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Abstract: A maglev train is a new type of high-speed railway transportation. A high-temperature
superconducting (HTS) maglev system is one of the typical representatives in the field of maglev trains.
In order to research the levitation characteristics of an HTS maglev train, the force characteristics and
operation performance of the train were researched. However, at present, there is still no research
that simulates the real load situation of a running maglev train while analyzing the suspension frame.
Regarding this issue, in this paper, the suspension frame is simulated and analyzed to simulate the
real load situation of a maglev train. The results show that the suspension frame of an HTS maglev
train can bear corresponding loads under different working conditions, and its strength and stiffness
meet the requirements of use, safety, and reliability. Random irregularity in the permanent magnet
track of an HTS maglev train route is inevitable, which will make the suspension frame produce a
vibration response under different running speeds of the train. Vibration of the suspension frame
of the train is inevitable. For the electromagnetic levitation (EMS) train, researchers considered
monitoring the train status. However, at present, there is no suspension frame condition monitoring
device for an HTS maglev train. In addition, the levitation height of the suspension frame affects the
suspension performance and traction performance of the vehicle, and the vibration of the suspension
frame during running affects the dynamic performance and safety of the suspension frame and the
vehicle. Regarding the issue above, through a suspension frame monitoring system, the lateral and
vertical vibration acceleration and levitation height of the suspension frame are monitored at different
train speeds. The maximum value of vibration acceleration and the fluctuation range of levitation
height are within the safe range. It is verified that the simulation analysis of the suspension frame of
an HTS maglev train is correct, the suspension frame is safe, and the train can run safely.

Keywords: maglev; strength analysis; suspension frame; online monitoring

1. Introduction

The modern high-speed railway has the advantages of fast speed, large transportation
capacity, and all-weather running. As a new type of high-speed railway transportation,
the maglev train has the advantages of low vibration, fast starting and braking, strong
climbing ability, safety, comfort, less maintenance work and cost, low energy consumption,
and low environmental pollution. It is one of the main directions of world transportation
development in the 21st century. As one of the typical representatives in the field of
maglev, the HTS maglev system has the advantage of self-stable suspension without
external control. In terms of technical principles, it has the advantages of energy savings,
environmental protection, stability, reliability, and a wide speed range (which can meet the
requirements of running at medium and low speed, high speed, and even ultra-high speed).
It is an emerging technology with great development potential. Unlike electromagnetic
levitation (EMS), which relies on the control system to maintain its own stability, and
electric levitation (EDS), which relies on speed to maintain its suspension, the HTS maglev
can maintain a stable suspension without any control system or running speed [1-3]. With
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this feature, HTS maglev has been widely studied in the field of rail transit [4-7] and
magnetic bearings [8-10].

At present, China, Germany, Brazil, Italy, and Russia have carried out a large amount
of scientific research and have developed HTS maglev vehicles [11]. HTS maglev trains are
becoming a hot research topic in the field of new rail transit.

In 1988, it was found that high-temperature superconductors can be stably suspended
on permanent magnets [12,13]. Researchers considered using this physical phenomenon
in the suspension system of maglev trains. Similar to the contact force in the wheel rail-
train system, the maglev force of the HTS Maglev vehicle can be divided into levitation
force and guidance force. The levitation force above a single magnet tested at different
heights has hysteresis characteristics [14]. In 1999, researchers tested and analyzed the
levitation force and guiding force under field cooling and zero field-cooling conditions [15].
Because the levitation force and guiding force of an HTS maglev are nonlinear, there are also
many nonlinear dynamic phenomena, such as period-doubling bifurcation, 1/2 harmonic
resonance, chaos, and jump [16-21].

In order to study the levitation characteristics of an HTS maglev train, the researchers
studied the stress characteristics and running performance [22]. However, at present, there
is no research simulating the real load situation of maglev train operation while analyzing
the suspension frame. In particular, strength analysis and calculation are carried out under
AW3 extreme working conditions with a full train load, and the stress distribution of the
suspension frame is analyzed while parked (suspension state) as well as during various
traction and braking conditions.

For the electromagnetic levitation (EMS) train, researchers considered monitoring the
train status [23,24]. However, at present, there is no suspension frame status monitoring
device for HTS maglev trains. There is no monitoring of the levitation height of the
suspension frame, and there is no monitoring of the vibration of the suspension frame
during the running of the train. The levitation height of the suspension frame of an
HTS maglev train affects the suspension performance and traction performance of the
vehicle, and the vibration magnitude and frequency during running affect the dynamic
performance, safety, and comfort of the suspension frame and the vehicle. If the levitation
height of the suspension frame of the HTS maglev train is lower than a certain safety limit
value, the vehicle will not be able to be suspended and towed and will cause interference
and friction between the suspension system and the permanent magnet track, which will
damage the suspension system and seriously affect vehicle safety. If the vibration frequency
of the suspension frame is too large, it will affect the dynamic performance, safety, and
comfort of the suspension frame and the vehicle.

To meet this challenge, the main insights and contributions of this paper are summa-
rized as follows.

(1) The suspension frame of an HTS maglev train is simulated and analyzed to sim-
ulate the real load situation of a maglev train. The results show that the suspen-
sion frame of the HTS maglev train can bear corresponding loads under different
working conditions.

(2) A real-time online monitoring method for the suspension frame of the HTS maglev
train is proposed. The levitation height and vibration acceleration of the suspension
frame can be monitored remotely and wirelessly when the train is running.

(3) The maximum value of vibration acceleration and the fluctuation range of levitation
height are within the safe range. It is verified that the simulation analysis of the
suspension frame of the HTS maglev train is correct, the suspension frame is safe, and
the train can run safely.

In Section 2 of the paper, the suspension frame of an HTS maglev train is simulated
and analyzed to simulate the real load situation of the maglev train. Section 3 contains the
results and discussion of the experiment on online monitoring of the suspension frame of
an HTS maglev train. The conclusion is in Section 4.
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2. Simulation Analysis of the Suspension Frame of an HTS Maglev Train

Using ANSYSWorkbench finite element simulation software, the suspension frame is
analyzed according to UIC515-4 “Passenger rolling stock Trailer bogies-running gear Bogie
frame structure strength tests”, so as to simulate the real load situation of the maglev train
during running.

In order to explore the dynamics characteristic of HTS maglevs, H. D. Wang and H. T.
Li built a levitation force model [25,26]

Fiep = ‘uemz + we"* + 72 1)

where 1, &, w, y are constant parameters, while z is levitation height. Fj,, represents the
levitation force, which is nonlinear, making an HTS maglev a complex nonlinear dynamic
system. This system is composed of a permanent magnet track, suspension frame, linear
traction motor, and superconducting dewar. ANSYSWorkbench finite element simulation
software can simulate the influence of various forces on the suspension frame under
different working conditions, including the force of the carbody load on the rubber spring
of the suspension frame; the normal force between the primary and secondary linear
motors; the levitation force of superconducting dewar; the weight of the suspension frame;
the weight of the dewar; etc. Through simulation, the software can analyze whether the
strength and stiffness of the suspension frame meet the requirements.

The suspension frame is made of 6061-T4 aluminum alloy, with a yield strength > 227 Mpa.
Select AW3 extreme working conditions for strength analysis and calculation were choses. Re-
search and analysis of the stress distribution of the suspension frame under parking (suspension
state), traction working condition 3, traction working condition 4, traction working condition 5,
traction working condition 8, and braking were conducted. In addition, in order to investigate
the influence of normal force on the linear motor, dewar gravity, and an unbalanced load on the
dewar beam and permanent magnet track spacing, the deformation of the dewar beam needs
to be analyzed. The traction rod needs to transmit traction force, so it is necessary to analyze
whether the traction rod seat can meet the requirements.

2.1. Suspension Frame Structure Data

Onboard load:
M; =6t 2)
Overall mass of suspension frame:
my = 740 kg (©)
Maximum running speed:
v, =5m/s 4)
Maximum traction acceleration:
a; = 0.5m/s? (5)
Maximum braking acceleration:
a, = 0.5m/s? (6)

2.2. Basic Load Calculation of Suspension Frame

According to UIC515-4 “Passenger rolling stock Trailer bogies-running gear Bogie
frame structure strength tests”, the load of the suspension frame is calculated, and the load
combination is carried out according to the actual running state of the train to simulate the
real running of the maglev train.
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(1) Abnormal working condition load:

Vertical load applied on the side beam of each suspension frame:

14%18 — 14 x 9‘2 X 6000 — 20[ 580 N (7)

Fomax =

(2) Load under main running conditions:

Vertical load applied on the side beam of each suspension frame:

FZ _ % _ 938 ><46000 — 14/ 700 N (8)

(3) Traction load:

The maglev train is in an acceleration state, and the thrust provided by the motor is
Fi = (2 xmy + M) x a3 = (2 x 740 + 6000) x 0.5 = 3740 N )
Suspension frame traction inertia load:
Fsuspension frame 1 = M1a1 = 740 x 0.5 =370 N (10)
Onboard traction inertia load:
Fonboard 1 = M1 X a3 = 6000 x 0.5 = 3000 N (11)
The maximum air resistance of the train during acceleration is:
Fyind = 3CxSpvi = 0.5 x 0.3 x 9.6 x 1.2963 x 52 = 45.7 N (12)

According to the above formula, the air resistance during maglev running is far less
than the thrust during acceleration, and the wind load is not considered here.
(4) Braking load:

The braking acceleration of the maglev train is 0.5 m/s?, which is similar to the traction
load, so the braking force of the suspension frame is

F=2xm + M) xa,=3740N (13)
Suspension frame braking inertia load:
Fsuspension frame 2 = My = 740 x 0.5 = 370 N (14)
Onboard braking inertia load:
Fonboard 2 = M1 X a3 = 6000 x 0.5 = 3000 N (15)

2.3. Finite Element Analysis Model

The mesh division of the finite element model is shown in Figure 1. The model weight
is my =725 kg, and the actual weight of the structure is m; = 740 kg. (the total dewar weight
is not included here. Dewar gravity acts on the dewar beam on boundary conditions).

2.4. Proportion of Distributed Load

Dead weight load of suspension frame:

my 740
M 1
M= = 75 = 10 (16)
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Inertial load of the suspension frame

u F Suspension frame 1 370
2= =

& 155 = 005 (17)

ANSYS

R15.0

0.00 1000.00 (mm]) k—-L.‘ w
|

S00.00

Figure 1. Finite element model of suspension frame.

2.5. Load Combination and Calculation Conditions
2.5.1. Load Combination

According to UIC515-4 “Passenger rolling stock Trailer bogies-running gear Bogie
frame structure strength tests” and other standards, the load of the suspension frame is
calculated, and the load combination is carried out according to the actual running state of
the train to simulate the real running state of a maglev train, as shown in Table 1.

Table 1. Load conditions under different working conditions.

Inertial Load of Force Acting on the
Working Condition Load of Suspension Frame Side Beam S . Non-Return Baffle
uspension Frame
of Onboard
Parking status suspension 1 Fzmax Frmax / /
Parking status wheel support 2 Fzmax Fzmax / /
Traction condition suspension 3 F, F, Fsuspension frame 1 Fonboard 1
Traction condition suspension 4 (1+a—PB)FZ 1-ax—-B)FzZ Fsuspension frame 1 Fornboard 1
Traction condition suspension 5 1+x+p)FzZ 1-a+p)FZ Fsuspension frame 1 Fornboard 1
Traction condition suspension 6 1-ax—-B)FZ 1+x—-B)FZ Fsuspension frame 1 Fonboard 1
Traction condition SuspenSion 7 (1— o+ B)FZ (1+a+B)FZ F Suspension frame 1 Fonboard 1
Traction condition SuspenSion 8 Frmax Fzmax F Suspension frame 1 Fonboard 1
Brakil‘lg condition Suspension 9 Fzmax Fzmax E Suspension frame 2 Fonboard 2

Note: (1) The actual levitation force changes with the change in levitation height. The change of levitation
height with the magnitude of levitation force is not considered here, and the levitation surface is taken as a fixed
constraint condition. (2) Considering the vertical load under the sinking and floating and roll of the suspension
frame during train running, according to UIC515-4 “Passenger rolling stock Trailer bogies-running gear Bogie
frame structure strength tests”, under normal train running conditions, the rolling coefficient & Take 0.1, sinking
and floating coefficient 3 Take 0.2.

As the frame is symmetrical, it can be seen that the conditions of working conditions 4
and 6 are the same, and the conditions of working conditions 5 and 7 are the same. When
the wind load is ignored, acceleration under braking conditions and traction conditions
is the same, and the direction is opposite. Because the suspension frame structure is
symmetrical, it can be seen that the conditions under conditions 8 and 9 are the same.
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2.5.2. Calculation of Each Working Condition

The coordinates in the XYZ direction are shown in Figure 1. In this paper, the Y axis
is the vertical axis. The negative direction of the Y axis is the gravity direction, as shown
in Table 2.

Table 2. Scale factor and forces under different working conditions.

Various Working Conditions Parking (Suspended) Parking (Wheel Support)

Traction Condition

(Condition 3)
X direction 0 0 -1
Load direction factor Y direction -1 -1 -1
Z direction 0 0 0
X direction 0 0 0.05
Working condition Y direction 1.9 196 196
scale factor
Z direction 0 0 0
Air spring compression (side Fa 20,580 N 20,580 N 14,700 N
member load case) Fp 20,580 N 20,580 N 14,700 N
X-direction load (Force acting
on the non-return baffle Fonboard 0 0 3370 N
of onboard)
Normal force between
primary and secondary FNormal force 3000 N 3000 N 3000 N
linear motors
Effect of dewar gravity on Fo 2175.6 N 2175.6 N 2175.6 N
dewar beam
Various working conditions Traction condition Traction condition Traction condition
8 (condition 4) (condition 5) (condition 8)
X direction -1 -1 -1
Load direction factor Y direction -1 -1 -1
Z direction 0 0 0
X direction 0.05 0.05 0.05
Working condition Y direction 1.96 1.96 1.96
scale factor
Z direction 0 0 0
Air spring compression (side Fa 13,230 N 19,370N 20,580 N
member load case) Fo 10,290 N 16,390 N 20,580 N
X-direction load (Force acting
on the non-return baffle Fonboard 3370 N 3370 N 3370 N
of onboard)
Normal force between
primary and secondary FNormal force 3000 N 3000 N 3000 N
linear motors
Effect of dewar gravity on Fo 2175.6 N 2175.6 N 2175.6 N
dewar beam
Various working conditions Braking condition
X direction 1
Load direction factor Y direction -1
Z direction 0
X direction 0.05
Working condition scale factor Y direction 1.96
Z direction 0
Fa 20,580 n
Air spring compression (side member load case) Fon 20,580 1
X-direction load (Force acting on the non-return baffle of onboard) Fonboard 3370 n
Normal force between primary and secondary linear motors FNormal force 3000 n

Effect of dewar gravity on dewar beam Fg 2175.6 n




Machines 2023, 11, 607 7 of 29
2.6. Static Strength and Fatigue Strength Calculation Results
Through workbench calculation, the results are as shown in Table 3.
Table 3. Strength calculation results under different load conditions.
Load Case Maximum Stress (MPa) Maximum Stress Location
Parking (suspended) 3.6 Dewar beam
Parking (support wheel) 20 Connection between support wheel and beam
Traction condition (condition 3) 39 Connection between reaction plate and beam
Traction condition (condition 4) 32 Dewar beam
Traction condition (condition 5) 33 Dewar beam
Traction condition (condition 8) 4.1 Dewar beam
Braking condition 3.6 Dewar beam
Traction seat stress 21 /

2.7. Finite Element Analysis
2.7.1. Parking (Suspended)

The grid division adopts the grid automatically, which is then divided by the work-
bench. Under the Size menu, pull the Relevance option to 100, and select medium for
the Relevance Center. The automatic mesh type is tetrahedral, which is divided into
644,234 nodes and 352,254 units. At the same time, the dewar beam is locally refined.

As shown in Figure 2,the boundary conditions are the force exerted by the onboard
load on the two rubber springs; the weight of the suspension frame (load scale factor is
considered here); the set elastic support surface or fixed support surface (when considering
the influence of normal force on the linear motor, dewar gravity and an unbalanced load on
the dewar beam and permanent magnet track, the support surface is regarded as a spring;
when simply considering the influence of material deformation, the support surface is
regarded as a fixed support surface); the acting force of the weight of the dewar on the
dewar beam; and the normal force between the primary and secondary linear motors.

L]
0.00 1000.00 (k) Zi-s}{
L E—

500.00

Figure 2. Loading diagram of suspension frame boundary conditions under parking (suspension) state.
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As shown in Figure 3, the maximum stress is located at the dewar beam connection,
and the maximum stress is 3.6 MPa, which is far less than the allowable stress, meeting
the requirements.

A Static Structural

Equivalent Stress

Type: Equivalent (von-hises) Stress
Unit: MPa

Time: 2

20181214 21:29

3.5739 Max
3.1769
27798
2.3827
1.9857
1.5886

.
e ]

0.00 300.00 {mm)
[ e
450.00

Figure 3. Stress nephogram of suspension frame under parking (suspension) state.

As shown in Figure 51, the influence of normal force on the linear motor, dewar gravity,
and an unbalanced load on the distance between the dewar beam and the permanent
magnet track was investigated. In order to separately investigate the influence of stress on
the deformation of the material, after setting the support surface as fixed, the deformation
is shown in Figure S2. The support form ensures that the stiffness of the dewar beam is
large enough.

2.7.2. Parking (Support Wheel Support Status)

The grid division adopts the grid automatically, which is then divided by the work-
bench. Under the Size menu, pull the Relevance option to 100, and select medium for
the Relevance Center. The automatic mesh type is tetrahedral, which is divided into
644,234 nodes and 352,254 units. At the same time, the dewar beam is locally refined.

As shown in Figure 4, the boundary conditions are the force exerted by the onboard
load on the two rubber springs; the weight of the suspension frame (load scale factor
is considered here); the constraint of the supporting wheel in Y direction; the normal
force between the primary and secondary linear motors; the acting force of the weight of
the dewar on the dewar beam and the normal force between the primary and secondary
linear motors.

As shown in Figure 5, the overall stress of the suspension frame is small, and the
maximum stress is located at the support wheel, with local stress concentration. The
maximum stress is 20 MPa, less than the allowable stress, which meets the requirements.

Since it is already supported by the supporting wheel, the deformation at this time is
shown in Figure S3. The deformation on both sides is symmetrical, which conforms to the
qualitative analysis, and the structural support form ensures its sufficient stiffness.
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 &: Static Structural
Equivalent Stress 2

Type: Equivalent (vor-Mises) Stress

Unit: MPa
Time: 2
201801 214 15:56

20.123 Max
17.688

16,652

13416

1118

88447

6.7089

44732

22375
0.0017953 Min

0.00

 A: Static Structural
Static Structural
Time: 2.5

20181 2i4 16:00

[A] Farce: 20580 M
[B] Force 2: 20880 N
[€] Fixed Support
[B] Foree 3:3000. N
[E] Force 4:1087. N
[EJ Force 5:1087. N
[G] Displacement 2
[H] Acceleration: 8800. mmis*

¢
&_LZ
000 1000.00 (mrm)
|

500.00

Figure 4. Loading diagram of suspension frame boundary conditions under parking (support wheel
support) state.

1000.00 (i L z
500.00

(a) (b)

Figure 5. Under parking (supported by supporting wheel): (a) Stress nephogram of suspension
frame; (b) Partially enlarged view of suspension frame stress.

2.7.3. Traction Condition (Condition 3)

The grid division adopts the grid automatically, which is then divided by the work-
bench. Under the Size menu, pull the Relevance option to 100, and select medium for
the Relevance Center. The automatic mesh type is tetrahedral, which is divided into
644,234 nodes and 352,254 units. At the same time, the dewar beam is locally refined.

As shown in Figure 6, The boundary conditions are the force exerted by the onboard
load on the two rubber springs; the force exerted by the onboard on the longitudinal stop
plate; the weight of the suspension frame (load scale factor is considered here); acceleration
corresponding to an inertial load of the suspension frame (load scale factor is considered
here); the set elastic support surface or fixed support surface (when considering the in-
fluence of dewar gravity and an unbalanced load on the dewar beam and the permanent
magnet track, the support surface is regarded as a spring; when simply considering the
influence of material deformation, the support surface is regarded as a fixed support sur-
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face); the acting force of the weight of the dewar on the dewar beam; and the normal force
between the primary and secondary linear motors. In order to keep the suspension frame
basically horizontal, its rotation along the Z axis is limited.

@Disblacement? H
[H] Acceleration: 95(.2
[I"] Displacement
[ Force 8: 3370. M

L
0.00 1000.00 (mem) L—?"
S

500.00

Figure 6. Boundary condition loading diagram of suspension frame under traction condition (condition 3).

As shown in Figure 7, the maximum stress is located at the connection between the
reaction plate and the beam, and the maximum stress is 3.9 MPa, which is far less than the
allowable stress, meeting the requirements.

Min - ‘

700.00 {mm)

E{,,z

Figure 7. Stress nephogram of suspension frame under traction condition (condition 3).

As shown in Figure 54, the influence of normal force on the linear motor, dewar gravity,
and an unbalanced load on the distance between the dewar beam and the permanent
magnet track was investigated. In order to separately investigate the influence of stress on
the deformation of the material, after setting the support surface as fixed, the deformation
is shown in Figure S5.
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The support form ensures that the stiffness of the dewar beam is large enough.

2.7.4. Traction Condition (Condition 4)

The grid division adopts the grid automatically, which is then divided by the work-
bench. Under the Size menu, pull the Relevance option to 100, and select medium for
the Relevance Center. The automatic mesh type is tetrahedral, which is divided into
644,234 nodes and 352,254 units. At the same time, the dewar beam is locally refined.

As shown in Figure 8, the boundary conditions are the force exerted by the onboard
load on the two rubber springs; the force exerted by the onboard on the longitudinal stop
plate; the weight of the suspension frame (load scale factor is considered here); acceleration
corresponding to an inertial load of the suspension frame (load scale factor is considered
here); the set elastic support surface or fixed support surface (when considering the in-
fluence of dewar gravity and an unbalanced load on the dewar beam and the permanent
magnet track, the support surface is regarded as a spring; when simply considering the
influence of material deformation, the support surface is regarded as a fixed support sur-
face); the acting force of the weight of the dewar on the dewar beam; and the normal force
between the primary and secondary linear motors. In order to keep the suspension frame
basically horizontal, its rotation along the Z axis is limited.

[
0.00 1000.00 {rm) LQK
L —

500.00

Figure 8. Boundary condition loading diagram of suspension frame under traction condition (condition 4).

As shown in Figure 9, the maximum stress is located at the dewar beam, and the maxi-
mum stress is 3.2 MPa, which is far less than the allowable stress, meeting the requirements.

As shown in Figure S6, the influence of the normal force on the linear motor, dewar
gravity, and an unbalanced load on the distance between the dewar beam and the perma-
nent magnet track was investigated. In order to separately investigate the influence of
stress on material deformation, the deformation of the support surface is set as shown in
Figure S7 after it is fixed. In condition 4, considering the sinking and floating coefficient,
the forces on both sides are not completely symmetrical, so the deformation is shown in
Figure S7. Because of the support form, the stiffness of the dewar beam is large enough.
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 i: Static Structural

Eruivalent Stress 2

Type: Equivalent (von-Mises) Stress
Init: MPa

Tirne: 2

20181214 17:39

3.1635 Maz
2.812
2.4606
21091
1.7576
1.4061
1.0546
0.7031
0.3504
"

e
0.00 800.00 {rmm)
e —

400.00

Figure 9. Stress nephogram of suspension frame under traction condition (condition 4).

2.7.5. Traction Condition (Condition 5)

The grid division adopts the grid automatically, which is then divided by the work-
bench. Under the Size menu, pull the Relevance option to 100, and select medium for
the Relevance Center. The automatic mesh type is tetrahedral, which is divided into
644,234 nodes and 352,254 units. At the same time, the dewar beam is locally refined.

As shown in Figure 10, the boundary conditions are the force exerted by the onboard
load on the two rubber springs; the force exerted by the onboard on the longitudinal stop
plate; the weight of the suspension frame (load scale factor is considered here); acceleration
corresponding to an inertial load of the suspension frame (load scale factor is considered
here); the set elastic support surface or fixed support surface (when considering the in-
fluence of dewar gravity and an unbalanced load on the dewar beam and the permanent
magnet track, the support surface is regarded as a spring; when simply considering the
influence of material deformation, the support surface is regarded as a fixed support sur-
face); the acting force of the weight of the dewar on the dewar beam; and the normal force
between the primary and secondary linear motors. In order to keep the suspension frame
basically horizontal, its rotation along the Z axis is limited.

As shown in Figure 11, the maximum stress is located at the dewar beam, and the maxi-
mum stress is 3.3 MPa, which is far less than the allowable stress, meeting the requirements.

As shown in Figure S8, the influence of the normal force on the linear motor, dewar
gravity, and an unbalanced load on the distance between the dewar beam and the per-
manent magnet track was investigated. In order to separately investigate the influence
of stress on the deformation of the material, after setting the support surface as fixed, the
deformation is shown in Figure S9.

In condition 5, considering the sinking and floating coefficient, the forces on both sides
are not completely symmetrical, so the deformation is shown in Figure S9. This support
form ensures that the stiffness of the dewar beam is large enough.
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.y
0.00 700,00 {mm})
[ |

350,00

Figure 10. Boundary condition loading diagram of suspension frame under traction condition
(condition 5).

. I
0.00 200.00 {mrm) %
L E—

400.00

Figure 11. Stress nephogram of suspension frame under traction condition (condition 5).

2.7.6. Traction Condition (Condition 8)

The grid division adopts the grid automatically, which is then divided by the work-
bench. Under the Size menu, pull the Relevance option to 100, and select medium for
the Relevance Center. The automatic mesh type is tetrahedral, which is divided into
644,234 nodes and 352,254 units. At the same time, the dewar beam is locally refined.

As shown in Figure 12, the boundary conditions are the force exerted by the onboard
load on the two rubber springs; the force exerted by onboard on the longitudinal stop plate;
the weight of the suspension frame (load scale factor is considered here); acceleration corre-
sponding to the inertial load of the suspension frame (load scale factor is considered here);
the set elastic support surface or fixed support surface (when considering the influence
of dewar gravity and an unbalanced load on the dewar beam and the permanent magnet
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track, the support surface is regarded as a spring; when simply considering the influence
of material deformation, the support surface is regarded as a fixed support surface); The
acting force of the weight of the dewar on the dewar beam; and the normal force between
the primary and secondary linear motors. In order to keep the suspension frame horizontal,
its rotation along the Z axis is limited.

|astic Support: 4.13e-003 Nimm*

L]
0.00 1000.00 () L:;ZX
)

500.00

Figure 12. Loading diagram of boundary conditions of suspension frame under traction condition
(condition 8).

As shown in Figure 13, the maximum stress is located at the dewar beam, and the maxi-
mum stress is 4.1 MPa, which is far less than the allowable stress, meeting the requirements.

o
0.00 300.00 {mmm;) .
[ S

450.00

Figure 13. Stress nephogram of suspension frame under traction condition (condition 8).

As shown in Figure 510, the influence of normal force on the linear motor, dewar grav-
ity, and an unbalanced load on the distance between the dewar beam and the permanent
magnet track was investigated.

In order to separately investigate the influence of stress on material deformation, the
deformation of the support surface is set as shown in Figure S11 after it is fixed. The
support form ensures that the stiffness of the dewar beam is large enough.
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2.7.7. Braking Conditions

The grid division adopts the grid automatically, which is then divided by the work-
bench. Under the Size menu, pull the relevant option to 100, and select medium for
the Relevance Center. The automatic mesh type is tetrahedral, which is divided into
644,234 nodes and 352,254 units. At the same time, the dewar beam is locally refined.

As shown in Figure 14, the boundary conditions are the force exerted by the onboard
load on the two rubber springs; the force exerted by onboard on the longitudinal stop plate;
the weight of the suspension frame (load scale factor is considered here); acceleration corre-
sponding to an inertial load of the suspension frame (load scale factor is considered here);
the set elastic support surface or fixed support surface (when considering the influence
of dewar gravity and an unbalanced load on the dewar beam and the permanent magnet
track, the support surface is regarded as a spring; when simply considering the influence
of material deformation, the support surface is regarded as a fixed support surface); the
acting force of the weight of the dewar on the dewar beam; braking force; and the normal
force between the primary and secondary linear motors. In order to keep the suspension
frame horizontal, its rotation along the Z axis is limited.

stic Support: 4.13e-003 MNimrr®
Displacerent 2
[H] Acceleration: 981
[l Force 9:3370.

Displacement

[
0.00 1000.00 {mm) Lg' 5
]

500.00

Figure 14. Loading diagram of suspension frame boundary conditions under braking conditions.

As shown in Figure 15, the maximum stress is located at the dewar beam, and the maxi-
mum stress is 3.6 MPa, which is far less than the allowable stress, meeting the requirements.

As shown in Figure S12, the influence of the normal force of the linear motor, dewar
gravity, and an unbalanced load on the distance between the dewar beam and the perma-
nent magnet track was investigated. In order to separately investigate the influence of
stress on the deformation of material, after the support surface is fixed, the deformation
is shown in Figure S13. The support form ensures that the stiffness of the dewar beam is
large enough.

2.7.8. Check of Traction Seat

The traction seat is welded with steel plates, made of Q345, with a yield
strength > 345 MPa. Under AW3 working conditions, the main force on the traction
seat is 3370 N in a longitudinal direction. The car body and traction seat are fixed through
the connecting hole. The strength and stiffness are checked as follows. The strength is as
shown in Figure 16.
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A: Static Structural
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Unit: MPa
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Figure 15. Stress nephogram of suspension frame under braking condition.
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Figure 16. Traction seat stress nephogram.

It can be seen from the figure that the maximum stress is 21 MPa, which is far less
than the allowable stress, meeting the requirements.

The stiffness is shown in Figure S14. According to the figure, the deformation is small
and meets the requirements.

The above simulation analysis simulates the real load condition of a running maglev
train. The strength analysis and calculation are carried out under AW3 extreme conditions.
The simulation results show that the stress distribution of the suspension frame is consistent
under extreme conditions. The stress distribution of the suspension frame is similar under
parking (suspension state), traction condition 3, traction condition 4, traction condition 5,
traction condition 8, and braking condition. The maximum stress position of the suspension
frame is concentrated at the connection of the reaction plate and dewar beam, but the stress
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value does not exceed the yield limit value of the material. The maximum stress of the
suspension frame during parking (supported by the supporting wheel) is concentrated
at the supporting wheel, and the stress value does not exceed the yield limit value of
the material. In order to investigate the influence of the normal force of the linear motor,
dewar gravity, and an unbalanced load on the dewar beam and the distance between the
permanent magnet track, the dewar beam deformation was investigated. The results show
that the deformation of the dewar beam is very small, and the stiffness of the dewar beam
is large enough. In addition, the traction rod needs to transmit traction force, so whether
the traction rod seat can meet the use requirements is extremely important. According to
the stress condition of the traction pull rod seat, a corresponding analysis was carried out.
The results show that the maximum stress of the traction seat is far less than the allowable
stress of the material, the strength check is qualified, and the deformation is small, which
can meet the use requirements.

To sum up, the suspension frame of an HTS maglev train can bear corresponding loads
under different working conditions, and its strength and stiffness meet the requirements of
use, and it is safe and reliable.

3. Online Monitoring of HTS Maglev Train

An HTS maglev track is an Nd-Fe-B permanent magnet track, and it is composed
of a large number of small permanent magnets. There will be defects in the production
and construction of small permanent magnets, and random irregularity of the permanent
magnet track is inevitable. When a large number of small permanent magnets form the
magnetic track, the irregularity of the magnetic track will be caused by factors such as the
production and assembly process and the deformation of the magnetic mutual repulsion
stress. The irregularity of the magnetic track will affect the running stability of an HTS
maglev train.

In the actual running of an HTS maglev train, the suspension frame will produce a
vibration response under the random irregularity of the track at different train speeds. Due
to the excitation of track irregularity and guide rail deformation, the vibration is usually
vertical and lateral coupling. The lateral response of the train is as important as the vertical
response. Since the lateral vibration of the suspension frame will affect the stability and
comfort of the train, it is necessary to measure the lateral vibration of the suspension frame.
In addition, the strong lateral vibration may lead to the derailment of an HTS maglev train,
which will lead to disastrous consequences. In the actual engineering research, we reduced
the vibration of the suspension frame during train runs by reducing the normal force of the
linear traction motor and reducing the vibration of the carbody when the train is running
by installing a rubber spring between the suspension frame and the carbody. However,
the train will still produce a vibration response when the track is randomly irregular, so
measuring the vibration acceleration data of the suspension frame is an important factor to
evaluate the risk of a collision between the HTS maglev train and the track.

During the actual running of an HTS maglev system, track irregularity and the ver-
tical and lateral coupling effect of the maglev force and guidance force provided by the
suspension system are important factors affecting the dynamic characteristics of the train,
and track irregularity is the main excitation of the train. The levitation force measured
by the levitation system of the permanent magnet track at different levitation heights
has hysteresis characteristics. Because the levitation force and guiding force of high-
temperature superconducting maglevs are nonlinear, many nonlinear dynamic phenomena
occur in high-temperature superconducting maglevs, such as period-doubling bifurcation,
1/2 harmonic resonance, chaos, and jump phenomenon. The asymmetric magnetic field
will significantly affect the rotation of the block.

According to Equation (1), in the levitation force model of an HTS maglev train, the
levitation height will directly affect the levitation force, At the same time, the levitation force
will directly affect the vibration acceleration of the suspension frame. Therefore, it is neces-
sary to monitor the levitation height and vibration acceleration of the suspension frame.
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The status monitoring device of the suspension frame of an HTS maglev train in-
cludes a levitation height acquisition system and a suspension frame vibration status
acquisition system.

Principles of on-board monitoring systems (see Figures 17-19): the laser displacement
sensor measures the levitation height between the suspension frame and the magnetic rail.
The three-way acceleration sensor measures the vibration amplitude of the suspension
frame. The four three-way acceleration sensors connect the signal to the constant current
source for signal conditioning, which turns into a standard analog quantity, and then
transmits the signal to the multi-channel data collector. The data collector simultaneously
collects the signals of the four laser displacement sensors (standard analog quantity voltage
output type). The data collector is connected to the industrial computer through a USB
to store the test data. The industrial control computer transmits the data to the ground
host through wireless vehicle ground communication. The industrial control computer
wirelessly transmits the data to the ground host through the wireless AP, the total delay of
train ground communication shall not exceed 50 ms, and the average bandwidth shall not
be less than 50 Mbps.

Il

Figure 17. Schematic diagram of on-board monitoring system.

Figure 18. Installation layout of acceleration sensor and levitation height sensor.
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Figure 19. Signal acquisition system installed on the train.

As shown in Figure 20, the levitation height acquisition system collects data on the
levitation height of the suspension frame of an HTS maglev train in real time through the
high-precision laser displacement sensor and can use the same acquisition card and data
acquisition software with the three-way acceleration sensor. The laser displacement sensor
is installed at the four ends of the suspension frame to measure the levitation height in the
vertical direction of the four ends of the suspension frame. The installation position of the
laser displacement sensor in the vertical direction of the suspension frame is 200 mm away
from the standard distance of the permanent magnet track. The measuring range of the
laser displacement sensor is 120~280 mm, the measuring center distance is 200 mm, the
measuring range is 80 mm, the output is 0~5V, the light source is red semiconductor laser
level 2, the maximum output is 1 mW, and the beam diameter is about 8300 um.

;s
!

Figure 20. The levitation height acquisition system.

As shown in Figure 21, the suspension frame vibration state acquisition system collects
data on the suspension frame vibration state of an HTS maglev train in real time through
a high-precision three-dimensional vibration acceleration sensor. The suspension frame
vibration state acquisition system adopts a piezoelectric three-way acceleration sensor
with three-way output, which can measure X, Y, and Z directions at the same time. The
measuring range in the X, Y, and Z directions is the same £5g. The impact limit of the
acceleration sensor is £1000 g. The multi-channel constant current source can not only
provide the working power required for the normal operation of the three-way acceleration
sensor, but also amplify and filter the output signal of the three-way acceleration sensor to
provide further processing, such as display, acquisition, and analysis. The output voltage
range of the multi-channel constant current source is 0~+£5 V.
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Figure 21. The suspension frame vibration state acquisition system.

The current high-temperature superconducting maglev train only has 160 m of test
track. Limited by the length of the test track, the train runs at a speed of 0.5~4 m/s on the
test track to ensure safety. The speed of the train is 0.5, 1, 2, and 4 m/s, and the speed curve
is shown in Figures S15-518. The suspension frame monitoring system online monitors the
lateral and vertical vibration acceleration and levitation height of the suspension frame at
the left front, right front, left rear, and right rear ends of the suspension frame at different
train speeds of 0.5, 1, 2, and 4 m/s, as shown in Figures 22 and 24-29.

According to the suspension frame monitoring system, the relevant data on the lateral
and vertical vibration acceleration and levitation height of the suspension frame at the
front-left, front-right, rear-left, and rear-right ends of the suspension frame are monitored
in different train speeds of 0.5, 1, 2 and 4 m/s. As shown in Table 4, the levitation height
is limited to between 6.4 and 15 mm, the risk of collision with the track is negligible, and
the train can run safely. As shown in Tables 5 and 6, the maximum vertical acceleration
of the suspension frame is less than 0.34 m/s?, and the maximum lateral acceleration
is less than 0.28 m/s2, which is smaller than 0.13 g in the “High Speed Railway Design
Code” [27] and 0.1 g in the “Interim Provisions for the Design of Beijing-Shanghai High
Speed Railway” [28]. The results show the advantages in terms of safety and stationarity
for the HTS maglev train.

Table 4. Levitation height at four ends of the suspension frame at different speeds.

Vehicle Speed 0.5 m/s 1m/s 2m/s 4 m/s
Left front 7.7~11.5 mm 6.6~10.1 mm 6.4~9.2 mm 7.5~11.2 mm
Right front 10.2~15 mm 9.2~13.3 mm 9.2~12.8 mm 11.2~14.8 mm
Left rear 7.3~14.3 mm 7.2~10.7 mm 7.3~10.8 mm 8.6~12.3 mm
Right rear 8.3~11.7 mm 7.4~10.3 mm 6.7~11.3 mm 8.2~12.1 mm

Table 5. Vertical vibration acceleration at four ends of the suspension frame at different speeds.

Vehicle Speed 0.5 m/s 1m/s 2m/s 4m/s
Left front —0.12~0.11m/s*> —0.11~0.19m/s> —0.12~0.09 m/s> —0.12~0.17 m/s?
Right front —0.17~0.19m/s> —0.18~0.23m/s> —0.21~0.18 m/s> —0.3~0.29 m/s?
Left rear —0.25~025m/s> —0.28~0.34m/s?> —0.25~027 m/s> —0.34~0.31 m/s?

Right rear —0.19~0.18 m/s>  —0.24~021m/s®> —0.19~0.12m/s> —0.23~0.21 m/s?
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Table 6. Lateral vibration acceleration at four ends of the suspension frame at different speeds.

Vehicle Speed 0.5 m/s 1m/s 2m/s 4 m/s
Left front —0.13~0.14m/s?  —0.12~0.08 m/s> —0.09~0.05m/s*> —0.13~0.09 m/s?
Right front —0.28~023m/s?> —0.16~0.14m/s®> —0.27~0.17m/s> —0.21~0.23 m/s?
Left rear —0.18~0.14m/s?>  —0.19~0.1m/s?>  —0.16~0.12m/s> —0.22~0.15m/s?
Right rear —0.01~0.16 m/s?>  —0.08~0.16 m/s> —0.02~0.17 m/s>  —0.03~0.17 m/s?
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Figure 22. The maximum running speed of the train is 0.5m/s: (a) The lateral vibration acceleration
of the left front acceleration sensor of the suspension frame during the running of the train is
—0.13 m/s? to 0.14 m/s2; (b) The vertical vibration acceleration of the front-left acceleration sensor
of the suspension frame during the train running is —0.12 to 0.11 m/s?; (c) The lateral vibration
acceleration of the front-right acceleration sensor of the suspension frame during the running of the
train is —0.28 t0 0.23 m/s?; (d) The vertical vibration acceleration of the front-right acceleration sensor
of the suspension frame during the running of the train is —0.17 to 0.19 m/s?; (e) The lateral vibration
acceleration of the rear-left acceleration sensor of the suspension frame during the running of the
train is —0.18 to 0.14 m/s2; (f) The vertical vibration acceleration of the rear-left acceleration sensor of
the suspension frame during the running of the train is —0.25 to 0.25 m/s?; (g) The lateral vibration
acceleration of the rear-right acceleration sensor of the suspension frame during the running of the
train is —0.01 to 0.16 m/s?; (h) The vibration acceleration of the rear-right acceleration sensor of the
suspension frame in the vertical direction during the running of the train is —0.19 to 0.18 m/s?.
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Figure 23. The maximum speed of the train is 0.5 m/s: (a) The levitation height of the front-left laser
displacement sensor of the suspension frame during the running of the train is 7.7—11.5 mm; (b) The
levitation height of the laser displacement sensor at the front right of the suspension frame during
the running of the train is 10.2-15 mm; (c) The levitation height of the laser displacement sensor at
the left rear of the suspension frame during the running of the train is 7.3-14.3 mm; (d) The levitation
height of the laser displacement sensor at the right rear of the suspension frame during the train
running is 8.3-11.7 mm.
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Figure 24. The maximum running speed of the train is 1 m/s: (a) The lateral vibration acceleration of
the front-left acceleration sensor of the suspension frame during the running of the train is —0.12 to
0.08 m/s%; (b) The vertical vibration acceleration of the front-left acceleration sensor of the suspension
frame during the running of the train is —0.11 to 0.19 m/s?; (c) The vibration acceleration of the
front-right acceleration sensor of the suspension frame in the lateral direction during the running
of the train is within the range of —0.16 to 0.14 m/ s%; (d) The vertical vibration acceleration of the
front-right acceleration sensor of the suspension frame during the running of the train is —0.18 to
0.23 m/s?%; (e) The lateral vibration acceleration of the rear-left acceleration sensor of the suspension
frame during the running of the train is —0.19 to 0.1 m/ s%; (f) The vertical vibration acceleration of
the rear-left acceleration sensor of the suspension frame during the running of the train is —0.28 to
0.34 m/s?; (g) The vibration acceleration of the rear-right acceleration sensor of the suspension frame
in the lateral direction during the running of the train is —0.08 to 0.16 m/s?; (h) The vertical vibration
acceleration of the rear-right acceleration sensor of the suspension frame during the running of the
train is —0.24 to 0.21 m/s.
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Figure 25. The maximum speed of the train is 1 m/s: (a) The levitation height of the front-left laser
displacement sensor of the suspension frame during the running of the train is 6.6 to 10.1 mm; (b) The
levitation height of the laser displacement sensor at the front right of the suspension frame during
the running of the train ranges from 9.2 to 13.3 mm; (c) The levitation height of the laser displacement
sensor at the rear left of the suspension frame during the running of the train ranges from 7.2 to
10.7 mm; (d) The levitation height of the laser displacement sensor at the right rear of the suspension
frame during the train running ranges from 7.4 to 10.3 mm.
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Figure 26. The maximum running speed of the train is 2 m/s: (a) The vibration acceleration of the
front-left acceleration sensor of the suspension frame in the lateral direction during the running of
the train is within the range of —0.09 to 0.05 m/ s2; (b) The vertical vibration acceleration of the
front-left acceleration sensor of the suspension frame during the running of the train is —0.12 to
0.09 m/s?; (c) The vibration acceleration of the front-right acceleration sensor of the suspension
frame in the lateral direction during the running of the train is —0.27 to 0.17 m/ s2; (d) The vertical
vibration acceleration of the front-right acceleration sensor of the suspension frame during the
running of the train is —0.21 to 0.18 m/ s%; (e) The lateral vibration acceleration of the rear-left
acceleration sensor of the suspension frame during the running of the train is —0.16 to 0.12 m/ s2;
(f) The vertical vibration acceleration of the rear-left acceleration sensor of the suspension frame
during the running of the train is —0.25 to 0.27 m/ s%; (g) The vibration acceleration of the rear-right
acceleration sensor of the suspension frame in the lateral direction during the running of the train
is —0.02 to 0.17 m/s?; (h) The vibration acceleration of the rear-right acceleration sensor of the
suspension frame in the vertical direction during the running of the train is —0.19 to 0.12 m/s.
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Figure 27. The maximum speed of the train is 2 m/s: (a) The levitation height of the laser displacement
sensor at the front left of the suspension frame during the running of the train ranges from 6.4 to 9.2 mm;
(b) The levitation height of the laser displacement sensor at the front right of the suspension frame during
the running of the train ranges from 9.2 to 12.8 mm; (c) The levitation height of the laser displacement
sensor at the rear left of the suspension frame during the running of the train ranges from 7.3 to 10.8 mm;
(d) The levitation height of the laser displacement sensor at the rear right of the suspension frame during
the running of the train ranges from 6.7 to 11.3 mm.
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Figure 28. The maximum running speed of the train is 4 m/s: (a) The lateral vibration acceleration
of the front-left acceleration sensor of the suspension frame during the running of the train is
—0.13 to 0.09 m/s2; (b) The vertical vibration acceleration of the front-left acceleration sensor of
the suspension frame during the running of the train is —0.12 to 0.17 m/s?; (c) The vibration
acceleration of the front-right acceleration sensor of the suspension frame in the lateral direction
during the running of the train is —0.21 to 0.23 m/s?; (d) The vertical vibration acceleration of
the front-right acceleration sensor of the suspension frame during the running of the train is
—0.3 t0 0.29 m/s?; (e) The lateral vibration acceleration of the rear-left acceleration sensor of the
suspension frame during the running of the train is —0.22 to 0.15 m/s?; (f) The vertical vibration
acceleration of the rear-left acceleration sensor of the suspension frame during the running of the
train is —0.34 to 0.31 m/s?; (g) The vibration acceleration of the rear-right acceleration sensor of
the suspension frame in the lateral direction during the running of the train is —0.03 to 0.17 m/s?;
(h) The vertical vibration acceleration of the rear-right acceleration sensor of the suspension
frame during the running of the train is —0.23 to 0.21 m/s.
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Figure 29. The maximum speed of the train is 4 m/s: (a) The levitation height of the laser displace-
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ment sensor at the front left of the suspension frame during the running of the train ranges from
7.5 to 11.2 mm; (b) The levitation height of the laser displacement sensor at the front right of the
suspension frame during the running of the train ranges from 11.2 to 14.8 mm; (c) The levitation
height of the laser displacement sensor at the rear left of the suspension frame during the running
of the train ranges from 8.6 to 12.3 mm; (d) The levitation height of the laser displacement sensor at
the rear right of the suspension frame during the running of the train ranges from 8.2 to 12.1 mm.

4. Conclusions

In this paper, the suspension frame is simulated and analyzed to simulate the real
load situation of a maglev train. According to the strength analysis and calculation of AW3
ultimate working conditions, the stress distribution of the suspension frame is similar under
parking (suspension state), traction working condition 3, traction working condition 4,
traction working condition 5, traction working condition 8, and braking working condition.
The maximum stress position of the suspension frame is concentrated at the connection
of the reaction plate and the dewar beam, but the stress value does not exceed the yield
limit value of the material. The maximum stress of the suspension frame during parking
(supported by the supporting wheel) is concentrated at the supporting wheel, and the
stress value does not exceed the yield limit value of the material. The deformation value of
the dewar beam is very small, and the stiffness of the dewar beam is large enough. The
maximum stress of the traction seat is far less than the allowable stress of the material,
the strength check is qualified, and the deformation is small, which can meet the use
requirements. The suspension frame of an HTS maglev train can bear corresponding loads
under different working conditions, and its strength and stiffness meet the requirements of
use, which is safe and reliable.

In the levitation force model of an HTS maglev train, the levitation height will directly
affect the levitation force. At the same time, the levitation force will directly affect the
vibration acceleration of the suspension frame. It is necessary to monitor the vibration



Machines 2023, 11, 607 28 of 29

acceleration and the levitation height of the suspension frame. Through the use of a
suspension frame monitoring system, the lateral and vertical vibration acceleration and
levitation height of the suspension frame are monitored at different train speeds. The
maximum value of vibration acceleration and the fluctuation range of levitation height are
within the safe range. It is verified that the simulation analysis of the suspension frame of
an HTS maglev train is correct, the suspension frame is safe and the train can run safely.

Supplementary Materials: The following supporting information can be downloaded at:
https:/ /www.mdpi.com/article/10.3390 /machines11060607/s1, Figure S1: Deformation diagram of
suspension frame under parking (suspension) state; Figure S2: Deformation diagram of suspension
frame when the support surface is fixed under parking (suspension) state; Figure S3: Deformation
diagram of suspension frame under parking (support wheel support); Figure 54: Deformation dia-
gram of suspension frame under traction condition (condition 3); Figure S5: Deformation diagram
of suspension frame when the lower support surface is fixed; Figure S6: Deformation diagram of
suspension frame under traction condition (condition 4); Figure S7: Deformation of suspension
frame when the lower support surface is fixed under traction condition (condition 4); Figure S8:
Deformation of suspension frame under traction condition (condition 5); Figure S9: Deformation
diagram of suspension frame when the lower support surface is fixed under traction condition
(condition 5); Figure S10: Deformation diagram of suspension frame under traction condition (con-
dition 8); Figure S11: Deformation diagram of suspension frame when the lower support surface is
fixed under traction condition (condition 8); Figure S12: The deformation of suspension frame under
braking condition; Figure S13: Deformation of suspension frame when the support surface is fixed
under braking conditions; Figure S14: Deformation of traction seat; Figure S15: The maximum speed
of the train is 0.5m/s, and the schematic diagram of the speed during the train running; Figure S16:
The maximum speed of the train is Im/s, and the schematic diagram of the speed during the train
running; Figure S17: The maximum speed of the train is 2m/s, and the schematic diagram of the
speed of the train during running; Figure S18: The maximum speed of the train is 4m/s, and the
schematic diagram of the speed during the train running.
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