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Abstract—This paper reports on the electromagnetic analy-
sis and experimental testing of a newly invented six-degree of
freedom electrodynamic wheel (EDW) magnetic levitation
(maglev) vehicle that can stably levitate over a passive low-cost
U-guideway. The U-guideway is composed of two sections of L-
track aluminum sheet. Both a radial and an axial proof-of-prin-
ciple EDW maglev vehicle has been built and experimentally
tested. The EDW-maglev vehicle contains four one pole-pair di-
ametric magnetized magnets that are driven using a low-cost
motor and motor controller. No advanced controls are needed
to provide basic stability. A 3-D transient finite element analysis
model was used to study the 3-D forces created when the mag-
nets are rotated over the aluminum L-track. The track design
study showed that in addition to providing lateral recentering
force the L-track can also be used to increases thrust and lift
force.

Keywords— Eddy current, electrodynamic wheel, levitation,
magley

L INTRODUCTION

Electrodynamic maglev vehicles use magnets to induce
currents within conductive track material. The induced cur-
rents create an opposing field which can be utilized to create
levitation, thrust and guidance forces. Electrodynamic mag-
lev vehicles are being studied for use in ultra-high-speed
ground transportation applications [1, 2] as well as in lower
speed maglev vehicles [3]. Maglev vehicles offer trip times
that are competitive with aircraft and can be powered with
electricity created from renewable energy sources. Maglev
vehicles’ non-contact operation allows them to operate in
harsh environments and operate on steep gradients. To lower
the cost of maglev transportation the maglev track should be
passive [4]. To accomplish this the maglev vehicle should be
the initial field source, rather than the track.

Inducing current within a passive conductive track guide-
way by rotating magnets, rather than simply translating mag-
nets, enables both a lift and thrust force to be simultaneously
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created [4]. The use of rotating magnets can create a rela-
tively high lift-to-weight ratio [4]. In addition, when using
magnets, the reactive field setup between the conductive
track and magnet rotor is shielded from the driving motor.

In the past both radial [5, 6] and axial [8],[9],[10] EDW
configurations, as illustrated in Fig. 1, have been studied. As
the radial EDW’s rolling motion is in the same direction as
the travelling direction, the difference in the rotating mag-
net’s circumferential speed relative to the translational speed
can be controlled to give rise to both a thrust force, F, as well
as a lift force, F,. However, as the airgap is non-uniform only
a small portion of the magnet material is utilized at any given
time.

The axial rotor EDW has a uniform airgap with the flat
track thereby leading to a higher lift-to-weight ratio, but no
thrust force is then created. To additionally produce thrust the
axial rotor can be tilted [7, 8], creating a non-uniform air-gap
and asymmetric current flow, or the axial rotor can create
thrust by using the track edge-eftect [8],[9],[10], this also cre-
ates an asymmetric current flow. These axial EDW designs
were first studied by Fujii ef al. [8],[9],[10] and whilst they
allow the axial EDW to create thrust, they will also signifi-
cantly lower the lift force, reducing the benefits of the axial
EDW relative to the radial configuration. More recently, Jung
et al [11] and Qin ef al. [12] have shown that by adding a
rotor shield or adding supplemental rotor windings a rotor
magnet field asymmetry can be created, reducing the field on
one side of the magnet rotor; this can then give rise to a thrust

@ (b)
Fig. 1. An illustration of the (a) radial EDW and (b) axial EDW typology
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force. But the use of a conductive rotor magnet shield will
greatly increase loss and the addition of rotor windings
around the magnets will significantly increase complexity as
well as loss.

Both the radial and axial EDWs are laterally unstable
when placed over a flat guideway sheet. If a single flat track
is used, like shown in Fig. 1, the magnet rotors will try to
minimize their energy by catastrophically exiting in the lat-
eral, z-axis, direction. To intuitively understand this lateral
instability, consider the case where a magnet is moving over
a finite-width ladder track, as shown in Fig. 2. For illustrative
purposes consider the influence of the mutual inductance be-
tween the track and moving magnet. In this case, the electro-
magnetic mutual energy in lumped-parameter form will be:

E = %Mrm (x,2)i,(x,2)i, + % M, (x,2)i(x,2)i, €))
where i is the induced loop current and i,, = fictious magnet
current that creates the magnet field. Since M, = M, the en-
ergy in terms of mutual flux is:

E (x,z)=D(x,2)i, )
where ®=M,,,i;. The magnetic force acting on the guideway
in the lateral z-axis direction can be obtained from the nega-
tive energy gradient: [13]

OE,
E. . 3
Thus, assuming that the magnet source current is not chang-
ing and then substituting (2) into (3) the lateral force will be:
. 00
F=-i,% 4)
From (4) it can be noted that the lateral force will depend on
the gradient of the mutual flux. For the magnet guideway
configuration shown in Fig. 2 the flux will be a maximum
when the magnet is centered over the guideway and therefore
the energy profile, £, as a function of the lateral position, z,
and the resultant lateral force, F., will have the form shown
in Fig. 3. Stability can never be assured as a lateral force will
always be created to push the magnet off the guideway. This
same analysis applies to the EDWs that are shown in Fig. 1.

To provide passive stability the maglev’s magnets need to
rest within a mutual energy minimum. One way to create a
local energy minimum is to use a split-track guideway [14].
However, by splitting the track the currents are prevented
from circulating below the maximum rotor field location and
therefore the split-track greatly reduces the lift and thrust
force. The amount of re-centering force is also relatively
small and does not scale well with size. Lateral stability can
also be created by using a curved track, like shown in [15],
however, for track design the EDW does not create thrust and
the use of any curved, or wrap-around track, greatly increase
the guideway construction and operating cost. Since to enable
vehicle lane changing the entire guideway must be moved.

It has also been proposed that active control could be used
to create stability, by mechanically rotating the EDW’s axis
the EDW force direction can be constantly adjusted so as to
enable the EDW to be maintained on a single flat guide-
way [16]. This approach has yet to be experimentally demon-
strated but if the EDW rotation controls failed it would lead
to a catastrophic crash (like with some aircrafts).

This paper studies a new type of L-track EDW typology as
shown in Fig. 4. This paper shows that when two L-tracks are

combined to form a U-guideway an EDW-maglev vehicle can
have 6-degrees-of-freedom stability. In this paper each EDW
is composed of a simple one pole-pair diametrically magnet-
ized rotor magnet. A higher number of EDW rotor pole-pairs
could also be used, but to provide the lowest lift specific
power (W/kg), as well as simplify the construction, the one
pole-pair rotor was used. The ability of the one pole-pair ra-
dial EDW to operate with a near constant airgap, despite cre-
ating relatively high lift force ripple, is discussed in [17].
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Fig. 2. Sketch of a magnet moving over a conductive guideway
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Fig. 3. Sketch of (a) the guideway mutual flux, ®, seen by the track, (b) mu-
tual energy, E,,, and (c) force, F.

Fig. 4. (a) A 3-D persepctive view of a one pole-pair axial EDW over an L-
track and (b) a radial EDW. The force components are also shown.



II. L-TRACK FORCE ANALYSIS

For this analysis the radial and axial EDW forces are
defined using the coordinate axis with respect to the rotor axis
shown in Fig. 4. A front-view of one radial EDW showing
the offset length, zg, and track height, /,, definitions is shown
in Fig. 5(a) and Fig. 5(b) shows the case when the track is
flat, /, = 0. To study how the track-side height and offset
length effects force, the force on only one radial EDW was
first studied.

Using the geometric parameters shown in Table I and Ta-
ble II the forces created between the L-track and the rotating
one-pole pair EDW were computed using a 3-D transient fi-
nite element analysis (FEA) model developed in IMAG. Fig.
6 shows a plot of the steady-state force components as a func-
tion of EDW rotor offset as well as track height. The forces
were computed for the case when w = 5000 r/min and
(Ve,vy,v2) = (0,0,0). Fig. 6(a) shows that when the rotor is axi-
ally centered, z; = 6.35mm with /, = 0, the axial force is zero.
But when /, = 0, the EDW has a negative stiffness, and any
lateral offset will cause the lateral force to increase in the di-
rection of motion, leading to the EDW exiting the track.
When there is a vertical side height on the track, the side track
creates an additional axial force, F, the direction of this force
depends on the height of the side-track. Interestingly, as the
track-side height increases the stiffness changes from a neg-
ative (unstable), to positive (stable) stiffness. For the geome-
try given, this occurs when the track-side height is /, >
10.9 mm; lateral force is then created that still pushes the ro-
tor off the track, but only in the positive z-axis direction.

Fig. 6(b) and (c) show the effect of rotor offset on the lift
force and thrust force, respectively. When /, = 0 the lift and
thrust force do not perceptively change with rotor offset, this
is only because the rotor is not sufficiently close to the track
edge. The increase in track-side height increases the lift and
thrust force. When the rotor is at the minimum offset of z, =
2 mm the lift force increases from 6 N to 9.6N, a 60% in-
crease, whilst the thrust force increased from 4.3 Nto 7.5 N,
a 74% increase. Therefore, while the presence of the side-
track increases loss, it also significantly increases the lift-to-
weight ratio as well as thrust force.
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Fig. 5. (a) A front view of the EDW showing the EDW having a lateral offset
distance z, from the side-track and and airgap height y,. The side track length
is defined has /,. Note when /, = 0 the side hight is zero as shown in (b) and
in this case at z, = 6.35mm the EDW is centered over the flat track.

TABLE 1. SIMULATION AND EXPERIMENTAL MATERIAL PROPERTIES

Parameter Value Units
Track conductivity, o 2.5x107 S/m
Magnet residual flux density, B, 1.32 T
Magnet relative permeability, u, 1.055 -
Magnet mass, m 0.0905 kg

TABLE II. SIMULATION SWEEP PARAMETERS AND EXPERIMENTAL VALUES

FEA simulation value | Experimental value
Parameter
[mm] [mm]
Rotor outer radius, 7, 12.7 12.7
Rotor inner radius, r; 3.175 3.175
Rotor width, w 2r, 2r,
Radial airgap, y, 7 varied
Track thickness, / 12.7 6.35
Track length, / 100 2438.4
Track width, , =2.5w 50.8 57.15
Rotor offset, z, [2,1,11] 0
Track-side height, /, 3.17510,1,6] 31.75
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Fig. 6. (a) 3-D FEA calcuated lateral force, F., a a function of EDW rotor
offset, z,, and track-side height, /,, when the angular speed is @ = 5000 r/min.
(b) lift force, and (c) thrust force. The geometric and material values shown
in Table I and Table II were used.

III. EDW VEHICLE WITH A U-GUIDEWAY

To create a recentering force regardless of axial position, a U-
track guideway was investigated. A front-view of a U-track
EDW maglev that contains radial EDWs is shown in Fig. 7.
Also sketched in Fig. 7 are the brushless DC motors and the
vehicle mounts. In the following radial EDW analysis, the
vertical height of the EDWs is fixed at y, = 7 mm and the
vehicle is assumed to be laterally centered when:



Zy = Zgy =Zg =Z,, =06.35mm &)

where z,1 and zg are the distances from the EDW and left-
side track and z,3 and zg4 are the distances from the right-side
track. Only the z4 and zg distances are shown in the front-
view in Fig. 7. When (5) is satisfied the net lateral force is
zero. The 3-D FEA calculated change in lateral force as well
as lift and thrust as the vehicle is laterally offset is shown in
Fig. 8. Also shown is the change in the force with respect to
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Fig. 7. A front-view of the centered radial EDW-vehicle with the U-track

topology. Also shown are the two BLDC motors used to rotate the magnets.
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Fig. 8. (a) EDW-maglev vehicle lateral force, F.., (b) lift force, F,., and (c)
thrust force, F.., as a function of track-side height, /,, and lateral offset, z..
FEA calculation performed when o = 5000 r/min and y, = 7 mm.

Vehicle thrust force, Fx [N]

track-side height, /,. The vehicle lateral offset is defined as
2, =(2, 2y =2, —2,4)/ 4 ©)

The EDW rotor’s thrust and lift force add when the rotors are
offset, and the vehicle lateral force is defined as:

F (z)=F, (Zgl)+F;2 (ZgZ)_F;3(Zg3)_F;4(Zg4) (7
The EDW-vehicle recentering axial force is highly linear and
the calculated axial stability occurs when /, > 10.9 mm. This
cross-over length can be more clearly seen in Fig. 9 in which
the total axial force at the offset position z. = -5 mm is shown.

Fig. 8(b) and (c) show how the thrust and lift force
increases as the track-side height increases, these force
components are almost decoupled from the lateral offset. Fig.
10(a) shows that the thrust and lift force peak as the track
height is increased. Based on the simulation conditions and
geometry used in this paper the track height that gave the
peak thrust and peak lift occured when /,x = y, + 1.95r, =
31.75 mm and /= y, + 1.2r, = 22.23 mm, respectively. To
maximize the lift force the side track-height should be lower
than the EDW diameter.

The increase in lift as the track-side height increases
improves the lift-to-weight ratio, this improvement is shown
in Fig. 10(b). The lift-to-weight ratio is defined by

F
L =— ®)
mg
where m = magnet mass. The lift force is created from the
currents induced on the track edge, pushing the EDW
upwards, off the track edge. This increase in lift comes at an
increase in lift specific power (W/kg), as shown in Fig. 10(c).
The lift specific power is defined as

L [wike] ©)
/g

SW VX =
(V) F,
where P, = total electrical track loss. It should be noted that
the lift specific power is relatively high, this is because of the
small diameter used as well as the high angular speed selected
for the force analysis.
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Fig. 9. Four rotor radial EDW-maglev vehicle lateral force vs. track height,

1,, when the EDW rotor is offset by z. = -5 mm and when the angular speed

is @ = 5000 r/min. and the air-gap is maintained at y, = 7 mm.

IV. PROOF-OF PRINCIPLE EXPERIMENTAL EDW-VEHICLE

A proof-of-principle axial EDW-maglev vehicle as well as a
radial EDW-maglev vehicle were built and initially tested.
The two maglev vehicles are shown in Fig. 11 and the geo-
metric parameters used in these experimental setups are
shown in Table I and II. The axial and radial vehicle mass is



mg=1.32 kg and m, = 1.82 kg, respectively. The radial EDW
is heavier due to the vehicle also containing four height laser
sensors. The vehicles were wirelessly operated and can line-
arly travel along the U-guideway. The stability at a range of

different operating speeds as well as the vehicle heights
is currently being measured using laser sensors.

Past studies [3] have indicated that maglev vehicles that
use translationally moving magnets to create electrodynamic
levitation can experience instability at different operating
speeds. As the EDW vehicle has a slip speed, as well as trans-
lational speed, and these two speeds can be independently
changed it is believed that the EDW vehicle could more easily
overcome instability induced at particular operating speeds.
These dynamic aspects are still being investigated.
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Fig. 10. (a) Four rotor radial EDW-maglev thrust and lift force, (b) lift-to-
weight ratio, and (b) lift specific power as a function of track-side height,
1,, when the EDW-maglev vehicle is not offset, z. = 0 mm, the air-gap is
=7 mm, and the angular speed is = 5000 r/min.

CONCLUSIONS

The paper has presented a new type of radial and axial
EDW maglev vehicle that can stably levitate and translate
above a low-cost U-guideway. The recentering forces that

give rise to lateral stabilty were investigated using a 3-D FEA
model. The EDW-maglev vehicle’s stability was confirmed
through the experimental testing of proof-of-principle radial
and axial EDW-maglev vehicles. It should be noted that to
verify stability over a full range of speeds further testing and
height and motion measurements are being conducted. The
use of the EDW allows force corrections to be actively
achieved using the vehicle and not the track. The EDW-
maglev vehicle as well as the guideway can be constructed
using low-cost, and off-the-shelf, components.

(b)

Fig. 11. (a) A four axial EDW proof-of-principle maglev vehicle travelling
along a 11-meter length L-track and (b) the four-rotor radial rotor EDW mag-
lev vehicle. The rotors are wirelessly controlled and driven by brushless DC
motors
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