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Abstract: This study addresses the Hyperloop characterized by a capsule-type vehicle, supercon-
ducting electrodynamic suspension (SC-EDS) levitation, and driving in a near-vacuum tube. Because
the Hyperloop is different from conventional transportation, various considerations are required
in the vehicle-design stage. Particularly, pre-investigation of the vehicle dynamic characteristics is
essential because of the close relationship among the vehicle design parameters, such as size, weight,
and suspensions. Accordingly, a 1/10 scale Hyperloop vehicle system model, enabling the analysis
of dynamic motions in the vertical and lateral directions, was developed. The reduced-scale model
is composed of bogies operated by Stewart platforms, secondary suspension units, and a car body.
To realize the bogie motion, an operation algorithm reflecting the external disturbance, SC-EDS
levitation, and interaction between the bogie and car body, was applied to the Stewart platform.
Flexible rubber springs were used in the secondary suspension unit to enable dynamic characteristic
analysis of the vertical and lateral motion. Results of the verification tests were compared with simu-
lation results to examine the fitness of the developed model. The results showed that the developed
reduced-scale model could successfully represent the complete dynamic characteristics, owing to the
enhanced precision of the Stewart platform and the secondary suspension allowing biaxial motions.

Keywords: Hyperloop; superconducting electrodynamic suspension (SC-EDS); dynamic characteris-
tics; reduced-scale vehicle

1. Introduction

Since the concept of the Hyperloop with a 1200 km/h speed was introduced by Elon
Musk [1], interest in the development of the Hyperloop has been growing. The characteris-
tics and the performance of the Hyperloop was analyzed comparing existing transportation
systems [2,3]. Research on the station design [4] and the safety management [5] were also
conducted. In [6], the Hyperloop potential was comprehensively assessed by using the
consolidated relevant data sources. In commercial sides, the development of the Hyperloop
vehicle and infrastructure have been under way [7,8]. There are several unique features of
the Hyperloop that facilitate achieving such a subsonic driving speed: a near-vacuum tube,
electrodynamic suspension (EDS) levitation, linear motor propulsion, and a capsule-type
vehicle. Although certainly beyond imagination, the selection of a near-vacuum tube as
the driving environment can reduce the air resistance dramatically [9,10]. EDS levitation in
the systems can achieve stable levitation without control, eliminating unnecessary driving
friction [11,12]. The linear motor for propulsion is one of the key elements that utilizes high-
capacity power from the stator installed in the tube guideway. The lightweight capsule-type
vehicle plays a significant role in relieving not only the burdens in the propulsion force,
but also that in the tube infrastructure construction.

Various considerations are required, particularly in the design stage, because the
abovementioned features of the Hyperloop are rather different from those of the existing
wheel–rail-type trains. In particular, pre-investigation of the Hyperloop vehicle dynamic
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characteristics is essential for vehicle design. Vehicle dynamic characteristics not only affect
the driving stability and ride comfort, but also the major design parameters, such as vehicle
size, weight, and suspension systems.

It is evidently a challenging task to use a full-scale model to investigate the dynamic
characteristics of the newly developed system. Instead, a reduced-scale vehicle model is
more advantageous in many aspects. For example, various tests can be easily conducted
under different conditions, as performed in previous studies on wheel-rail trains, and it is
not necessary to consider the actual drive. In the previous studies, roller rigs simulating
the rails against the wheels were generally used to examine the dynamic response of their
systems by varying the driving conditions, such as the roller speed, contact angle, and
force [13,14]. In related research, the similarity laws in wheel-rail vehicle dynamics was
investigated [15], and based on this, reduced-scale vehicle models, were designed and
validated [16,17]. The wheel/rail adhesion that is an important factor in vehicle dynamics
was also analyzed by using the roller rig [18]. However, the roller rig cannot be applied
to the Hyperloop model under development in this study because the model is based on
magnetic levitation, rather than wheel-rail contact.

There are two reduced-scale systems to be noted as milestones. For the Japanese
EDS maglev system, a 1/12 scale vehicle was developed for the investigation of dynamic
characteristics [19]. In this model, the Stewart platform operated by hydraulic actuators
was used to realize the bogie motion, reflecting magnetic levitation forces and external
disturbances. However, there are a few limitations. First, a reduced-scale vehicle does not
have lateral degrees of freedom in the suspension units. Therefore, this system cannot
represent the complete dynamic response of a full-scale vehicle. Another limitation is
the use of hydraulic actuators incorporated in reduced-scale vehicles. If the actuators are
replaced by electromagnetic actuators, the precision can be improved further. Finally, there
is a lack of detailed explanations of the operating principles for the bogie motion realization,
and there is no information on the validation. These are crucial for understanding bogie
motion in the development process of novel systems. In addition to the abovementioned
system, another reduced-scale vehicle was developed by Lee et al. [20]. However, the
limitations indicated in the Japanese model are also true for this model. Therefore, for a
more realistic dynamic response, a reduced-scale vehicle with lateral degrees of freedom in
suspension units must be developed, and a thorough understanding and validation of the
realized bogie motion are necessary.

This study aims to develop a 1/10 scale model of the Hyperloop vehicle to resolve the
aforementioned limitations of the previous models. The developed model is composed of
two bogies operated by the Stewart platform driven by powerful linear electromagnetic ac-
tuators, two secondary suspension units, and a car body. More importantly, biaxial motions
resulting from the secondary suspension units can be obtained. Additionally, numerical
simulations and analytical derivations are performed, and discussions are presented on the
effects of system parameters and the discrepancy between the experimental and simulation
results.

2. Materials and Methods
2.1. Design of the Reduced-Scale Vehicle Model

The full-scale Hyperloop vehicle which has been researched by Korea Railroad Re-
search Institute is conceptualized as illustrated in Figure 1a. The vehicle (for 20 passengers)
consists of two bogies and one passenger cabin, and its size and weight are 2.1 m × 2.3 m
× 26 m (width × height × length) and 28 tons, respectively. The superconductor magnets
on the bogie provide propulsion, levitation, and guidance force through the interaction
with coils on the tube guideway, as shown in Figure 1b. Especially, HTS (high-temperature
superconducting) magnets with a detachable cryocooling system [21–23] is applied for
lightweight vehicle. One magnet module contains 6 coils of HTS wires, and it weighs
2000 kg.
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Figure 1. Conceptual diagram of the Hyperloop system: (a) vehicle, (b) tube guideway.

For propulsion, the vehicle uses a superconducting linear synchronous motor (SC-
LSM) that is based on superconductor magnets as the rotor and air-core three-phase coils
as the stator [24,25]. For levitation and guidance, the forces generated from the interaction
between the superconductor magnets and null-flux coils are used, which allows the vehicle
to maintain the normal driving position. This method is called the superconducting
electrodynamic suspension (SC-EDS) [12].

A simplified spring-mass model is built for a full-scale model with an assumption
of a linear system. The vertical and lateral motions in the x-z plane and x-y plane are
considered as shown in Figure 2a,b, respectively. As indicated in [26], angular motions also
should be considered to analyze the full dynamics of the Hyperloop. However, since the
main purpose of this study is to validate developed model by using minimal (but essential)
dynamic characteristic analyses, the model construction for angular motions was ignored.
In the SC-EDS system, there exists an electromagnetic levitation stiffness (klev) and guidance
stiffness (kgud) between the bogies and guideway that establish a primary suspension
system. In practice, the stiffness varies depending on the driving conditions [27]; however,
these values can be considered to be constant when the driving speed is fixed [28,29]. In
this study, because the normal driving speed is set to 1000 km/h, the constant values of
stiffness for this speed are used. Between the bogies and the car body, there are air springs
(kair(V), kair(L)) and active actuators for vibration control in the vertical and lateral directions
that establish a secondary suspension system. The parameter values associated with the
pure vertical and lateral dynamics of the full-scale vehicle model are summarized in the
third column of Table 1. These values are based on the design results, conducted by the
Korea Railroad Research Institute.



Energies 2021, 14, 3883 4 of 13

Energies 2021, 14, x FOR PEER REVIEW 4 of 13 
 

 

with the pure vertical and lateral dynamics of the full-scale vehicle model are summarized 
in the third column of Table 1. These values are based on the design results, conducted by 
the Korea Railroad Research Institute. 

 
(a) 

 
(b) 

Figure 2. Spring-mass model corresponding to the vehicle: (a) vertical model on x-z plane, (b) lateral model on x-y plane. 

To determine the scale factors and design the reduced model setup, a dynamic simi-
larity law suggested by Gretzschel and Jaschinski [16] was used in this study. This scaling 
law was chosen in consideration of the actual fabrication of the reduced-scale model. Let 
the actual length and reduced-scale length be denoted by l0 and l1, respectively. Equation 
(1) expresses the scale factors for the lengths, velocity, and density between the two mod-
els. 𝜑 = 𝑙𝑙  

𝜑 = 𝑙𝑙  

𝜑 = 1 

(1)

The other scale factors, with respect to the mass, time, force, stiffness, and accelera-
tion can be obtained as follows: 𝜑 = 𝜑 𝜑  𝜑 = 𝜑  𝜑 = 𝜑 𝜑  𝜑 = 𝜑𝜑  

𝜑 = 𝜑𝜑 = 1 

(2)

In this study, a 1/10 reduced-scale was chosen, considering the actual size of the ve-
hicle and the laboratory environment. Therefore, to maintain dynamic similarity between 

Figure 2. Spring-mass model corresponding to the vehicle: (a) vertical model on x-z plane, (b) lateral model on x-y plane.

To determine the scale factors and design the reduced model setup, a dynamic similar-
ity law suggested by Gretzschel and Jaschinski [16] was used in this study. This scaling law
was chosen in consideration of the actual fabrication of the reduced-scale model. Let the
actual length and reduced-scale length be denoted by l0 and l1, respectively. Equation (1)
expresses the scale factors for the lengths, velocity, and density between the two models.

ϕl =
l1
l0

ϕv =
√

l1
l0

ϕD = 1

(1)

The other scale factors, with respect to the mass, time, force, stiffness, and acceleration
can be obtained as follows:

ϕm = ϕD ϕ3
l

ϕt =
√

ϕl
ϕ f = ϕD ϕ3

l
ϕc =

ϕ f
ϕl

ϕa =
ϕ f
ϕm

= 1

(2)

In this study, a 1/10 reduced-scale was chosen, considering the actual size of the
vehicle and the laboratory environment. Therefore, to maintain dynamic similarity between
the actual (full-scale) and reduced-scale models, the selection of ϕl = 0.1 leads to the ratio
of weights, ϕm = 0.001, and that of suspension stiffness, ϕc = 0.01. In addition, the test time
period was reduced by

√
10. For example, the test time period of 1 s in the reduced-scale

test setup corresponds to 3.16 s in the actual model. However, it should be noted that the
acceleration measured from the reduced-scale test setup is identical to that of the actual
vehicle structure. In accordance with the aforementioned dynamic similarity, the design
parameters for the reduced-scale model are summarized in the fourth column of Table 1.
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Table 1. Design parameters for the vehicle model.

Parameters Full-Scale Model Reduced-Scale Model

Mass
Car body mass (mc, kg) 10,000 10
Bogie mass (mb1,b2, kg) 9000 9

Secondary suspension Vertical stiffness of air spring (kair(V)1,2 N/m) 1,250,000 12,500
Lateral stiffness of air spring (kair(L)1,2 N/m) 174,000 1740

Primary suspension Levitation stiffness (klev1,2 N/m) 534,000 5340
Guidance stiffness (kgud1,2 N/m) 518,400 5184

2.2. Hardware Fabrication

A reduced-scale vehicle system model was built with a 1:10 scale factor, as shown in
Figure 3a. As explained for the full-scale model in Section 2.1, the reduced-scale vehicle is
also composed of two bogies operated by the Stewart platform, two secondary suspension
units, and a car body made of aluminum plate. The details of the secondary suspension
units are shown in Figure 3b. Four columns, each of which comprises eight rubber springs
in series, are connected with the car body and bogie, making it possible to cause motion in
both the vertical and lateral directions. A few rubber springs are installed in the hardware
system to render suspension stiffness, as presented in Table 1. If design modifications
are required in the future, the parameters can be easily tuned by changing the number
of rubber springs. Additionally, thin shims are connected between rubber springs in the
lateral direction, to adjust the ratio between the lateral and vertical stiffness. A higher
number of shim connections increases the lateral stiffness without affecting the vertical
stiffness. These shims can be simply assembled with rubber spring by passing the rubber
spring connecting screw through a hole in shims.
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For future vibration control investigation, three voice coil motors (two for vertical
motion and one for lateral motion) are placed in each secondary suspension unit. In
addition, biaxial load cells whose resolution and bandwidth is 1 gf and 10 kHz, respectively,
are installed under the secondary suspension units. These load cells measure the vertical
and lateral forces exerted on the secondary suspension units, and the measured values are
provided to the Stewart platform controller in real time. Additional details on the load
cells are provided in Section 2.3.

Stewart platforms are developed to generate a vehicle bogie motion, as shown in
Figure 4. Each Stewart platform adopts coreless-shaft linear electromagnetic motors with
negligible thrust ripples of cogging as driving actuators to achieve an improved accuracy
and speed. The relative linear motions between the shafts and stators, which are NdFeb
permanent magnets and layered coils, are achieved along the linear motion (LM) guide.
The actuators are placed between the upper moving plate and lower stationary plate of the
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Stewart platform, and their ends are connected to the two plates using universal joints and
spherical joints. The details of the Stewart platform and linear electromagnet actuator are
summarized in Table 2.
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Table 2. Details of the Stewart platform.

Items Value Comment

Stewart platform
Maximum displacement ±5 mm In x, y, z directions

Bandwidth 20 Hz When the displacement is ±0.2 mm
Continuous thrust force 350 N

Linear electromagnetic
actuator

Maximum stroke ±10 mm
Bandwidth 50 Hz When the displacement is ±0.015 mm

Continuous thrust force 70 N
Maximum thrust force 210 N

Continuous current 2.6 A
Encoder resolution 1 µm

2.3. Controller for Bogie Motion Realization

Because the bogie motion is governed by external disturbance (guideway irregularity),
stiffness of levitation and guidance, and the interaction between the bogie and car body, all
of these factors should be considered to develop a control algorithm for the operation of
the Stewart platform. To understand the bogie motions driven by the Stewart platform, the
spring-mass model discussed in Section 2.1 must be considered here. For vertical motions
(Figure 2a), the equation of motion for Bogie 1 is given by

mb1
..
zb1 = kair(V)1(zc − zb1)− klev1

(
zb1 − zg1

)
(3)

Equation (3) is a second-order differential equation representing the bogie motion
(zb1), the displacement of the upper moving plate in the Stewart platform. In Equation (3),
the first term on the right-hand side, (kair(V)1(zc − zb1)), represents the vertical force (FV)
produced by the relative displacement between the bogie and car body (i.e., the vertical
force exerted by the secondary suspension unit), and this force is directly measured by a
load cell installed under the secondary suspension unit. Because mb1 (bogie mass), klev1
(levitation stiffness), and zg1 (guideway irregularity in the vertical direction) are given
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and FV is measured in real time, Equation (3) can be solved numerically to obtain zb1 as a
function of time. For example, the following recursive equation can be used.

zb1[k+1] = zb1[k] + ∆t
.
zb1[k].

zb1[k+1] =
.
zb1[k] + ∆t

..
zb1[k]

..
zb1[k] =

1
mb1

(
FV[k] − klev1zb1[k] + klev1zg1[k]

) (4)

Here, ∆t is the time interval, and subscript k represents the calculation step. In
this study, the Stewart platform controller uses the Runge–Kutta numerical method to
solve this differential equation because this method can be conveniently implemented and
guarantees a satisfactory accuracy. Once zb1 is obtained, the displacement of each actuator
in the Stewart platform is determined based on the inverse kinematics algorithm [30],
and the bogie motion is finally realized by combining the displacement of each actuator.
Similarly, the lateral bogie motion can be achieved in the same manner as that in the
analysis for the vertical direction above.

3. Results and Discussion
3.1. Guideway Irregularity Following Performance

The guideway irregularity following performance of the Stewart platform hardware
was validated, which is closely related to the capability of motion realization by the
hardware system. In other words, the system performance depends on how closely
the Stewart platform follows the given guideway irregularity. For the test, guideway
irregularity was created based on the railway irregularity generation method with reference
to the EDS guideway irregularity characterized by the power spectral density [31,32]. In this
validation test setup, a constant driving velocity of 1000 km/h was assumed. In addition,
as indicated by Equations (1) and (2), to maintain the dynamic similarity between the actual
and reduced-scale models, the amplitude and time period of the guideway irregularity was
reduced to 1/10 and 1/

√
10, respectively. The laser displacement-measuring sensor, whose

resolution was 13 µm installed outside, was used to measure the actual displacement of
the Stewart platform, as shown in Figure 5.
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The experimental results (Figure 6) show that the overall Stewart platform displace-
ment is in good agreement with the given guideway irregularity. As shown in Table 3,
because the maximum following errors are almost negligible compared with the realized
bogie displacement (this will be discussed in the following section), it can be concluded
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that the hardware performance of the Stewart platform is appropriate for realizing the
bogie motion.
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Table 3. Guideway irregularity following error of Stewart platform.

Maximum Following Error
in Stewart Platform (mm)

Displacement of Realized Bogie
Motion (mm, Maximum

Peak-to-Peak)
Error Ratio to Bogie Motion

Vertical direction 0.009 0.251 3.6%
Lateral direction 0.035 0.939 3.7%

3.2. Dynamic Characteristics of the Developed Model

Dynamic test runs were performed to investigate the dynamic characteristics of the
reduced-scale vehicle. Based on the motion algorithm, the bogies were in motion with the
simultaneous application of the guideway irregularity on both the front and rear bogies in
the test run. The measured items in the test runs were the bogie displacement, car body
acceleration, and the forces exerted on the secondary suspension. Dynamic motions were
obtained via individual tests in the vertical or horizontal direction, to avoid interference.

Figure 7a shows the experimental results obtained from a vertical test: time history of
displacement in the front bogie, force between the car body and the bogie, and car body
acceleration in the vertical direction. For car body acceleration, the accelerometer mounted
on the car body was read. For comparison, the simulation results for the vertical direction
are shown in Figure 7b. For the simulation, the following equations of motion for the
vertical direction are solved numerically.

mc
..
zc = −kair(V)1(zc − zb1)− kair(V)2(zc − zb2)

mb1
..
zb1 = kair(V)1(zc − zb1)− klev1

(
zb1 − zg1

)
mb2

..
zb2 = kair(V)2(zc − zb2)− klev2

(
zb1 − zg2

) (5)

The experimental and simulation results for the lateral direction are shown in Figure 8.
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Figure 7. Dynamic characteristics in vertical direction: (a) experiment, (b) simulation.
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Figure 8. Dynamic characteristics in lateral direction: (a) experiment, (b) simulation.

For clarity, all the time history signals obtained from the experiments and simulations
are transformed into the frequency domain and, thereafter, superimposed together in
Figure 9. All the frequency plots, either for the vertical or lateral direction, reveal that the
amplitude transformed from the experimental data is smaller than that from the simulation
data. In addition, the experimental peak frequencies are higher than the simulation peak
frequencies in the vertical direction frequency plots, and vice versa for the lateral direction
frequency plots. Table 4 summarizes the quantitative differences between the experimental
and simulation results.
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Table 4. Comparison of experiment and simulation based on the fast Fourier transform results.

Vibration Amplitude
Vertical Direction Lateral Direction

Experiment (at 3.8 Hz) Simulation (at 3 Hz) Experiment (at 5.4 Hz) Simulation (at 6 Hz)

Bogie displacement (mm) 0.055 0.115 0.145 0.290
Load between bogie and

car body (N) 0.161 0.242 0.382 0.661

Car body acceleration
(m/s2) 0.044 0.048 0.108 0.132

The amplitude discrepancy can be attributed to the absence of a damping element. In
the simulation, no damping element was included in the secondary suspension in Equation
(5) at an early stage, although it was recognized that damping is present in various parts of
the manufactured reduced-scale model. For example, the friction in the connectors and
linear guides of the actuators can generate damping forces in the secondary suspension
units. Considering this damping element, Equation (5) should be modified as follows:

mc
..
zc = −kair(V)1(zc − zb1)− kair(V)2(zc − zb2)− cair(V)1

( .
zc −

.
zb1
)
− cair(V)2

( .
zc −

.
zb2
)

mb1
..
zb1 = kair(V)1(zc − zb1)− klev1

(
zb1 − zg1

)
+ cair(V)1

( .
zc −

.
zb1
)

mb2
..
zb2 = kair(V)2(zc − zb2)− klev2

(
zb1 − zg2

)
+ cair(V)2

( .
zc −

.
zb2
) (6)

Here, the damping coefficients in the secondary suspension units of Bogie 1 and Bo-
gie 2 are denoted as cair(V)1 and cair(V)2, respectively. To understand the effect of damping,
the exact amount of which is not known yet, simulations are performed again based on
Equation (6). The results are shown in Figure 10, which shows the effect of the damping
element on the vibration amplitude. Because the exact value of the damping coefficient
is unknown, the percentage of the stiffness value is arbitrarily assigned. For example, 1%
in the vertical motion simulation implies the usage of a damping coefficient of 125 Ns/m,
which is 1% of the stiffness value (12,500 N/m). The simulation results indicate that the
damping element decreases the vibration amplitude. Therefore, it can be inferred that the
damping element present in the secondary suspension unit of the reduced-scale model has
reduced the vibration amplitude in the experiments.
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We now consider another source that causes the difference between the simulations
and experiments. The force measured by the load cell in the reduced-scale model did not
reflect the exact amount of force between the bogie and the car body. Owing to the loss
caused by the friction in the secondary suspension unit, a force smaller than the actual
force between the bogie and the car body is transferred to the load cell, which results in an
unexpected dynamic response. Figure 11 shows the experimental results focusing on the
effect of the load cell value on the peak frequency response. Here, 0% implies equivalence
to the value measured (red) by the load cell, whereas 30% and 60% indicate the values
deliberately increased by 30% and 60% from the original value, respectively. The results
for vertical motions show that the larger the load cell force, the lower is the vibration
frequency (i.e., from 3.8 Hz to 3.67 Hz); this renders the experimental and simulation
results comparable. For lateral motion, a larger load cell value leads to a higher vibration
frequency (i.e., from 5.4 Hz to 5.53 Hz).
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Unlike simulations, friction as a damping element cannot be ignored, and it reduces
the force exerted on the secondary suspension unit in the developed reduced-scale model.
Consequently, an outcome quite different from the initial expected response was obtained.

4. Conclusions

In this study, a 1/10 reduced-scale model, based on the dynamic similarity law, was
developed for the dynamic characteristic investigation of the Hyperloop vehicle. Both
the vertical and lateral motions were successfully realized by virtue of the secondary
suspensions of the model allowing biaxial motion. The Stewart platform, driven by
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powerful linear electromagnetic actuators, was used to accurately realize the bogie motion,
reflecting the external disturbance, SC-EDS characteristics, and the interaction between
the bogie and the car body. Through the experiment and simulation, it was confirmed
that the actual bogie motion was realized, and the complete dynamic characteristics were
successfully represented by the developed model. It was also found that the friction
existing in various parts of the model plays a significant role, leading to differences in the
dynamic responses between the simulation and experiment. In future studies, the dynamic
characteristics under various driving conditions will be investigated using this model.
Furthermore, an experiment on the active actuator control will be conducted to improve
the ride comfort of the car body to reduce the harmfulness to the human body.
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