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Abstract

:

A levitation system based on sidewall electrodynamic suspension (EDS) is considered for a capsule vehicle, which is a next-generation high-speed transportation system currently being studied. This levitation system does not require controlling of the gap between the guideway and the vehicle on which the superconducting electromagnet is mounted. However, when the vehicle is operated in a levitated state, the ride comfort is worse than that of the levitation system based on electromagnetic suspension (EMS), making it necessary to develop methods that can ensure good riding comfort. In addition, because the EDS system is complex and nonlinear with a combination of electromagnetics and mechanical dynamics, it is complicated to analyze the dynamic characteristics of the capsule vehicle, and the corresponding numerical analysis is time-consuming. Therefore, to easily understand the running dynamics of a capsule vehicle in the sidewall EMS system, the magnetic suspension characteristics corresponding to the primary suspension are simply modeled by considering the levitation stiffness in the vertical direction and the guidance stiffness in the lateral direction, similar to that in the case of the mechanical suspension. In this study, mathematical models of the levitation and guidance stiffnesses with respect to the speed and position of a vehicle body running at high speeds in a levitated state in the sidewall EDS system were derived for three design proposals of the levitation coil. The dynamic behavior of the vehicle based on the three design proposals was investigated by simulating a capsule vehicle model with 15 degrees of freedom.
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1. Introduction


One of the recently developed transportation systems is the capsule train system [1,2,3]. This system has a capsule vehicle equipped with a superconducting magnet that enables it to move in a tube at an ultra-high speed of 1000 km/h. There are two types of magnetic levitation systems [4,5,6]: electromagnetic suspension (EMS) [7,8] and electrodynamic suspension (EDS) [9,10,11]. As shown in Figure 1a, in the case of EMS, the electromagnet of the vehicle is located under the magnetic material of the guideway and generates a levitation force through the attraction between the two. The guidance force is generated through the magnetic material and an electromagnet attached to the side of the guideway and the bogie. EDS is illustrated in Figure 1b; when the vehicle with electromagnets attached to the bottom or side drives along the guideway with a levitation coil installed over a certain speed, levitation force and guidance force are generated through the repulsive force. Unlike the EMS system, which requires gap control between the running body and the guideway, the EDS system does not require any gap control. In addition, because the EMS method is unsuitable for driving speeds of over 500 km/h, the EDS system is more popular for capsule train systems [12,13,14,15].



When the EDS system is applied to maglev, which is a high-speed magnetic levitation system employed in Japan, the characteristics of the magnetic stiffness corresponding to the primary suspension between the running vehicle and the guideway should be identified as accurately as possible [16,17,18,19,20,21,22,23,24]. The characteristics of the magnetic stiffness are used to understand the running dynamics of the capsule vehicle in advance to provide excellent ride comfort to passengers. In particular, because the EDS system is a complex nonlinear system that combines electromagnetics and mechanical dynamics, it is complicated to analyze the dynamic characteristics of the capsule vehicle, and the corresponding numerical analysis is time-consuming. Therefore, to easily understand the running dynamics of a capsule vehicle in the sidewall electrodynamic suspension system, the magnetic suspension characteristics corresponding to the primary suspension are simply modeled by considering the levitation stiffness in the vertical direction and the guidance stiffness in the lateral direction, similar to that in the case of the mechanical suspension.



In this study, the running dynamics of a capsule vehicle were studied by reflecting the levitation and guidance stiffnesses of the capsule vehicle system. Nonlinear mathematical equations for the levitation and guidance stiffnesses were established using the levitation and guidance forces of the traveling body designed in a reduced form [20,21] before designing a real-size capsule vehicle. The equations were then expanded and modified to be applicable to a real-size capsule vehicle. These equations were applied to the equation of motion of the capsule vehicle modeled with 15 degrees of freedom to study the dynamic characteristics of the capsule vehicle. To date, only the dynamic characteristics of the EDS magnetic levitation system for the maximum traveling speed of 450 km/h have been reviewed [21]. By contrast, in this paper, the dynamic characteristics from low to high speed (300 km/h, 600 km/h, and 900 km/h) are considered. Furthermore, whereas the results of examining the levitation stiffness and guide stiffness were previously published for only one levitation coil, in this study, simulations were performed on three types of levitation coils and the results compared to determine the most suitable levitation coil design for the capsule vehicle system.




2. Electromagnetic Force between Superconducting Electromagnet and Levitation Coil


This section presents the electromagnetic force acting on the traveling body (hereinafter referred to as “traveling body”) designed in a reduced form before designing the full-size capsule vehicle. The levitation system applied to the capsule vehicle system comprises a superconducting electromagnet mounted on a running vehicle and a levitation coil installed on the guideway. As shown in Figure 2, the arrangement of the superconducting electromagnet and the levitation coil is the same on both sides of the running vehicle [12,13,14]. The levitation coil is installed at regular intervals on both sides of the guideway. The high-speed vehicle travels below the reference position (z = 0) at a certain height in the vertical direction. Owing to the characteristics of the EDS method, the vertical and lateral vibrations are expected to be high [17,18,19].



Figure 3 shows the levitation coil considered in this study, and two coils are connected up and down to form the shape of “8.” In addition, as listed in Table 1, three levitation coil design models (or design proposals) were considered [14], and the magnetomotive force in each case was equal to 300 kAt.



Figure 4 shows the results obtained using the finite element analysis of the magnetic force distributed in the space between the superconducting magnet and the levitation coil [14]. The force applied to the traveling body varies significantly with the position of the body [22,23,24].




3. Force Applied to the Traveling Body at the Force Balance Position


The running dynamics of a traveling body of mass M are obtained by applying the levitation and guidance forces to the equations of motion such as Equations (1) and (2).    F y    is the guidance force,    F z    is the levitation force, and  g  is the gravitational acceleration.


  M    d 2  y   d  t 2    =  F y   



(1)






  M    d 2  y   d  t 2    =  F z  − M g  



(2)







The characteristics of the force applied to the traveling body are identified under the following assumptions.



	(a)

	
The center of mass of the vehicle is considered as the origin of the coordinate axis of the vehicle, and the levitation and guidance forces applied to the vehicle by the superconducting electromagnet act on the pole of the superconducting electromagnet.




	(b)

	
The traveling body travels at a constant speed  v  in the running direction (x direction).







The weight of the traveling body frame is 450 kg and that of the superconducting electromagnet is also 450 kg [12]. Considering that the traveling body weighs 1350 kg, including two superconducting electromagnets, the force due to its own weight is 1350 kg × 9.8 m/s2 = 13,230 (N). Table 2 shows the two vertical positions where the levitation force approximating 13,230 N is generated for each design. From Table 2, the position where the total weight of the traveling body and the levitation force is balanced is approximately 0.05 m below the center of the levitation coil for Design A and approximately 0.04 m for Designs B and C. When a magnetomotive force of 300 kAt is applied to the high-speed traveling body at a constant speed of 500 km/h, the levitation and guidance forces generated at the position where the total weight of the traveling body and the levitation force are balanced in the vertical direction and at a distance of 0.02 m in the lateral direction are shown in Figure 5 for Design A.



Both the levitation and guidance forces include a nonzero constant component and a sinusoidal component. The part corresponding to the sine wave is related to the pitch (   τ l   ) of the levitation coil. In other words, this period is the time required for the superconducting electromagnet to pass through the levitation coil and is calculated using Equation (3). The period T is 1.944 msec for Design A, 2.916 msec for Design B, and 3.888 msec for Design C.


  T =    τ l   v   



(3)







Table 3 shows the average value and fluctuation in the levitation and guidance forces for each design. From Table 3, Design A has the highest force and Design C the lowest. In addition, the magnitude of the guidance force is the highest in Design A and the lowest in Design C. The change rate of the guidance force is the lowest in Design B.



On the other hand, the levitation and guidance forces depend on the speed of the traveling body, vertical position, and lateral position, and there is a fluctuation component with respect to the levitation coil pitch [22,23,24,25,26]. In addition, in the EDS system, the levitation and guidance forces between the traveling body and the guideway (or levitation coil) can be expressed in the form of an equivalent stiffness, similar to that in the case of the primary suspension of a railway vehicle [21,25,26]. In other words, the equivalent stiffness due to the levitation force (hereinafter referred to as “levitation stiffness”) can be considered the primary vertical spring of the railway vehicle, and the equivalent stiffness (hereinafter referred to as “guidance stiffness”) because of the guidance force can be considered the primary lateral spring of the railway vehicles. At this time, the levitation stiffness and guidance stiffnesses have nonlinearities owing to the characteristics of the EDS system. Considering this point, the levitation and guidance forces can be expressed as in Equations (4) and (5), respectively.


   k z   (  v , x , y , z  )  =  F y  / z  



(4)






   k y   (  v , x , y , z  )  =  F z  / y  



(5)




where    k z    and    k y    are the levitation and guidance stiffnesses, respectively;    F z    and    F y    are the levitation and guidance forces, respectively; and  v  is the running speed of the traveling body.




4. Equivalent Model of Levitation Stiffness


As mentioned previously, the levitation and guidance forces depend on the speed of the traveling body, the vertical position, and the lateral position. Moreover, because they include a fluctuation component with respect to the levitation coil pitch, these characteristics should be reflected in the levitation and guidance stiffnesses.



4.1. Levitation Stiffness with Respect to the Speed of the Traveling Body


Figure 6 shows the relationship between the levitation force and the speed of the traveling body when the traveling body passes the levitation coil at a position where the load of the traveling body is balanced with the levitation force for Designs A, B, and C. In Designs A, B, and C, the levitation force tends to converge as the speed increases. In addition, as the speed decreases, the levitation force is low, and the traveling body runs considerably below the center position of the levitation coil. Therefore, the traveling body will not be levitated below a certain speed and will be driven by the wheels. Generally, in an RL circuit forming the levitation coil, the time constant is L/R, and because this levitation system is an RL circuit, the attenuation of the current can be approximated as    e  −  t   R  / L     [21]. Since the current in the RL circuit is similar to the speed in the mechanical system, the levitation and guidance stiffness can be expressed as an exponential function of the speed.



Figure 7 shows the levitation stiffness with respect to the speed for each design as a graph using Equation (4). The levitation stiffness was calculated based on the position where the load of the traveling body and levitation force were balanced (Design A: z = −0.05 m, Designs B and C: z = −0.04 m).



From this result, the levitation stiffness can be approximated as a function of the speed, as expressed in Equation (6). The values of the parameters in Equation (6) are given in Table 4 [27,28,29]. Here, the unit of    k  z z     is kN/m.


   k  z z   =  a z   e   (  −  b z  / v  )               



(6)








4.2. Levitation Stiffness with Respect to the Vertical Position


Figure 8 shows the relationship between the levitation stiffness and the vertical position of the traveling body by speed for each design. Figure 8 shows only the average value, ignoring the fluctuation component due to the pitch of the levitation coil. The levitation stiffness has a nonlinear relationship with the vertical position of the traveling body.



Figure 9 shows the levitation stiffness with respect to the vertical position for each design when the speed of the traveling body is v = 500 km/h, including fluctuations due to the pitch of the levitation coil. Because the levitation force varies depending on the pitch of the levitation coil, the average, maximum, and minimum values are displayed together. As shown in Figure 6, the fluctuation in this levitation force is almost sinusoidal, and this component can also be expressed as an approximate equation.



From Figure 9, the maximum, average, and minimum values of the levitation stiffness with respect to the vertical positions can be expressed as quadratic functions for Designs A, B, and C, as expressed in Equations (7)–(15) [21,25,26,27,28,29]. Here, the unit is N/m.



Design A:


   k  l , m a x   =  (  310.3 ×   10  3  − 1.204 ×   10  7   z 2   )   



(7)






   k  l , a v g   =  (  295.3 ×   10  3  − 1.165 ×   10  7   z 2   )   



(8)






   k  l , m i n   =  (  280.2 ×   10  3  − 1.125 ×   10  7   z 2   )   



(9)







Design B:


   k  l , m a x   =  (  379.1 ×   10  3  − 1.535 ×   10  7   z 2   )   



(10)






   k  l , a v g   =  (  363.7 ×   10  3  − 1.437 ×   10  7   z 2   )   



(11)






   k  l , m i n   =  (  344.8 ×   10  3  − 1.326 ×   10  7   z 2   )   



(12)







Design C:


   k  l , m a x   =  (  377.1 ×   10  3  − 1.409 ×   10  7   z 2   )   



(13)






   k  l , a v g   =  (  369.1 ×   10  3  − 1.377 ×   10  7   z 2   )   



(14)






   k  l , m i n   =  (  355.7 ×   10  3  − 1.331 ×   10  7   z 2   )   



(15)







To understand the running dynamics of the traveling body, the levitation stiffness obtained from the relationship with the speed and vertical position of the traveling body needs to be expressed mathematically. As expressed in Equations (16) and (17), the levitation stiffness can be expressed by dividing the average value (   k  z , a v g    ) and the oscillating component (   k  z , o s c    ) generated by the pitch of the levitating coil. In Equations (16) and (17),    c 1  ,    c 2  ,    c  o 1   ,   and    c  o 2       are functions related to the speed and have the form of     Ae    (  − B / v  )      as mentioned above, where A and B are coefficients determined by the shape of the levitation coil. Therefore, the coefficients for each design can be obtained from Equations (6) and (7)–(15). Table 5 lists the coefficients for each of the three design models.


   k  z , a v g    (  v , z  )  =  c 1   ( v )  +  c 2   ( v )   z 2   



(16)






   k  z , o s c    (  v , z  )  =  c  o 1    ( v )  +  c  o 2    ( v )   z 2   



(17)







On the other hand, one period of the oscillation component of the levitation stiffness is the time passing through one pitch of the levitation coil, and the levitation stiffness is a function of the position x in the traveling direction and the position z in the vertical direction and can be expressed as Equation (18) [21,25,26]. The pitch (   τ l   ) of the levitation coil for each design is listed in Table 5.


   k l   (  v , x , z  )  =  k  z , a v g    (  v , z  )  +  k  z , o s c    (  v , z  )     sin   (  2 π x /  τ l   )   



(18)








4.3. Levitation Stiffness with Respect to the Lateral Position


Finally, to express the levitation stiffness in terms of the lateral position of the traveling body as a mathematical approximation, the characteristics of the levitation stiffness with respect to both the vertical and lateral positions of the traveling body should be determined. Figure 10 shows the average value of the levitation stiffness and oscillation components with respect to the vertical and lateral positions of the body when the traveling speed v = 500 km/h for Design A. They can be expressed as mathematical Equations (19) and (20), respectively.


   k  l ,   y z   =  (  5.4 − 195.4  z 2   )   (  54.42 + 1.0 ×   10  4   y 2   )   



(19)






   k  l ,   y z , o s c   =  (  0.629 − 7.696  z 2   )   (  2255 + 1.0 ×   10  4   y 2   )   



(20)







Using the same process, the levitation stiffness with respect to the vertical and lateral positions of the traveling body can be obtained for Designs B and C. Notably, the approximate equations derived in this way do not represent the values at the position where the load and levitation force of the traveling body are balanced. Therefore, to match the balance position of the traveling body, we should consider z = −0.05 m for Design A and z = −0.04 m for Designs B and C. Table 6 lists the final equations for the levitation stiffness, which are summarized by reflecting the force balance position and the effects of speed.





5. Equivalent Model of Guidance Stiffness


5.1. Guidance Stiffness with Respect to the Speed of the Traveling Body


Similar to the case of levitation stiffness, the guidance stiffness is also shown in Figure 11 when the guidance stiffness with respect to the speed of the traveling body for each design model is graphically represented by Equation (5). The guidance stiffness was calculated based on the point where y = ±0.02 m in the lateral direction for all three designs.



From this result, the guidance stiffness can be approximated as a function of the speed, as expressed in Equation (21). The values of the parameters of Equation (21) are given in Table 7 [27,28,29]. Here, the unit of    k  y y     is kN/m.


   k  y y   =  a y   e   (  −  b y  / v  )     



(21)








5.2. Guidance Stiffness with Respect to the Lateral Position


Figure 12 shows the relationship between the guidance stiffness and the lateral position of the traveling body by speed for each design. Figure 12 shows only the average value, ignoring the fluctuation component due to the pitch of the levitation coil. The guidance stiffness has a nonlinear relationship with the lateral position of the traveling body.



Figure 13 shows the guidance stiffness with respect to the lateral position for each design when the speed of the traveling body is v = 500 km/h, including fluctuations due to the pitch of the levitation coil. Because the guidance force varies depending on the pitch of the levitation coil, the average, maximum, and minimum values are displayed together. As in the case of the levitation stiffness, the fluctuation in this guidance force is almost sinusoidal, and this component can also be expressed as an approximate equation.



From Figure 13, the maximum, average, and minimum values of the guidance stiffness with respect to the lateral position can be expressed as a quadratic function for Designs A, B, and C, as expressed in Equations (22)–(30) [21,25,26,27,28,29]. Here, the unit is N/m.



Design A:


   k  g , m a x   =  (  − 220.03 ×   10  3  − 7.056 ×   10  6   y 2   )   



(22)






   k  g , a v g   =  (  − 181.1 ×   10  3  − 0.450 ×   10  6   y 2   )   



(23)






   k  g , m i n   =  (  − 140 ×   10  3  − 0.776 ×   10  6   y 2   )   



(24)







Design B:


   k  g , m a x   =  (  − 139.7 ×   10  3  − 3.903 ×   10  6   y 2   )   



(25)






   k  g , a v g   =  (  − 136.3 ×   10  3  − 2.756 ×   10  6   y 2   )   



(26)






   k  g , m i n   =  (  − 132.5 ×   10  3  − 1.079 ×   10  6   y 2   )   



(27)







Design C:


   k  g , m a x   =  (  − 118.4 ×   10  3  − 3.773 ×   10  6   y 2   )   



(28)






   k  g , a v g   =  (  − 110.1 ×   10  3  − 3.425 ×   10  6   y 2   )   



(29)






   k  g , m i n   =  (  − 95.42 ×   10  3  − 3.025 ×   10  6   y 2   )   



(30)







As in the case of the levitation stiffness, the guidance stiffness can be expressed by dividing the average value and the oscillating component generated by the pitch of the levitating coil. In Equations (31) and (32),    d 1  ,    d 2  ,    d  o 1   ,   and    d  o 2       are expressed in the form of an exponential function related to the speed of the traveling body, including the coefficient determined by the shape of the levitation coil in the same way as the levitation stiffness. Table 8 shows the    d 1  ,    d 2  ,    d  o 1   ,   and    d  o 2     values for each design obtained from Equations (21) and (22)–(30). The unit is N/m.


   k  y , a v g    (  v , y  )  =  d 1   ( v )  +  d 2   ( v )   y 2   



(31)






   k  y , o s c    (  v , y  )  =  d  o 1    ( v )  +  d  o 2    ( v )   y 2   



(32)







Considering the relationship between the period of the oscillation component of the guidance stiffness and the pitch of the levitation coil, the guidance stiffness can be expressed as in Equation (33) for the position x in the traveling direction and the lateral position y [21,25,26]. The pitch (   τ l   ) of the levitation coil for each design is listed in Table 8.


   k g   (  v , x , y  )  =  k  y , a v g    (  v , y  )  +  k  y , o s c    (  v , y  )     sin   (  2 π x /  τ l   )   



(33)








5.3. Guidance Stiffness with Respect to the Vertical Position


Finally, to express the guidance stiffness with respect to the vertical position of the traveling body as a mathematical approximation, the characteristics of the guidance stiffness with respect to both the vertical and lateral positions of the traveling body should be identified. Figure 14 shows the average value of the guidance stiffness and oscillation components with respect to the vertical and lateral positions of the body when the traveling speed v = 500 km/h for Design A. They can be expressed as mathematical Equations (34) and (35), respectively.


   k  g , y z   =  (  0.279 + 191.9  z 2   )   (  230.8 +   10  4   y 2   )   



(34)






   k  g , y z , o s c   =  (  0.24 + 53.64  z 2   )   (  107.2 +   10  4   y 2   )   



(35)







Using the same process, the guidance stiffness with respect to the vertical and lateral positions of the traveling body can be obtained for Designs B and C. Notably, the approximate equations derived in this way do not represent the stiffness at the position where the load and levitation force of the traveling body are balanced. Therefore, to match the balance position of the traveling body, z = −0.05 m for Design A and z = −0.04 m for Designs B and C should be considered. Table 9 shows the final equations for the guidance stiffness, which are summarized by reflecting the force balance position and the effect of speed.





6. Comparison of Dynamic Behavior by Model


6.1. Dynamic Model of Capsule Vehicle


As seen in the previous section, the levitation and guidance stiffnesses of the three designs have opposite tendencies. In other words, the levitation stiffness is the lowest for Design A and the highest for Design C, and the guidance stiffness is the lowest for Design C and the highest for Design A. Simulations using MATLAB and Simulink S/W were performed to determine the difference in the dynamic behavior of the capsule vehicle when Designs A, B, and C were applied to the levitation system of the capsule vehicle.



The capsule train used in the simulation comprised two bogies and one body. As shown in Figure 15, eight superconducting electromagnets are mounted on each bogie, four of which are on each of the left and right sides [25,26]. The superconducting electromagnet plays a role in supplying the levitation and guidance forces to the vehicle through action with the levitation coil, which can be expressed as a primary suspension (   k l  ,    k g   ) in Figure 15.    k l    and    k g    are the levitation and guidance stiffnesses, respectively. In addition, two secondary suspensions (   k  s v   ,    k  s l   ,    c  s v   ,    c  s l    ) are located between the vehicle body and the bogie. The masses of the carbody and bogie are denoted by mc and mb, respectively. Table 10 lists the values of the parameters shown in Figure 15. The guideway irregularity in Figure 16 is the disturbance applied to the bogie [30,31,32].



As shown in Figure 15, the mathematical model of the capsule vehicle was composed of 15 degrees of freedom considering the vertical, lateral, roll, pitch, and yaw directions of the front and rear bogies and the body. In this study, the vertical displacement (   z  f b   ,  z  r b    ) and lateral displacement (   y  f b   ,  y  r b    ) of the carbody and front and rear bogies affecting the running stability of the vehicle were studied. The vertical and lateral accelerations of the carbody affecting the ride comfort were also studied. The equation of motion of the capsule vehicle can be expressed as state Equations (36) and (37) with a state vector x(t), a system matrix A, an input matrix B, and an output matrix C.


   {         x ˙   ( t )  = A x  ( t )  + B u  ( t )        y  ( t )  = C x  ( t )                       



(36)






       x  ( t )  =    [       x n   ( t )        x ˙  n   ( t )       ]   ′           x n   ( t )  =  [       z  f b        z  r b        z c           y  f b        y  r b        y c           θ  f b        θ  r b        θ c           Ø  f b        Ø  r b        Ø c           φ  f b        φ  r b        φ c       ]        



(37)







Figure 17 shows the simulation model using Simulink S/W considering the state space equations of the capsule vehicle, levitation stiffness, guidance stiffness, and guideway irregularity. The levitation force and guidance force were considered 4.6 times the value calculated from the equivalent model for the traveling body summarized above. This is to compensate for the difference between the weight of the traveling body considered when the equivalent model was obtained and the weight of the capsule vehicle for simulation.




6.2. Comparison between Vertical and Lateral Displacements of the Bogie


To check the dynamic characteristics with respect to the traveling speed of the vehicle by design, simulations were performed at low speed (v = 300 km/h), medium speed (v = 600 km/h), and high speed (v = 900 km/h). Figure 18 shows the vertical and lateral displacements of the front and rear bogies in the time domain for Designs A, B, and C when running at a speed of 300 km/h. There is a delay time of approximately 0.2 s between the front and rear bogies; nevertheless, the dynamic behavior is almost the same. The high-frequency components are included in both the vertical and lateral displacements of the front and rear bogies. All of the three designs showed fluctuations within ±10 mm for the vertical displacement, and the lateral displacement showed slightly greater fluctuations than the vertical displacement.



Figure 19 shows the vertical and lateral displacements in the time domain for Designs A, B, and C when the driving speed is 600 km/h. In the case of the vertical displacement of the front and rear bogies, the magnitude of the vibration is slightly greater than that shown in Figure 18. The lateral displacement of the bogie is significantly greater than that at 300 km/h, and it appears that the lateral displacements of the bogie in Designs B and C are slightly greater than those in Design A.



Figure 20 shows the vertical and lateral displacement graphs for each design in the time domain when the capsule vehicle travels at a high speed of 900 km/h. The vertical displacement results for Designs A, B, and C are similar to the previous low- and medium-speed results. The vertical displacement shows a similar magnitude in Designs A, B, and C, as in the previous low- and medium-speed results. On the other hand, in the case of the lateral displacement, Designs B and C show greater values than Design A, the same as that at medium speed.



Figure 21 shows the comparison results of the root-mean-square (RMS) values of the vertical and lateral displacements with respect to the speed for each design. As the running speed increased, the RMS values of the vertical and lateral displacements of the bogie tended to increase for Designs A, B, and C. In the case of the vertical displacement, the three designs exhibit largely the same performance up to the medium speed; however, Design B shows a lower performance than the other two designs at high speeds. In the lateral displacement of the bogie, the RMS value of Design C was the highest and that of Design A was the lowest in all the speed zones. A comparative analysis of designs A, B, and C in terms of the vertical and lateral displacements of the bogies shows that all three designs are generally similar. However, Design A shows the best performance in terms of the lateral displacement of the bogie.




6.3. Comparison between Vertical and Lateral Accelerations of the Carbody


In this section, following the vertical and lateral displacements of the bogie discussed above, the vertical and lateral accelerations of the vehicle body are studied. Figure 22 shows the vertical and lateral accelerations in the time domain for Designs A, B, and C when the capsule vehicle is running at a speed of 300 km/h. Both the vertical and lateral accelerations appear within   ± 20    mm  /  s 2   , and the oscillation period of the vertical acceleration is somewhat shorter than that of the lateral acceleration.



Figure 23 shows the results of the vertical and lateral accelerations of the carbody at a running speed of v = 600 km/h. At v = 300 km/h, the vertical and lateral accelerations of the carbody appear within   ± 20    mm  /  s 2   , and all of the three designs showed similar results.



Figure 24 shows the vertical and lateral accelerations of the three designs when running at a high speed with v = 900 km/h. The vertical and lateral accelerations of the carbody are maintained within   ± 20    mm  /  s 2   , similar to the result at an earlier lower driving speed. In addition, the vertical and lateral accelerations have an oscillation period of approximately 12 s after running for approximately 10 s. The three designs show similar results with respect to the vertical acceleration of the carbody; however, in the case of the lateral acceleration, Design C shows a higher magnitude than the other two designs.



Figure 25 shows the comparison result of the RMS values of the vertical and lateral accelerations with respect to the speed for Designs A, B, and C. The vertical acceleration of the carbody for all the three designs increased by approximately 0.6 mm/s2 at medium speed and decreased by approximately 0.65 mm/s2 at high speed. In the case of the lateral acceleration, all the three designs showed a tendency to decrease as the speed increased. At medium speed, Design A showed a higher lateral acceleration than Designs B and C but showed a high performance at high speeds, with the lowest RMS value among the three designs. As a result of the comparative analysis of Designs A, B, and C in terms of the vertical and lateral accelerations of the body, Design A is considered most advantageous.





7. Conclusions


To effectively understand the running dynamics of a capsule vehicle and ensure excellent riding comfort, a simplified model that can be easily applied to the levitation and guidance forces of the EDS system was established. The following conclusions can be drawn by comparing the performance of the three levitation coil designs from the simulation using the dynamics of the capsule vehicle:




	(1)

	
The vertical and lateral displacements of the bogie tended to increase as the running speed increased. In the case of the vertical displacement of the bogie, all the three designs showed largely the same results; however, in terms of the lateral displacement, Design C showed the highest value, whereas Design A showed the lowest in all the speed zones.




	(2)

	
For the vertical acceleration of the vehicle body, all the three designs showed a tendency to increase and decrease as the driving speed increased. The three designs showed a similar performance for the vertical acceleration of the carbody; however, in terms of the acceleration of the vehicle body in the lateral directions at high speeds, Design A showed the best performance, whereas Design C showed the worst performance.




	(3)

	
As a result of studying the displacement of the bogies and acceleration of the carbody in the vertical and lateral directions by performing a simulation on a capsule vehicle with 15 degrees of freedom, adopting Design A’s levitation coil for the capsule train system is considered most advantageous in terms of the relationship between the magnitude of vibration and the increase in the traveling speed.









We studied only the vertical and lateral displacements of the bogies and the acceleration of the carbody during the running of the capsule vehicle. In the future, the design shape of the levitation coil should be determined by considering other factors such as manufacturability, assembly, and economic efficiency.
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Figure 1. Principle of electromagnetic suspension and electro dynamic suspension. 
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Figure 2. Arrangement of superconducting magnets and levitation coil. 
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Figure 3. Design of levitation coil. 
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Figure 4. Distributions of the guidance and levitation forces. 
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Figure 5. Levitation/guidance force in the time domain (Design A). 
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Figure 6. Variation in the levitation force with respect to vehicle speed. 
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Figure 7. Levitation stiffness with respect to the speed of the traveling body. 
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Figure 8. Relationship between levitation stiffness and vertical position (average). 
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Figure 9. Relationship between levitation stiffness and vertical position (average and fluctuation). 
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Figure 10. Levitation stiffness with respect to vertical and lateral positions. 
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Figure 11. Guidance stiffness with respect to the speed of the traveling body. 
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Figure 12. Relationship between guidance stiffness and lateral position (average). 
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Figure 13. Relationship between the guidance stiffness and the lateral position (average and fluctuation). 






Figure 13. Relationship between the guidance stiffness and the lateral position (average and fluctuation).



[image: Energies 14 04979 g013a][image: Energies 14 04979 g013b]







[image: Energies 14 04979 g014 550] 





Figure 14. Guidance stiffness with respect to the vertical and lateral positions. 
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Figure 15. Dynamic model of the capsule train with the main parameters. 
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Figure 16. Guideway irregularity in the vertical/lateral direction. 
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Figure 17. Modeling of capsule vehicle with Simulink S/W. 
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Figure 18. Vertical and lateral displacements of the front and rear bogies at a speed of 300 km/h. 
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Figure 19. Vertical and lateral displacements of the front and rear bogies at a speed of 600 km/h. 
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Figure 20. Vertical and lateral displacements of the front and rear bogies at a speed of 900 km/h. 
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Figure 21. RMS value of the vertical/lateral displacements of the bogie with respect to speed. 
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Figure 22. Vertical and lateral accelerations of a carbody at a speed of 300 km/h. 
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Figure 23. Vertical and lateral accelerations of the carbody at a speed of 600 km/h. 
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Figure 24. Vertical and lateral accelerations of a carbody at a speed of 900 km/h. 
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Figure 25. RMS value of the vertical/lateral acceleration with respect to speed. 
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Table 1. Design models of levitation coil.






Table 1. Design models of levitation coil.





	Design
	Pole Pitch (mm)
	Lxc (mm)
	Lyc (mm)
	Number of Turns in the Coil





	A
	270
	180
	290
	12



	B
	405
	285
	280
	18



	C
	540
	390
	280
	24
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Table 2. Balance position of levitation force.
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Position z (m)

	
Levitation Force (kN)




	
Design A

	
Design B

	
Design C






	
−0.03

	
8.5539

	
10.5392

	
10.7192




	
−0.04

	
11.0692

	
13.5549

	
13.7655




	
−0.05

	
13.2920

	
16.2613

	
16.5397
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Table 3. Average value and fluctuation in levitation/guidance force.
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Design

	
Design A

	
Design B

	
Design C






	
Levitation force (kN)

	
Average

	
13.2920

	
13.5549

	
13.7655




	
Fluctuation (0–peak)

	
0.7106

	
0.6150

	
0.4010




	
Rate of fluctuation (%)

	
5.35

	
4.54

	
2.91




	
Guidance force (kN)

	
Average

	
3.6324

	
2.7399

	
2.1630




	
Fluctuation (0–peak)

	
0.8271

	
0.0827

	
0.2331




	
Rate of fluctuation (%)

	
22.77

	
3.02

	
10.78
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Table 4. Parameter values of levitation stiffness.
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	Parameter
	Design A
	Design B
	Design C





	    a z    
	264,400
	366,600
	367,100



	    b z    
	14.22
	8.99
	6.66
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Table 5. Coefficients of levitation stiffness (average and oscillation).
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Design

	
    Average   (  k  z , a v g   )    

	
    Oscillation   (  k  z , o s c   )    

	
    τ l    






	
A

	
    c 1  = 327.1 ×   10  3   e   (  − 14.22 / v  )      

	
    c  o 1   = 16.67 ×   10  3   e   (  − 14.22 / v  )      

	
0.270




	
    c 2  = − 1.291 ×   10  7   e   (  − 14.22 / v  )      

	
    c  o 2   = − 0.044 ×   10  7   e   (  − 14.22 / v  )      




	
B

	
    c 1  = 388.02 ×   10  3   e   (  − 8.99 / v  )      

	
    c  o 1   = 18.30 ×   10  3   e   (  − 8.99 / v  )      

	
0.405




	
    c 2  = − 1.533 ×   10  7   e   (  − 8.99 / v  )      

	
    c  o 2   = − 0.11 ×   10  7   e   (  − 8.99 / v  )      




	
C

	
    c 1  = 387.23 ×   10  3   e   (  − 6.66 / v  )      

	
    c  o 1   = 11.23 ×   10  3   e   (  − 6.66 / v  )      

	
0.540




	
    c 2  = − 1.445 ×   10  7   e   (  − 6.66 / v  )      

	
    c  o 2   = − 0.041 ×   10  7   e   (  − 6.66 / v  )      
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Table 6. Mathematical expressions of the levitation stiffness.
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	Design
	Equation
	    l v    
	  d  





	A
	    k  l , y z   =  (  5.40 − 195.4    (  z +  l v   )   2   )   (  54.42 +   10  4   y 2   )  ×   10  3  ×  e   (  − d / v  )      

    k  l , y z , o s c   = ( 0.629 − 7.696    (  z +  l v   )   2   (  2255 +   10  4   y 2   )  ×   10  3  ×  e   (  − d / v  )      
	0.05
	14.22



	B
	    k  l , y z   =  (  6.5 − 244.7    (  z +  l v   )   2   )   (  55.71 +   10  4   y 2   )  ×   10  3  ×  e   (  − d / v  )      

    k  l , y z , o s c   =  (  1.01 − 62.01    (  z +  l v   )   2   )   (  16.63 +   10  4   y 2   )  ×   10  3  ×  e   (  − d / v  )      
	0.04
	8.99



	C
	    k  l , y z   =  (  6.1 − 223.3    (  z +  l v   )   2   )   (  60.21 +   10  4   y 2   )  ×   10  3  ×  e   (  − d / v  )      

    k  l , y z , o s c   =  (  0.098 − 3.336    (  z +  l v   )   2   )   (  107.7 +   10  4   y 2   )  ×   10  3  ×  e   (  − d / v  )      
	0.04
	6.66
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Table 7. Parameter values of guidance stiffness.






Table 7. Parameter values of guidance stiffness.





	Parameter
	Design A
	Design B
	Design C





	    a y    
	200,800
	146,300
	116,900



	    b y    
	12.09
	7.48
	5.60
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Table 8. Coefficients of the guidance stiffness (average and oscillation).
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Design

	
    Average   (  k  y , a v g   )    

	
    Oscillation   (  k  y , o s c   )    

	
     τ l     






	
A

	
    d 1  = 197.57 ×   10  3   e   (  − 12.09 / v  )      

	
    d  o 1   = 43.65 ×   10  3   e   (  − 12.09 / v  )      

	
0.270




	
    d 2  = 0.491 ×   10  6   e   (  − 12.09 / v  )      

	
    d  o 2   = 3.426 ×   10  6   e   (  − 12.09 / v  )      




	
B

	
    d 1  = 143.84 ×   10  3   e   (  − 7.48 / v  )      

	
    d  o 1   = 3.799 ×   10  3   e   (  − 7.48 / v  )      

	
0.405




	
    d 2  = 2.909 ×   10  7   e   (  − 7.48 / v  )      

	
    d  o 2   = 1.490 ×   10  7   e   (  − 7.48 / v  )      




	
C

	
    d 1  = 114.63 ×   10  3   e   (  − 5.60 / v  )      

	
    d  o 1   = 11.96 ×   10  3   e   (  − 5.60 / v  )      

	
0.540




	
    d 2  = 3.566 ×   10  7   e   (  − 5.60 / v  )      

	
    d  o 2   = 0.389 ×   10  7   e   (  − 5.60 / v  )      
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Table 9. Mathematical expressions of the guidance stiffness.
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	Design
	Equation
	     l v     
	d





	A
	    k  g , y z   =  (  0.279 + 191.9    (  z +  l v   )   2   )   (  230.8 +   10  4   y 2   )  ×   10  3  ×  e   (  − d / v  )          k  g , y z , o s c   =  (  0.24 + 53.64    (  z +  l v   )   2   )   (  107.2 +   10  4   y 2   )  ×   10  3  ×  e   (  − d / v  )      
	0.05
	12.09



	B
	    k  g , y z   =  (  0.201 + 217.9    (  z +  l v   )   2   )   (  239.2 +   10  4   y 2   )  ×   10  3  ×  e   (  − d / v  )          k  g , y z , o s c   =  (  0.084 + 73.44    (  z +  l v   )   2   )   (  54.06 +   10  4   y 2   )  ×   10  3  ×  e   (  − d / v  )      
	0.04
	7.48



	C
	    k  g , y z   =  (  0.115 + 196.0    (  z +  l v   )   2   )   (  247.3 +   10  4   y 2   )  ×   10  3  ×  e   (  − d / v  )          k  g , y z , o s c   =  (  0.02 + 1.84    (  z +  l v   )   2   )   (  510.26 +   10  4   y 2   )  ×   10  3  ×  e   (  − d / v  )      
	0.04
	5.60
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Table 10. Parameters of the capsule vehicle for simulation.






Table 10. Parameters of the capsule vehicle for simulation.





	Parameter
	Value
	Parameter
	Value





	    m b    
	   4759    kg    
	    I  Ø b     
	   283,300    kg  ·  m 2    



	    m c    
	   17,060    kg    
	    I  φ b     
	   283,300    kg  ·  m 2    



	    I  θ c     
	   17,100    kg  ·  m 2    
	    k  s v     
	   18,630    N  / m   



	    I  Ø c     
	   1,090,000   kg ·  m 2    
	    k  s l     
	   16,670    N  / m   



	    I  φ c     
	   1,070,000    kg  ·  m 2    
	    c  s v     
	   1863    Ns  / m   



	    I  θ b     
	   2495    kg  ·  m 2    
	    c  s l     
	   833.5    Ns  / m   
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