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Abstract

In an EMS (Electromagnetic suspension)-type Maglev (Magnetically-levitated) vehicle, the flexibility of the bogie frame

may affect the acceleration of the electromagnet that is input into the control system, which could lead to instability in

some cases. For this reason, it is desirable to consider bogie frame flexibility in air gap simulations, for the optimization

of bogie structure. The objective of this paper is to develop a flexible multibody dynamic model of 1/2 of an EMS-type

Maglev vehicle that is under testing, and to compare the air gap responses obtained from the rigid and the flexible body

model. The feedback control system and electromagnet models that are unique to the EMS-type maglev vehicle must be

included in the model. With this model, dynamics simulations are carried out to predict the air gap responses from the

two models, of the rigid and flexible model, and the air gaps are compared. Such a comparative study could be useful in

the prediction of the air gap in the design stage, and in designing an air gap control system.
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1. Introduction

In an EMS (Electromagnetic suspension)-type Maglev

(Magnetically-levitated) vehicle, the feedback control sys-

tem typically uses the measured air gap and the vertical

acceleration of the electromagnet attached to the bogie

frame on the vehicle to maintain the air gap, which is the

distance between the electromagnet and the guiderail

within an allowable range. The flexibility of the bogie

frame may affect the acceleration of the electromagnet that

is input into the control system, which could lead to insta-

bility in some cases. For this reason, it is desirable to con-

sider the flexibility of the bogie frame in the air gap

simulation, in order to optimize bogie structure. The objec-

tive of this paper is to develop a flexible multibody

dynamic model of an EMS-type Maglev vehicle that is

currently under testing, and to compare the air gap

responses obtained from the rigid and the flexible body

model. The basic modeling procedure is almost the same

as in other applications. However, the feedback control

system and electromagnet models that are unique to the

EMS-type maglev vehicle must be included in the model.

With this model, dynamics simulations are carried out to

predict the air gaps obtained from the two types of models,

and the air gaps are compared. This type of comparative

study could be useful for prediction of the air gap in the

design stage, and in designing an air gap control system.

2. Model

2.1 Vehicle

The 1/2 vehicle in Fig. 1, was manufactured for func-

tional testing of levitation and propulsion. The experimen-

tal vehicle is composed of 2 bogies, of which has 8

electromagnets. 

2.2 Modeling procedure 

The flow and structure of the technique employing flexi-

ble multibody dynamics is shown in Fig. 2. Equations of

motion of a constrained system with a flexible body and

its features are presented in reference [1,2]. Vibration and

static correction modes from a finite element code are used
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to account for the linear elastic deformation of flexible

bodies. This theory has already been incorporated into

some general-purpose spatial dynamics codes. The study

uses LMS Virtual.Lab Motion as a dynamic analysis code

for generating and solving equations of motion. The bogie

is modeled as a flexible body through modal superposi-

tion. ANSYS is used to carry out both vibrational and

static analysis, interfacing with LMS Virtual.Lab Motion.

Important issues addressed in the modeling and simula-

tion process shown in Fig. 2 are as follows: 

• LMS Virtual.Lab Motion performs the modeling of

bodies and their geometries, joints, suspensions, and levi-

tation control systems, and specifies the initial conditions

of dynamic simulation. The equations of motion of the

system are then integrated in the program using a variable-

step, variable-order numerical integration algorithm. 

• Equations of the magnetically-levitated system that

will be given in the next section are defined in the user-

defined subroutine of LMS Virtual.Lab Motion. The user-

defined subroutine senses the air gap (i.e. the distance

between the electromagnet and the guideway), its deriva-

tive, and the absolute vertical acceleration of the electro-

magnet. The subroutine then evaluates the system of

differential equations of the levitation system, and calcu-

lates the levitation forces. The forces are then applied to

both the electromagnet and the guideway in the subroutine. 

• The ANSYS software is used to create finite element

models for the guideway, and to carry out both vibrational

and static analysis. Boundary conditions for vibration and

static correction mode analysis must be properly chosen in

order for gross motion and local deformation modes in

operation to be considered in the analysis. Here, the

boundary conditions and load cases are automatically gen-

erated, using LMS Virtual.Lab Motion in ANSYS format.

2.3 Electromagnet

The principle of the electromagnet is illustrated in Fig. 3.

The levitation force or lift force  and guidance force

 are functions of the air gap , lateral air gap or

displacement , and current [3]. 

(1)

 (2)

where,

: Guidance force (N), : Levitation force (N),

: Lateral air gap (m), : Air gap (m),

: Magnet width (m).

To more accurately calculate the levitation and guidance
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Fig. 1 Photo of the experimental 1/2 Maglev

Fig. 2 Modeling and simulation process of the rigid vehicle 

and flexible bogie model

Fig. 3 Modeling and simulation process of the rigid vehicle 

and flexible bogie model
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forces in consideration of the relative position and orienta-

tion, the electromagnet’s pole face is piecewised along the

length of the pole face, as shown in Fig. 4. 

The vehicle employs the 5 states feedback control law to

maintain the change in  within an allowable magni-

tude [5]. Using the control law, the controlled voltage is

determined by

(3)

where

: Observed acceleration,

: Observed velocity,

: Observed position,

: Observed air gap velocity,

: Observed air gap,

 : Control gains.

2.4 Maglev bogie frame

The bogie consists of 2 side frames, 4 anti-roll beams, 2

linear induction motors, 4 air springs, and 2 traction rods,

as shown in Fig. 7 and 8. The carbody is supported verti-

cally on the sliding table, which in turn mounted by air

spring on top of both ends of the bogie frame. Therefore,

bogie frame and sliding table are relatively movable in the

lateral direction with a limited extent due to air springs as

shown in Fig 5. The outer sliding table linked with the

outer side of both bogie frames allows a free movement in

the yawing direction, providing a steering mechanism.

Meanwhile, a fixed table is tied with carbody, and linked

with traction bar, transferring tractive and braking force, so

its yaw motion in curving performance is limited.

2.5 Integrated dynamic model

Except for the electromagnet, the flexible multibody

model for the vehicle is created in a normal manner in the

multibody dynamics field. The resulting model is shown in

Fig. 6. The bogie frame and anti-roll beam are all mod-

eled as flexible bodies. For this study, as the attention is on

the bogie, the carbody and guideway are represented as

rigid bodies. As stated in the previous section, all calcula-

tions and tasks required for the electromagnet are pro-

cessed in the user-defined subroutine. 

The FE model for side frame is modeled with 9 hun-
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Fig. 4 Piecewise electromagnet model

Fig. 5 The schematic diagram of steering mechanism

Fig. 6 Flexible body model for the bogie

Table 1. Natural Modes of Part Models

Side frame Linear motor Anti-roll beam

1st
64.89Hz 41.28Hz 100.68Hz

Twist 1st Vertical bending 1st Lateral bending

2nd

83.67Hz 68.28Hz 282.83Hz

Magnetic pole 

bending
Twist twist

3rd
94.60Hz 119.37Hz 330.81Hz

Collapse 2nd Vertical bending Vertical bending

4th
117.96Hz 147.25Hz 378.75Hz

Side frame bending Lateral bending 2nd lateral bending
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dred thousand nodes and 20 hundred thousand. LIM is

modeled with about 1000 nodes and elements. Anti-roll

beam is modeled with 6000 nodes and 4000 elements. The

natural frequencies and mode shapes for each part models

are arranged as shown in Table 1.

Fig. 8 shows modal analysis of assembled Maglev bogie

frame. The 1st-4th natural vibration modes exist below

35 Hz. Hence, the ranges of natural frequencies of bogie

frame contain the ranges of forced frequencies of dynamic

loads. Therefore, it is judged that the forced frequencies

loading on bogie frame may affect vibration characteris-

tics of bogie frame. The natural frequencies and mode

shapes are 6.32 Hz and collapse for 1st, 11.65 Hz and twist

for 2nd, 19.68 Hz and bending for 3rd and 34.22 Hz and

side frame twist for 4th [6]. 

2.6 Guideway

The guideway is assumed to be stationary, with irregu-

larities such as girder deflection and surface roughness [5].

3. Air Gap Simulation

The air gap simulations are carried out using the model.

The vertical air gaps are compared in Fig. 10. The differ-

ence in air gap between the rigid and flexible body model

is not clear. Consequently, it can be said that, in the case of

the vehicle, the effects of the flexibility of the bogie struc-

ture on the vertical air gap are lower than we expected. For

this reason, we can conclude that for the purpose of mod-

eling the vertical air gap, a rigid body model could be

more practical than a flexible body model. However, the

lateral air gap obtained using the rigid body model is con-

siderably different from the result of the flexible body

model, with the largest difference between the two models.

To simulate curving performances, 30 m-length clothoid

transition section and 2.58 cant angle is arranged for the

180m-radius curve. The maximum lateral air gap obtained

using the flexible body model showed a deviation of 4 mm

inside of rail at the front of bogie frame and 3.5 mm out-

ward at the rear, which implies that the vehicle can negoti-

ates the curve symmetrically along the rail. Those obtained

using the rigid body model showed a deviation of 1.5 mm

inside at the front and 6mm outward at the rear, which

implies that the rear of bogie frame move larger outward

than the front because of reaction force on the fixed table,

limiting movement in yaw direction as stated in section

2.5. It can be judged that the reason is the flexibility of

Fig. 7 Flexible bodies of the bogie

Fig. 8 Modal analysis of Maglev bogie frame
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bogie frame as shown in Fig 8 which can allows some-

what movable in yaw direction. As a result, the selection

of a flexible body model, which is similar to dynamic

behaviors of actual vehicle by experience, must be consid-

ered in the lateral air gap simulation which plays an

important role in curving performance.

The reaction forces from both models on the air spring

attachment points are plotted in Fig. 12. The forces from

the flexible body model are slightly less than from the

rigid body model. A comparison of the reaction forces in

the bracket joint between the side frame and the magnet is

almost the same as on the air spring attachment points, as

shown in Fig. 13. It can be noted that, in dynamic load

simulations, the rigid body model could be used with less

difference from the flexible body model. 

4. Conclusion

A flexible multibody dynamic model of 1/2 of an EMS-

type Maglev vehicle is developed and compared with a

Fig. 9 Air gap sensor placement, Top view

Fig. 10 Vertical air gap

Fig. 11 Lateral air gap

Fig. 12 Reactions force on the air spring attachment

Fig. 13 Reaction forces on the bracket joint between side 

frame and magnet
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rigid body model. In the case of the vehicle, the effect of

the flexibility of the bogie structure on the vertical air gap

was lower than we expected. However, the lateral air gap

obtained from the rigid body model is considerably differ-

ent from that of the flexible body model. It can be said that

vehicle using the flexible body can negotiates the curve

symmetrically the front and the rear along the rail by the

flexibility of bogie frame, in spite of affectation of the

fixed table, while the vehicle using rigid body negotiate

the curve asymmetrically due to the fixed table. There-

fore, the selection of a flexible body model must be con-

sidered in the simulation of the lateral air gap, which plays

an important role in curving performance. This compara-

tive study could be useful in the prediction of the air gap

in the design stage, and in designing an air gap control

system.
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