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Abstract

Previous studies on maglev vehicle-bridge coupled systems have mostly described the
bridge using classical boundary conditions, while the effects of general constrained bound-
aries and uncertain parameters have not been fully considered. In this study, an energy-
based dynamic model of a maglev vehicle-bridge coupled system is established. The
boundary constraints of the bridge are introduced through equivalent springs, so that
complex boundary conditions can be represented in a unified form. The proposed model is
verified by comparison with published results. On this basis, Monte Carlo simulations are
carried out to investigate the effects of random suspension parameters and random control
parameters on the dynamic responses of the system. Two simplified electromagnetic-force
models are also considered, and Sobol sensitivity analysis is used to evaluate the contribu-
tions of different parameters to the vibration responses and vibration energy. The results
indicate that the suspension and control parameters affect different response quantities
in different ways. The two electromagnetic-force models also lead to different sensitivity
results, especially when the vibration energy is used as the evaluation index. The pro-
posed method provides a useful tool for analyzing the stochastic vibration mechanism
and optimizing the parameters of maglev vehicle-bridge coupled systems under general
constrained boundaries.

Keywords: maglev vehicle-bridge coupled system; Monte Carlo method; sensitivity analysis

1. Introduction

Maglev trains achieve contactless levitation and propulsion through electromagnetic
force. Compared with wheel-rail trains, maglev trains do not come into contact with the
ground during operation, which significantly reduces the frictional resistance. Thanks
to its advantages, such as high running speed, low noise, and low maintenance cost,
maglev trains have become an important development direction of high-speed railways [1].
Therefore, it is necessary to investigate the vibration characteristics of the maglev vehicle-
bridge coupled system to ensure acceptable dynamic performance and running safety [2].

Many scholars have carried out relevant research on the dynamic modeling and
vibration analysis of the maglev vehicle-bridge coupled system. Wang et al. [3] developed
a vector-mechanics-based dynamic model for the maglev vehicle-bridge coupled system
considering controller-rail-bridge interaction. Mao et al. [4,5] developed PDEM-based
stochastic vibration models for the high-speed maglev vehicle-bridge coupled system
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and analyzed the effects of suspension parameters, bridge span, track irregularities, and
running speed on running safety and stochastic dynamic responses. Huang et al. [6,7]
established numerical models for the low—medium-speed maglev vehicle-bridge coupled
system and investigated the effects of guideway irregularity, bridge dynamic characteristics,
vehicle speed, and isolated bridge conditions on the coupled vibration responses. Liu and
Guo [8] proposed a method to enhance the computational efficiency of the random vibration
analysis for the maglev vehicle-bridge coupled system, which can effectively acquire the
dynamic response and power spectral density of the maglev vehicle-bridge coupled system.
Song et al. [9] established a maglev vehicle-bridge coupled system based on an elastic
beam and investigated the influences of beam stiffness and vehicle load on the dynamic
performance of the maglev system. Wang et al. [10] established a model of the maglev
vehicle-bridge coupled system using simulation software and conducted a simulation
analysis of the vertical dynamics of bridges under different span lengths and different
operation speeds. Deng et al. [11] studied the influences of different working conditions
on the ride comfort of maglev vehicles. Hu et al. [12] conducted research on the coupling
vibration of the maglev vehicle-bridge coupled system and obtained the relationships
between the vertical vibration amplitude at the mid-span of the bridge, the variation range
of the suspension gap, and the vehicle speed. Zhang and Yu [13] adopted the Monte Carlo
method and discussed the influences of speed, random irregularities, and random vehicle
loads on the dynamic vibration of the maglev vehicle-bridge coupled system. Through
comparing multiple results, such as the mean value time-history curves, probability density
functions, and extreme value cumulative distribution functions, Wang et al. [14] analyzed
the variation law of the dynamic reliability with the speed of the maglev train. Feng
et al. [15] analyzed the influence laws of the operation speed and control parameters on the
dynamic response under the effect of time delay. Selecting appropriate control parameters
to reduce the influence of time delay is helpful for reducing the strong coupling vibration
of the maglev vehicle-bridge coupled system. Liu and Guo [16] analyzed the vibration
mechanism of the EMS-type maglev vehicle on the long-span bridge with double lines, and
it was shown that the vertical interaction plays a dominant role in the maglev vehicle-bridge
coupled system. Liang et al. [17] studied the vibration responses of the simply supported
box girder bridge-maglev train system at different vehicle speeds. Li et al. [18] constructed
a coupling system of a high-speed maglev train and a flexible long-span continuous rigid
frame bridge. The analysis shows that the rigid car body will resonate with the bridge at low
speeds, which should be avoided during the design process. Zhang et al. [19] compared the
influence of suspension form on the response of the levitation module, air gap fluctuations,
current, and power consumption. Xu et al. [20] studied the lateral responses of the bridge
when the maglev train is operating on a long-span continuous girder bridge at relatively
high speeds, as well as the bridge responses during the operation of double-way trains, in
order to ensure the safe operation of the maglev train. Chen et al. [21] studied the influence
of track beams with different spans and different deflection span ratios on the vibration
response of the coupled system, providing a reference for the design of the maglev line.
Most models assume that the bridge is under classical boundary conditions, but they
are unable to describe the vibration characteristics of the maglev vehicle-bridge coupled
system under general constrained boundaries.

In practical engineering projects, the influence of random parameters on the cou-
pling vibration of the maglev vehicle-bridge coupled system is extremely significant.
Xia et al. [22] analyzed the influences that the parameters of the bridge and the controller
have on the dynamics of the maglev system. Wen et al. [23] developed a three-dimensional
elastic model with parameter uncertainty considered by combining the pseudo-excitation
method (PEM) and the energy method. Sun et al. [24,25] analyzed the influence patterns
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of the control parameters in the maglev vehicle-guideway system and the stable range
of the system to suppress the coupling vibration. It was also proposed to adjust the
proportional gain parameter of the suspension control online to improve the dynamic
performance of the system, enabling the maglev system to obtain a larger stable state
range, thus effectively suppressing the vehicle-track interaction vibration. Talukdar [26]
optimized the suspension parameters, which effectively reduced the vertical acceleration
of the car body and the maximum deflection of the guideway. Yang et al. [27] further
studied the phase deviation problem in semi-active suspension control and proposed an
inertial-suspension-based compensation method. Their study indicated that suspension
performance is closely related to both structural parameters and control strategy, which
also highlights the importance of considering suspension and control parameters in dy-
namic response analysis. Wen et al. [28] developed a three-dimensional elastic vehicle
model including suspended equipment based on the energy method, and investigated
the effects of the suspension parameters of the suspended equipment on the stochastic
vibration response of the vehicle. Zhou et al. [29] conducted a global sensitivity analysis
on the stochastic response of rail vehicles with uncertain parameters and discussed the
influence of uncertain suspension parameters on the stochastic vibration characteristics
of the rail vehicle system. Chen et al. [30] adopted more optimal PID control parameters,
which significantly improved the levitation stability of the maglev train under the action
of random guideway irregularities. Zhou and Li [31] discussed the influences of different
control parameters on the maglev vehicle-bridge coupled system, and demonstrated that
appropriate control parameters can reduce the coupling vibration response. Wang et al. [32]
introduced fuzzy active control, which reduced the overall response of the bridge and
improved the comfort of the maglev train.

According to the above-mentioned literature, many researchers have carried out rele-
vant studies on the vibration characteristics of the maglev vehicle-bridge coupled system,
as well as the influence of bridge parameters and control parameters on the vibration re-
sponse of the system. However, at present, there are few studies on the uncertain vibration
analysis of the maglev vehicle-bridge coupled system from the perspective of the energy
method, resulting in an unclear understanding of the vibration energy characteristics. At
the same time, there are currently two simplified methods for electromagnetic force, and
the influence of these two methods on the vibration response has not been investigated yet.

Therefore, the development of a maglev vehicle-bridge coupled system capable of
considering random parameters is of substantial significance. Although a number of
researchers have initiated relevant investigations, there currently exist the following inad-
equacies. Firstly, the majority of these studies employ classical boundaries to depict the
bridge boundaries, thereby overlooking the impact of intricate boundary conditions. Sec-
ondly, most of them fail to take into account the influence of random suspension parameters
and random control parameters on the vibration characteristics of the system [23,28].

The following work has been carried out in this paper:

(1) A maglev vehicle-bridge coupled system under general constrained boundaries
was established.

(2) The influence of uncertain suspension parameters and control parameters on the
response was discussed.

(3) Sensitivity analyses were conducted on the models under two different control models.

2. Theoretical Modeling

In this study, the calculation model of the two-degree-of-freedom vehicle with constant
conductivity passing through the simply supported beam bridge at uniform speed is
adopted, as shown in Figure 1. The vehicular system comprises three primary components:
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the car body, the car-body suspension system, and electromagnets. 1 and m, are the mass
of the car body and electromagnet, respectively, and k; and ¢ are the stiffness and damping
of the car-body suspension, respectively. L is the bridge span, pA; and El}, are the linear
density and flexural stiffness of the bridge. It is assumed that the bridge deck maintains a
horizontal configuration under its self-weight prior to the traversal of the maglev vehicle,
and that no relative displacement occurs between the guideway and the bridge deck. Let
w(x) denote the track irregularity random field, defined as positive downward, where the
spatial coordinate x is parameterized by the vehicle’s traversal motion as x = Vt, with V
being the constant velocity and ¢ representing time.

Figure 1. Dynamic model of the two-degree-of-freedom maglev vehicle-bridge coupled system.

2.1. Equation of Motion of Bridge System

Using the first-order shear deformation theory (FSDT), each displacement component
of the bridge is expressed as [29]:

U(x,t) = u(x, )+Z(Px(x/t) (1)
W(x,t) = w(x,t)

where 1 and w denote the middle plane displacements of the bridge in the x and z directions.
@y is the cross-sectional rotation, and t is the time variable.
Based on the linear strain-displacement relation, the strains of the bridge are given by:

Ex — ax +z 3(Px
o Bw 2)
Vxz Px +
The normal and shear stresses of the bridge can be further expressed as:
Ox E 0 €x
= 3

where k is the shear correction factor, E is the elastic modulus, and G is the shear modulus.
The strain and kinetic energies of the bridge are expressed:

n/2 cb/2 |1 1
f() 2/2 Z/Z{zgxex + 2sz’rxz}dxdydz

4)
w2 b2 10U 1 OW (
=l ﬁz {732{ p(5r) +3e(50) }dxdydz

where p is the equivalent density of the bridge.
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The equivalent elastic energy introduced by the constraints at both ends of the bridge
can be expressed as:

Upc = 1 {kuxo(u)2 + kaxo(w)? + kxxO((Px)2:| =0+

5
% [kuxL(u)z + kepxL (w)z + kxxL(Q’x)z} |x:L ( )

where k;x0, kwxo, and kyyg are the longitudinal spring stiffness, vertical spring stiffness, and
rotational spring stiffness provided by the support at the left end of the bridge (x = 0),
respectively; k;x1, kyxr, and kyy, are the longitudinal spring stiffness, vertical spring stiffness,
and rotational spring stiffness provided by the support at the right end of the bridge
(x = L), respectively.

2.2. Vehicle System Motion Equation

The elastic and dissipated energies of the car-body suspension are expressed:

Uy = 3ks(yo(t) = ym(t))?

Wy = —des(ialt) — (1) ©

where y,(t) is the vertical displacement of the electromagnet and y,,(t) is the vertical
displacement of the vehicle.

The sum of the kinetic energies of the car body and the suspension frame is ex-
pressed as:

1 . 1 .
Ty = 5mi(i)” + 5m2(0,)° )

2.3. Equation of Electromagnetic Force

Unlike the wheel-rail direct contact method, maglev vehicles overcome gravity by
means of the electromagnetic attraction between the electromagnet and the track to achieve
suspension. Assuming that the magnetic permeability of the ferromagnetic material in the
electromagnet magnetic circuit is infinite, and the magnetic potential is evenly distributed
in the suspended air gap, and the leakage flux in the electromagnet winding is ignored,
the instantaneous suction force generated by the loop electromagnet in the electromagnet
winding can be expressed as [30]:

2 2
F) = A (1) )

where y represents the air permeability, N is the number of turns of the electromagnet

coil, A is the effective magnetic pole area, I(f) is the electromagnet current, and c(x) is the
suspension gap.

Set the current and the suspension gap of the vehicle system during static suspension
as Iy and ¢y, respectively. The electromagnetic force is equal to the gravity G of the vehicle
system. The first-order Taylor expansion of the electromagnetic force is performed at
the static suspension. The expression formula of the nonlinear electromagnetic force in
Equation (8) can be expressed in a linear manner as:

E(t) = G + [kjAL(t) — keAc(x)] )

where AI(t) and Ac(x) are the variation of the current and the variation of the suspension
gap, respectively. k; and k. are the corresponding proportionality coefficients, which can be
expressed as:
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The electromagnetic force serves as an active control input. By feeding signals such
as levitation-gap variation into the levitation controller, the electromagnetic force can be
dynamically adjusted. This closed-loop regulation enables effective control of the levitation-
gap variation, thereby maintaining vehicle levitation stability. Select the variation of the
suspension gap Ac(x), the vertical velocity y,(t), and the vertical acceleration i, () of the
vehicle electromagnet as the state feedback quantities, then the current control law can be
expressed as:

AIl(t) = GlAC(X) + Gzyv(t) + Ggyv(t) (11)

where Gy, Gy, and Gj are the feedback coefficients of Ac(x), i, (t) and v, (t), respectively.
According to the geometric compatibility condition between the vehicle and the bridge,
the variation of the suspension gap can be expressed as:

Ac(x) = yo(t) — yp(x,£) — w(x) (12)

where y,(t) is the vertical displacement of the vehicle electromagnet; y;,(x, t) is the vertical
displacement of the bridge at the acting point of the electromagnetic force.

Substituting Equations (10)—(12) into Equation (9), the electromagnetic force can be
expressed as:

Fi(t) = G+ {kilyo(t) — v (x, 1) = w(x)] + kayy, (£) + ka¥, () } (13)

where ki, ky, k3 can be calculated:

k1 = kiG1 — k¢
ky = kiGy (14)
ks = kG

In addition, there is another commonly used control strategy. By selecting the variation
of the levitation gap Ac(x) and the variation rate of the levitation gap Ac(x) as the state
feedback quantities, the current control rate can be expressed as [33]:

AL (t) = GiAc(x) + GoAc(x) (15)

where G and G, are the feedback coefficients of Ac(x) and Ac(x), respectively. G; and G,
are the same as the coefficients in Equation (11).
The electromagnetic force can be expressed as:

By(t) = G+ {kilyo(t) — yu (x,t) = w(x)] + k2 [, () — v, (x, £)] } (16)

where k; and k; are the same as the values in Equation (14).

For convenience, the model based on the current control law in Equation (11) is
referred to as Model 1, while the model based on the current control law in Equation (15) is
referred to as Model 2. The two current control laws have different physical meanings. In
Model 1, the levitation-gap variation, the absolute vertical velocity, and the absolute vertical
acceleration of the vehicle electromagnet are selected as feedback quantities. Therefore,
the electromagnetic force contains not only the equivalent stiffness term related to the
levitation gap, but also the feedback terms associated with the absolute motion of the
electromagnet. In contrast, Model 2 uses the levitation-gap variation and its variation rate
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as feedback quantities. This means that the electromagnetic force is mainly determined by
the relative displacement and relative velocity between the electromagnet and the bridge.
Therefore, Model 1 can be regarded as a control model with absolute motion feedback
of the electromagnet, while Model 2 represents a relative levitation-gap feedback model.
Although the two models have the same static equilibrium state, their dynamic feedback
mechanisms are different, which may lead to different vibration responses, levitation-gap
variations, and current variations.

2.4. Trial Functions and Unified Solutions

In the traditional method, the trial functions are different and quite complicated for
different boundary conditions. In this paper, the unified trial functions are chosen based on
the energy method. The modified Fourier series is adopted in this paper. The displacement
components of the bridge can be expressed as:

() %0 A c08(Anx) + f1 E10(x) + £1,E2a(x)

m=

w(x) = L Buncos(hut) + ,810(x) + By faa(x) a7)
u(x) = L Concos(hn) + 810 x) + f3,8 ()

where Ay, = mm/L(m =0,1,...,00), Amn, Bun and Cpy, represent the Fourier series expan-
sion coefficients. f and f} (I = 1,2,3) are the corresponding supplement coefficients.

In order to overcome the possible discontinuity problems on the boundary, the auxil-
iary functions can be expressed by:

x.2 x

a(0) = LE(F 1) gaal) = LY (E 1) 18)

Then, the following relation can be obtained:

¢1a(0) = &1a(L) = &1,(L), &3,(0)
¢2(0) = &2a(L) = &3,(L), &3,(0)

which means the first-order derivatives of the proposed trial functions are continuous at
both ends of the bridge.
It is assumed that the infinite series terms in Equation (17) are uniformly truncated

L
I (19)

to M in actual calculations, and the energy expressions (1)—(7) are substituted into Hamil-
ton’s principle:

5]
5/t (Ty + Ty — Uy — U, — Upc + W,)dt =0 20)
0

3 X M + 8 linear algebraic equations can be obtained, which can be further expressed
in the following matrix form:

M,
M,

where subscript b denotes the bridge, My, C, and K, are the mass matrix, damping matrix

Y,
Yo

Y,
\&

G Cpo
va CU

Kb Kbv
Ky K

Y,
Yo

_ l Fi(t)

c —Fi(t)l’i =12 (1)

and stiffness matrix of the bridge system, respectively; Y, Y, and Y,, are the displacement
vector, velocity vector and acceleration vector of the bridge system, respectively; subscript
v denotes the vehicle, M, C, and Ky are the mass matrix, damping matrix and stiffness
matrix of the vehicle system, respectively, and stiffness matrix, respectively; Yy, Y,, Y, and
are the displacement vector, velocity vector, and acceleration vector of the vehicle system,
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respectively; G is the gravity force of the vehicle system; and F;(t) are the electromagnetic
forces under different current control laws between the two models.

2.5. Sensitivity Analysis Method

The Sobol method is adopted in this study for global sensitivity analysis. Sobol sensi-
tivity analysis is based on variance-decomposition theory. It does not require the model to
be linear. The method only requires the input variables to be mutually independent and the
model output to have a finite variance. This method defines a (k)-dimensional unit hyper-
cube (Qk) as the input parameter space, which can be expressed as OF={x10< x<1l,i=1,
2,...,k}. The core idea of the Sobol sensitivity analysis method is to decompose the function
into a sum of component functions:

f(x1/x2/'--/xk):fO‘f‘Z]::fi(xi)‘f‘ f filxi)

0<i<j<k (22)
4ot f1,2,,..,k(X1, X2, ... ,xk)

In the above equation, the right-hand side contains (2¥) component functions, and
different decomposition forms can be used. A decomposition method based on multiple
integration is usually adopted. According to the definition of continuous variance and
basic statistical theory, the total variance of the model output (f(x)) is given by:

D= /.fz(x)dx — f2 (23)

The variances of the component terms of (f(x)) at different orders are referred to as
partial variances. Accordingly, the (s)-order partial variance is given by:

1 1
2
D, iy,..is = /"'/fil,iZ,,,,,is (i, Xiy, -, X, )dxg dx, - - - dx, (24)
o0

By squaring both sides of the decomposition of (f(x)) and integrating over the whole
domain, and considering the mutual orthogonality of the component terms, it can be
concluded that the total variance is equal to the sum of the partial variances at different
orders. In addition, the sensitivity coefficient at each order is defined as the ratio of the
corresponding partial variance to the total variance. In this study, the first-order sensitivity
coefficient is mainly used to evaluate the influence of each parameter on the response.

Finally, to facilitate the calculation, the integrals can be estimated using the Monte
Carlo method:

_ 12
fo= szW) @)
D= Y )~ o 20
_ 14 3
Dy = Y £l G x0T @

In the equation, when (D;) is calculated, two values of (f) are multiplied. One value
of (f) is obtained by substituting the corresponding vector (x) from the first sample set.
The other value of (f) is obtained by substituting a mixed vector, in which all components
except (x;) are taken from the second sample set, while (x;) remains unchanged.
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3. Model Verification

The maglev vehicle-bridge coupled model shown in Figure 1 was used to carry out
numerical simulation research. Detailed parameters are listed in Table 1, which can be
obtained from the literature [30].

Table 1. The specific parameters of the model.

Items Notation Value
car-body mass my 500 kg
electromagnet mass my 300 kg
car-body suspension stiffness ks 14 x 10* N/m
car-body suspension damping Cs 5.8 x 10> N's/m
air permeability Mo 47t x 1077 H/m
effective magnetic pole area A 0.049 m?
coil turns N 356 T
static suspended floating current Iy 20 A
static suspension gap o 0.01 m
displacement feedback coefficient Gy 7500 A/m
velocity feedback coefficient Gy 10 A-s/m
acceleration feedback coefficient Gs 0.5A-s>/m
bridge span L 20m
linear density 0Ap 1.42 x 10% kg/m
flexural stiffness EI, 1.66 x 108 N-m?

The power spectral density function of orbital irregularity can be expressed as [33]:

_ Aw

Swl(w) = = (28)

where w is the spatial circular frequency, w = 27, and f is the spatial frequency; a is the
frequency characteristic parameter; A, is the roughness coefficient. «, A, and f are three
characteristic parameters that can be obtained from the literature [34]. The track irregularity
samples generated by the calculations in this paper are shown in Figure 2.

Track irregularity amplitude(mm)

0 5 10 15 20 25 30
Distance(m)

Figure 2. Simulated track irregularity sample.

3.1. Convergence Study

To determine the specific value of the truncation number M required for the bridge, this
section conducts a relevant analysis on the convergence of the bridge’s natural frequencies
with respect to the order M of the basis functions. As shown in Table 2, it can be observed
that when the order M > 12, the natural frequencies of the bridge system exhibit good
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The variation of the levitation

Mid-span vertical displacement(mm)

convergence. Therefore, in subsequent numerical examples, the order M of the bridge’s
basis functions is set to 14.

Table 2. Convergence analysis of natural frequencies (Hz) with respect to the truncation number (M).

Mode M=4 M=6 M=8 M=10 M=12 M=14 M=16

1.34 1.34 1.34 1.34 1.34 1.34 1.34
5.62 5.36 5.33 5.33 5.32 5.32 5.32
14.25 11.96 11.87 11.85 11.85 11.85 11.84
32.55 21.56 20.89 20.79 20.76 20.75 20.75
40.23 38.92 32.19 31.93 31.86 31.84 31.83
80.52 40.22 40.22 40.22 40.22 40.22 40.22
124.36 72.57 46.34 45.17 44.97 4491 44.88
167.67 80.46 72.70 60.33 59.85 59.73 59.70

IO UT b WDN -

3.2. Verification of the Correctness of the Model

To further clarify the verification procedure, the benchmark results in Ref. [30] were
used for comparison, and the results are presented in Figure 3. In the verification process,
the vehicle parameters, bridge parameters, boundary conditions, running speed, and track
irregularity input were kept the same as those reported in Ref. [30]. The mid-span vertical
displacement of the bridge, the vertical acceleration of the car body, the levitation-gap
variation, and the current variation were selected as the main comparison quantities.

12 0.2 T
N\: Present Method
10r £ — — — Chenetal,2025
ES
5
8t 3
5 0
5]
or 3
=
2
4r g
2
8 -0.2
2t
B
0 Present Method g
= = = =Chenetal., 2025 >
_2 1 1 1 1 _0.4 1 1 1 1
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
Time(s) Time(s)
(a) (b)
1 4
Present Method 3t Present Method |
== = =Chenetal., 2025 — = = Chenetal., 2025

gap(mm)

Variation of current(A)

0.2

0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
Time(s) Time(s)

(c) (d)

Figure 3. Comparison between the present results and those from Chen et al. [30]: (a) mid-span
vertical displacement of the bridge; (b) vertical acceleration of the car body; (c) levitation-gap
variation; (d) current variation.
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The blue curve represents the mid-span displacement of the bridge, the vertical
acceleration of the car body, the variation of the levitation gap, and the variation of the
current calculated by the theoretical model in this paper. The red dotted curve represents
the results from the literature [30]. There is a satisfactory agreement between the two, which
means the proposed method can obtain various responses of the maglev vehicle-bridge
coupled system.

Then, the results of the system responses obtained from two different models are
compared, as shown in Figure 4.

12 : : : . 0.2
? Modell A ! Modell
g10r - = - Model2 g - = = - Model2
£ Z
£ 8t 2
g 5 O
e oof 5
= 5
= E=|
é 4 E
2 8 -0.2
g 2 g
& =
< 0 -2
:

) . , , . 0.4 . . , .

0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
Time(s) Time(s)
(a (b)
4 . . . . 4 T r T T
sl Modell i
= = = -Model2

Variation of current(A)

Variation of current(A)

Time(s) . . Time(s)

(c) (d)

Figure 4. Comparison of dynamic responses obtained from Model 1 and Model 2: (a) mid-span
vertical displacement of the bridge; (b) vertical acceleration of the car body; (c) levitation-gap
variation; (d) current variation.

It can be concluded that the displacement at the mid-span of the bridge is not affected,
the peak value of the car-body acceleration is less affected, while the changes in the
levitation gap and current are significantly affected.

In addition, the effects of typical boundary conditions on the responses of the maglev
vehicle-bridge coupled system are shown in Figure 5.

Here, E denotes the elastic restraint, and S denotes the simply supported bound-
ary condition. The stiffness values of the elastic restraints are E; = 1 x 107 N/m?,
E; =5 x 10° N/m?, and E3 = 1 x 10° N/m?. The proposed method can effectively
simulate different complex boundary conditions. The results indicate that a decrease in the
stiffness of the boundary restraints leads to increased vibration responses of both the car
body and the guideway beam.
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Figure 5. Influence of boundary conditions on the responses of the maglev vehicle-bridge coupled
system: (a) mid-span vertical displacement of the bridge; (b) vertical acceleration of the car body;
(c) levitation-gap variation; (d) current variation.

4. Parameter Study

In this paper, to investigate the influence of uncertain suspension parameters and
control parameters on the system, the Monte Carlo method is employed for the research.
It is necessary to determine the variation range of random parameters. Reference [34]
showed that, because of temperature variations, rubber aging, manufacturing errors, and
other factors, the variations of suspension parameters may reach up to 100% under actual
operating conditions. For most suspension parameters, the variation range caused by
parameter errors from —15% to +100% should be considered. In addition, Ref. [35] also
indicated that the actual values of suspension parameters may fluctuate between 85% and
115% of their nominal values. It was clearly stated in Ref. [35] that a fluctuation range of
+£15% is consistent with the tolerances usually specified for the supply of these railway
components. Therefore, this range can be regarded as an acceptable range of parameter
dispersion in engineering practice. In the sensitivity analysis presented in this section, to
account for the sensitivity characteristics of the vehicle system under extreme operating
conditions, the variation range of the suspension parameters was set to 85-200% of the
nominal values [34]. The variation range of the control parameters is obtained from the
literature [36]. For the three control parameters, the range of the displacement feedback
coefficient is 5000 to 10,000, the range of the velocity feedback coefficient is 5 to 20, and
the range of the acceleration feedback coefficient is 0.2 to 0.6 [28]. In addition, uniform
random sampling was adopted in this study, and the number of samples was set to 100.
This sampling scheme allows the parameter space to be explored over the prescribed ranges
and can account for the influence of extreme operating conditions.

https:/ /doi.org/10.3390/machines14070734


https://doi.org/10.3390/machines14070734

Machines 2026, 14, 734 13 of 28

4.1. Influence of Car-Body Suspension Parameters

The influences of car-body suspension stiffness on mid-span vertical displacement,
car-body vertical acceleration, suspension clearance variation, and current variation can be
obtained from Figure 6. Among them, the blue line represents the result of taking the ks
minimum value, the black line represents the result of taking the ks maximum value, the
remaining values are represented by the yellow line, and the red dashed line represents the
average value of all results, which is the same in the subsequent images.
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o
T

(=)
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4 02
2
704 -
0
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The variation of the levitation gap(mm)
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Figure 6. Influence of car-body suspension stiffness (ks) on stochastic responses: (a) mid-span vertical
displacement of the bridge; (b) vertical acceleration of the car body; (c) levitation-gap variation;

(d) current variation.

With the increase in suspension stiffness, the vertical acceleration of the vehicle body
increases as a whole. The mid-span displacement, current variation, and suspension gap
variation of the bridge have almost no change. The suspension stiffness of the car body can
be reduced appropriately, and the smoothness and comfort of the car body can be improved.

The influences of car-body suspension damping on mid-span vertical displacement,
car-body vertical acceleration, suspension clearance variation, and current variation can be
obtained from Figure 7.

With the increase of suspension damping, the vertical acceleration oscillation of the
vehicle body decreases, but the change is not significant. It mainly affects the time to return
to a stable state, and the greater the damping, the faster the recovery speed.
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Figure 7. Influence of car-body suspension damping (cs) on stochastic responses: (a) mid-span
vertical displacement of the bridge; (b) vertical acceleration of the car body; (c) levitation-gap
variation; (d) current variation.

4.2. Influence of Feedback Coefficient

The influences of the displacement feedback coefficient on mid-span vertical displace-
ment, car-body vertical acceleration, suspension clearance variation, and current variation
can be obtained from Figure 8.
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Figure 8. Cont.
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Figure 8. Influence of displacement feedback coefficient (G;) on stochastic responses: (a) mid-
span vertical displacement of the bridge; (b) vertical acceleration of the car body; (c) levitation-gap
variation; (d) current variation.

With the increase of the displacement feedback coefficient, the vertical acceleration
of the car body increases gradually. The displacement feedback coefficient G; reflects the
stiffness effect of the electromagnetic force between the bridge and the electromagnet, and
the vertical acceleration of the car-body increases with the increase of the system stiffness.

With the increase of the displacement feedback coefficient, the variation of the electric
current increases significantly. The larger the value of the displacement feedback coefficient
is, with other parameters remaining constant, the more sensitive the coil current is to the
change in the gap. The variation of the current increases to some extent as the value of
G increases.

The influences of the velocity feedback coefficient on mid-span vertical displacement,
car-body vertical acceleration, suspension clearance variation, and current variation can be
obtained from Figure 9.

With the increase of the velocity feedback coefficient, the vertical acceleration of the
car body, the variation of current, and the variation of suspension clearance all decrease.
The velocity feedback coefficient G, reflects the damping effect of the electromagnetic force
between the bridge and the electromagnet, which increases the damping of the whole
system so that the whole system can stabilize at the rated clearance faster, reduce the
vertical acceleration of the car body, and improve the smoothness and comfort of operation.
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Figure 9. Cont.
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Figure 9. Influence of velocity feedback coefficient (G,) on stochastic responses: (a) mid-span vertical
displacement of the bridge; (b) vertical acceleration of the car body; (c) levitation-gap variation;
(d) current variation.

The influences of the acceleration feedback coefficient on mid-span vertical displace-
ment, car-body vertical acceleration, suspension clearance variation, and current variation
can be obtained from Figure 10.
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Figure 10. Influence of acceleration feedback coefficient (G3) on stochastic responses: (a) mid-span
vertical displacement of the bridge; (b) vertical acceleration of the car body; (c) levitation-gap
variation; (d) current variation.
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The acceleration feedback coefficient G3 reflects the mass effect of the electromagnetic
force between the bridge and the electromagnet. As the acceleration feedback coefficient
increases, the vertical acceleration of the car body is somewhat reduced.

5. Sensitivity Analysis

This section analyzes the sensitivity of different responses to the suspension parame-
ters, ks and ¢;, and control parameters G1, G, and G3. The sensitivity analysis results of
Model 1 for the above five parameters are represented by the blue line. The sensitivity
analysis results of Model 2 for the four parameters, excluding G3, are represented by the
red dotted line.

5.1. Sensitivity Analysis of the Car-Body Acceleration

The results of the time-history analysis of the sensitivity of the acceleration response
of the car body are shown in Figure 11. The mean values and variances of the sensitivity
results for each parameter are shown in Table 3.

Table 3. Mean values and variances of the dimensionless Sobol sensitivity indices for acceleration
responses in the two models.

Sensitivity Method ks Cs G Gy G3
mean value Model 0.5075 0.1624 0.1799 0.0017 0.0364
variance ode 0.1118 0.036 0.036 333 x107°  0.0023
mean value Mode2 0.5508 0.186 0.2327 0.006
variance ode 0.1151  0.0453  0.0759  1.22 x 1074
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Figure 11. Sobol sensitivity indices of the car-body acceleration response in the two models: (a) ks;
(b) cs; () G1; (d) Go; (e) Ga.

There is little difference in the results of the sensitivity analysis of the car-body accelera-
tion between the two models. The parameter with the highest sensitivity to the acceleration
response of the car-body vibration is k;. The two parameters, ¢; and Gy, also exert a certain
degree of influence on the acceleration of the car-body vibration. The influences of the
other two parameters are relatively negligible.

5.2. Sensitivity Analysis of the Levitation Gap

The results of the sensitivity of the variation of suspension gap are shown in Figure 12.
The mean values and variances of the sensitivity results for each parameter are shown
in Table 4.

Table 4. Mean values and variances of the dimensionless Sobol sensitivity indices for the levitation
gap in the two models.

Sensitivity Method ks Cs Gy Gy G;3
mean value Model 0.005 56 x 1074 0.5329 0.0122 0.0992
variance 0del  18x10% 15x10° 0.0299 7.18x 10~* 0.0063
mean value Mode2 0.011 0.0023 0.90 0.034
variance 0de€s 273 %1074 21 x 1075  0.0061 0.0032
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Figure 12. Sobol sensitivity indices of the levitation-gap variation in the two models: (a) ks; (b) cs;
() G1; (d) Go; (e) Ga.

For the two models, the influences of the two suspension parameters, ks and cs, on the
suspension gap can be neglected. Among the control parameters, G; and G3 predominantly
influence the suspension gap, with G; exerting a more significant impact. The sensitivity
of G, is comparatively low. For the second model, the parameter G; exerts an absolute
influence, and the average value of its sensitivity reaches 0.9.

5.3. Sensitivity Analysis of the Current

The sensitivity results of the variation of the electric current are shown in Figure 13.
The mean values and variances of the sensitivity results for each parameter are shown
in Table 5.

Table 5. Mean values and variances of the dimensionless Sobol sensitivity indices for the current in
the two models.

Sensitivity Method ks Cs Gt Gy Gs3
meanvalue . 0.0113 0.0024 0.499 0.0077 0.1
variance 0del 794 x 1074 1.82x 1074 0037 372 x107% 0.0062
meanvalue 0.0116 0.0023 0.90 0.035
variance ode 26 x107% 359 x 1075 0.0107 0.0076
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Figure 13. Sobol sensitivity indices of the current variation in the two models: (a) ks; (b) cs; (c) Gy;
(d) G2; (e) Gs.

The current control includes the variation of the suspension clearance, and the results
of the sensitivity analysis are similar. The sensitivities of ks and c;, the two suspension
parameters, as well as among the control parameters G,, are all relatively low. Among the
control parameters, G and Gs predominantly influence the variation of electric current,
with G; exerting a more significant impact. For the second model, the parameter G; exerts
an absolute influence, and the average value of its sensitivity reaches 0.9.
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5.4. Sensitivity Analysis of the Car-Body Kinetic Energy

The sensitivity results of the kinetic energy of the car body are shown in Figure 14.
The mean values and variances of the sensitivity results for each parameter are shown

in Table 6.
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Figure 14. Sobol sensitivity indices of the car-body kinetic energy in the two models: (a) ks; (b) cs; (c)
Gy; (d) Gy; (e) Gs.

The results of the sensitivity analysis of the car-body’s kinetic energy are hardly
affected by the two models. The kinetic energy of the car body is mainly affected by ks and
cs. The values of ks and ¢; can be appropriately adjusted to improve the running smoothness.
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Table 6. Mean values and variances of the dimensionless Sobol sensitivity indices for the car-body

kinetic energy in the two models.

Sensitivity =~ Method ks Cs G1 Gy Gs3
mean value Model 0.75 0.2 0.018 45 x 1074 0.004
variance ode 0.08 0.057 0.0036 1.77 x 1076 2.44 x 10~*
mean value 0.76 0.21 0.013 4.73 x 1074
. Mode2 -6
variance 0.079 0.064 0.0025 2.31 x 10

5.5. Sensitivity Analysis of the Kinetic Energy of the Levitation Frame

The results of the sensitivity analysis of the kinetic energy of the levitation frame

are shown in Figure 15. The mean values and variances of the sensitivity results for each

parameter are shown in Table 7.

Table 7. Mean values and variances of the dimensionless Sobol sensitivity indices for the levitation-

frame kinetic energy in the two models.

Sensitivity =~ Method ks Cs G1 Gy Gs3
mean value Model 427 x 107% 3.79 x 1074 0.45 0.024 0.1058
variance ode 85x 107 789 %1077 0038  0.0014  0.0057
mean value Mode? 986 x 107* 75 x 10~* 0.88 0.049
variance ode 3.66 x 1076 1.14 x 106  0.0133  0.0047
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https:/ /doi.org/10.3390 /machines14070734


https://doi.org/10.3390/machines14070734

Machines 2026, 14, 734 23 of 28

0.4
Modell
0.3F
L
E 0.21
2
Z 0.1
Q
n
0.
=0.1 ' . . '
0 0.2 0.4 0.6 0.8 1
Time(s)
(e)

Figure 15. Sobol sensitivity indices of the levitation-frame kinetic energy in the two models: (a) ks;
(b) ¢s; () G1; (d) Gy; (e) Gs.

In both control models, the sensitivities of both ks and cs are extremely low. For the
three control parameters, in Model 1, G; and G3 mainly affect the kinetic energy of the
suspension frame. In Model 2, G; and G affect the kinetic energy of the suspension frame.
The sensitivity index of G is the highest.

5.6. Sensitivity Analysis of the Vertical Kinetic Energy of the Bridge

The results of the sensitivity analysis of the vertical kinetic energy of the bridge are
shown in Figure 16. The mean values and variances of the sensitivity results for each
parameter are shown in Table 8.

Table 8. Mean values and variances of the dimensionless Sobol sensitivity indices for the bridge
vertical kinetic energy in the two models.

Sensitivity =~ Method ks Cs G1 Gy Gs
mean value Model 0.26 0.05 0.37 0.01 0.099
variance ode 0.08 0.057 0.0036 177 x 107¢ 2.44 x 1074
mean value Mode2 0.27 0.06 0.60 0.037
variance ode 01166  0.0197  0.1245 0.0033
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Figure 16. Cont.
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Figure 16. Sobol sensitivity indices of the bridge vertical kinetic energy in the two models: (a) ks;
(b) ¢s; (c) Gy; (d) Go; (e) G-

The sensitivity results of the two models are compared, and it is mainly shown that
the sensitivity indices of Gy and G, increase. The average value of the sensitivity of G;
is the highest among both models, and it has a relatively greater influence in the second
model. ks has a relatively significant influence in the second half of the stroke.

5.7. Sensitivity Analysis of the Suspension Potential Energy

The results of the sensitivity analysis of the suspension potential energy are shown in
Figure 17. The mean values and variances of the sensitivity results for each parameter are
shown in Table 9.

Table 9. Mean values and variances of the dimensionless Sobol sensitivity indices for the suspension
potential energy in the two models.

Sensitivity =~ Method ks Cs G1 Gy Gs3
mean value Model 0.69 0.15 0.089 9.43 x 104 0.0188
variance ode 0.077 0.026 0019  232x105  0.0013
mean value Mode2 0.73 0.18 0.075 0.0018
variance ode 0.069 0.042 0.015 1.57 x 1075

There is little difference in the results of the sensitivity analysis of the suspension potential
energy between the two models. The sensitivity indices of the three control parameters are
rather low. The suspension potential energy is significantly influenced by ks and c;.
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Figure 17. Sobol sensitivity indices of the suspension potential energy in the two models: (a) ks; (b) cs;
() G1; (d) Gy; (e) Gs.

5.8. Sensitivity Analysis of the Potential Energy of the Bridge

The results of the sensitivity analysis of the potential energy of the bridge are shown
in Figure 18. The mean values and variances of the sensitivity results for each parameter
are shown in Table 10.

The results of the sensitivity analysis are compared. After eliminating the parameter
Gs, the sensitivity of the parameter G; increases, while the sensitivities of other parameters
change slightly. The potential energy of the bridge is mainly influenced by ks and G;.
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Figure 18. Sobol sensitivity indices of the bridge potential energy in the two models: (a) ks; (b) cs; (c)

G1; (d) Gy; (e) Gs.

Table 10. Mean values and variances of the dimensionless Sobol sensitivity indices for the bridge

potential energy in the two models.

Sensitivity Method ks Cs G1 Gy G3
mean value Model 0.4769 0.1758 0.2204 0.0041 0.0532
variance ode 0.1489 0.0741 0.0747 0.0189 0.011
mean value Mode2 0.5207 0.1935 0.2549 0.016
variance ode 0.1365 0.0962 0.1196 0.0075
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6. Discussion

(1) When the stiffness of the car-body suspension increases, the overall vertical accelera-
tion of the car body also increases. It is advisable to appropriately reduce the stiffness
of the vehicle body suspension, thereby enhancing the running stability and comfort.

(2) The damping of the car-body suspension mainly affects the time required to return to
the stable state. The greater the suspension damping, the faster the return speed.

(38) The vertical acceleration of the car body increases with the increase of the displacement
feedback coefficient. The displacement feedback coefficient should not be too small,
which may lead to the instability of the levitation, nor should it be too large, which
will significantly increase the dynamic response of the system.

(4) The velocity feedback coefficient can be appropriately increased to enhance the stabil-
ity of the system.

(5) The acceleration feedback coefficient G3 reflects the mass effect of the electromagnetic
force between the bridge and the electromagnet.

(6) The sensitivity analysis results of the two models are compared. The changes in k;
and c; are relatively small, and mainly G; and G, are affected.
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