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a b s t r a c t

This paper presents a theoretical model for a guideway suspension bridge that is crossed by the urban
maglev vehicle when subjected to gusty winds. By combining the eleven-DOF maglev vehicle model and
themodal properties of the guideway bridge, the coupled equations ofmotion are derived. The governing
equations are solved in a time domain using the simulated rail roughness andwind fluctuation velocities.
Numerical simulations of the maglev vehicle running on the guideway suspension bridge revealed that
the vibrations of the vehicle are sensitively affected by its speed and by wind forces because of the strong
vehicle-bridge interaction. The ride quality of themaglev vehicle can be diminished by the low frequency
vibrations induced by the guideway bridge as well as by turbulent wind.

© 2008 Elsevier Ltd. All rights reserved.
1. Introduction

Since the 1970s, studies have been carried out on the ground
transportation system based on the non-contact maglev (magnet-
ically levitated) vehicles that have linear motor propulsion [1,2].
There are two types of maglev vehicles: the first type has an elec-
tromagnetic suspension (EMS) that utilizes the attractive force be-
tween the electromagnet and guide rail, and the second has an
electrodynamic suspension (EDS) that uses the repellent force in-
duced by superconductors. The advantages of the maglev system
compared with the conventional wheel-rail system are known to
be a reduced risk of derailment, an increased riding comfort, a re-
duced noise, a reduced need for maintenance of the guideway, and
energy saving [3].
Most of the research into maglev technology has been

conducted in Germany and Japan, where running test lines have
been constructed for the high-speed maglev system.These studies
essentially focus on the speed and technology for inter-city
transportation and finally resulted in the operation of the first
commercial line in Shanghai, China. However, use of the high-
speed maglev system is not widespread because of the high cost
involved in the construction of the new exclusive maglev system,
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which is not compatible with the conventional railway system. In
order to extend a new market for the maglev system, a low and
medium speedmaglev system has therefore recently been studied.
The urban transit maglev system, as an alternative for

the existing low and medium speed transportation systems
dominated by light rail, rapid transit and commuter rail, has
been studied to provide effective transportation in metropolitan
areas. Accordingly, the UTM (urban transit maglev) system has
been developed in Korea since the end of 1980s, resulting in the
successful operation of the first version of the system [4], UTM-01,
in a short test line (see Fig. 1). UTM-02 will become available for
public use on an extended test line in the near future [5].
Many researchers have studied the dynamic interaction be-

tween the traditional train and flexible bridges. [6,7]. Recently, Di-
ana and Cheli [8] studied the problem of train-bridge interaction
for long span bridges. Yang and Yau [9] investigated the coupled
behavior of high-speed trains and bridges. Xu et al. [10] simulated
the dynamic response of the train-bridge-wind interaction system.
However, although the maglev is considered to be a future trans-
portation system, very limited research has been performed in the
area of the interaction problem of the maglev vehicle-guideway
bridges. Hedrick et al. [11] carried out a numerical simulation for
a simple maglev vehicle running on a two-span continuous guide-
way bridge in order to investigate its vehicle riding quality. Cai et
al. [12] performed a parametric study on short span bridges that
are crossed by a two degrees-of-freedommaglev vehicle that has a
passive spring and dashpot suspension. Zheng et al. [13] performed
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Fig. 1. Urban maglev system UTM-01.

a numerical simulation of a coupled five degrees-of-freedom ma-
glev vehicle and guideway system that has a controllable feedback
magnetic force. Zhao and Zhai [14] investigated the ride quality of
a two-dimensional model of the German Transrapid maglev vehi-
cle that has an equivalent passive suspension running on a simple
beam.
Considering that 40%–80% of the initial costs are likely to be

invested for the construction of the guideway bridges [3,12], more
emphasis should be placed on the guideway system itself. Previous
studies focused either on the stability of the magnetic force or on
the interaction effect in very short span bridges, while minimal
interest was paid to the effects of external disturbance, such
as a gusty wind or large deflection of the guideway structure.
The maglev vehicle may cause a large deformation of the cable-
supported bridge, which is likely to produce large deflections that
could degrade the runability and the ride comfort of the maglev
vehicle. Moreover, gusty winds may affect the ride quality of the
vehicle.
The purpose of this study is to create a framework for an

interaction analysis between a low speed maglev vehicle and
a flexible guideway structure. In addition, a feasibility study
is performed for the application of the maglev system to a
flexible suspension bridge that has a large deformation. This paper
presents a theoretical model for a maglev vehicle and guideway
bridges acting under a gusty wind in order to investigate the
dynamic behavior of the maglev-guideway-wind coupling system.
An eleven degrees-of-freedom maglev vehicle model is developed
from the method used in conventional vehicle dynamics [6,15]. By
combining the maglev vehicle model with the modal properties
of a guideway suspension bridge, the governing equation of
motion is derived. From the numerical simulations, the dynamic
amplification effect of the guideway bridge and the ride quality of
the maglev vehicle are examined.

2. Dynamic models

2.1. Cable-supported guideway bridge

Cable-supported bridges generally consist of a stiffening girder,
cables, and towers. The magnetic forces of the vehicle running on
a cable-supported bridge are transmitted from the bogies to the
reaction plate or rail, and then to the cables through the guideway
girder. While the mechanism of the force transmission from car to
bridge is slightly more complicated than in an ordinary vehicle-
bridge system, it is reasonable to assume that there is no relative
deflection between the rail and guideway girder. This means that
the magnetic forces are directly transmitted to the guideway
girder. For an analysis of a suspension bridge, the following few
assumptions and approximations need to be made:

• Bridge pylons are on a rigid base.
• Flexural stiffness of the cable is negligible.
• The main cable carries the initial dead load without causing
stress in the stiffening girder.
• All materials in the bridge remain in a proportional range after
the initial static equilibrium state.

The cable-supported bridge is modeled using commercial
structural analysis software based on the finite element method.
Moreover, since the number of degrees of freedomof the guideway
bridge is generally much larger than that of the maglev vehicle, it
appears to be reasonable, for computational efficiency, to reduce
the number of equations by applying the mode superposition
method to the guideway bridge. Denoting the transverse, vertical
and torsional displacements of a guideway bridge by yg , zg and θg ,
respectively, the displacements of the guideway can be expressed
as a summation of each component of the normalizedmode shape,
φi(x) and generalized coordinate, qi(t),[
yg(x, t) zg(x, t) θg(x, t)

]T
=

n∑
i=1

[
φ
y
i (x) φzi (x) φθi (x)

]T
× qi(t) (1)

where n is the number of concerned modes. The kinetic, potential
and dissipation energies of a guideway bridge can be derived using
the normalized mode shape and generalized coordinate.

Tg =
1
2

n∑
i=1

q̇2i (2a)

Vg =
1
2

n∑
i=1

ω2i q
2
i (2b)

Dg =
1
2

n∑
i=1

2ξiωiq̇2i (2c)

where ωi and ξi are the natural frequency and damping ratio,
respectively, of the ith mode of a guideway bridge.

2.2. Maglev vehicle

The urban maglev vehicle, UTM-01, shown in Fig. 1, comprises
one cabin body and six levitation bogies for propulsion. It is
assumed that the vehicle is traveling at a constant speed along
the guideway. To simplify the vehicle, the car cabin and bogies
are regarded as a rigid element, neglecting the local elastic
deformation during vibration. The body and bogies are connected
through the secondary suspension, which consists of a pneumatic
spring and viscous damper. Electromagnetic forces in heave and
sway directions are generated from the magnetic wheel at each
bogie. The electromagnetic force is related to the gap between the
rail and electromagnet, the excitation frequency, coil current and
control law. However, a simple and precise electromagnetic force
function could still not be obtained from the theoretical studies and
laboratorial tests [14]. The electromagnetic primary suspension of
the bogie is simplified as a passive suspension with a spring and
dashpot from the tangent slope of the electromagnetic force and
gap characteristic curve [1,16].
An eleven-DOF maglev vehicle model is established based on

the configuration of UTM-01. As shown in Fig. 2, the cabin body has
a five-DOF: vertical (heave) and transverse (sway) displacement,
and rotation about the x-axis (roll), y-axis (pitch) and z-axis
(yaw). m and Im are the mass and mass moment of inertia,
respectively. y, z and θ are the transversal, vertical and rotational
displacements, respectively. Subscript ‘‘c ’’ denotes the cabin, and
‘‘g ’’ refers to the guideway. In addition, subscripts ‘‘v’’ and ‘‘h’’
correspond to the vertical and horizontal directions, respectively,
and ‘‘V ’’ is the vehicle speed.
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Fig. 2. Maglev vehicle and guideway interaction model.

Each bogie is supported on the guideway through the primary
suspension and can move vertically and transversely, while the
transverse movement of the bogie coincides with that of the
car body. Consequently, each bogie has only a one-DOF, and the
transverse displacement of the jth bogie can be geometrically
obtained using the transverse displacement of the car cabin, yc and
the yaw angle, θcz . The following expressions are the transversal
and vertical displacements at the jth bogie position caused by rigid
body motions of the car cabin,

ycj = yc + θczaj (3a)

zcj = zc − θcyaj + θcxej. (3b)

The following kinetic, potential and dissipation energies of the
maglev vehicle can be expressed in terms of the vehicle properties
and displacements of the guideway bridge,

Tv =
1
2

(
mc ż2c +mc ẏ

2
c + Imxθ̇

2
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2
cy + Imz θ̇

2
cz +mcV
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ż2j + ẏ
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where ycj and zcj are the transverse and vertical displacements,
respectively, of the car cabin at the jth bogie position, ygj and
zgj are the transverse and vertical displacements, respectively, of
the guideway bridge beneath the jth bogie, and z∗c and z

∗

j are
the vertical static displacements of the cabin and the jth bogie,
respectively. kvj and cvj are the stiffness and damping constant,
respectively, of the jth bogie in the vertical direction, khj and chj
are those in the horizontal direction, and ksj and csj are those in the
secondary suspension connecting the jth bogie and the cabin. The
rail irregularity in the vertical and horizontal directions beneath
the jth bogie is expressed by means of rvj and rhj, respectively.

2.3. Wind forces acting on the guideway and vehicle

Thewind forces acting on a flexible structure can bedivided into
static, buffeting and motion-dependent self-exciting components.
It is generally accepted that the stiffness contribution made from
the self-excited wind forces on a bridge is negligible at a low wind
velocity, while the additional damping caused by the self-excited
forces is significant even at a low wind velocity. In this study, the
equivalent damping approach is used to consider the following
aerodynamic damping of the ithmode of the guideway bridge [18],

ξ aeroi =
1
4
ρB4

(
H∗1Ghihi + A

∗

2Gαiαi + P
∗

1Gpipi
)

(5)

where B is the deck width, ρ is the air density, H∗1 , A
∗

2 and
P∗1 are the flutter derivatives, and Ghihi ,Gαiαiand Gpipiare the
double modal integration coefficients. The total damping ratio of
the guideway bridge under wind action combines the inherent
structural damping ratio with the aerodynamic damping ratio.
The buffeting wind forces acting on the flexible guideway

bridge, which are caused by fluctuating components of wind
velocity, can be computed from the generated wind velocities
based on strip theory. The corresponding static and buffeting wind
forces acting on a guideway bridge can be expressed as follows,
f gwD
f gwL
f gwM

 = 12ρU2B
{ CD
CL
BCM

}

+
1
2
ρU2B

 2CD 0
2CL/U

(
C ′L + C

′

D

)
2BCM/U BC ′M

{u(t)
w(t)

}
(6)

where U is the mean wind velocity, u and w are the drag and lift
components, respectively, of the fluctuating wind velocity, and fD,
fL, and ffM are the drag, lift and pitching moments, respectively. CD,
CL,CM ,C ′L andC

′

M are the drag, lift, pitchingmoment coefficients and
their derivatives. By multiplying Eq. (6) by the model shapes and
integrating them along the bridge length, the following ith modal
buffeting wind force acting on a guideway bridge can be obtained:

F gwi =
∫ L

0

(
φ
y
i f
gw
D + φ

z
i f
gw
L + φ

θ
i f
gw
M

)
dx. (7)

The aerodynamic model used in this study is adopted from
previous research. The wind forces applied on the maglev vehicle
are evaluated from the resultant wind velocity (see Fig. 2) as
the product of the generated wind velocity and vehicle running
velocity, without considering unsteady aerodynamics [10]. The
relative wind velocity, VR is expressed as follows:

VR =
√
(U + u(t))2 + V 2. (8)

The following equation represents the four components of the
wind force acting on the car cabin, which are the side force, lift
force, rolling moment and yawing moment [15],[
f cwS f cwL f cwRM f cwYM

]
=
1
2
ρV 2R A

[
CcS CcL HCcRM HCcYM

]
(9)

whereA is the side area of the cabin, andH is the height of the cabin.
CcS , CcL, CcRM and CcYM are the side force, lift force, rolling moment
and yawing moment coefficients of the cabin, respectively, which
are dependent on the incidence angle of the relative wind velocity.

3. Governing equations and dynamic simulations

3.1. Equations of motion for the coupled system

The kinetic, potential and dissipation energies of the guideway
bridge are given in Eq. (2) in terms of the normalized mode shape
and generalized coordinate. The energies of the maglev vehicle
in Eq. (4) are expressed using the inertia, linear spring, damping



3448 S.-D. Kwon et al. / Engineering Structures 30 (2008) 3445–3456
Fig. 3. Power spectral density function for the vertical irregularity of guideway.

relation of the vehicle, displacements of the guideway bridge, rail
irregularity and vehicle velocity. By applying Lagrange’s equation
to the energies of the guideway bridge and maglev vehicle, the
equations of motion for the coupled maglev vehicle and flexible
guideway system can be finally obtained as follows,[
I 0
0 Mv

]{
Ẍg
Ẍv

}
+

[
Cg Cgv
Cvg Cv

]{
Ẋg
Ẋv

}
+

[
Kg Kgv
Kvg Kv

]{
Xg
Xv

}
=

{
Fg
Fv

}
(10)

where the subscripts ‘‘g ’’ and ‘‘v’’ denote the guideway bridge and
vehicle, respectively, and where Xg =

[
q1 q2 · · · qn

]T, and
Xv =

[
yc zc θcx θcy θcz z1 · · · z6

]T. The dimensions
of Xg and Xv are (n×1) and (11×1), respectively, where n is the
number of bridge modes concerned, and the dimensions of any
other sub-matrix can be evaluated from these two expressions.
The sub-matrices in Eq. (10) are listed in detail in Appendix B. The
above governing equations of motion have a time variant stiffness
and a damping matrix because of the varying vehicle position. A
direct time integration method, the Newmark-β method, is used
to obtain the solution of the equation in the time domain.

3.2. Simulation of rail irregularity

One of the main sources that produce vibrations of the vehicle
and bridge is the rail irregularity of the guideway. The track
geometry is defined in terms of four irregularities consisting of
the gauge, cross-level, alignment, and vertical surface profile [6].
Among them, the gauge, cross-level and alignment generally have
insignificant effects on the quality control of guideway structures
that are made of precast and prefabricated members. Therefore,
the sole vertical surface irregularity of the rail is considered in this
study.
The vertical surface irregularity is generally expressed as a

power spectral density (PSD) function. There are many types of
PSD functions used for various surface transportation systems
[1,6,16]. Owing to the absence of experimental data for the maglev
rail, the roughness characteristics of the maglev rail, such as the
amplitude and wave number, are commonly chosen closer to the
conventional railway track. This study adopts the PSD function for
the maglev rail proposed by Tsunashima and Abe [17], and shown
in Fig. 3. The one-dimensional roughness profile is numerically
simulated by the wave superposition method using the following
equation

rv(x) =
√
2
N∑
j=1

√
S(ωj)∆ω cos(ωjx− φj) (11)
Fig. 4. Simulated roughness profile for the maglev guideway.

Fig. 5. Simulated along wind velocity samples at three adjacent points.

where S(ω) is the PSD of surface irregularity,N is the number of the
divided frequencies within the frequency bandwidth concerned,
∆ω is the frequency interval, and φ represents the independent
random variables that are uniformly distributed from 0 to 2π .
Fig. 4 shows the simulated roughness profile for a vehicle speed

of 100 km/h and the corresponding PSD function is plotted in Fig. 3.
The maximum amplitudes of the simulated rail irregularity in the
vertical direction range around±10 mm.

3.3. Simulation of spatially correlated wind velocities

The spatially correlated wind velocity fluctuations are simu-
lated from the one-dimensional stationary multivariate stochas-
tic process, according to the prescribed cross-spectral density
matrix [19,20] given by,

S0ij (ω) =
√
Si(ω)Sj(ω) γij(ω), i, j = 1, 2, . . . ,m, i 6= j (12)

where Si(ω) is the PSD function of wind fluctuation components
for the ith process, γij(ω) is the coherence function between the ith
process and the jth process. The PSD functions for the along wind
fluctuation and for the vertical fluctuation proposed by Kaimal and
by Lumley and Panofsky are used in this study. The coherence
function for wind fluctuations proposed by Davenport is chosen in
order to consider the correlation at two separate points along the
bridge axis.
The spatially correlated wind velocity samples are generated

at every 25m along the guideway bridge axis, and interpolation is
calculated between thenodes. Each sample set consists of the along
and vertical wind fluctuation velocities. Fig. 5 shows the generated
horizontal wind velocity for the three adjacent points along the
bridge axis.

4. Numerical analysis results and discussions

Case studies are performed in order to understand the dynamic
behaviors of the coupled system derived in the previous sections.
Firstly, the uncoupled systemwithout wind load is simulated. This
case represents the maglev vehicle traveling on the ground with
the self-weight and rail irregularity as disturbances. The second
case represents the vehicle running on the ground while being
subjected to a gustywind. The third case corresponds to the vehicle
running on the flexible guideway bridge without wind action.
Finally, the fourth case embraces all these effects, including the
guideway flexibility and gusty wind action.
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Table 1
Mode shapes of the numerical example bridge

Mode Vertical Transverse Torsional

1st
0.205 Hz 0.223 Hz 1.008 Hz

2nd
0.254 Hz 0.560 Hz 1.843 Hz
Table 2
Parameters of the UTM-01 maglev vehicle [4]

Parameter Notation Value Unit

Mass of car cabin mc 12.12 t
Mass moment of inertia of a cabin in x-axis Icx 22.1 t m2

Mass moment of inertia of a cabin in y-axis Icy 242.2 t m2

Mass moment of inertia of a cabin in z-axis Icz 245.7 t m2
Mass of each bogie mi 1.55 t
Distance from center of car to front bogie a1 = a2 3.62 m
Distance from center of car to mid bogie a3 = a4 0.0 m
Distance from center of car to rear bogie a5 = a6 −3.62 m
Distance from center of car to left-side bogie e1 = e3 = e5 −1.0 m
Distance from center of car to right-side bogie e2 = e4 = e6 1.0 m
Vertical stiffness of primary suspension kvi 2000.0 kN/m
Vertical stiffness of secondary suspension ksi 75.3 kN/m
Lateral damping of primary suspension cvi 61.22 kN s/m
Lateral damping of secondary suspension csi 9.38 kN s/m
Fig. 6. Guideway suspension bridge used in numerical analysis.

4.1. System parameters

In the numerical analysis, the suspension bridge depicted in
Fig. 6 is used for the guideway carrying the maglev vehicle.
The example bridge is a three-span suspension bridge with a
660 m (128 m + 404 m + 128 m) span length. The deck width
and mass per unit length of the bridge are 13 m and 5.0 t/m,
respectively. The inherent structural damping ratio of the bridge
is assumed to be 1% of the critical damping ratio. The natural
frequencies and mode shapes of the bridge computed by using
three-dimensional finite element analysis are listed in Table 1.
The bridge was designed and constructed from the late 1960s

to the early 1970s. The cross-sectional shape of the stiffening
girder is a streamlined box, from which the motion-dependent
self-excited aerodynamic forces from the Theodorsen’s function
can be obtained [18]. Moreover, the maximum wind velocity in
this study is limited to 30 m/s in order to ensure the stability
of the running vehicle according to the operating guideline
for railway systems in most countries. The aeroelastic effects,
including additional damping within a wind speed of 30 m/s, are
generally not significant in comparison to a high speed near flutter
velocity. Therefore, the overall buffeting responses of the bridge,
evaluated from Theodorsen’s function, may not differ from the
actual responses of the bridge.
The additional aerodynamic damping caused by the motion-

dependent wind forces is computed from Eq. (5) using the flutter
derivatives for flat plate. The buffeting wind forces acting on the
bridge and the maglev vehicle are evaluated by Eqs. (7) and (9)
using the simulated wind velocities.
The structural properties of the maglev vehicle are listed in

Table 2. The total mass of the empty vehicle is 20.3 ton and
29.3 ton when fully loaded [4]. The aerodynamic properties of
the maglev vehicle are adopted from those of a similar shaped
conventional vehicle [15]. From the equation of motion for the
maglev vehicle, excluding the guideway bridge in Eq. (10), the
vertical and transversal fundamental frequencies of the maglev
vehicle are computed as 0.97 Hz and 2.30 Hz, respectively. The
vehicle is assumed to run over the bridge with an eccentricity of
3.5 m from the center of the girder.

4.2. Response of bridge

Fig. 7 plots the dynamic displacements occurring at center span
of the suspension bridge when there is no wind action when
crossed by the vehicle. It can be seen that the response of the bridge
at mid-span increases gradually with a higher vehicle velocity. It
can be seen that the DMF (dynamic magnification factor) at mid-
span (shown in Fig. 8, and defined as the ratio of the dynamic
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Fig. 7. Displacements of the bridge under various vehicle speeds without wind: (a)
1/2 point at center span; (b) 1/4 point at center span.

Fig. 8. Dynamic magnification factor for bridge displacement at half and quarter
points under various vehicle speeds without wind.

displacement to the static displacement) remains at around 1.1 for
a vehicle speed below 100 km/h, but increases dramatically for a
vehicle speed higher than 120 km/h. It is interesting to note that
the DMF, according to vehicle velocity, differs between the half
point and the quarter point. The hump of the DMF first appears
at the quarter point at a relatively lower vehicle velocity than that
at the half point because of the anti-symmetry of the first vertical
mode. A resonance phenomena [9] caused either by an exciting
frequency, resulting from the speed of the moving vehicle, or by
consecutive wheel loads in high speed railway structures is not
observed in the present system because of the low vehicle speed
and because the system consists of only one or two cars.
Fig. 9 shows the dynamic displacements of the bridge

under various wind speeds without crossing of the vehicle. As
summarized in Fig. 10, it can be seen that the maximum dynamic
displacements increase parabolically with higher mean wind
velocities. The dynamic displacements of the bridge caused by the
vehicle are insignificant comparedwith those induced by turbulent
wind forces because the displacements due to the vehicle are static
rather than dynamic. In particular, when the vehicle and strong
winds are applied simultaneously, the wind effects essentially
govern the response of the bridge (see Fig. 11).

4.3. Response of vehicle

In Fig. 12, the vertical accelerations are plotted against the time
histories of the vehicle body. A comparison of Fig. 12(a) and (b)
Fig. 9. Dynamic displacements of the bridge under various wind speeds without
vehicle: (a) 1/2 point at center span; (b) 1/4 point at center span.

Fig. 10. Maximum displacements of the bridge under wind action.

interestingly reveals that the maximum acceleration under a wind
velocity of 30 m/s is only twice that of the maximum acceleration
without wind when the vehicle runs on the ground. This means
that the vertical acceleration does not significantly increase, even
under a wind speed of 30 m/s.
Dynamic responses of the vehicle are mostly expressed as an

rms (root-mean-square) value, which is equivalent to the standard
deviation with a zero mean. Fig. 13(b) confirms this observation
through the vertical rms acceleration of the vehicle. It can be seen
that the rmsof the vehicle does not increase sensitively, evenunder
a high wind speed, which demonstrates that wind does not have
a significant influence on the vertical acceleration of the vehicle
running on the ground.
In Fig. 13(a), it can be seen that the velocity of the vehicle

has no particular effect on the vertical acceleration of the vehicle
running on the ground in the absence of wind. However, in view
of Fig. 12(a) and (c), comparing the accelerations of the vehicle
running respectively on the ground and the bridge, a noticeable
increase is observed in the acceleration for the vehicle running on
the flexible bridge when there is no wind. The summary of this
difference, as illustrated in Fig. 13(a), reveals that the acceleration
of the vehicle increases almost proportionally to its velocity, which
confirms the existence of a strong interaction between the vehicle
and the guideway bridge. Accordingly, in the absence of wind,
the velocity of the vehicle can be considered to be the most
determining parameter influencing the accelerations of the vehicle
running on the bridge.
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Fig. 11. Dynamic magnification factor for bridge displacement according to vehicle speeds under various mean wind speeds: (a) 1/2 point of center span; (b) 1/4 point of
center span.
Fig. 12. Vertical acceleration of the maglev vehicle body at speed 100 km/h: (a)
vehicle running on the ground without wind; (b) vehicle running on the ground
with U = 30 m/s; (c) vehicle running on the bridge without wind; (d) vehicle
running on the bridge with U = 30 m/s.

Fig. 12(d) and Fig. 13(c) plot the accelerations of the vehicle
running on the flexible bridge when subjected to wind forces.
Even if the velocity of the vehicle constituted the major parameter
influencing the acceleration of the vehicle under low wind speeds,
the wind speed becomes the governing factor for higher wind
speeds. This means that the main source of the vertical shaking
of the vehicle is the base excitation originated by the bridge
vibrations, rather than the track irregularity or wind speed.
However, under low wind speeds, the vehicle load is the main
cause of the vibrations of the bridge, which in turn induce
vibrations of the vehicle. Therefore, the oscillations of the bridge
can be seen as the main source of the vertical vibrations of the
vehicle.
Fig. 13(d) summarizes the rms accelerations of the vehicle. It

can be clearly seen that the vehicle speed, as well as the gusty
winds, do not have any significant effect on the vehicle running on
the ground. However, this situation clearly differswhen the vehicle
is crossing the bridge. In such a case, the vehicle speed becomes an
important factor because of the strong vehicle-bridge interaction.
Moreover, the wind also plays a major role in the vibration of the
vehicle through the excitation of the guideway bridge, which has
been seen to excite the vehicle.

4.4. Ride quality of the vehicle

Fig. 14 shows the PSD of the vertical acceleration of the maglev
vehicle under various conditions. The PSD of acceleration of the
vehicle running on the ground, as shown in Fig. 14(a)–(d), increases
slightly with higher wind speeds, and this concurs with the rms
accelerations presented in the previous section. From Fig. 14
(e)–(h), the strong energy is noticeable, at a low frequency range
caused by the oscillation of the guideway bridge.
Comparing the PSD of the vehicle running on the ground with

the bridge shown in Fig. 14(a) and (e), it is clear that the vibrations
at a frequency lower than 1 Hz are mainly induced by the bridge.
The widespread magnitudes of PSD according to vehicle speed at
low frequency get closer to each other at a high wind velocity,
regardless of the vehicle speed. This means that the wind forces
dominate the bridge vibration rather than the vehicle speed. From
the figures, the local humps of PSD near 5 Hz can thus be attributed
to the guideway roughness, without dependence on the bridge
vibrations or turbulent components of the wind.
In order to investigate the ride quality of themaglev vehicle, the

simulated vertical accelerations of the vehicle cabin are compared
with the UTACV (Urban Tracked Aircushion Vehicle) criterion,
which is known to be the most stringent among relevant criteria
such as the ISO (International Organization for Standardization),
the DB (Deutsche Bahn), and the SNCF (Société Nationale des
Chemins de fer Français). The simulated accelerations of the
maglev fail to satisfy the UTACV criterion because of the strong
vibration at low frequency range caused by the bridge oscillations.
The maximum roughness profile of approximately ±10 mm

adopted in this study is relatively higher than that of the
conventional railway. Even though the simulated responses exceed
the UTACV criterion, the absence of experimental PSD for the
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Fig. 13. Vertical rms acceleration of themaglev vehicle under various conditions: (a) vehicle running on the ground and bridge; (b) vehicle running on the ground subjected
to gusty wind; (c) vehicle running on the bridge subjected to gusty wind; (d) vehicle running on the ground and bridge with/without wind.
roughness of the maglev rail is impeding the evaluation of the
ride quality of the maglev vehicle used in this study. In terms of
the numerical results, it is evident that the vehicle speed, flexible
guideway bridge and gusty wind can degrade the ride quality of
the vehicle.

5. Concluding remarks

An eleven-DOF maglev vehicle model has been developed in
this study in order to investigate the dynamic behavior of the
maglev-guideway-wind coupling system. The governing equations
of motion were derived from the energy of the maglev vehicle
and guideway bridge. Numerical simulations of themaglev vehicle
running on a suspension bridge revealed that the dynamic
displacements of the bridge, caused by the vehicle, are not
significant comparedwith those that are caused by turbulent wind
forces. It was observed that the vehicle speed and gusty wind
had a minor effect on the vibrations of the vehicle running on
the ground. However, the vehicle speed and wind forces became
important parameters for the vibration of the vehicle running on
the bridge because of the strong interaction between the vehicle
and the bridge. Despite the lack of experimental data, numerical
results indicated that the low frequency vibrations induced by
the guideway bridge, as well as by turbulent wind, could degrade
the ride quality of the present low speed maglev vehicle. When
applying a suspension bridge to the guideway structure for a
maglev vehicle, it is necessary to control the low frequency
vibrations that are transferred from the flexible suspension bridge
to the vehicle.
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Appendix A. Nomenclatures

n: number of concerned bridge modes
ωi: natural frequency (rad/sec) of the bridge
ξi: damping ratio of the ith mode of the bridge
qi: generalized coordinate of the ith mode of the
bridge

yg , zg , θg : transverse, vertical and torsional displace-
ments, respectively, of the bridge

φ
y
i , φ

z
i , φ

θ
i : the ith normalized mode shape for trans-
verse, vertical and torsional displacements,
respectively, of the bridge

Tg , Vg ,Dg : kinetic, potential and dissipation energy,
respectively, of the bridge

V : vehicle speed
A: side area of the vehicle cabin
H: height of the vehicle cabin
mc : mass of the vehicle cabin

Tv, Vv,Dv: kinetic, potential and dissipation energy of
the vehicle cabin

Imx, Imy, Imz : moments of inertia about the roll, pitch,
and yawmotions, respectively, of the vehicle
cabin

yc, zc : transverse and vertical displacements of the
vehicle cabin

θcx, θcy, θcz : roll, pitch and yaw displacements, respec-
tively, of the vehicle cabin

mj: mass of the jth bogie
ycj, zcj: transverse and vertical displacements of the

jth bogie
z∗j : vertical static displacement of the jth bogie

aj, ej: longitudinal and horizontal distances of the
jth bogie from the center of the cabin
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Fig. 14. Power spectral density of vertical acceleration of themaglev vehicle under various conditions: (a) vehicle running on the ground (U = 0m/s); (b) vehicle running on
the ground (U = 10 m/s); (c) vehicle running on the ground (U = 20 m/s); (d) vehicle running on the ground (U = 30 m/s); (e) vehicle running on the bridge (U = 0 m/s);
(f) vehicle running on the bridge (U = 10 m/s); (g) vehicle running on the bridge (U = 20 m/s); (h) vehicle running on the bridge (U = 30 m/s).
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Fv =

[(
f cwS −

6∑
j=1

(−1)j khjrhj

)
−f cwL f cwRM 0

(
f cwYM −

6∑
j=1

aj (−1)j khjrhj

)
−kvirv1 · · · −kv6rv6

]T
Box I.
Mv =



mc +
6∑
j=1

mj 0 0 0
6∑
j=1

ajmj 0 · · · 0

mc 0 0 0 0 · · · 0
Imx 0 0 0 · · · 0

Imy 0 0 · · · 0

Imz +
6∑
j=1

a2j mj 0 · · · 0

m1 · · · 0

symm.
. . . 0

m6


Box II.
Cg =


2ξ̂1ω1 +

6∑
j=1

cvjφz1φ
z
1 +

6∑
j=1

chjφ
y
1φ
y
1 · · ·

6∑
j=1

cvjφz1φ
z
n +

6∑
j=1

chjφ
y
1φ
y
n

...
. . .

...

symm. · · · 2ξ̂nωn +
6∑
j=1

cvjφznφ
z
n +

6∑
j=1

chjφynφ
y
n


Box III.
Cgv =



−

6∑
j=1

chjφ
y
1 0 0 0 −

6∑
j=1

ajchjφ
y
1 −cv1φ

z
1 · · · −cv6φ

z
1

−

6∑
j=1

chjφ
y
2 0 0 0 −

6∑
j=1

ajchjφ
y
2 −cv1φ

z
2 · · · −cv6φ

z
2

...
...

...
...

...
...

. . .
...

−

6∑
j=1

chjφyn 0 0 0 −
6∑
j=1

ajchjφyn −cv1φ
z
n · · · −cv6φ

z
n


Box IV.
Cv =



6∑
j=1

chj 0 0 0
6∑
j=1

ajchj 0 · · · 0

6∑
j=1

csj
6∑
j=1

ejcsj −

6∑
j=1

ajcsj 0 −cs1 · · · −cs6

6∑
j=1

e2j csj −
6∑
j=1

ajejcsj 0 −e1cs1 · · · −e6cs6

6∑
j=1

a2j csj 0 a1cs1 · · · a6cs6

6∑
j=1

a2j chj 0 · · · 0

cv1 + cs1 · · ·
...

symm.
. . .

...
cv6 + cs6


Box V.
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Kg =


ω21 +

6∑
j=1

kvjφz1φ
z
1 +

6∑
j=1

khjφ
y
1φ
y
1 · · ·

6∑
j=1

kvjφz1φ
z
n +

6∑
j=1

khjφ
y
1φ
y
n

...
. . .

...

symm. · · · ω2n +

6∑
j=1

kvjφznφ
z
n +

6∑
j=1

khjφynφ
y
n


Box VI.
Kgv =



−

6∑
j=1

khjφ
y
1 0 0 0 −

6∑
j=1

ajkhjφ
y
1 −kv1φ

z
1 · · · −kv6φ

z
1

−
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j=1

khjφ
y
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j=1

ajkhjφ
y
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−

6∑
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khjφyn 0 0 0 −
6∑
j=1

ajkhjφyn −kv1φ
z
n · · · −kv6φ
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Box VII.
Kv =



6∑
j=1

khj 0 0 0
6∑
j=1

ajkhj 0 · · · 0

6∑
j=1

ksj
6∑
j=1

ejksj −

6∑
j=1

ajksj 0 −ks1 · · · −ks6

6∑
j=1

e2j ksj −
6∑
j=1

ajejksj 0 −e1ks1 · · · −e6ks6

6∑
j=1

a2j ksj 0 a1ks1 · · · a6ks6

6∑
j=1

a2j khj 0 · · · 0

kv1 + ks1 · · ·
...

symm.
. . .

...
kv6 + ks6


Box VIII.
yj, zj: transverse and vertical displacements of the
jth bogie

ygj, zgj: transverse and vertical displacements of the
guideway at the jth bogie

rhj, rvj: rail irregularity about the transverse and
vertical directions, respectively, at the jth
bogie

ksj: secondary suspension stiffness
khj, kvj: transverse and vertical passive stiffness con-

stants of the jth bogi, which is equivalent to
the active stiffness constants of the EMS

csj: secondary suspension damping constant
chj, cvj: transverse and vertical passive damping

constants of the jth bogie,which is equivalent
to the active damping constants of the EMS

ρ: air density
U: mean wind velocity
VR: relative wind velocity
ξ aeroi : aerodynamic damping ratio for the ith mode
of the bridge

F gwi : the ith modal buffeting wind force acting on
the bridge

u, w: drag and lift components of a fluctuating
wind velocity

H∗1 , A
∗

2, P
∗

1 : flutter derivatives
Ghihi ,Gαiαi ,Gpipi : double modal integration coefficients
f gwD , f gwL , f gwM : drag, lift and pitching moments, respectively

CD: drag force coefficient
CL, C ′L: lift force coefficient and its derivative
CM , C ′M : pitching moment coefficient and its deriva-

tive
f cwS , f cwL , f cwRM , f

cw
YM : side force, lift force, rolling moment and

yawing moment, respectively, of the car
cabin

CcS, CcL, CcRM , CcYM : side force, lift force, rolling moment and
yawing moment coefficients, respectively,
depending on the incidence angle of the
relative wind velocity
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Appendix B. The sub-matrices in Eq. (10)

Fg =



6∑
j=1

kvj
(
rvj + z∗vj

)
φz1 +

6∑
j=1

(−1)j khjrhjφh1 + F
gw
1

6∑
j=1

kvj
(
rvj + z∗vj

)
φz2 +

6∑
j=1

(−1)j khjrhjφh2 + F
gw
2

...
6∑
j=1

kvj
(
rvj + z∗vj

)
φzn +

6∑
j=1

(−1)j khjrhjφhn + F
gw
n


. (B.1)

See Boxes I–VIII.

References

[1] Sinha PK. Electromagnetic suspension-dynamics and control. IEE; 1987.
[2] Rote DM, Cai Y. Review of dynamic stability of repulsive-force maglev
suspension systems. IEEE Trans Magn 2002;38(2).

[3] Thornton R, et al. Magnemotion urban maglev. US DOT; 2004.
[4] Cho HJ, Yoo MH, Lee JM. Performance test and evaluation of urban transit
maglev vehicle (UTM-01) Korea. 1998 (in Korean).

[5] Han SH, Kim YJ, Shin BC, Kim BH. Simulation of dynamic interaction between
maglev and guideway using FEM. In: 19th international conference on
magnetically levitated systems and linear drive. 2006.
[6] Garg VK, Dukkipati RV. Dynamics of railway vehicle systems. Academic Press;
1984.

[7] Fryba L. Dynamics of railway bridges. Thomas Telford; 1996.
[8] Diana G, Cheli F. Dynamic interaction of railway systems with large bridges.
Veh Syst Dyn 1989;18.

[9] Yang YB, Yau JD, Hsu LC. Vibration of simple beams due to trains moving at
high speeds. Eng Struct 1997;19(11).

[10] Xu YL, Xia H, Yan QS. Dynamic response of suspension bridge to highwind and
running train. J Bridge Eng, ASCE 2005;8(1).

[11] Hedrick JK, Ravera RJ, Anderes JR. The effects of elevated guideway
construction tolerances on vehicle ride quality. J Dyn Syst Measurement
Control, ASME 1975;97(4).

[12] Cai Y, Chen SS, Rote SM, Coffey HT. Vehicle/guideway interaction for high
speed vehicles on a flexible guide-way. J Sound Vibration 1994;175(5).

[13] Zheng XJ, Wu JJ, Zhou YH. Numerical analysis on dynamic control of five-
degree-of-freedom maglev vehicle moving on flexible guideways. J Sound
Vibration 2000;235(1).

[14] Zhao DF, Zhai WM. Maglev vehicle/guideway vertical random response and
ride quality. Veh Syst Dyn 2002;38(3).

[15] Gillespie TD. Fundamentals of vehicle dynamics. Society of Automotive
Engineers; 1992.

[16] Hullender DA. Analytical models for certain guideway irregularities. J Dyn Syst
Measurement Control, ASME 1975;97(4).

[17] Tsunashima H, Abe M. Static and dynamic performance of permanent magnet
suspension for maglev transport vehicle. Veh Syst Dyn 1998;29.

[18] Simiu E, Scanlan RH. Wind effects on structures. Wiley-Interscience; 1996.
[19] Kim HK, Shinozuka M, Chang SP. Geometrically nonlinear buffeting response

of a cable-stayed bridge. J Eng Mech, ASCE 2004;130.
[20] Di Paola M, Fullo I. Digital generation of multivariate wind filed processes.

Probab Eng Mech 2001;16.


	Dynamic interaction analysis of urban transit maglev vehicle and guideway suspension bridge subjected to gusty wind
	Introduction
	Dynamic models
	Cable-supported guideway bridge
	Maglev vehicle
	Wind forces acting on the guideway and vehicle

	Governing equations and dynamic simulations
	Equations of motion for the coupled system
	Simulation of rail irregularity
	Simulation of spatially correlated wind velocities

	Numerical analysis results and discussions
	System parameters
	Response of bridge
	Response of vehicle
	Ride quality of the vehicle

	Concluding remarks
	Acknowledgments
	Nomenclatures
	The sub-matrices in Eq. (10)
	References


