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Abstract
Permanent-magnet electro-dynamic suspension (PMs-EDS) maglev systems are shaping the future of modern transport by 
providing high-speed, energy-efficient, and sustainable transport solutions. In this study, numerical simulations were per-
formed to determine the optimum geometrical parameters of aluminum rail and permanent magnet arrangements for EDS 
systems. For that, the aluminum rail and permanent magnet combinations were investigated, and then the same simulations 
were repeated by creating cavities in the aluminum rails for cost efficiency. The highest levitation-to-drag ratio (LDR) was 
achieved with magnet arrays having a fill factor of 0.4, 20 mm thick aluminum, and an aluminum rail width of 60 mm. 
Additionally, by creating cavities into the rails, it was calculated that approximately $2.44 million could be saved from the 
total cost of $17.34 million cost of the 1000 km double-strip aluminum rails, with negligible reduction in the LDR ratio. 
The findings of this study provide a sustainable and economical transport solution by increasing the cost effectiveness of 
PMs-EDS maglev systems. The results obtained may pave the way for the development of different types of applications of 
maglev technology and increase the potential for commercial use of maglev transport systems.

Keywords  Magnetic levitation · Electrodynamic suspension (EDS) · Permanent magnet (PM) · PM-EDS

1  Introduction

Maglev systems are an important component of modern 
transport with the potential to provide frictionless and 
fast transport. They are based on two basic technologies, 
electromagnetic suspension (EMS), and electrodynamic 
suspension (EDS). EMS allows the train to rise using 

electromagnets with magnetic rails, which offer precise 
control and energy efficiency. Many investigations have 
been conducted on the EMS maglev system [1, 2] includ-
ing optimizing magnetic levitation control parameters 
[3], investigating motor types [4], or developing test sys-
tems [5–7]. However, EDS offers a more stable structure 
at high speeds and uses superconducting or permanent 
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magnets that allow the train to levitate naturally when 
a certain speed is exceeded for the train to move. Since 
electrodynamic levitation provides levitation without con-
tact by utilizing the natural repulsive forces of magnetic 
fields, it is safer in the event of de-energization and offers 
more stable travel at higher speeds. Furthermore, the self-
stabilizing nature of the EDS as it accelerates allows it 
to consume less energy at high speeds and require less 
maintenance. These properties make EDS more advanta-
geous than EMS, especially in long-distance and high-
speed railway systems. When the studies on the EDS 
Maglev system in recent years are examined, it is seen 
that they are focused on the development and optimization 
of EDS systems [8], theoretical analyses [9], and simu-
lation and modeling studies [10, 11]. These studies are 
crucial for understanding the dynamic behavior of the 
system, optimizing the design of magnetic components 
and predicting performance under various operating con-
ditions. Advanced computational methods such as finite 
element analysis (FEA) [12] and computational fluid 
dynamics (CFD) [13] are used to simulate the electro-
magnetic interactions and aerodynamic forces acting on 
the vehicle. These simulations help to determine the opti-
mal configurations for magnets and coils to reduce energy 
consumption and improve overall system efficiency.

An important area of research within EDS Maglev sys-
tems is the use of permanent magnets (PMs) to provide 
levitation. PMs-EDS systems utilize the high magnetic 
field strengths of innovative permanent magnets such as 
NdFeB to generate the required lift forces. Furthermore, 
the use of permanent magnets reduces energy consumption 
and lowers the maintenance costs of the system because it 
does not require continuous energy like electromagnets. 
They also offer lower energy consumption compared to 
superconducting magnets and lower operating costs as 
they do not require cryogenic cooling. Recent studies on 
PMs-EDS have investigated various configurations [14] 
and materials [15] to improve the performance and fea-
sibility of these systems. These studies have investigated 
the optimal arrangement of magnets and coils, the effect 
of different guide materials, and the effects of temperature 
variations on magnetic properties of PMs-EDS.

This study, different from the literature [16], aims 
to optimize the performance and cost-effectiveness of 
Maglev systems by introducing a cavities rail structure 
beyond the discontinuous rail forms in the existing litera-
ture. Numerical simulations were performed to determine 
the optimum system performance and to reduce the total 
PMs-EDS system cost. These simulations were carried 

out in COMSOL Multiphysics 5.6 by using “Magnetic 
Field Formulation (mf)” physics. In this study, the opti-
mized levitation-to-drag ratio achieved through the voids 
created in the aluminum rails improves energy efficiency 
and system stability. Compared to previous configura-
tions in the literature, this study successfully balances 
cost and performance, supporting the commercial viabil-
ity of Maglev technology on a large scale. This novel 
approach provides both sustainable transport solutions 
and cost-effectiveness in high-speed transport.

2 � PMs‑EDS System and Numerical Modeling

PMs-EDS systems consist of PMs traveling relative to 
a fixed conductive guide with an air gap between them. 
Figure 1 shows the physical model of a PMs-EDS system 
[17]. The motion of the PMs in the x-axis direction with 
respect to the conductive layer induces an eddy current in 
the layer, and the interaction between the PMs magnetic 
field and the eddy current develops lift and drag forces 
in the z and x-axis directions, respectively. The vertical 
force in the z-axis lifts the PMs into a certain air gap, and 
the drag force in the negative x-axis counteracts the PM’s 
movement.

The behavior of the forces at a certain velocity shown in 
Fig. 1 can be easily explained for this type of rail. Hence, 
the drag and lift forces are expressed as shown in Eqs. 1 
and 2 [18].
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Fig. 1   Physical model of EDS systems
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where �0 is the vacuum permeability, B0 is the flux density 
peak value of the permanent magnet array, w is the width of 
the permanent magnets, � is the number of the pair magnet 
poles, � is the pole pitch of permanent magnets, β = π/τ, ℎ 
is the suspension gap, � =

√

�∕���v is the skin depth, μ is 
the plate permeability, λ = 2τ is the magnet wavelength, σ 
is the plate conductivity, and v is the PM (magnetic source) 
velocity.

There is an important parameter widely used in litera-
ture to evaluate the performance of such systems. This is 
the lift-to-drag ratio, expressed as LDR, which is an indi-
cator of the efficiency of the suspension at a given speed. 
Therefore, LDR can be defined as,
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Fig. 2   Schematic illustration of Maglev dynamic levitation concept with full (a) and periodically cavitied (b) aluminum rail

Table 1   Physical parameters of PMs-EDS system for numerical cal-
culations

Parameter Description Value

len_Hpm Length PM (x) 30 mm
w_ Hpm Width PM (y) 30 mm
t_ Hpm Height PM (z) 30 mm
len_Vpm Length PM (x) 45 mm
w_ Vpm Width PM (y) 30 mm
t_ Vpm Height PM (z) 30 mm
len_Al Length of aluminum rail 1200 mm
l_Al_ladder Length of a ladder 60 mm
wAl_out Width of aluminum rail 40–60 mm
t_Al Thickness of aluminum rail 5–25 mm

In the scope of this study, the topology given in Fig. 2 
has been created. Calculations were made in the COM-
SOL program by defining a 1 mm thick calculation domain 
around the upper PM array (shown in Fig. 2a with red 
dashed line). The upper PM array is adjusted to coincide 
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with the geometric center of the lower aluminum rail. 
Therefore, the calculations were obtained by considering 
the per 1200 mm long aluminum rail length specified in 
Table 1. This calculation domain was used in simulations 
to calculate both levitation and drag forces.

The numerical simulations were performed in “Mag-
netic Field Formulation (mfh)” physics in COMSOL Mul-
tiphysics 5.6. In the modeling, the magnetization direc-
tions and magnetic field values of the PMs are defined 
by Faraday’s law while the velocity up to 1100 km/h 
is defined by Lorentz Term. This study focuses on the 
impact and cost analysis of different aluminum rail 
arrangements on EDS Maglev Systems at 100 m/s oper-
ating speed. The main reason why the speed of 100 m/s 
was preferred in our study is that this speed is both a suit-
able reference for evaluating the optimum performance of 
EDS systems and for the speeds in commercial transport 
applications. At this speed, the relationship between mag-
netic lift and drag forces and LDR values can be clearly 
analyzed and the results become comparable with other 
maglev and high-speed train studies.

Table 1 shows the physical parameters of the permanent 
magnet and aluminum rail.

In this study, the remanent magnetization value of each 
magnet was taken as Br = 1.42 T and the electrical conduc-
tivity value of aluminum rail was taken as σ = 3 ×107 S/m.

The magnetic force performance and cost analyses of the 
PMs-EDS system using full and cavitated aluminum rail are 
investigated. For this purpose, the work steps were listed as 
follows:

•	 Determination of the optimum fill factor
•	 Determination of optimum aluminum rail thickness and 

width
•	 Determination of levitation and drag forces by creating 

cavities with different dimensions in the aluminum rail
•	 Cost analysis of PMs-EDS systems

3 � Results and Discussions

In the modeling, the optimum fill factor (γ) value is deter-
mined first. The fill factor (see Fig. 2) can be defined as the 
ratio of the length of horizontal PMs to the wavelength (λ) 
as given in Eq. 4.

The values of levitation and drag forces and related LDR 
ratio at the maximum velocity of 100 m/s for different fill 
factors shown in Table 2 are given in Fig. 3.

The optimum fill factor was determined as 0.40 because 
the levitation force is the highest and the drag force is mod-
erate at this value. This fill factor value is used for the simu-
lations in the rest of this paper with PM arrays that consist 
of 8 PMs as shown in Fig. 2.

Levitation and drag force values depending on velocity 
were calculated for different aluminum thicknesses (5, 8, 

(4)� =
2a

2(a + b)
=

a

0.5�

Table 2   PMs dimensions and corresponding fill-factors

len_Hpm (mm) len_Vpm (mm) Wavelength, 
λ (mm)

Fill-factor (γ)

7.5 67.5 150 0.10
10 65 150 0.13
15 60 150 0.20
20 55 150 0.27
25 50 150 0.33
30 45 150 0.40
37.5 37.5 150 0.50
45 30 150 0.60
55 20 150 0.73

Fig. 3   The levitation and drag forces at the maximum velocity of 
100 m/s (a) and lift-to-drag ratio (LDR) (b) depending on the fill fac-
tor of the PMs array consisted of 5 PMs
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10, 15, 20, and 25 mm) to determine the optimum thick-
ness of the aluminum rail. The results obtained are given 
in Fig. 4.

As shown in Fig. 4a, as the speed increases, the value 
of η given in Eq. 1 decreases and thus the levitation force 
increases. Also, it is seen from Fig. 4b that the drag force 
value first increases and then decreases depending on the 
decreasing η value with increasing speed in Eq. 2.

In order to determine the optimum aluminum thickness 
accurately, the variation of magnetic force (levitation and 
drag force) and LDR values depending on the aluminum 
thickness is plotted in Fig. 5 using Fig. 4.

The optimum aluminum rail thickness was determined 
as 20 mm as shown in Fig. 5, because this value is the point 
with the highest LDR value and lowest drag force value. 
The variation of the LDR values as a function of rail thick-
ness in Fig. 5 shows that the relative bulk conductivity of 
the aluminum rail, σ (see Eq. 3), varies with aluminum 
thickness and the wavelength and thickness of the inter-
acting magnet. The lower drag force value is important in 
terms of reducing the instantaneous energy consumption 
during traveling at high speeds due to lower braking forces 
as relationship P = vFdrag . Therefore, this thickness value is 
used for the simulations in the rest of this paper.

Fig. 4   The levitation (a) and drag (b) force curves between the PMs 
and of different thickness of aluminum rail

Fig. 5   The levitation and drag forces at the maximum velocity of 
100 m/s (a) and lift-to-drag ratio (LDR) (b) depending on the thick-
ness of the aluminum rail
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Fig. 6   The levitation (a) and 
drag (b) force curves between 
the PMs and aluminum rail of 
different width
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After determining the optimum rail thickness, numeri-
cal simulations were carried out to determine the optimum 
width of the aluminum rail. The results obtained are given 
in Fig. 6.

In order to determine the optimum aluminum width 
accurately, the variation of magnetic force and LDR values 
depending on the aluminum width is plotted in Fig. 7 using 
Fig. 6 at 100 m/s speed.

Considering Fig. 7, the optimum rail width was deter-
mined as 60 mm because the LDR has its maximum value 

at this point. This value will be used for the simulations in 
the rest of this paper.

After determining the optimum thickness and width of 
the aluminum sheet, it was aimed to reduce the cost by 
creating cavities on the aluminum sheet. Therefore, cavities 
of different lengths and widths were created on the alu-
minum plate and numerical calculations were repeated to 
determine the effect of the created cavities on the dynamic 
performance of the Maglev train (levitation and drag force, 
LDR). Firstly, the levitation and drag forces were calcu-
lated for different cavity widths ( WAl_in ) of 6, 12, 18, 24, 
30, and 36 mm (see also Fig. 2b). The results obtained are 
given in Fig. 8.

To enhance the reliability of the findings, Fig. 9 plots the 
variation of magnetic force and LDR values with respect to cav-
ity width, utilizing the data from Fig. 8 at a speed of 100 m/s.

Based on the results from Fig. 9, we performed addi-
tional measurements, selecting three values as 6  mm, 
12 mm, and 36 mm to make a more accurate compari-
son and to obtain high performance and low cost in terms 
of PMs-EDS systems. For that unit length of the ladder 
( lAl_ladder ) was chosen as constant of 60 mm, shown in 
Fig. 2b. Subsequent, numerical simulations were then per-
formed to determine the optimal lengths of cavities in alu-
minum rail ( lAl_in ). As seen in Fig. 9, despite the decrease 
in levitation force, the LDR value shows a slight increase. 
This phenomenon can be explained by the definition of the 
LDR, which is calculated as the ratio of the levitation force 
to the drag force (Eq. 3). Figures 10, 11, and 12 show the 
magnetic force and LDR values for different volumes of 
cavities formed on the aluminum layer.

When Figs. 10, 11, and 12 are analyzed together, it is seen 
that the drag force increases when the length of the cavity 
( lAl_in ) is 2 mm. This shows that the length of the cavity 
creates an additional resistance on the system. Accordingly, 
it is observed that the LDR value also decreases. In addi-
tion, when Figs. 10, 11, and 12b are analyzed, it is observed 
that when the length of the cavity is 12 mm, the LDR value 
increases compared to the previous values, although the void 
amount increases.

Using the data in these graphs, the cost for each topology 
was calculated and Fig. 13 was created. Figure 13 shows 
the plot of the LDR/cost ratio versus cavity length. The aim 
here is to achieve high levitation performance at low cost in 
PMs-EDS systems.

The LDR/cost ratio here is the ratio of the LDR value of 
the relevant length of the cavity aluminum to the price in 
dollars of a 1.2 m long aluminum rail (with topologies of 

Fig. 7   The levitation and drag forces at the maximum velocity of 
100 m/s (a) and lift-to-drag ratio (LDR) (b) depending on the width 
of the aluminum rail
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Fig. 8   The levitation (a) and 
drag (b) force curves between 
the PMs and aluminum rail 
with different widths of cavity 
( WAl_in ). The length of the cav-
ity is 1176 mm corresponding 
to 98% of the total rail length
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different volumes) in the numerical calculation area. In the 
cost calculation, the price of 1 kg of aluminum ingot is taken 
as 2.67 USD [19].

When Fig. 13 is examined, it is seen that the LDR/cost 
ratios of the ladder aluminum layer are higher for all lengths 
of the cavity value when the width of the cavity ( WAl_in ) is 
12 mm.

In addition, when the case where WAl_in  36 mm is ana-
lyzed, it is seen that the LDR/cost ratio at the lAl_in 12 mm 
point is larger than the other lAl_in cases. The cost of a 
1000 km double lanes aluminum track without any cavity is 
17.34 million dollars ( lAl_in = 0) . When lAl_in = 12 mm, the 
money saved due to the removed aluminum (cavity) is 834 
thousand dollars for WAl_in 12 mm, while it is approximately 
2.44 million dollars for WAl_in 36 mm. This shows that 
although the LDR/cost ratio WAl_in 12 seems to be higher, 
when the money saved is considered, lAl_in 36 is more suit-
able for PMs-EDS systems.

4 � Conclusion

This study has performed extensive numerical simula-
tions to determine the optimum geometrical parameters 
of aluminum rail and permanent magnet arrangements to 
achieve higher lift and lower drag forces in maglev sys-
tems. In the first stage, the performance of the systems 
arranged with aluminum rails at the bottom and permanent 
magnets at the top was examined, and then the same simu-
lations were repeated by creating cavities in the aluminum 
rails for cost efficiency.

The maximum levitation to drag ratio was obtained 
when the fill factor of the magnet arrays forming the 
magnetic field source was 0.4, the aluminum thickness 

Fig. 9   The levitation and drag forces at the maximum velocity of 
100 m/s (a) and lift-to-drag ratio (LDR) (b) depending on the width 
of the cavity ( WAl_in ) in the aluminum rail

Fig. 10   The levitation and drag forces at the maximum velocity of 100 m/s (a) and lift-to-drag ratio (LDR) (b) depending on the length of the 
cavity ( lAl_in ) in the aluminum rail. The width of the cavity is 6 mm corresponding to 10% of the total rail width



	 Journal of Superconductivity and Novel Magnetism (2025) 38:5252  Page 10 of 11

Fig. 13   LDR/cost ratio depending on the length of the cavity ( lAl_in ) 
in the aluminum rail for different widths of cavity ( WAl_in)

Fig. 12   The levitation and drag forces at the maximum velocity of 100 m/s (a) and lift-to-drag ratio (LDR) (b) depending on the length of the 
cavity ( lAl_in ) in the aluminum rail. The width of the cavity is 36 mm corresponding to 60% of the total rail width

Fig. 11   The levitation and drag forces at the maximum velocity of 100 m/s (a) and lift-to-drag ratio (LDR) (b) depending on the length of the 
cavity ( lAl_in ) in the aluminum rail. The width of the cavity is 12 mm corresponding to 20% of the total rail width

was 20  mm, and the aluminum rail width WAl_in was 
60 mm. In addition, it has been determined that a sav-
ing of approximately 2.44 million dollars will be achieved 
when the numeric calculation is made by creating cavities 
in the rails without much reduction in the LDR ratio in a 
1000 km double strip aluminum rails with a total cost of 
17.34 million dollars.

The results of this study have the potential to improve 
the cost-effectiveness of PMs-EDS maglev systems and 
provide a more sustainable and economical transport solu-
tion. Furthermore, this numerical calculation by creating 
voids in aluminum rails contributes to the development 
of innovative approaches in the fields of engineering and 
materials science. Future studies will carry these find-
ings to wider applications, enabling important steps to be 
taken towards the widespread use of maglev technology 
and increasing its efficiency.
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