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Characteristics of an Electrodynamic Wheel Using
a 2-D Steady-State Model
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The mechanical rotation of a radially positioned permanent-magnet Halbach array above a conducting, nonmagnetic track induces
eddy currents in the track that can inductively create suspension and propulsion forces simultaneously. The parameters that affect the
performance of this electrodynamic wheel are studied using a 2-D steady-state finite-element method. Tradeoffs between the lift and
thrust force performance are investigated and methods to improve the thrust efficiency are proposed.

Index Terms—Eddy currents, electromagnetic analysis, finite-element methods, Halbach array, maglev.

I. INTRODUCTION

HE use of a single-sided linear induction motor (SLIM)

with a track constructed of aluminum and back iron held
early promise as a means of providing propulsion for high-speed
ground transportation applications [1]-[14] and a high-speed
way-side power collection method was developed in the USA
[15]. But for high-speed operation, the SLIM suffers from a low
power factor and it must be designed to be very long in order to
counteract the end-effects [2], [3]. Typically a secondary elec-
tromagnetic attractive suspension system is used to provide the
lift and guidance forces; however, using such a system increases
costs and creates drag losses [16]-[19]. A more elegant and
substantially lower cost method is to only use aluminum on
the track. With no back iron, the induced eddy currents enable
the SLIM to also create the suspension and guidance forces in-
ductively using a flat guideway. This “electromagnetic river”
concept was first proposed by Eastham and Laithwaite [20];
however, it has a very poor power factor [21], [22], and the
lift-to-weight ratio is low, thus its practical implementation has
never been realized.

If radial or axially positioned magnets are mechanically ro-
tated above a conductive, nonmagnetic guideway such as alu-
minum [23]-[34] then the induced eddy currents can create the
lift and thrust forces without the low power factor, and poten-
tially create a high lift-to-weight ratio. An illustration of the ra-
dial magnet configuration is shown in Fig. 1. With this method,
the drag force that is created by typical translational electro-
dynamic suspension is used to create the thrust [32], [33]. Al-
though increased losses result from the mechanical rotation,
only one mechanism is needed to create all the forces, thus re-
ducing the overall losses compared to other maglev systems.
The use of only aluminum sheets for the track could potentially
make the track costs comparable to high-speed rail. In this paper,
the parameters that affect the performance of an electrodynamic
wheel (EDW) will be investigated using the 2-D steady-state
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Fig. 1. An electrodynamic wheel translationally moving and rotating above a
conductive, nonmagnetic track.

current-sheet model presented in [34]. The primary aim is to de-
termine whether high lift and thrust forces can be created while
operating at high efficiency.

Modeling the steady-state forces using only a 2-D model ne-
glects the effect of the field reduction along the z-axis and it
does not account for the finite width of the guideway [35]. Con-
sequently, it cannot account for the lateral (z-axis) force or the
effect of the z-axis flux density, B, on the lift and thrust force.
The exclusion of the third dimension also prevents any assess-
ment of stability. However, despite these shortcomings the use
of the 2-D steady-state model enables many salient features of
the EDW to be initially assessed and these general character-
istics, particularly thrust efficiency, should not be significantly
affected by the third dimension.

A 3-D model of the EDW, track topologies that create lateral
guidance force, and experimental results are presented in com-
panion papers.

II. OPTIMAL HALBACH ROTOR MAGNET THICKNESS

The electrodynamic wheel could potentially use supercon-
ducting or rare-earth magnets to create the forces. However, this
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analysis will focus on the use of rare-earth magnets with a Hal-
bach array [36]—[38].

Previously, Davey proposed that for any inductive levitation
device the highest lift-to-weight ratio, Ly, defined as

Ly =— ey
mg
can be obtained by minimizing the performance index: [39]

m

fi(m, @) = =5 [keWb™"] )
where
P flux created by the magnet [Wb];
m magnet mass [kg];
Fr, lift force [N];
g gravitational acceleration, 9.81 ms=2.

The use of (2) is reasonable if the magnet poles are repeating
and have a uniform air-gap since only one magnet pole needs
to be considered. However, since the Halbach rotor’s air-gap
above a flat track is not uniform the field contribution of each
pole is not the same. Therefore, in order to determine the optimal
lift-to-weight ratio for a full rotor, it is proposed that the absolute
value of the magnetic vector potential, A, needs to be used
when computing the “flux,” such that

Q):/|Az|dl [Wh]. 3)
T

The integration path, I", was chosen to span the width of the rotor
along the top surface of the track. Using the absolute value of
the vector potential incorporates both the positive and negative
fields, preventing them from being cancelled out, since other-
wise the net flux could be zero over the track surface. The rotor
magnet mass will be

m=m(ry—r7) pw  [ke] “
where
To rotor outer radius [m];
T rotor inner radius [m];
p magnet density [kgm™>];
w rotor width [m].

If the rotor radius ratio is defined as

Rr="10 (5)

To
then by substituting (3) and (4) into (2) and minimizing the ra-
dius ratio, for a given number of poles, the highest lift-to-weight
ratio can be obtained.
As an example, (2) was evaluated for a range of inner radius
values for the 4 pole-pair Halbach rotor shown in Fig. 1, with an
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Fig. 2. Four pole-pair Halbach rotor performance measure for an outer radius,
ro, of 0.23 m.

TABLE 1
SIMULATION PARAMETERS
Translational velocity, v, 80 ms™!
Slip speed, s 30 ms!
Quter radius, 7, 023 m
Inner radius, r; varied

Pole pairs, P 4

Track Thickness, ¢ 10 mm
Magnet width, w 0.15m

Air gap, g 10 mm
Track Conductivity, o 3.5x10’Sm’!
Magnet Residual magnetization, B, 141 T
Magnet Permeability, 4, 1.08

outer radius fixed at 0.23 m. Finite-element analysis (FEA) was
used to evaluate (3). The resulting values for the performance
index are shown in Fig. 2. The optimal radius ratio for the 4
pole-pairs is seen to be Rr = 0.68, i.e., 7; = 0.687,. In order
to confirm that 0.68 gives the highest lift-to-weight ratio, the lift
force was calculated for a range of radius ratios using the steady-
state current sheet model [34] with the known rotor magnetic
vector potential value. The parameters used are shown in Table L.
Fig. 3 illustrates the results, and clearly shows that the peak
lift-to-weight ratio indeed occurs when the radius ratio is 0.68.

Interestingly, it was discovered that the optimal radius ratio,
for each pole-pair is independent of the actual outer radius value.
The optimal radius ratio calculated using this method for 2 to 7
pole-pairs is summarized in Fig 4.

III. EXAMPLE OF THE LIFT AND THRUST FORCE PROFILE

The thrust force is created when the circumferential velocity,
V¢, of the EDW becomes somewhat greater than the translational
velocity, v,.. Thus, a slip speed s is always present, and is defined
as
[ms™!]. (6)

§ = Ve — Vg
The circumferential velocity is defined as

[ms 1] (7

Ve =WmTo
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Rotor radius ratio, Rr

Fig. 3. Confirming the optimal lift-to-weight ratio for 4 pole-pair rotor using a
the steady-state current sheet model.
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Fig. 4. Optimal radius ratio versus pole pairs.
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Fig. 5. Thrust force versus slip speed for a range of translational velocities.

WeTo

=5 ®)
where
W mechanical angular velocity;
We electrical angular frequency;
P number of pole pairs.

A typical example of how the lift and thrust forces are affected
by the slip speed and translational velocity is shown in Figs. 5
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Fig. 6. Lift force versus slip speed for a range of translational velocities.

TABLE 11

SIMULATION PARAMETERS
Translational velocity, vy varied
Slip speed, s varied
Outer radius, 7, 0.23m
Track conductivity, ¢ 3.5x10’Sm’!
Track thickness, ¢ 10mm
Magnet width, w 0.2m
Air gap, g 10mm
Pole Pairs, P 6

and 6. The 2-D steady-state current sheet model was used to
calculate the results [34] and the parameters used are shown in
Table II. Fig. 5 shows that in order to attain sufficient thrust the
slip speed must be increased at higher translational velocities,
like with the SLIM. Fig. 6 shows that the lift force becomes in-
creasingly independent of slip speed as the translational velocity
increases.

Although the slip speed significantly influences the forces,
it was determined that the general relationship between the pa-
rameters often scaled almost equally with slip speed and since
two-dimensional plots more clearly show relationships wher-
ever possible only one slip value has been used.

IV. PARAMETER ANALYSIS

This section summarizes the results from studying how var-
ious parameters affect the performance of an electrodynamic
wheel, such as the number of pole-pairs, the outer radius, track
thickness, and track conductivity. The radius ratio that gives the
highest lift-to-weight is always used. In order to assess the per-
formance, the following additional metrics were defined:

Thrust efficiency, 7: [5], [23]

FTvx
- +t® 9
K FTUz + PLoss ( )
F’T’Uz
= 10
Tor, (10
The lift mass, m,, as:
F
mp = f [ke] (1
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Fig. 7. Rotor magnet mass versus pole-pairs.
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Watts-per-kilogram, W,k 4 as:

P Loss
Wykg = [W/kg] (12)
mr
and lift-to-thrust ratio, L:
Fr
L= —=
T Fr
where
Fr thrust force;
T mechanical torque;
Pross eddy current power loss within the track.

A. Pole Pairs

Figs. 7-13 show how the pole-pairs influence the perfor-
mance metrics, such as the magnet mass, lift force, thrust force,
lift-to-weight ratio, track power, watts-per-kilogram for lift,
lift-to-thrust ratio, and thrust efficiency. The parameters used
for the pole-pair analysis are shown in Table III.

Fig. 7 shows that, for a given outer radius, the magnet mass
decreases with an increase in pole-pairs. This is simply because
the optimal radius ratio, Rrgp¢, increases with the number of
pole-pairs. The lift force, shown in Fig. 8, decreases with an
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Fig. 9. Thrust force versus pole-pairs.
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Fig. 10. Lift-to-weight ratio versus pole-pairs.
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Fig. 11. Track and thrust power versus pole-pairs.

increasing number of pole-pairs because the flux density over
the track surface decreases. The thrust force, shown in Fig. 9,
peaks at 6 pole-pairs. The initial increase in thrust force for 3 to
6 pole-pairs is because the electrical frequency becomes greater,
if operating at the same slip speed, as seen by (8), and thus the
magnet flux density has more time available to penetrate further
into the track and interact with the induced currents to create
thrust force. The decreasing thrust force (above 6 pole-pairs) is a
result of the magnitude of the magnetic flux density decreasing
with the greater number of pole-pairs. Fig. 10 shows that the
peak lift-to-weight ratio is achieved using 4 pole-pairs.
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Fig. 13. Thrust efficiency versus pole-pairs.

TABLE III
SIMULATION PARAMETERS FOR POLE-PAIR ANALYSIS

Translational velocity, v, 135ms™!
Slip speed, s 45 ms!
Outer radius, 7, 0.23m
Track conductivity, ¢ 3.5x107Sm’!
Track thickness, ¢ 10mm
Magnet width, w 0.2m

Air gap, g 10mm

Pole pairs, P varied

The combination of a decreasing thrust and lift force above
5 pole-pairs results in a decreasing total power use within the
track, as illustrated in Fig. 11. But, since the lift force decreases
at a faster rate than the thrust force, as shown in Fig. 12, the
thrust efficiency continues to increase, as shown in Fig. 13. The
improvement in thrust efficiency with increased pole-pairs is
well known by SLIM designers and thus should be expected for
the EDW [3]-[7].

Using a small number of pole-pairs gives the lowest watts-
per-kilogram as shown in Fig. 14. However, for small pole-pair
numbers, the track power loss is the largest and the level of thrust
efficiency is the lowest. Therefore, if only lift force is required,
the best strategy would be to make the watts-per-kilogram the
smallest. But, since both lift and thrust are required for maglev
applications, a direct tradeoff between the watts-per-kilogram,
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Fig. 14. Watts-per-kilogram for lift versus pole-pairs.
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Fig. 15. Thrust force versus outer radius.

which represents the lift efficiency and the thrust efficiency per-
formance metric is evident. This tradeoff clearly shows the in-
terrelationship between the thrust and lift forces. One can obtain
a higher thrust efficiency (higher thrust-per-watt) at the cost of
a lower lift efficiency (higher watts-per-kilogram), or a higher
lift efficiency (lower watts-per-kilogram) at the cost of a lower
thrust efficiency (lower thrust-per-watt).

The pole-pair analysis shows that in order to create maximum
thrust efficiency the highest number of pole-pairs should be
chosen that still provides a sufficient lift-to-weight ratio. Thus,
the ability to improve the thrust efficiency while still providing
sufficient lift force is limited by the available rotor magnetic flux
density.

B. Rotor Radius

The influence of the outer radius on the performance metrics
is illustrated in Figs. 15-25. The parameters used in the analysis
are shown in Table IV. Fig. 15 and Fig. 16 show that as the outer
radius increases the lift and thrust forces increase linearly as the
thrust and lift forces are basically proportional to the track sur-
face area covered by the rotor. However, since the rotor magnet
mass increases by the square of the radius, as shown in Fig. 17,
the lift-to-weight-ratio decreases with increasing outer radius, as
shown in Fig. 18 and Fig. 19. At very low radii the flux along the
track at the chosen air-gap becomes very weak and this causes
the reduction in the lift-to-weight ratio below 0.15 m. This re-
duction in the lift-to-weight ratio at small radii becomes severe
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Fig. 18. Lift-to-weight ratio versus outer radius.

above 6 pole-pairs. Also, as the outer radius increases the lift
force increases at a faster rate than the thrust force and this leads
to an increasing lift-to-thrust ratio as shown in Figs. 20 and 21.

The increase in outer radius improves the thrust efficiency as
shown in Figs. 22 and 23. For higher outer radii, the slip speed
must be increased in order to be at the peak thrust efficiency.
This is why Fig. 22 does not show the full benefit obtained by
increasing the radii. The slip speed must be increased because as
the outer radii increases the electrical frequency decreases when
at the same circumferential velocity, v., as shown by (7).

Lastly, Fig. 24 shows that the watts-per-kilogram decreases
as the outer radius increases and this is because the lift force
increases at a greater rate compared to the power dissipated in
the track (Fig. 25).
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Fig. 21. Lift-to-thrust ratio versus slip speed for a range of outer radii.

C. Rotor Radius Versus Pole Pairs

If it is assumed that the optimal radius ratio is used, then
the outer radius and number of pole-pairs are the only parame-
ters that can vary on the rotor. Therefore, it should be instruc-
tive to see how interrelated these two parameters are. Plots of
the lift-to-weight-ratio, thrust efficiency and lift-to-thrust ratio
versus pole-pairs and outer radius are shown in Figs. 26-28. The
parameters used to generate the plots are the same as given in
Table I1I. As expected, the thrust efficiency increases with an in-
creasing number of pole-pairs, but as the number of pole-pairs
increases the outer radius has a diminishing effect on efficiency,
at the fixed slip speed value. In contrast, both the outer radius
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and pole-pairs significantly influence the lift-to-weight ratio, as
shown in Fig. 27. Either using a higher number of pole-pairs or a
higher outer radii will result in a diminished lift-to-weight ratio
because of the reduction in field strength at the track surface.
Fig. 28 shows that using an increased number of pole-pairs
decreases the lift-to-thrust ratio but increasing the outer radius
improves the lift-to-thrust ratio performance. Thus, it can be
concluded that the pole-pairs and outer radius should be made as
large as possible so as to create the highest thrust efficiency and
lift-to-thrust ratio combination. However, this increase is lim-
ited by the need to achieve a sufficient lift-to-weight ratio. This

3401

350 T —==-= S e e, e g = = =
—#— Track Power Loss, B, : :
300 T|  —o— Thrust Power Loss, Fov, |77 7177 T _:
250 —o— Total Power Loss i ____1
B 200 & mmm = s mmm e B mme, —e
A
B DB = e o - oy
2
R [ e R ;
I
50 i T e s T I I
| I
| I
0 T T T T T T 1
0.1 0.15 0.2 0.25 0.3 0.35 0.4
Outer radius [m]
Fig. 25. Track power versus outer radius.
TABLE IV
PARAMETERS USED IN THE OUTER RADIUS ANALYSIS
Translational velocity, vy 135ms’!
Slip speed, s 45ms’!
Outer radius, 7, varied
Inner radius, 7; 0.79or
Pole pairs, P 6
Track conductivity, ¢ 3.5x107Sm’!
Track thickness, ¢ 10mm
Magnet width, w 0.2m
Air gap, g 10mm
08+~

\

=
5N
\

Thrust Efficiency
_O (=)
(3] —
\ \

—
(=R}
/\
\
\

Pole Pairs Outer Radius (m)

Fig. 26. Thrust efficiency versus outer radius and pole-pairs.

analysis has been used as a guide in designing the experimental
model [40]. A summary of how the outer radius and pole-pairs
affect the performance is shown in Table V.

D. Track Conductivity

An increase in conductivity decreases the thrust force while
the lift force increases. This result is because as the conductivity
increases larger currents flow within the track and therefore the
currents prevent the vertical rotor magnet field from penetrating
fully into the track.

The decrease in thrust and increase in lift with conductivity
results in a decrease in thrust efficiency, but an increase in
the lift-to-weight ratio. Thus, a higher conductive track, such
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TABLE V
TRADEOFFS BETWEEN OUTER RADIUS AND POLE PAIRS

Increase in Pole-Pairs | Increase in Outer Radius
Efficiency, 77 T i)
Lift-to-thrust ratio, 71/ Fr | 4 T
Lift-to-weight ratio, L, 4 {
TABLE VI
PARAMETERS USED FOR THE TWO EDW COMPARISONS

Translational velocity 135 ms’!

Slip speed varied

Outer radius 0.23m

Pole pairs 6

Guideway thickness 10 mm

Magnet width 0.2m

Air gap 10 mm

Rotor separation 0.175m

Guideway conductivity 3.5x10’Sm’!

as copper, could be used to improve the lift-to-weight per-
formance, but the thrust efficiency would decrease. However,
with a higher lift-to-weight ratio a higher pole-pair number
can be used and this would then increase the efficiency, but
decrease the lift force. The result would be similar performance
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Fig. 31. Two EDWs in series separated by 0.175 m.

to aluminum but at a higher cost, therefore aluminum appears
to be the most cost effective material to use.

E. Track Thickness

Increasing the track thickness only has an effect on the forces
when the magnetic diffusion depth is larger than the track thick-
ness. Therefore, reducing the track thickness below the skin-
depth increases the track resistance and predictably increases
the thrust and decreased the lift force. A track thickness greater
than 10 mm would likely not be necessary because at high-speed
the skin depth is at or below this level.

V. IMPROVING ELECTRODYNAMIC WHEEL PERFORMANCE

There are a number of ways in which the thrust efficiency
could be improved further. If higher B,, magnet material could
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TABLE VII
IMPROVEMENT IN PERFORMANCE WHEN USING TWO ELECTRODYNAMIC
‘WHEELS IN SERIES (AT PEAK THRUST EFFICIENCY)

e Parameter Two Independent | Two Interacting| %
5] Rotors Rotors Chang
=3 Slip speed [ms™] 54 32 41
k] Lift force, Fp [kN] 17.0 16.1 -5
z Lift-to-weight ratio 9.29 8.81 s
d:‘f Thrust force, Fr [kN] 1.99 2.43 +22
i Lift-to-thrust ratio, F /Fr 8.54 6.64 -22
1 1 Track power loss, Pross [kW] 141.5 121.0 -14
I I I —*— Two Independent Rotors Total power requirement [kW] |410 448 +9
a3 : : : v jatoracting Rotors Thrust efficiency 066 073 T
0 10 20 30 40 50 60 70

Slip speed [ms™']

Fig. 34. Lift-to-weight ratio comparison.

be used, or if superconducting magnets were used, then the
thrust efficiency could be improved further by increasing the
number of poles while still providing a sufficient lift-to-weight
ratio. For instance, using the parameters given in Table VI
the results for increasing the number of poles well beyond
10 pole-pairs is shown in Fig. 29; at 100 pole-pairs the thrust
efficiency reaches 87%. With such a high pole number the
magnitude of the lift force becomes less than the thrust force

as shown in Fig. 30 and therefore only when operating with a
very high thrust force would sufficient lift force be created to
enable suspension.

A second method to improve performance is to use more than
one EDW in series, and this would almost certainly be required
for any large vehicle. An illustration of a simulation with two
EDW in series is shown in Fig. 31. If the second EDW is close
to the first then the currents induced in the track by the first
EDW can be used by the second, and thus less overall energy
is required.

The effect of using the two EDWs in series was compared
with the performance achievable by using two EDWs that are
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Fig. 37. Magnetic field contour plot for four electrodynamic wheels in series.

TABLE VIII
PEAK THRUST EFFICIENCY FOR DIFFERENT POLE-PAIRS AND WHEEL NUMBERS AT 135 ms~—! TRANSLATIONAL VELOCITY
EDW’s in Series 1 2 3 4 5
Pole-Pairs p K p Sep. s Sep. K Ty Sep. K p Sep. s
3 0.57 92 1 070 | 0325 | 50 ] 0.76 | 035 | 40 ] 079 | 035 | 36 | 0.81 | 0375 | 30
4 0.61 80 1 072 | 0.175 | 38 | 0.78 | 0.175| 32 | 0.81 | 0.175| 28 | 0.83 | 0.200 | 22
5 0.64 66 | 072 | 0250 | 42 | 0.77 | 0.125] 10 | 0.80 [ 0.125 8 ] 0.80 | 0.300 | 26
6 0.66 54 | 073 | 0175 | 32 | 077 | 0.175| 28 | 0.79 [ 0.175| 26 | 0.81 | 0.200 | 20
7 0.67 54 | 072 | 0250 | 32 | 077 | 0.125| 16 | 0.78 | 0.250 | 28 | 0.78 | 0.250 | 28

not interacting, either because they have a large separation dis-
tance, or are on different tracks. The results from the compar-
ison are shown in Figs. 32-36. The parameters used to make
the comparison are shown in Table VI. The figures show that
with the additional rotor interacting, the slip speed needs to be
larger before the thrust becomes positive. However, a signifi-
cantly higher maximum thrust is achievable, and this results in
higher thrust efficiency. In addition, a higher lift force can also
be achieved, which results in a larger lift-to-weight ratio. The re-
sults show that there is a range of slip speed values where both
the lift-to-weight ratio and thrust efficiency are higher than if the
two EDWs were not interacting. A summary of the improve-
ments in performance is shown in Table VII. The percentage
changes that improve performance have been shaded.

Encouraged by the potential improvements obtained by using
2 EDWs in series, a study of the effect of using up to 5 EDWs
in series was undertaken. The parameters used in the simulation
are the same as given in Table VI, but the separation distance
between rotors, Sep, and pole-pairs, P, were also varied.
The phase difference between the rotors was kept constant.
A lift-to-weight ratio of 8 or greater was always ensured. An
example showing the field lines created by 4 EDWs in series is
shown in Fig. 37. A summary of the simulation results is given
in Table VIII. The peak thrust efficiency, 1), and corresponding
slip speed, s, is also shown. Rotor separation distances less
than 0.125 m were not considered because this created too
large a field between the rotors. However, since an arch motor
over the top of each EDW is expected to be used to rotate the
EDWs, a lower separation distance may be achievable (such as
0.1 m) enabling somewhat higher operating thrust efficiencies
than shown. As the number of series EDWs increases the peak
efficiency occurs at a lower pole-pair value. As for the SLIM,
the thrust efficiency improves with length [3], [5], but even
with 5 EDWs in series the design should be much shorter than
for a high-speed SLIM [3].

VI. CONCLUSION

A 2-D steady-state model has been used to investigate the
parameters that affect the performance of an electrodynamic

wheel. Tradeoffs between the lift and thrust performance have
been highlighted. It was shown that using multiple electrody-
namic wheels in series can improve the performance of such
an integrated maglev device. Although additional losses will
occur due to requiring motors for rotation of the electrodynamic
wheel, it will not suffer from a low power factor. The lift and
thrust forces can be generated by using just one mechanism and
the same track surface.
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