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            Abstract
          
        

        
          Magnetically levitated (Maglev) vehicles maintain a constant air gap between guideway and car bogie, and thereby achieves non-contact riding. Since the straightness and the flatness of the guideway directly affect the stability of levitation as well as the ride comfort, it is necessary to monitor the status of the guideway and to alert the train operators to any abnormal conditions. In order to develop a signal processing algorithm that extracts guideway irregularities from sensor data, virtual testing using a simulation model would be convenient for analyzing the exact effects of any input as long as the model describes the actual system accurately. Simulation model can also be used as an estimation model. In this paper, we develop a state-space dynamic model of a maglev vehicle system, running on the guideway that contains jumps. This model contains not only the dynamics of the vehicle, but also the descriptions of the power amplifier, the anti-aliasing filter and the sampling delay. A test rig is built for the validation of the model. The test rig consists of a small-scale maglev vehicle, tracks with artificial jumps, and various sensors measuring displacements, accelerations, and coil currents. The experimental data matches well with those from the simulation model, indicating the validity of the model.
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      1. Introduction
      Maglev (Magnetic-Levitation) trains and vehicles propel forward without mechanical contacts through the use of magnetic forces.1 They are a viable transportation means with commercial operations in China and Japan as well as in Korea. The electromagnetic maglev uses attractive magnetic forces to lift up the vehicle and to maintain the levitation.

      Since electromagnetic suspension is open-loop unstable, feedback control is necessary. Position sensors are typically used to measure the gap between the electromagnet (or vehicle body) and the guideway for feedback signal which is used by a controller for modulating magnetic forces.1,2 If the guideways contain irregularities such as jumps, therefore, they would directly affect the performance as well as the stability of suspension. In addition, the safety would be seriously compromised if the vehicle encounters guideway jumps while moving at high speeds.

      Fig. 1 shows actual pictures of maglev guideway joints. Some of them are joined across a fairly small gap, while others have somewhat large gaps over complicated depth profile of an intervening plate as shown in the right side of Fig. 1. If the joints contain jumps which are the vertical discrepancy across joints, they not only affect the suspension stability but also create vibrations that degrade the ride quality. Therefore, the regular inspections of guideway anomalies must be done in order to ensure safe and reliable operations. To meet these needs, several authors have proposed guideway monitoring systems (GMS), equipped with various sensors and monitor the irregularities of the guideway.3-5 These systems collect coil currents, gap signals, and/or accelerations of the vehicle for processing. A method commonly employed is to measure the accelerations of GSM and obtain the guideway profile through double integration of accelerations.5 However, double integration amplifies even minute offset,6 corrupting the validity of results.

      
        
        

        Fig. 1 
				
        

        
          Pictures of guideway joints. Some of them are joined by intervening plate as shown in the right picture
        
        

        

      

      In order to develop a signal processing algorithm that extracts guideway jumps from sensor data, it is necessary to have well-defined jumps and various signals resulting from the jumps. This can be done either experimentally or by simulations. Experimental data would be a primary and ultimate choice. However, it is very difficult to set up a test rig that controls all parameters except guideway jumps. For example, vertical motions of vehicle due to guideway jumps inevitably induce lateral vibrations which would alter the dynamics. Virtual testing using a simulation model makes it possible to see the exact effects of any input as long as the model describes the actual system accurately. Furthermore, model-based methods7 can be used to estimate the guideway jumps if a system model is available.

      A literature survey shows several research efforts that present mathematical dynamic models of a maglev vehicle with guideway irregularities. For example, Sinha describes a single DOF model that has the guideway jumps as the input.2 Guideway irregularities have also been considered using power spectral density (PSD).8 However, little research have been done to specifically deal with guideway jumps and the dynamics due to jumps. In this paper, we present a dynamic model of a maglev vehicle considering guideway jumps and experimental validation of the model.

    

    

  
    
      2. Dynamic Model of Maglev Vehicle System
      
        2.1 Linearized Magnetic Force Model
        Although the linearized force model in a maglev vehicle is well known,2 the basic principles and the involving variables are essential in the presentation hereafter. Thus, the magnetic force model is described briefly here. Fig. 2 shows the front and side views of a magnetic actuator in a maglev vehicle. The displacement of the actuator assembly holding a gap sensor and an electromagnet is denoted by z, and defined to be upward positive. The actuator assembly is attached to the vehicle body. The magnet clearance, c, is defined as the air gap between the electromagnet and the guideway. The sensor signal, s, is a measure of distance between the sensor head and the guideway. The magnetic force is quadratic with respect to the clearance and the coil current, but it can be linearized if the variations of parameters from their nominal values are small as follows.
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          Fig. 2 
				
          

          
            Schematic diagram of an electromagnetic actuator in a maglev vehicle. A guideway jump is denoted as h
          
          

          

        

        Here, Ki is the actuator constant and Kz is the open-loop stiffness with a negative value. If the guideway has irregularities such as jumps, they in effect change the magnet clearance. Therefore, Eq. (1) can be modified as
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        Since the electromagnet is attached to the vehicle body, the displacement of the body is related to the magnet clearance as
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        where c0 is the nominal clearance.

      

      
        2.2 Dynamics of Vehicle Body
        As far as the suspension of the vehicle body is concerned, we only need to consider vertical displacement (z in Fig. 2), the rotation around x axis (roll, ϕ), and the rotation around y axis (pitch, θ). At four corners of the body, an electromagnet assembly described above is attached and generates a magnetic force. Using the notation defined in Fig. 3, the kinematics between the coordinates of the mass center and the displacements at four corners can be written as
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        or simply as
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          Fig. 3 
				
          

          
            Definition of coordinate system and displacements that are used in the dynamic model
          
          

          

        

        Assuming that electromagnetic forces are acting at the four corners, the dynamic equations in a vector form are
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        where the mass matrix is defined as M = diag(m, Ixx, Iyy). Using the force model of Eq. (2), the dynamic equations can be revised as
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        where Kz and Ki are diagonal matrices with their diagonal elements are either Kz or Ki, respectively. Considering only the linear perturbations from the nominal values, Eqs. (3) and (5) can be inserted into Eq. (7):
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        Using a state-space vector xm=q q˙T, we can rewrite Eq. (8) into a state-space form as
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        where the matrices are defined as follows:
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        2.3 Amplifier and Sensor Model
        As shown in Eq. (1), the electromagnetic force is directly related to the coil current. If a voltage-mode amplifier is used, the bandwidth of current generating capability would be severely decreased. In this research, a current-mode amplifier is used. Commercial current-mode amplifiers employ a current-feedback inner loop to obtain the output current proportional to input command. However, this inner-loop feedback control also has a limited bandwidth. Typically, a second-order model is used to represent the bandwidth of a current-mode amplifier.
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        The roll-off frequency ωamp and the amplifier damping ζamp can be easily measured from a swept sine test. The magnet clearance is measured by eddy-current position sensors. Normally, the bandwidth of commercial eddy-current sensors is fairly high. However, anti-aliasing filters and sampling delay may introduce phase delays in the control bandwidth. The anti-aliasing filter is a first-order type the transfer function of which can be written as
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        A digital controller inevitably introduces sampling delay which must be accounted for. Using a third-order Pade approximation9
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        the effect of sampling delay can be considered. The sensor model is thus
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        2.4 Maglev System Model
        Aforementioned models of the amplifier, the maglev vehicle, and the sensor can be combined into a plant model. In a state-space form, this plant model can be written as
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        where h represents guideway jumps, and u is the control input generated from a feedback controller.

        The controller used in this research is a proportional-derivative (PD) type which supplies adequate damping by providing phase lead in the control bandwidth. Ideally, the transfer function of a PD controller is
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        However, Eq. (16) is not proper and thus unrealizable. The high-frequency gain of the derivative term must be restricted. The transfer function of a realistic PD controller should be
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        The system model including the controller can then be synthesized. The block diagram showing the signals and the connections are illustrated in Fig. 4.

        
          
          

          Fig. 4 
				
          

          
            Block diagram of the maglev vehicle system including the dynamic model of the vehicle
          
          

          

        

        One advantage of the state-space form model is the capability to access any signals in the model. For example, we can extract acceleration signals from the model. Using Eq. (8), accelerations at the four corners are
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        Since the amplifier output signal i is determined by the control input signal u using Eq. (11) which is in turn related to the plant output signal y by Eq. (17). Therefore, the acceleration signals can be written as a linear combination of states and guideway jumps.

      

    

    

  
    
      3. Test Rig for Model Validation
      In order to validate the maglev vehicle model, a scaled-down maglev system is utilized. Shown in Fig. 5 is a picture of the test rig. The electromagnets used in the vehicle are biased with permanent magnets. Thus, the coil currents only need to generate control forces. The vertical positions of the vehicle with respect to the guideway are measured by eight commercial eddy-current sensors (PU-20 from AEC Corp., Japan), grouped as a pair for each corner. The sensor signals are fed to a digital controller (MicroBox from Terasoft, Taiwan) through an A/D converter. The controller is run by xPC Target software.10 The command signals from the controller are sent to the current-mode amplifiers (JSP-180 from Copley Controls, USA). Integrated-chip type current sensors (ACS714 from Allegro, USA) are used for measuring coil currents. The sampling rate of the digital controller is 1.82 kHz. Several notable parameters of the test rig are summarized in Table 1.

      
        
        

        Fig. 5 
				
        

        
          Picture of the test rig for model validation
        
        

        

      

      
        Table 1 
				
        

        
          Parameters of maglev vehicle system
        
        

      

      
        
          
            	
            	Parameter
            	Symbol
            	Value
            	Unit
          

        
        
          	Maglev
vehicle
          	Mass
          	
            m
          
          	150
          	kg
        

        
          	Width
          	
            wv
          
          	0.2
          	m
        

        
          	Length
          	
            lv
          
          	0.5
          	m
        

        
          	Nominal gap
          	
            z
            0
          
          	4
          	mm
        

        
          	Actuator gain
          	
            Ki
          
          	95.4
          	N/A
        

        
          	Stiffness
          	
            Kz
          
          	-215
          	N/mm
        

        
          	Amplifier
          	Gain
          	
            K
            amp
          
          	1
          	A/V
        

        
          	Bandwidth
          	
            ω
            amp
          
          	1500
          	Hz
        

        
          	Damping
          	
            ζ
            amp
          
          	0.7
          	
        

        
          	Sensor
          	Gain
          	
            K
            sense
          
          	1250
          	V/m
        

        
          	AF frequency
          	
            ω
            af
          
          	500
          	Hz
        

        
          	Sample delay
          	
            τ
            s
          
          	0.05
          	ms
        

        
          	Controller
          	Proportional gain
          	
            Kp
          
          	7.3
          	V/V
        

        
          	Derivative gain
          	
            KD
          
          	0.022
          	Vs/V
        

        
          	Time constant
          	
            τD
          
          	1.1
          	ms
        

      

      

      In order to simulate a guideway jump, a small piece of silicon-iron sheet (thickness of approximately 1 mm) is slid into the guideway between the guideway and the sensor to eliminate the cross coupling between the suspension and the forward motion. The signals are collected using the xPC Target machine and an auxiliary data acquisition system when the sheet is inserted into the left rear end (number 2 in our notation) of the vehicle.

    

    

  
    
      4. Results and Discussions
      Using the same jump input as in the test rig, computer simulations are carried out. Since the diameter of the eddy-current sensors are rather big (20 mm), the gap measurement would contain transitory periods when the sensor head is partially over the edge of the jump. The effect of this transition is approximated as a cosine curve of
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      where λ is the characteristic length and v is the forward speed of the vehicle. In this paper, it is assumed that the characteristic length is equal to the diameter of the eddy-current sensor.

      When a jump disturbance is applied to the sensor number 2 (rear left), the measured clearances of all four actuators are shown in Fig. 6. The figure also displays the simulated clearance for comparison. All of the simulated clearances match well with the experimental data. The actuator number 2 responded a bit larger than the input of approximately 1 mm. Since the silicon-iron sheet is freely sliding on the guideway, the actual jump seen by the sensor might have been larger than the thickness of the sheet.

      
        
        

        Fig. 6 
				
        

        
          Simulated magnetic clearances at four actuators due to 1 mm guideway jump at sensor number 2. The jump is applied at 2.5 s. The simulated clearances are compared with corresponding test data
        
        

        

      

      Comparisons of simulated coil currents with the measurements also show excellent agreement as shown in Fig. 7. It can be seen that the jump at c2 is counteracted by the current jumps at other actuators. Since the amplifiers are a switching type, the current measurements have higher noise components than the gap signal.

      
        
        

        Fig. 7 
				
        

        
          Simulated coil currents compared with measurements
        
        

        

      

    

    

  
    
      5. Conclusions
      In this paper, a dynamic model of a maglev vehicle is proposed. The model contains the effect of amplifier bandwidth, sampling delays, and anti-aliasing filters. The simulation model matches very well the measurements taken from a test rig, which indicates the validity of the model. In the future, this model will be utilized for virtual testing of the algorithms that estimate the irregularities of the guideway.

    

    

  
    
      NOMENCLATURE
      
        
          	
          	
        

        
          	
            z : 
          
          	
            Vertical displacement
          
        

        
          	
            c : 
          
          	
            Magnet clearance
          
        

        
          	
            s : 
          
          	
            Gap sensor signal or Laplace variable
          
        

        
          	
            i : 
          
          	
            Coil current
          
        

        
          	
            h : 
          
          	
            Guideway jump
          
        

        
          	
            f : 
          
          	
            Force
          
        

        
          	
            Kz : 
          
          	
            Open-Loop stiffness of electromagnet
          
        

        
          	
            Ki : 
          
          	
            Actuator constant
          
        

        
          	
            q : 
          
          	
            Coordinate vector of vehicle mass center
          
        

        
          	
            W : 
          
          	
            Transformation matrix from mass center to corners
          
        

        
          	
            m : 
          
          	
            Mass of the vehicle
          
        

        
          	
            Ixx, Iyy : 
          
          	
            Mass moment of inertia around x and y axes
          
        

        
          	
            u : 
          
          	
            Control input
          
        

        
          	
            Kp : 
          
          	
            Proportional gain
          
        

        
          	
            KD : 
          
          	
            Derivative gain
          
        

        
          	
            τD : 
          
          	
            Time constant of the derivative block
          
        

        
          	
            Kamp : 
          
          	
            Amplifier gain (A/V)
          
        

        
          	
            Ksense : 
          
          	
            Sensor gain (V/m)
          
        

        
          	
            τs : 
          
          	
            Sampling delay
          
        

        
          	
            wv : 
          
          	
            Width of vehicle body
          
        

        
          	
            lv : 
          
          	
            Length of vehicle body
          
        

        
          	
            ϕ : 
          
          	
            Roll angle
          
        

        
          	
            θ : 
          
          	
            Pitch angle
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