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ABSTRACT: In the superconducting electrodynamics suspension (EDS) maglev, using the harmonic
magnetic field of the 8-shaped coil to generate power is an effective way to address the vehicle power
supply problem. This article proposes an analytical calculation model that comprehensively accounts for
the magnetic field coupling among superconducting coils, 8-shaped coils, and collector coils in the topology
of linear generators for EDS maglev. Firstly, by introducing the pole distance ratio k£ between the
superconducting coil and the 8-shaped coil, the magnetic flux density distributions of the superconducting
coil and the 8-shaped coil were obtained using harmonic analysis. Secondly, the mathematical expression
for the maximum output power of the linear generator was derived. Furthermore, based on the principle of
virtual work, an analytical model for the suspension and guiding forces of the EDS maglev, accounting for
the influence of the linear generator, is constructed. Finally, linear generators corresponding to different 8-
shaped coil structures were established, and the air-gap magnetic field distribution, power-generation
characteristics, and dynamic performance of the EDS maglev were compared and analyzed. The analytical
model proposed in this article can provide theoretical support for parameter optimization and system
dynamic design of linear generators in EDS maglev.

Keywords: Superconducting electrodynamics suspension (EDS) maglev; Linear generator; Harmonic
analysis; Output power; Suspension force; Guidance force

1. Introduction

The superconducting electrodynamics suspension (EDS) maglev is a new type of rail transit system
that utilizes the electromagnetic induction effect between the on-board superconducting (SC) coils and the
track side 8-shaped coils to achieve non-contact suspension and guidance between the vehicle body and the
track. It has significant advantages, such as a large suspension gap, no need for active control, good inherent
stability of the system, and adaptability to high-speed operation, and has become a research hotspot and an
important development direction in the field of high-speed ground transportation [1-3]. In the EDS maglev,
the on-board power supply system is a key link in ensuring the safe and stable operation of trains. However,
under high-speed operating conditions, traditional contact current collection methods (such as pantograph
catenary) face serious problems such as deteriorating current collection quality, severe contact wear
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between pantographs and catenary, and significant impact of high-speed wind loads, making it difficult to
meet the reliability requirements of EDS maglev for on-board power supply. Therefore, the development
of non-contact vehicle power supply technology is of great significance for improving the overall
performance of EDS maglev [4-7].

Domestic and foreign scholars have conducted a lot of effective research on EDS non-contact power
supply. Japanese scholars [8—10] conducted early research on a linear generator scheme integrated into a
superconducting magnet shell, verifying the feasibility of using an 8-shaped coil harmonic magnetic field
for power generation. Subsequently, researchers have continued to explore topology optimization, magnetic
field analysis and calculation, and output characteristic analysis of linear generators. Lyu et al. [11]
proposed a characteristic analysis method for a linear generator in EDS maglev based on the harmonic
magnetic field method, provided a simple calculation formula for maximum output power, and verified the
effectiveness of the method through finite element simulation. Takayuki et al. [12] improved the output
power of a linear generator by adjusting the phase of the collector coil current using a PWM converter.
However, the above studies lack systematic analytical derivation and comparative research on the
quantitative relationship between the power generation of linear generators and the parameters of the 8-
shaped coil structure (especially the maximum harmonic order).

In addition, scholars have conducted detailed research on the impact of linear generators on the
suspension and guidance performance of EDS maglev. By optimizing the spatial arrangement of the
collector coil, the coil can not only meet the vehicle’s power demand but also serve as a damping component
of the EDS maglev, thereby enhancing the stiffness of the vehicle bogie and improving operational stability
[13—15]. However, existing research has mainly focused on the analysis of the mechanical properties of
EDS maglev with the inherent structure of the 8-shaped coil and collector coil, and there is a lack of
collaborative analysis between the output characteristics of linear generators and the mechanical properties
of EDS maglev under different parameters of the 8-shaped coil structure.

In response to the above issues, this article proposes a comprehensive analytical model for linear
generators in EDS maglev based on the harmonic analysis method. Firstly, a layered analysis is conducted
of the magnetic fields of SC coils, different structured 8-shaped coils, and collector coils to clarify the
spatial distribution patterns of each magnetic field source. Secondly, derive the quantitative relationship
between the maximum output power of the linear generator and the parameters of the 8-shaped coil structure
(i.e., harmonic order). Furthermore, based on the principle of virtual work, an analytical model is
established for the suspension and guidance forces of the EDS maglev, accounting for the linear generator.
Finally, by establishing a 3D finite element model of a different structure 8-shaped coil, the accuracy of the
analytical model was verified through comparisons across three aspects: magnetic field distribution, power
generation, and suspension and guidance forces. The research results of this paper aim to provide a
theoretical basis and engineering guidance for the optimization design and dynamic characteristic
evaluation of linear generators in EDS maglev.

2. Topology and Working Principle of Linear Generator

The topology structure of the linear generator in the EDS maglev is shown in Figure 1. The SC coil is
installed on both sides of the EDS maglev bogie, the polarity of adjacent SC coils is opposite. The collector
coil is fixed to the outer shell of the SC coils, whose structure is the same as that of the 8-shaped coil,
consisting of two rectangles connected in reverse, from top to bottom. The 8-shaped coil is located on the
side wall of the track, laid along the line, and used for the suspension and guidance functions of the vehicle.
Due to the displacement difference between the center of the SC coil and the total center of the 8-shaped
coil in the z-axis, the 8-shaped coil will generate induced current and a magnetic field in the air gap when
the vehicle is running. Because of the synchronous movement of the collector coil and the SC coil, the
collector coil can generate electricity using the harmonic magnetic field of the 8-shaped coil.
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Figure 1. Topology structure of a linear generator [5].

3. Analytical Model
3.1. Magnetic Field of SC Coils

Using the harmonic analysis method, the origin of the coordinate axis is fixed at the geometric center
of the SC coil. Assuming that there are SC coils with the same pole distance 7x and 7 distributed in the
coordinate system on the x-axis and z-axis, and x >> 7sx (actual pole distance of the SC coil), and 7, >> bs
(length of the SC coil on the z-axis). As shown in Figure 2, the Fourier expansion coefficient of the magnetic
potential of the J-th (6 =0, 1, 2, ...) SC coil on the x-axis is:
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Figure 2. Magnetic potential of SC coils in the x-axis. (a) 6=0,2,4---;(b)5=1,3,5---.

Due to the symmetry of the SC coil magnetic field distribution with respect to the y-axis, the magnetic
potential Fs(x) jointly generated by the 6-th SC coils in the x-axis direction can be expressed as:

© oo NI )
F(x)=) > a, cos[—(x—Jjz,,)] @)
5=0 n=1 X
Since the magnetic potential component of the SC coil in the z-axis contains Fs(x), the distribution of
the magnetic potential Fs(x,z) of the SC coil in the xoz plane can be obtained as follows:

F(x,2)=) > > (-1)" 4 coslk,z)cos[k,, (x~7,)] (3)
6=0 n=1 m=1
where, 4s = (16Nsls/nmn?)sin(ksxas/2)sin(kszbs/2), bs is the length height of the SC coil in the z-axis, ks =
nm/tsx, ksz = mn/tz. By using the boundary conditions of the magnetic field, the magnetic flux density Bsy of
the SC coil in the y-axis can be obtained as:

B =3 > > (-1’C coslk,(x~57,)lcos(k,2)e @)
6=0 n=I m=1
where, Cs = uodds/2, A = (ks> + kso?)"2. Obviously, when the structural parameters of the SC coil are
determined, Bsy is only related to the reference position of the SC coil.

3.2. Magnetic Field of 8-Shaped Coils

Due to the displacement difference between the center of the SC coil and the center of the 8-shaped
coil in the z-axis, there will be a difference in magnetic flux between the upper and lower 8-shaped coils,
resulting in an induced electromotive force. If the e-th 8-shaped coil is directly facing the SC coil at time ¢,
its magnetic flux @: can be expressed as:

o0

D=2 > > (-D'F coslk,(x,~7,)] )
6=0 n=1 m=1
where, Fe = 4Cs[sin(ksxae/2)sin(kszbe/2)/ksxksz)[c0S(kszzeB) — cos(kszzeu) |e ™°, ae and be are the lengths of the
upper and lower 8-shaped coils on the x-axis and z-axis, respectively, and zes and zeu are the coordinates of
the geometric centers of the upper and lower 8-shaped coils on the z-axis, respectively. Due to the SC coil
running at a speed v along the x-axis, xe should be expressed as:
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X, =VI—ET, (6)
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where, 7ex is the polar distance of the 8-shaped coil on the x-axis, and zex = zsx/k (k # 1). According to the
definition of induced electromotive force and circuit principles, the current /¢ in the e-th 8-shaped coil is:

I = i:i:i(—l)éZeFe cos[naxt —n(S +%)7Z’] )

=0 n=I m=

where, Ze = jnwNe/(jnwLe + Re). Ne, Le, and Re are the number of turns, self-inductance, and resistance of
an 8-shaped coil, respectively. By conducting harmonic analysis on the 8-shaped coil again, the magnetic
flux density Bey of the e-th 8-shaped coil within the magnetic field coverage range of the SC coil can be
obtained as follows:

Rzlsmax {COS[kSZ (Z ~Ze )] - COS[kSZ (Z ~Ze )]}

3k © o o
Z SZ(; Z ; cos[k,x—(n—1awt —n(6 +%)7z]e“ye n=12k+1,4k+1---

B, = 8)
’ Sk f)elamax {Cos[ksz(z_ZeB)]_COS[ksz(Z_ZeU)]} (

e=1 =0 n=I m=1 COS[kSXx + (”l + l)a)t + n(5 + %)ﬂ']e—lye n=2%k- 1,4k -1---

where, Pe = 4kNeZeFv, ye is the coordinate of the geometric center of the 8-shaped coil on the y-axis, and
Iemax is the maximum current of the e-th 8-shaped coil, that is, Jemax = (—1)°ZcFe. Obviously, the magnetic
flux density of the 8-shaped coil is only related to its relative position with the SC coil, and the maximum
harmonic order of the magnetic field of the 8-shaped coil is 2k — 1.

3.3. Maximum Output Power of Linear Generator

From the above analysis, it can be concluded that the collector coil can generate electricity using the
2k — 1 harmonic of the 8-shaped coil. Therefore, from the relationship between magnetic flux density and
induced magnetic flux, it can be seen that the magnetic flux @cu and @cs of the upper and lower collector
coils can be expressed as:

Sk

Doy =ZiiGCU

cos[ k2 x + 2kat + (2k —1)(S + %)7{]

)
Oy o8l k, (2 — 2.5)]— cOS[k, (2., — 2]t F 0o
&
sk o o G, cos[k2 " x+ 2kt + (2k —1)(5 + )]
D=2 k (10)

T cos [k, (2 — 2 )] = cOSLh, (2 — 2o )IYe T O

where, Geu = 16kuoNelemayfe™ o™ 22!, Gen = 16kuoNelemaxf?* fep® 1221, 261 =
sin(ks* ae/2)sin(kszbe/2) k™ Vksz,  fu* 1 = sin(ks®™ ac/2)sin(ks:beu/2) ks ksz,  fep?< !
sin(ks<* ac/2)sin(ks:be/2) k™ ksz, 225 = [(ks™ 1) + ks2]'2, ac is the length of the collector coil on the
x-axis, beu and bep are the lengths of the upper and lower collector coils on the z-axis, zcu and zcs are the
coordinates of the geometric centers of the upper and lower collector coils on the z-axis, and y. is the
coordinate of the geometric center of the collector coil on the y-axis. Because the magnetic field direction
of the 8-shaped coil is opposite to that of the upper and lower collecting coils, and the collector coil also

has an 8-shaped structure, it can be inferred from the definition of induced electromotive force that:
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Sk oo > 2k-1
U, =3NS Pe™ 0 sin(k 2 x + 2kt + (2k—1)(5+%)7z) (11
e=1 8=0 m=1
where, Pc = (8kNcw/tsxts2)(Geu — GeB)Ce, Ce = sin[ksz(zeu — zeB)/2]sin[ksz(zeB — zeu)/2]cos[ksz(zeU + zeB — zeB
— zeu)/2]. As shown in Figure 3, by adjusting the inverter, the power generated by the linear generator can
be used to supply power to the vehicle. When X + Xcon = —Xc and R + Rcon = Rc are satisfied, the linear
generator obtains the maximum output power Pem:

3Un
Py=— 12
cM 4R ( )

C

where 7 is the efficiency of the inverter.

Figure 3. The structure of EDS maglev power supply system.

3.4. Magnetic Field of Collector Coils

Because the collector coil generates electricity using the 2k — 1 harmonic, and in terms of spatial
arrangement, it is necessary to generate three-phase electricity from the collector coil to supply power to
the on-board equipment. Therefore, the pole distance of the collector coil is zex = 27ex/(2k — 1) = 27sx/[k(2k
—1)]. And within the spatial range of J-th SC coils, there are a total of 6(2k — 1)/2 uvw three-phase collector
coils distributed. As shown in Figure 4, the distribution of magnetic potential generated by the uvw three-
phase collector coil on the x-axis.
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Figure 4. Distribution of magnetic potential in the x-axis of uvw three-phase collector coils.

The Fourier expansion coefficient of the magnetic potential of the u-phase collector coil in the x-axis is:



Adv. Mat. Sustain. Manuf. 2026, 3(3), 10014. doi:10.70322/amsm.2026.10014 7 0of 16

o NS
cux . 27 (13)
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where M. is the number of turns of the collector coil. Because the current directions of the upper and lower
collector coils are opposite, it is necessary to analyze their spatial magnetic potential distribution separately.
Let the pole distance zcz = 7z >> bc (the length of the collector coil in the z-axis) of the upper and lower
collector coils in the z-axis direction, respectively. Then, the magnetic potential of the upper and lower
collector coils can be expressed as:

2k-1)12 w

3( ©
Fy= Y .Y Clcoslk, (x—yr,)lcos(k,z,) (14)

y=l n=l m=1

3(2k-1)2

Fu= Y > C.I, coslk, (x—yz,)]cos(k,z) (15
m=1

y=l n=l

where, Cc = 16Nfe, fo = sin(ksxac/2)-sin(kszbe/2)/ksxksz. As shown in Figure 3, the current /y of the collector
coil can be expressed as:

SkooooP A . 3 &
1, ZZZZ?e A0 gin(k2F 1x+2ka)t+(2k—1)(5+z)77) (16)

e=l 8=0 m=l C

where, Zc = (Rc + Rcon + R) + jor(Xe + Xeon + X). Therefore, according to the magnetic field boundary
conditions and Laplace equation, the magnetic induction intensity Bcy excited by the upper and lower
collector coils can be expressed as:

- 0 0 0 Ce ! _
By= 2 22222 (17

Where, Ge= CcPc/Zc, A= (2k - 1)(5 + E/k)TE - ksxchx, B= (2k - 1)(5 + S/k)TC + ksxy'[cx.

3.5. Suspension Force and Guidance Force of EDS Maglev

Assuming there is no energy loss during the movement of the vehicle, all electromagnetic energy is
converted into mechanical energy Pv. The magnetic field induced by the 8-shaped coil comes from the SC
coil and the collector coil. At this point, the analysis of the force F» on the vehicle bogie can be transferred
to the 8-shaped coil. Using the principle of virtual work, it can be concluded that:

Pb _— ECIC — a%

F =2t I 18
LY \% os(x,y,2) (1%)

where s(x,y,z) represents the displacement of the vehicle bogie relative to the 8-shaped coil in x, y, and z
directions, respectively. The force on the vehicle bogie can be calculated by measuring the current and
magnetic flux of the 8-shaped coil. As shown in Figure 5, when the vehicle is running, the upper and lower
8-shaped coils on the same side will generate currents in opposite directions, forming a floating magnetic
field. The upper and lower 8-shaped coils corresponding to the opposite side will generate directional
currents in opposite directions, thereby generating a directional magnetic field. Therefore, when the upper
and lower 8-shaped coils on the left and right sides of the e-th coil experience suspension vibration ¥y MR
and lateral displacement ¥ VR, the magnetic flux induced by the SC coil and the collector coil can be
expressed as:
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where, Az and Ay are the relative displacements of the vehicle on the z-axis and y-axis, Gse = 4fcCs, Fce =
2sin(£Az/2)Gee, fe = sin(ksxae/2)sin(kszbe/2)/ ksxksz, Gee = kszsin(kszbe/2)/2. The equivalent circuit of the
suspension and guidance on both sides of the e-th 8-shaped coil is shown in Figure 6. The relationship
between currents can be obtained using Kirchhoff’s current law as follows:

(a) (b)

Figure 5. Schematic diagram of suspension and guidance current of an 8-shaped coil. (a) Suspension current; (b) guidance current.

M M R
" 4 VY lISBL IsURl T lISB
* *

[ A Jep te Mt
Ew @ Lty f\EjB N E‘SU% l__[[:B_I @gB

Figure 6. Equivalent circuit of an 8-shaped coil.
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Among them, Zei = Re + jnw (Le — M), Zeg = Re + jnw (Le + M), Xei = —jnw/Zei, Xeg = —jnw/Zeg. M 1s the
mutual inductance of a single upper and lower 8-shaped coil. By substituting Equations (19)—(21) into
Equation (22), it can obtain the suspended current /e of the e-th 8-shaped coil, as well as the guided currents
I:gu and Iegs of the upper and lower 8-shaped coils, can be obtained as follows:

1
Isl = ZXeI (TSZL + Tsf) (23)
1
IcgU = Z[Xel (TEIL - Tsf) + Xeg (Tc{‘g - 5”::1; )] (24)
1
IsgB = Z[Xel(_yjff + y/';f)_i_Xeg(SUffg _y/:;)] (25)

In summary, the suspension force /7 and guidance force F of the EDS maglev can be obtained as follows:

& d¥F +d¥ S
E:zlgl( &l sl)

26
=0 dZe ( )
3k d¥ +dvf
Fo=2 U+ Iggu)(#) @7)
e=0 e

4. Finite Element Model

As shown in Table 1, the structural parameters of SC coil, 8-shaped coil, and collector coil (k = 3) are
derived from Yamanashi Line [6]. The 8-shaped coil is constructed with structures of k=2, k=3, and k=
4, respectively. The coil spacing is kept constant, and only ae and zex are changed. The collector coil only
changes ac and ex.

Table 1. Structural parameters of the finite element model.

Parameter Length/mm Height/mm Pole Distance/mm Number of Turns
SC coils as=1070 bs =500 7 = 1350 N = 1400
k=2 a. =580 Tex = 670
8-shaped coils k=3 a. =350 be =340 Tex = 450 N.=24
k=4 a.=242.5 Tex = 337.5
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k=2 a. =350 but = 435 Tex = 450
Collector coils k=3 a. =280 bCU 45 Tex = 360 N.=21
k=4 a.=149.5 0 T = 192.5

Using a 3D transient magnetic field solver for finite element simulation calculations to simulate the
time-varying characteristics of the magnetic field and induced current during train operation. This model
sets the boundary of the solution domain as an infinite boundary to simulate the magnetic field distribution
in open space and avoid the influence of boundary reflections on the calculation results. The SC coil is
excited by a current source and injected with a current of 500A; the 8-shaped coil and collector coil are set
as closed conductors, and their induced current is calculated through electromagnetic induction. Figure 7
shows the single-sided finite element model and mesh meshing diagram at £ = 3, where ye = 185 mm and
ye =75 mm remain unchanged. The number of grids for these three models is 856,123, 883,452, and 912,489,
respectively. The length of the 8-shaped coil arranged along the x-axis direction is 8.5 m.

%1 Solutions: mesh - 10 - o0 X
Simulator: Setup! -
Design Variation: [ J Q/
SC coils Profile | Force | Torque Mesh Statistics [
VX Total number of elements: 883452
8-shaned coil Num Tets...[Min edge lengt.. | Max edge lengt..[ RMS edge length [ Mintet vol | Maxtetvol | Meantet vol [ StdDevn (vol) |
-shaped co1ls BAND  [17240 514603 430816 2538 267166, 5:36303e+06.. 194606 255747
b_Lol |8t 21428 47.0%1 348237 40628, 555691 17836 745,003
bl |26 21.082% 435403 343018 40248 432513 175342 676331
Collector coils D_Lo3 |2204 207302 459297 344887 onar. s 177088 722491
bLod |23 208039 445571 30073 475824, 601044 183849 721348
D_Los |27 161542 44,0295 344961 25707 521927 168456 701758
DL s |2287 22135 45958 39727 314 5391.05 170666 705765
D_Lo7 |20 20197 457274 346307 38463 614237 175816 71534
bLos |22 21.9283 452364 341918 396669, 552224 175658 735523
D_L_09 2334 19,8404 46.2278 34.0873 284.472. 5666.43 167228 697.124
z D_L_10 2247 19.3161 44.83% 346479 356.218. 5111.92 1737.04 726612
D_L11 |13 204913 4387 344842 3071 549679 182474 753944
D12 |22 214922 442863 34517 338505, 53804 173011 706,798
x D_L13 |23 202219 81722 34673 32588, 624313 174349 709339
b_L14 |ae2 20,3561 44534 348301 34253 541072 182218 724214
y D15 |23 213518 448833 348033 97112, 54916 182474 756.334
DL 16 |2348 19.47% 460558 343037 250362, 565658 186232 713153
DL 17 |26t 220971 54415 348183 20144, 52965 180616 752343
b8 |28 207158 439107 347888 39356, 522359 175975 733683
DLis |23t 194813 444082 34511 372391.. 633313 174343 744502
Export.
(a) (b)

Figure 7. The finite element model at £ = 3 of EDS maglev. (a) FEM; (b) mesh data.

5. Characteristic Analysis

The magnetic flux density Bsy distributed along the x-axis of the SC coil under the constraint of y = 185
mm is shown in Figure 8. From the data comparison, the analytical calculation data show a high degree of
consistency with the simulation data, with a maximum error of 3.28%.

——FEM o Cal

Figure 8. Magnetic flux density distribution of SC coils.



Adv. Mat. Sustain. Manuf. 2026, 3(3), 10014. doi:10.70322/amsm.2026.10014 11 of 16

As shown in Figure 9, the current of 8-shaped coils with different structures is presented. It can be seen
that different pole distances have little effect on the maximum of current in 8-shaped coils, which are as
follows: I Zemax = 981.87 A, I emax = 959.37 A, I*emax = 972.69 A. From the data comparison, it can be
seen that due to the neglect of the edge effect of the magnetic field in the analytical calculation, there is a

phase deviation in the analytical calculation results compared to the simulation data, but the error of the
current value is within 2%.

1000

<0
-
-500
-1000 . . . .
0 10 20 30 40
7 (ms)
FEM(k=2) FEM(k=3) FEM(k=4)
Cal(k=2) o Calk=3) o Cal(k=4)

Figure 9. Diagram of current in 8-shaped coils.

The magnetic field distribution of 8-shaped coils with different structures varies significantly due to
changes in pole spacing, shown in Figures 1012, resulting in significantly different magnetic flux density
distributions. From the comparison of data in Table 2, it can be seen that for different values of &, the number
of times the maximum harmonic content is consistent with the analytical calculation results, ranging from 2k
— 1. Among them, when & = 4, the fundamental content of magnetic flux density is the highest, and when &k =
2, the maximum harmonic content of magnetic flux density is the highest. Compared to the simulation results,
the analytical calculation results have an error of less than 5% in both the fundamental wave content and the
corresponding maximum harmonic content. The main reason for the large error of high-order harmonics is
that: (1) the amplitude of high-order harmonics is relatively small, and in finite element calculations, high-
order harmonic components are easily affected by factors such as grid discretization errors, numerical
integration errors, and time step sizes, resulting in significant amplification of relative errors. (2) The
analytical model in this article made some idealized assumptions during the derivation process, such as
ignoring the edge effect of the magnetic field, assuming the coil to be an ideal geometric shape, and ignoring
the influence of eddy current losses on the magnetic field caused by the outer container wall of the
superconducting coil. These assumptions have a relatively small impact on the fundamental and maximum
harmonic components, but a more significant impact on higher-order harmonics.
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Figure 10. Magnetic flux density distribution of 8-shaped coils at k = 2.
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Figure 11. Magnetic flux density distribution of 8-shaped coils at k = 3.
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Figure 12. Magnetic flux density distribution of 8-shaped coils at k£ = 4.

The data comparison of the maximum output power of different structured collector coils varies with
speed, as shown in Figure 13. Due to the highest harmonic content of magnetic flux density when k=2, the
corresponding output power of the linear generator is also the highest. The output power of the linear
generator at a speed of 500 km/h under different structures is 138.34 kW, 120.21 kW, and 100.35 kW,
respectively. The analytical calculation results are highly consistent with the simulation data, with
maximum errors of —5.92%, —5.30%, and 6.18%, respectively.

Table 2. Comparison of harmonic data on the magnetic flux density of 8-shaped coils with different structures.

Harmonic Content/%

Parameter Structure 1 3 5 - 9
k=2 43.52 23.50 2.74 7.68 1.84
FEM k=3 46.90 8.16 18.99 3.32 0.84
k=4 51.17 4.48 3.37 14.93 5.44
k=2 4418 24.52 3.31 9.01 0.79
Calculation k=3 48.40 10.10 19.54 4.37 0.97
k=4 52.84 5.58 2.54 15.18 3.12
k=2 1.52 4.34 21.10 17.39 —56.87
Error/% k=3 3.20 23.82 2.90 31.50 15.60
k=4 3.26 24.62 —24.65 1.67 —42.58
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Figure 13. Maximum output power of a linear generator under different structures of 8-shaped coils.

As shown in Figure 14, the simulation data of the suspension force of the EDS system under different
8-shaped coil structures at a speed of 500 km/h. It can be seen that different 8-shaped coil structures have
little effect on the numerical value of suspension force, which are as follows: F2=221.11 kN, 3= 226.23
kN, F*;=227.04 kN, But the smaller the k, the greater the fluctuation after the suspension force stabilizes.

0 10 20 30 40 50 60
t/ms

k=2 — k=3 —— k=4

Figure 14. Suspension force of EDS maglev under different 8-shaped coil structures.

As shown in Figure 15, the data comparison of system suspension force and guidance force under
lateral displacement conditions with different 8-shaped coil structures is presented. With the increase of £,
both the suspension force and guidance force increase, and the increasing trend of the guidance force is
more obvious. When Ay =+80 mm, the suspension force of the 8-shaped coil structure with k£ = 4 increased
by 27.60% compared to the structure with £ =2, and the guidance force increased by 53.04%. Under lateral
offset conditions, the EDS system with an 8-shaped coil structure with k = 2 takes longer to recover to the
equilibrium position, while the EDS system with an 8-shaped coil structure with £ = 4 is more prone to
rolling. The maximum errors of the analytical data and finite element data for the suspension force and
guidance force of the three types of 8-shaped coil structures are within 2% and 8%, respectively.
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Figure 15. Suspension force and guidance force under lateral displacement conditions with different 8-shaped coil structures.

As shown in Figure 16, the data comparison of the suspension force under suspension vibration
conditions with different 8-shaped coil structures is presented. As the vibration displacement increases, the
suspension force of the 8-shaped coil structure with k£ =4 changes the most dramatically, indicating that the
suspension stiffness of EDS maglev is greater under this structure. The maximum errors between the
analytical data and finite element data for the suspension force of three types of 8-shaped coil structures are
7.42%, —6.03%, and —7.19%, respectively.
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Figure 16. Suspension force suspension vibration conditions with different 8-shaped coil structures.

6. Conclusions

This article focuses on the electromagnetic and mechanical characteristics of the linear generator in the
EDS maglev. A set of analytical calculation models based on the harmonic analysis method is proposed
and verified through 3D finite element simulation. The main conclusions are as follows:

(1) The established analytical model can accurately describe the magnetic field distribution and
electromagnetic coupling relationship of SC coils, 8-shaped coils, and collector coils. Compared with
the finite element results, the analytical calculation error for the magnetic flux density distribution is
less than 3.3%, and the error in the maximum current of the 8-shaped coil is within 2%, thereby
verifying the effectiveness and accuracy of the model.
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(2) The ratio k of the pole distance between SC coils and 8-shaped coils was introduced, and the influence
of various 8-shaped coil structures on the output characteristics of linear generators was analyzed. It is
specified that the maximum harmonic order of the 8-shaped coil is 2k — 1. When & = 2, the maximum
harmonic content of the 8-shaped coil is the highest, corresponding to a maximum output power of
138.34 kW of the linear generator at a speed of 500 km/h, which is 1.15 times and 1.38 times that of
the k=3 and k=4, respectively. This result indicates that reducing the & value to enhance the maximum
harmonic content of the air gap magnetic field is an effective way to increase power generation.

(3) Different k values have a relatively small impact on the suspension force of EDS maglev but a
significant effect on its dynamic characteristics. The structure with £ =2 will cause larger fluctuations
in suspension force, while the structure with k£ = 4 will have the smallest fluctuations and exhibit better
damping characteristics. Under lateral displacement conditions, the suspension force and guidance
force of the structure with k& = 4 are, respectively, 27.60% and 53.04% higher than those with £ = 2.
This indicates that increasing the value of & is beneficial for improving the system’s resistance to lateral
displacement, but excessive guiding stiffness may increase the risk of rolling. Under suspended
vibration conditions, the structure with & = 4 has the highest suspended stiffness, and the suspended
force changes most dramatically with displacement. In the design, a balance between stiffness and
comfort needs to be taken into account.

The analytical model proposed in this article is highly computationally efficient and has clear physical
significance, effectively supporting parameter optimization, different objective optimization, and system
integration design for linear generators in EDS maglev. It provides a theoretical basis for the on-board
power supply scheme and suspension guidance system design of EDS maglev.
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