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ATTRACTIVE LEVITATION FOR HIGH-SPEED GROUND TRANSPORT
WITH LARGE GUIDEWAY CLEARANCE AND
ALTERNATING-GRADIENT STABILIZATION

John R. Hull
Argonne National Laboratory, Argonne, IL 60439 USA

This paper describes an attractive levitation concept that
results in large guideway clearance and low magnetic drag, and
requires no feedback for stability. Dynamic stability is achieved
by establishing alternating gradients of force, in which the spatial
dependence of the attractive force between superconducting coils on
the vehicle and iron rails in the guideway is altered by periodic
changes in the rail configuration. For a vehicular velocity of 500
km/h, the appropriate lengths for each configuration are in the
range of 5 to 40 m, and the guideway clearance is in the range of 50
to 100 mm, depending on the details of the rail and vehicle magnet
design.

Introduction

The use of magnetic levitation for high-speed ground trans-
port (HSGT) has focused mainly on two general methods: (1) elec-
tromagnetic suspension (EMS), in which the attractive force
between an electromagnet and an iron rail is used to levitate the
vehicle; and (2) electrodynamic suspension (EDS), in which the
eddy currents induced by the passage of a magnet over a conducting
guideway provide a repulsive levitational force. The EMS method
is characterized by low magnetic drag, but it results in a small
guideway clearance owing to the relatively low field strength of the
electromagnet; in addition, it requires active feedback for stability.
The EDS method employs the high magnetic field strengths of
superconducting magnets to achieve large guideway clearance and
is self-stabilizing without feedback, but it results in substantial
magnetic drag. Other levitation methods that are potentially useful
for HSGT, but have yet to reach the experimental prototype stage,
include null-flux suspension [1,2] and mixed-mu suspension [3].

This paper describes an attractive-levitation method that
results in large guideway clearance and low magnetic drag and
requires no feedback for stability, a combination that could result
in substantial cost savings in a HSGT system relative to systems
that are based on EDS or EMS. Depending on acceleration
requirements, lower magnetic drag can result in lower capital cost
for the propulsion system. Larger gap clearance usually implies
that guideway tolerances can be relaxed, which usually results in
the possibility of a lighter weight and lower cost guideway.

Alternating-Gradient Attractive Levitation

The method presented here is analogous to that used in
strong-focusing synchrotron particle accelerators [4-6] and is
based on establishing alternating gradients of force to achieve
stability. The spatial dependence of the attractive force between
superconducting coils on the vehicle and iron rails in the guideway
is altered by periodic changes in the rail configuration. The large
magnetic field strengths associated with the superconducting
magnets result in a large levitation force, even at guideway
clearances approaching those typical of EDS systems. The use of
alternating—gradient stabilization in devices using attractive
magnetic levitation was first suggested by Hull [7].

A cross section of an example implementation of the concept
is shown in Fig. 1, where two current-carrying conductors of a
vehicle coil are suspended below a pair of iron rails. The origin of
the coordinate system corresponds to the center point of the vehicle
coll; coordinate z denotes the vertical separation of the plane of the
colil from the plane of the rail pair; and coordinate x denotes the
horizontal displacement of the coil centerline from the rail pair
centerline. At equilibrium, where the force of gravity is exactly
balanced by the vertical magnetic force, the coil is horizontally
centered below the pair of rails.
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Fig. 1. Coordinate system for the basic geometry of alternating-
gradient attractive levitation.

A plot of the vertical magnetic attractive force F, as a func-
tion of the vertical separation z between the coil and the track at x =
0 is shown in Fig. 2 for the two configurations. The equilibrium
value in this example is 19.5 kN/m. The corresponding sideways
horizontal force Fy as a function of horizontal coordinate x is
shown in Fig. 3 for equilibrium values of z. At equilibrium, the
system is statically unstable, as expected from Earnshaw’s theorem
[8]. In Configuration A, the system is stable in the z direction, but
unstable in the x direction. In Configuration B, the system is stable
in the x direction, but unstable in the z direction. There are two
possible equilibrium values of z for Configuration A, but only the
lowest value is used. At the larger equilibrium value, the system is
unstable in the z direction.
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Fig. 2. Vertical magnetic attractive force as a function of vertical
coordinate z_. of coil center, for x = 0. The vertical force at equilib-
um is 19.5%N/m and is indicated by the dashed line.
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Fig. 3. Horizontal force as a function of horizontal coordinate x at
equilibrium points in the vertical direction, z = zy and z = zg.

With the method of alternating gradients, the system is
dynamically stable as the vehicle coil moves in the y direction (in
or out of the page in Fig. 1) within some velocity range. At regular
points along the vehicular trajectory, the rail configuration
switches alternately between A and B. When the vehicle is in the
correct velocity range, it is dynamically stable in both directions.

Ignoring damping of motion and rotation about the y-axis,
the equations of motion for the coil may be written as follows:

d%/d? = o, gz, Configuration A, (1)
a®/a®= B, gx. Configuration A, @
clzz/dt2 = 0582, Configuration B, 3

@x/dt? =B, gx. Configuration B, )
where g is the acceleration of gravity, and o and B are positive
coefficients that are approximated here as constants. Lettingv
denote the vehicular velocity in the y direction, and L, and Ly, the

respective lengths of Configurations A and B, we define

Vv,2-v,2
2 -1
Z,, = coshK, cosK, + PAA sinh K,, sink, (5)
w,2-w,2
X11 = coshMl cosM2 + 2W2W1 sinh M1 slnM2 6)
where
- 1/2 =
K1 = Ll(ulg) /v, V1 'Kl/Ll .
= 1/2 -
Ky=Loleg® /Z/v.  Vy=Kp/ly.
= 1/2 -
My =L@ @ v, Wy=M/ly.
1/2
My =LoBy® /2y, Wy=My/Ly.
The system is dynamically stable when
—lsZnSI‘ and (7)
-1<X,;<1. 8

To implement the alternating-gradient method in a HSGT
system, the desired vehicular velocity would be specified at each
point along the route. Guideway geometry and configuration
lengths would be chosen to correspond to the velocity profile, and
provide for maximum stability at each point of the route. In prin-
ciple, by choosing very small configuration lengths, levitation
could be stable at all but the lowest velocities. Because stability is
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maintained over a range of velocities for each configuration,
typical variations from the design velocity could be tolerated.
Extreme deviations from the design velocity, such as those occur-
ring during emergency stops, would require additional stabiliza-
tion, perhaps by auxiliary electromagnets with active feedback.
Changes in-vehicular load can be readily accommodated by
adjusting the current in the superconducting magnet. To a first
approximation, the forces shown in Figs. 2 and 3 scale with the
current, whereas the shape of the curves changes little.

Calculational Examples

As a calculational example, we examine the simple two-
dimensional system depicted in Fig. 1, where the cross sections are
50 mm by 50 mm for each conductor, 20 mm by 75 mm for each rail
in Configuration A, and 80 mm by 15 mm for each rail in Configu-
ration B. The conductor has a current density of 200 A/mm2, and

_ the rail has a BH curve typical of low-carbon steel. The magnetic
fields and forces are calculated numerically as a function of x and z
with the static field solver of the computer code PE2D [9], assuming
D~=2.15m, D, =1.98m, and D, =2.21 m. The corresponding
equilibrium values for z are z, = 22 mm, and z, = 133 mm. The
curves in Figs. 2 and 3 are examples of the calculational results.
The corresponding gra?lent coeﬁicienlts at equlllbrhim are oy =
422m ", 0,=134m B, =582m ", By =10.0m . Atequilib-
rium, the minimum track clearance is 50 mm and occurs in
Configuration A.

We assume a vehicular velocity v = 139 m/s (500 km/h). To
determine the appropriate guideway segment lengths for each
configuration, we plot X,, =1, Xy1=-L2Z;;=1andZ,, =-linthe
L,-Lp plane, as in Fig. 4. The region that satisfies Eqs. }7) and (8) is
sﬁaded. Within this stability region we choose lengths L = 6.9 m
and L = 28.1 m for each guideway segment. With these particular
configuration lengths, the system is stable for the velocity range of
122 to 165 m/s. In general, a larger stability region, which occurs

for larger values of al_/ [Sl and ]32 / oy, implies a larger velocity range
for which the system is stable.
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Fig. 4. Stabllity plot for v =_1i'39 m/s, a; =42.2 m_l, =134m L,

1=582m ", B,=100m ". The shaded region indicates choices of
guideway segment lengths L, and Lg for which the system is
dynamically stable.

The rail geometry is an important design concern. For
example, if the rails in each configuration in the above example
had a 50 mm by 50 mm cross section and were placed so that D, >
D(‘_1= Dg, the grad_leint coeﬁicient_slwould beoa, =250m ", o, = 17.7

,By=71.9m, By =7.2m . The resufhng velocity range for
stability would be 136 to 143 m/s.

The static-field solution is useful only if the magnetic
diffusion time is short compared to the residence time of the
vehicle magnet over the iron. The magnetic diffusion time is
defined by

r=pod®/ 2, ©
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where u is the permeability, o is the electrical conductivity, and d is
the thickness of the medium. In the levitation examplg, much of
the iron is saturated with p of order 2. With ¢ = 1.7x10° siemens/m
and d = 20 mm, 7 = 0.09 ms. This value is considerably less than the
10-ms residence time of a 1.4-m-long magnet over a position on
the rail at a vehicular speed of 140 m/s. For the example geometries
described above, the transient solver of PE2D [9] was used to solve
for the magnetic field as a function of time when a step-function
boundary condition was used for the current in the vehicle coils, In
all cases, the calculated magnetic force increased to over 95% of the
static-solution value in less than 1 ms.

. The magnetic drag resulting from eddy currents in the iron
rails could be kept to a minimum by conventional lamination or
possibly by the use of sintered iron.

Vehicular Trajectory

Stability calculations for an actual HSGT system must
account for all degrees of freedom in three dimensions, and include
the forces of aerodynamics and propulsion as well as those of
gravity and magnetic levitation. However, insight into the influ-
ence of the nonlinearities inherent in an iron-based attractive
system can be gained by the simplified two-dimen-
sional system. Equations (5)-(8) are strictly valid only for constant
gradient coefficients, but within the region of stability, the system
is stable to any amount of perturbation. As seen in Fig. 2, the forces
in the vertical direction are nonlinear with z, and, in addition,
there is some variation of the vertical force with displacement in
the x direction. In general, the nonlinearities of the system
decrease the region of stability.

Using the force curves generated by the static solver of PE2D
and ignoring damping of motion and rotation about the y axis, we
numerically integrate vehicular trajectories to determine the
domain of stability for deviations in x, z, vy, and v, about equilib-
rium. The results indicate that step-function perturbations of
several mm and oscillations of up to 15 mm can be tolerated. Such
results indicate that larger guideway imperfections are tolerable in

‘this system, compared with an EMS system.

System Considerations

The use of iron, combined with the large guideway clearance,
should result in a lower cost track, especially if the iron can also be
used as a structural support for suspended spans of guideway. The
large guideway clearance reduces the required rigidity relative to
EMS designs. On a volume basis, iron costs less than copper or
aluminum, which must be used with the EDS method. The cross
sectional area of 30 cm” for the guideway in the examples used
this paper compare favorably with the 160 cm“ [10] and 140 cm“ of
several continuous-sheet EDS designs. In some geometries, the use
of iron above the superconducting magnets helps to reduce the
magnetic field strength within the passenger compartment.

The wide variety of rail materials and geometries that are
available should enable a choice over a relatively large range of
stiffness parameters in the magnetic suspension system. The
region of stability could be improved further by using steel rails
with oriented permeabilities. Smaller stiffness in the magnetic
suspension is generally associated with a smaller region of stabil-
ity in Configuration A. The guideway clearance can be increased, or
the coil current decreased, by adding more iron to the guideway.

Conclusions

The use of alternating-gradient attractive levitation offers
the potential of a HSGT system with negligible magnetic drag and
large guideway clearance without the need for active feedback for
stability. The concept of alternating-gradient attractlve levitation
1s still in the early stages of development for applications to HSGT.
Only a few simple geometries have been analyzed for stability, and
factors such as trade-off in ride quality versus degree of track
imperfection have yet to be examined. To apply this concept to a
realistic HSGT system will require considerably more invention.
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