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Abstract-For the first time, the lift, drag, and ._o__....RotatingDrumguidance forces acting on a permanent magnet are
measured as the magnet passes over different arrays 7"f _ _ Shaft
of figure-elght (null-flux) coils. The experimental ¢ [__,....._ Support Bar
results are in good agreement with the predictions _ ffx_.-'_..-TriaxialForceTransducer

of dynamic circuit theory, which is used to explain _ _/ Magnet\

more optimal coil I.arrays'INTRODUCTION" _--------I_-x X

Considerable attention has been given to the magnetic Figure-Eight Coil _l_l
levitation of vehicles over guideways consisting of
pc,,odically-spaced conducting coils. Examples of propo_,ed v y
guideway configurations include arrays of independent coils Fig. 1 Magnet mounted on force transducer over rotating coil.
("loop track") [1], interconnected coils ("ladder track") [2],
two layers of coils (double-layer "null-flux" track) [3], and impulses' spectral frequencies. The drum was mounted on a
figure-eight coils (single-layer "null-flux" track) [4]. milling-machine table that served as a reaction mass and en-
Typically, widely-separated superconducting magnets are abled the xyz positioning of a coil. The support bar was can-
mounted in the vehicle. A system that achieves both lift and tilevered from a separate, massive concrete block to minimize
guidance from vertical figure-eight coils in the guideway resonant coupling between the magnet and rotating drum.
sidewalls has been developed in Japan [5]. This system can A critical experimental consideration was the attachment of
have a very favorable lift-to-drag ratio, if well designed, the magnet and the force gauge to the support bar so that

We conducted an experimental and theoretical investigation cross-talk between the three sensitive axes of the force
of the lift, drag, and guidance forces on a permanent magnet transducer was minimized, while still providing the required
moving close to various arrays of figure-eight coils. The prestress for mounting the gauge. To calibrate the force
measured time-histories of the forces provide a basis for the transducers, and especially to measure cross-talk, a Bruel &
evaluation of electrodynamic models and codes developed to Kjaer (B&K) 4810 mini-shaker was used to drive the magnet
analyze the magnetic levitation of vehicles using the discrete sinusoidally in each direction via a B&K 8001 impedance head
suspension coils of the null-flux type. Good correlation was with a calibrated force gauge. The frequency response of our
found between the experimental data and the predictions of the measurement system was found to be flat (+0.5 d B) to at
code COIL GDWY [6]. We report some of the results mad least 1 kHz in ali three directions. The maximum cross-talk
discuss their application to the design of maglev systems, over this frequency range was found to be -20 dB (for the lift

force contaminating the guidance force signal) and -25 dB or
II. EXP_AL APPARATUS less for ali other combinations.

The coils (of No. 12 copper magnet wire) were laid out
Figure-eight coils were mounted on the inside surface of a sequentially around the inner surface of the drum in five

PVC drum (0.24-m inside diameter), that rotated at 1780 configurations: Configuration A was a single coil with two
r/rain. See Fig. 1. A 25.4-mm-square and 3.2-mm-thick 25.4-mm-square loops, as shown in Fig. 1; B was eight coils,
NdFeB magnet was attached to a Kistler 925lA tri-axial each with two rectangular loops, 25.4 x 6.35 mm; C was four
piezoelectric force gauge and suspended over the moving coils coils, each with two loops, 25.4 x 12.7 mm; D was two
by mounting both on a support bar. The transducer measured coils, each with two 25.4-mm-square loops; and E was four
the three components (xyz) of the small force impulses coils, each with two 25.4-mm-square loops. The areas of coil
exerted on the magnet by the induced currents and magnetic configurations B, C, and D were identical (2581 mm2).
fields of the coils. The support bar was designed with high
damping and resonant frequencies much greater than the force III. EXPERLMI_ITALRESULTS

Force measurements were made for many different gaps (z)
Manuscript received February 15, 1993. Workpartially and off-center locations (y) between the magnet and the coils.
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magnet are shown in Fig. 2a for y = 10.2 mm and z _ 4 mm, Waveforms for the lift, drag, and guidance forces,
the distance between the bottom surface of the magnet and the calculated by dynamic circuit theory, are shown in Fig. 2b.
center plane of the coils. The y coordinate is zero when the The measured waveforms (Fig. 2a) are in good agreement with
magnet is centered over each coil (see Fig. 1), thus y -- 10.2 those calculated. Fig. 3 shows the forces calculated at 1130
mm means that 90% of the magnet faces one loop and 10% m/s, for the same coil/magnet geometry investigated in Fig.
faces the other loop. Note that the lift force (Fr) due to a 2. Although difficult to measure, the currents induced in the
single coil (A) consists of an impulse toward the center of the coils can be readily calculated by dynamic circuit theory, as
coil (y = 0), followed by a slightly smaller impulse away shown in Fig. 4 for coil array E at 22.6 m/s.
from the center. The net force toward the center (which would
serve as a lift force on a maglev vehicle) becomes more V. DISCUSSIONOFRESULTS
apparent in the case of two (D) and four coils (E).

The drag force (Fx) due to a single coil (A) consists of The force impulses characterizing the lift and drag forces,
two impulses that occur when the leading and trailing edges of obtained by integration of the experimental waveforms,
the magnet are centered on the coil so that the rate of change showed that the net drag force is much larger than the net lift
of flux through the coil is maximum. The superposition of force. This was true for ali values of y except for a narrow
similar pairs of impulses from 2 to 8 coils leads to range between y = +3 mm. The total lift force impulse is
waveforms B-E. In waveform E, for example, superposition near zero for y ---0, increases to a maximum (about 70 l.tN.s
of 4 pairs of impulses leads to 2 pulses of the same amplitude for coil E at z = 5 mm) around y = 8 mm, then decreases to
and 3 pulses of double amplitude in the drag force, zero for y = 12.5 mm, and acts in the opposite direction (away

The guidance force (Fz) due to a single coil (A) consists from the center of the coil) for y > 12.5 mm. The drag force
of a repulsive impulse followed by a smaller attractive and guidance force reach their maximum values around y =
impulse, leading to a net force away from the coil. +12.5 mm (i.e., when the magnet passes directly oppositeone of the loops of the coil. The calculations confirmed ali

I I I I I , I I

IV. THEORETICAL CALCULATION OF FORCF_ AND CURREN'I_ _I A ) Bi cl o i _I

Dynamic circuit theory has been used to calculate the _(x._ L,Fr
induced currents in the moving coils and the resultant force on
the magnet. In the dynamic circuit model, an electrodynamic
system is treated in terms of space- and time-dependent circuit 0_AG
parameters governed by a set of differential equations in
matrix form. Ali magnetic forces existing in the system are
considered as arising from changes in magnetic energy stored
in the system. Currents induced in the coils and magnetic
forces acting between the components of the system as a GUt0ANCE
function of time or position are determined by solving the
dynamic circuit equations in the time domain. Thus, the
transient and dynamic performance of the system can be
simulated and predicted. Previously, computer simulation 0 10 _ 30
models for several maglev suspension system, based on the "n,_ (mm
dynamic circuit theory, have been discussed [6]. Fig. 2a. Measured force wave formq (V=22.6 m/s)

When the dynamic circuit theory is applied to our

experiment, the 3.2-mm-thick permanent magnet is _ A t_ a_ c_ _o _ E_' '_
represented by a 25.4-mm square coil of 2260 ampere-turns. _..'_._._2 rtL._.._-_t_L. UFT
Three dimensional magnetic forces (Fx, Fy, and Fz) acting

between a permanent magnet and n figure-8 coils are given, ..........................................................................F

Fx- I (I) ..........;-............................................j=i Ox o ...........!._.*.....!..........i..........[ ..... !...... i.i.J.....:

where NI is the number of ampere turns of the permanent ] i i i ..... i .... ..-aU,OANCE

and the NI are the mutual inductances between the equivalent 1moving coil (permanent magnet) and the upper (u) and lower

(1) loop of the jth figure-eight coil, respectively [7]. Since o ,0 _, 3,
the currents and mutual inductances in Eq. (1) to (3) are T,uE(,,,s)
functions of position and time, the magnetic forces obtained Fig. 2b Calculatedforce waveforms(V=22.6 m/s)

from these equations are time- and space-dependent.



4

• I , I _ I • , Vel. Frc. Conlligurition

A :: .B i c ! '_i- ! E . I: (m/e) (0nN) A B C O E1 4,4.
DRAG 100 -205 -325 -345 -238 -235

22.6 F o 29.4 37.8 49.8 37.8 38.7

100 319 376 500 388 408

,O 22.6 FL/F o 0.13 _.05 0.07 0.13 0.13
100 0.64 0.27 0.36 0.88 0.68

22.6 Fti/Fo -0.32 -0.27 -0.44 .0.36 -0.34

• ....T: °u-c. 100Tbo,
0 2 4 6 8

r_Ms(_,) so that the inductance dominates the resistance of the coil: the
Fig. 3 Calculatedforcewaveforms(V=10Om/s) L/R time constants are large relative to the magnet's passage

times (coil-width / speed).

the above force-impulse trends.
Coils B, C, and D have the same total area. Thus it is VI. CONCLUSIONS

worthwhile to compare the total lift and drag forces in order to
determine their dependence on coil pitch. The following The good agreement between the observed and calculated
observations can be made: 1) coil D gives substantially more impulse waveforms supports the validity of determining
lift force, followed by coil C and coil B; 2) coil B gives the forces using dynamic circuit theory. Furthermore, this
most drag, followed by coil C and coil D. Thus, the coil method provides a means for calculating coil currents, which
pitch should be at least as large as the magnet to obtain the are nearly impossible to measure.
best lift-to-drag ratio, for the parameter range tested. Maximum lift occurs when the width of the figure-eight

Average lift, drag, and guidance forces, determined by coil is nearly the same configuration as that of the magnet,
integrating the calculated force-time histories and dividing by and when 20% of the magnet faces one loop of the coil and
the time of passage of the magnets over a given coil, are 80% faces the other loop. The lift-to-drag ratio increases with
shown in Table 1 for the conditions of Figs. 2 and 3. These speed, a decrease in the off-center position (y) of the coil, and
results confirm the dependence of the forces on coil pitch, changes in any other system parameters that increases the

As for coil array E in Fig. 4, the coil currents at 22.6 coil's inductive, relative to its' resistive, response.
m/s were found to be essentially in phase with the position of ACKNOWLEDGEMENTS
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Fig. 4 Induced currents in the coils of array E for 22.6 m/s






