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ABSTRACT

Hyperloop technology, introduced in 2013, is a revolutionary transportation concept designed to achieve near-supersonic speeds of approximately 1220 
km/h for long-distance travel. The key factor enabling the Hyperloop capsule to reach such high speeds is that the system is exposed to minimal friction. This 
study focuses on the design of an electrodynamic suspension disc for the levitation system of a Hyperloop capsule to be used in the Hyperloop Development 
Competition hosted by The Scientific and Technological Research Council of Türkiye (TUBITAK) Rail Transportation Technologies Institute (RUTE). The levitation 
system utilizes a high-speed rotating permanent magnet to generate magnetic forces that lift and stabilize the capsule above the rail. Following the comple-
tion of the analytical design, the system was simulated using the finite element method in ANSYS Electronics Desktop, and necessary geometric and electrical 
optimizations were performed based on the simulation results. Finally, the system was implemented, and the experimental results were analyzed to validate 
the design.

Index Terms—Electrodynamic suspension, finite element analysis (FEA), hyperloop, levitation

I. INTRODUCTION
With the increasing pace of daily life in recent years, the need for 
faster and more efficient transportation systems has become para-
mount. To address this demand, air transportation, known for its 
high-speed capabilities, has often been the preferred choice. In land 
transportation, one of the primary limitations to speed is the friction 
force between wheels and the ground. Hyperloop technology, based 
on reducing friction forces, represents a state-of-the-art advance-
ment by combining the principles of Maglev trains with vacuum tun-
nels. This system aims to achieve near-supersonic speeds of up to 
1220 km/h on land [1–4]. In a study conducted by Hansen [3], hyper-
loop technology was compared with existing high-speed transporta-
tion vehicles such as aircraft, high-speed train, Transrapid, SCMaglev, 
and Swiss-metro. It was stated that although Hyperloop technology 
was limited in terms of carrying capacity and economic feasibility, it 
stood out with its energy efficiency and high-speed potential.

The Hyperloop capsule minimizes air resistance through its vacuum 
environment and eliminates ground friction using an advanced sus-
pension system. This design allows most of the consumed energy to 

be converted directly into speed. A representative illustration of the 
Hyperloop concept is provided in Fig. 1.

The proposed Hyperloop system is envisioned as a next-generation 
transportation method, achieving unprecedented speeds under its 
current operating conditions [1, 2]. Moreover, its reliance on electri-
cal energy rather than fossil fuels with significant carbon footprints 
underscores its environmentally friendly nature [2, 3, 5–9].

Suspension systems in transportation technologies can generally 
be categorized into three main groups: air cushioning vehicle (ACV) 
systems, electromagnetic suspension (EMS) systems, and electrody-
namic suspension (EDS) systems.

In the first method, in air cushioning systems, suspension is achieved 
by blowing pressurized air from the vehicle to the ground through 
tubes or fans. While ACV systems provide a stable and low-friction 
ride at a relatively more affordable cost for short-distance travel 
[10–12], they are not considered suitable for long-distance transpor-
tation [12]. Additionally, introducing air into a vacuumed Hyperloop 
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tunnel would compromise the vacuum, necessitating continuous re-
vacuuming, which significantly reduces system efficiency.

The second method, EMS, achieves suspension using electromagnet 
systems installed on the guide rail or ferromagnetic systems paired 
with electromagnets on the train, powered by electric currents. 
Electromagnetic suspension requires an active control mechanism 
to maintain stability. For these reasons, EMS constantly consumes 
energy, and especially at high speeds, the amount of energy required 
by the electromagnets increases significantly [4, 13]. In these sys-
tems, suspension is provided through attractive magnetic forces 
[13, 16].

The third method, which is the focus of this study, is EDS. 
Electrodynamic suspension provides magnetic levitation by creating 
eddy currents and is usually designed with Halbach arrangements. 
Unlike EMS, EDS provides stability passively. Electrodynamic suspen-
sion offers energy efficiency and is suitable for ultra-high speeds [4, 
13, 17]. Unlike EMS, EDS systems rely on repulsive magnetic forces 
to achieve suspension [14, 16]. In the system examined in this study, 
suspension is achieved through the repulsive forces generated by 
moving magnets interacting with the passive guide plates.

In this study, an EDS system was designed for a Hyperloop cap-
sule with a weight of 70 kg. This study was conducted for the 
Hyperloop Development Competition organized by The Scientific 
and Technological Research Council of Türkiye (TUBITAK) Rail 
Transportation Technologies Institute (RUTE), which started in 2022 
and is held every year. The project teams exhibit their Hyperloop 
prototypes in the competition. Firstly, the operating principle of the 
system was outlined, and the mathematical model was developed. 
Finite element analysis (FEA) was then conducted to optimize the 
system’s analytical design and evaluate its performance against the 
specified requirements. Finally, a test setup was built to compare the 
practical results with the analytical and simulation-based findings.

II. DESIGN OF LEVITATION SYSTEM FOR HYPERLOOP POD
In EDS systems, suspension can be achieved through various meth-
ods, with the fundamental approach involving the generation of a 
variable magnetic field. This variable magnetic field can be created 
by moving the magnets, which not only facilitates suspension but 
also generates magnetic drag. At low speeds, magnetic drag is the 
dominant force, whereas suspension becomes predominant at 
higher speeds [18].

To achieve effective suspension in EDS systems, the magnets must 
move at high speeds, and this movement can be either linear or rota-
tional. For the capsule designed in this study to remain suspended 
not only during motion but also while stationary, it is essential for 
the magnets to rotate. To enable this, a rotational platform was 
designed, as illustrated in Fig. 2, providing variability in the magnetic 
field through circular motion.

Eddy currents are generated when a conductive plate is subjected 
to a varying magnetic field [19]. Given that the peak magnetic flux 
applied to the conductor is denoted as ϕB, the magnetic flux induced 
in the disc can be expressed as a sinusoidal function. Using this rep-
resentation, the steady-state expression for eddy currents is derived 
and presented in (2) [20].
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The lift force and drag force generated in the system can be calcu-
lated using the following approaches [21, 22]. Here, B0 denotes the 
maximum flux density at the surface, where y = g.

Main Points

• The paper focuses on designing and optimizing an electrody-
namic suspension system for a Hyperloop capsule. This sys-
tem uses rotating magnets to generate magnetic lift forces, 
enabling the contactless suspension of the capsule above 
the rail.

• The design process begins with analytical calculations and 
is further optimized using the finite element method (FEM). 
Key parameters such as magnetic forces, magnet geometry, 
and placement are analyzed in detail to enhance system 
performance.

• Simulation results are compared with experimental data to 
validate the design. While the results generally align, dis-
crepancies are observed, particularly due to challenges in 
modeling the unstable air gap in the FEM simulations.

Fig. 1. Hyperloop concept [5].

Fig. 2. Side view of the disc and plate.
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The induced flux ϕ can be represented by the thickness of the con-
ductor d and the width of the magnets in the direction of motion w 
(m) [21].
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Additionally, the current in the horizontal (x) direction is determined 
by substituting the maximum flux value into the steady-state Eddy 
current formula, as defined in (2), using (5).
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Then, the following force equations are formed by making use of the 
magnetic fields (3) and (4) created by the rotating magnets and the 
current generated in the horizontal plane (5).

 F wI z By x z� � ��  (7)

 F wI z Bz x y� � ��  (8)

As a result of averaging the magnitudes of the forces accord-
ing to the wavelength, the average force magnitudes Fy and Fz are 
obtained [20].

Lift force:
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Drag force:
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The primary objective in disc design is to maximize the lift force to 
enable the system to lift heavier loads. However, it is equally impor-
tant to account for the drag force generated during operation. The 
efficiency of the system is typically expressed as the ratio of the lift 
force to the drag force [20]. This efficiency ratio can be calculated by 
simply dividing (9) by (10). During the design process, efforts were 
focused not only on increasing the lift force but also on improving 
the lift/drag ratio (11). This ratio was analyzed in detail, and various 
methods were applied to maximize its value.
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The competition setup prepared by the TUBITAK RUTE consists of a 
208-meter-long tunnel, which is allowed to be used by the competi-
tors. The design parameters determined according to the require-
ments and constraints given in the competition are presented in 
Table I.

III. THREE-DIMENSIONAL TRANSIENT MAGNETIC MODEL
Although magnetic suspension systems are modeled based on spe-
cific formulas and theories, solving these formulas and the associ-
ated differential equations can be challenging.

Due to the geometric complexity, certain equations cannot be solved 
symbolically. In such cases, numerical methods are employed. Finite 
element method is one of the most effective approaches, where sys-
tems are divided into a finite number of elements, and the equations 
are solved incrementally to approximate the solution. In this study, 
the FEM was applied to solve the equations defined between (12) 
and (18).

The magnetic flux density B and electric field intensity E are expressed 
as in (12) and (13), respectively, where V is the scalar electric poten-
tial, A is the magnetic vector potential, and w is the speed [23].

 B A� ��  (12)

 E A
t

V w A� �
�
�

�� � ���.  (13)

Neglecting V, Ohm’s law (14), Ampere’s law, and the expression in 
(13) are used to achieve the expression in (15). Then, the divergence 
of (15) is taken to obtain (16) [23].

 
 
J E� �  (14)

TABLE I. 
GEOMETRIC AND ELECTRICAL PARAMETERS OF LEVITATION 

SYSTEM

Parameter Symbol Value

Pole number P 3

Total magnet number s 6

Mechanical air gap g 8 mm

Angular velocity w 4000 rpm

Disc diameter d 145 mm

Distance of magnets from disk center u 35 mm

Magnet diameter md 30 mm

Magnet height mh 10 mm

Steel plate diameter sd 145 mm

Steel plate thickness sh 3 mm

Resulting moment τ 1.5 Nm

Resulting lift force F 100 N
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The scalar electric potential is expressed in terms of A and w as in 
(17). By substituting (13) into (15), it can be reached (18).

 V A w= .  (17)
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In this study, analytical calculations, such as those required for eddy 
currents induced by rotating magnets and the resulting lift force, are 
highly complex. Therefore, the FEM is essential. The magnetic model 
of the suspension system and the calculation of the forces generated 
were performed using ANSYS Electronics Desktop.

The three-dimensional (3D) transient magnetic model of the 
designed suspension disc is shown in Figs. 3 and 4. In the 3D tran-
sient magnetic model, the magnets were selected as NdFe-35. These 
magnets were arranged on the suspension disc with alternating 
polarities. The rail material was Aluminum 6101-T6 as in the compe-
tition setup prepared by the TUBITAK RUTE, while the steel compo-
nents were made from Steel-1010.

Adding a steel plate to the system increases the magnetic flux den-
sity by channeling and concentrating the magnetic flux. Since steel 
is a ferromagnetic material, it provides a path for the magnetic flux 
to pass through. Normally, the magnetic flux would be distributed 

across the upper surface of the disk, but with the addition of the 
steel plate, the flux completes its circuit through the steel, thereby 
intensifying the magnetic field, as shown in Fig. 5. This increase 
in magnetic flux also results in a corresponding increase in the lift 
force.

Moreover, the upward magnetic fields generated by the system, 
which would normally propagate toward the capsule, can interfere 
with the electronic components inside. By placing a steel plate on 
the disk, these magnetic fields are redirected and contained within 
the steel, preventing them from directly reaching the capsule. 
This design minimizes the magnetic noise affecting the electronic 

Fig. 3. Levitation disc geometry.

Fig. 4. Steel plate and magnet geometry.

Fig. 5. Magnetic flux density distribution on magnets and plate.

Fig. 6. Vector image of eddy currents occurring on the rail.
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components inside the capsule, enhancing system reliability. The 
current density observed on the rail is illustrated in Fig. 6.

IV. TEST RESULTS AND DISCUSSION
A basic experimental setup was established to evaluate the per-
formance of the proposed system. The disk shown in Fig. 7 was 
manufactured according to the design parameters specified in 
Table I.

This levitation disk consists of six magnets arranged with alternating 
poles, ensuring that each magnet’s pole is opposite to its neighbor-
ing magnets. The magnets have a diameter of 30 mm, a height of 10 
mm, and are positioned 35 mm from the center of the disk, which 
has a total diameter of 145 mm. A steel plate with a matching diam-
eter of 145 mm was added to the top of the disk to concentrate the 
magnetic flux, as illustrated in Fig. 7. The completed disk assembly 
was mounted onto a brushless DC motor and rotated at a speed of 
4000 rpm for testing.

The mechanism shown in Fig. 8 is set up to measure the resulting 
lift force. A fixed, heavy table was placed on the right side of the 
mechanism to ensure stability during suspension. A pipe attached 
to this table holds the brushless motor at its end. On the left side 
of the mechanism, a hydraulic bench with adjustable height allows 
precise control of the air gap. An aluminum plate was mounted on 
a scale fixed to this bench. In addition, since the system consists of 
a mechanism that rotates at high speed, the system was tested in a 

metal cage, as seen in Fig. 8, until enough tests were done to ensure 
that the system was safe.

A laser tachometer was used to monitor the rotational speed of 
the brushless motor. The accuracy of the scale, which served as the 
measurement device in the test, was verified by measuring materials 
with predetermined masses. Therefore, there is no issue regarding 
the accuracy of the equipment used. However, due to the working 
principle of the scale, compression occurs as the force exerted by the 
disk on the aluminum plate increases. While the height of the disk 

Fig. 7. (a) Sample suspension disk without magnet attached. (b) Placement of sheet metal and magnets. (c) Sample disk created with magnet, 
steel, and MDF.

Fig. 8. Test setup: (a) Principle diagram. (b) Scale with mounted aluminum plate and disk structure.

Fig. 9. Comparison of measured and FEA results of lift force as speed 
changes.
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remains fixed, this compression on the plate’s surface causes the air 
gap to vary during the tests.

The results obtained from the test setup were analyzed, and a com-
parison between the experimental and simulation (FEA) results is 
presented in Fig. 9. Both the measured and simulated data indi-
cate that the lift force increases with rotational speed (RPM). 
However, accurately modeling the unstable air gap observed in 
the test setup within the FEM framework remains challenging, 
leading to discrepancies between the experimental and simula-
tion results.

Following the tests, eight suspension disks were installed at the base 
of the prototype. A reverse view of the capsule suspension system is 
illustrated in Fig. 10(a). Additionally, Fig. 10(b) shows a photograph 
of the completed capsule positioned in the test tunnel.

V. CONCLUSION
In this study, a basic EDS system was designed and produced for a 
70 kg Hyperloop capsule prepared for the Hyperloop Development 
Competition organized by the RUTE of TUBITAK. The analyti-
cal design process was examined in detail, and its mathematical 
background was provided. After the analytical design was made, 
improvements were made to the model using the FEM. As a result 
of the design and subsequent optimizations, the rotating EDS system 
was completed. Then, an experimental device was produced, and 
experiment is made. The optimization of the designed system was 
performed within a limited scope due to competition constraints. It 
was observed that the magnetic losses resulting from the magnet 
arrays and shapes were significant. The effects of magnet shape, 
magnet arrangement, and magnet material on system performance, 
which are excluded from the scope of this study, need to be investi-
gated in more detail.

Future studies could focus on a more comprehensive optimiza-
tion of the system, including advanced finite element modeling 
and experimental validation to further minimize magnetic losses. 
Additionally, investigating the effects of alternative magnet 
geometries, arrangements, and materials on system efficiency 
and performance can provide valuable insights for enhancing the 
EDS system.
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