figure-eight-shaped coil caused by rolling, pitching and yawing 
motions are defined as ΔΨϕ, ΔΨθ and ΔΨψ respectively. The 
variation of E.M.F in upper unit coils and lower unit coils are 
expressed by subscript U and D respectively. According to 
Fig.3,  the E.M.F of each unit coil �̇� can be obtained as follows: 
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According to Kirchhoff’s law, 𝐼̇ , 𝐼̇  and 𝐼̇  can be solved by 
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(a) Levitation system                         (b) Guidance system  

Fig. 6.  Equivalent circuits. 

According to the current relationship shown in Fig. 3 and Fig. 
6, it can be obtained that the induced current 𝐼̇  in the unit coil 
is as follows 
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According to the equivalent circuits shown in Fig. 5, the 

levitation current 
qi

I , the guidance current of upper guidance 

circuit 
q

U
gI and the guidance current of lower guidance circuit 

q

D
gI coupled with the q-th vehicle coil can be obtained by using 

(7) to (8). 

   

 

   

   

 

0

0

1
0

0 0

0 0

0

, ,
, ,

1 2
2 , ,

, , , ,

2 , , , ,

2

, ,

2

q

q q q

l q d q

l q d

l l
n

l q d

q

D l g
g g g

l q d l q d

q q

l

l q d l q dc
c

g q d

q
g

x y z x
x y z

x
I g

x y z
x

z

I I I

x y z x y z
x x

x yg

x y z x y zy
y

y z

x y z
x

g x





 

 





 
   

   
   

 
 

  
   

  
 

        





 

  




 

   

1
0

0 0

, ,

, , , ,

2

n
g q d

q

l q d g q dc
c

x y z
x

y

x y z x y zy
y

y z

 

 





















     
  
  

          



(10) 

** **M M

E4
E3

E2
E1



lI lI

Z1
 Z2

 Z3
 Z4



uI 1


uI 2


uI 3


uI 4


** **M M

E4
E3

E2
E1



U
gI D

gI

Z1
 Z2

 Z3
 Z4


uI 1


uI 2


uI 3


uI 4




LV et al. : NUMERICAL ANALYSIS OF THE ROTATIONAL MAGNETIC SPRINGS FOR EDS MAGLEV TRAIN  63

   

   

   

   

0 0

0 0

1
0 0

0 0

, , , ,

2 , , , ,

2

, , , ,

2 , , , ,

2

q q q

U l g
g g g

l q d l q d

q q

l

l q d l q dc
c

n
g q d g q d

q q
g

l q d g q dc
c

I I I

x y z x y z
x x

x yg

x y z x y zy
y

y z

x y z x y z
x x

g x y

x y z x y zy
y

y z

 

 

 

 





   

  
   

   
 

         
  
   

  
  

        



  





















(11) 

where 

l
l

j
g

Z


  , g

g

j
g

Z


   

Thus, the rolling stiffness Fϕϕ, pitching stiffness Fθθ and 
yawing stiffness Fψψ on a bogie can be obtained based on 
virtual displacement method as follows 
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III. CHARACTERISTIC CALCULATION AND EXPERIMENTAL 

VALIDATION 

According to the basic parameters of levitation and guidance 
system as shown in Table Ⅰ, rolling stiffness, pitching stiffness 
and yawing stiffness are calculated. In order to further analyze 
and verify the influence of translational offset on the rotational 
electromagnetic stiffnesses, this paper compares the numerical 
calculated results with the 3-D FEM simulation results and 
experimental data. 

TABLE I 
BASIC PARAMETERS OF LEVITATION AND GUIDANCE SYSTEM OF 

MLX01[13]-[15]. 

Symbol Value Quantity 

2lsc 1.07m Length of the vehicle coil 

2bsc 0.5m Width of the vehicle coil 

τsc 1.35m Pitch of the vehicle coil 

Nsc 1400 Turns of the vehicle coil 

Isc 500A Current of single turn vehicle coil 

N2 4 
Number of vehicle coils on one side  

of each bogie 

zd 0.04m 
Distance between the center line of the 
vehicle coil and zero-flux position line 

when the maglev is in stable suspension 
2lg 0.35m Length of the unit coil 

2bg 0.34m Width of the unit coil 

τg 0.45m Pitch of the unit coil 

Ng 24 Turns of the unit coil 

y0 0.185m 
Transverse distance between vehicle coil 

and ground figure-eight-shaped coil 
R 0.256mH Resistance of unit coil 

L 3.6mH Inductance of unit coil 

M 18.4μH Mutual inductance of unit coil 

zg 0.08m Vertical distance between unit coils 

2yc 2.98m Width of the bogie 

A. Rolling Motion 

 
Fig. 7. Rolling torque Mϕ when the combined levitation and guidance EDS 
maglev train rolls after being disturbed. 

When the combined levitation and guidance EDS maglev 
train rolls clockwise after being disturbed, as shown in Fig.7, 
the left vehicle coil sinks and the right vehicle coil rises, 
resulting in the increase in the coupling area between the left 
vehicle coil and the lower unit coil and the decrease in the 
coupling area between the right vehicle coil and the lower unit 

y

z

x

Figure-eight-shaped coil Vehicle coilZero-flux cable

L
zF

R
zF

M





64 CES TRANSACTIONS ON ELECTRICAL MACHINES AND SYSTEMS, VOL. 6, NO. 1, MARCH 2022 

coil. Therefore, the levitation force on the left vehicle coil 
increases and the levitation force on the right vehicle coil 
decreases. Thus, according to Lenz's law, a counterclockwise 
rolling torque Mϕ as shown in Fig. 7 is generated, and its 
direction is just opposite to the direction of rolling motion. In 
conclusion, the combined levitation and guidance EDS maglev 
train has the ability to resist rolling disturbance, that is, its 
rolling stiffness Fϕϕ is positive. In addition, it is obvious that the 
rolling stiffness Fϕϕ is the key parameter in the design stage of 
the train. 

 
Fig. 8. The trend of Fϕϕ and Fϕϕ1 with v. 

Definition Fϕϕ1 is a function considering variable Δzϕ, and 
Fϕϕ is a function considering variable Δzϕ and Δyϕ. Fig.8 
describes the variation trend of Fϕϕ and Fϕϕ1 obtained by 
numerical analysis and experimental results with the change of 
running speed v. It can be seen that rolling stiffness increases 
gradually with the increase of vehicle running speed v. This 
means that the maglev train has the better ability to resist rolling 
disturbance at higher speed. 

The relative errors of Fϕϕ and Fϕϕ1 with the experimental 
results are 6.12% and 6.63%, respectively. In addition, the 
relative errors of Fϕϕ and Fϕϕ1 with the 3-D FEM results are 0.46% 
and 1.51%, respectively. By comparing the numerical analysis 
results with the 3-D FEM simulation results and the 
experimental results in Fig.8, it can be seen that the relative 
errors of the Fϕϕ and Fϕϕ1 both are relatively small, which means 
that the analytical Fϕϕ1 can well describe the rolling stiffness of 
combined levitation and guidance EDS maglev train. That is, 
the translational offset in y-axis caused by rolling motion Δyϕ 
can be ignored when establishing the analytical model for 
analyzing rolling stiffness. 

B. Pitching Motion 

When the combined levitation and guidance EDS maglev 
train is disturbed and pitching clockwise as shown in Fig.9, No. 
1 and No. 2 vehicle coils sink and No. 3 and No. 4 vehicle coils 
rise. Similarly, since the coupling area between No. 1 and No. 2 
vehicle coils and the lower unit coil increases, and the coupling 
area between No. 3 and No. 4 vehicle coils and the lower unit 
coil decreases, the levitation force on No. 1 and No. 2 vehicle 
coils increases, while the levitation force on No. 3 and No. 4 
vehicle coils decreases. Due to the uneven levitation force of 
the vehicle coil distributed along the x-axis, the 

counterclockwise pitching torque Mθ is generated. Moreover, 
the direction of pitching torque Mθ is opposite to that of the 
pitching motion, which shows that the pitching stiffness of the 
combined levitation and guidance EDS maglev train is positive, 
that is, the train has the ability to resist pitching disturbance. 
The quench of vehicle coil and track irregularity will lead to 
pitching motion, so the pitching stiffness Fθθ is a key parameter 
worth studying for the combined levitation and guidance EDS 
maglev train. 

 
Fig. 9. Pitching torque Mθ when the combined levitation and guidance EDS 
maglev train pitches after being disturbed.  

It is defined that Fθθ1 is a function considering variable Δzθ, 
and Fθθ is a function considering variable Δzθ and Δxθ. Fig.10 
describes the variation trend of Fθθ and Fθθ1 obtained by 
numerical analysis results with the change of running speed v. It 
can be seen that pitching stiffness increases gradually with the 
increase of running speed. It can be seen that the values of Fθθ 
and Fθθ1 are same, and the relative errors between them and the 
3-D FEM results are the same and equal to 2.06%. Therefore, 
the translation offset in the x-axis Δxθ caused by pitching 
motion can be ignored when establishing the model for 
analyzing pitching stiffness. 

 
Fig. 10. The trend of Fθθ and Fθθ1 with running speed v. 

C. Yawing Motion 

 

Fig. 11. Pitching torque Mψ when the combined levitation and guidance EDS 
maglev train yaws after being disturbed. 
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When the combined levitation and guidance EDS maglev 
train is disturbed and yaws counterclockwise as shown in 
Fig.11, the transverse air-gap of each vehicle coil changes, 
resulting in unequal induced E.M.F in the ground coils on the 
positive and negative sides of y-axis coupled with the vehicle 
coils on the opposite side of the bogie. According to Lenz's law, 
the guidance force of each pair of vehicle coils is shown in 
Fig.11. Due to the uneven force in the y-axis, the yawing torque 
Mψ in the clockwise direction is generated, and its direction is 
opposite to the direction of yawing motion. It can be seen that 
the combined levitation and guidance EDS maglev train has the 
ability to resist yawing disturbance, and this ability is defined as 
yawing stiffness. 

 
Fig. 12. The trend of Fψψ, Fψψ1 and Fψψ2 with running speed v . 

It is defined that Fψψ1 is a function related to independent 
variable Δyψ, Fψψ2 is a function related to independent variable 
Δxψ, and Fψψ is a function with independent variable Δyψ and 
Δxψ. Fig.12 describes the variation trend of Fψψ and Fψψ1 
obtained by numerical analysis results with the change of 
running speed. It can be seen that yawing stiffness increases 
gradually with the increase of running speed. In addition, as can 
be seen from Fig. 12, the relative error between Fψψ and 3-D 
FEM results are 2.35%, and the relative error between Fψψ1 and 
3-D FEM results and between Fψψ2 and 3-D FEM results are 
29.60% and 154.35% respectively. Therefore, the translational 
offsets Δyψ and Δxψ caused by yawing motion must be 
considered simultaneously when establishing the model for 
analyzing yawing stiffness. 

IV. CONCLUSION 

In this paper, the effects of translational offsets on the 
rotational electromagnetic stiffness of EDS maglev are 
analyzed, and a simplified electromagnetic model of 3-D 
rotational motion of maglev is proposed. Then the calculation 
formulas of rolling stiffness, pitching stiffness and yawing 
stiffness of EDS maglev based on space harmonic method are 
proposed. And the validity and accuracy of the method are 
verified by comparing with 3-D FEM results and experimental 
data of Yamanashi test line. The main conclusions are as 
follows: 
1) The offset in y-axis Δyϕ caused by rolling motion can be 

ignored, and the offset in z-axis Δzϕ caused by rolling 

motion should be considered when establishing the 
analytical model for analyzing rolling stiffness. 

2) The offset in x-axis Δxθ caused by pitching motion can be 
ignored, and the offset in z-axis Δzθ caused by pitching 
motion should be considered when establishing the 
analytical model for analyzing pitching stiffness. 

3) Both the offset in y-axis Δyψ and the offset in x-axis Δxψ 
caused by yawing motion should be considered when 
establishing the analytical model for analyzing yawing 
stiffness. 

4) With the increase of running speed, the rolling stiffness, 
pitching stiffness and yawing stiffness increase, which 
shows that the combined levitation and guidance EDS 
maglev train has better ability to resist rolling, pitching and 
yawing disturbances at higher speed. 
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