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When the current passing through a high temperature superconducting (HTS)

coil that exceeds a critical value, the properties of the materials which make up

the coil will fail, generating large amounts of heat and even causing serious

accidents. Aiming at the above safety problem, this paper took three solenoid

magnets with different structures as the object, and conducted a simulation

study on their electromagnetic performance through finite element method

(FEM). Themagnetic field intensityHwas taken as the dependent variable of the

control equations of the physical field. With the aid of the partial differential

equation (PDE) interface of the simulation software used, the control equations

were easily constructed. The pancake coil wound by many turns of ribbon

conductors was abstracted as a bulk-like conductor with the same cross-

sectional area. The main idea of this equivalent replacement is to simplify the

internal structure of the device without affecting its electromagnetic behavior,

which can accelerate the convergence speed of the simulation process and

reduce the CPU burden. Models of solenoid magnets with rectangular,

trapezoidal and inverted trapezoidal cross sections were established by

stacking many pancake coils. The simulation results corresponding to these

models show that the solenoid magnet with trapezoidal cross-section has the

largest critical current and most uniform density distribution. Such advantages

not only reduce the risk of superconducting material failure due to overheating

at both ends, but also fully exploit the current carrying capacity of the coil in the

middle area of the solenoid.
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1 Introduction

The phenomenon in which the DC resistance of a material becomes zero is called

superconductivity. In 1908, Onnes succeeded in the liquefaction of helium, which allowed

the artificial creation of a low temperature environment of 1.15–4.25 K. In 1911, Onnes

found that the DC resistance of mercury tends to zero at a temperature of 4.2 K, which

opened a new chapter in the study of low-temperature superconductivity (Onnes, 1991).
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The actual resistance measured experimentally is as low as

10−23 mΩ cm, which can be considered to be zero. So far,

more than 5,000 superconducting materials have been

discovered, including most metals such as Hg, Pb, Cu, and

Ag, and alloys such as NbTi, Nb3Sn, and simple metal

compounds can achieve superconductivity at low temperatures

(Kunzler et al., 1961; Berlincourt, 1987), but their

superconducting critical transition temperature (Tc) is very

low. Reducing the ambient temperature to the liquid helium

temperature region requires a lot of resources, which restricts the

development of superconducting industrial applications. In 1986,

Bednorz and Müller (Bednorz and Müller, 1986) found that the

LaBaCuO system has superconductivity, and its Tc was increased

to 35 K for the first time. This opens up new ideas for the

exploration of superconducting materials, and triggers an

upsurge in the research of HTS materials. In 1987, Wu (Wu

et al., 1987) discovered that the Tc of the YBaCuO system

reached more than 90 K, realizing the superconducting state

of the conductive material in the liquid nitrogen temperature

region. In 1988, Japanese scholars discovered that the critical

transition temperature of BiSrCaCu superconductor reached

110 K (Maeda et al., 1988). The continuous discovery of

various metal oxide superconductors has opened the upsurge

of refreshing high Tc (Kondoh et al., 1988).

In recent years, with the development of HTS materials, their

applications in future nuclear fusion reactors (Rajput et al., 2022),

high-energy particle accelerators (Jia et al., 2019), nuclear

magnetic resonance imaging (Cavanagh et al., 2018),

spallation neutron sources (Cummings and Johnson, 2017),

and gas sensors (Yang et al., 2020) have become more and

more widely. The main applications of HTS strip in the field

of electrical and electronic equipment lie in two aspects:

superconducting power technology and superconducting

magnet technology. Among them, superconducting magnet

(Klyukhin et al., 2019) technologies mainly include strong

magnetic field magnets, magnetic levitation magnets and

superconducting induction heating. On the other hand,

superconducting strong electric applications mainly include

superconducting cables (Arai et al., 2019), superconducting

current limiters (Kar et al., 2012), superconducting

transformers (Chen et al., 2018), superconducting generators

(Magnusson et al., 2015), superconducting motors (Du et al.,

2020) and superconducting energy storage (Zhu et al., 2018).

Compared with many other energy storage technologies,

superconducting energy storage has the technical advantages

of zero resistance loss, high power density, long life cycle, and

high response speed (Shaqsi et al., 2020). Superconducting

energy storage strategy can provide high quality and high

efficiency power supply for renewable energy power system,

so as to reduce the risk of power grid disconnection and

collapse caused by sudden voltage rise and sudden drop, and

improves the operation safety of power system (Wang et al.,

2015). The core component of superconducting energy storage is

the superconducting magnet (Mukherjee and Rao, 2019). Since

the current capacity of a single strip is difficult to meet the high

current-carrying requirements, multiple superconducting strips

can be wound into pancake coils as superconducting magnets

according to certain rules. Further, many pancake coils can be

stacked to obtain a solenoid magnet. The superconducting

solenoid coil has large inductance and threshold current, and

can achieve near-zero energy storage loss, so it is ideal for

efficient and fast energy storage (Indira et al., 2015).

As the second-generation HTS strip, REBaCuO is composed

of rare Earth (Rare Earth, Re), barium (Ba), copper (Cu), and

oxygen (O) elements. RE is the acronym of rare Earth, including a

total of 17 elements of scandium, yttrium and lanthanide (Dadras

et al., 2017). Therefore, in the chemical formula of REBaCuO, RE

can be replaced by any rare Earth element, such as yttrium (Y),

gadolinium (Gd), samarium (Sm), etc. REBaCuO has high

critical current density and irreversible magnetic field in liquid

nitrogen temperature region. With the improvement of artificial

magnetic flux pinning technology (Misko et al., 2012), the in-field

current-carrying capacity and magnetic flux pinning force

density of REBaCuO HTS strip far exceed other practical

superconducting materials. On the other hand, the use of

flexible Hastelloy or stainless steel substrate improves its

mechanical properties. These advantages make REBaCuO

strips break through the application limitations of the first-

generation Bi2223/Bi2212 HTS strips, and have wider

application prospects in the field of superconducting energy

storage.

In this paper, the solenoid magnet wound by REBaCuO

strips is taken as the research object, and the geometric

structure is optimized through the FEM (Zhao et al., 2014),

so as to improve its critical current and make its density

reasonably distributed. It should be noted that although

there have been some researches of superconducting

properties based on FEM have been reported (Guo et al.,

2019), the modeling and analysis objects are mainly

superconducting strips (Peng et al., 2020) or coil wound by

them (Ainslie et al., 2017), rather than solenoid magnet with

more complex structures. In Section 2, the core theory of

superconducting coil modeling is expounded based upon the

Ampere’s law and Faraday’s law, which belong to Maxwell’s

equations. Furthermore, combined with the constitutive

relationship between electric field intensity and current

density, as well as magnetic induction intensity and

magnetic field intensity, the H-equation form with only

magnetic field intensity as the dependent variable is

obtained. In Section 3, the original cake coil model is

simplified, and three solenoid electromagnet models with

rectangular, trapezoidal and inverted trapezoidal cross

sections are established. By changing the diameter of the

solenoid, the amount of strips required to build the above

models is kept unchanged. The H-equation is imported

through the PDE interface provided by the software, and the
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simulation environment is built. In Section 4, the magnetic flux

density and critical current density of the constructed solenoid

models is simulated. Based on the obtained data, a

comprehensive comparative analysis is realized.

2 Basic theory for modeling

Analytical and numerical methods are commonly used to

study the electromagnetic properties of superconductors. For

simple geometric structures and uniform physical fields, the

analytical method can take advantage of its rapid calculation

and convenient optimization analysis. Because the

superconducting coil is a complex structure formed by

winding many strips, and the strip has the characteristics of

anisotropic, its electromagnetic characteristics cannot be

expressed by a complete expression. Considering the

convergence speed of the iterative process and the complexity

of the boundary conditions, theH-equation was used to complete

the numerical calculation. The essence ofH-equation is Ampere’s

law and Faraday’s law of Maxwell’s equations:

∇× H � J, (1)
∇× E � −zB

zt
. (2)

In Eqs 1, 2, H is the intensity of magnetic field, J is current

density, E is the intensity of electric field and B is the intensity of

magnetic induction. By introducing vacuum permeability μ0 and

relative permeability μr, the constitutive relationship between B

and H can be obtained:

B � μ0μrH. (3)

The expression of resistivity ρ can be derived from the E-J

relationship of HTS materials:

ρ � E

J
� Ec

Jc

J

Jc

∣∣∣∣∣∣∣
∣∣∣∣∣∣∣n−1 (4)

where Jc represents the critical current density. The expression

proposed by Kim (Kim et al., 1963) introduced the dependence of

Jc on external magnetic field:

Jc B( ) � Jc0 1 +
���������������
kBpara( )2 + Bperp

2
√

B0

⎛⎜⎜⎝ ⎞⎟⎟⎠
−α

(5)

In Eq. 5, Bpara and Bperp are the induction intensity of the

external magnetic field parallel to and perpendicular to the wide

plane of the superconducting strip. Jc0 represents the critical

current density under self-field condition. k, B0 and α are

characteristic parameters of the superconducting

strip. Combining Eqs 1–5, the Faraday’s law can be rewritten as

μ0μr
zH

zt
+ ∇× ρ∇× H( ) � 0. (6)

As can be seen in Eq. 6, the form of H-equation is simple

and clear, including only one dependent variableH. In addition,

the boundary conditions of the superconducting magnet model

based on this equation are easy to set. In order to construct a 2-

D axisymmetric coil model, the cylindrical coordinate system

should be introduced. In the cylindrical coordinate system, the

current density and the electric field only have the angular

components Jφ and Eφ, while the magnetic field strength H

contains the radial component Hr and the axial component Hz.

Accordingly, Eqs 1, 6 can be rewritten as the following:

Jφ � zHr

zz
− zHz

zr
, (7)

μ0μr
zHr

zt
− z ρ zHr/zz − zHz/zr( )[ ]

zz
� 0

μ0μr
zHz

zt
+ 1
r

z rρ zHr/zz − zHz/zr( )[ ]
zr

� 0

⎧⎪⎪⎪⎪⎨⎪⎪⎪⎪⎩ (8)

TABLE 1 Geometric parameters of pancake coil.

No. Symbol Value Unit Description

1 tstrip 10 μm Thickness of superconducting
strip

2 wstrip 4 mm Width of superconducting strip

3 rinner 200 mm Inner diameter of the coil

4 dturn 400 μm Distance between turns of the coil

FIGURE 1
2-D axisymmetric model of the pancake coil and the divided
mesh (locally enlarged).
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3 Modeling of the solenoid

3.1 Geometry and mesh of single pancake
coil

The superconducting strips available in the market vary

widely in size and characteristics. The simulation research

object selected here is SCS4050 produced by Shanghai

Superconductor Company1, and its main geometric

parameters are listed in Table 1. Figure 1 shows the 2-D

axisymmetric model of the pancake coil in column coordinate

system and the divided mesh (locally enlarged). The coil model

contains 50 turns, with the innermost layer be defined as the first

turn. Insulation layer and base material are filled between the

adjacent turns of the coil with a space of 400 μm, and the inner

diameter of the coil is 200 mm.

As could be seen in Table 1, the selected superconducting

strip has a width (z-direction) to thickness (r-direction) ratio of

up to 400, which results in an overly fine grid in the r-direction

and burdens the CPU. In addition, because there is no current

flowing through the insulating layer between adjacent

superconducting strips, so it is not necessary to study the

magnetic field distributed there. Therefore, the complex model

is simplified to the bulk-like conductor shown in Figure 2, which

gives consideration to both the accuracy and speed of simulation.

Obviously, the fully mapped structure in Figure 2 has higher

mesh quality than the hybrid structure in Figure 1, which

combines mapped mesh and free triangle mesh.

3.2 Solenoid models composed of
pancakes

As an important performance index of superconducting

magnet, the critical current density represents the maximum

current that superconductor can withstand in the

superconducting state. According to Eq. 5, the critical current

value is determined by the magnetic induction intensity parallel

(Bpara) to and perpendicular (Bperp) to the wide surface of the

superconducting strip. A solenoid magnet is composed of a series

of concentrically stacked pancake coils. Due to the closure and

non-uniformity of the magnetic field line, the critical current may

change at different heights along the axis of the solenoid, or even

at different radial positions of the same pancake. Considering the

difference of the critical current in the axial and radial directions

of the solenoid, there must be a reasonable structure design to

maximize the minimum critical current on the whole coil.

Figure 3 shows the structures of these solenoid magnets

consisting of pancake windings with a rectangular cross-

section, with a trapezoidal cross-section, and with an inverted

trapezoidal cross-section respectively. The outer diameters of the

FIGURE 2
Simplified model of the pancake coil and the divided mesh
(locally enlarged).

FIGURE 3
Structures of the solenoid magnets consisting of pancake
windings with a rectangular cross-section, with a trapezoidal
cross-section, and with an inverted trapezoidal cross-section.

1 Shanghai Superconductor (2021). Second generation high
temperature superconducting tape. http://www.shsctec.com/index.
php?m=list&a=index&classid=25 [Accessed 15 October 2022]
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above solenoid models are 239.22, 385.301 and 385.301 mm.

Each construction consists of 50 pancake coils and spaced by

2 mm apart. Because of the symmetrical characteristics of the

solenoid structure, and also to avoid too large picture size, the

axisymmetric model built in Figure 3 only contains the upper

half, that is, 25 single cake coils. For the solenoid magnet with a

rectangular cross-section, the number of turns of any pancake

coil is 50. The cross-sections of the other solenoids in Figure 3 are

distributed in steps, and each of the five steps is composed of five

pancake coils with the same number of turns.

Taking the solenoid with a trapezoidal cross-section as an

example, the inner diameter, outer diameter and turns of the

pancake coil located at the 1–5 steps are shown in Table 2.

Since the stepped distribution of inverted trapezoidal is

opposite to the trapezoidal, it won’t be repeated here. The

above setting of the outer diameter and inner diameter ensures

that the strip consumption and coil quantity of the three

solenoids are equal.

3.3 Physical field setting

According to Eqs 7, 8 derived from the theoretical part

(Section 2), the physical field was constructed by adding the

PDE interface of the mathematics module of COMSOL

Multiphysics. The generalized PDE has the following form:

ea
z2u

zt2
+ da

zu

zt
+ ∇•Γ � f. (9)

In Eq. 9, the vector of dependent variables is denoted by u, ea is

called the mass coefficient. da, Γ and f is known as the damping

coefficient, the flux vector and the source term, respectively. By

comparing with Eq. 8, the above terms in Eq. 9 can be

determined as

u � Hr,Hz[ ]Τ, (10)

∇ � z

zr
,
z

zz
[ ], (11)

ea � 0 0
0 0
[ ], (12)

da � μ0μr 0
0 μ0μr

[ ], (13)

Γ �
0 −ρ zHr

zz
− zHz

zr
( )

ρ
zHr

zz
− zHz

zr
( ) 0

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣
⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦, (14)

f � 0,−ρ zHr

zz
− zHz

zr
( )/r[ ]Τ. (15)

4 Results and discussion

4.1 Setting of the parameters

In our case, the essence of simulation is to substitute Eqs

10–15 into Eq. 9 to solve Hr and Hz, and then further calculate

the critical current Jc. Because of the insulating layer between

the turns of the superconducting strip does not contain

magnetic materials, so the relative permeability μr in Eq. 13

is set to 1. The resistivity of air is set to 1e6Ωm, while resistivity

of superconducting strip is calculated by combining Eqs 4, 5.

Table 3 summarizes the electromagnetic parameters involved in

the above calculation. The data are mainly from the product

introduction and test report of Shanghai Superconductor

Technology Co., LTD. Moreover, it is necessary to set

reasonable boundary conditions and constraints so that the

generalized PDE can obtain unique solutions. Assuming that

the air domain is infinite, and there is no external background

magnetic field in the environment where the solenoid magnet is

located. At the boundary of the air domain, the magnetic field

excited by the current passing through the solenoid will decay

to 0. Accordingly, the Dirichlet boundary conditions set here is

Hr = 0 andHz = 0. The point constraint method must be used to

constrain the current Iin flowing in the superconductor to

ensure that the current is limited in the superconducting

subdomain:

Iin � ∫
s

Jφds, (16)

TABLE 2 Geometric parameters of the solenoid magnet with a trapezoidal section.

Step index Inner
diameter (mm)

Outer
diameter (mm)

Number of coils in each
step (a.u.)

Number of turns in each
coil (a.u.)

1 378.081 385.301 5 10

2 370.081 385.301 5 20

3 362.081 385.301 5 30

4 354.081 385.301 5 40

5 346.081 385.301 5 50
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where s is the cross-section of the superconductor.

4.2 Critical current density

It can be seen from Eq. 5 that the magnetic flux

density perpendicular to the wide plane of the strip, that is,

in the r direction of the axial coordinate system, is the main

factor affecting the critical current density Jc. Figure 4 shows

the magnetic flux density distribution parallel to the r

direction when the current carried by the superconducting

solenoid with rectangular cross-section is 100, 120, 140 and

160 A. The redder the colour is, the greater the

magnetic flux density at this position is. From the

simulation results, it can be clearly seen that the magnetic

flux density is increasing with the increase of the input

TABLE 3 Electromagnetic parameters involved in simulation.

No. Symbol Value Unit Description

1 μ0 1.2566e-6 H/m Vacuum permeability

2 μr 1 a.u. Relative permeability

3 Ec 1 μV/cm Criterion of critical voltage

4 Ic0 160 A Critical current at 77 K temperature and self-field

5 n 25 a.u. Exponential term in E-J relationship

6 k 0.2 a.u. Parameter describing the variation of Ic with magnetic field

7 α 0.65 a.u. Parameter describing the variation of Ic with magnetic field

8 B0 49 mT Parameter describing the variation of Ic with magnetic field

9 Jc0 4e9 A/m2 Critical current density at 77 K temperature and self-field

FIGURE 4
The magnetic flux density distribution in the r direction when the current carried by the superconducting solenoid is 100, 120, 140 and 160 A.
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current, and its maximum value is generated in the coil at the

top of the solenoid.

For understanding the magnetic flux density changing along

the radial direction of the solenoid, the top coil was simulated as

an example, and the magnetic flux density of each turn is given in

Figure 5. It can be seen that no matter how much current is

loaded, the maximum value of magnetic flux density in the r

direction appears in the center of the pancake coil, while the

minimum value appears at both ends. When the carrying current

increases to 160 A, the magnetic flux density of the 25th turn in

the r direction is the largest, which is 0.96 T.

Corresponding to different carried currents, the ratio of the

current density J to its critical value Jc is given. As shown in

Figure 6, the redder the color, the greater the ratio. The carried

current is equal to the product of the current density and the

cross-section of the strip. In the abstract coil model, the

insulation layer, base material and superconducting layer are

regarded as a bulk-like conductor, which is equivalent to

enlarging the thickness of the superconducting layer of each

turn of strip by 40 times. Under the same carried current

conditions, the amplification of superconductor cross-section

will lead to the reduction of the carried current density J, so it

is necessary to multiply the simulated result by 40 for

compensation. According to the color legend, when the

current increases, J/Jc gradually decreases, indicating that the

coil tends to lose its superconductivity, which is called “quench”.

The “quench” of the upper coils is more obvious, indicating that

the critical current density Jc here is smaller. By comparing the

magnetic flux density distribution in Figure 4, it can be concluded

that the difference of Jc of each pancake coil is mainly caused by

the magnetic flux density change in the r direction. With the

increase of the carried current, the influence of the magnetic flux

density parallel to the wide plane of the superconducting strip on

Jc is gradually revealed, which is shown by the continuous

increase of Jc along the r direction. This change is not difficult

to understand: the magnetic induction lines near the solenoid

axis are relatively dense, so the magnetic flux density is large and

the threshold current is small. Each turn of pancake coil

constituting the solenoid is in the magnetic field generated by

other turns, and its critical current Jc must be less than the given

value of 160 A in Table 3. This explains why a small current of

100 A will also cause the coils at the top of the solenoid to

“quench”, as shown in Figure 6.

It can be seen from Figure 6 that the change of the critical

current density of solenoid magnet in the axial and radial

direction has certain rules, so the structure can be optimized

by changing the distribution of coil spacing or turns. In case of

the latter, the simulation of J/Jc is repeated for the solenoids

whose cross-sections are trapezoidal and inverted trapezoidal.

Figure 7 shows the J/Jc distribution of solenoid with trapezoidal

cross-section. The style and range of the color legend used are the

same as those in Figure 6, which makes the comparison more

intuitive. The overall change trend is the same as that observed in

Figure 6, that is, J/Jc increases with the increase of carried current.

When the carried current is 100 A, the hue of J/Jc in is purple, and

its value is less than 3. With the increase of the carried current,

the hue of J/Jc gradually changes from purple to red. When the

applied current reaches 160 A, inconspicuous orange areas

appear in several coils on the upper part of the solenoid.

Figure 8 shows the J/Jc distribution of solenoid with inverted

trapezoidal cross-section. The size of the coils included in this

solenoid model has not changed, but their positions have been

reversed. Compared with the simulation results of J/Jc given in

Figures 6, 7, it is difficult to find any improvement. When the

carried current is large, the critical current density at the top and

inside of the solenoid still decreases significantly. In terms of size,

solenoid magnets with rectangular, trapezoidal and inverted

trapezoidal cross-sections have the same height, and their

outer diameters are 239.22, 385.301 and 385.301 mm

respectively. It is obvious that the inverted trapezoidal

structure not only does not increase the critical current

density, but also increases the volume of the solenoid. From

these two aspects, solenoid with inverted trapezoidal cross-

section is not desirable.

Figures 6, 8 show that the critical current density at the center

of the top of the solenoid is the smallest. Therefore, when the

current is continuously increased, “quench” will occur here first.

However, the previous simulation can only reflect the degree of

“quench” of the three solenoid models at different positions, but

cannot clearly give the specific critical current. To this end, the

carried current is gradually increased from 50 to 100 A, and the J/

FIGURE 5
The magnetic flux density versus the turn of the pancake coil
at the top.
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FIGURE 7
The J/Jc distribution of solenoid magnet with trapezoidal cross-section while the carried current is 100, 120, 140 and 160 A.

FIGURE 6
The J/Jc distribution of solenoid magnet with rectangular cross-section while the carried current is 100, 120, 140 and 160 A.
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Jc at the top center of the solenoid is shown in Figure 9. Under the

same condition of J/Jc, the carried current I0 of the solenoid with

inverted trapezoidal cross-section is slightly greater than that of

the rectangular one, but significantly lower than that of the

trapezoidal one. When the carried current density J is

increased to be equal to the critical current density Jc, the

horizontal axis coordinate of this position is the critical

current I0. According to the original experimental data, the

critical currents of solenoids with rectangular cross-section,

trapezoidal cross-section and inverted trapezoidal cross-

section are 46, 54 and 47.5 A respectively.

5 Conclusion

The FEM-based modelling and simulation of HTS solenoid is

reported in the paper. Through the PDE interface provided by

COMSOL Multiphysics, the governing equation of

electromagnetic field is set with the magnetic field strength H

as the dependent variable. Superconducting strips, insulating

layers and substrate materials are abstracted into a bulk-like

conductor, which improves the quality of grids and the

convergence speed of simulation. For solenoid magnets with

rectangular, trapezoidal and inverted trapezoidal cross sections,

the distributions of magnetic flux and current density are studied.

Based on the experimental results, the following conclusions are

drawn:

(1) Compared with the self-field critical current of the strip given

in the datasheet, the value obtained by simulating the

FIGURE 8
The J/Jc distribution of solenoid magnet with inverted trapezoidal cross-section while the carried current is 100, 120, 140 and 160 A.

FIGURE 9
The changing of J/Jc while the carried current is increasing
from 30 to 100 A.
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solenoid is smaller, because any turn of superconducting

strip included in the model is also under the magnetic field of

other turns.

(2) When the current applied on the solenoid continuously

increases, the most obvious position of “quench” is the

middle turn of the coil at the upper and lower ends, while

the outer turn of the coil at the middle is the most safe and

reliable.

(3) For the solenoid models with the same amount of

superconducting consumables, the trapezoidal one can

withstand the maximum current, while the inverted

trapezoidal one is slightly better than the rectangular one.

(4) The current density distribution on the solenoid with

trapezoidal cross-section is very uniform, which avoids

deformation and even damage caused by local overheating.

Although the simulation fully proves the advantages of

trapezoidal solenoid in critical current, it is not the only

standard to evaluate the performance of superconducting

magnets. The energy storage capacity, which is as important

as the critical current, will be the focus of future research of us.
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