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Vibration analysis of maglev three-span rigid frame bridge
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Abstract: The dynamic interaction between the maglev vehicle and the three-span rigid frame bridge is

discussed. With the consideration of magnetic force, the interaction model is developed. Numerical simulations

are performed to study the dynamic characteristics of the bridge during vehicle movement along the bridge. The

results show that a reasonable value of the linear stiffness ratio of columns to beams is between 2. 0 and 3. 0.

The dynamic responses of the bridge are aggravated with the decrease in bending rigidity and the increase in

vehicle speed and the span ratio of the bridge. It is suggested that a definite way is to control impact

coefficients and acceleration in the dynamic design of the bridge. It is unsuitable to adopt the moving load

model and the moving mass model in the design. The proposed results can serve in the design of high-speed

maglev three-span rigid frame bridges.
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The maglev transportation system is a high-speed
ground transportation system which has been proposed
to meet future requirements of intercity transportation.
The Shanghai maglev transportation system built in
2003 is the first commercial high-speed maglev trans-
portation system in the world and its success will great-
ly promote the development of maglev transportation
systems in China.

The maglev guideway is the main part of the ma-
glev system and typically represents about one half of
the cost. So considerable efforts have been made to
keep the guideway as small and light as possible. As
vehicle speed increases to 500 km/h and the guideway
is more flexible to reduce the cost, the dynamic interac-
tion between the vehicle and the guideway becomes in-
creasingly important and plays a dominant role in the
whole system.

According to the research and documents current-
ly presented in this area, the achievements are mainly
classified into two categories: One is focused on the
dynamic characteristics of vehicle and improvement on
control system for magnetic levitation'' ™. The vibra-
tion of the guideway is just considered as a disturbance
to the control system. So the guideway model is always
simple; e. g., a simply supported beam is always adopt-
ed. The other is focused on the dynamic characteristics
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of the guideway'*™ . In this category the magnetic force
is simplified as a group of concentrated forces or
spring-dampers. The main aim is to study the dynamic
characteristics of the guideway and offer certain re-
quirements and specifications for guideway stiffness,
weight and span length. Because the magnetic force is
distributed and controlled by the control system, this
model cannot reflect the real working state of the sys-
tem'"” .

With the rapid development of high-speed maglev
transportation systems it is inevitable to confront the
problems of crossing rivers, valleys and main roads in
the city. In this aspect there are no ready-made tech-
niques in German and Japan for reference. It is necessa-
ry to develop bridges with medium span lengths to
meet these demands. The three-span rigid frame bridge
is a good choice for this problem. This paper discusses
the problems concerning modeling vehicle/bridge dy-
namic interaction and studying the dynamic characteris-
tics of three-span rigid frame bridges. The results can
serve in the design of high-speed maglev three-span
rigid frame bridges.

1 Vehicle/Guideway Interaction Model

Based on the structure of the TR06 maglev vehi-
cle™, a simplified vehicle model is shown in Fig. 1. In
this model the magnetic levitation system acts as a pri-
mary suspension instead of that of spring-dampers.

According to Newton’ s theory, equations of the
vehicle motions are described as follows:

(6]
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where M_ and J, are the mass and the mass inertia of
the carbody; k, and c, are the stiffness and the damping
of secondary suspension; M, and J, are the mass and
the mass inertia of bogie; y,, and y,, indicate the verti-
cal displacement of the top and the bottom of the i-th
secondary spring-damper; /; is the horizontal distance
between the center of the carbody and the i-th second-
ary spring-damper; /, is the horizontal distance between
the center of bogie and the secondary spring-damper;
[, is the horizontal distance between the center of bo-
gie and the k-th magnetic levitation module; f,, is the
magnetic force acting on the vehicle.

The magnet system is shown in Fig. 2'"". The at-
tractive magnetic force, f, generated by the k-th magnet
module can be represented as'"

f _“j (NI, + Nyi)? (5)
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Fig.2 The magnet model

From Kirchhoff” s voltage law, the equation which
relates the control current i with the control voltage u

can be expressed as'"
toAwNT di poAnNy (NI, +Nyi) dh
2h  dr 21 dr
(6)
where R is the resistance of the control coil; N, and N,
are the numbers of turns in the constant current coil
and the control coils, respectively; u, is the permeabili-
ty of air; A, is the face area of each magnetic pole; dh/
dr is the air gap rate. The control current can be ob-
tained by solving Eq. (6).
A PD controller is adopted and its control algo-
rithm is described as

w=k[h(1) -

u =Ri +

. (1)
where h, is the nominal value of h(7);k, and k, are the
parameters of the PD control algorithm.

The rigid frame bridge, in which columns can par-
tially restrain the rotation of beams at beam-to-column
connections, has a lot of advantages in practice. A
pseudo-rotation spring is used to model this connection
and the bridge model is shown in Fig. 3. In Fig. 3, /,
and /, are the lengths of the side spans and the main
span of the bridge; E is the bending rigidity; m is the
mass per unit length of the bridge; k is the stiffness of
the rotation spring and @ is the relative angle between
the beam and the column at the connection.

AL @k@ B
A L -z- b -L b -L
17

Fig.3 The bridge model
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A Bernoulli-Euler beam is assumed in the bridge
model. The equation of the vertical motion of the
bridge can be expressed as

EVY hcr T ym T e 2 = gin)
ot gt o o I
(8)
where ¢ is time, C, is the damping ratio of strain veloci-
ty, C(x) is the viscous damping coefficient, y is the
vertical displacement of the beam and ¢g(x, t) is the
loading force per unit of length. The solution of Eq.
(8) is determined by the modal superposition method.
The mode shape of three-span rigid frame bridges
¢ (x), includes symmetrical mode shape ¢, (x) and
asymmetrical mode shape ¢, (x), and it can be ex-
pressed as follows:
When xe[0,1,],
¢(x) =sinAxcscAl, —sinhAxcschAl,
When xe[/,,1, +1,],let xy =x -1,
b,(xy) =[cosAxy —coshAx,, —(cosAl, —1)sin)x,,
cscAl, + (coshal, —1)sinhAx,cschAl,]A
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b, (xy) =[cosAxy —coshAxy —(cosAl, +1)sinAxy,
cscAl, + (coshAl, +1)sinhAxycschAl,]A

where
A= 2E)\(cot)\l —cothAl))
4 2
_ mw
A= E

When xe[!, +1,,2l, +,],let xy =x -1, -1,

b, (xg) =cosAxy —coshAx, —cosAl sinAxgcscAl, +
coshA/; sinhAxgcschAl,

¢, (xg) = —cosAxy +coshAxy +COSAL sinAxzCSCAl, —
coshA/ sinhAxgcschAl,

The process for deriving the vehicle/bridge inter-
action involves three steps. The first step is to convert
the magnetic forces into the distributed loading forces
along the bridge. The second step is to solve for vibra-
tion of the bridge and the vehicles. The final step is to
obtain the air gap and air gap rate corresponding to
each sensor installed on the magnet modules. The in-
formation is sent to the control system as feedback sig-
nals.

2 Solution of Dynamic Equations

The dynamic equations of the vehicle/bridge dy-
namic interaction system described above can be re-
written in the following standard matrix form:

MX"+CX' +KX =F 9)
where M, C, K are the generalized mass, damping and
stiffness matrices, respectively; X", X', X are the vec-
tors of generalized acceleration, velocity and displace-
ment in the vertical direction; F is the force vector con-
taining the magnetic forces and the generalized modal
forces. Due to vehicle movement along the bridge the
M, C, K, F are all time-variant. So the Newmark-3
step-by-step method can be used to solve the equation.

3 Numerical Simulation and Discussion

The parameters of TR06'” and the bridge are
shown in Tab. 1 and Tab. 2. f, is the primary frequency
of the bridge and £, &, are the first order and the sec-
ond order of the damping ratio.

Tab.1 Parameters of maglev TR0O6
M/ J/ M/ Jy/ k/ ¢/
kg (kg-m) kg (kg'm) (N-m™) (N-s:m’)
29200 1.75x10° 8000 1.2x10° 8.515x10' 1.058 x10°*

Tab.2 Parameters of the bridge
E/ m/
I/m  L/m (N (kg ) fi/Hz €6

71.208 176.75

37.152 7827.5 2.728 0.05

According to the parameters described above, nu-
merical simulation is carried out. In order to obtain sta-
ble solutions the whole simulation process lasts from

the time of the vehicle’ s entering the first bridge to the
vehicle’ s leaving the 10th bridge completely and the
responses of the fifth bridge are adopted for analysis.

Some numerical results are shown in Fig. 4 and Fig. 5.
1.5

6
Time/s
(a)
1.01

Acceleration/ (m*s~?)

-1.0 L L

Time/s

(b)

Fig.4 The time history of air gap and the first carbody.
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Fig.5 The time history of the mid-point of the bridge. (a)
Displacement; (b) Acceleration
The linear stiffness ratio of column to beam k is
an important factor taken into consideration in bridge
design. The relationship between k and the responses of
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the bridge is shown in Fig. 6.
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Fig.6 The relationship between k and the responses of the
bridge. (a) Impact coefficient; (b) Acceleration

From Fig. 6 it can be seen that the responses of
the bridge decrease with the increase in k. But too high
a value of k causes cracks in the connection and is un-
favorable for the durability of the bridge. A reasonable
value of k is between 2. 0 and 3. 0.

In order to study the influence of the bending ri-
gidity of the bridge on the dynamic responses of the
bridge, four kinds of bending rigidity have been pro-
posed. The first one, which acts as a lower limit of ben-
ding rigidity, is determined when the bridge meets de-
formation requirements under static load. The last one,
which acts as an upper limit of bending rigidity, is de-
termined when the bridge meets the requirement of f,
=1. 1v/1. The other two are selected between the upper
limit and the lower limit. The contrasts are shown in
Fig.7.

From Fig.7 it can be seen that the responses de-
crease with the increase in bending rigidity. After the
bending rigidity increases to a certain value, the re-
sponse of the bridge decreases slowly and holds at a
low level. It is unsuitable to adopt the upper limit when
deciding the bending rigidity.

The relationship between vehicle speed and re-
sponses of the bridge is shown in Fig. 8. From Fig. 8 it
can be seen that the responses of the bridge increase
with the increase in vehicle speed. The dynamic re-
sponses increase slowly when vehicle speed is less than
400 km/h and quickly when vehicle speed is greater
than 450 km/h. The dynamic responses of the bridge
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Fig.7 The relationship between bending rigidity and the
responses of the bridge. (a) Impact coefficient; (b) Acceleration
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Fig.8 The relationship between vehicle speed and the re-

sponses of the bridge. (a) Impact coefficient; (b) Acceleration
increase smoothly within 600 km/h and no peak value
in this scope is studied.

Under the designed vehicle speed, the relationship
between the span ratio, which is the ratio of /; to /,, and
the responses of the bridge are shown in Fig.9.

From Fig. 9 it can be seen that the dynamic re-
sponses of the bridge increase with the increase in the
span ratio but the differences in magnitude are small. It
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Fig.9 The relationship between the span ratio and the re-
sponses of the bridge. (a) Impact coefficient; (b) Acceleration

is suitable to adopt a small value span ratio when the
length of the main span is determined.

In order to study the comprehensive effect of ve-
hicle speed, side span length and primary frequency of
the bridge on the dynamic responses of the bridge, the
parameter f,/(v/l) is proposed. The relationship be-
tween f,/(v/l) and the responses of the bridge is
shown in Fig. 10.
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Fig.10 The relationship between f,/(v/[l) and the respon-

ses of the bridge. (a) Impact coefficient; (b) Acceleration

From Fig. 10 it can be seen that the responses of
the bridge decrease with the increase in f,/(v/[). The
responses of the bridge almost have no obvious chan-
ges and holds at a low level when f,/(v/l) is greater
than 1. 5. The definite way is to control the impact co-
efficients and acceleration on the bridge.

The moving load model, in which the interaction
is considered as constant, and the moving mass model,
in which only the inertia force is taken into considera-
tion, are used in studying the vehicle/bridge dynamic
interaction in the wheels system. Due to the difference
between the maglev system and the wheels system in
the way the interaction is generated and acts, it is im-
portant to contrast the results from the models men-
tioned above. The results are shown in Fig. 11.
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Fig.11 The contrast of the results from the three models.
(a) Impact coefficient; (b) Acceleration
From Fig. 11 it can be seen that the result from

the active control model is the greatest among the three
models when vehicle speed is within 400 km/h. It can
be concluded that it is not exact enough to adopt the
moving load model and the moving mass model in the
design of high-speed maglev bridges.

4 Conclusions

By calculating and analyzing dynamic responses
of the guideway with different parameters, the follow-
ing can be concluded:

1) A reasonable value of the linear stiffness ratio
of column-to-beam is between 2.0 and 3. 0.

2) The dynamic responses of the bridge increase
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with the decrease in the bending rigidity and the in-
crease in vehicle speeds and span ratios. There is no
peak value within 600 km/h and it is proper to adopt
small values of span ratios in bridge design.

3) The definite way is to control the impact coef-
ficient and the acceleration of vehicles on the bridge.

4) It is not exact enough to adopt the moving load
model and the moving mass model in high speed ma-
glev bridge designs.
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