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Abstract

Magnetic levitation (maglev) trains are environmentally-friendly, require little maintenance, and allow for mass trans-
portation. For these reasons, the demand for ultra-high-speed maglev trains has been increasing. Maglev trains can be
classified with two suspension types, electro dynamic suspension (EDS) and electromagnetic suspension (EMS). EDS-type
trains are suitable for ultra-high-speed because levitation suspension gap is over 100 mm compared with levitation
suspension gap of 10 mm for EMS. When speed goes faster, it is hard to control the small suspension gap rapidly in EMS
type. To analyze the EDS-type maglev train, electromagnetic forces were calculated with the superconducting coils and
magnets using 2D analytical model. Based on the calculated forces, the lookup tables for the levitation and guidance force
were employed in the total couple-fielded analysis. Ultra-high-speed maglev train was simulated by using the ADAMS
multi-body dynamic program. The simulation was carried out with two car body models, rigid and flexible car body. In
order to construct flexible car bodies with the modal information, the finite element method was used and they were
constructed with the equivalent elements using ANSYS™. The final framework was constructed in MATLAB Simulink,
and we co-simulated the dynamics and the electromagnetics with the constructed simulation frame work. To consider
disturbances caused by irregularities, random and power spectral density (PSD) were used to analyze the vibrational
interaction. As results, the ride comforts for PSD were a little bit worse than the results for random irregularity because the
characteristics of PSD irregularity have more low excitation frequencies. The use of PSD inputs and flexible car body
models need to be considered to improve the simulation accuracy.

1 Introduction

Magnetic levitation (maglev) trains are environmentally-
friendly, require little maintenance, have a compact design,
and allow for mass transportation (Lee et al. 2006).
Accordingly, these trains have attracted a great deal of
attention (Tsuruga 1992; Fujie 1999; Fujimoto et al. 2000;
Miyamoto et al. 2004). In the maglev trains, levitation is
critical, and is of two types: superconductive maglev
electromagnetic suspension (EMS) and electro dynamic
suspension (EDS). For levitation, EMS system uses elec-
tromagnetic attraction force as its suspending force, while
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the EDS system uses magnetic repulsive force. For these
reasons, EMS system uses the very low suspension gap
(under 10 mm) and the EDS system can remain a larger
suspension gap (up to 100 mm). Therefore, EDS system
has very little risk to contact between the ground and
bogies because of large suspension gap and it is unneces-
sary to control the air gap between the vehicle and the track
during the operation. As a result, this system is suitable for
long-distance and high-speed transport compared to EMS
which has to control the gap continuously during the
operation. Because of these reasons, the demand for EDS-
type trains have been preferred to EMS-type trains (Lee
et al. 2006; Yaghoubi and Ziari 2010; Ahmed et al. 2014)
in ultra-high-speed trains.

From a vibration and a ride comfort, aerodynamics can
affect vibrations of bogie and car body gap. Also, irregu-
larities in propulsion, levitation, and guidance (PLG) coils
and superconducting (SC) coils promote vibration, com-
promising stability and ride comfort. When constructing
PLG coils on the panel, there are some difficulty in
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constructions. For example, guideway which PLG coils are
installed, can be elongated and shrunk because of the
temperature (Seki et al. 1996). Also, guideway panels have
random imperfections, these imperfections induce the res-
onance of the maglev system (Ohsaki et al. 2000; Early
et al. 2002). These imperfection affects the electromagnetic
force system which consists of PLG and SC coils. As a
result, the electromagnetic forces are changed by these
imperfections. In our simulation, we inputted the dis-
placement irregularity which corresponds to these imper-
fections. Because of these characteristics, vibration
analyses of real-world trains were desirable (Seki et al.
1996; Kim et al. 2002). However, such trains costs about
$44.7 billion (Rose et al. 2008), and analysis was very
time-consuming. Depending on the point of view, numer-
ical simulation features two car body modeling methods;
car bodies are regarded as rigid or flexible. Rigid models
were preferred for simplicity (Ohsaki et al. 2000; Song and
Fujino 2008; Suzuki et al. 2008); even though the flexible
models are complex and the computing costs high, it was
preferred for the accuracy. Rigid models analyze a simple
stability at low speed. Flexible models can evaluate sta-
bility and ride comfort in the real world (Zhang et al. 2013)
better. Flexible models feature vibrational modes, greatly
complicating simulations given the lack of relevant real-
world data. Flexible models incorporate detailed vibra-
tional modes; rigid models exploit only vertical and rolling
modes; the flexible models are more accurate (Diana et al.
2002; Tomioka et al. 2003; Ohsaki and Bando 2006; Zhou
et al. 2009; Zhang et al. 2013). Diana et al. (2002) and
Tomioka et al. (2003) used a flexible model to analyze real
trains. Zhou et al. (2009) and Zhang et al. (2013) compared
single-car flexible and rigid models. However, only the
middle car body was considered, and the models featured
simple beams (Ohsaki and Bando 2006) Therefore, the
detailed dynamics of the 1st and 3rd car bodies were not
considered.

In this paper, electromagnetic forces were calculated
with the 3D-full SC coils and magnets by using ANSYS
Maxwell. After that, the model was simplified in two
degree of freedom (DOF) and verified with the 3D-full
model (Kim et al. 2018). Based on the calculation of the
force, we employed lookup tables for levitation and guid-
ance forces. Propulsion was modeled as a constant velocity
of 500 km/h (138 m/s). We modeled an ultra-high-speed
maglev train using the ADAMS multi-body dynamic pro-
gram. The initial rigid body models featured three car
bodies and four bogies for simplicity. We then derived
flexible car bodies using a commercial finite-element pro-
gram (ANSYS). The final framework was constructed in
MATLAB Simulink, and the dynamics and the electro-
magnetics were co-simulated with the constructed frame-
work. Both random irregularity and power spectral density
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(PSD) were used to analyze the vibrational characteristics
of an ultra-high-speed maglev train. We compared random
signal inputs with PSDs, greatly enhancing accuracy
(Guangwei et al. 2007), and analyzed the vibrational
interaction between car body and ride comfort.

2 Dynamic modeling of a maglev train
2.1 Numerical simulation

The maglev train parameters were based on those of the
real-world Yamanashi test line. The length of the Ist and
3rd car body was 28 m, and that of the 2nd car body was
24.3 m; the width and height of all three car bodies were
2.9 and 3.27 m, respectively (Shirakuni et al. 2002). The
Ist and 4th bogies were non-articulated; the 2nd and 3rd
were articulated. The 2nd bogie was connected to the 1st
and 2nd car body; the 3rd bogie was connected to the 2nd
and 3rd car body (Hoshino et al. 2012). The bogie length
was 5.4 m, the width was 3.15 m and the height was
1.23 m (Yamamoto et al. 2004; Hoshino et al. 2008). The
use of three car bodies and four bogies allows considera-
tion of the articulated bogie effect. All bogies were made of
rigid model. The car bodies and bogies were connected via
four springs (0.38 MN/m), four dampers (10 kNs/m), and
four translation joints. We did not consider lateral or yaw
dampers in our simulation. The car bodies were connected
using spherical joints to allow consideration of rotation
motion of car body. Figure 1 shows the rigid and flexible
models. In Fig. 1a, the train car body is made of rigid body
model, which doesn’t have flexible modal information. On
the other hand, the train car body is made of flexible body
model, which contains flexible mode information. In
Fig. 1b. For the reference, Fig. 1c¢ included SC coils and
PLG coils. SC coil is originally located on the side of the
bogie like red box in the figure. PLG coils, which shaped
like “8” were located on the wall of the panel. To know the
forces between the two coils, ANSYS Maxwell program
was used and the levitation and guidance force was based
on the following equation [see Eq. (1)].

.. oM
FO{ = *lxclga (l)

To describe to equation F, is the force of levitation and
guidance force, iy, means the current of the supercon-
ducting coil, i, means the current in guideway and %—A; is the
mutual inductance between the two coils. According to the
equation, forces were calculated. To apply to multi-body
dynamic simulation, SC and PLG coils relation transferred
to forces.

We used a finite element method (FEM) to consider the
characteristics of a flexible car body. Figure 2a shows the
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Fig. 1 Simulation models of a a rigid car body and b a flexible car body ¢ side view of the maglev system

flexible car body modeling using FEM method. The body
consists of a roof, a floor, a bottom, and walls. Although
real-world layers are constructed as frames, we assumed
that all layers have an equivalent thickness to simplify the
simulation.

The car body was made of mild steel with a Young’s
modulus of 200 GPa, Poisson ratio of 0.3, and density of
7700 kg/m>. The weight and thickness of the 1st and 3rd
bodies differed from those of the 2nd car body. To con-
struct the simulation model, we referred to a practical
Shinkansen LO model. According to the Yamanashi test
line, the 1st and 3rd car bodies weigh 32 tons and the 2nd
car body weighs 23 tons. Ist and 3rd car body is for crew
cabin and power source room on the other hand, 2nd car
body is for passengers (Shirakuni et al. 2002). Because of
the power source room 1st and 3rd car body weighs more
than 2nd car body. Choosing the dimensions of thickness
are to verify (Tomioka et al. 2003) with 1st, 2nd, 3rd mode
frequencies (10.15 Hz, 15.44 Hz, 18.81 Hz). In this system

to verify the frequency, equivalent thickness has been used.
The 1st and 3rd car bodies (2nd car body) had a roof
thickness of 0.008 m (0.008 m). The floor thickness was
0.016 m (0.011 m) and the bottom thickness was 0.016 m
(0.011 m). The wall thickness was 0.008 m (0.006 m). The
Ist and 3rd car body models contained 7719 elements; the
2nd car body model had 9693 elements to allow more
detailed consideration of its dynamic characteristics.
Twenty mode characteristics were considered. The flexible
models were built using commercial ANSYS software and
the models were saved as modal neutral files (MNFs). First,
modeling was performed using the FEM. After modeling in
order to connect with ADAMS software nodes of the
modeling should be selected. In Fig. 2b, slave nodes have
to be selected to connect with the master node. Then, pick
the master node to connect the slave nodes. These master
node gets to connect with the ADAMS springs or joints.
Master nodes are for rigid body element (RBE2), which are
connected to the springs or joints.
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Fig. 2 a Modeling of flexible car body, b master nodes and slave nodes of the modeling

Forces were calculated using ANSYS Maxwell soft-
ware. Simulation featured two-dimensional SC and PLG
coils (Yonezu et al. 2017). Figure 3 shows the forces acting
on each PLG coil, as calculated by Kim et al. (2018); the
levitation force occurs in perpendicular direction and
guidance force occurs in parallel direction. The calculation
forces were in excellent agreement with the experimental
data of Tanaka et al. (2007). Therefore, this simulation
used the results as levitation and guidance forces below.
Propulsion force gets affected by variety of parameters. For
example, aerodynamic effect affects the force. It is difficult
to consider the effects of those parameters so to simplify

Drag and Guidanceforce on a PLG coil

Drag force

8 Guidance force
= 6
8
z 4
g,
3
S0
=
-2
-4 L L . . 1 I |
0 10 20 30 40 50 60 70

times [ms]

Fig. 3 The calculated levitation and guidance forces of Kim et al.
(2018)
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the parameters. We have assumed the effect as constant
velocity.

2.2 Disturbances caused by irregularities

To analyze a vehicle response and evaluate a ride comfort,
disturbances caused by irregularities must be considered
(Zhou et al. 2009; Zhao et al. 2010; Shi et al. 2014).
Mostly, irregularities occur according to imperfection of
the coil and the magnet (Seki et al. 1996) such as
misalignments as mentioned above. These kinds of dis-
turbance can induce resonances due to periodic imperfec-
tions (Early et al. 2002). To consider the irregularities,
irregularities were added to the vertical displacement of the
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Fig. 4 Irregularities caused by random signaling
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Fig. 5 Power spectral density (PSD) at 500 km/h: a spatial fre-
quency; b irregularity

train bogie because they affect in vertical direction. They
were located on the side of the bogie displacement. Input
signals may be random or PSD-derived; random signaling
assumes that the track has irregularities and PSD signaling
is much more practical (Guangwei et al. 2007). Also, real
trains are affected more largely by low-frequency distur-
bances because the resonance frequencies for the maglev
exit mostly in the low frequency region. Figure 4 shows
irregularities caused by random signaling. According to the

references, the irregularity characteristics were defined as
amplitude of about = 0.01 m and the frequency range of
about 0-50 Hz. Figure 4 was obtained by using MATLAB
Simulink random signal function block. The random and
PSD irregularities were applied in vertical direction and
added as bogie levitation disturbances.

The PSD is as a function of the irregularities of a per-
manent maglev line (Shi et al. 2014). The PSD has been
calculated by using the reference (Zhao and Zhai 2002).
The data was based on Blackman-Tukey method using
numerical time—frequency transfer method and discrete fast
fourier transform (DFFT) methods. The speed of the data
Fig. 5a shows the PSD spatial frequency. Figure 5b shows
the irregularities of the PSD signals; PSD signals were also
less than 0.01 m.

3 Simulation of dynamics of a maglev train
3.1 Construction of couple-fielded analysis

We employed MATLAB Simulink software controlled by
the ADAMS subsystem in Fig. 6. Forces were entered
using lookup tables and bogie displacements were then
measured. Simulation was performed for 50 s after data
were acquired over about 5 s, to ensure stability. The time
step was 0.005 s. The ADAMS solver was written in
C++ and the subsystem used non-linear analysis.

3.2 Dynamic simulation

In order to analyze the dynamic characteristics, the gov-
erning equations are required. However, it is too difficult to
derive the governing equation for the full maglev system
because they have many joints, 20th order modal infor-
mation, and so on. So the multi-body commercial program
(ADAMS™) was used instead of use of the governing
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Fig. 6 ADAMS subsystem of MATLAB Simulink
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Fig. 7 Acceleration caused by random signals: a 1st car body; b 2nd
car body; ¢ 3rd car body

equation. Car body acceleration was measured at the center
of mass (CM) point.

Figure 7 shows the simulation results using the frame
work for constructed couple-fielded analysis. When a ran-
dom signal was used as input irregularities, all car body
accelerations were about 1 m/s>. Car body vertical accel-
erations were based on peak-to-peak for all car bodies in
time domain (Fig. 8).

The acceleration in Fig. 7b is greater than that in
Fig. 7a, c. This is because although the input forces were
identical, the 2nd car body was lighter than the 1st and 3rd
car bodies. We used the FFT derived from the time history
of random acceleration of Fig. 8a—c. The rigid body fre-
quency was 1.5 Hz in the vertical mode, 3.7 Hz in the
pitching mode, and 5.9 Hz in the rolling mode. The flexible
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body; ¢ 3rd car body

car body modes are also shown in Fig. 8. The first bending
frequency of the car bodies were 9 Hz. The second bending
mode of the 1st and 3rd car bodies was 19 Hz. The middle-
layer bending modes of the 1st and 3rd car bodies was
33 Hz. The articulated bogie was responsible for the 9 Hz
peaks evident in Fig. 8a, c. As shown in Figs. 7 and 8, we
found that a flexible car body acceleration was greater than
a rigid acceleration because the elastic vibration modes
which was excited by irregularities were added

Random car body displacements were measured peak-
to-peak in vertical direction. Figure 9 shows the displace-
ments measured at the CM point of the car body. Figure 9b
shows that the flexible car body peak-to-peak displace-
ments were larger than the rigid body displacements. Peak-
to-peak vertical displacement for rigid car body was about
8.2 mm but, flexible car body peak-to-peak vertical
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Fig. 9 Random signal displacements (rigid and flexible): a 1st car
body; b 2nd car body; ¢ 3rd car body

displacement was about 9 mm. Flexible car body has
flexible modes but rigid car body doesn’t have flexible
modes. Therefore, flexible car body vibrates more than
rigid car body modes. The 2nd car body weighed 23 tons
and the Ist and 3rd are 32 tons. The peak-to-peak bogie
vertical direction displacements, which were measured at
CM point of the bogie are shown in Fig. 10. The 2nd and
3rd bogies were articulated, and thus were affected both the
2nd and 3rd car bodies. Also, action-reaction was in play
when bogie vibration was high, such that car body vibra-
tion was also high.

The vibrational characteristics for PSD irregularities
differed from those imparted by random signals, and were
usually less than 0.01 m. The effect of PSD at 500 km/h on
car body acceleration is shown in Fig. 11. Also, Fig. 11
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Fig. 10 Random signal displacements (rigid and flexible): a Ist;
b 2nd; ¢ 3rd; d 4th bogie

shows the vertical acceleration measured in CM point on
the car body. The PSD irregularities were larger than those
of random signals. The PSD peak-to-peak maximum
acceleration was about 3 m/s”. Figure 11a—c show that the
flexible car body acceleration was higher than the rigid
acceleration because the flexible analysis considered the
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body

vibrational modes and it included the effects. The accel-
eration data of Fig. 11 were subjected to FFT of Fig. 12.
The rigid body frequencies were 1 Hz in the vertical mode
and 5 Hz in the pitching mode. The PSD frequencies were
all below 10 Hz. The first bending frequency is shown in
Fig. 12b. The car bodies were articulated; the first bending
mode of the 2nd car body affected that of the 3rd car body,
as shown in Fig. 12c. When applying disturbance as a PSD
in Fig. 12, PSD acceleration was twice bigger than
applying random signal in Fig. 8 due to PSD’s low fre-
quency characteristics.

Figure 13 shows the vertical direction displacements
measured on CM point of the car body for the rigid and
flexible car body. The PSD displacements were twice as
large as the random displacements because low-frequency
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Fig. 12 PSD FFT acceleration: a Ist car body; b 2nd car body; ¢ 3rd
car body

disturbances affected the irregularities. The peak-to-peak
displacement of rigid car bodies was about 10 mm and that
of flexible car bodies was about 15 mm. Thus, use of the
flexible mode increased displacement.

Figure 14 shows the vertical displacements of bogie
which were measured at the CM point of the bogie. The
PSD bogie displacements were also greater than the ran-
dom displacements. Not only the car bodies, but also the
bogies, were affected; the displacements doubled when
PSD inputs were considered. Except for the Ist car body,
the peak-to-peak displacements of the flexible car body
models were larger than those of the rigid car body models,
due to action-reaction. If a bogie exhibited large vibrations,
the car body vibrates largely as well.

Except for the 1st car body, the PSD displacements were
larger than the random displacements. Also, the 2nd and
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Fig. 13 PSD-triggered displacements (rigid and flexible): a 1st car
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3rd bogies vibrated more than did the st and 4th bogies
due to action-reaction. The 2nd car body was affected by
the 1st and 3rd car bodies because these latter bodies were
articulated. The PSD-caused displacements were larger
than the random displacements because the PSD acceler-
ation was higher than the random acceleration
attributable to the low-frequency characteristics of PSD
acceleration; high-frequency modes were lacking. Table 1
shows the peak-to-peak vertical displacement which car
body vibrates. The input of PSD signal car bodies and
bogies vibrate about twice more than when applying ran-
dom signal.

Table 2 shows ride comfort data based on KS R 9216,
calculated using the random and PSD accelerations shown
in Fig. 15. The flexible car body ride comfort data were
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Fig. 14 PSD displacements (rigid and flexible): a 1st; b 2nd; ¢ 3rd;
d 4th bogie

poorer than those afforded using the rigid car body models,
because flexible car body acceleration was greater than
rigid car body acceleration. Car body acceleration affects
ride comfort. Also, the PSD signal ride comfort was poorer
than the random signal ride comfort for all car bodies. The
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Table 1 Effects of random and PSD displacements

Car body model Car body num. Bogie num.

Random signal displacement (mm)

Rigid model #1 #2 #3 #1 #2 #3 #4
Rigid model 148 82 6.1 26.7 25 24 16

Flexible model #1 #2  #3 #1 #2 #3 #4
Flexible model 6.4 9.0 538 154 188 182 164
PSD signal displacement (mm)

Rigid car body #1 #2  #3 #1 #2 #3 #4
Rigid car body 141 94 84 49.6 564 526 500
Flexible car body  #1 #2 #3 #1 #2 #3 #4
Flexible car body 13.0 20 120 538 604 598 544

Table 2 Ride comfort associated with a random signal (rigid and
flexible) and a PSD signal (rigid and flexible)

Car body model Car body num.

Random signal

Rigid model #1 #2 #3
Rigid model 107 dB 106 dB 109 dB
Flexible model #1 #2 #3
Flexible model 110 dB 111 dB 111 dB
PSD signal

Rigid model #1 #2 #3
Rigid model 108 dB 109 dB 113 dB
Flexible model #1 #2 #3
Flexible model 114 dB 112 dB 114 dB

Acceleration signal

A 4

Analog low pass filter (0~100 Hz)
v

Fourier transform

Y

Calculation single sided square
acceleration (60 blocks)

G(f) = Y XX (]
.

Sensitive factor

Wo, Wy, We, Wy

random signal and PSD amplitudes were five-fold larger
than the figures in Guangwei et al. (2007); the ride comfort
level was thus about 100 dB. Accurate simulation requires
analysis of PSD input to a flexible car body.

4 Conclusions

We simulated an EDS-type maglev train using multi-dy-
namic analysis, employing both rigid and flexible car body
models. The flexible model featured vibrational modes,
thus more closely approximating a real-world train. We
used commercial software to create flexible car body
models using the FEM method and converted the models to
MNF files. We combined flexible car bodies with rigid
bogies. ANSYS Maxwell software was used to calculate
levitation and guidance forces, and a lookup table was
created from which we input bogie forces. We then con-
sidered the irregularities of random and PSD signals.
Random signals ranged over wide frequencies. However,
PSD signals were all below 10 Hz, thus very similar to
real-world irregularities. The effect of PSD inputs on bogie
displacement was greater than that of random signal inputs.
The 2nd and 3rd bogies vibrated more than the 1st and 4th
bogies due to action-reaction. The body mass differed
among the car bodies; the 2nd car body vibrated more than
did the 1st and 3rd car bodies. Also, the 2nd car body
exhibited flexible vibrational modes on both random and

Fig. 15 Calculation method of ride comfort
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PSD signal input. The flexible model of the 2nd car body
affected the 3rd car body because the bogies were articu-
lated. Next, we simulated acceleration to calculate ride
comfort, which was poorest when PSD signals were input
and best when random signals were delivered (rigid
model). The use of PSD inputs and flexible car body
models improved the simulation accuracy.
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