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Abstract—Dynamic stability analysis of superconducting 
electro-dynamic maglev train under lateral and yawing motion 
condition is the key research content. The novel three-dimensional 
electromagnetic model of integrated linear synchronous motor in 
electro-dynamic maglev train with yawing operation condition is 
proposed, which can not only simultaneously achieve the 
propulsion, levitation and guidance performances of maglev 
vehicle, but also analyze the dynamic stability performance of 
train with yawing condition. The three-dimensional analytical 
method is introduced for analyzing the electromagnetic force 
characteristics of the linear synchronous motor with the yawing 
operation condition. Firstly, the topology structure and operation 
principle of the linear synchronous motor with yawing attitude are 
proposed. Secondly, the three-dimensional analytical model and 
expressions of electromagnetic characteristics are obtained by 
equivalent circuit method and Fourier decomposition method, 
such as levitation force, guidance force, propulsion force and 
yawing torque, etc. Finally, the three-dimensional electromagnetic 
characteristics of the linear synchronous motor are calculated 
under yawing operation conditions of maglev train, and the 
correctness of the analytical theory is verified by the finite element 
analysis and measured data on the test line.  

 
Index Terms—electro-dynamic maglev system, linear 

synchronous motor, propulsion levitation and guidance, three-
dimensional electromagnetic characteristics 

I. INTRODUCTION 

UE to the advantages of large suspension height, self-
stability, high system efficiency and power factor, the 

method of electro-dynamic suspension (EDS) has become an 
important research direction of transportation power 
development strategy [1]. The double null-flux side-wall EDS 
topology is gradually adopted due to its high lift-to-drag ratio 
and electromagnetic stiffness characteristics [2]-[5]. In the 
topology, the double-layer eight-shaped short circuit coils are 
used for levitation and guidance of maglev train; the racetrack 
coils installed on the side-wall guide rail are used to generate 
the propulsion force of the maglev train [6]-[12]. Meanwhile,  
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there is great expectation for the low-cost implementation of 
ground coils which are installed along the entire length of the 
guideway, the linear synchronous motor(LSM) combined 
propulsion, levitation and guidance (PLG) is proposed [13]-
[15]. The electromagnetic steady-state operation characteristics 
analysis of other LSM topologies has been discussed [16]-[18]. 
However, there is no comprehensive theory to analyze the 
three-dimensional (3-D) electromagnetic characteristics of the 
integrated LSM combined propulsion, levitation and guidance 
under yawing operation condition. 

A novel 3-D electromagnetic characteristics model and 
comprehensive analysis calculation (AC) method is proposed 
for the novel integrated LSM with yawing condition. Firstly, 
the topological structure and PLG operation principle of the 
LSM with yawing attitude are investigated; Secondly, the 
analytical method of combining Fourier decomposition with 
equivalent circuit is proposed to analyze the 3-D 
electromagnetic characteristics of the LSM with yawing 
running condition, and the corresponding analytical 
expressions are obtained; Finally, based on the structure 
parameters of the integrated LSM used in the high-speed 
maglev train, the 3-D electromagnetic characteristics of the 
LSM are calculated under yawing operation conditions, and the 
correctness of the analytical expressions is verified by the finite 
element analysis (FEA) and experimental data. 

II. THE TOPOLOGY STRUCTURE AND OPERATION PRINCIPLE OF 

THE LSM WITH YAWING CONDITION 

A. The Topology Structure 

The high-speed maglev train consists of integrated LSM 
combined propulsion, levitation and guidance performance, as 
shown in Fig. 1, where the rotation of maglev train around z-
axis indicates yawing attitude. The integrated LSM is 
composed of secondary superconductivity (SC) coils and 
primary asymmetric combined coils. The SC coils are installed 
on the side of each bogie, and asymmetric combined coils are 
installed on the side walls on both sides of the guide rail. The 
asymmetric combined coils on both sides of the guide rail are 
connected through cable feeders, a single asymmetric 
combined coil is composed of two coils of the different 
specifications at the top and bottom through reverse connection, 
and the feeder point is led out from the middle reverse contact, 
make the front and rear in three-phase connections, and then 
connect them to the driving power source along the guideway. 

B. The Operation Principle 

The operation principle of propulsion, levitation and  
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Fig. 1.  The topology structure diagram of high-speed maglev train (with 
yawing attitude). 

guidance movement of the integrated LSM with asymmetric 
primary structure is the same as that of the LSM with primary 
symmetric structure [19]-[20]. When the high-speed maglev 
train passes the curve or is disturbed laterally, the vehicle will 
show a short yaw attitude, as shown in Fig. 2. In case of the 
maglev train is yaw counter clockwise, the SC coils at the front 
side of the bogie produces the guidance force, while the SC 
coils at the back side produce the opposite force. Then 
clockwise yawing torque is generated, which ensures that the 
maglev train retains to the initial running condition (along the 

x-axis). (In Fig. 2, yF


: guidance force; xF


: propulsion force; 

rF


 : magnetic drag force; T


 : yawing torque,   : yawing 

angle). 

 
Fig. 2.  The schematic diagram of yawing operation of integrated LSM (the 
length of the arrow indicates the peak force). 

III. THE 3-D ELECTROMAGNETIC CHARACTERISTICS 

CALCULATION OF THE LSM WITH YAW CONDITION 

A. The 3-D Electromagnetic Characteristics Analytical Model 

The following reasonable assumptions are put forward for 
the integrated LSM combined PLG with yawing condition to 
simplify the electromagnetic theoretical calculation: 

(1) The thickness of the combined coils and the SC coils is 
ignored; the shape of SC coils is rectangle in the 
electromagnetic calculation, which does not affect the running 
characteristics of maglev train. 

(2) During normal operation of maglev train, the center of 
the bogie is located at the balance position and moves 5.5cm 
down from the center of the asymmetric combined coils, which 
is balanced with the gravity of the train. 

(3) There is sinusoidal alternating current with constant 
amplitude and constant frequency in the asymmetric combined 
coils. 

(4) The flux produced by the current of the SC coils is 
regarded as a constant value. 

(5) When the maglev train is disturbed by lateral wind, the 
yaw angle of the secondary SC coils is small. 

(6) The bogie, train body and guide rail are considered rigid, 
regardless of deflection. 

(7) The electromagnetic force and torque applied to the SC 

coils act on the center of each coil. 
The 3-D electromagnetic characteristics analytical model of 

the integrated LSM combined PLG with yaw condition in the 
high-speed maglev train is shown in Fig. 3, where U, V, W 
represent three-phase power supply. 

 
Fig. 3.  The 3-D electromagnetic characteristics analytical model of the 
integrated LSM with yawing condition. 

B. The 3-D Electromagnetic Characteristics Calculation 

It is assumed that there is vertical displacement ( zd ), lateral 

offset ( yd ) and yaw counter clockwise ( d ) of the maglev 

train, as shown in Fig. 4(a). The arrangement and connection 
of the unit asymmetric combined coil on both sides of the guide 
rail is shown in Fig. 4(b). The asymmetric combined coil is 
composed of four coils with different sizes and inherent 
characteristics in the upper side and the lower side, and 
assuming that the induced electromotive force (EMF) of each 

coil is , , ,UL BL UR BRe e e e
   

. Where, ULe


: EMF in the upper-left 

rectangular coils; BLe


: EMF in the below-left rectangular coils; 

URe


: EMF in the upper-right rectangular coils; BRe


: EMF in 

the below-right rectangular coils; and the expressions of EMF 
can be obtained according to Lenz’s law: 
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Where, x is the running distance, ( 1,2,3,4)px p    is the 

distance between the center of the SC coils and the center of 
the bogie in the running direction, 0y  is the transverse distance 

between the SC coils and the center of the bogie, ydi is the length 
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of air gap, Zpi is the distance between upper and lower center of 
asymmetric combined coils, the function 0f   and 1if   is the 

shape factor of SC coils and combined coils, respectively; 

sl sln I  is the magnetomotive force of SC coils, UN  and BN  is 

the turn number of upper and lower asymmetric combined coils, 
respectively; k and n is the Fourier decomposition coefficient 
in x-direction and z-direction, respectively; Lsl and Wsl is the 
Fourier decomposition period in x-direction and z-direction, 
respectively; ak, an and kl are expressions for k and n; 0  is the 

vacuum permeability, and /k sla k L  , /n sla n W  , 

2 2
l k nk a a  ,

0
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k sl n sl
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(a) Position relation diagram 

 
(b) Connection of unit combined coil 

Fig. 4.  The position relation diagram and connection of unit asymmetric 
combined coil. 

The compound equivalent circuit diagram of the unit 
asymmetric combined coil is shown in Fig. 5(a), and the 
expressions of induced electromotive force according to 
Kirchhoff’s voltage law and cyclic current method are as 
follows: 

0( )B B BR UR BRR jkwL i jkwM i e e   
   

            (7) 
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          (10) 

Where, , , ,U B U BR R L L  are the resistance and inductance of the 

upper and lower asymmetric combined coils; M is the mutual 

inductance of upper and lower asymmetric combined coils; 0e


 

is the effective value of power supply voltage. 

          
(a) Composite equivalent circuit diagram     (b) Levitation current 

            
(c) Guidance current                          (d) Propulsion current 

Fig. 5.  The composite equivalent circuit and current decomposition of unit 
asymmetric combined coil 

The current of each branch can be decomposed into the 

levitation current ( Li


), guidance current (the upper rectangular 

coils: GUi


 ; the below rectangular coils: GBi


) and propulsion 

current (the upper rectangular coils: PUi


；the below 

rectangular coils: PBi


 ) by solving the expression (7-10), as 

shown in Fig.5 (b)-(d), and the current expressions of each coil 
according to Kirchhoff’s current law are as follows: 

0

2

( )

BR L GB PB

U U BR UR U

i i i i

R jkwL e jkwM e Z e

Z

  

  


   

  
          (11) 

0

2

( )

UR L GU PU

BR B B UR B

i i i i

jkwM e R jkwL e Z e

Z

   

   


   

  
        (12) 

0

2

( )

BL L GB PB

U U BL UL U

i i i i

R jkwL e jkwM e Z e

Z

  

  


   

  
          (13) 

0

2

( )

UL L GU PU

BL B B UL B

i i i i

jkwM e R jkwL e Z e

Z

   

   


   

  
       (14) 

Where, U U UZ R jkwL jkwM                         (15) 
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The expressions of levitation current, guidance current and 
propulsion current can be obtained by solving expressions (11-
14): 
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The voltage balance equation of one phase can be obtained 
by formula (29): 
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In the formula, the first item is the impedance voltage drop of 
the LSM, and the second item is the motional EMF of the LSM. 
In addition, the fundamental component of the motional EMF 
is as follows: 
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Where,   is conjugate sign, (1) is k=1 in the corresponding 
formulas. Here, compared with the differential component of 
the magnetic field produced by the SC coils, the phase of the 
motional EMF shifts by an angle  . 

The levitation force ( zzF


  and zpF


), guidance force ( yF


), 

propulsion force ( xF


), magnetic drag force ( rF


) and yawing 

torque ( T


) are obtained based on equations (21-25): 

Levitation force produced by levitation current in 
asymmetric combined coils: 
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Where, /p cL l ;   is the pitch of SC coils and cl  is the pitch 

of the asymmetric combined coils. 
Levitation force produced by propulsion current in 

asymmetric combined coils: 
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Guidance force produced by guidance current in 
asymmetric combined coils: 
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Propulsion force produced by propulsion current in 
asymmetric combined coils: 
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Magnetic drag force produced by the current of each 
branch in asymmetric combined coils: 
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Yawing torque produced by the yaw current in 
asymmetric combined coils: 
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The power factor of the integrated LSM is obtained based 
on equation (31): 
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 ; 
mn  : number of 

asymmetric combined coils coupling with SC coils; 
bn  : total 

number of combined coils;   : power factor angle;   : power 

angle. 
The efficiency of the integrated LSM is obtained based on 

equation (31): 

( cos ) sin

( cos ) sin

ph ph ph phph ph

ph phph phph ph

E R E V X V

V R V E X E

 


 

  


 

   

      (41) 

IV. THE 3-D ELECTROMAGNETIC CHARACTERISTICS 

ANALYSIS BY AC, FEA, AND EXPERIMENTAL VERIFICATION 

OF THE LSM 
In order to verify the correctness of the 3-D electromagnetic 

analysis calculation model of the LSM with yawing operation 
condition, the structure parameters and circuit parameters of the 
LSM in the high-speed maglev train are adopted, as shown in 
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Table I and Table II. Here, the section length ratio is taken as 
12 in one feeder section of the partitioned control. The 3-D 
electromagnetic force characteristics and propulsion 
characteristic curve of the LSM with yawing operation 
condition are calculated and compared with the FEA results 
obtained by ANSYS 19.2. The FEA model and experimental 
test coils of the LSM are shown in Fig. 6. Specifically, the 3-D 
FEA model consists of two parts: primary combined coils laid 
along the ground and secondary on-board SC coils. The 
secondary SC coils is surrounded by the moving region-band. 
Meanwhile, the 3-D finite-element method is one of the more 
powerful numerical techniques for solving Maxwell’s field 
equations. For given boundary conditions and specified system 
geometry, one is able to obtain sufficient information for a 
system by using 3-D finite-element computer codes. The 
calculation process of 3-D finite-element method is: (1) mesh 
element subdivision; (2) linear interpolation; (3) unit analysis; 
(4) overall stiffness matrix synthesis; (5) solving linear 
equations. 

TABLE I 
The structure parameters of one LSM [14] 

Primary coils value Secondary coils value 

Primary length (m) 10.8 Secondary length (m) 5.4 

Primary width (m) 0.76 Secondary width (m) 0.50 

Number of coils 48 Number of coils 8 

Polar distance (m) 0.45 Polar distance (m) 1.35 

Coil length (m) 0.355 Coil length (m) 1.07 

Upper Coil width (m) 0.235 Coil width (m) 0.50 

Upper Coil width (m) 0.375 Turns 1400 

Turns 24 Air gap length (m) 0.195 

Distance between Up 
and Down coil (m) 

0.08 Bogie quality (kg) 
Yaw inertia (kgm2) 

20000 
56680 

TABLE II 
The circuit parameters of one LSM 

Primary combined coil value Secondary coil value 

Upper resistance (RU/ m) 12.23 Resistance (RSC) 0 

Lower resistance (RB/ m) 12.93 Self-inductance 
(Lsc/H) 

2.02 

Upper-inductance (LU/mH) 0.24 Nominal 
voltage(kV) 

33 

Lower-inductance (LB/mH) 0.36 Operation current 
(Isl/A) 

500 

Mutual inductance between 
upper and lower coil  

(LFR/ H ) 

0.37 Power angle 
(deg.) 

40 

Propulsion current (A) 390 Sync-speed (m/s) 135 

Frequency (f/Hz) 50 Temperature (K) <20 

A. The 3-D Electromagnetic Force and Torque of the LSM 

The variation curves of 3-D electromagnetic force and yaw 
torque of the LSM with different lateral offset distances and 
yawing angles are shown in Fig. 7. The variation law of 
levitation force under different yawing angles and different 
lateral offset conditions is shown in Fig. 7(a). The levitation 
force increases slowly with the increase of lateral offset when 
the yaw angle is small, which is mainly caused by the increase 
of magnetic field change rate in the vertical direction. When the 
yaw angle is too large, the change rate of the vertical magnetic 
field in the left and right air gaps is roughly the same, and the 

    
 

(a) FEA model and primary test coils of the LSM 
 

 
(b) Test device for long term outdoor test 

Fig. 6.  The FEA model and test coils of the LSM in high-speed maglev train 
[21]-[22]. 

levitation force is basically unchanged. The variation law of 
guidance force under different yawing angles and different 
lateral offset conditions is shown in Fig. 7(b). With the increase 
of the right deviation distance of the train, the lateral guidance 
force produced by the LSM increases gradually, so as to ensure 
that the train can return to the lateral balanced position. With 
the increase of yawing angle, the guidance force increases 
rapidly, which is mainly caused by the large magnetic field 
change rate in the transverse direction under yawing conditions. 
Due to the small coupling between guidance and yawing, the 
relationship between the change of guidance force and 
transverse deflection distance is not linear. The variation law of 
magnetic drag force under different yawing angles and 
different lateral offset conditions is shown in Fig. 7(c). The 
magnetic drag force is basically not affected by the variation of 
transverse deviation distance and yawing angle, mainly due to 
the variation of magnetic field in bilateral air gap of the LSM 
is almost zero. The variation law of yawing torque under 
different yawing angles and different lateral offset conditions 
is shown in Fig. 7(d). The yawing torque increases gradually 
with the increases of lateral offset distance and with the 
increase of yawing angle. Moreover, the change rate of yaw 
torque decreases with the increase of yaw angle. The 3-D AC 
results are comparable to the FEA results, which proves the 
rationality of the above analysis. 

 
(a) Levitation force of AC and FEA 
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(b) Guidance force of AC and FEA 

 
(c) Magnetic drag force of AC 

 
(d) Yaw torque of AC and FEA 

Fig. 7.  The variation curve of 3-D electromagnetic force and torque with 
different lateral offsets (dy) and yawing angles ( ). 

B. The Propulsion Characteristics Curve of the LSM 

The variation curves about the propulsion force, power factor 
and efficiency at different power angles of the LSM with 
different lateral offsets and yawing angles are shown in Fig.8. 
The change of yawing angle and lateral offset basically has no 
effect on the power factor and efficiency of the LSM. On the 
contrary, the peak value of propulsion force increases with the 
increase of lateral offset and yawing angle, which is mainly 
caused by the inconsistent change of air gap magnetic density 
on both sides of the LSM. The power factor, efficiency and 
propulsion force increase first, then decrease with the increase 
of power angle. The peak value of propulsion force is the 
largest when the power angle is near 90 degrees. 

 
Fig. 8.  The variation curve of propulsion characteristics with different lateral 
offsets (dy) and yawing angles ( ). 

C. The 3-D Electromagnetic Characteristics Experimental 
Verification of the LSM 

To confirm the characteristics of the LSM, the 
electromagnetic forces are measured by the measurement 
combined coils temporarily installed at the maglev test line. 
The force in three directions (longitudinal, lateral and vertical) 
at the same time are measured when the coil was set at the 
guideway sidewall on the load converters. In order to decrease 
test error, magnetic forces at primary coils are derived from 
sum of or difference between magnetic forces as two lateral 
opposed primary coils. To reduce the influence of sympathetic 
vibration of the primary coils and load cells, after integrating 
these values with the time, the forces are obtained as follows: 

( )      ( , , )si sri sli
c

v
F F F dt i x y z

l
             (42) 

where, siF  is the forces on primary coils; sriF  is the forces at 

right primary coils; sliF  is the forces at left primary coils [23]. 

In addition, the guidance stiffness is derived from the 
difference between guidance forces. 

The comparison between the AC and experimental results 
about the lift-to-drag ratio (ratio of levitation force to magnetic 
drag force), guidance stiffness (ratio of guidance force per unit 
lateral displacement) and propulsion force of the LSM are 
shown in Fig. 9 [24]. Compared with the data of experiment, 
the error of the AC is 5.72%, 6.10%, 1.73% and 5.69% 
respectively. It can be concluded from the above 3-D 
electromagnetic performance results that the error range 
between the AC and the FEA, experimental data are less than 
10%, and the error is within the acceptable range, the validity 
of the 3-D electromagnetic characteristics analytical model of 
the LSM is verified. When the speed of the LSM is slightly 
higher than the take-off speed, the dynamic stability of the LSM 
is poor. Multiple measuring points can accurately reflect the 
electromagnetic force performance of the LSM at low speed. 
With the velocity increase of the LSM, the dynamic stability of 
the EDS maglev vehicle is enhanced, and fewer measurement 
points can also accurately reflect the PLG performance of the 
LSM. The experimental error mainly come from three aspects: 
(1) In the test, measurement of forces on a differential ground 
coil is affected by a differential vehicle fluctuation and coil 
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irregularity, primary current for lateral displacement and yaw 
angle error are relatively large; (2) In the test, the lateral 
distance between the SC coils and the combined coils will be 
changed due to the increase of the coil insulation thickness; (3) 
In the test, the force sensor will produce eddy current when the 
SC coils in maglev train passes through, resulting in inevitable 
measurement error. 

  
(a) Lift-to-drag ratio characteristic 

 
(b) Guidance stiffness characteristic 

  
(c) Propulsion characteristic 

Fig. 9.  The 3-D electromagnetic characteristics of the LSM between the AC 
and experiment. 

V.  CONCLUSION 

In the manuscript, the 3-D electromagnetic characteristic of 
the novel LSM for EDS high-speed maglev train with yaw 
attitude are analyzed. Firstly, the 3-D electromagnetic 
analytical model of the LSM with yawing attitude is 
investigated, and the 3-D characteristics calculation 

expressions of the LSM are obtained, such as propulsion force, 
levitation force and stiffness, guidance force and stiffness, yaw 
torque and stiffness, power factor and efficiency. Finally, the 
3-D electromagnetic characteristics of the LSM are calculated 
under yawing operation conditions, and the correctness of the 
analytical expressions is verified by the FEA and test. The 
following main conclusions are obtained: (1) During the 
operation of high-speed maglev train, there is small 
electromagnetic coupling characteristic between the guidance 
condition and yawing condition; (2) The yawing attitude has 
little effect on the power factor and efficiency of the LSM, 
while significantly affect the guidance and propulsion force; (3) 
The error of 3-D electromagnetic performance results between 
the AC and the FEA, experimental data are less than 10%; (4) 
When the yaw and lateral fault condition occurs, the lift-to-drag 
ratio change of LSM is small, the guidance force and 
propulsion force increases with the increases of yaw angle, 
which indicate that the LSM has certain self-stability 
characteristics. 
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