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• The screening current is troublesome:
ü Undesired field is generated.
ü Overstress is generated.

• A few screening current model have been proposed:
ü Axisymmetric FEM
ü FEM + thin film approximation
ü Simple equivalent circuit
ü Complicated network equivalent circuit

(newly developed)
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be thin plate, and the thickness of REBCO is approximated us-
ing a thin plate approximation technique. In order to compute
the magnetic flux density on every element, all the elements
are allocated in 3D space, as shown in Fig. 3.
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Fig. 3. Conceptual image of quasi 3D FEM (Q3D-FEM) with thin plate
approximation.

This method needs a long computation time. A heavy
computation task is also required to compute the magnetic
flux density on every element. Hence, a special simulation
technique, e.g., a fast multipole method [4], is often used.

The phenomenological drawback of this model is to neglect
the thickness of REBCO layer. Since the current screening
is simulated on 2D plane, the transport current is slowly
penetrating into the middle of REBCO layer [5]. According
to [6], the transport current should flow on not only the edge
but the middle of REBCO layer.

D. Comparison Summary

Table I lists the phenomenological features of models.

TABLE I
PHENOMENOLOGICAL FEATURES OF MODELS

Features SEC A-FEM Q3D-FEM
Spatial resolution of current × © ©
Current in axial direction × × ©
Winding structure of coil × × ©
Thickness of REBCO CC × © ×

©: good, ×: not good

III. LADDER EQUIVALENT CIRCUIT (LEC) MODEL

In the proposed LEC method, a REBCO CC is represented
with distributed inductances and resistances, as shown in Fig.
4. The REBCO CC is divided into many short circuits in
the longitudinal and transverse directions. The inductances
are computed considering the winding configuration, and the
resistances are obtained according to n-value power model.

Fig. 5 shows an example of simulation result. In the
simulation, the current distribution of single pancake coil was
obtained under the conditions of 10-A transport current and
external radial magnetic field time transient dBr/dt = 0.01
T/s. The proposed method can take into account the phenom-
ena of axial currents, winding structure, and REBCO layer
thickness effect.
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Fig. 4. Conceptual illustration of ladder equivalent circuit (LEC) model.

Tape ends

Fig. 5. Current distribution of single pancake coil with 30 turns and 4-
mm height. The REBCO pancake coil is subdivided into 16 in the both
circumferential and transverse direction. The large axial currents is observed
at the REBCO CC tape ends.

IV. SUMMARY

The screening currents in REBCO CC generate an unde-
sired irregular magnetic field. A center magnetic field can
be sufficiently evaluated by the previously proposed methods,
even though the simulated screening current distributions are a
little different. Recently, plastic deformation due to screening
currents attracts attention [7]. The accurate and precise current
distribution is required to compute an accurate stress/strain
map for magnet protection. The proposed LEC model does
not have the drawbacks that the previously proposed methods
have. The comparison between the screening current distribu-
tions obtained by every models will be shown and discussed.
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with distributed inductances and resistances, as shown in Fig.
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are computed considering the winding configuration, and the
resistances are obtained according to n-value power model.
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Screening current REBCO coil

Overview
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# Model Advantages Disadvantages

I Axisymmetric 
FEM
- FEM-based -

• Simple
• Short computation time
• Small memory usage

• Not considering winding 
structure

• No axial current

II FEM + thin film 
approximation 
technique
- FEM-based -

• High accuracy
• Considering winding 

structure and axial current

• Hard to implement
• Long computation time
• Large memory needed
• Special technique (e.g. Fast 

multipole method) needed
• Ignore time-varying axial field

III Simple 
equivalent 
circuit
- Circuit-based -

• Simplest
• Easy to implement
• Possible to couple with NI 

simple simulation

• Poor accuracy
• Not considering winding 

structure
• No axial current

IV Complicated 
network equiv.  
circuit
- Circuit-based -

• High accuracy
• Considering time-varying 

axial field
• Considering winding 

structure and axial current

• Hard to calculate inductances
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Important!

Ø Why is the detailed screening current distribution needed?
ü Mostly, the magnet center is sufficiently 

far from coils having screening current. 
Hence, if the net amount of screening 
current was right, we can obtain the 
accurate screening-current-induced field 
at magnet center.
All the simulation methods can compute 
the magnetic field at magnet center with 
enough accuracy.

ü In recent years, we have an attention to the coil stress. A large stress 
deteriorates the critical current or destroys the REBCO tape mechanically, 
sometimes plastic deformation occurs. Therefore, to know the detailed 
stress, the accurate current distribution is desired.
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These coils have large 
screening currents, 
but are far from the 
magnet center

These coils are close to 
the magnet center,  
but have very small
screening currents.
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I. Axisymmetric FEM
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Modelling Equations

Features

Ø Easy to solve, but hard to generate a mesh
Ø Need a special technique to flow the operating current.
Ø Not exist the axial current
Ø Impossible to model the pancake-winding  structure
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The no-insulation (NI) winding technique [3] greatly con-
tributes a high magnetic field generation. The NI technique
drastically improves the thermal stability of REBCO magnets.
Even if the NI REBCO magnets quenched or a current ex-
ceeded the coil critical current, the NI REBCO magnets were
protected from burning-out, as a function of “self-protecting.”
The NI technique made the way to generate a high magnetic
field with REBCO magnet.
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With the development of the NI winding technique, simula-
tion methods for NI REBCO magnet have also been developed.
The first simulation model consists of a parallel circuit of
the coil inductance and the turn-to-turn contact resistance [3].
Next, some complicated models were proposed such as the
distributed network model [4], the partial element equivalent
circuit (PEEC) model [5], the distributed resistance model [6],
and so on. In these models, a pancake coil is azimuthally
subdivided to some elements which are represented by local
inductance and contact resistance. These model are basically
the same, and the derivation method of local inductances is
different; however the inductance components are neglected
in [6]. In addition, some complicated methods were extended
to take into account the thermal and stress phenomena [5],
[7], [8]. With the development of the simulation technique, the
high thermal stability of REBCO pancake coils were proven,
because the current flows in the coil-radial direction preventing
form the local normal zone. However, recently, a problem on
mechanical stability arised for high magnetic field generation.

First of all, the features of the simulation methods are
introduced, compared, and discussed in this paper. And then,
the stress weakness after quench is shown, and the condition
of quench protection is also discussed.

II. NI REBCO MAGNET SIMULATIONS

There are 3 types of no-insulation (NI) REBCO magnet sim-
ulation models; the simple, the moderate, and the complicated
models, as shown in Fig. ??. The features of these models are
explained below.

A. Simple model
The simple model consists of a radial component of turn-

to-turn contact resistance and a azimuthal component of a coil
inductance and a REBCO tape resistance for one pancake coil
[3]. The equation to be solved is as follows:

L
dIθ
dt

+
RscRmt

Rsc +Rmt
Iθ = Rct(Iop − Iθ) (10)

where L, Iθ, Rsc, Rmt, Rct, and Iop are the coil inductance,
the azimuthal current, the REBCO layer resistance, the matrix
resistance, the contact resistance, and the operating current,
respectively. The coil inductance L is easily computed by a
method in [9], and the turn-to-turn contact resistance Rct is
obtained by measurement or calculated by

Rct =
N−1∑

i=1

ρct
2πriw

(11)

where N , ρct, r, and w are the number of turns, the turn-
to-turn contact resistivity, radius, and REBCO tape width,
respectively [10].
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Ø Disadvantages
ü Screening current flows along the edges of REBCO tapes. Hence, it would 

be overestimated.
ü Current in the z-direction cannot exist. The current at the end of tape 

cannot be simulated correctly.   

Comparison of screening current simulation
modellings of REBCO pancake coils
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Abstract—An irregular magnetic field generated by
screening current in rare-earth barium copper oxide
(REBCO) coated conductor is undesired, when REBCO
magnets are applied to magnetic resonance imaging (MRI),
nuclear magnetic resonance (NMR), particle accelerators.
The screening current-induced fields (SCIF) have been
evaluated in not only experiments but simulations. A
few numerical methods have been proposed for screening
current simulation. Since these methods have different
characteristics, they are compared. Furthermore, a new
screening current simulation model, named “ladder equiv-
alent circuit model,” is proposed.

Keywords—numerical simulation, REBCO magnet, screening
current, screening current-induced field

I. INTRODUCTION

Rare-earth barium copper oxide (REBCO) coated conduc-
tors (CC) are promising for high magnetic field applications;
magnetic resonance imaging (MRI), nuclear magnetic reso-
nance (NMR), particle accelerator, and fusion. Especially for
devices requiring an accurate magnetic field, the screening
current-induced field is undesired. Many kinds of researches
on screening current are underway [1]. To simulate the screen-
ing current, a few simulation methods have been proposed;
simple equivalent circuit model [2], axisymmetric FEM [3],
quasi 3D FEM with thin plate approximation [4].

As these methods have different characteristics, their su-
periority and drawbacks must be clarified. In this paper, the
characteristics of these simulation methods are discussed.
Furthermore, to overcome the drawbacks of these previously
proposed method, a new screening current simulation method
is proposed. The proposed method employs an equivalent
electric circuit consisting of distributed inductances and re-
sistances.

II. SCREENING CURRENT SIMULATION (SEC) MODELS

A. Simple Equivalent Circuit Model
The simple equivalent circuit model [2] is the simplest

among the screening current simulation models. The equiv-
alent screening current circuit is represented with the resistive
and inductive components, as shown in Fig. 1. It is magneti-
cally coupled with the equivalent circuit of a pancake coil. To

make an equivalent circuit, the following rough assumption is
introduced: the screening currents flow along only the top and
bottom surface of pancake coil, like Fig. 1. This model takes
a short computation time, however the accuracy of screening
current-induced field (SCIF) is the worst.
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Fig. 1. Conceptual illustration of simple equivalent circuit (SEC) model.

B. Axisymmetric FEM (A-FEM)

This method is based on 2D axisymmetric finite element
method [3] (Fig. 2(a)). It produces a sufficiently accurate
solution, though mesh-making is a labor task. The major
drawback of this model is that each turn is considered as a
single turn, as shown in Fig. 2(b). Moreover, it is impossible
to represent an axial current. Therefore, there is a possibility
that the screening current is overestimated.

r

z
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(cross-section)

Screening currents

Every turn is not connected with each other.
It looks multipe concentric rings.

Current in z-direction
cannot be expressed.

Single panckae coil

(a) (b)

Fig. 2. (a) Simulation region on rz-plane (A-FEM). (b) Conceptual drawing
of axisymmetric simulation.

C. Quasi 3D FEM (Q3D-FEM) with thin plate approximation

In this model, a current distribution is computed based on
2D FEM [4], as shown in Fig. 3. Each element is supposed to



II. FEM + Thin film approximation
7

Modelling Equations

Features

Ø Hard to implement a code
Ø Long computation time and large memory usage

ü To improve them, a special technique (e.g., fast multipole method) is used.
Ø Considering the pancake-winding structure and the axial current
Ø Ignoring the electrical field induced by the time-varying axial magnetic field
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The no-insulation (NI) winding technique [3] greatly con-
tributes a high magnetic field generation. The NI technique
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drastically improves the thermal stability of REBCO magnets.
Even if the NI REBCO magnets quenched or a current ex-
ceeded the coil critical current, the NI REBCO magnets were
protected from burning-out, as a function of “self-protecting.”
The NI technique made the way to generate a high magnetic
field with REBCO magnet.

With the development of the NI winding technique, simula-
tion methods for NI REBCO magnet have also been developed.
The first simulation model consists of a parallel circuit of
the coil inductance and the turn-to-turn contact resistance [3].
Next, some complicated models were proposed such as the
distributed network model [4], the partial element equivalent
circuit (PEEC) model [5], the distributed resistance model [6],
and so on. In these models, a pancake coil is azimuthally
subdivided to some elements which are represented by local
inductance and contact resistance. These model are basically
the same, and the derivation method of local inductances is
different; however the inductance components are neglected
in [6]. In addition, some complicated methods were extended
to take into account the thermal and stress phenomena [5],
[7], [8]. With the development of the simulation technique, the
high thermal stability of REBCO pancake coils were proven,
because the current flows in the coil-radial direction preventing
form the local normal zone. However, recently, a problem on
mechanical stability arised for high magnetic field generation.

First of all, the features of the simulation methods are
introduced, compared, and discussed in this paper. And then,
the stress weakness after quench is shown, and the condition
of quench protection is also discussed.

II. NI REBCO MAGNET SIMULATIONS

There are 3 types of no-insulation (NI) REBCO magnet sim-
ulation models; the simple, the moderate, and the complicated
models, as shown in Fig. ??. The features of these models are
explained below.

A. Simple model

The simple model consists of a radial component of turn-
to-turn contact resistance and a azimuthal component of a coil
inductance and a REBCO tape resistance for one pancake coil
[3]. The equation to be solved is as follows:

L
dIθ
dt

+
RscRmt

Rsc +Rmt
Iθ = Rct(Iop − Iθ) (12)

where L, Iθ, Rsc, Rmt, Rct, and Iop are the coil inductance,
the azimuthal current, the REBCO layer resistance, the matrix
resistance, the contact resistance, and the operating current,
respectively. The coil inductance L is easily computed by a
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The no-insulation (NI) winding technique [3] greatly con-
tributes a high magnetic field generation. The NI technique
drastically improves the thermal stability of REBCO magnets.
Even if the NI REBCO magnets quenched or a current ex-
ceeded the coil critical current, the NI REBCO magnets were
protected from burning-out, as a function of “self-protecting.”
The NI technique made the way to generate a high magnetic
field with REBCO magnet.

With the development of the NI winding technique, simula-
tion methods for NI REBCO magnet have also been developed.
The first simulation model consists of a parallel circuit of
the coil inductance and the turn-to-turn contact resistance [3].
Next, some complicated models were proposed such as the
distributed network model [4], the partial element equivalent
circuit (PEEC) model [5], the distributed resistance model [6],
and so on. In these models, a pancake coil is azimuthally
subdivided to some elements which are represented by local
inductance and contact resistance. These model are basically
the same, and the derivation method of local inductances is
different; however the inductance components are neglected
in [6]. In addition, some complicated methods were extended
to take into account the thermal and stress phenomena [5],
[7], [8]. With the development of the simulation technique, the
high thermal stability of REBCO pancake coils were proven,
because the current flows in the coil-radial direction preventing
form the local normal zone. However, recently, a problem on
mechanical stability rised for high magnetic field generation.

First of all, the features of the simulation methods are
introduced, compared, and discussed in this paper. And then,
the stress weakness after quench is shown, and the condition
of quench protection is also discussed.

II. NI REBCO MAGNET SIMULATIONS

There are 3 types of no-insulation (NI) REBCO magnet sim-
ulation models; the simple, the moderate, and the complicated
models, as shown in Fig. ??. The features of these models are
explained below.

A. Simple model
The simple model consists of a radial component of turn-

to-turn contact resistance and a azimuthal component of a coil
inductance and a REBCO tape resistance for one pancake coil
[3]. The equation to be solved is as follows:

L
dIθ
dt

+
RscRmt

Rsc +Rmt
Iθ = Rct(Iop − Iθ) (13)

where L, Iθ, Rsc, Rmt, Rct, and Iop are the coil inductance,
the azimuthal current, the REBCO layer resistance, the matrix
resistance, the contact resistance, and the operating current,
respectively. The coil inductance L is easily computed by a

4LOR2B-01 1

Equations
So Noguchi

Abstract—n-power law

Index Terms—Equivalent electric circuit model, REBCO mag-
net, screening current, simulation.

I. INTRODUCTION

EQUATIONS

E = Ec

(
J

Jc

)n

(1)

ρ =
Ec

Jc

(
J

Jc

)n−1

(2)

R = l
Ec

Ic

(
I

Ic

)n−1

(3)

∂R

∂I
= (n− 1)l

Ec

I2c

(
I

Ic

)n−2

(4)

J = Jc

(
E

Ec

) 1
n

(5)

ρ =
E

Jc

(
E

Ec

)− 1
n

=
Ec

Jc

(
E

Ec

)1− 1
n

(6)

R =
lEc

Ic

(
V

lEc

)1− 1
n

(7)

∂R

∂I
=

∂R

∂V

∂V

∂I
= R

1

Ic

(
V

lEc

)− 1
n

=
lEc

I2c

(
V

lEc

)1− 2
n

(8)

∫
qdv =

Rsc +Rstabilizer

RscRstabilizer
I2θ +Rc(Iop − Iθ)

2 (9)

∂

∂z

(
1

µ

∂A

∂z

)
+

∂

∂r

{
1

rµ

∂

∂r
(rA)

}
−
(
σ
∂A

∂t
+ Jop

)
= 0

∇×ρ(∇×T )+
µ0

4π

∂

∂t

∫

v

(∇× T ′)×R

R3
dv = −∂B0

∂t
(10)

{∇×ρ(∇T ×n)} ·n+
µ0d

4π

∂

∂t

∫

s

(∇T ′ × n′)×R

R3
ds′ (11)

= −∂B0

∂t
· n (12)

Manuscript receipt and acceptance dates will be inserted here. This work
was supported by JSPS KAKENHI under Grant 15KK0192. (Corresponding
author: So Noguchi.)

S. Noguchi is with Graduate School of Information Science and
Technology, Hokkaido University, Sapporo 060-0814, Japan (e-mail:
noguchi@ssi.ist.hokudai.ac.jp).

Color versions of one or more of the figures in this paper are available
online at http://ieeexplore.ieee.org.

Digital Object Identifier will be inserted here upon acceptance.

The no-insulation (NI) winding technique [3] greatly con-
tributes a high magnetic field generation. The NI technique
drastically improves the thermal stability of REBCO magnets.
Even if the NI REBCO magnets quenched or a current ex-
ceeded the coil critical current, the NI REBCO magnets were
protected from burning-out, as a function of “self-protecting.”
The NI technique made the way to generate a high magnetic
field with REBCO magnet.

With the development of the NI winding technique, simula-
tion methods for NI REBCO magnet have also been developed.
The first simulation model consists of a parallel circuit of
the coil inductance and the turn-to-turn contact resistance [3].
Next, some complicated models were proposed such as the
distributed network model [4], the partial element equivalent
circuit (PEEC) model [5], the distributed resistance model [6],
and so on. In these models, a pancake coil is azimuthally
subdivided to some elements which are represented by local
inductance and contact resistance. These model are basically
the same, and the derivation method of local inductances is
different; however the inductance components are neglected
in [6]. In addition, some complicated methods were extended
to take into account the thermal and stress phenomena [5],
[7], [8]. With the development of the simulation technique, the
high thermal stability of REBCO pancake coils were proven,
because the current flows in the coil-radial direction preventing
form the local normal zone. However, recently, a problem on
mechanical stability rised for high magnetic field generation.

First of all, the features of the simulation methods are
introduced, compared, and discussed in this paper. And then,
the stress weakness after quench is shown, and the condition
of quench protection is also discussed.

II. NI REBCO MAGNET SIMULATIONS

There are 3 types of no-insulation (NI) REBCO magnet sim-
ulation models; the simple, the moderate, and the complicated
models, as shown in Fig. ??. The features of these models are
explained below.

A. Simple model
The simple model consists of a radial component of turn-

to-turn contact resistance and a azimuthal component of a coil
inductance and a REBCO tape resistance for one pancake coil
[3]. The equation to be solved is as follows:

L
dIθ
dt

+
RscRmt

Rsc +Rmt
Iθ = Rct(Iop − Iθ) (13)

where L, Iθ, Rsc, Rmt, Rct, and Iop are the coil inductance,
the azimuthal current, the REBCO layer resistance, the matrix
resistance, the contact resistance, and the operating current,
respectively. The coil inductance L is easily computed by a
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II. FEM + Thin film approximation
8

Issue

Ø What happens, when the z component of inductance term is neglected?

TFA model Actual model

Infinite thickness

ü Homogeneous into thin direction
due to infinite length

ü Operating current flows along the edge of 
REBCO tape

ü Finite thickness
ü Operating current flows uniformly in REBCO tape

(v component of field must be considered)

Thin film approximation (TFA) assumes (1) very thin film, (2) uniform phenomenon 
in the thickness direction, and (3) no enforced current. Due to (3), the enforced 
current flows along the film edges, like the Bean model. According to the Norris’s 
paper [2], that is wrong.

[2] W. T. Norris, “Calculation oh hysteresis losses in hard superconductors carrying ac: isolated conductors and edges of 
thin sheets, Journal of Physics D: Applied Physics, 3, 489-507, 1969.



III. Simple equivalent circuit
9

Modelling Equations

Features

Ø Easiest
Ø Simple RL parallel circuit method
Ø Short computation time and small memory usage
Ø Not considering the pancake-winding structure and the axial current

It
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Rcti

IctiIqi

RstiRrei

LsciRsci

Lj

Ictj

RstjRrej

LscjRscj
Rctj

Iqj

Mscj,qj

Msci,qi

Msci,scj

ith single pancake coil

jth single pancake coil

Operating current

Self field

Penetrating field

Screening Current

REBCO coils  
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The no-insulation (NI) winding technique [3] greatly con-
tributes a high magnetic field generation. The NI technique
drastically improves the thermal stability of REBCO magnets.
Even if the NI REBCO magnets quenched or a current ex-
ceeded the coil critical current, the NI REBCO magnets were
protected from burning-out, as a function of “self-protecting.”
The NI technique made the way to generate a high magnetic
field with REBCO magnet.

With the development of the NI winding technique, simula-
tion methods for NI REBCO magnet have also been developed.
The first simulation model consists of a parallel circuit of
the coil inductance and the turn-to-turn contact resistance [3].
Next, some complicated models were proposed such as the
distributed network model [4], the partial element equivalent
circuit (PEEC) model [5], the distributed resistance model [6],
and so on. In these models, a pancake coil is azimuthally
subdivided to some elements which are represented by local
inductance and contact resistance. These model are basically
the same, and the derivation method of local inductances is
different; however the inductance components are neglected
in [6]. In addition, some complicated methods were extended
to take into account the thermal and stress phenomena [5],
[7], [8]. With the development of the simulation technique, the
high thermal stability of REBCO pancake coils were proven,
because the current flows in the coil-radial direction preventing
form the local normal zone. However, recently, a problem on
mechanical stability rised for high magnetic field generation.
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The no-insulation (NI) winding technique [3] greatly con-
tributes a high magnetic field generation. The NI technique
drastically improves the thermal stability of REBCO magnets.
Even if the NI REBCO magnets quenched or a current ex-
ceeded the coil critical current, the NI REBCO magnets were
protected from burning-out, as a function of “self-protecting.”
The NI technique made the way to generate a high magnetic
field with REBCO magnet.

With the development of the NI winding technique, simula-
tion methods for NI REBCO magnet have also been developed.
The first simulation model consists of a parallel circuit of
the coil inductance and the turn-to-turn contact resistance [3].
Next, some complicated models were proposed such as the
distributed network model [4], the partial element equivalent
circuit (PEEC) model [5], the distributed resistance model [6],
and so on. In these models, a pancake coil is azimuthally
subdivided to some elements which are represented by local
inductance and contact resistance. These model are basically
the same, and the derivation method of local inductances is
different; however the inductance components are neglected
in [6]. In addition, some complicated methods were extended
to take into account the thermal and stress phenomena [5],
[7], [8]. With the development of the simulation technique, the
high thermal stability of REBCO pancake coils were proven,
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The no-insulation (NI) winding technique [3] greatly con-
tributes a high magnetic field generation. The NI technique
drastically improves the thermal stability of REBCO magnets.
Even if the NI REBCO magnets quenched or a current ex-
ceeded the coil critical current, the NI REBCO magnets were
protected from burning-out, as a function of “self-protecting.”
The NI technique made the way to generate a high magnetic
field with REBCO magnet.

With the development of the NI winding technique, simula-
tion methods for NI REBCO magnet have also been developed.
The first simulation model consists of a parallel circuit of
the coil inductance and the turn-to-turn contact resistance [3].
Next, some complicated models were proposed such as the
distributed network model [4], the partial element equivalent
circuit (PEEC) model [5], the distributed resistance model [6],
and so on. In these models, a pancake coil is azimuthally
subdivided to some elements which are represented by local
inductance and contact resistance. These model are basically
the same, and the derivation method of local inductances is
different; however the inductance components are neglected
in [6]. In addition, some complicated methods were extended
to take into account the thermal and stress phenomena [5],
[7], [8]. With the development of the simulation technique, the
high thermal stability of REBCO pancake coils were proven,
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The no-insulation (NI) winding technique [?] greatly con-
tributes a high magnetic field generation. The NI technique
drastically improves the thermal stability of REBCO magnets.
Even if the NI REBCO magnets quenched or a current ex-
ceeded the coil critical current, the NI REBCO magnets were
protected from burning-out, as a function of “self-protecting.”
The NI technique made the way to generate a high magnetic
field with REBCO magnet.

With the development of the NI winding technique, simula-
tion methods for NI REBCO magnet have also been developed.
The first simulation model consists of a parallel circuit of
the coil inductance and the turn-to-turn contact resistance [?].
Next, some complicated models were proposed such as the
distributed network model [?], the partial element equivalent
circuit (PEEC) model [?], the distributed resistance model [?],
and so on. In these models, a pancake coil is azimuthally
subdivided to some elements which are represented by local
inductance and contact resistance. These model are basically
the same, and the derivation method of local inductances is
different; however the inductance components are neglected
in [?]. In addition, some complicated methods were extended
to take into account the thermal and stress phenomena [?],
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Modelling Equations

Features

Ø Long computation time, and large memory usage
ü They are better than the FEM + thin film approximation.

Ø Considering the pancake-winding structure and the axial current
Ø Considering the electrical field induced by the time-varying axial magnetic field
Ø Extendable to NI simulation

Winding

be thin plate, and the thickness of REBCO is approximated us-
ing a thin plate approximation technique. In order to compute
the magnetic flux density on every element, all the elements
are allocated in 3D space, as shown in Fig. 3.
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Fig. 3. Conceptual image of quasi 3D FEM (Q3D-FEM) with thin plate
approximation.

This method needs a long computation time. A heavy
computation task is also required to compute the magnetic
flux density on every element. Hence, a special simulation
technique, e.g., a fast multipole method [4], is often used.

The phenomenological drawback of this model is to neglect
the thickness of REBCO layer. Since the current screening
is simulated on 2D plane, the transport current is slowly
penetrating into the middle of REBCO layer [5]. According
to [6], the transport current should flow on not only the edge
but the middle of REBCO layer.

D. Comparison Summary

Table I lists the phenomenological features of models.

TABLE I
PHENOMENOLOGICAL FEATURES OF MODELS

Features SEC A-FEM Q3D-FEM
Spatial resolution of current × © ©
Current in axial direction × × ©
Winding structure of coil × × ©
Thickness of REBCO CC × © ×

©: good, ×: not good

III. LADDER EQUIVALENT CIRCUIT (LEC) MODEL

In the proposed LEC method, a REBCO CC is represented
with distributed inductances and resistances, as shown in Fig.
4. The REBCO CC is divided into many short circuits in
the longitudinal and transverse directions. The inductances
are computed considering the winding configuration, and the
resistances are obtained according to n-value power model.

Fig. 5 shows an example of simulation result. In the
simulation, the current distribution of single pancake coil was
obtained under the conditions of 10-A transport current and
external radial magnetic field time transient dBr/dt = 0.01
T/s. The proposed method can take into account the phenom-
ena of axial currents, winding structure, and REBCO layer
thickness effect.

Winding

REBCO CC

Single pancake coil

Fig. 4. Conceptual illustration of ladder equivalent circuit (LEC) model.

Tape ends

Fig. 5. Current distribution of single pancake coil with 30 turns and 4-
mm height. The REBCO pancake coil is subdivided into 16 in the both
circumferential and transverse direction. The large axial currents is observed
at the REBCO CC tape ends.

IV. SUMMARY

The screening currents in REBCO CC generate an unde-
sired irregular magnetic field. A center magnetic field can
be sufficiently evaluated by the previously proposed methods,
even though the simulated screening current distributions are a
little different. Recently, plastic deformation due to screening
currents attracts attention [7]. The accurate and precise current
distribution is required to compute an accurate stress/strain
map for magnet protection. The proposed LEC model does
not have the drawbacks that the previously proposed methods
have. The comparison between the screening current distribu-
tions obtained by every models will be shown and discussed.
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The no-insulation (NI) winding technique [3] greatly con-
tributes a high magnetic field generation. The NI technique
drastically improves the thermal stability of REBCO magnets.
Even if the NI REBCO magnets quenched or a current ex-
ceeded the coil critical current, the NI REBCO magnets were
protected from burning-out, as a function of “self-protecting.”
The NI technique made the way to generate a high magnetic
field with REBCO magnet.
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The no-insulation (NI) winding technique [3] greatly con-
tributes a high magnetic field generation. The NI technique
drastically improves the thermal stability of REBCO magnets.
Even if the NI REBCO magnets quenched or a current ex-
ceeded the coil critical current, the NI REBCO magnets were
protected from burning-out, as a function of “self-protecting.”
The NI technique made the way to generate a high magnetic
field with REBCO magnet.
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The no-insulation (NI) winding technique [3] greatly con-
tributes a high magnetic field generation. The NI technique
drastically improves the thermal stability of REBCO magnets.
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The no-insulation (NI) winding technique [3] greatly con-
tributes a high magnetic field generation. The NI technique
drastically improves the thermal stability of REBCO magnets.
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The no-insulation (NI) winding technique [3] greatly con-
tributes a high magnetic field generation. The NI technique
drastically improves the thermal stability of REBCO magnets.
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The no-insulation (NI) winding technique [3] greatly con-
tributes a high magnetic field generation. The NI technique
drastically improves the thermal stability of REBCO magnets.
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IV. Complicated network equivalent circuit
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Ø Acceleration and downsizing
ü The inductance is a function of 1/R. The mutual inductance slightly 

changes with distance. The mutual inductance at arbitrary points of a 
pancake coil from arbitrary points of the other pancake coils does not 
largely change. Eventually, it is possible to use the mutual inductance at 
arbitrary points of a pancake coil from a whole pancake coil in the 
complicated network circuit model. i.e., the screening current can be 
computed for each individual pancake coil. 

Mutal inductances are 

almost the same, beause

they are inversely 

proportional to the 

distance. 

Combine all the 
inductance 
components in 
the whole lower 
coil

When computing the current 
distribution on the upper coil

1 turn

1 turn1 turn

All turns 
in lower coil



V. Simulation Result
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Ø Simulation example #1

Charging
Evaluation of magnetic-field distribution by screening 
current in multiple REBCO coils, by H. Ueda, et al, in IEEE 
Trans. Appl. Supercond., 25(3) 2015, 4700705 

Complicated Network (CN)
FEM+TFA
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V. Simulation Results
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Ø Simulation example #2

ü LBC3 (45.5-T magnet)
• 2,717 turns in total
• 14.4 T generation inside 31.1 T

Charging

Current

Current density
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Screening current REBCO coil

Summary
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Axisymmetr
ic FEM

FEM + Thin 
film approx.

Simple 
equiv. circ.

CN equiv. 
circuit

Accuracy △ ○ △ ◎

Implementation △ × ◎ ×

Computation time ○ × ◎ ○

Memory usage △ × ◎ ○

Preparation △ × ◎ △

Special technique Needed Needed Not needed Not needed

Axial current × ○ × ○

Winding structure × ○ × ○

Time-varying axial field ○ × × ○

Special coil shape × ○ △ △

Possible to simulate NI coil × × ◎ ◎

FEM based Circuit based



Alternatively simulated

Stress Simulation Considering Screening Current
15

SC simulation Elastic simulation

Screening
Current

Magnetic 
Field

SC simulation Elastic simulation Elastic simulation

Comparing with a simulation without consideration of coil deformation:
ü By changing the angle of magnetic field to REBCO tape, an accurate 

screening current can be simulated.
ü By changing the angle of magnetic field to c-axis, 

Jc also changes, 



5-turn test coil

Stress Simulation Considering Screening Current
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A small test coil was charged inside an external magnet.
Ø Test coil was placed 25 cm away from the midplane.
Ø Operation profile is shown bellow.
Ø Screening current and elastic simulation were done. External 

magnet
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Stress Simulation Considering Screening Current
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Current distribution with Field Vectors

With considering deformation
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Conclusion
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• A few screening current models have been 
proposed, each model have different features.
ü Axisymmetric FEM
ü FEM + thin film approximation
ü Simple equivalent circuit
ü Complicated network equivalent circuit

(newly developed)
• Coil deformation must be considered to accurately 

simulate screening current.
• Benchmarks are needed as soon as possible.



Thank you for listening!
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