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ABSTRACT 

This paper presents dynamic stability experiments on maglev systems and 

compares with predictions calculated by a nonlinear dynamic computer code. 

Instabilities of an electrodynamic system (EDS)-type vehicle model were obtained 

from both experimental observations and computer simulations for a five-degree- 

of-freedom maglev vehicle moving on a guideway consisting of double L-shaped 

aluminum segments attached to  a rotating wheel. The experimental and 

theoretical analyses developed in this study identify basic stability characteristics 

and future research needs of maglev systems. 

INTRODUCTION 

The repulsive levitation system, or the so-called electrodynamic system 

(EDS), is often thought to  be inherently stable. However, its response to  

perturbations is frequently unstable and susceptible to  catastrophic oscillations, 

particularly in rectangular-trough configurations. So  far, only a few analytical 
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and experimental studies (Cai et al., 1992a; 1992b; 1993a; and 1993b) have been . 

performed to gain an understanding of the stability characteristics of EDS-type 

maglev systems. Davis and Wilkie (1971) studied a magnetic coil moving over a 

conducting track and concluded that negative damping occurs at velocities 

greater than the characteristic velocity based on thin-track theory. Ohno et al. 

(1973) studied the pulsating lift forces in a linear synchronous motor. These 

pulsating forces may cause parametric and combination resonance, in addition to 

heaving and pitching oscillations. Experiments on the Massachusetts Institute of 

Technology (MIT) magneplane showed obvious evidence of dynamic instabilities 

on film in the early 19709, but the dynamic stability was not studied in detail. An 

experimental vehicle with three degrees of freedom (DOF), floating above a large 

rotating wheel, was found by Moon (1974) to  have a lateral-roll-yaw instability. 

Also, experiments performed at MIT on a test track showed pitch-heave 

instability. Negative magnetic damping was demonstrated, but was dominated by 

aerodynamic damping (Moon, 1977). A conducting guideway, consisting of L- 

shaped aluminum segments attached to a rotating wheel to  simulate the Ml-  

scale Japanese guideway at  Miyazaki, was studied experimentally and 

analytically by Chu and Moon (1983). Divergence and flutter of a vehicle model 

with two DOF were obtained for coupled yaw-lateral vibration; the divergence 

leads to  two stable equilibrium yaw positions, and the flutter instability leads to a 

limit cycle of coupled yaw and lateral motions near the magnetic drag peak. 

At Argonne National Laboratory (ANL), an analysis of dynamic instabilities 

of an EDS-type maglev suspension system, with three- and five-DOF vehicIes 

traveling on a double-L shaped set of guideway conductors, was conducted. Both 

analytical and numerical approaches were used, and various magnetic 

suspension forces, compiled from experimental data, were incorporated into the 
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theoretical models. Divergence and flutter were obtained from analytical and . 

numerical solutions for coupled vibration of the three-DOF maglev vehicle model 

(Cai et  al., 1992a; 1993a; Cai and Chen, 1995). A computer code for numerically 

simulating dynamic stability of the five-DOF vehicle model was developed, and 

extensive computations with various parameters were performed to determine 

the stability characteristics of EDS-type maglev systems. Instabilities of five 

directions of motion (heave, slip, roll, pitch, and yaw) of the dynamic vehicle 

model were observed and it was demonstrated that system parameters such as 

system damping, vehicle geometry, and coupling effects among five different 

motions play very important roles in the occurrence of dynamic instabilities in 

maglev systems (Cai et al., 1993a; Cai and Chen, 1995). 

The main purpose of this paper is to present an overview of recent extensive 

experimental investigation on the dynamic stability of maglev systems at ANL. 

Two series of tests were performed with a free vehicle moving on  a double 

L-shaped aluminum guideway mounted on the top of a rotating wheel. In Test 1, 

a vehicle model was supported by four permanent magnets on four corners, 

whereas, in  Test 2, four magnets for levitation and four magnets for guidance 

were attached t o  the vehicle, In both tests, the vehicle, constrained in its 

longitudinal direction by a metal tether attached to its front, was free to move in 

up to five modes (vertical heave, lateral slip, pitch, yaw, and roll). Several 

accelerometers and a force transducer (only for drag direction) were placed on the 

vehicle. The vehicle's motion in five directions was measured by double analog 

integration. When the rotating speed of the wheel varied, stable and unstable 

motions of the maglev vehicle were observed and recorded. 
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DYNAMIC STABILITY EXPERIMENTS 

Two L-shaped aluminum tracks, like an inverte T, are mounted over a 

rotating wheel. The maglev vehicle is magnetically levitated over the aluminum 

track when the wheel rotates with constant but adjustable speed. The vehicle, 

constrained in its longitudinal direction by a metal tether attached to its front, is 

free to  move in up to five modes (vertical heave, lateral slip, pitch, yaw, and roll). 

The wheel diameter is 1.2 m. The wheel rotating speed can be adjusted from 0 to 

600 rpm (or 0 to 37.7 m/s on the surface of the wheel). 

A force transducer is attached between the tether and support frame; 

therefore, the drag force applied to the vehicle can be measured. Several small 

accelerometers are instalIed on the vehicle body to  measure vehicle motion by 

double analog integration. Displacement and force signals are first filtered by 

band-pass filters to eliminate low- and high-frequency noises and then digitized 

and stored in the analyzer. These signals are then analyzed to obtain frequencies 

and displacements of vehicle motion as a function of wheel speed. 

Two series of tests (A and B) were performed with a free vehicle moving on a 

double L-shaped aluminum guideway mounted on the top of the rotating wheel. 

In Test A, a vehicle model was supported by four permanent magnets on four 

corners, whereas in Test B, four magnets for levitation and four magnets for 

guidance were attached to the vehicle. The vehicle's motion in five directions was 

measured by double analog integration. When the rotating speed of the wheel was 

varied, stable and unstable motions of the maglev vehicle were observed and 

recorded. 
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Test A 

A vehicle model with four 25.4 x 50.8 x 6.35-mm rectangular levitation 

magnets is shown in Fig. 1. The vehicle body was made of fiberglasdepoxy (GIO) 

sheet. A shaft, which is Dimensions of the vehicle are indicated in Fig. 1. 

attached to the tether and placed in the lateral center, can move back and forth in 

the longitudinal direction, which constrains the DOF of the vehicle. Two 

accelerometers are installed on the vehicle t o  measure vertical and lateral 

motion. 

To identify the regions of stability of the vehicle model, several runs were 

performed with various vehicle conditions, such as, changing lateral gaps to vary 

guidance forces, adding mass to  vary vertical gaps and lift forces, and centering 

o r  offsetting the shaft. Dynamic instability was observed in most of vehicle 

conditions. 

Figure 2 shows typical experimental results. In this test, the total mass of 

the vehicle was 2.12 kg. The lateral gap was set at 155.6 nun (see Fig. 1). The test 

was run from a high speed of 595 rpm to low speed of 128 rpm (if the speed is too 

low, the lift forces cannot levitate the vehicle). Vertical and lateral displacements 

were measured with accelerometers by analog integration. Drag force was 

measured by a force transducer between the tether and the frame. Three cases, 

with various shaft positions (in the center, and offset 50.8 and 76.2 mm) were 

plotted in Fig. 2, in terms of RMS vertical and lateral displacements and RMS 

force as function of wheel speed. At least four speed regions were found by both 

measurement and observation. For example, consider the case with the shaft in 

the center (Case 1). (1) When the speed is lower than 132 rpm, the vehicle is 
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unstable, with high frequency flutter due to a large drag force. (2) When the speed . 

is between 132 and 245 rpm, the vehicle is stable, amplitudes of displacement and 

force are relatively small, and the power spectral densities (PSD) show clear 

harmonic peaks. (3) When the speed is between 245 and 471 rpm, the vehicle is 

unstable and dominated by slide and yaw instability (divergence), and the 

oscillating frequency is quite low. (4) When the speed is over 471 rpm, the vehicle 

is unstable in almost every direction and the oscillation amplitudes in five 

directions increase significantly. Cases 2 and 3 show the same trends for four 

speed regions. 

From observation and analysis, the vehicle model with four magnets (see 

Fig. 2) is likely to  develop a divergence instability because the guidance force 

provided by the magnet on the L-shaped guideway is quite small when compared 

with lift and drag forces. Therefore, a new vehicle with additional guidance 

magnets was assembled and tested in Test B. 

Test B 

A vehicle model with four 25.4 x 50.8 x 6.35-mm levitation magnets and four 

12.7 x 50.8 x 6.35-mm guidance magnets is schematically shown in Fig. 3. The 

clearances between the sheet guideway and guidance and levitation magnets can 

be set at several values. Four little wheels are attached to the vehicle to  prevent 

damage from dynamic instability. The vehicle weight is 2.502 kg or 24.52 N. 

Moments of inertia from measurement are 0.4389, 0.2840, and 0.1920 kgm2 for X, 

y, and z axes, respectively. 



In addition to  the force transducer, six accelerometers were placed on the . 

vehicle at the four corners of the vehicle in the vertical direction and two at two 

corners of one side of the vehicle, in the lateral direction. Accelerations were 

doubly integrated to obtain displacement. Therefore, vehicle motion, including 

vertical heave, lateral slide, pitch, yaw, and roll can be calculated from measured 

displacements. 

Vehicle response and stability were tested as a function of speed for a specific 

configuration of levitation and guidance magnets. When the flywheel was 

running from 300 to 600 rpm, two dynamic instability regions were noted. Two 

video tapes showing the dynamic response of the vehicle a t  different speeds are 

available. Several series of tests were performed to investigate the effect of the 

clearance between the sheet guideway and the magnets. The gap between the 

sheet guideway and the levitation magnets was set at 1.27 and 2.54 mm, while the 

gap between the sheet guideway and the guidance magnets was set at 8.5, 13.5, 

18.5 mm. The response characteristics depend on the gaps between the guideway 

and levitation or guidance magnets. However, some general characteristics were 

noted. 

For speeds over 450 rpm, the motions of the vehicle were small. 

For speeds between 350 and 450 rpm, the motions of the vehicle were 

fairly large, with one of its wheels frequently touching the 

guideway. 

For speeds between 300 and 350 rpm, the motions of the vehicle were 

again relatively small. 
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For speeds lower than 300 rpm, the vehicle was not yet completely 

levitated. 

Figure 4 shows results of a detailed test performed for the following gaps: 

2.54 cm between the vertical part of the guideway L and the edge of the levitation 

magnets;l.35 cm between the vertical part of the guideway L and guidance 

magnets (see Fig. 3). Figure% shows RMS longitudinal force as a function of the 

rotating speed of the wheel; Fig. 4b shows RMS displacements at six 

measurement positions as a function of speed; pitch, roll, yaw, heave, and slide 

motions calculated from displacements are given in Fig. 4c and 4d. The motion of 

the vehicle at various rotating speeds was recorded on a video tape from =600 to 

290 rpm. At each of the following speeds, the motions were recorded for about 

30 s: 596,455,440,390,380,370,330,320,310, and 290 rpm. 

From Fig. 4 and recorded video tape playback, dynamic instability for this 

vehicle model indeed exists and large motion occurs at between 350 and 450 rpm. 

From the video, it was noted that the vehicle touched the guideway intermittently 

from 380 to 440 rpm; while at 370 and 455 rpm, no impact was noted. The 

response characteristics depend on the rotating speed of the flywheel. At 440 rpm, 

the motion was fairly steady with regular and sometimes intermittent impacts. 

At 390 rpm, the motion was more irregular; it appeared to be chaotic vibration. At 

380 rpm, the motion was fairly steady but, in each cycle, there were several 

impacts. 

Significantly, it was noted that slide motion was much smaller in Test B than 

in Test A because the guidance magnets in Test B provided sufficient guidance 
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force. From experimental data and observation, oscillations of the vehicle were . 

dominated by heave and roll motions. 

NUMERICAL SIMULATION OF MAGLEV VEHICLES WITH FIVE 
DOF 

A computer code was employed in this study to calculate dynamic response 

and the onset of instability in a maglev vehicle model with five DOF. The 

simulations and predictions were compared with results obtained from dynamic 

stability experiments. 

Numerical Simulation and Comparison with Test A 

Typical experimental results from Case 1 of Test A (see Fig. 2) are replotted 

in Fig. 5,  with RMS force and displacements as a function of wheel surface 

velocity ( d s ) .  Several speed regions were found by measurement and 

observation. (1) When the wheel speed was lower than 6 m / s  the vehicle was 

unstable, with high-frequency (flutter) due to a large drag force. (2 )  When the 

speed was between 6 and 13 d s ,  the vehicle was stable and amplitudes of 

displacement and force were relatively small. (3) When the speed was between 13 

and 30 d s ,  the vehicle was unstable and dominated by slide and yaw instability. 

(4) When the speed was over 30 m / s ,  the vehicle was unstable in almost every 

direction and the oscillation amplitudes in five directions increased significantly. 

Figure 6 shows the simulation results of lateral and vertical displacements of 

vehicle mass center for various wheel speeds, with initial perturbations of zo and 

yo equal to  0.1 mm. The system damping ratio in the simulation was assumed to 

be 2.5%. For vertical displacement, the positive value means the vehicle is moving 



toward the guideway. The following conclusions can be drawn. (1) When vehicle . 

velocity is 15 d s ,  the vehicle is stable. Its amplitudes of vertical and lateral 

motion decrease as time increases. (2) For vehicle velocities of 20, 25, and 30 d s ,  

both lateral and vertical oscillation amplitudes increase until the vehicle hits the 

guideway. (3) With defined vehicle parameters, vehicle motion is dominated by 

slide and yaw instabilities, even though heave instability is still present. This is 

caused by weak guidance force. (4) Oscillation frequency varies with the vehicle 

velocity because of lift and drag forces. In stable regions, frequency is quite low. 

(5) The current computer program is unable to deal with nonlinearity when the 

vehicle hits the guideway. For all calculations of time history, the program 

automatically stops once any side of a vehicle hits the guideway; therefore, it 

cannot be used to calculate RMS values of displacement and power spectral 

density (PSD) for comparison with the experimental data shown in Fig. 5. 

Figure 7 shows time histones of both lateral and vertical motion of a vehicle 

with a velocity of 30.0 m / s .  Lateral motion is rapidly developed and finally the 

vehicle hits the guideway. Notice that the oscillation period changes when the 

amplitude of lateral motion increases. After the vehicle contacts the side wall of 

an L-shaped guideway (t > 1.0 s), the lateral motion of vehicle mass center 

increases significantly and period is reduced. 

Figure 8 shows five vehicle motions, slip, heave, yaw, pitch, and roll, when 

vehicle velocity = 20.0 m / s  and initial perturbation is 0.1 mm in slip and heave 

motion and 0.1" in pitch and roll motions. In this particular case, pitch and roll 

motion is stable, while slip, heave, and yaw motion is unstable, The frequency 

and phase of the five motions are different, which may be attributed to weak 
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coupling of motion in different directions. The slip and yaw motions are strongly . 

coupled, but only weakly coupled to the vertical modes. 

Numerical Simulation and Comparison with Test B 

Typical results from Test B (see Fig. 4) are replotted in Fig. 9, with RMS 

valued of heave, slide, yaw, pitch, and roll motion of the vehicle as a function of 

wheel surface velocity ranging from 15 to  31 m/s ,  with the lateral gap between 

guidance magnets and the vertical part of the guideway L equal to  13.5 IIM. 

Large motion occurs between 19 and 23 d s .  When the velocity is lower than 

18 4 s  or higher than 24 d s ,  the vehicle was very stable (Fig. 9). 

Numerical simulation was carried out for the vehicle in Test B. In the 

simulation, the initial gaps between magnets and the guideway L were set as 

follows: lateral gap, 13.5 mm; vertical gap, equal to the value at which the lift 

forces of four lift magnets were sufficient to  balance the vehicle weight a t  given 

wheel speeds; initial perturbations zo and yo at vertical and lateral directions, 

0.1 mm; and system damping ratio, 2.5%. Note that, for vertical displacement, 

the positive value means the vehicle is moving toward the guideway. 

Figures 10-13 show the time histories of simulation results with vehicle 

velocities of 15, 20, 25, and 30 d s ,  respectively. The following conclusions can be 

drawn. (1) With strong guidance forces provided by four guidance magnets, slide 

motion decays very quickly (<4 s, which seems to agree well with experimental 

observations), and no slide or yaw instabilities are present in whole speed range. 

When the vehicle velocity increases, the period for slide motion to  die out 

decreases because guidance forces increase with wheel velocity. This conclusion 



Pitch oscillations are quite - can also be applied to all of the rotation motions. (2 

small because, in the calculation, drag force moments are balanced mostly by the 

moment of the tether. However, because of the rest of the unbalanced drag 

moment, some pitch angle offset is still present when oscillation disappears. 

(3) Oscillating frequencies of various motions are quite different for this 

configuration. (4) The vehicle motion is dominated by heave motion, and heave 

instability occurs when vehicle velocity is 20 d s ,  which is in a good agreement 

with the experimental result shown in Fig. 9. 

CONCLUSIONS 

Two series of extensive experimental investigations on dynamic stability of 

maglev systems were conducted with a free vehicle moving on a double L-shaped 

aluminum guideway mounted on the top of a rotating wheel. Five modes (vertical 

heave, lateral slip, pitch, yaw, and roll) of the vehicle motion were measured in 

experiments when the rotating speed of the wheel was varied. Instabilities of an 

EDS-type maglev system have been observed through the experiments. Stable and 

unstable motion of the maglev vehicle was observed and recorded. An integrated 

experimentaUanalytica1 study of stability characteristics is definitely an 

important aspect of maglev research and must be considered in the development 

of all maglev systems. 

Various methods can be used to  stabilize a maglev system: passive 

electrodynamic primary suspension damping, active electrodynamic primary 

suspension damping, passive mechanical secondary suspension, and active 

mechanical secondary suspension. With a better understanding of vehicle 



stability characteristics, a better con 

of ride comfort and safety. 

w can be adopted to 
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