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Abstract – Bulk High Temperature Superconductors (HTS) can
be magnetized and act as permanent magnet 10 times stronger than
conventional ones as NdFeB. The design of the inductor is a key
point to perform the desired magnetization of the bulk HTS.

In this paper, a coil coupled with an electrical circuit and a bulk
HTS are simulated together using an A-V formulation in Com-
sol. This setup is the one used for the Pulsed Field Magnetization
(PFM) of bulk HTS. The current waveforms during the PFM pro-
cess for different behaviors of the superconductor are compared.
The obtained maximal value of current show a discrepency around
15%.

The problems that arise using A-V formulation in Comsol are
exhibited through the abnormal calculated current density inside
the bulk HTS. The final aim of the work started in this paper is to
figure out a fast and accurate modeling method for such a system,
which would then allow us to estimate the trapped magnetic field
into the bulk at the end of the PFM process.

Index Terms – Bulk superconductors, Coil, Numerical modeling,
Pulsed Field Magnetization, YBCO.

1. INTRODUCTION

About 30 years ago, the development of High Temperature
Superconductors (HTS) has led to the discovery of YBCO.
For this superconducting material, the critical temperature Tc
is above the temperature of liquid nitrogen, thus, it seems to be
a suitable material for an easy use in laboratory. Bulk HTS can
be magnetized and act as permanent magnet 10 times stronger
than conventional ones as NdFeB. The process of magnetization
requires to design a coil with an ability to produce a magnetic
field around few tesla. The value of this strong magnetic field
can be achieved only if enough current flows through the induc-
tor, e.g. using a pulsed process. The key point is that the current
throw the inductor depends on its inductance value which also
depends on the induced current in the HTS.

Due to non-linearity of the E-J law of HTS, numerical
methods have become a more common approach to analyze
their behavior. Finite Element Method (FEM) allows to cal-
culate the current density J and the magnetic field B in-
duced by the HTS [1]. However, solving eddy currents prob-
lems with rapidly changing magnetic fields can be a challenge
even with a commercial software such as Comsol Multiphysics.
They exist several ways to model superconducting materials,
e.g. H or A-V formulations [2].

In this paper, a coil coupled with an electrical circuit, see
Fig. 1, and a bulk HTS are simulated together using Comsol.
The behavior of the bulk HTS is modeled using different laws
in order to see their influence on the maximal applied magnetic
field.

Figure 1. Schematic of the magnetizer connected with the coil represented by
Rmc, Lmc the elements Rλ, Lλ represent the parasitic elements.

2. NUMERICAL MODELING OF HTS
2.1. Behavior of the superconductor

From the point of view of the coil, during the PFM pro-
cess, the bulk HTS can be modeled using different behaviors.
At the beginning of the magnetization process, no current flows
into the superconductor, hence it expels all external magnetic
fields similar to a perfect diamagnetic material with µr = 0.
When the bulk becomes fully magnetized, it can be assumed that
B = µ0H if the magnetizationM of the bulk is weak compared
to the huge external magnetic field. At the end of PFM, the ex-
ternal magnetic field disappears and the superconductor acts like
a conductor with an internal flowing current density ±Jc.

Nevertheless, the most common way to model HTS is to ap-
ply a non-linear E–J power law, refer as
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whereEc = 1 µV/cm, for YBCO n-value around 21 can be used
and the critical current density Jc is chosen equal to 100 A/mm2.

2.2. Methododogy of modeling HTS in Comsol

Magnetic Fields (MF) interface of Comsol, allows imple-
menting the power law (1) for superconductors using physics
based on H or A-V formulations. A-V in Comsol is the easi-
est way to modelize magnetic field problems with circuit cou-
pling. But due to the non-linearity of the σ(E) law, it leads
to ill-conditioned matrices, problems to converge and so large
computing times [1].

The above considerations forces us to look at various ap-
proaches for defining the HTS material. One of the attractive
ways is using the Partial Differential Equations (PDE) with
H formulation as

∇× ρ(∇×H) + µ
∂H
∂t

= 0 (2)

where ρ is the resistivity and µ the permeability of the supercon-
ductor. Unfortunately, this formulation does not allow easily to
couple with circuit equations.



Other formulations can be used to modelize superconductors
like A-V ,

1

µ
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∂A
∂t

= 0 (3)

where σ is the conductivity, but also T-Ω, E formulations [3].
The H formulation seems to be the most common way for
use with HTS materials. Of course, all of them can solve
the Maxwell equations, what leads from a mathematical point
of view to the same results. In this study, all the results are ob-
tained using A-V formulation with circuit coupling in Comsol.

2.3. Parameters used

The magnetization process of superconductors requires pro-
ducing sufficient external magnetic field, which forces flowing
current inside the bulk. To supply the coil in high current, a mag-
netizer with a capacitor bank can be used. The example circuit
shown in Fig. 1 can be easily defined in Comsol. The capacitor
bank available in GREEN laboratory is capable of accumulating
10 kJ of energy with a maximum current flowing out of 25 kA.
The capacity of the magnetizer is equal to 5 mF that can be
charged up to 2 kV.

The problem solved in Comsol is 2D axisymmetric. The bulk
radius is 15 mm and 10 mm high. The coil has an internal ra-
dius of 17 mm, 22 turns of copper foils of thickness 0.2 mm
and the same height than the bulk.

3. RESULTS AND DISCUSSION

For the purpose of comparison, the specific behavior
of the bulk HTS has been modelized as air, diamagnetic ma-
terial, conductor and superconductor based on the MF module
coupled with the circuit in Fig. 1. The current flowing through
the coil during the PFM process is shown in Fig. 2. Based on
our assumptions, the amount of current which can flow through
the coil can be estimated. The discrepancy in results of maximal
current is around 15%. It is obvious, but defining a perfect dia-
magnetic material is almost equivalent to a good conductor with
very small resistivity. On the other hand, the current waveform
studied here with the superconductor is very similar to the one
obtained with air because the applied magnetic field is large
compared to the magnetization of the bulk HTS. This particular
case lets us think that defining the HTS material with the power
law (1) is necessary to simulate the PFM process properly.

The MF module based on A-V formulation, coupled with
the coil and its electrical circuit creates some troubles during

Figure 2. Current flowing through the coil as a function of time during the PFM
of HTS for bulk defined as air, diamagnetic material, conductor and supercon-
ductor.

a)

b)
Figure 3. Distribution of the normalized current density J/Jc at t = 10 µs
and for an initial voltage across the capacitor of 1.5 kV. a) satisfactory and b) un-
satisfactory numbers of Degrees of Freedom.

the simulation due to the high non-linearity of (1). Neverthe-
less, it is critical to ensure the right calculation of the current
density inside the bulk HTS. A partial solution to this prob-
lem was to use a incredibly tiny mesh, which causes a com-
puting time of several days instead of a few minutes if the sim-
ulation had work properly. In Fig. 3, the current density ob-
tained using two projects using A-V formulation, with differ-
ent numbers of Degrees of Freedom are shown a) 284 500 DoF,
b) 6 000 DoF. The problem with a large number of DoF has been
successfully solved until the current reaches its maximum value,
black line in Fig. 2. This result is sufficient because this is the
value of interest in the PFM process. Unfortunately, the falling
of the current down to zero has not be obtained up to now.

4. CONCLUSIONS

The simulation of PFM process with a bulk HTS defined
as different materials give us some estimation of the current
flowing through the coil. Due to the strongly non-linearity of
the power-law for superconductors, it was difficult to solve
the problem coupled with the circuit using A-V formulation.
We are currently working on a H formulation with PDE in Com-
sol, coupled with the electrical circuit. It seems to be one
promising method to be considered in our case.

After this essential study, we will figure out the best mod-
eling method for such a system, which would then allow us
to estimate the trapped magnetic field into the bulk at the end of
the PFM process. Additionally, we will to compare the numeri-
cal results with experimental ones.
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