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Abstract
The second-generation (2G) high-temperature superconducting (HTS) coated conductors (CC) are increasingly used
in power systems recently, especially in large-capacity superconducting magnetic energy storage (SMES). HTSCC in
superconducting energy storage coil is subjected to thermal stress which is caused by thermal contraction due to AC loss. The
thermal stress will degrade the critical currents and may cause the displacement of the superconducting coil and insulating
epoxy resin. In this work, the AC loss of the superconducting coil is firstly obtained by finite element method (FEM) software
COMSOL with the method of iterative conductivity. Furthermore, the effect of AC loss on the superconducting coil is thus
analyzed by solving the coupling problems which include magnetic field, mechanical behaviors, and heat transfer in solids.
The result shows that the AC loss of the superconducting coil is concentrated in the middle of the coil and the maximum AC
loss density is 5.96 × 105 W/m3; the maximum stress laid at the inner radius of the coil and the maximum stress is 0.01 MPa.
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1 Introduction

With the discovery and application of YBCO, the second
generation (2G) high temperature superconducting (HTS)
material, superconducting technology and modern power
technology have been combined to produce advanced power
equipment such as cables, transformers, current limiters,
and energy storage. HTS energy storage system has the
function of storing electromagnetic energy. Compared with
other conventional energy storage devices, it has obvious
advantages in terms of power density, energy conversion
efficiency, and response speed. YBCO HTS tape under the
alternating magnetic field, the movement of the magnetic
flux line causes the tape to produce AC loss, and the
temperature rise caused by the AC loss is the main reason
of thermal stress and strain for superconducting tape.
The YBCO tapes used in superconducting coil are brittle
materials so that their performance is considerably affected
by strain. Therefore, it is necessary to analyze the AC loss
of the superconducting coil.
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Many analytical and numerical methods for two dimen-
sional (2D) and axisymmetric problems have been proposed
for the calculation of superconductor AC loss [1], but the
analysis solutions can only be applied to simple geome-
tries. For more complex problems, methods such as FEM
and finite difference time domain method (FDTD) have
been proposed [2, 3]. In the simulation of superconduct-
ing coil, the solving equations applied by the finite element
method are: magnetic vector-electric scalar equation (A−V

equation), electric vector-magnetic scalar equation (T − �

equation), and the H - formulation. These three equations
are similar, but due to the difference of parameters and par-
tial differential equation, the computational complexity also
different [4]. The dependence of resistivity on the amount
of current makes it difficult to calculate the AC loss of
the superconductors [5–7]. The reason is that a circular
dependency arises because the current-density calculation
contains the resistivity which means the resistivity depen-
dent on itself and the highly nonlinear electric field-current
density (E−J ) characteristics increase the difficulty of cal-
culation [8, 9]. In this work, an efficient calculation method
based on theA − V equation is proposed. To avoid the cir-
cular dependency of the resistivity and current density, The
E − J power-law relation is described by the relationship
between the resistivity and the electric field strength, and
then the AC loss of the 3D model of superconducting coil is
analyzed.
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The superconducting tapes will produce thermal stress
and strain due to thermal expansion in operating process
[10]. The stress can degrade the performance of the
superconducting coil, and may cause the separation of
superconducting tape and insulating epoxy resin [11–14].
Research on Lorenz force - strain relationship appears in
large quantity, but most of the work done so far has not
considered the strains caused by thermal contraction due to
AC loss. In this study the superconducting coil strain caused
by AC loss was calculated by coupling model of magnetic
fields and solid mechanics and heat transfer.

2 Finite-Element Modeling
of Superconducting Coil

2.1 Model of HTS Conductivity

In the COMSOL software, the magnetic field interface
of the AC/DC module uses the A − V equation. The
magnetic flux density B and the electric field intensity E

are described by using the magnetic vector potential A and
the electric scalar potential V , as follows:

B=∇ × A (1)

E = −∂A
∂t

− ∇V (2)

The starting point for the calculation of the distributions
of magnetic fields and current densities in and around a
conductor (not only a superconductor) is Ampere’s law (3).

∇ ×
(

1

μ
∇ × A

)
= J = −σ

(
∂A
∂t

+ ∇V

)
(3)

The high-temperature superconducting tape E − J charac-
teristic curve equivalent resistivity model can be expressed
as

ρ = EC

JC0

( |J|
JC0

)n

(4)

The relationship between the critical current density and
magnetic field is expressed as (5); EC is the critical electric
field, JC0 is the critical current density in the self-field, B||
represents the magnetic field strength parallel to the tape
direction, B⊥ represents the magnetic field strength in the
vertical tape direction, and k, β, and B0are characteristic
parameters of the tape, usually 0 < k < 1.

JC(B) = JC0(
1 +

√
k2B2‖+B2⊥

B0

)β
(5)

In order to avoid circular iterations of the conductivity and
current density, the relationship between conductivity and
electric field strength was used to calculate conductivity.

The equation can be expressed as (6): m and P are constants
which are material-specific. The parameters used in the
simulations were m = 0.3, P = 0.04, EC = 1 × 10−4 V/m,
JC0 = 1 × 108 A/m², k = 0.2, and β = 0.7, which are typical
values for YBCO tape [15]. The parameters in this study
are found at the condition of minimal discrepancy between
the experimental date and numerical results. For numerical
reasons, E must not be zero. This can be done by adding a
small value. In the simulations shown in this study, a value
of 1 × 10−8 was used.

σ(E,B) =
(P ×

(
E
E0

)m + (1 − P)) × JC(B)

E
(6)

By iteratively modeling the conductivity of the model
material, this method can be used to characterize highly
nonlinear E − J characteristics of superconductors.

2.2 AC Loss Analysis of the Model Coil

Hysteresis loss is the main component of AC loss of
the second-generation high-temperature superconductor
YBCO. In the alternating magnetic field, the conductor
generates induced current, which in turn causes the
movement of magnetic flux line. Because magnetic flux
lines are hindered by flux pinning, the hysteresis loss is
generated in the superconductor. The hysteresis loss can
be calculated using an electric method. An electric field is
induced by the (time-varying) applied magnetic field. An
induced current starts to flow, so there is a local non-zero
product of voltage and current. The product E · J integrated
over the conductor cross-sectional area and magnetic field
cycle yields the loss. In this study, the parameters of the
coil are listed in Table 1. The coil was exerted with 1800
+ 1800sin (100πt) (A) of alternating current to analyze the
distribution of the AC loss in the superconducting coil.

2.3 Stress Analysis of the Model Coil

The stress and strain distribution inside a HTS insert is
one of the key issues for construction of a HTS magnet.
Many studies have considered the Lorenz force when the
coil circulates the current, but the thermal expansion caused

Table 1 Specification of the coil

Coil parameters

Inner radius of coil 60 mm

Outer radius of coil 160 mm

Thickness of coil 5 mm

Number of turns 100

Maximum operating current 3.6 kA

Magnetic field direction Positive Z axis
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Table 2 Mechanical parameters of the material

Mechanical parameters

Young’s modulus in the x direction 32.48 GPa

Young’s modulus in the x direction 16.85 GPa

Young’s modulus in the x direction 59.14 GPa

Poisson’s ratio in the xy plane 0.367

Poisson’s ratio in the yz plane 0.177

Poisson’s ratio in the zx plane 0.278

Shear modulus in the xy plane 11.17 GPa

Shear modulus in the yz plane 9.35 GPa

Shear modulus in the zx plane 24.38 GPa

by the AC loss also degrades the performance of the
superconducting coil and destroys the mechanical structure
of the coil. In the simulation, the average finite element
model was adopted. In order to study the stress and strain
characteristic of the superconducting coil, a multiphysics
model should be founded. In the solution of the distribution
of the heat, a magnetic field and solid heat transfer coupling
model was used; in the mechanical analysis, a thermal
expansion structural model was founded.

The magnetic problem is governed by (3) and (6). In the
solid heat transfer module, the heat transfer is expressed by
the following equation with adiabatic boundary conditions:

ρcρ

∂T

∂t
− k∇2T = Q (7)

The equation includes the following material properties:
density ρ, heat capacity cp, and thermal conductivity k.
Also, ∇2 denotes the Laplace operator, T and Q are
temperature and a heat source, Q in our problem is referred
to as electromagnetic volumetric loss density formulated as

Q = J
σ 2

(8)

J is the electrical current density obtained from the
magnetic field solution, and σ is the electrical conductivity
presented in (6). The thermal parameters used in the
simulations are k = 6 W/(m·K), ρ = 5400 kg/m³, and
cp = 200 J/(kg·K) [16], and the initial temperature in the
simulation is 77 K.

The thermal expansion mechanical model is represented
as a linear elastic model. This model contains only thermal
loads and is expressed by the following equation:

μ�u + (λ + μ)∇(∇ · u) + FT(T ) = 0 (9)

where λ and μ are the Lamé parameters, u is the
displacement vector, and the thermal force FT(T ) is given
by

FT (T ) = ∇ · Dα(T − Tref ) (10)

where D is the elasticity matrix, α is the thermal expansion
coefficient, and Tref is the reference temperature. In
our problem, superconducting material is represented as
orthotropic material, and the elasticity matrix is represented
by Young’s modulus, Poisson’s ratio, and the shear modulus
shown in Table 2 [17, 18]. The parameters used in the

Fig. 1 Magnetic field
distribution of the
superconducting coil
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simulations are α = 1.59 × 10−5 1/K and Tref = 77 K.
Temperature distribution in the coil is obtained from the
heat transfer solution and acts as a load for the mechanical
problem. The boundary condition is the fixed constraint at
the whole outer radius and inner radius of the coil.

Models: magnetic field, solid heat transfer, and thermal
expansion structural are discretized by means of a low-
order finite element discretization on a quadrilateral and/or
triangular grid.

3 Results and Discussion

3.1 AC Loss Calculation of theModel Coil

In this work, the AC loss of the superconducting coil was
analyzed by FEM simulation software COMSOL. In the
solution of the AC loss of the superconducting coil, an
efficient method of iterative conductivity to characterize
highly nonlinear E − J characteristics of superconductors
was used.

The section of the superconducting coil is exerted with
1800 + 1800sin (100πt) (A) of alternating current, and
the magnetic field distribution of the superconducting coil
is shown in Fig. 1. As presented in Fig. 1, the maximum
magnetic flux density lies at the inner radius of the
superconducting coil, and the maximum magnetic flux
density is 0.02 T.

Figure 2 shows the AC loss distribution of the
superconducting coil. The AC loss at the middle of the

Fig. 3 Inductance distribution of the superconducting coil

superconducting coil is greater than the AC loss at both
sides of the superconducting coil. The maximum AC loss
density is 5.96 × 105 W/m3. The result is consistent with
the superconducting multi-turn coil inductance distribution.
As shown in Fig. 3, the inductance of each turn in the middle
of the coil is larger than the inductance of each turn in both
sides of the coil, and g is the distance between the turns of
the coil increased from 180 to 380 μm.

The value of the AC loss of the superconducting coil can
be obtained by the volume fraction of the coil. At 0.09 s,
the AC loss of the superconducting coil is 219.99 W. If
the heat generated by the AC loss cannot be dissipation in

Fig. 2 AC loss distribution of
the superconducting coil
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Fig. 4 Stress distribution of the
superconducting coil

time, the thermal stability of the superconducting magnet
will be destroyed. In this study, we analyzed the AC
loss distribution of the superconducting coil, and from
the results, we can optimally design the thermal transfer
structure of the superconducting magnet to improve the
thermal stability of the superconducting magnet.

3.2 Stress Calculation of theModel Coil

The thermal stress and strain caused by AC loss was
analyzed by FEM software COMSOL. In the solution of
the AC loss heat source and thermal stress and strain, a
coupled interface of heat transfer and solid structure was

Fig. 5 The first principal strain
of the superconducting coil
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Fig. 6 Total displacement of the
superconducting coil

used. Moreover, the thermal expansion was the load of the
structural model.

Figure 4 shows the Von Mises stress of the superconduct-
ing coil. The maximum Von Mises stress lies at the inner
radius of the coil and the maximum stress is 0.01 MPa. The
minimum Von Mises stress appears at the outer radius of
the coil and the minimum stress is 0.001 MPa. Figure 5
shows the first principal strain of the superconducting coil.
The large strain lies in the place where the large stress is
and the maximum strain is 2.21 × 10−7. The result shows
the effect of the AC loss on thermal stress and the strain of
superconducting coils.

Figure 6 shows the total displacement of the supercon-
ducting coil. The maximum displacement caused by the
thermal expansion is 8 × 10−7 mm. Non-uniformity in
displacement distribution may result in the separation of
superconducting coils and insulating epoxy layers.

4 Conclusions

In this work, an efficient method is proposed to calculate
the AC loss of the superconducting coil. A coupled model
of magnetic fields and mechanical behaviors and solids
heat transfer is used to analyze the influence of AC
loss on thermal stress and strain of the superconducting
coil. The result shows the AC loss at the middle of the
superconducting coil is greater than the AC loss at both
sides of the superconducting coil, and the maximum AC loss

density is 5.96 × 105 W/m3; the maximum stress lies at
the inner radius of the coil and the maximum stress is 0.01
MPa. The maximum displacement of the superconducting
coil caused by the AC loss is 8 × 10−7 mm. This work can
help to analyze the stability of superconducting magnets.
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