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Abstract: The ultra-high-speed rocket sled plays an important role in the ground test by
simulating altitude flight. Rocket sleds can only be lifted for a short time with thermally
uninsulated superconductors moving among an eddy-current-induced copper array. For
the purpose of durable lifting, an electrodynamic suspension (EDS) with a permanent
magnet (PM) Halbach array moving over a conductor plate can be adopted to upgrade
the rocket sled. The earlier study built a two-dimensional (2D) model for the PM EDS
system. Yet, 2D modelling in our earlier research ignored the magnetic field variation
along both widths of the Halbach array and conductor plate. This resulted in a more than
50% error between the analytical electromagnetic forces with both the three-dimensional
(3D) simulated and experimental results. To reduce the error, this paper puts forward
more accurate analytical electromagnetic force formulas by a 3D modelling method en-
compassing both widths of the Halbach array and conductor plate. The 3D model was
built by periodically extending the PM EDS system along both directions of the width and
length. Then, by double Fourier series expansion and omitting high-order components, the
electromagnetic forces can be approximated by brief formulas. Moreover, lift-to-weight and
lift-to-drag optimization are discussed. Finally, the correctness of the 3D electromagnetic
force formulas was verified by both the numerical simulation and experiment.

Keywords: electromagnetic forces; electrodynamic suspension (EDS); permanent magnet
(PM); Halbach array

1. Introduction
The ultra-high-speed rocket sled test can reproduce the supersonic flight environment

on the ground, which is conducive to conduct aircraft performance, high-speed life-saving,
and high-speed collision tests. In the early stage, the rocket sled held the track on by
two pairs of metal sliding shoes. When the rocket engine pushes the rocket skid, the
sliding shoes touch the track directly, causing a gouging [1,2], and the sliding shoes were
hardly reused. In addition, the high-strength vibration of the rocket sled caused by the
mechanical friction seriously affected the test effect [3,4]. In order to avoid gouging and
reduce the vibration, the sled was upgraded by attaching superconducting coils to the
bottom [5,6] and was lifted by the induced eddy currents in four copper plate. However, the
superconductivity of the superconductor without insulation in the air cannot be kept long.
As a result, the sled could be lifted for such a short time that it would not be accelerated to
a higher speed. To overcome this shortcoming, the permanent magnet (PM) Halbach array
is a promising substitute for the superconducting coil. The PM Halbach array comprises
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an array of regularly magnetized permanent magnets. The magnetic field concentrating
on one side [7] enables it to be used in so many domains, such as permanent magnetic
motor [8,9], maglev car/train [10–12], and electromagnetic actuator [13]. When moving
above a conductor plate or laminated coils, the Halbach array interacting with induced
eddy currents will produce lift force [14]. The conductor plate is easy to maintain, and
the paper chooses the conductor plate as a research object. Moreover, benefitting from
the former research of the MIT Hyperloop [15], the PM Halbach array–conductor plate is
expected to also be used in the ultra-high-speed rocket sled.

Two modelling methods has been applied on the PM Halbach array–conductor plate
system. The difference between the two methods focuses mainly on how to deal with
the Halbach array. The one method adopted by [16–21] delt the Halbach array by surface
currents considering its finite length. The other method shown in [22] used the Fourier
series expansion by regarding the Halbach array as infinite long (that is, neglecting the edge
effect). The former one has an advantage in its accuracy of calculation, while the latter one
is much more meaningful in revealing the changing rule of electromagnetic force varied by
structural parameters. Thus, we tend to follow the latter method and try to improve the
accuracy of the electromagnetic force formulas. In earlier research [22], the notable error
was shown in a 2D model in the experiment. However, the 2D model coincided with the
2D simulation well. It may have been caused by the neglecting of both the width of the
Halbach array and conductor plate. To address the above problem, we tried to build a 3D
model to improve the accuracy.

Based on the above observation, this paper aims to provide an analytical 3D mod-
elling and validation for electrodynamic suspension with PM Halbach array. Firstly, a
structural design is shown for the ultra-high speed EDS rocket sled with PM Halbach array.
Secondly, a 3D model was built by periodically extending the Halbach array–conductor
plate system along both directions of the width and length; by omitting high order terms,
the brief electromagnetic force formulas were provided, Finally, numerical simulations
and an experimental test were conducted to verify the correctness of the electromagnetic
force formulas.

The key contribution is that we proposed more accurate electromagnetic force formulas
based on the 3D model than those obtained by a 2D model in the earlier research. The
brief formulas are more convenient to evaluate electromagnetic forces than numerical
computation and other complicated analytical electromagnetic force expressions.

2. Structural Design of the Rocket Sled
The structural design of the ultra-high-speed PM EDS rocket sled consisted mainly of

a concrete bed, levitation support, and rocket engines. Four aluminum plates were built in
the concrete bed. An aircraft with the ejector seat inside was fixed on the levitation support.
Four Halbach arrays facing against the aluminum plates were symmetrically distributed
at the bottom of the levitation support. The sled was propelled by the rocket engines.
When the Halbach array moved over the conductor plate, the induced eddy current was
generated inside the conductor plate, resulting in lift force. The rocket sled will not be
lifted until the moving speed reaches a certain value. Thus, in the initial stage, the rocket
skid was designed to be supported by wheels equipped at the bottom. And when at a low
speed, the sled can move along the grooves in the concrete base. Due to symmetry, the
Halbach array moving over an infinite long conductor plate was chosen to show a brief 3D
analytical modelling.
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3. Three-Dimensional Electromagnetic Modelling
3.1. Magnetization Vector Expansion

When the Halbach array moves over a conductor plate in the z-direction, as shown in
Figure 1, The original system can be extended by x-direction and z-direction if the edge
effects are omitted. Suppose the PM reversible permeability is assumed equal to vacuum
permeability. Thus, the distribution of magnetic field is periodic, and the y-axis component
My of the magnetization vector can be expressed by

My(x, z, t)= Re

∑+∞
r=1

4 · Br · M
r · µ0 · π2 · sin

( r · π

2

)
· sin

( r · π

2
· w

W

)
· sin

( π

M

)
· sin

( r · π · x
W

)
· e

j·
(

2 · π

λ
z−

2 · π · v
λ

t

) (1)

where Br is the remanence of the NdFeB magnet, µ0 is the permeability of the vacuum,
λ is the wavelength of the Halbach array, M is the number of magnets in one period of
the Halbach array, and v is the moving speed along the z-direction. Similiarly, the z-axis
component Mz of the magnetization vector can be expressed by

Mz(x, z, t)= Re

−∑+∞
r=1 j · 4 · Br · M

r · µ0 · π2 · sin
( r · π

2

)
· sin

( r · π

2
· w

W

)
· sin

( π

M

)
· sin

( r · π · x
W

)
· e

j·
(

2 · π

λ
z−

2 · π · v
λ

t

) (2)
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Figure 1. Extension of the Halbach array–conductor plate system and whole region division. (a) Ex-
tension along the z-axis. (b) Extension along the x-axis. The arrow means the magnetization direction
of each permanent magnet.

3.2. Governing Equations in Each Region

The whole space can be divided into five regions, as shown in Figure 1. Regions I,
II, III, and V contain no free currents, and the scalar magnetic potential in each region is
expressed by

φi(x, y, z, t) = Re
{ .

φ
i
(x, y) · ej·( 2·π

λ z− 2·π·v
λ t)

}
; i= I, II, III, V (3)

Region IV contains induced eddy currents, and can be describe by vector magnetic
potential as
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AIV
n (x, y, z, t) = Re

{
.
A

IV
n (x, y) · ej·( 2·π

λ z− 2·π·v
λ t)

}
; n = x, y, z (4)

Denote µ and σ, respectively, as the aluminum permeability (equal to vacuum perme-
ability) and electrical conductivity. The X-axis component Mx of the magnetization vector
is zero. Then, governing equations in each region are

∂2 AIV
n (x,y,z,t)

∂x2 + ∂2 AIV
n (x,y,z,t)

∂y2 + ∂2 AIV
n (x,y,z,t)

∂z2

= µ · σ · ∂AIV
n (x,y,z,t)

∂t ; n = x, y, z
(5)

∂2 φi(x,y,z,t)
∂x2 + ∂2 φi(x,y,z,t)

∂y2 + ∂2 φi(x,y,z,t)
∂z2

=

{
0; i= I, III, V
∇·
(

Mx, My, Mz
)
= ∂Mz(x, z)

∂z ; i= II

(6)

3.3. General Solutions to Governing Equations

Substituting Equation (3) into Equation (6) results in
∂2 .

φ
i
(x, y)

∂x2 +
∂2 .

φ
i
(x, y)

∂y2 −
(

2 · π

λ

)2
· .

φ
i
(x, y)

=


0; i= I, III, V

Re

∑+∞
r=1

8 · Br · M
r · µ0 · π · λ

· sin
( r · π

2

)
· sin

( r · π

2
· w

W

)
· sin

( π

M

)
· sin

( r · π · x
W

)
· e

j·
(

2 · π

λ
z−

2 · π · v
λ

t

); i= II.

(7)

For x = 0 and x = W, the scalar magnetic potentials were equal in the regions I, II, III,
and V due to periodicity, and can be set to be zero. That is,

.
φ

i
(0, y) =

.
φ

i
(W, y) = 0 (8)

Then, by the separation of the variables method, the solution to Equation (7) has a
form of

.
φ

i
(x, y) =

+∞

∑
r=1

g(y) · sin
( r · π · x

W

)
(9)

Substitute Equation (9) into Equation (7), and it can be obtained that

g(y) =

 Ci
1 · eτr ·y + Ci

2 · e−τr ·y; i= I, III, V

Ci
1 · eτr ·y + Ci

2 · e−τr ·y − 8·Br·M·sin( r·π
2 )·sin( r·π

2 · w
W )·sin( π

M )
r·µ0·τ2

r ·π·λ ; i= II
(10)

where, Ci
1 and Ci

2 are undetermined coefficients; τr has an expression of

τr =

√(
2 · π

λ

)2
+
( r · π

W

)2
(11)

Substitute Equation (4) into Equation (5), it holds that

∂2
.
A

IV
n (x, y)
∂x2 +

∂2
.
A

IV
n (x, y)
∂y2 =

((
2π

λ

)2
− 2j · µ · σ · π · v

λ

)
.
A

IV
n (x, y); n = x, y, z (12)

For x = 0 and x = W, the x-component of the induced eddy current is zero, and thus

.
A

IV
x (0, y) =

.
A

IV
x (W, y) = 0. (13)
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As a result of symmetry and periodicity, it holds that

.
A

IV
y (x, y) =

.
A

IV
y (x − W, y) = −

.
A

IV
y (W − x, y). (14)

Let x = W/2, and it can be obtained that

.
A

IV
y (−W

2
, y) =

.
A

IV
x (

W
2

, y) = 0. (15)

Similarly,
.
A

IV
z (−W

2
, y) =

.
A

IV
z (

W
2

, y) = 0. (16)

Thus, the separation of variables method can be used to acquire the general solution
to Equation (12)

.
A

IV
x (x, y) =

+∞

∑
r=1

(
Dr

1 · eαr ·y + Dr
2 · e−αr ·y) · sin

( r · π

W
x
)

(17)

.
A

IV
y (x, y) =

+∞

∑
r=1

(
Er

1 · eαr ·y + Er
2 · e−αr ·y) sin

( r · π

W
x − r · π

2

)
(18)

.
A

IV
z (x, y) =

+∞

∑
r=1

(
Fr

1 · eαr ·y + Fr
2 · e−αr ·y) sin

( r · π

W
x − r · π

2

)
(19)

where Dr
1, Dr

2, Er
1, Er

2, Fr
1 , Fr

2 are undetermined coefficients and

αr = ar + br · j

=

√
τ2

r +
√

τ4
r +4·µ2·σ2·π2·v2/λ2

2 − 2·j·π·µ·σ·v/λ√
2
(

τ2
r +

√
τ4

r +4·µ2·σ2·π2·v2/λ2
) . (20)

3.4. Boundary Conditions

In the air, the magnetic field intensity is zero at infinity, so that the scalar magnetic
potential is zero; no free currents exist at the boundary between the Halbach array and
air, so that the magnetic field intensity and magnetic induction intensity are continuous.
Free currents are considered to flow inside the conductor plate, and outer surface currents
do not exist. Thus, the magnetic field intensity and magnetic induction intensity are also
continuous at the boundary between the air and the conductor plate. Therefore, boundary
conditions for the whole region can be expressed by

φI(x,+∞, z, t) = 0 (21)

−∂φI(x, y1 + d, z, t)
∂y

= −∂φII(x, y1 + d, z, t)
∂y

+ My (22)

−∂φI(x, y1 + d, z, t)
∂z

=

(
−∂φII(x, y1 + d, z, t)

∂z

)
(23)

−∂φII(x, y1, z, t)
∂y

+ My = −∂φIII(x, y1, z, t)
∂y

(24)

−∂φII(x, y1, z, t)
∂z

=

(
−∂φIII(x, y1, z, t)

∂z

)
(25)

−µ0
∂φIII(x, 0, z, t)

∂x
=

∂AIV
z (x, 0, z, t)

∂y
−

∂AIV
y (x, 0, z, t)

∂z
(26)
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−µ0
∂φIII(x, 0, z, t)

∂y
=

∂AIV
x (x, 0, z, t)

∂z
− ∂AIV

z (x, 0, z, t)
∂x

(27)

∂AIV
z (x,−h, z, t)

∂y
−

∂AIV
y (x,−h, z, t)

∂z
= −µ0

∂φV(x,−h, z, t)
∂x

(28)

∂AIV
x (x,−h, z, t)

∂z
− ∂AIV

z (x,−h, z, t)
∂x

= −µ0
∂φV(x,−h, z, t)

∂y
(29)

φV(x,−∞, z, t) = 0 (30)

Moreover, on the upper and lower surfaces of the conductor plate, the normal compo-
nent of the eddy current is zero. Thus,

.
A

IV
y (x, 0) =

.
A

IV
y (x,−h) = 0. (31)

Applying a Coulomb gauge on the vector magnetic potential, it holds that

∇ · AIV(x, y1, z, t) =
∂AIV

x
∂x

+
∂AIV

y

∂y
+

∂AIV
z

∂z
= 0; i = IV (32)

3.5. Analytic Formulas of Electromagnetic Forces

The electric field distribution in the conductor plate can be expressed by

EIV
x (x, y, z, t) = −dAIV

x (x, y, z, t)
dt

(33)

EIV
y (x, y, z, t) = −

dAIV
y (x, y, z, t)

dt
(34)

EIV
z (x, y, z, t) = −dAIV

z (x, y, z, t)
dt

(35)

The magnetic induction intensity components in the conductor plate are

BIV
x (x, y, z, t) =

∂AIV
z (x, y, z, t)

∂y
−

∂AIV
y (x, y, z, t)

∂z
(36)

BIV
y (x, y, z, t) =

∂AIV
x (x, y, z, t)

∂z
− ∂AIV

z (x, y, z, t)
∂x

(37)

BIV
z (x, y, z, t) =

∂AIV
y (x, y, z, t)

∂x
− ∂AIV

x (x, y, z, t)
∂y

(38)

According to the above formulas, the lift force can be evaluated and approximated for
high-speed conditions by

FL =
l
T
∫ T

0

∫ 0
−h

∫W
0 −σ ·

(
EIV

z (x, y, z, t) · BIV
x (x, y, z, t)− EIV

x (x, y, z, t) · BIV
z (x, y, z, t)

)
dxdydt

≈

2 · l · W · Br
2 · sin2

(π

2
· w

W

)
· M2 · sin2

( π

M

)
·

1 +
2 · π/λ√(

2 · π

λ

)2

+
( π

W

)2


21 − e

−

√√√√( 2 · π

λ

)2

+

( π

W

)2
·d


2

µ · π4 ·
1 − e

−2·

√√√√√√√√√
(

2 · π

λ

)2

+
( π

W

)2
+

√√√√(( 2 · π

λ

)2

+
( π

W

)2
)2

+ µ2 · σ2 · v2 ·
(

2 · π

λ

)2

2
·h


e
−2·

√√√√( 2 · π

λ

)2

+

( π

W

)2
·y1

(39)
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Similarly, the drag force can be calculated by
FD =

l
T
∫ T

0

∫ 0
−h

∫ W
0 σ · EVI

x (x, y, z, t) · BVI
y (x, y, z, t)dxdydt

≈

4 · l · W ·
√

π

λ
· Br

2 · M2 · sin2
( π

M

)
· sin2

(π

2
· w

W

)
·

1 +
2 · π/λ√(

2 · π

λ

)2

+
( π

W

)2


2

π4 · µ3/2 · σ1/2 · v1/2 ·

1 − e
−

√√√√( 2 · π

λ

)2
+

(
π

W

)2
·d


2

·


1 − e

−2·

√√√√√√√√√√
(

2 · π

λ

)2

+
( π

W

)2
+

√√√√(( 2 · π
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4. Structural Optimization
Lift-to-weight ratio and lift-to-drag ratio are two important indices to evaluate the PM

EDS performance. Lift-to-weight ratio optimization is beneficial to improve the utilization
of permanent magnets, and its is expressed by

γ = FL
ρ·g·w·l·d

=

2·W·Br
2·sin2( π

2 ·
w
W )·M2·sin2( π

M )·
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2
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e−2·
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( 2·π
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2
+( π
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(41)

The ratios of w/W, W/λ, and d/W are three main independent parameters that make
the lift-to-drag ratio non-monotonic varied. Parameters M, Br, W, y1, v, and h were set
to 4, 1.28 T, 0.5 m, 15 mm, 300 m/s and 20 mm. It can be observed from Figure 2 that
lift-to-drag ratio went up with the increase in the three ratios w/W, W/λ, and 10 d/W
(note: we scaled d/W by a factor of 10 to ensure its range fell between 0 and 1), and then
decreased in general; the max values of lift-to-drag ratio were different, indicating the three
ratios should be simultaneously optimized.
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The lift-to-drag ratio characterizes the energy consumption and can be evaluated by

ζ =
FL
FD

=
1
2
·
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µ · v · λ

π
(42)
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The lift-to-drag ratio was linear with the square root of the product of wavelength and
moving speed, while the lift-to-weight ratio was nonlinear with each structural parameter.
Thus, the lift-to-weight ratio was chosen as the optimization index. We rewrote the lift-to-
weight ratio as

γ =

2·Br
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(43)

where β1 = w
W , β2 = W

λ , β3 = d
W , β4 = y1

W . The second term on the right side of
Equation (43) increased as M became large and varied little when M ≥ 8, as shown in
Table 1. Thus, the larger M is, the better.

Table 1. Values for M adopting different values.

M 2 4 6 8 10 12
M2

π2 · sin2( π
M
)

0.41 0.81 0.91 0.95 0.97 0.98

Taking the width of the conductor plate W as a parameter and w as a variable, let

f =
∂
[

1
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·sin2( π
2 ·β1)

]
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(44)

When 0 < β1 < 0.742, f > 0, while when 0.742 < β1 < 1, f < 0. Thus, when β1 = 0.742,
1
β1

· sin2(π
2 · β1

)
reaches the maximum.

Similarly,

(
1−e−π·β3 ·

√
4·β2

2+1
)2

π·β3·
√

4·β2
2+1

reaches the maximum when β3 ·
√

4 · β2
2+1 = 0.4; W

and β4, taken as parameters, when 2 · π · β2 · β4 +
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= 1,

π
W ·
√
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2+1

)2

e2·π·β4 ·
√

4·β2
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reaches the maximum. To sum up, given the width of the conductor plate W and levitation
gap y1 (that is, β4 given), the lift-to-weight ratio reaches the maximum if and only if

β1 = 0.742

β3 ·
√

4 · β2
2+1 = 0.4

2 · π · β2 · β4 +
β2√

4·β2
2+1

= 1
(45)

When W→∞, Equation (45) degrades into the 2D optimization result shown in the
literature [22] as {

2·π
λ · d = 1.2564

λ = 4 · π · y1
(46)
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5. Simulation Verification
A total of three wavelengths of Halbach permanent magnet arrays were selected,

with an angular difference of π/4 between adjacent permanent magnets. The material of
the permanent magnets was N52, with a remanence of 1.44 T. The magnetization angles
of the permanent magnets were sequentially 3π/2, π, π/2, π/4, 0, . . ., 3π/2. To form a
complete magnetic circuit and minimize the impact of end effects, 25 permanent magnets
were chosen for the simulation, ensuring that the magnetization angles of the two end
magnets were identical. The arrows indicate the magnetization direction of the permanent
magnet array. The wavelength of the permanent magnet array was set to 240 mm, with a
height of 30 mm. The thickness of the aluminum plate was 30 mm, and the gap between it
and the permanent magnet array was 15 mm. The width of the permanent magnet array
was 60 mm, and the width of the conductor plate was 100 mm. A steady-state model
was used for the solution. The coordinate system was set as shown in Figure 3, with the
projection of the geometric center of the permanent magnet array on the upper surface of
the conductor plate at (0.05, 0, 0). The z-axis pointed to the right, the y-axis direction was
vertically upward, and the x-axis pointed into the paper. A target line was selected that
passed through the coordinate point (0.05, −0.001, 0) and was parallel to the z-axis. The
distribution of magnetic flux density and eddy current field strength along the target line
was investigated. A velocity of 300 m/s towards the horizontal direction was applied to
the conductor plate.
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Figure 3. The three-dimensional FEM geometric model.

The FEM simulation used a mesh with 2,104,086 tetrahedral elements. The estimated
energy error for the simulation was 0.5%. The distribution of the magnetic flux density (in
the x, y, and z directions) along the target line is shown in Figure 4. Overall, the peak values
of the normal component Bx and the vertical component By were significantly smaller
than that of the horizontal component Bz, and both were approximately one order of
magnitude lower in magnitude. On the target line, the peak value of the normal component
Bx was around 0.02 T, the peak of the vertical component By was 0.04 T, and the peak of
the horizontal component Bz was approximately 0.4 T. This indicates that the horizontal
component of the magnetic flux density dominated. In the non-end regions, the magnetic
field exhibited a periodic distribution with a wavelength of 0.24 m, which is consistent
with the theoretical assumption of the fundamental wavelength of the electromagnetic
field, demonstrating the rationality of the theoretical assumption. On the target line, the
theoretical electromagnetic field curve aligned well with the finite element simulation
curve, proving the accuracy of the 3D theoretical electromagnetic field model.
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6. Experimental Verification
To verify the correctness of Equation (39) and Equation (40), a platform (equipped

with the PM Halbach array and a rotary aluminum plate with flange was used to simulate
the linear motion of the designed rocket sled above a finite wide rail. As shown in Figure 5,
the flange at the edge of the plate was designed for simulating the finite wide rail. The total
number and magnetized direction of the magnets was the same as the former simulation,
except that the material of the magnets was N52. Note that the mechanism on the right
side of the plate persevered for another purpose and did not participate in the experiment.
The Halbach array adopted the optimized size in the former simulation. The aluminum
plate had a thickness of 30 mm and radius of 0.4 m. Its flange had a thickness of 10 mm
and a width of 90 mm. The length of the Halbach array was so small compared with the
perimeter of the plate that the motion can be regarded as a linear motion. An electric motor
drove the plate moving at a linear speed of 0~52 m/s. The sliding bearing enabled the
Halbach array to be free along the tangential direction at the edge of the plate, ensuring
force sensor B captured the drag force. The sliding rails on both sides allowed the Halbach
array to move freely along the axial direction of the plate. Thus, force sensors A1 and A2

can be used to measure the lift force. The center line of the Halbach array was aligned with
that of the flange.
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Figure 5. Rotary device built for testing electromagnetic forces when the Halbach array “moved”
over a conductor plate. Force sensors A1 and A2 were used to capture the lift force, while force sensor
B captured the drag force.

The force transducers used in the experiments were SK-LK01, with an accuracy of
±0.05% of the full-scale range. Electromagnetic force comparison between the 3D analytics
and 3D simulation is shown in Figure 6. The 3D analytic lift force increased sharply as the
speed went up initially, and then it became steady when the speed was beyond 10 m/s.
The 3D analytical lift force coincided well with the 3D simulated one with an error less
than 12%. Yet, in the former research [22], the 2D analytical lift force had an error of more
than 50% with the 3D simulated one. The 3D analytical lift force deviated less than 26%
with the experimental one. The deviation was also much smaller than the 2D case (beyond
70%) in the former research [22]. Thus, the 3D model led to a much smaller error than the
2D model in the former research.
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Figure 6. Electromagnetic forces comparison of the 3D analytical electromagnetic forces with both
the 3D simulated and experimental results.

Drag forces obtained by the 3D analytical, simulated, and experimental methods were
highly consistent. The error between the 3D analytical drag force and the 3D simulated one
was within 5%. Conversely, in the former research [22], the error was about 50% in the 2D
case. The difference between the 3D analytical drag force and the experimental one was
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within 16%. Similarly, the difference was also smaller than the 2D case (beyond 60%) in the
former research [22].

The difference between the 3D analytical forces and measured forces was obvious. On
one hand, this was because the three-dimensional theoretical model neglected the influence
of longitudinal and transverse end effects on the calculation of electromagnetic forces.
On the other hand, the eddy currents in the rotating disk were not entirely concentrated
beneath the permanent magnet array; instead, a portion diffused radially toward the center
of the disk, which differed from the symmetric distribution of eddy currents in the actual
linear track. Additionally, temperature rise led to a decrease in the electrical conductivity
of the disk, resulting in a reduction in eddy current intensity and, consequently, a decrease
in electromagnetic forces.

To sum up, Equations (39) and (40) were correct in showing that the 3D modeling
method proposed in the paper was valid. The 3D modeling method had an advantage over
the 2D one, greatly reducing the errors of the electromagnetic force formulas.

7. Conclusions
In this paper, analytical 3D mathematical modelling was conducted for a PM Halbach

array moving over a conductor plate designed for the ultra-high-speed rocket sled. A
periodically extended method was proposed to provide the brief formulas of the electro-
magnetic forces, including lift force and drag force. Lift-to-weight and lift-to-drag ratios
revealed an inherent link between the 3D and 2D models. The 3D electromagnetic force
model was validated by simulation and experiments, showing higher accuracy than the 2D
model in earlier study.
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