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Abstract—High-speed MAGLEYV can rely on electrodynamic
suspensions for their levitation. The track, the conductive part
of the suspension where eddy currents take place, has a great
influence on the forces generated in the system. Different track
topologies, either discrete or continuous, have been explored so
far, but not globally compared. The paper aims therefore to
compare objectively continuous and discrete track topologies
based on performance criteria such as the lift-to-drag and lift-
to-weight ratios.
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I. INTRODUCTION

Electrodynamic suspensions (EDSs) are considered for the
magnetic levitation of high-speed ground transportation
systems. They rely on electromagnetic interactions between
a magnetic field source and eddy currents induced in a
conductive rail by the said source. The former can be realized
with permanent magnets (PMs) to generate the magnetic field
in a robust and simple way. The latter, also referred as track,
can be either discrete or continuous [1]. Continuous tracks are
materialized by a homogeneous conductive sheet whereas
discrete tracks are formed by the repetition, at regular
intervals, of a conductive element that can be made of wire,
bulk material, or a combination of both. Several topologies
have been considered so far to implement this track, with
simple loops, null-flux loops or a ladder; each one having its
advantages for specific applications. However, there is no
comprehensive global comparison between all of them as
well as with continuous tracks. Only topology-to-topology
comparisons have been made [2-4].

In this context, the goal of this paper is to compare the
continuous and discrete track topologies with relevant
performance criteria. First, the track topologies are presented
as well as the selected performance criteria. Then, the models
are developed. A bi-objective optimization is conducted in
Section IV. Finally, the track topologies are compared based
on the optimization results in Section V.

II. PM-EDS TOPOLOGIES AND CRITERIA

A. Magnetic field source

The magnetic field source of PM-EDS is an arrangement
of PMs in a Halbach array or with a simple alternance of
poles. The latter is chosen for this study and remains the same
for all the track topologies.

B. Track topologies

The different track topologies used in this paper are
represented in Fig. 1. Topologies (SL)-(LA) are discrete

L.Beauloye is a Research Fellow of the Fonds de la Recherche
Scientifique (FNRS).

Bruno Dehez
Institute of Mechanics, Materials and Civil Engineering
UCLouvain
Louvain-La-Neuve, Belgium
bruno.dehez@uclouvain.be

v

DA

7

T (LA)
Fig. 1: Track topologies. (PL) Plate. (SL) Simple loops. (NF) Null-flux loops.
(IT) Inductrackl [6]. (LA) Ladder.
while the first one (PL) is continuous. The levitation and
motion directions are along the y-axis and x-axis
respectively.

C. Criteria

The criteria used for the comparison are the following:
e Lift-to-drag ratio (LDR): the ratio between the lift
force and the drag force.
e Lift-to-weight ratio (LWR): the ratio between the
lift force and the weight of the PMs of the source.

III. MODELLING

Different types of model have to be used to compute the
forces in the continuous and in the discrete tracks [1]. These
models are developed in this section for each topology. The
equivalent circuits model of the discrete tracks are similar to
the ones in [3, 7]. The forces can be derived based on the
currents in the circuits using either the magnetic co-energy or
the Lorentz force equation. There are two main hypotheses
behind this model. First, the currents induced locally in the
conductors are neglected, meaning that the wire cross section
should not be too large. Secondly, the geometry is supposed
to be infinite along the x-axis. The circuits for each topology
are depicted in Fig. 2.

A. Plate

The forces in the continuous track are computed using a
3D analytical model as in [5], starting from local formulations
of Maxwell equations. The geometry is decomposed in
regions that are either air, PM or electrical conductor.

In the air, the following equation holds:
72 =0 @)
where ¢ is the magnetic scalar potential.
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Fig. 2: Equivalent circuits for (a) the simple loops and Inductrackl1,
(b) null-flux loops and (c) ladder topologies.
In the PMs:
Vip=V-M (2)
where M is the residual magnetization vector of the PMs.
In the conductor:

V2H = —ou,V x (v x H) 3)
where H is the magnetic field strength, o is the electrical
conductivity and v is the speed of the vehicle.

The forces are then computed using Maxwell’s stress tensor.

B. Simple Loops

The discrete tracks are modeled using an equivalent circuit
governed by the following equation [7]:
N
dl dl_, dlI
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where R and L are the resistance and inductance of the loops,
M;, is the mutual inductance between the k-th loop and the
center loop (0-th), E|, is the voltage induced in the center loop
due to the variation of the magnetic flux intercepted by this
loop, and 2N is the number of adjacent loops considered
along the x-axis. The current and the voltage can be written
as Fourier series with the same spatial frequency depending
on the pole pitch of the PMs:
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with w, = :—" and t,,, the PM pole pitch, and N, the number

of harmonics. For each harmonic, the electrical equation can
be then expressed as:
Rly, + v jw,Lly,

N
+ ijan(I—kn +In) — Egn =0 (6)
k=1

Since the currents are periodic, an equivalent inductance can
be computed as:

Lo, =L+ Z 2 M, cos(kw,T,) %)
k

where 7, is the coil pitch.
Finally, the current in the k-th loop is computed in the
following way:
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For the simple loops topology, E, is equal to:
x+lc/2 %
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with w, and [. the width and the length of the loops
respectively, and B, the n-th harmonic of the y-component
of PM magnetic flux density computed with a model similar
to the one describe above.

C. Inductrack 1

The equations are the same for the Inductrack 1 as (8),
except that:
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D. Null-flux loops

The equations are the same for the null-flux loops as (8),
Ey, where Ey, , are computed similarly as (9).

E. Ladder

In the ladder track, all the loops are electrically
interconnected. Therefore, to compute the currents in the
rungs [, and in the bars [, of the ladder, two equations are
required:

(Rr + vxjwnLre)Irkn(l - e]'wn‘rc)
+ Z(Rb + ijwane)Ibkn - Ekn(1 - e]wn‘rc) =0 (11)
Ly + Tpxe™9n%e = Iy, (12)
with

(13)

F. Multiple conductor tracks

For the simple loops, Inductrack 1 and the null-flux loops,
each loop can be made of a plurality of turns. In this case, the
conductors in these types of track are discretized in several
turns and the magnetic flux is computed on each turn. For the
ladder track, the rungs can be divided in several parallel
conductors, requiring additional voltage Kirchhoff laws
between pairs of adjacent conductors in each rung.

G. FEM validation

All the models were validated with FEM simulations in
COMSOL Multiphysics. Fig. 3 depicts the forces computed
with three different models for a velocity of 10m/s. It should
be noted that, at this speed, the skin effect is negligible in the
conductors. The temporal model is obtained from a temporal
integration of the electrical equations. The discrepancy
between the three models is very small.
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Fig. 3: Comparison between the steady-state (SS) model, an analytical
transient analysis (temp), and FEM for the ladder track at 10 m/s.



IV. OPTIMIZATION

The five topologies are optimized based on the developed
models and can then be fairly compared. The optimization
relies on a bi-objective maximization using the algorithm
NSGA-III where the objectives are the comparison criteria
defined above. The forces involved in the objectives are
computed for one wavelength of the magnetic field source.

The parameters of the PM-EDSs are presented in Table 1.
Some design choices must be noted. In the simple loops (SL)
and null-flux loops (NF) topologies, the gap between adjacent
loops is chosen to be minimal. The levitation height of the
PMs in front of the null-flux loops (NF) is set to 1/4 of the
loops width to ensure a sufficient lift force at the expense of
a reduction of the LDR. There is no inductive loading at the
bottom of the Inductrack (IT). The width of the plate (PL) is
set to 3 times the width of the PMs to remain in the validity
area of the model. The conductors in the discrete tracks have
a cross-section equal to:

A= (N, X wy) X (Ny X wye) 14)
The optimization parameters and their range of values are
summarized in Table II. The thickness of the plate ¢, depends
on the skin depth &gy;,. The numbers of turns are not
optimized in the ladder track (LA). Indeed, we observed that
the optimization tended to maximize these parameters,
towards the limits of the model. Since the current in each
conductor making a rung is different, it is more complex to
consider the coupling between them. A more comprehensive
model needs therefore to be developed to go further.
However, the ladder with only one turn remains an interesting
topology to study and to compare with the other ones.

V. RESULTS AND COMPARISON

The Pareto fronts between the LWR and LDR obtained
after the optimization of the parameters with a PM pole pitch
equal to 0.2 m are shown in Fig. 4. Several key points are
noted on the graph and their metrics reported in Table I11. The
resulting suspensions are represented in Fig. 5 to visualize the
optimum dimensions and the differences between them. The
first line is a view from above the PMs and the second one a
cut-view perpendicular to the direction of travel.

TABLE L. PM-EDS PARAMETERS
Parameter Symbol Value | Unit
Pole pitch of the PMs Ty 0.2 m
Width of the PMs Wy 21T, m
Thickness of the PMs tm T /4 m
Remanence of the PMs B, 14 T
Air gap thickness Tag 30 mm
Coil pitch T, - m
Width of the track w, - m
Length of the loops l. - m
Number of turns in the N, - -
thickness of the loops
Number of turns in the N, - -
length of the loops
Wire cross section Wee Xwy, | 10X 10 | mm?
Thickness of the plate t. - m
Electrical conductivity o 3.5¢7 S/m
Translational speed U, 100 m/s

TABLE II. OPTIMIZATION PARAMETERS
Topology | Parameter Min Max
PL te 6skin/10 3 6skin
T /Ty 0.1 1
w. /Wy, 0.5 3
SL N, 1 10
N, 1 10
T /Ty 0.05 1
w. /Wy, 0.5 3
IT L 0.05 0.5
N, 1 20
N, 1 10
T /Ty 0.1 1
w. /Wy, 0.5 3
NF N, 1 10
N, 1 10
T./T 0.1 1
LA C m
w. /Wy, 0.5 3
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Fig. 4: Pareto fronts after optimization of the five track topologies.

TABLE III. OPTIMIZATION RESULTS

PM- LWR | LDR | Track
EDS Topology -] ] volume

[m’]

| IT 5.1 112.3 | 0.053
11 IT 10.3 44 0.014

111 SL 13.7 | 24.6 | 0.003
v LA 20.2 | 13.2 | 0.0027
\Y% LA 38.7 7.2 | 0.0017
VI NF 1.24 | 13.7 | 0.0044
VII PL 36.2 | 12.5 | 0.0038

For each topology, there is a trade-off between LDR and
LWR. The null-flux topology (NF) is dominated by all the
other ones. When using PMs instead of superconductors, the
magnetic flux intercepted by the null-flux loops is too low
compared to the weight of the source. The Inductrackl (IT)
can reach a very high LDR but a rather low lift force while
the ladder track (LA) can produce a much more significant
lift force but a poor LDR. The simple loops (SL) can be a
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Fig. 5: Topologies obtained after optimization. First row: view from above the PMs.
Second row: Cut-view perpendicular to the direction of motion.

trade-off between the two with a slight improvement of the
extreme points of both previous topologies. However, the
simple loops (SL) requires much less materials than the
Inductrackl (IT) for the same performance which can reduce
significantly the costs. The ladder (LA) can also be cost-
efficient with the lowest amount of material for the largest lift
force. Despite one of the lowest LDR, the conductive plate
(PL) still produces a high LWR, above 35, leading to a lower
PM cost for a given application. It also has a rather small track
volume and a much easier building process compared to the
other topology. These two elements could lead to a
significantly lower initial cost of the suspension but this has
to be compared to the higher operation cost due to the low
LDR. Finally, the ladder track (LA) could reach better
performance with more conductors per rung but this still has
to be proven with a more comprehensive model.

It is important to assess the validity of the comparison with
the variation of parameters such as the speed, the PM pole
pitch or the wire section. The LWR will not increase with the
speed since the lift force saturates while the speed increases.
However, the LDR will change with the speed. As the LDR
is proportional to the speed for all the discrete tracks, the
comparison between them will remain unchanged. Only, the
plate track will have a smaller LDR relatively to the others
because its LDR increases with the square root of the speed.
Fig. 6 shows the influence of the pole pitch of the PM on the
Pareto fronts. It can be seen that with a pole pitch two times
longer, the conclusions drawn earlier remain valid. Finally,
with a wire section four times smaller, the Pareto fronts of the
Inductrack, the simple loops, and the null-flux loops are
almost the same as before in Fig. 7. This shows that, as long
as the wire cross-section remains relatively small, it has
almost no influence on the forces. This result also validates
the models with discretized conductors.

VI. CONCLUSION

This paper compared five different track topologies of
permanent magnet electrodynamic  suspension. To
accomplish this, the tracks were modelled using analytical
models. Based on this, a bi-objective optimization was
performed to extract Pareto fronts between lift-to-drag and
lift-to-weight ratios for each topology. It was then shown that
the PM-EDS with null-flux coils have poor performance
compared to the others. The Inductrackl can reach a very
high LDR while the ladder track a high LWR. The topology
with simple non-connected loops sits in-between these two.
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Fig. 6: Pareto fronts after the optimization of the tracks with two
different PM pole pitches.
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Fig. 7: Pareto fronts after the optimization of the tracks with
two different wire cross-sections.

Thanks to a high LWR, a small track volume and cheaper
construction cost, the plate track could be a very cost-
effective topology, at least initially. When taking the
operation cost into consideration, this could be mitigated.
Finally, the robustness of these conclusions was tested
against the variation of other design parameters.
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