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Abstract. The work discusses numerical and experimental researches, which are focused on developing a coherent model of magnetic interactions
causing the levitation of the starting trolley of the unmanned aerial vehicle (UAV) catapult. The starting trolley is levitating over the catapult’s
tracks, which generate the magnetic field. The levitation is made possible by the diamagnetic properties of high-temperature superconductors,
placed in supports of the starting trolley. The introduction of the article briefly analyzes the catapult structure. Next, it explains the nature of
associated with the Meissner and flux pinning effect magnetic interactions which causes the levitation phenomenon. The paper presents the results
of numerical analysis of the magnetic field, generated by the catapult’s tracks arranged in two configurations: a “chessboard” and a “gutter”
pattern. The numerical model was solved, using the finite element method. Parameterization of the numerical model was made based on the

measurements of the magnetic field, generated by a single magnet.
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1. Introduction

Unmanned aerial vehicles (UAV) are becoming increasingly
popular in both military and civilian applications. As predicted
by experts, they have great potential in applications such as
public UAV safety or the commercial market. These systems
could serve as high altitude long endurance persistent surveil-
lance and reconnaissance platforms or communications relay
point [1]. The potential civilian application is the use of these
vehicles to determine the shoreline of natural watercourses [2].
They are well-suited for image-collection operations, such as
tracking and searching for objects [3].

To meet the needs of the modern market, UAV designers
must solve several technical problems related to the critical as-
pects of UAV service. UAV safe take-off and landing proce-
dures are undoubtedly one of these issues.

The launch of most UAV requires the operation of separate
devices, known as launchers or catapults. Currently, rocket sys-
tems, spring, pneumatic or hydraulic launchers are most often
used for take-off [4]. A promising alternative is the use of mag-
netic interactions in the design of the launcher.

1.1. Prototype of the magnetic UAV catapult. The innova-
tive prototype of the magnetic UAV catapult, using passive sus-
pension with superconductors, was created as part of the Eu-
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ropean GABRIEL [5-7] project. Part of this project was the
development of small-scale test bench demonstrating the possi-
bility of MAGLEYV system for safe aircraft take-off and landing.
This testbench (catapult) was described in the ICAS paper [8],
and it is shown in Fig. 1. In the previous works, the authors of
this publication focused on the development of the mathemati-
cal model describing dynamics of levitation sledge and aircraft
taking-off from this sledge [9]. Paper [10] described models of
forces acting on this system. One of the possible applications of
such levitation launching system has been described in [11].

Fig. 1. The prototype of magnetic UAV catapult constructed within
GABRIEL project

The catapult consists of rails and a starting trolley levitating
above the tracks. Catapult rails are built of neodymium mag-
nets rails generating the magnetic field. The levitation is made
possible by the diamagnetic properties of high-temperature su-
perconductors YBCO, placed in supports of the starting trolley.
During the take-off, the aircraft is attached to a platform, inte-
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grated with the starting trolley. The longitudinal movement of
the trolley is generated by a magnetic linear motor. The trolley
is made of a duralumin, nonmagnetic frame. Integrated with
the starting trolley part of the catapult’s suspension system con-
sists of four containers, fastened to the bottom of the frame
corners. Containers are made of the material with high ther-
mal insulation properties. Each container contains four YBCO
high-temperature superconductors with a critical temperature of
92 [K]. These superconductors have a shape of cylinders with a
diameter of 21 mm and a height of 8 mm (Fig. 2). The starting
trolley hovers over the tracks, due to the levitation force, that
operates between the YBCO, hidden in trolley’s supports and
the magnetic field, generated by permanent magnets, glued on
the launcher rails.

Fig. 2. Container with high-temperature superconductors

The launching route of the catapult consists of two parallel
lines of rails, attached to the device base. Catapult’s magnetic
rails are made of the aluminum beams, to which three rows
of magnets are glued. In the track’s construction, neodymium
magnets with dimensions of 15 x 15 X 5 mm were used. The
magnets polarization was towards the smallest dimension — the
height.

During the design and assembly of the launchers prototype
two arrangements of magnets polarizations were analyzed and
examined. The first solution is like a chessboard (configura-
tion a of the Fig. 3) when each edge of the magnet contacts
a magnet with the opposite polarization. The configuration in
“chessboard” is easy to create. In the second configuration, the
columns of magnets have been polarized in opposite directions.
Along the rails, the magnets are in contact with magnets with
the same polarizations direction, while crosswise — with the op-
posite (configuration b of the Fig. 3). This arrangement was
used in the full-size launchers prototype GABRIEL.

As seen in Fig. 16 b) the magnetic field created above this
configuration has a shape of a “gutter”. Arrangement of this
configuration of magnets was a difficult task, requiring special-
ized engineering solutions, because there had been a strong re-
pulsive force acting between the magnets with the same polar-
ization.

Described configurations of magnets’ polarizations are not
the only possibilities. In the Super-Maglev project, magnetic
tracks are made of two rows of neodymium magnets, each po-
larized in a horizontal direction and separated by a layer of fer-
romagnetic [12]. A similar configuration of magnets was used
on the tracks of the Supra-Trans project [13]. The Cobra project
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Fig. 3. Two analyzed configurations of magnets polarizations:
a) “chessboard” and b) “gutter”

uses 5 rows of neodymium magnets, arranged in the Halbach
array [14].

Due to the combined advantages of no-contact friction and
self-stable levitation, high temperature superconducting mag-
netic levitation has significant potential. Currently, work is un-
derway to optimize the configuration of magnets to further im-
prove the performance of such devices [15, 16].

The magnetic force is a result of an interaction between the
magnetic flux density B of the magnetic field generated by cat-
apult’s rails and electric current induced inside superconductors
[17]. The magnetic force generated by surface current K [18]:

F:/(KXB)da, (1)

where: da — the element of surface. The cross product in the
equation (1) shows that the value of magnetic forces dependent
form the orientation of vectors.
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M

Fig. 4. The surface current in the magnets [18]

The magnetic field in the magnet is generated by the surface
current in the active wall of magnets. The surface current is
presented in Fig. 4. Tt is equal [19]:

K=Mxn 2)

where: n — normal vector and M — magnetization vector. The
rectangular magnets from Fig. 4 merge in the array with the ori-
entation of the magnetization as presented in Fig. 5. The next
magnets of the array have the opposite direction of the magneti-
zation vector. The surface current in the adjacent active walls of
two magnets adds. The result of the summation surface current
in the connection wall gives the greater magnetic flux density
than the single magnet (Fig. 6 and Fig. 7).

M

Fig. 5. The magnetization vector in the magnets array [18]
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Fig. 6. The magnetic flux density for the magnet (measured 5 mm over
the surface) [18]
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Fig. 7. The magnetic flux density for the array magnets (measured
5 mm over the surface) [18]

The rectangle magnets ensure good adhesion between neigh-
boring magnets in an array. The dimension of magnets will se-
lect the configuration of the array (Fig. 3 and Fig. 5). The most
important is the width of the central magnet. The relation be-
tween the dimensions of central magnet and superconductors
strongly influence the levitation [20].

2. The levitation forces

There can be distinguished two types of forces influencing the
lift of the starting trolley over the launcher tracks: forces result-
ing from the Meissner effect and forces and torques associated
with the flux trapping phenomenon. The levitation force result-
ing from the Meissner effect is directed always perpendicular to
the tracks and its value, as a function of the levitation gap. The
value of the force can be approximated based on experimen-
tal investigations [21]. The analysis of lateral movement, when
the superconductor moves across an inhomogeneous magnetic
field requires considerations of the forces and torques that ro-
tate the superconductor and push it towards the track’s center.
These interactions result from the phenomenon of the magnetic
flux pinning, which is the consequence of the penetration of
the magnetic field into the interior of the II type superconduc-
tors [22].

An analytical investigation shows that levitation force de-
pends on the magnetic field induction. To investigate the spa-
tial distribution of the vector field of magnetic induction, the
numerical model of the magnetic field, generated by the two
previously discussed arrangements of magnets — “chessboard”
and “gutter” been calculated.

2.1. The levitation force resulting from the Meissner effect.
The value of levitation force depends not only on the inten-
sity of the magnetic field, but also on the shape and size of the
superconductor. The result of levitation force, acting on the su-
perconductor placed in the magnetic field is shown in Fig. 8.
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Fig. 8. The influence of levitation force on two different supercon-
ductors

The levitation force is result of the Meissner effect, described
as “pushing” the magnetic field out of the superconductor [17].
The Meissner effect can be explained using the London’s equa-
tion [23]. The matter “defends” against the change of the mag-
netic field, inducing in its interior, in precise distance from
the surface, the flow of electric charges. The induced current
shields the external field and resist to the change in the mag-
netic field inside the conductor.

In normal conductors the induced current consists of elec-
trons, interacting with the network ions. Collisions of electrons
and ions result in energy loss and flow resistance. In the super-
conductors, the induced current carriers are Cooper pairs [24],
which flow inside the material without any resistance. The in-
duced currents change the superconductor into the source of
the magnetic field, which magnetization vector is always facing
contrary, to the external field. Earnshaw’s theorem [25], which
dispels the possibility of the stable levitation of the static mag-
netic systems does not apply to the systems with superconduc-
tors. This is because the superconductor magnetization vector
is dynamically positioned always opposite to the external mag-
netic field, which ensures the stability of the levitation system.

2.2. Force and torque resulting from flux pinning effect. If
the superconductor was placed in the magnetic field at the time
of the transition to the superconducting state, then the magnetic
field fluxes, penetrating the bulk’s interior were shielded by the
vortexes of the superconducting current. As a result, the super-
conductor itself has a non-zero magnetic moment. The value
and orientation of superconductor’s magnetic moment depend
on the intensity and shape of the external magnetic field at the
point of space, occupied by the superconductor at the time of
flooding it with liquid nitrogen. This phenomenon is called the
flux trapping effect. If the position or orientation of the super-
conductor, in relation to the magnetic field changes, then the
superconductor will be affected by force and torque (as seen
in Fig. 9) pushing the superconductor towards the center of the
launcher’s track.

Fig. 9. The influence of force and torque resulting from flux pinning
effect
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The phenomenon of flux pinning [26] also occurs sponta-
neously when high temperature superconductor flooded in zero
field moves relative to the magnetic field. Over time, more mag-
netic fluxes penetrate the interior of the superconductor. The
movement of the fluxes pinned inside the superconductor cause
the energy dissipation.

As a result of the flux pinning phenomenon superconduc-
tors placed inside trolley’s supports become magnetized. The
advanced mirror image method [27] widely used in modeling
of magnetic-superconductor interactions states that levitation
force can be described by relation:

F=mVB, 3)

where B is the external magnetic field and m is an image of
magnetic moment frozen inside superconductor during the mo-
ment of state transition.

In a similar fashion, torque, that acts on a superconductor is
proportional to the following cross product [28]:

T=mxB, “

The crucial and not fully established part of describing levita-
tion interactions is the definition of magnetic moment m. A re-
view of possible solutions can be found in [29].

As shown by equations the value of force and torque acting
on the superconductor due to flux pinning effect depends on
three features: the spatial distribution of the magnetic field, gen-
erated by magnets placed on the launcher’s track; the orienta-
tion and position of the superconductor, relative to the magnetic
tracks and the value of magnetic field, generated by magnetic
fluxes pinned inside the superconductor.

The model of magnetic interactions, resulting from the flux
pinning, requires the model of the spatial distribution of the
magnetic field over the launcher’s tracks. In the performed in-
vestigations numerical model of the magnetic field was calcu-
lated using the finite element method.

3. Experimental details

In order to calibrate the numerical model of the magnetic
field, generated by the launcher tracks, we carried out exper-
iments measuring the magnetic field generated by the single
N38 neodymium magnet having dimensions of 15 x 15 x5 mm.
The results of the measurements were compared with the sim-
ulations results of the FEM model.

The magnetic field has been measured at the equally spaced
points of space, located on three vertical lines over the charac-
teristic points of the magnet: above its middle, above its lateral
edge (2.5 mm from the edge) and above its vertex (1.5 mm from
two corner edges). The position of selected points is shown in
Fig. 10. The experiments were carried out for both poles of the
magnet: the north one, for which the sensor indicated positive
values, and the southern one, for which the sensor indicated
negative values. A detailed description of the test bench and
performed measurements have been included in the article [30].

Bull. Pol. Ac.: Tech. 68(5) 2020
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Fig. 10. The measuring points above magnets center, edge and vertex

Figure 11 shows box plots, describing the statistics of mag-
netic field measurements, as a function of distance. Presented
graphs are aggregations of the results of 20 measurements: 5
probe measurement cycles in two directions and for two mag-
nets polarizations.
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Fig. 11. The statistics of magnetic field measurements above magnet’s:
a) center, b) edge, c) vertex, as a function of distance
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The box plots give information about the average value of
measurements and the dispersion of the measurement samples.
The height of the box represents the difference between the
first (bottom edge) and the third (top edge) quartile of measure-
ments. The red line inside the box represents the average value
of the measurements, while the mustache includes the maxi-
mum and minimum measured value.

The highest magnetic field value of 0.4 T was measured over
the magnet’s corner on its surface. A slightly lower value of
0.36 T was measured above the edge of the magnet. The mea-
surements taken above the center of the magnet reached the
value of 0.3 T.

4. The numerical model of the magnetic field

The studies of the spatial distribution of the magnetic field gen-
erated by rails were based on the numerical model. The numer-
ical model of the vector field of magnetic induction has been
calculated using the ANSYS implementing the Final Element
Method. The problem was solved using magnetostatic module
described by Poisson equation [31]:

where A is vector potential of the magnetic, magnetic perme-
ability of vacuum is described by uy = 47 1077 [Tm/A] and
Ju [A/m?] is magnetisation current, which depends on the per-
manent magnets magnetization:

To solve differential equation Dirichlet’s boundary conditions
were applied to the magnet’s surface. The magnetic vector po-
tential is vanishing on the surface surrounding the model at the
distance of 15 cm away from the magnets surface.

4.1. Parameters of the numerical model. The launcher’s
magnetic rails are made of rare earth magnets made of
Neodymium, Iron and Boron alloy: Nd;Fej4B. Neodymium
magnets are the strongest permanent magnets currently avail-
able on the market. Magnet designations range from N35 to
N52 and determine the maximum magnetic energy stored in-
side the magnet. In addition to the maximum magnetic energy
density (Bymax) and Curie temperature (7¢ — the temperature
at which the magnet loses its magnetic properties) magnets are
characterized by two values: magnetic coercivity (H¢) and re-
manence (B,).

Magnetic coercivity describes the value of the external mag-
netic field, that must be applied to the ferromagnetic to reduce
the magnetic residual to zero while the remanence of the fer-
romagnetic is the value of the magnetic induction, remaining
in the material after the removal of the external magnetic field.
The launcher tracks were made of N38 neodymium magnets.
According to the technical data remanence of magnets varies in
the range: 1.22-1.26 T, while their coercivity is over 907 kA/m.
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4.2. The numerical model of a single magnet. The numeri-
cal model of the magnet and generated magnetic field were cal-
culated using the finite element method. The mesh of the model
is shown in Fig. 12. To determine the exact values of parame-
ters of the numerical model, a series of simulations was carried
out to study the effect of remanence and coercivity.

Fig. 12. The modeled neodymium magnet and the finite element mesh

Figure 13 and Table 1 present the results of the simulation,
most closely reflecting the actual distribution of the magnetic
field. These results were obtained for magnetic coercivity H, =
900 kA/m and remanence B, = 1.22 T.

a) b)

c) d)

Fig. 13. A model of the magnetic field above a single magnet at the
height: a) 1 mm, b) 2 mm, ¢) 5 mm, d) 10 mm

Table 1
The results of simulations of spatial distribution of the magnetic field,
generated by the single magnet

the maximum value
height of the module location of the maximum
[mm] | of the magnetic induction | value of the magnetic field
[mT]

1 350 edge

2 260 edge

5 150 center

10 67 center

Analyzing the results obtained, it can be concluded that the
magnetic field decreases faster over the edges and corners of
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the magnet. The values of the module of the magnetic induc-
tion obtained using a numerical model coincide to a large extent
with the magnetic field measurements. Both numerical and ex-
perimental results indicate that at the lowest distance from the
magnet, the largest magnetic field occurs around the corners
and edges of the magnet. As the observer moves away from the
magnet, the maximum value of the magnetic field is noticed
above the center of the magnet.

4.3. The numerical model of a launcher’s rails. At the next
phase of the research, we calculated the numerical model of the
magnetic field, generated by the launcher’s tracks consisting of
seven rows of magnets arranged in a “chessboard” and “gutter”
configuration. The models adopted the value of coercivity and
remanence in accordance with the model of a single magnet.
In simulations, it was assumed that the magnets are surrounded
by air, at a distance of 30 cm around each side of the model.
A mesh of finite elements, size 2 mm, was placed on the mag-
net’s surroundings. The magnet models were calculated using
a mesh of size 0.5 mm. An inflation algorithm was used in the
area of contact between the magnet and the air.

From the results presented in Fig. 14 and Table 2, it can be
concluded that below 5 mm, the relative difference between the
maximum magnetic field module, generated by the configura-
tion of the “gutter” and “chessboard” is small and does not ex-
ceed 10%, while at the height above 5 mm the relative differ-
ence is significant and reaches 45%.

Table 2
The results of simulations of spatial distribution of the magnetic field,
generated by the launcher’s magnetic rails arranged in a “chessboard”
and “gutter” configuration

“chessboard” “gutter”
the maximum the maximum
height value of the location value of the location
& module of the of the module of the of the
(mm] magnetic maximum magnetic maximum
induction induction
all joints joints of
1 698 mT 768 mT magnets
of magnets

columns

all joints joints of

2 456 mT 516 mT magnets

of magnets

columns
5 198 mT evenly 257mr | heartothe
distributed rails center
10 78 mT .ercnly 112 mT nefar to the
distributed rails center

15 pmr | Neartothe somr | Cveny

rails corners distributed

Figure 15 and Table 3 describe the distribution of the x, y
and z magnetic field components. The z-axis is directed perpen-
dicular to the rails, while the y-axis indicates the longitudinal
direction of the launcher. The simulations results show the mag-
netic field distribution at a height of 2 mm above the rails. The

Bull. Pol. Ac.: Tech. 68(5) 2020
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Fig. 14. The magnetic induction module at a height of: a) 1 mm,

b) 2 mm, ¢) 5 mm, d) 10 mm and e) 15 mm above the launcher’s mag-

netic rails arranged in a “chessboard” (results on the left side) and
“gutter” (results on the right) configuration

figures on the left side correspond to the configuration of the
“chessboard”, while on the right — the “gutter”.

In the “gutter” configuration, both the magnetic field mod-
ule and the vertical field component have a higher value at all
heights. What is more important, the value and sign of the ver-
tical component of the magnetic field remain uniform along
the tracks. It can be concluded that the greater levitation force
is exerted on the superconductor, placed in the magnetic field
generated by the configuration of the gutter. The X component
of the magnetic field influences the stabilization of the super-
conductor’s position and pushes it towards the middle of the
tracks. The value of the X component is larger in the “gutter”
configuration and its direction is unchanged along the longi-
tudinal rails line. The Y component of the magnetic field slows
down the cart’s movement. The value of the Y component in the
chessboard configuration is the same as X component and larger
than the most “important” Z component (determining levitation

Bull. Pol. Ac.: Tech. 68(5) 2020

Fig. 15. The x-, y-, z-axis component of the magnetic induction at a
height of 2 mm over the track of magnets arranged in a “chessboard”
and “gutter”

Table 3
The values of components of the magnetic induction vector of numer-
ical model calculated for the “chessboard” and “gutter” configuration

“chessboard” “gutter”
Component | the maximum the maximum
of the value of the | location | value of the | location
magnetic | module of the | ofthe | module of the | of the
induction magnetic maximum magnetic maximum
vector induction induction
joints joints
between between
X 445 mT magnets S14mT magnets
columns columns
joints .
between extel:lr’l or
y 449 mT magnet’s 230 mT rail’s
edges
rows
magnet’s magnet’s
z 312mT nagn 315 mT nagn
nterior nterior

force value). The Y component in the gutter configuration has
negligible value”.

Finally, vector representation of the magnetic field induction
at different heights over the track, arranged in the gutter config-
uration was analyzed (Fig. 16).

Analyzing Fig. 16 one can see, that the magnetic field over
the rails creates a “gutter” and the gradient of the magnetic field
along the track line is equal to zero, so there is no force to inhibit
the longitudinal movement of the levitating cart. A non-zero
magnetic field gradient across the tracks “pushes” the cart to
the rails’ center, which significantly affects the stability of the
suspension system.
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Fig. 16. Vector representation of the magnetic field induction over the
track, arranged in the gutter configuration a) directly above the magnet,
b) on the height of 2 mm, ¢) 5 mm, d) 15 mm

5. Conclusions

The developed estimation of the components magnetic force
causing the levitation of the starting trolley of the UAV catapult
was one of the most difficult elements of analysis of the sys-
tem’s dynamics. Research has shown that the strength of levi-
tation depends on the shape and intensity of the magnetic field,
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which is correlated with configurations of magnets along the
track.

In the configuration of the “gutter”, both the magnetic field
module and its vertical component have a higher value. In
addition, regardless of the height, the value and sign of the
vertical magnetic field component remain uniform along the
tracks, whereby there is no magnetic force inhibiting longitu-
dinal movement of the trolley. From the presented research re-
sults it can also be concluded that in the “gutter”, the magnetic
field component across the tracks has a higher value. This fact
affects the stabilization of the lateral movements of the trolley.
The presented facts constitute significant advantages of such
magnet’s configuration, despite the difficulties with tracks con-
struction, resulting from strong repulsive force acting between
the magnets with the same polarization.

From the presented research results it can be concluded that
for numerical analysis of the longitudinal movement of the trol-
ley and simulation of the takeoff and landing of the aircraft it is
enough to take into account the strength of levitation resulting
from the Meissner phenomenon. This allows to assume, that the
force of levitation is always directed perpendicular to the tracks.

The performed researches are the basis for numerical sim-
ulations of the spatial trajectory of aircraft and trolley move-
ment during take-off and landing procedure. Those simulations
should also take into consideration the lateral movements of
trolley, influenced by flux pinning effect and non-uniform mag-
netic field distribution.
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