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Abstract
Some novel energy applications require the use of complex shapes of stacks of superconducting tapes as trapped-flux
magnets. A trapped-flux magnet magnetised in a superconducting motor may experience an angled magnetising field rather
than a field normal to its surface. This will affect the trapped magnetic flux distribution. This work presents the results of
the numerical and experimental analyses of the stacks magnetised in an angled magnetic field. The finite element model
using H-formulation is developed to compute the induced superconducting currents. The measurements are performed on
stacks with different thicknesses and with different orientations against a magnetising field. The resulting distribution of the
magnetic flux as well as the electric currents is computed, presented and discussed in details. The importance of the observed
distribution patterns is assessed in the context of the implementation of such stacks in a fully superconducting electric
motor.
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1 Introduction

Stacked superconducting tapes can be applied as a very
efficient trapped-flux magnet. Induction values as high as
17.7 T were achieved [1]. Thanks to low cost, simplicity
and high thermal stability, they can outperform bulk super-
conductors in some applications with pulse magnetisation
[2]. The stacks can be made of short pieces of tape, which
otherwise would be unused, such as offcuts from produc-
tion of Roebel cables [3, 4]. It is proposed to apply such
magnets in a rotor of a superconducting synchronous motor
for an aircraft [5]. The major advantage of the application
of superconductors in an aircraft motor is the increase of
power to weight ratio, achievable also by using the super-
conducting stator windings [6, 7]. Other applications that
may benefit from the decreased weight of the motors are
marine propulsion [8] and wind turbines [9].
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The stacks applied as permanent magnets in a rotor, build
as part of the motor for ASuMED project, are expected
to have complex shapes, to optimise the performance of
the motor and decrease demagnetisation [10–12]. Demag-
netisation occurs mostly due to the external cross-fields,
which change the patterns of currents present in the stack
[13, 14]. The issue of demagnetisation in a superconducting
motor was analysed and it was found to significantly affect
the operation of the machine and to decrease its power [15].
Power decay is further increased by heat generation [16].

This work addresses the issue of magnetisation of the
superconducting stacks with magnetic fields, which are not
perpendicular to the surface of the stack. Such fields will be
present in the superconducting motor, both as magnetising
and demagnetising fields. The fields will be distorted due
to the inherent properties of the superconducting tapes. This
distortion can lead to the changes in the performance of
the motor and has to be considered when designing the
stacks.

The obtained results are relevant also for different
applications, such as levitation [17], or electric motors based
on the diamagnetic behaviour of a bulk HTS [18]. The
results can help understand the behaviour of tilted stacks,
which were observed to provide good homogeneity and
strength of the field [19]. Similar patterns of currents are
observed in magnetic shields, which can be used to decrease
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demagnetisation [20], especially open magnetic shields
made of short pieces of tapes [21].

The knowledge of the orientation of the magnetic flux in
the stack can also help to assess and decrease the losses in
the current leads made of stacks [13, 22]. Such current leads
can carry very large currents and benefit from improved
thermal stability. Complex patterns of angled fields are
expected to be formed in twisted stacks considered for the
application in fusion reactors [23, 24].

In this paper, the strength and orientation of a trapped
magnetic flux is analysed as the function of geometry of the
stack and a magnetising filed. The effect of the thickness
of the stack is investigated. The average angle of trapped
magnetic field is calculated numerically. Strength of the
trapped field is measured experimentally and calculated
with a numerical model.

2Methods

2.1 Numerical

Geometry of a numerical model is presented in Fig. 1. The
model is divided into regions representing a stack, coils and
environment modelled as air. The stack is always assumed
to be horizontal in order to simplify the calculations and
data analysis. In this model, the stack and the electromagnet
have a common central point. The magnetising coils are
rotated by a certain angle α with respect to the centre of the
assembly.

A 2D numerical model is developed in Comsol Mul-
tiphysics. H-formulation is used to analyse the behaviour
of the superconductor [25]. The stack is modelled as an
anisotropic bulk to decrease the time of computations [26].
The main equation used is (1) [27].
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H is a local strength of magnetic field, t is time, E is electric
field and J is current density. z-component of electric field
Ez (out of model plane) is found with power law (2).
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Jc is critical current. n is taken as 31 and E0 is assumed as
100 μV · m−1 [28, 29]. Jz is found using (3).
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Anisotropy of analysed tapes is considered based on [29].
Parameters Jc0 and B0 are fitted with data from [30] for
SCS6050 tape. Jc is found with (4).

Jc = Jc0

[
1 + ε

B
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α]−β
(4)

α, β and γ are 1, 0.67 and 2.77 respectively. B is the local
strength of magnetic induction and ε is found with (5).
Jc0 is normalised with the ratio between the width of the
superconducting layer and the width of the entire tape. This
leads to the decrease of critical current density by the factor
of 100.
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The main value of interest in the case of a trapped-flux
magnet is a total trapped flux �. A component k of � is
calculated based on the results of simulations with (6). L is
the side of the stack and � is a length element.

�k =
∮

L

Bk d� (6)

The angle of trapped flux α� is calculated using (7).

α� = arccos

(
�y

|�|
)

(7)

Numerical calculations are performed over the range of
angles α between 0◦ and 90◦, with special focus on
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higher angles. The maximum magnetising induction with
the considered geometry is approximately 3.4 T, enough to
fully magnetise the thinnest stack at 0◦. This value is much
higher than applied in experimental part and was selected
to show the effect of full magnetisation on the properties of
trapped field.

Additional numerical model is created to analyse
experimental results. Geometry and strength of applied field
reflect that used during the experiments. The numerical
framework is the same, the only difference being the
location of stack in relation to the coil. The axis of rotation
of the coil is moved from the centre of the coil to its edge in
the case of calculations with 45◦ and 90◦.

2.2 Experimental

Two stacks with 10 and 20 layers of superconducting tapes
are made for experimental investigation. Each layer of the
tape is approximately 100 μm thick. Square pieces with
the side length of 40 mm were cut from 40-mm-wide
superconducting tape from Deutsche Nanoschicht. The tape
contains 1- μm layer of GdBCO on 70 μm of NiW substrate
and is coated on both sides with silver. The tapes in stacks
are connected using Stycast 1266, impregnated in a vacuum
chamber. The 20-layer stack is shown in Fig. 2c.

The measurements are performed using a scanning Hall
probe magnetometry system, described at [19]. In the case
of measurements with the angle of 0◦, the sample is placed
in a holder directly under the scanning probe, both visible
at the bottom of Fig. 2a. Then, the entire assembly is placed
inside the coil in a cooling vessel, shown in Fig. 2b. After
achieving the desired temperature, the sample is magnetised
and the measurements of the trapped field are performed.
The probe is placed in position by the system of stepper
motors visible in the middle of Fig. 2a. The magnetic
induction is measured along the middle of the sample, over
the span of 30 mm, starting at the centre.

In the case of the measurements with other angles, the
sample is secured on the side of the coil, as shown in
Fig. 2b. Magnetisation is performed when only half of the
stack is inside the coil. After magnetisation, the sample is
moved to the horizontal position and the probing system
is placed on the top to perform the measurements. Thanks
to the construction of the holder, the measurements can be
performed closer to the surface of the stack, than in the case
with angle of 0◦.

The samples are cooled in zero field conditions with
liquid nitrogen to approximately 77 K. Then, they are
magnetised by a solenoidal coil fed with the current of
10 A, corresponding with the applied field of approximately
113 mT. Results of measurements are then compared
with the numerical calculations performed with parameters
reflecting the conditions of the experiment. Measurements

Fig. 2 Photographies of the measurement system. a Scanning probe
assembly with a sample holder and a Hall probe visible at the bottom. b
Coil in a cooling vessel with an angled field holder attached. c 20-layer
stack

at 0◦ for 10 and 20-layer stacks are used as reference cases
to find parameter Jc0, as the magnetisation is performed in
the most homogeneous field.

2.3 Results and Discussion

Figure 3 shows two components of magnetic flux gene-
rated by a trapped-flux magnet after the removal of the
magnetising flux. The values are normalised to the highest
flux component for a given stack. The shape of the trapped
flux is strongly influenced by the thickness of the stack.
Thin stacks maintain the direction of the flux perpendicular
to the surface in a wide range of angles of magnetising field.
With the increase of the stack thickness, the dependence
becomes closer to sinusoidal. The total trapped flux
becomes weaker with the increase of the magnetising field
angle. The relative decrease of the strength increases with
the thickness of the stack.

Figure 4 shows the angle of the trapped flux against
the angle of the magnetising field. With the increase of
the stack thickness, the dependence slowly approaches the
equal line. For the analysed geometries, the trapped field
remains perpendicular to the surface for the majority of the
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Fig. 3 Magnetic flux trapped by stacks with different thicknesses,
normalised against the strongest flux for a given stack

considered range of angles of magnetising field. For the
stack with the thickness/width ratio of 1/40, the angle of
trapped field starts to change significantly only if the angle
of magnetising field exceeds 85◦. For stack with the ratio of
3/40, this value is approximately 65◦.

Magnetisation per single tape is presented in Fig. 5. For
each angle and strength of magnetising field, an optimal
number of tapes exist, when the magnetisation per tape is
maximum. This number decreases with the angle of applied
field. The existence of such optimum is connected with the
distribution of currents in a stack. The presented results are
valid only for the analysed strength of the magnetising field
and geometries of a stack. Experimental results presented
further show that the optimum number of tapes increases
with the increase of the magnetising field.

The effect of current distribution on the trapped flux
is well visible in Fig. 6, showing the current density in
the stack and strength of magnetic induction outside of it,
along with magnetic field lines. At low angles, the thicker
stack is not fully magnetised (for the given strength of

Fig. 4 Angle of magnetic flux α� (found with formula (7)), trapped
by stacks with different thicknesses

Fig. 5 Strength of trapped magnetic flux trapped in 40-mm-wide stack
per single tape, per unit length, for stacks with different thicknesses.
Each mm of stack thickness corresponds to 10 tapes

magnetic field), resulting in the formation of two current
loops and the decrease of apparent magnetisation per single
tape. In higher range of angles, the distortion of current is
significantly stronger in larger stack, resulting in the shift of
the field lines inside the stack.

Despite the shift inside of the stack, the magnetic induc-
tion lines outside of a stack remain mostly perpendicular
to the surface at the lower angles of the magnetising field.
When the angle of magnetising current reaches 90◦, a single
current loop is formed, generating magnetic flux parallel to
the surface. The current in the loop is significantly weaker,
than in the previously considered cases. This is due to the
anisotropy of the stack. In the existing device, such situ-
ation probably would not happen, as the individual tapes
have weak or no electrical connection and the current loops
would be generated in individual tapes. However, in the
case of a thin stack, their combined effect is expected to be
similar to the homogenised.

The obtained results are important in the context of motor
applications as they show that there exists an optimum
mass/flux ratio of a stack. The number of tapes in a stack and
its geometry can be selected to maximise the magnetisation
per tape. In the optimal case, the magnetising field does not
remain unused (what happens if a stack is too thin), and the
magnetisation of the stack is close to full. If a stack is too
thick, the magnetisation is only partial and some of its mass
is left non-utilised.

Experimental measurements are performed in magnetic
fields lower than modelled in previously described results.
Therefore, the detrimental effect of partial magnetisation on
the performance of a stack is even more pronounced. It is
well visible in Fig. 7a, showing a component of trapped
magnetic induction perpendicular to the stack, 5.5 mm
above the centre of the sample. Total trapped magnetic flux
decreases with the number of tapes, as the stack is only
partially magnetised. Additionally, thermal effects affect
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Fig. 6 a–f Results of numerical
calculations. Distribution of
strength and direction of
magnetic flux are shown outside
of a stack region, coloured with
yellow-red scale. Electric
current density is shown inside
the stack region, coloured with
red-blue scale. The distributions
are shown for different
combinations of angles of
magnetising field and
thicknesses of the stacks

critical current density, further exacerbating the situation. In
the case of 10-layer stack, a very good agreement between
numerical and experimental results is achieved with Jc0 of
2.1·108 A·m−2. In the case of 20-layer stack, this value
is 1.8·108 A·m−2, hinting at the decrease of Jc caused by
higher temperature.

Measurements in angled field were performed at the end
of the coil; therefore, the stacks experienced a magnetising
field with non-uniform strength. Additionally, due to the
measurement method, the samples were placed slightly
off the centre of the coil. Despite that, the measured and
calculated trapped flux is surprisingly uniform, especially
in the case of measurements performed in 90◦, shown
in Fig. 7c. The measured and calculated flux is slightly
stronger than in the case of measurements in 45◦ shown
in Fig. 7b, seemingly contrary to previous modelling

results. It has two reasons. Firstly, during the measurements
in 45◦, the magnetising field experienced by the stack is
much weaker, because it does not reach as far into the
coil, as in the other case. Secondly, the measuring probe
was placed slightly closer in during the measurements
in 90◦.

While taking into consideration non-perfection of place-
ment of the stack the magnetising field, the results of
modelling and experiments agree well in all cases. The
results show that even slight differences in the direction and
strength distribution of the magnetising field can have sig-
nificant effect on the trapped flux. It is especially important
during manufacturing phase of a device using trapped-flux
magnets. All possible distortions of the field should be con-
sidered, as well as the potential thermal effects, to find the
most effective size and shape of the stack.
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Fig. 7 a–c Measured and modelled vertical component of the trapped
field in mT. The values are presented as the function of stack thickness
and orientation

3 Conclusions

Numerical simulations and experimental measurements are
performed to analyse the trapped magnetic flux in a stack
of superconducting tapes. Different sizes of stacks and
geometries of magnetising field are analysed. The results
of the experiments and modelling are consistent. It is
shown that at sufficiently low magnetising field, the trapped
flux can decrease with the number of tapes, as parts of
the stack are shielded by itself, and do not carry electric
current.

If the magnetising field is strong enough, the total
trapped magnetic flux increases with the number of tapes
and decreases with the angle between a surface of a stack

and a direction of the magnetising field. The strength of
the trapped flux and perpendicularity are better maintained
in thinner stacks. Magnetisation per single tape depends on
angle and strength of the magnetising field, and the number
of tapes in a stack. For each combination of strength and
direction of the magnetising field, an optimum number of
tapes exist, when the magnetisation per tape is the highest.
Described considerations allow to find the optimum number
of tapes in a stack for a given application.

During the design of a trapped-flux magnet, the
issues of non-uniformity of the magnetising field have to
be considered. The stacks display certain robustness in
maintaining the direction of trapped flux, what is not always
the desired outcome. Numerical simulations, including the
relatively simplified method described in this paper, appear
to be a reliable tool in the prediction of the behaviour of the
stacks.
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