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A Linear Motor Launcher System Integrating a
Multisurface Superconducting Magnetic Bearing
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Abstract—In this article, a linear motor launcher system
equipped with superconducting magnetic bearings has been con-
structed and tested under various conditions. The guide rail of
the launcher features permanent magnets that support supercon-
ducting levitation and interaction between square prism-shaped
bulk superconductors on various surfaces. This results in increased
stiffness of a single superconductor along any given axis and com-
prehensive support of lateral forces. The article investigates the use
of a superconducting magnetic bearing in a linear launcher system
as a novel approach to a multisurface levitation structure. The
experimental system integrates the high-temperature supercon-
ductor bulk material-based carriage system and an open cryostat
structure. The carriage system levitates on the permanent magnet
rail by moving it using an integrated dc linear motor. The article
examines the levitation force relationship and performance of the
system under different selected speeds and acceleration profiles.
The design of the system allows for an adjustable slope of the
permanent magnet rail, demonstrating the potential for use as
a linear launcher pad. In addition, the proposed system has the
potential for application in larger systems, such as maglev vehicles.

Index Terms—Linear launcher system, multisurface levitation,
superconducting magnetic bearing.

I. INTRODUCTION

SUPERCONDUCTIVITY and superconducting magnetic
levitation are widely used in different areas around the

world. Some application areas of superconductivity and su-
perconducting magnetic levitation systems are superconductive
magnetic levitation (Maglev) trains, superconducting magnetic
bearings [1], [2], [3], [4], superconducting flywheel energy
storage systems [5], [6], [7], [8], superconducting electrical
machines [9], [10], and superconducting magnetic gears [11],
[12]. All these applications are relatively more expensive than
their conventional counterparts. Despite their excessive price,
in some cases, superconducting applications are preferred over
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their conventional counterparts. Superconducting magnetic levi-
tation is a technology that utilizes the properties of superconduc-
tors and magnetic fields to achieve frictionless and suspended
motion. The levitation force is sufficient to support the weight
of the superconductor and the object it is carrying, resulting
in stable and frictionless levitation. The levitation forces of
high-temperature superconductor bulk over a permanent magnet
guideway have been reported in some research [13], [14], [15],
[16], [17]. All the superconductive applications mentioned here
have one thing in common that is due to magnetic levitation,
there is no mechanical contact between bodies, which means no
mechanical wear due to contact as well as no frictional losses due
to rubbing parts. In addition, since there is no need for lubrication
between moving bodies, viscous friction can be neglected as
well.

Hysteresis is a characteristic of superconductors, and it must
be considered in applications such as magnetic levitation sys-
tems, where levitation height is important. The complicated hys-
teresis characteristic in the superconductor has been the subject
of various studies [18], [19], [20]. In a permanent magnet (PM)
high-temperature superconductor (HTS) pair, the force between
HTS and PM is a function of the distance between them. The
relation between the distance and the force is not linear, but at
very short distances it can be assumed to be linear and using
this relation, an equivalent stiffness can be calculated. There are
such and similar systems where stiffness and the levitation force
of magnetic levitating HTS systems are found experimentally
[21], [22].

A superconducting magnetic levitating system can be mod-
eled similarly to a mass damper spring system, where the damper
can be substituted with hysteresis and calculated stiffness can be
used for the spring constant. Although the modeled system is not
perfect and cannot fully reflect the system, for small movements
it is acceptable [23].

In superconducting magnetic levitation devices, generally, the
interaction on one surface of HTS is studied. In these studies,
there is at least one HTS for each axis of motion. However, there
are studies where the effect of the magnetic field is studied on
the multisurface of HTS [24], [25], [26]. Unlike single-surface
HTS, in multisurface studies, a single HTS can be used for dif-
ferent motion axes. Conventional HTS bulk permanent magnet
interactions are usually constructed in such a way that only one
surface of the superconducting material interacts. The multi-
surface concept was first proposed by Sivrioglu et al. [25] and
involves the placement of permanent magnets on three different
surfaces of a ring-shaped superconducting material, resulting
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in an increase of 44.25% in the levitation force compared to a
single PM-HTS case.

Maglev launcher systems are a potential solution for appli-
cations that require high-speed and efficient movement of pay-
loads. They are particularly useful in industrial settings where
precision, speed, and accuracy are critical. They can be used
in manufacturing facilities for automated material handling and
assembly line operations, as well as in distribution centers for
sorting and transporting goods. Maglev launchers may also be
used in transportation systems, such as high-speed trains, where
their smooth and efficient operation can provide a comfortable
and efficient mode of travel. In addition, maglev launchers can
be used in space launch systems, as a means of efficiently and
rapidly launching payloads into space [27], [28], [29]. Maglev
launcher systems can be used in various scenarios, including
the launching of model aircraft, where speed and acceleration
control are important factors. The potential market for these
systems includes hobbyists and aeromodelling enthusiasts who
are looking for reliable, efficient, and high-performance launch
systems. In addition, maglev launcher systems have potential
applications in industrial and military settings, such as for the
launch of small payloads into space or for launching unmanned
aerial vehicles.

In this article, the carriage system formed by using four super-
conducting bulk materials is levitated on a permanent magnet
guide rail produced in accordance with the multisurface method.
In addition, unlike the linear magnetic guide rail systems de-
scribed in the literature, the slope of the designed system can
be adjusted mechanically. By incorporating a linear servo dc
motor, the carriage system can be moved at various speeds and
acceleration profiles. This enables the designed superconducting
magnetic levitation system usable as a launching mechanism for
unmanned aerial vehicles. In addition, it offers the opportunity to
study the real model of the multisurface magnetic levitation sys-
tem, which can be used in transportation, on a laboratory scale.

The rest of this article is organized as follows. Section II
introduces the concept of the multisurface superconducting
magnetic bearing, which is used in the linear launcher where the
experiments are conducted. Section III shows the experimental
studies. Finally, Section IV concludes this article.

II. DESIGN OF LINEAR MOTOR LAUNCHER SYSTEM

The general view of the designed multisurface superconduct-
ing magnetic bearing launcher experimental system is shown
in Fig. 1. In this system, a symmetrical multisurface permanent
magnet guideway with a total rail length of 1600 mm is posi-
tioned on both sides. The platform where guideways are mounted
is designed in such a way that its angle can be adjusted with
the hydraulic lifting mechanism. A linear dc motor (Omron-
R88L-EC-GW-0309) with a servo drive is integrated into the
carriage system [see Fig. 2(a)]. In the carriage system, the
cryostats on the right and left are symmetrically placed according
to the linear motor, which is placed on the same level as the center
of mass of the system. Furthermore, the left and right cryostat
systems, each with two HTS bulk materials, are mounted at the
corners of the carrier system. Fig. 2(b) shows the cross-sectional

Fig. 1. Illustration of multisurface superconducting magnetic bearing linear
motor launcher experimental system.

Fig. 2. (a) Illustration of carriage system. (b) Left cryostat cross-sectional
view and permanent magnet guideway.

view of the guideway and left-side cryostat system. The HTS
bulk materials used in the cryostat system are single-seed in
size of 40 × 40 × 13 mm, supplied from ATZ-GmbH.

The permanent magnet guideway [see Fig. 2(b)] used for
multisurface levitation is composed of two different geometries
of permanent magnets for the given magnetic orientation. While
the dimensions of the permanent magnet used in the middle are
20 × 10 × 20 mm (height × width × depth), the other magnets
have a cube geometry of 20 × 20 × 20 mm. In Fig. 2(b), cooling
height (CH) represents the height of the mechanical part between
the permanent magnet and the superconducting material before
levitation begins. Working in different CHs is possible with
the system. After the cooling is completed and waiting for a
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certain time, the mechanical part is removed, and levitation is
achieved. This cooling of superconductors in the system is called
the technique of under the magnetic field cooling (FC). Inside the
cryostat system, as shown in Fig. 2(b), HTS bulk materials are
not in direct contact with liquid nitrogen thanks to the copper
block. Nevertheless, due to the high thermal conductivity of
copper, the HTS bulk can be cooled to critical temperatures, as if
it is in direct contact with liquid nitrogen. Cryogenic conduction
paste is applied between the copper plate and the HTS bulk to
reduce the contact thermal resistances between the HTS bulk
and copper block. Expanded polystyrene foam (EPS) blocks are
used as liquid nitrogen containers in the designed open cryostat
system. EPS is chosen as the liquid nitrogen container wall
material due to its low density and low thermal conductivity.
Since it is light in weight, the increase in weight of the carriage
due to the container itself is insignificant. Also due to its low
thermal conductivity, heat gain by the liquid nitrogen through
the walls is reduced. In this design, it is possible to store 0.46
liters of liquid nitrogen in one container. With this amount of
stored liquid nitrogen, a levitation time of more than half an
hour is achieved. Finally, with a buoy system, it was possible
to observe the amount of liquid nitrogen without opening the
cryostat filler cap. Four laser noncontact position sensors are
employed in the carriage system to measure the displacement
in the system while operating at different speeds, or axial dis-
placement under load. Since there was no suitable place for
the sensor to be connected to measure the displacement in the
center of mass of the carriage, two laser sensors were placed
on the front and rear of the carriage, and axial displacement
measurements were recorded. Similarly, two laser sensors in
the lateral direction are also located at the front and rear of
the carriage. The linear dc servo motor provides the movement
of the carriage at different speeds and acceleration profiles by
getting its position information from the linear absolute optical
encoder. The encoder is placed on the ground between the
permanent magnet rails. Using this encoder, the motor can be po-
sitioned precisely, and it can be controlled with the supervisory
control and data acquisition (SCADA) interface thanks to the
installed servo drive and programmable logic controller (PLC)
system.

A. Cryostat Runtime Test

In the proposed system, cryostats decide the levitation dura-
tion of superconductors. The carriage’s two cryostats can each
hold less than 1 L (≈0.92 L) of liquid nitrogen in total. To
measure how long this designed structure can be levitated with
stored liquid nitrogen, a long-term displacement measurement
experiment was carried out. In the test, it was determined how
long the carriage could remain in levitation in the static state
by deactivating the linear motor. After the superconductors
are cooled to the critical temperature, the carriage begins to
levitate, and the recording of measurements starts. Note that after
removing the mechanical parts to provide the desired CH, the
system makes a certain amount of static displacement. After this
point, the displacement value measured from the laser sensors
was accepted as zero and the process was started. Fig. 3 shows

Fig. 3. Cryostat runtime test with displacement measurement.

the displacement measured by the laser sensors placed on the
front and back of the carriage. It was observed that levitation
continued for a little more than 30 min. The cryostat offers
an operation time of over 30 min as an open and noninsulated
cryostat structure. As depicted in Fig. 3, two separate decreases
are observed at the end of 30 min, at the 31.05 min, and at the
31.45 min. This is because the right and left cryostats are filled
in sequence. One cryostat begins to be filled approximately 30 s
after the other. Another phenomenon observed in the same way
is that the axial displacement increases upward over time. In
this case, the amount of liquid nitrogen in containers decreases
over time due to evaporation, and the total system weight also
decreases over time. Here, the weight of 0.92 L of liquid nitrogen
is approximately 0.75 kg.

B. Multisurface Permanent Magnet Guideway Design

For the permanent magnet guideway design, a preliminary
study was made for different magnet pole orientations, and the
final configuration was selected. The pole orientations of the
four permanent magnets used in the design of the permanent
magnet guideway are shown in Fig. 4 with arrows. Here, the
permanent magnet guideway design corresponding to the lower
surface of the HTS bulk, which provides the main lifting force
for levitation, was carried out using the Halbach array, which is a
well-accepted method. Four possible scenarios for the magnetic
pole orientation of the magnet facing the side surface of the HTS
have been studied through the analysis, and the scenario with the
most uniform vertical and horizontal magnetic flux components
has been selected. The magnetic flux density distribution is
an important criterion for superconducting magnetic bearings.
The magnetic flux density distribution obtained by numerical
analysis for permanent magnets of grade N35 is shown in Fig. 4
by considering the bottom and side surfaces of the HTS bulk
material on the same graph. Analyses were performed using
the COMSOL multiphysics program with the 3-D geometry ap-
proach and, stationary magnetic fields (mf) module. The results
obtained here are given for a single HTS bulk material. There
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Fig. 4. Vertical and horizontal magnetic flux components.

Fig. 5. Experimental setup of multisurface superconducting magnetic bearing
linear launcher system.

are a total of four superconductors in the carrier, two on the right
and two on the left cryostat.

III. EXPERIMENTAL STUDIES

The photo of the multisurface superconducting magnetic bear-
ing linear motor launcher system that was developed and built
in a research project study is shown in Fig. 5. Using this test
setup, experiments can be carried out on the horizontal plane at
different speeds, as well as done with inclined planes of different
angles. Note that in Fig. 5, this photo was taken, with the system
tilted 5 degrees by the hydraulic lift. In addition, a measurable

Fig. 6. Time-dependent displacement results under loading and unloading
certain masses.

load can be placed on the system, and the force-displacement
characteristic of the system can be detected. Experimental stud-
ies are grouped into two groups whereas, showing the levitation
force of the system and examining the behavior of the system
with the selected velocity and acceleration profiles on the in-
clined surface.

A. Force Characteristics of the Proposed System

Experimental studies were carried out within a certain pro-
cedure. The most important characteristic of superconducting
magnetic bearings is the force-displacement behavior, which
includes the hysteresis effect. First of all, with the technique
of under magnetic FC, the carriage system is positioned on
permanent magnet guideways with plastic wedges. Note that,
at this stage, the connection between the carriage system and
the linear motor is disconnected. Then, both cryostats are filled
with liquid nitrogen, allowing the HTS bulks to switch into the
superconducting phase. After removing the mechanical wedge
parts, it is observed that the carriage system performs some
downward static displacement. The carriage system was then
loaded with five equal weights of 1175 grams and waited for
a set period of time. After waiting for a certain time likewise,
the loaded weights of equal mass were sequentially unloaded.
This procedure was repeated for CH = 4.25 mm and CH =
6.5 mm. The time-dependent displacement results obtained in
these experiments are shown in Fig. 6. Blue arrows indicate
loading and unloading sequences. In superconductive magnetic
levitation systems, a hysteresis effect occurs in the loading and
unloading conditions of the system. Although motorized devices
with loadcell are needed to see the hysteresis effect, this effect
can also be seen in the magnetic levitation system under loading
and unloading conditions. Fig. 7 shows the force-displacement
curves obtained for two different CHs. As can be seen in
Fig. 7, the amount of hysteresis increases as the amount of CH
increases.
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Fig. 7. Variation of levitation force with displacement.

Fig. 8. Position and velocity of the carriage system (v = 800 mm/s).

B. Experimental Studies at Different Moving Speeds of the
Carriage System

The proposed test system is designed to be a launcher that
allows the desired speed, acceleration, and jerk values to be
adjusted. Therefore, a PLC interface is created for the linear
servo dc motor and is controlled based on SCADA. As a working
principle of the linear motor, the position information should
instantly be available with precision. Although the designed
system length is 1600 mm, the actual stroke distance for the
movement of the carriage is 1300 mm due to the carriage width.
In the launcher system, position information is obtained by the
Fagor absolute optical encoder, which has a reading distance of
1300 mm, and is compatible with the protocol of the dc linear
motor. Experimental studies were carried out for two different
cases, such as low-speed and high-speed movement of the linear
motor launcher system. In the experiments, the carriage system
moved from the home position to the end position of 1300 mm,
and after a waiting period, it returned back to the home position
by making a reverse movement with the same selected speed
and acceleration. Fig. 8 shows the position and velocity graphs

Fig. 9. Vertical displacement of the carriage system (v = 800 mm/s).

created with the PLC program for the 800 mm/s carriage speed.
The PLC interface is used to save these data. In this profile,
2500 mm/s2 is selected as the start ramp, and 15 000 mm/s2

is selected for the stop ramp. In addition, a Jerk value of
100 000 mm/s3 was applied to the profile. These values were
created to demonstrate the usability of the system as a laboratory-
scale launcher. Different values can be chosen for the application
type of the superconducting levitation system. It should be noted
that for maglev transportation systems, the acceleration and jerk
values are selected to fall within the acceptable standards of
public transportation. Fig. 9 shows the displacements measured
by vertical laser displacement sensors positioned at the front
and rear of the carriage system when the system is positioned
5° upward. Similarly, the lateral displacements obtained at a
speed of 800 mm/s are presented in Fig. 10. The measurements
obtained in Figs. 9 and 10 were given for the system at FC
= 4.25 mm. When the cooling process was completed and the
mechanical wedge parts were removed, the displacement began
to be measured using the laser displacement sensors. The speed
of the system can be adjusted within the limits of the liner motor
via the PLC program. Under the selected ramp and jerk values,
the system can reach a maximum speed of 2200 mm/s. The
velocity profile and position information used for this velocity
value are given in Fig. 11. Vertical and lateral displacement
results obtained for 2200 mm/s velocity and CH = 4.25 mm
under the same acceleration, jerk, and incline conditions are
given in Figs. 12 and 13, respectively. As seen in Figs. 12 and 13,
the reason of the vertical displacement sensor output is different
from the outputs of the front and rear laser displacement sensors
on the carriage system are the pitching behavior of the system
during the forward movement. This creates a hysteresis effect
in the system. But in the backward movement, it is observed
that the vertical position returns to its original state. Lateral
displacements are largely due to the gap connection between the
linear motor and the carriage system. As a result, it is observed
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Fig. 10. Lateral displacement of the carriage system (v = 800 mm/s).

Fig. 11. Position and velocity of the carriage system (v = 2200 mm/s).

Fig. 12. Vertical displacement of the carriage system (v = 2200 mm/s).

Fig. 13. Lateral displacement of the carriage system (v = 2200 mm/s).

that the figures obtained at different speed conditions show the
same behavior, but the amplitudes of the displacements begin to
decrease with the increase in the system speed. This behavior
demonstrates the suitability of superconducting magnetic levi-
tation systems for high-speed maglev transport applications.

IV. DISCUSSIONS

Launchers used to launch small and medium-sized target
unmanned aerial vehicles or model unmanned aerial vehicles
are produced as conventional catapult launchers or pneumatic
launcher systems. In this type of unmanned small aircraft, the
speed and acceleration values during launch are important. In
practice, high acceleration values during launch can cause de-
struction of the launched aircraft. It is quite difficult to control
the acceleration in this type of conventional launcher. However,
it may take some time to prepare the launcher system for sub-
sequent launches, particularly in pneumatic systems, because
filling the tank with the required amount of air extends the
preparation time.

One of the aims of this research study is to understand the
applicability of the proposed launcher system to practical use.
The results obtained in the proposed superconducting bearing
linear motor launcher experiments show that speed and acceler-
ation control are possible in the launching of model aircraft. On
the other hand, the operation time of cryostats used for cooling
superconductors is limited to up to 30 min in this research study.
This drawback can be overcome with vacuum-type cryostats that
provide cooling for more than 30 h [30].

V. CONCLUSION

In this article, a laboratory-scale linear motor launcher with
a superconducting magnetic bearing is proposed and tested in
different speed and acceleration cases. The established super-
conducting magnetic bearing linear launcher system provides
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important information from an engineering point of view. In
the established system, first, it is tested for static runtime test.
Then, the constant mass payloads are loaded and unloaded, to
show the force characteristics of the maglev system. Finally, the
motion performance on the inclined rail under various speed and
acceleration conditions is investigated. Although the designed
system to be a launcher as a concept, it also has the potential to
be applied to large-scale systems such as maglev vehicles.
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