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CHARACTERIZATION OF LEVITATION FORCE  
FOR A SUPERCONDUCTING MAGNETIC  

LEVITATION VEHICLE
Background: In Superconducting Magnetic Levitation (SML) transportation systems, 

such as the MagLev-Cobra prototype, the levitation force plays an important role, both for 
efficiency and safety reasons.

Aim: Determination of the maximum load on the magnetic suspension.
Methods: To determine how much load the magnetic suspension system supports, 

numerical simulations, based on computational models, and laboratory experimental tests are 
normally used. 

The most commonly way for characterization of a SML bearing is the measurement 
of the levitation force as a function of distance between a Superconductor (YBCO) [1, 2] 
and a Permanent Magnet Guideway (PMG). The measurement of levitation as a function of 
distance, the banana curve, has a hysteretic behavior with the results depending of the history of 
measurement: whether the distance between the superconductor and the PMG is decreasing the 
force is higher than when the distance is increasing, the force is higher with faster movements 
and so on. A different approach of levitation force test will be proposed as an alternative to the 
hysteresis curve. This method, applied to characterize the levitation dynamics of the Maglev-
Cobra vehicle, provided more reliable and consistent data with the levitation dynamics observed 
during the operation of the real scale prototype in the transportation of passengers. 

The bench-top levitation test emulates the behavior of the vehicle along its operation, 
regardless of the position history between the magnets and the superconductor materials. The 
test consists in placing the superconductor, refrigerated inside cryostats, in a predetermined 
Field Cooling (FC) position, and slowly move the cryostat above the PMG to a lower high, for 
example 15 mm, and wait 10 minutes. After that, the high is decreased 1 mm and again hold there 
for 10 minutes. The procedure is repeated until a high of 10 mm is reached. The hole process is 
repeated at least 5 times. This routine replicates the load condition during the vehicle operation 
when passengers board the train and the load stay constant until the end of the journey. After that, 
another group of passengers takes place inside the vehicle and is carried to the next station. 

This kind of test shows the creep of the levitation force over time with slow dynamics 
and gives the average load over height of levitation along the given time of operation, helping 
engineers to predict the load capacity of the vehicle and design a more reliable layout.

Results: Three FC positions were investigated. The position currently used by the 
MagLev-Cobra (35 mm) and other 2 positions (45 mm and 55 mm) of initial height between 
the superconductor and the permanent magnet guideway.
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Conclusion: All these results contribute to an improvement in the criticality index and 
a safe application of this system on transportation of persons.

Keywords: Superconducting Magnetic Levitation, Urban Transportation, Superconductors, 
Rare Earth Permanent Magnets, Force Measurements.

INTRODUCTION

In handling systems that use superconducting levitation [3], it is extremely 
important to make the most of the levitation force for both efficiency and safety 
reasons. To determine how much load the magnetic suspension system supports, 
it is possible to use models and numerical simulations or physical tests in the 
laboratory. Just as important as using a suitable mathematical model is to perform 
tests in a manner consistent with levitation and operation.

To determine the ideal levitation height of the Maglev, some bench tests 
were performed in the laboratory, in which the actual operating conditions were 
reproduced. It was decided to perform tests because the modeling of the phenomenon 
of levitation still be a subject not totally dominated by researchers around the world. 
Several theories attempt to reproduce the experimental results mathematically 
without success. The superconductors used in the Maglev Cobra are type II.

THE HYSTERESIS CURVE

The most used curve to characterize a superconducting bearing is the banana 
curve that represents a force versus displacement graph between a superconductor 
and a magnet (Fig. 1).

The repulsive force between a magnet and a superconductor is a complicated 
mechanism to be analyzed. What can be said is that the force increases as the 
superconductor approaches the magnet and decreases as it moves away. However, 
it is different when the two are moving away or approaching. When the magnet 
moves away, the repulsive force between the magnet and its image diminishes. In 
addition, flux pinning lines cause an attractive force that reduces liquid repulsive 
force. This results in a curve force vs distance with hysteresis.

Moreover, the equilibrium position depends on the amplitude of the excursion 
that the superconductor performed on the magnetic field of the magnet. As can 
be seen in figure1 there are 4 Hysteresis curves measured for the same magnet 
and superconductor assembly. The first curve with the largest displacement is the 
displacement curve of 25 to 10 mm where it is possible to observe the largest 
Hysteresis. The three following curves (2, 3 and 4) are displacements (20 to 15 mm), 



126 ТРАНСПОРТНЫЕ СИСТЕМЫ И ТЕХНОЛОГИИ
TRANSPORTATION SYSTEMS AND TECHNOLOGY 

ОРИГИНАЛЬНЫЕ СТАТЬИ
ORIGINAL STUDIES

Received: 12.10.2018. Revised: 01.11.2018. Accepted: 17.11.2018. This article is available under license    
Transportation Systems and Technology. 2018;4(3 suppl. 1):124-133 doi: 10.17816/transsyst201843s1124-133

(17.5 to 12.5 mm) and (15 to 10 mm), so it is impossible to determine the ordered 
pair (position, force) without knowing the displacement history of the assembly.

One can take as an example the position of 15 mm in the different curves. 
To know the force associated with this position it is necessary to know what 
displacement was done around this position.

EXPERIMENTAL SETUP

The levitation force testing system is illustrated in Fig. 2 and allows 
movements in the vertical direction. The equipment is connected to a computer that 
uses the Labview software both for control of the movement and for the acquisition 
of the data of the load cell. Other researchers also perform levitation tests in their 
laboratories [4, 5, 6].

The test configurations are listed in Table 1.

Table 1.Test Configuration

Step 0.5 mm
Speed 3 mm/s

Sample rate 10 kHz
Resolution ¾ N

Waiting time after movement 10 min

Fig. 1 . The classical Banana curve for different amplitude excursions



127 ТРАНСПОРТНЫЕ СИСТЕМЫ И ТЕХНОЛОГИИ
TRANSPORTATION SYSTEMS AND TECHNOLOGY 

ОРИГИНАЛЬНЫЕ СТАТЬИ
ORIGINAL STUDIES

Received: 12.10.2018. Revised: 01.11.2018. Accepted: 17.11.2018. This article is available under license    
Transportation Systems and Technology. 2018;4(3 suppl. 1):124-133 doi: 10.17816/transsyst201843s1124-133

RESULTS AND DISCUTION

In order to perform bench-top levitation tests, we tried to get closer to the 
behavior of the vehicle over the operating time [7].

Three Field Cooling positions were investigated (YBCO cooling in the 
presence of magnetic field). Position currently used by the Maglev (35 mm) and 
other 2 positions (45 mm and 55 mm) of initial height between the superconductor 
and the rail. To evaluate the force as a function of the levitation gap throughout 
the day the procedure used was placing the superconductor, refrigerated inside 
cryostats, in a predetermined Field Cooling (FC) position, and slowly move the 
cryostat above the PMG to a lower high, for example 15 mm, and wait 10 minutes. 
After that, the high is decreased 1 mm and again hold there for 10 minutes. The 
procedure is repeated until a high of 10 mm is reached. The hole process is repeated 
at least 5 times.

With this procedure, gradual loading of the cryostat is simulated throughout 
the day in the same way as the vehicle with the entry and exit of passengers at 
each trip. It is impossible, however, to repeat the exact loading that the vehicle 
suffers with the transport of passengers during its working period, as the load 
distribution of the vehicle is not homogeneous, and passengers will not always 
position themselves in the same place inside the vehicle.

Fig. 2. Experimental Setup
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With the proposed test methodology, it is possible to evaluate the force curve 
by displacement over time in a discrete way by averaging each 10-minute period 
evaluated and plotting the curve of these points for each position (10, 11, 12, 13, 
14 and 15 mm).

The first test cycle represents the so-called field pumping when the 
superconductor is pressed for the first time against the magnetic field of the magnet, 
this action causes a stress in the pinning network and has the consequence called 
the Flux Creep and, therefore, decay of levitation force. This Creep of the first 
cycle is more pronounced than in the other cycles of tests and can be observed 
in the following three graphs that represent the first test cycle for each height of 
FC. Another observation is that the levitation force is always greater during field 
pumping than during the other stages of testing.

This phenomenon can be observed in Fig. 3, 4 and 5.
To observe the levitation force over the hours, the mean force measured over 

the 10 minutes was used as a representation of the cryostat’s capacity in this time 
window. By performing several test cycles with at least 1-hour interval between 
them it was possible to use each midpoint along the hours.

With these results it is possible to observe the decay of the levitation force 
for different FC heights and to know how much load the vehicle can carry along 
the operating time depending on the height of Field Cooling used. The first hour 
of testing is not part of the tables because it is when the creep flux shown in the 

Fig. 3. First test (flux Creep) FC 35 mm
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Fig. 4. First test (flux Creep) FC 45 mm

Fig. 5. First test (flux Creep) FC 55 mm

previous Fig. 3, 4 and 5 happens and where the levitation force is larger but does 
not represent the true load that levitation is able to withstand.
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Table 2. Force Average by levitation Gap and accumulated losses (FC 35 mm)

FC (35 mm) Force Average [N] Accumulated 
Lossesmm Hour 2 Hour 3 Hour 4 Hour 5 Hour 6

10 1667.90 1651.20 1641.52 1634.04 1628.09 2.4 %
11 1484.18 1463.59 1450.55 1442.21 1435.34 3.3 %
12 1297.11 1275.76 1262.84 1254.15 1247.79 3.8 %
13 1117.60 1096.08 1083.46 1074.47 1068.38 4.4 %
14 947.76 926.61 914.19 905.55 899.77 5.1 %
15 787.78 767.73 755.41 745.88 740.21 6.0 %

Table 3. Force Average by levitation Gap and accumulated losses (FC 45 mm)

FC (45 mm) Force Average [N] Accumulated 
Lossesmm Hour 2 Hour 3 Hour 4 Hour 5 Hour 6

10 1851.23 1832.55 1821.05 1812.18 1805.15 2.5%
11 1665.48 1639.21 1624.55 1614.68 1607.53 3.5%
12 1470.76 1443.73 1429.11 1419.64 1413.06 3.9%
13 1284.01 1257.16 1242.73 1234.04 1227.79 4.4%
14 1105.37 1078.80 1064.85 1056.28 1050.79 4.9%
15 935.65 909.64 895.77 888.04 883.03 5.6%

Table 4. Force Average by levitation Gap and accumulated losses (FC 55 mm)

FC (55 mm) Force Average [N] Accumulated 
Lossesmm Hour 2 Hour 3 Hour 4 Hour 5 Hour 6

10 1936.73 1915.56 1903.08 1893.23 1885.89 2,6 %
11 1750.90 1721.99 1705.69 1693.83 1685.33 3,7 %
12 1554.74 1524.63 1508.27 1496.01 1487.93 4,3 %
13 1366.34 1336.08 1319.88 1307.74 1299.97 4,9 %
14 1185.78 1155.57 1139.47 1127.74 1120.33 5,5 %
15 1013.49 983.47 967.83 956.21 949.05 6,4 %

As the vehicle weights 2 300 kgf (2 2540 N), the number of passengers should 
be limited safely, since the number of cryostats is fixed at 24 units in this project.

Thus, the following scenarios are possible at the end of 6 hours of operation 
with 10 mm of levitation gap:

According to table 5, considering that each passenger weighs average of 
80 kgf, it is possible to estimate the capacity of transport of the vehicle for each 
height of FC.
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The tests show that the force decay is small (2.4 % to 6.4 %) for a period of 
eight hours after the Field cooling and that when the cryostat works more heavily 
and closer to the rail the loss of force levitation is lower.

Another result is that the quasi-static progressive loading used does not show 
a logarithmic decay as observed in dynamic Hysteresis type tests. Perhaps because 
in conducting the dynamic tests there is the movement of a superconductor in the 
magnetic field of the magnet, causing in addition to the creep, induction of currents 
inside the superconductor during the movement which in turn generates repulsive 
forces in the system increasing the levitation force.

With this kind of tests presented, it is possible to predict the behavior of the 
cryostat over the time of operation, it being enough to know which was the FC used 
and in which position the cryostats are of the rail. The latter information can easily 
be obtained by using distance sensors in the vehicle.

The graphs in Fig. 3, 4 and 5 represent the magnetic field pumping curves in 
the first test cycle explain why the Maglev Cobra levitates higher in the first trips 
causing the collision of the linear motor safety bearings, causing slight discomfort 
to the passengers.

CONCLUSIONS

These preliminary data suggest that it would be interesting to change the 
height of Field Cooling currently used in the Maglev Cobra from FC 35 to FC 45, 
thereby increasing the carrying capacity. For this change it would be necessary to 
also investigate the lateral force behavior that holds the vehicle in the path of the 
rail.

During the tests of levitation force, it was possible to observe that a curve 
of approximation of amplitude in the range of 5 mm no longer represented the 
actual load supported by the levitator, and to know the payload for each levitation 
height a static test should be used. With this, a new test methodology was adopted 
to approximate the maximum as possible the behavior of the vehicle during its 

Table 5. Overall Capacity by FC height

FC 
height

Capacity 
by cryostat

Total 
capacity

Total capacity 
minus vehicle 

weight

Number of 
passengers 

(80 kg f/person)

Safety index 
with 15 

passengers
35 mm 1628 N 39072 N 16532 N 21 1,40
45 mm 1805 N 43320 N 20780 N 26 1,76
55 mm 1885 N 45240 N 22700 N 28 1,93
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operation. Also, was possible to observe that the levitation force for the cryostat is 
lower than expected for 10mm distance, but the decay measured over time was lower 
than estimated according to the tables 2, 3 and 4. These data should be confirmed 
when height sensors are fitted to the vehicle.

Through the tests the number of passengers inside the vehicle can be assessed 
with greater confidence and a safety coefficient can now be applied according to 
table 5. Thus, the failure mode – levitation loss due to overload can be mitigated. 
All these results contribute to an improvement in the criticality index and a safe 
application of this system on transportation of persons like proposed in [8, 9, 10].
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