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A 3-D Magnetic Charge Finite-Element Model of an Electrodynamic Wheel
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When a magnetic rotor is both rotated and translationally moved above a conductive, nonmagnetic, guideway eddy currents are in-
duced that can simultaneously create lift, thrust, and lateral forces. In order to model these forces, a 3-D finite-element model with a
magnetic charge boundary has been created. The modeling of the rotational motion of magnets by using a fictitious complex magnetic
charge boundary enables fast and accurate steady-state techniques to be used. The conductive regions have been modeled using the mag-
netic vector potential and nonconducting with the magnetic scalar potential. The steady-state model has been validated by comparing it
with a Magsoft Flux 3D transient model (without translational velocity) and with experimental results. The 3-D model is also compared
with a previously presented 2-D steady-state complex current sheet model.

Index Terms—Eddy currents, finite-element method, maglev, magnetic charge.

I. INTRODUCTION

HIGH-SPEED maglev ground transportation vehicles
typically use either electromagnetic suspension (EMS) or

electrodynamic suspension (EDS) methods. However, the rapid
translational motion of magnetic fields past conductors creates
an unavoidable magnetic drag force. In order to mitigate this
drag force, laminated guideway stator packs are used if EMS is
employed [1], [2]. Whilst if EDS methods are used, then some
type of null-full coil guideway topology is typically utilized
[3]–[5]. However, both such methods greatly add to the track
construction costs while still nontrivial drag forces are present
[6]. An example of this is shown in Fig. 1.

One means of avoiding these magnetic suspension drag losses
is to place magnets on the guideway [7]. However, the cost
of doing this for long-distance travel would be astronomical.
Another method is to convert the detrimental drag force into
a useful propulsive force as well as suspension [8]–[20]. This
can be accomplished by rotating the magnetic sources over the
guideway rather than translationally moving them. This force
creation is analogous to how the wheels of an automobile uti-
lize friction to create traction. A radial magnet embodiment of
this electrodynamic wheel (EDW) is illustrated in Fig. 2. In this
analysis, a Halbach rotor [21], such as shown in Fig. 3, will be
used. The use of the split-sheet guideway configuration shown
in Fig. 2 has been studied because this type of topology is ca-
pable of creating lateral re-centering forces. This flat split-sheet
topology was first proposed by Atherton and Eastham [22], [23]
for EDS and earlier by Kolm and Thornton in a curved config-
uration [24]. A similar double-row loop coil topology has also
been proposed by He and Rote [25]. The induced current paths
for a split ladder topology are schematically shown in Figs. 4
and 5 for the case of a centered and offset translationally moving
magnet. These figures show that the lateral force, , is propor-
tional to the difference between the split-ladder (or split-sheet)
currents, i.e., . Thus, the lateral forces fully cancel
when the moving magnet is centered.
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Fig. 1. Experimental drag and guideway power loss for an experimental EDS
test-rig used by the General Atomic’s urban maglev project [4], [5]. The drag
force decreases with speed but the guideway power loss does not.

However, unlike null-flux guideway topologies [3] none of
the drag force components cancel, even when a magnet is cen-
tered. Although this noncanceling drag is highly undesirable if
the magnets are moved only translationally, this topology is very
useful for the EDW because large thrust (and lift forces) will be
generated when the EDW is centered. Like with other inductive
devices, the EDW’s lift, thrust, and lateral forces are dependent
on a slip speed, defined as

ms (1)

where

rotor mechanical angular velocity rads

rotor outer radius m

translational velocity ms

Previously, a 2-D EDW model, that used a Halbach rotor, was
studied by using a steady-state current-sheet model and many
salient characteristics were determined [18], [19]. However, a
2-D model cannot enable lateral -axis forces to be assessed nor
can a 2-D model account for field variations along the -axis or
the finite conducting sheet width. Therefore, in order to fully
characterize the performance of an EDW in terms of lift, thrust,
and lateral force capabilities and efficiency, lift-to-weight, and
lift-to-thrust metrics, a 3-D model is needed. Unfortunately,
the straight extension of a 2-D current-sheet model to 3-D
does not correctly model the 3-D fields and moreover it will
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Fig. 2. An electrodynamic wheel over a split-sheet guideway.

Fig. 3. A four pole-pair Halbach rotor.

Fig. 4. Induced current path in split-guideway ladder topology when vehicle
magnet is at the lateral center position. Only lift and drag forces are created
since the guidance forces cancel, i.e., I = I .

Fig. 5. Induced current path in split-guideway ladder topology when vehicle
magnet is laterally offset from the center. In this case guidance, lift, and drag
force are created (I > I ).

be computationally inefficient. While most commercial 3-D
transient finite-element and boundary element packages can
model 3-D eddy-current problems with motion, they usually
use a moving boundary mesh technique [26], [27], although
there are exceptions, such as software by Rodgers [28]. Fuji
et al. used a moving boundary mesh technique to investigate
the characteristics of axially rotating magnetic wheels over
aluminum and copper sheets [11]–[14]. But this analysis did

not also include the translational motion effects. The modeling
of the translational motion by moving the guideway or source
becomes impractical when high translational speeds and large
problem regions need to be analyzed because the guideway
must be very long in order to reach steady-state conditions.

Other researches have previously used dynamic circuit
methods [29]–[39] also sometimes called generalized ma-
chinery theory [40], and mesh-matrix methods [41]–[43] to
analyze similar 3-D problems. These formulations model the
guideway in terms of a set of magnetically coupled space and
time-dependent lump-parameter circuits governed by a set of
differential equations in matrix form. When sheet conductors
are considered, the guideway sheet is divided up into a grid of
coupled lump-parameter circuits. However, such models inher-
ently ignore the skin effect and in the authors’ experience this
leads to severe accuracy limitations since the skin effect greatly
influences the lumped parameter inductance and resistance
values [44].

Therefore, due to lump-parameter guideway model short-
comings, a 3-D steady-state EDW finite-element model
has been developed. It is beneficial to first determine the
steady-state characteristics of an EDW since the uses of a
steady-state model can enable potential designs to be assessed
far more rapidly than with transient techniques. Therefore, in
order to reduce the computational time and memory require-
ments while still explicitly modeling the rotor magnetic fields,
the rotating magnets have been modeled by using a fictitious
complex magnetic charge boundary. The use of a magnetic
charge boundary enables the nonconducting regions to be
modeled using the magnetic scalar potential. The conductive
regions have been modeled using the magnetic vector potential
and the translational motion was accounted for by including the
Minkowski transformation in the guideway formulation [45].

In this paper, the developed 3-D finite-element magnetic
charge model is compared with a Magsoft Flux 3D transient fi-
nite-element model (with no translation) and with experimental
results. It is also compared with a previously developed 2-D
model [18].

II. PARTIAL DIFFERENTIAL EQUATION FORMULATION

The applicable quasi-static field equations are [46]

(2)

(3)

(4)

(5)

(6)

where

conductivity of track Sm

permeability of free space Hm

translational velocity ms

magnetization vector Am

The guideway material is assumed to be made of linear, homo-
geneous, simply connected, nonmagnetic material, such as alu-
minum. And the guideway is assumed to move translationally
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rather than the rotor magnets. Re-expressing (2)–(6) in terms of
the magnetic vector potential and electric scalar potential,

Vm (7)

T (8)

one obtains [18]

(9)

and since then

(10)

Using the identity

(11)

and the Coulomb gauge , (9) and (10) reduce to

(12)

(13)

The use of (12) and (13) in the air and track region is known
as the formulation [28], [47]–[52]. The electric scalar
potential in (12) and (13) cannot be removed by using the
method [53], [54] because if is removed then trying to im-
pose on the boundary when will give
erroneous results [55]. However, Roger showed that the electric
scalar potential can be expressed as

(14)

Thereby leading to a formulation in terms of alone [18], [28],
[45], [48], [56]

(15)

Alternatively, (15) can be derived by expressing (12) and (13)
in the fixed (Lagrangian) laboratory reference frame when the
velocity, , is zero [57]. In this case

(16)

and therefore the model can be used [53], giving

(17)

where

(18)

If this model is now converted into the Eulerian frame [57], [58]
in which the position is a function of time, then

(19)

Substituting (19) back into (17) yields (15). Rodgers was the
first to propose using (15) for 3-D eddy-current analysis [45]
However, this 3-D formulation was used much earlier by linear
induction motor researches [59].

A. Conducting Guideway Region

If a steady-state solution can be obtained in which

Wbm (20)

where electric angular velocity, then assuming the transla-
tional velocity only has an -component allows the conducting
region, (15), to be expressed as

(21)

B. Nonconducting Region

Within the nonconducting regions the magnetic flux density
is expressed in terms of the magnetic scalar potential, , as

T (22)

The formulation in terms of the magnetic scalar potential alone
is then

(23)

It is well known that the field of a magnet can be modeled using
a fictitious magnetic volume charge density, and surface
charge density, defined as [46]

Am (24)

Am (25)

If is assumed to be uniform within the magnets, the charge
density exists only on the surface of the radial and azimuthally
magnetized magnets [46], as illustrated in Fig. 6. Thus, the mag-
netization surface charge can be defined as

on the top magnet face
on the bottom magnet face
on the side walls

Am (26)

The modeling of the rotational motion of the Halbach magnet
pieces using the magnetic charge model, as shown in Fig. 6,
will require the use of a rotating moving boundary mesh. How-
ever, the use of rotation can be avoided altogether if the mag-
netic charge is assumed to exist only on the outer surface of the
rotor, such as illustrated in Fig. 7. As only the field outside the
surface of the magnets is of interest, this is a reasonable propo-
sition. Also, in the same way that complex steady-state current
sheets are often employed to avoid transient modeling of ma-
chines [18], [59], a complex magnetic charge sheet can be used
to model the rotation of the magnets. In which case, for a Hal-
bach rotor with pole pairs a complex sinusoidal field can be
generated by using

Am (27)
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Fig. 6. Illustration of the radial and azimuthal fictitious surface magnet charge
for a radial magnetized and azimuthally magnetized magnet.

Fig. 7. A 2-D schematic of the electrodynamic wheel magnetic charge sheet
model.

By making the charge sheet complex, the rotational motion of
the magnets can be modeled using steady-state methods. The
rotor mechanical frequency will then be related to the electrical
guideway frequency by

rads (28)

where is the number of pole pairs.

III. BOUNDARY CONDITIONS

A. Magnetic Charge Sheet Boundary Conditions

Analogous to electric charge, the necessary boundary con-
dition for the magnetic charge sheet between the two noncon-
ducting regions shown in Fig. 7 will be [60]

on Am (29)

where and are the scalar potential values in regions 1
and 2. Assuming that the rotor magnets are radially magnetized
and the field is highly repetitive, then the charge sheet will only
have a field component normal to the surface region [46]. In
such a case, the entire region behind the magnet is superfluous.
This leads to the reduced problem region shown in Fig. 8 in
which the rotor field symmetry enables only half of the rotor
to be modeled in steady-state. In this case, the magnetic charge
boundary condition can be expressed as

on Am (30)

Fig. 8. A half rotor 2-D schematic of the electrodynamic wheel magnetic
charge boundary model.

Since the left side of (30) is the radial magnetic field intensity,
the value of the magnetic charge sheet on the boundary is simply

on Am (31)

More generally, the boundary condition can be expressed as a
complex Fourier series

on Am (32)

The charge density on the surface of the rotor is uniformly dis-
tributed along the -axis. Thus, only the radial field component
at is required. Therefore, knowing only the 2-D form
of a rotor field enables the 3-D field to be accurately modeled
when using the magnetic charge sheet concept. Unlike using
a 2-D current sheet, the 2-D magnetic charge sheet correctly
models all three Halbach field components in 3-D and naturally
accounts for the field variation along the -axis as confirmed in
Section IV.

The Dirichlet boundary condition is applied on the noncon-
ducting and nonmagnetic boundaries:

on (33)

B. Conducting and Nonconducting Boundary Conditions

The necessary magnetic boundary conductions on the con-
ducting boundary, , are

(34)

(35)

where the coupling normal vectors, and , are in opposite
directions (see Fig. 8). As the conducting region is linear the
Coulomb gauge is implied by (21), [61], [62]. However, in order
to ensure the uniqueness of the solution

on (36)

must also be enforced on the conductive boundaries [55], [56],
[61]. This is a necessary condition since

(37)
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This additional boundary condition also has the added benefit of
setting the normal component of the current on the boundaries
to zero .

IV. THE WEAK FORM FOR THE - FORMULATION

By using Green’s first identity:

(38)

and defining as the element shape function, the weak form in
the nonconducting region, , governed by (23) will be [53],
[63]

(39)

(40)

Within the conducting guideway, the three vector potential com-
ponents of (21) will have the same weak form. For instance, the

-component will be

(41)

where is the -component element shape function. Using
Green’s identity (41) can be rewritten as

(42)

The boundary conditions between the air and guideway re-
gions are coupled using the usual interface conditions [53], [63].
For instance, the boundary term in (40) is

(43)

While, for example, the -component of the conducting region
boundary condition in (42) together with (36) will be

(44)
where, for example, is the -component normal vector to
the conducting boundary region. If (44) is re-expressed in terms
of the magnetic scalar potential by using and

, then the conducting boundary conditions for the
-component will be

(45)

Analogous equations are obtained for the - and -components.

V. UPWINDING

Equation (21) contains both a convective and a diffusive con-
tribution. When the convective term dominates, it is well known

that spurious numerical oscillatory behavior can result when the
Peclet number defined as [56], [64]

(46)

exceeds unity. The variable is the element length in the
direction of motion. In order to prevent these numerical inac-
curacies, most authors of translational electromagnetic motion
problems have used the quadrature-upwind scheme proposed
by Hughes [65]. However, Hughes showed that this scheme
can suffer from spurious crosswind diffusion effects [66]–[69].
Therefore, based on its success in fluid dynamic analysis
the Streamline-upwind Petrov–Galerkin (SUPG) method was
implemented. It has been shown to not suffer from many
of the numerical inaccuracies present in other upwinding
schemes when applied to multidimensional problems. The
SUPG method involves using a Petrov–Galerkin method, i.e.,
choosing a weighting function that does not equal the shape
function, . For the SUPG method, the weighting
function is defined as

(47)

For the case in which there is only one velocity term is

(48)

where

(49)

The derivative of the shape function in the weighting function
is only necessary when there is a convective velocity term, and
is only in the direction of convection. Since the derivate in (48)
introduces a discontinues function the Green’s function is only
used to simplify equations that contain the term. Therefore,
the modification to the weighting function will only pertain to
the volume region terms. Using (47) as the weighting function
in (41) will yield the following equation in place of (42): [70]

(50)

This weak form equation together with analogous and terms
and the nonconducting region terms were implemented using
FEMLAB 3.1. However, after analyzing a number of problems
it has been determined that no spurious field oscillations occur
when not using upwinding for the speeds presented in this paper,
despite the Pelcet number being greater than 1. Perhaps, as sug-
gested by Chan, these detrimental oscillations depend also on
the linear material and boundary conditions [64].

VI. MAGNETIC CHARGE STATIC FIELD VALIDATION

The magnetic charge rotor model, developed in FEMLAB, is
shown in Fig. 9. It was validated by comparing it with a 3-D
analytic model of a Halbach rotor derived using Biot–Savart’s
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Fig. 9. The value of the magnetic scalar potential [Am ] on a 4-pole-pair
rotor surface using magnetic charge. Due to the rotor symmetry, only half of the
rotor has been modeled.

Fig. 10. The 4-pole pair NdFeB Halbach rotor with lexan yoke and sleeve. The
magnet thickness was chosen by using 2-D optimization in order to achieve the
highest lift-to-weight ratio [18]. Also shown are the vector potential field lines
created by the Halbach rotor.

TABLE I
SIMULATION PARAMETERS

law [44], and to an experimentally built Halbach rotor, shown
in Fig. 10. The calculated vector potential field lines created by
the rotor is also shown in Fig. 10. The Halbach rotor parameters
are given in Table I.

An illustration of the field comparison between the magnet
charge model, experimental results, analytically calculated
value, and a previously presented 2-D model [18] is shown in
Figs. 11 and 12. The experimental value is approximately 10%
lower than predicted. The peak field value significantly reduces
near the edges of the rotor and although the 2-D field model
gives close results at the center it overestimates the radial and
azimuthal field near the rotor edges. The magnetic charge sheet
accurately and naturally accounts for all the field components

Fig. 11. Comparison between 2-D finite-element model, 3-D analytic model,
magnetic charge sheet model and experimental results of the Halbach rotor for
the x-component of the magnetic flux density, B , at r = 57 mm, z = 0 mm.

Fig. 12. Comparison between 2-D finite-element model, 3-D analytic model,
magnetic charge sheet model, and experimental results of the Halbach rotor for
the y-component of the magnetic flux density, B , at r = 57 mm, z = 0 mm.

along the -axis, as confirmed by the -component comparison
shown in Fig. 13.

VII. STEADY-STATE CHARGE SHEET MODEL COMPARISON

Using the parameters given in Table I, a steady-state -
charge model, shown in Fig. 14, was developed in FEMLAB
v3.1. The rotor was centered over a single 77-mm-wide con-
ducting guideway sheet. The forces were evaluated using both
the Lorentz force and Maxwell’s stress tensor method. For in-
stance, the thrust force was calculated from

(51)

(52)
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Fig. 13. The z-component of the magnetic flux density at three different z-axis
locations, at r = 57 mm.

The star superscript denotes conjugation. The lift force is

(53)

(54)

and the lateral force

(55)

(56)

The surface integral was evaluated over a surface region, ,
between the rotor and guideway, as illustrated in Fig. 15. The
guideway power loss was computed by using [46]

W (57)

While the rotor output torque was computed from

Nm (58)

where

W (59)

In order to validate the steady-state - model, it was first
compared with a transient Magsoft Flux 3D Halbach rotor
model shown in Fig. 16 and a steady-state magnetic charge

- - model in addition to a previously presented 2-D current
sheet model [18]. These four model comparisons are shown
in Figs. 17, 18, and 19 for the thrust, lift, and guideway
power loss. The Magsoft model used the - formulation [26],
[71], [72]. The - - model, in which the scalar potential is
retained was also developed in FEMLAB in order to provide an

Fig. 14. B Magnetic flux density [T] component on the surface of the
guideway and B iso-surface plot in the air region for theA-� magnetic charge
model for ! = 3000 RPM, s = 0:7 ms ; v = 15 ms .

Fig. 15. The surface region, S, within the air-gap used to compute the thrust,
lift, and lateral force. The surface color map shown is for the lateral force density
which sums to zero since the EDW is at the center of the guideway.

Fig. 16. An example of mesh used by the transient Magsoft Flux 3-D model.

additional model and performance comparison. No translational
motion was present because Magsoft Flux 3D cannot model
both simultaneous 3-D transient rotational and translational
motion. The comparison immediately shows that the 2-D current
sheet model overestimates the forces and guideway losses by
approximately 20% while the other three models give close
results. The comparison also showed the time saving achieved
by using the steady-state model. For instance, when using an
Intel Xeon 5130 processor with 4GB of RAM the transient
simulation at 6000RPM took 9097 s to reach steady-state
conditions, whilst the steady-state - model completed the
simulation in 435 s.
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Fig. 17. Thrust force comparison.

Fig. 18. Lift force comparison.

Fig. 19. Guideway power loss comparison.

VIII. STEADY-STATE CHARGE MODEL COMPARED WITH

EXPERIMENTAL RESULTS

In order to validate the effect of both the translational and
rotational motion the experimental setup shown in Figs. 20
and 21 was used. The setup parameters are shown in Table II.
The forces were measured by holding the “vehicle,” shown in
Fig. 20, stationary while the EDW rotated and the guideway
moved below it. The aluminum guideway is a 1.2 m diameter
wheel composed of two 77 mm aluminum sheets separated
by 2 mm and 6.3 mm thick. The complete experimental setup
showing the guideway wheel and “vehicle” above the guideway
wheel is shown in Fig. 21. The induction machine and con-
troller in the foreground were used only for braking purposes in
order to keep the guideway translational velocity constant. The
EDW was driven by two brushless dc motors with sensor-less
controllers. The top cross section of the guideway wheel can
be seen in Fig. 20. It is envisaged that future versions will use
an integrated motor above the EDW to rotate the EDW. Four
load cells measured the lift force, two load cells at the front
measured the thrust force, while four load cells could measured

Fig. 20. Electrodynamic wheel with drive motors and some load cells shown.
Also visible is the top of the split-sheet aluminum guideway wheel.

Fig. 21. Experimental setup showing guideway wheel.

TABLE II
EXPERIMENTAL PARAMETERS

the lateral forces. A Kevlar fiber rotor sleeve (in yellow) was
added to improve the rotor sleeve peak hoop stress capability.
The thrust and lift forces were measured separately in order to
try and ensure the air-gap stayed fixed during measurements.
The lift force was measured by affixing the vehicle to the lift
sensors. While the thrust and lateral forces were measured by
allowing the “vehicle” to slide only horizontally and lateral.

The effect of the track curvature has been neglected by the
calculations. However, this does not greatly affect the experi-
mental results because the guideway wheel curvature is so great
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Fig. 22. The effect of the guideway curvature on force when the translational
velocity is zero. The Magsoft simulation parameters are shown in Table I.

Fig. 23. Thrust force comparison for a 5 ms translational velocity.

Fig. 24. Lift force comparison for a 5 ms translational velocity.

relative to the EDWs. This is confirmed by the Magsoft simula-
tion results shown in Fig. 22 and the experimental results.

A. Single Sheet Guideway Force Comparison

The steady state - and - - models were first compared
with experimental results in which the EDW was rotated over
the center of just one 77-mm-wide moving aluminum sheet.
This also enabled the previously developed 2-D current sheet
model to be assessed. The comparison between the experimental
and calculated results for two different translational speeds are

Fig. 25. Total input power, P for a 5 ms translational velocity. The
input power was measured at the input to the drive motors’ converters. The dif-
ference of approximately 20% between the calculated and experimental value
is believed to be due to the power loss in the drive motors and converter; both
of which are not accounted for by the calculated value.

Fig. 26. Thrust force comparison for a 15 ms translational velocity.

shown in Figs. 23–27. In most cases, the EDW was rotated up to
6500 RPM. The controllers were not capable of handling regen-
erative braking; therefore, only experimental thrust forces are
shown. The peak used by the models was reduced by 10%
in order to agree with the measured field values shown earlier.
After this modification, all three models were within approxi-
mately 10% of the experimental force results. The - - had
comparable accuracy to the - model but the mesh had to be
made much finer in order to converge on the same result.

The large difference between measured and calculated total
input power is believed to be due to the measured power in-
cluding the EDW drive motor and converter losses. The greatest
source of experimental error appears to have been introduced by
guideway wheel and EDW airgap variations introduced by vi-
brations and the guideway being out-of-round. For example, at
6000 RPM and ms , a mm change in the air gap
introduces a 16% and 15% reduction in the lift and thrust force,
respectively.

B. Split-Sheet Guideway Force Comparison

The experimental results were then compared with the
split-sheet magnetic charge model, shown in Figs. 28 and 29.
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Fig. 27. Lift force comparison for a 15 ms translational velocity.

Fig. 28. B iso-surface plot of the split-sheet steady-state complex magnetic
charge model with A values shown on the guideway surface. A 5 ms trans-
lational velocity and a 3000 RPM was used (10.7 ms slip speed).

Fig. 29. Magnetic vector potential on the surface of the guideway. For a 5 ms
translational velocity at 3000 RPM and with a 15 mm lateral offset. The trailing
field induced in the guideway is evident.

The split region between the conducting sheets used the mag-
netic scalar potential formulation. The comparison between the
experimental and calculated thrust and lift forces at two different
translational velocities when the EDW is at the center of the
split-sheet guideway is shown in Figs. 30 and 31. While Fig. 32
shows the input power comparison for the 15 ms translational
case. Lastly, Fig. 33 confirms the predicted re-centering lateral

Fig. 30. Thrust and lift force comparison when the EDW is at the center of the
split-sheet guideway. The translational velocity is 5 ms .

Fig. 31. Thrust and lift force comparison when the EDW is at the center of the
split-sheet guideway and the translational velocity is 15 ms .

Fig. 32. Total input power for 15 ms translational velocity. The difference of
approximately 20% between the calculated and experimental values is believed
to be due to the loss in the drive motors and converter.

forces when the EDW is laterally offset. Some difficulty was en-
countered when trying to measure the thrust force whilst keep
the air gap fixed. Overall, good agreement has been obtained
between the experimental and calculated results.
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Fig. 33. Thrust, lift, and lateral force comparison when the EDW is 15mm
off-center from the split-sheet center. The translational velocity is 5 m/s.

Fig. 34. Lateral re-centering force versus slip velocity and lateral rotor offset
for a 5 ms translational velocity.

IX. DISCUSSION

The use of a split-sheet guideway can potentially create sig-
nificant lateral re-centering forces. Fig. 34 more clearly shows
this relationship at different slip values for the experimental
setup. The cost incurred by creating lateral restoring forces is a
reduction in the lift force, and to a lesser extent thrust compared
to when the EDW is over one sheet, as shown in Figs. 35–37.
The challenge, therefore, is to develop a suitable design which
will create sufficient lift and thrust forces. If a Halbach rotor
made of NdFeB magnets is to be used, then perhaps a lower
number of poles will need to be used in order to create a suf-
ficient lift-to-weight ratio and multiple EDW in series will be
needed in order to achieve sufficiently high thrust performance
[19].

X. CONCLUSION

The modeling of the simultaneous high-speed rotational and
translational motion of magnets above an aluminum track is dif-
ficult to model using transient techniques and is relatively time
consuming. However, modeling the rotation of magnets using
a complex magnetic charge boundary and using the convec-
tive-diffusion equation to account for translational motion en-
ables a “fast” steady-state model to be used. Using steady-state

Fig. 35. Thrust force versus slip velocity and lateral rotor offset for a 5 ms
translational velocity.

Fig. 36. Lift force versus slip velocity and lateral rotor offset for a 5 ms
translational velocity.

Fig. 37. Lift-to-thrust ratio versus slip velocity and lateral rotor offset for a
5 ms translational velocity.

techniques is particularly beneficial when assessing the effects
of different parameter changes.

The accuracy of the developed steady-state model was con-
firmed by comparing it with transient finite-element simula-
tions and experimental results when using a single sheet and a
split-sheet with an electrodynamic wheel. Good agreement be-
tween the experimental results was obtained. The experimental
results also helped to confirm the validity of a previously devel-
oped 2-D model.
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Although the designing and control of electrodynamic wheels
for maglev transportation will be difficult, it has the potential to
greatly reduce the cost of the maglev guideway.
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