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Abstract—This paper shows the modeling and simulation of 

superconducting maglev vehicles employing a levitation and 
guidance assist method we have proposed. The assist system 
stabilizes and assists the vehicle running so that the vehicle does 
not need to depend on the mechanical wheels as much as 
possible at a lower speed. The auxiliary levitation and guidance 
forces are provided by controlling the LSM armature currents. 
The results show that the assist system produces appropriate 
lift and guidance forces to have a reference levitation height 
and sufficient guidance at low speeds under the disturbance 
force of lateral wind. 
 

I.INTRODUCTION 
 

Levitation and guidance forces of a superconducting 
maglev vehicle result from the passive electrodynamic 
phenomena between the on-board SCMs and the levitation-
guidance coils installed on the ground. The vehicle is 
propelled by the armature coil currents of the linear 
synchronous motor (LSM) installed on the ground. Since 
the levitation force is relatively small and pulsative below 
some speed due to its nature, the vehicle motion stability is 
poor at low speeds and the minimum levitating speed is 
limited at around 100km/h as well. We have so far proposed 
and discussed the methodologies for propulsion control and 
guidance control in terms of dq-axis electromagnetic 
variables of the superconducting linear synchronous motor 
(LSM) vehicle [1]-[4]. When we view the three phase circuit 
variables of LSM on the dq-axis, the force between the q-
axis LSM armature currents and the field from the onboard 
SCMs translates to the propulsion force. Then if the force is 
formulated appropriately to include all the space harmonic 
components, the thrust coefficient can be defined, making it 
possible to discuss the electrodynamic forces of the air-cored 
LSM vehicle rigorously [1],[2], whereas conventional 
analyses had been treated in the same manner as a rotary 
motion machine. On the other hand, the d-axis component is 
associated with the normal and lateral forces of the LSM, the 
former of which can lead to the definition of the normal 
force coefficient; for the current model of interest we are 
tackling to, it is redefined as the guidance force coefficient 
because the plane of the LSM is perpendicular to the horizon 
[4].  The latter force can then be utilized for levitation in our 
model [5]. Thus, we aim to control the LSM armature 
currents to generate guidance and levitation forces of the 
vehicle as well as propulsion forces. This paper presents the 
modeling and simulation of the maglev vehicle stabilization 
system to produce assist levitation and guidance forces with 
the levitation-guidance coils taken into account. The results 
show the system works well with the LSM armature current 

control at low speeds where mechanical suspension is 
needed. 

 
II.ELECTRODYNAMIC ANALYSIS 

 
A. Levitation force of Levitation-Guidance Coils 
 

The schematic diagram for the analysis is shown in Fig.1. 
Levitation forces are generated by the inductive interactions 
between the 8-figure levitation coils on the ground and the 
onboard SCMs, which increase monotonously with 
increasing the vehicle running speed. At very low speeds, 
the vehicle suspension depends on mechanical wheels 
because levitation and guidance forces are small and that the 
rolling stiffness stemming from the electrodynamic 
interaction is relatively small.  

First we formulate the electrodynamic relationships on the 
levitation-guidance coils. The y-axis component flux density 
generated from the onboard SCMs is given in terms of 
vehicle coordinate system (x,y,z) as 
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ds : distance of SCM from the vehicle center (see Fig.1) 
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τ : pole pitch, ,  s sl w : length and width of SCM, s sn I : mmf 
of SCM. Two coordinate systems are used for the analysis as 
shown in Fig.1, where the relationship is defined as  
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 We then obtain the flux linkage of the levitation-guidance 

coil with an 8-figure shape located at ' 0x = .  
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ll , lw : length and width of levitation-guidance coil, lc : 
distance between the upper and the lower loop of the 
levitation-guidance coil. 

The voltage equation is given by using the electrical 
resistance lR  and the self inductance lL  of the levitation coil 
as follows [5] 
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We obtain the solution in the phasor form of the differential 
equation as 
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where 2 ( ) 0z t =  was assumed. 
If we take all the associated levitation coils with the 

corresponding vehicle levitation force into account, then we 
obtain the time average value of the vehicle levitation force 
as 
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B. Guidance force of Levitation-Guidance Coils 
 
Fig.2(a) shows the connection of the guidance-levitation 

coils, where the null-flux cable works when the vehicle does 
not run at the center,  causing vehicle guidance forces. 
Fig.2(b) describes the equivalent circuits for guidance, while 
the unfolded circuits are shown in Fig.2(c). The resultant 
flux linkage of the upper levitation-guidance coils is given 
by the equation  
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The resultant flux linkage of the lower levitation-guidance 
coils is expressed as 

( )
1,3,

Re expGbkGb Gbr Gbl k
k

j tψ ψ ψ ω
∞

= ⋅⋅⋅

= − = Ψ∑
i

                                 (8) 
where 

( ){ }

( )1

exp cos
2

          sinh

l
Gbk km km l s m

m

km

cj d d z

y

β α

β

⎡ ⎧ ⎫⎛ ⎞Ψ = Ψ − − Δ −⎨ ⎬⎢ ⎜ ⎟
⎝ ⎠⎩ ⎭⎣

⋅

∑
i

 

Substituting (7) and (8) into the circuit equations for both 
upper and lower coils, 
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we get the following approximated solutions of currents. 
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GR , GL : electrical resistance  and self inductance  of the 

levitation-guidance coil for guidance action. 
We then obtain the guidance forces as 
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where the superscript * stands for the quantity’s complex 
conjugate, and 1y y= Δ . 
 

C. Guidance and Levitation forces via LSM armature  
 

The magnetic co-energy stored between the LSM 
armature coils on the ground and the onboard SCMs is  
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where , ,U V Wi i i  and , ,U V Wψ ψ ψ  are the three-phase armature 
currents and flux linkages, respectively, while 0, ,d qi i i  and 

0, ,d qψ ψ ψ  are those counterparts in dq0-axis. The guidance 
force that can be generated by the LSM armature is 
expressed in terms of dq0-axis variables: 
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which represents the force for one unit feeding section of the 
LSM armature windings, where 
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The coefficient GpK  is the guidance force coefficient of 
propulsion system [4]. 
   The vertical force utilized for levitation assist is expressed 
as 
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where ,a al w , an : length, width and number of turn of the 
armature coil, aN : number of cells for the unit feeding 
section. We have defined vpK as the vertical force coefficient 
of propulsion system [5] given by the equation 
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III.ASSIST FORCE CONTROL SYSTEM DESIGN FOR 

LIFT AND GUIDANCE 
 

The dynamic governing equation of the maglev vehicle is 
then expressed as 
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We designed the lift controller as an LQI system, while 
designing the guidance controller as an LQ system. The two 
control systems were treated as separate SISO control 
systems based on the assumption that the magnetic spring 
for rolling motion [6] has sufficient magnitude to suppress 
the rolling motions at the speed of interest, although the 
dynamics has three axes of freedom: levitation, guidance and 
rolling. Fig.3 shows our lift and guidance control system 
using the armature coil currents. The variable M is the 
vehicle mass. The levitation force and guidance force 
generated at the levitation-guidance coils were linearized 
when designing controllers: 
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0( ) ( )Ll z LF t K z t f≅ Δ +                                                       (22) 

where yyK , zK  : the guidance spring modulus and the 



levitation spring modulus of the levitation-guidance coils, 
respectively, 0Lf  : constant. 
 

IV.CALCULATED RESULTS 
 
A.  Characteristics of Model 

 
Fig.4(a) shows the levitation forces expressed in the unit 

of kN at the speed of 80km/h generated by the levitation-
guidance coils, being plotted as a function of the vehicle 
sinking depth zΔ , which is the center height difference 
between the levitation coil and the SCM. When the sinking 
depth is 0, levitation force is surely not produced. The 
equilibrium point in the figure indicates the levitation force 
corresponding to the vehicle mass (30ton → 294kN of 
force). It is shown that the necessary force is generated with 
larger than the depth of about 0.033m(3.3cm). 

The speed characteristics of the levitation force in the case 
of 0.03m is shown in Fig.4(b). The running velocity of over 
90km/h is needed to levitate the vehicle. 

Fig.5 shows the time average value of guidance force 
produced from the levitation-guidance coils as a function of 
the lateral displacement of vehicle. 

The assist force coefficients of the propulsion system, i.e., 
LSM armature coils, are shown in Fig.6: the vertical force 
coefficient is shown in Fig.6(a), and the guidance force 
coefficient in Fig.6(b). 
 
B. Control System Behaviors 
 

The feedback gain vector for the lift control systems is 
given as 

( ) ( )4 4 4
1 2 3 2.18 10 2.00 10 1.88 10v v vk k k = × × ×       (23) 

while the feedback gain vector for the guidance control 
systems is 
( ) ( )3 3

1 2 8.59 10 5.62 10g gk k = × ×                                  (24) 
Fig.7 shows the computer simulation of the assist control 

system for lift and guidance forces at the speed of 80km/h. 
The disturbance force of 10kN was assumed in the 
simulation, which is the lateral wind flowing from the right 

Fig. 3. Block diagram of lift and guidance assist system 
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                            TABLE I 
              DIMENSIONS OF MODEL 
 
Vehicle mass M = 30,000kg 
SCM 
     Number of pole 8 
     Mmf   700kAs sn I =  

  Pole pitch  2.1mτ =  
     Length, width  1.59m,   0.5ms sl w= =  

Levitation-guidance coil 
     Length, width  0.55m,   0.31ml ll w= =  

LSM armature 
     Length, width  2.1m,   0.7ma al w= =  



side to the left side of the vehicle.  
Since the reference of the vehicle sinking depth Δz is 

given to the control system, the d-axis LSM armature current 
has some magnitude to produce the assist levitation force 
(see Fig.7(b)) at the initial state. This is because the 
levitation force generated from the levitation-guidance coils 
is not large enough to suspend the vehicle at the reference 
sinking depth of 0.03m. At the instant the disturbance force 
is applied to the vehicle, the vehicle starts lateral movement 
to derail. Then the displacement (see Fig.7(f)) causes not 
only the guidance force of levitation-guidance coils (see 
Fig.7(h), but also activates the assist guidance system to 
produce additional guidance forces (see Fig.7(c)).  The 
lateral displacement is controlled within about 1.5mm by the 
control system (see Fig.7(f)), while the vertical displacement, 
i.e., the vehicle sinking depth, is controlled very well (see 
Fig.7e). The assist levitation and the levitation-guidance coil 
forces are about 26kN, 268kN on the average, respectively; 
the assist system produces 10% of the vehicle mass with the 
d-axis current of about 650A.  With respect to the guidance 
force, the assist system generates 9kN, while the levitation-
guidance coils 5.6kN at most; the assist system produces 
about 60% of the total guidance force not to derail with the 
d-axis current of the maximum value of only about 30A.  

 
V.CONCLUSION 

 
We have presented the modelling and simulation of a 

superconducting maglev with an assist levitation and 
guidance mechanism employing the LSM armature currents. 
The electromagnetic forces of levitation-guidance coils and 
the LSM armature coils were shown as a function of speed 
and the displacements in order to design the assist control 
system. It was shown that the assist control system 
establishes a reference levitation height and the guidance 
performance. While the assist levitation needs large value 
of armature currents, guidance does not require much 
currents of LSM armature for the assist system to work. 
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(a) Lateral disturbance force from right to left 
of the vehicle 
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(b) Levitation force by LSM armature 
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(c) Guidance force by LSM armature 
    (Resultant value of left and right) 
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(f) Lateral displacement of vehicle 
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(g) Levitation force by levitation- 
guidance coil 
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(h) Guidance force by levitation-guidance 
      coil (Resultant value of left and right) 

Fig.7. Assist control system simulation 
          (80km/h)
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