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Abstract 
 
The MAGLEV Transrapid is a kind of new type high 
speed train in the world which is levitated and gui-
ded over the track using electro magnetic forces. 
Because the electro magnets are unstable, they ha-
ve to be controlled. Since 2002 the worldwide first 
commercial use of such a high speed train based on 
German technology is running successfully in 
Shanghai Pudong Airport, P.R.China.  
In this paper modeling of the high speed MAGLEV 
train Transrapid is discussed, which considered the 
whole mechanical system of one vehicle with 
optimized suspension parameters and all controlled 
electro magnet pairs in vertical and lateral directions. 
The dynamical simulation code is generated with 
MATLAB/SIMILINK. For the design of the control 
system, the optimal Linear Quadratic Control for 
minimum control energy is used for each single 
electro magnet. The simulation results are presen- 
ted with the given vertical and lateral random track 
irregularities. 
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1. Introduction 
 
In order to improve the ride quality of the Shanghai MAGLEV train, an investigation has been carried out on the 
possible optimization of passive suspensions and alternative control strategies with the aid of computer simula-
tions. Hence a designated simulation model is created to achieve reasonable balance between accuracy, effi-
ciency and cost effectiveness. 
There are many computer models created for different purposes [1,3,6,8,10], generally which can be classified 
into the following categories: models for design magnetic levitation control [1,2,3,5], models for suspension op-
timization [4], models for track-train interaction [3,5,6,12]. Depending on various requirements the scales of the 
models vary in fidelity from a single magnetic block [1,3,7] to the whole train system [6,8]. 
Regarding the tools of computer software, there are commercial software packages such as SIMPACK, 
ADAMS,etc. [9,10,11], and also self generated codes [3,5,6,7,8,12].  
The principle idea behind modeling in this paper is to develop a whole vehicle model with detailed suspension 
elements and practical controller with a reasonable description of the track irregularities, without coupling to the 
guideway. 
 
2. Mechanical System Model 
 
The train consists of five sections, each section consists of a car body and running gears which connects the 
levitation and guidance magnets. The running gear is also called Magnetic Wheels. Two adjacent Magnetic 
Wheels are connected to form a so-called levitation bogie. There are four such levitation bogies under a car 
body. The levitation bogies are designed to enable transmission of vertical forces to support the car body and 
to transmit lateral forces to guide the train, transmission of longitudinal forces provides for braking and traction 
forces. Consequently it is a very important component in the vehicle for both safety and comfort. 
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Fig. 1: Side view of the model 
 
There are many suspension elements within the levitation bogie, for example, two air springs, anti-roll bars and 
rubber elements, primary metal-rubber elements which connect the levitation magnets, lateral bump stop me-
tal-rubber elements, metal-rubber elements which connect the braking magnets, etc.. The car body is connec-
ted vertically by 16 swing-rods that provide lateral flexibility. There are two rubber stacks at one end of the 
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swing-rods to give flexibility in the axial direction. The longitudinal forces are transmitted by 4 traction rods to 
the four frames separately. These suspension elements isolate most disturbances from the guiding track, both 
vertically and laterally. 
A vehicle model is created considering 5 degrees of freedom for the car body and 4 degrees of freedom for 
each magnetic levitation frame and 2 degrees of freedom for each magnet pair. There are eight levitation fra-
mes, 14 levitation magnets, 12 guidance magnets and 2 eddy current brake modules for both sides. Totally 
there are 93 degrees of freedom considered in the mechanical model as show in Figure 1 and 2. 
 
 

 
 

Fig. 2: Cross section of the model 
 
With the assumption of a rigid car body, five degrees for the car body are considered including vertical, lateral, 
yaw, pitch and rotation movements. There are four levitation bogies beneath the car body, each consists of two 
relatively rigid frames, called levitation frame. Two levitation frames are connected by a longitudinal structure 
with relative flexibility and light mass. So the levitation bogie can be treated as two rigid parts (levitation frame) 
connecting via shear stiffness in the vertical and lateral directions together with a rotational angular stiffness. 
Each levitation frame is considered with four degrees for vertical, lateral, pitch and rotation movements respec-
tively. Each levitation magnet is suspended from two adjacent levitation frames with relative flexibility vertically 
and longitudinally. Hence each levitation magnets is considered as having two degrees for vertical and pitch 
movements respectively. The guidance magnets are also similar to levitation magnets, which are connected to 
the side of adjacent levitation frames with relative lateral flexibility. The guidance magnets are considered as 
two degree also, i.e. degrees for lateral and yaw movements respectively. 
Secondary suspensions between car body and levitation frames are provided through a combination of air 
springs, rubbers stacks, swing-rods and rotation arms etc. as shown in Figure 2.  The rotation arms and swing-
rods are relatively light in weight. Hence it is not necessary to consider their inertial effects. Whole structures 
can be simplified with three stiffness, i.e. lateral stiffness Kys, roll stiffness Krs and vertical stiffness Kzs. These 
three parameters are defined as the function of stiffness of air spring, anti-roll stiffness and several geometric 
dimensions as follows: 
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Where W is the suspended weight of on each frame. Other parameters are shown in Figure 2. 
Primary suspensions are simple in this case. There is only vertical stiffness to the levitation magnets and lateral 
stiffness to the guidance magnets. 
For the practical application, two magnets consist a pair of vertical magnet levitation block with two gap and 
acceleration sensors for each magnet. The linear quadratic control can be used for minimum control energy 
with linearized coefficients at the working point [12,13]. The controller can be treated for individual or modal 
control. 
 
3. Control System Modeling 
 
With the assumption of a single levitated mass as shown in Figure 3, the controller are designed for both levita-
tion and guidance. There m is the levitated mass (including levitation frame and magnet), f is the dynamic 
magnet force, zT is the track disturbance and zt is the magnet deviation. S0  is the nominal magnet gap, s is the 
small deviation from the nominal gap, L0 = Le + Ls is the whole inductance, with the effective inductance Le and 
the constant stray inductance Ls. R is the resistance, I0 is the nominal current and u is the small deviation from 
the nominal magnet voltage R I0. 
 

  
 

Fig. 3: Model of a single mass vehicle for vertical motion 
 
The linear equation of the single mass magnetic levitation system can be derived with LAGRANGE–Function 
as shown in [12,13,14,15]: 
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where RLT 0=  is the time constant. In order to accord with the vehicle coordinate system in Figure 1 and 
Figure 2 the transformation is made as below: 

Tt zsz +−=  ;  Tt zsz &&& +−=
Selecting magnet deviation , vertical velocity and dynamic magnet force as the state variables, that is 

，the following state equation is obtained 
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With magnet gap deviation , vertical velocity and vertical acceleration as the measurements the 

following output equation is obtained (in practice is computed by an observer [5,12]): 
Tt zz − tz& tz&&
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To optimize the system the quadratic loss criterion 
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is used. There and  are the weighting matrices with Q R [ ]332211diag qqq=Q .  

Then the controller feedback matrix K  is obtained as 
 

PBRK T1−=                                                                                                                               (8) 
 

where P  can be solved from the matrix RICCATI-equation 
 

0TT-1T =+−+ QCCPBPBRPAPA                                                                                    (9) 
 

Then the optimal feedback control law is 
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The weightings in eq.(7) used for the control system design for minimum control energy are   
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The above single mass control model can be applied to each magnet of the simulated MAGLEV vehicle with 
the optimized parameters for individual and modal control strategies alternatively as shown in Figure 4.  
The equation and the design method of guidance control system are similar.  
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                                                           (b) Modal control of the magnet pair 
 

Fig. 4: Alternative control strategies 
 
 
4. Simulation Code and Main Results  
 
The SIMULINK diagram is shown in the Figure 5. It consists of several subsystem blocks. The most top block 
is of the car body. Below that there are 8 blocks for secondary suspensions. Then followings are 4 levitation 
bogie frame blocks, 6 guidance blocks and one brake magnet block, 7 levitation magnet blocks and relevant 
controller blocks. The inputs to the system are given by track lateral irregularity block and track vertical irregu-
larity block on the left side in the diagram. 
As an example, for the case (a) in Figure 4, the controller block diagram for the right side levitation magnet is 
shown in the Figure 6. Where ‘Zt’ represents the vertical movement of magnet, and ‘Pt’ represents the pitch ro-
tation movement of the magnet, ‘dt’ represents the half space between left and right magnets, ‘lt’ represents 
the distance between front point and the rear point of the measurements, ‘G’ represents is PP /)1( η− , ‘ata’ 
represents η , the elements of the K in eq.(10) are K1, K2 and K3. The inputs to the block are track irregulari-
ties and states of magnet of right side. The output from the block are the magnetic forces acting on the front 
and rear points of the magnet. 
 
4.1 Track irregularities 
 
Assuming a highly rigid and heavy mass track, the interaction between vehicle and the track can be simplified 
by just considering first order bending with even load distribution. The track irregularity consists of random sur-
face irregularities and periodic deformations.  
It is important to measure the field track irregularities for the MAGLEV system to clarify the differences between 
the  MAGLEV  track and railway tracks.  It has been indicated that there are differences in different frequency                            
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Fig.5: SIMULINK diagram of the vehicle simulation model 
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band [6], generally trend of the PSD curves of the irregularities are similar. At the moment there is no sufficient 
data collected, so a piece of measured railway track irregularities with a reduction of 1 over 4 in magnitude has 
been used in this paper. The peak periodical deformation of the guiding track is assumed to be 2 mm in the 
form of sine wave. The deformation of guiding tracks with 24 m in each length is shown at the top of Figure 7 
for the first 1000 m. The following curves are vertical and lateral random irregularities of the centre line of the 
track, and the last is the track cross-level irregularity. 

 

 
 

Fig.6: SIMULINK diagram of the block with the controller 

 

 
Fig.7: Space history of track irregularities 
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4.2 Main Simulation Results 
 

Optimization of the suspension parameters has been made by the calculation of responses of the vehicle to the 
above track input. With the optimized suspension parameters, a typical accelerations of car body are illustrated 
in Figure 8, and the gap disturbances between magnet and track are illustrated in Figure 9. The time domain 
results for individual control and modal control are approximately similar. 
 

   
 

Fig.8: Lateral and vertical accelerations of a car body 
 

 
Fig.9: Lateral and vertical gap disturbances of magnet 
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5. Conclusions 
 
For the purposes of investigation of different control strategies and ride performance of vehicle for both vertical 
and lateral directions a practical MAGLEV vehicle model is created. The control system design was carried out 
with a simple single mass model using Linear Quadratic Control. Employing MATLAB/SIMULINK, a computer 
simulation model with 93 DOF of mechanical system and 52 states for eletro magnet forces has been created 
to ensure high calculation efficiency. Reasonable results are obtained for optimization of suspension parameter 
and dynamic performances of the MAGLEV vehicle with optimal controllers for minimized energy consumption. 
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