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Abstract—We have characterized nonlinear current transport
properties in a coated conductor as a function of temperature, mag-
netic field vector and mechanical strain, and then have developed a
thermally-electromagnetically-structurally coupled analysis code
for a high-field magnet coil. The distributions of heat generation
and electromagnetic force in the coil are computed by electromag-
netic analysis. Then, the temperature distribution and the strain
distribution are correspondingly calculated by thermal analysis
and by structural analysis. Furthermore, both of them are fed back
to the electromagnetic analysis. These analyses are based on finite
element method, and are repeated until the convergence. By taking
a design example of a 40 T class magnet coil using a GdBCO coated
conductor, we have discussed the necessity of the consideration of
thermally-structurally influenced transport properties in the coil
for the coil design.

Index Terms—Coupled analysis, finite element method, GdBCO
coated conductor, high-field magnet, HTS coil.

I. INTRODUCTION

T HE second-generation high temperature superconducting
(HTS) wires such as REBCO (RE: Y, Gd and so on)

coated conductor (CC) has been steadily developed in recent
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years [1]–[4]. In the United States, for example, SuperPower
Inc. has scaled up the length of YBCO CC [1], and then has
succeeded in fabricating 1311 m long CC with the minimum
critical current of 153 A/cm [2]. In Japan, on the other hand,
GdBCO CC has also been researched and developed as a
national project [3], and this has finally resulted in very large
end-to-end critical current of 350 A/cm for 504 m long CC [4].

As is well known, significant advantages of CCs are very
good transport properties against magnetic field thanks to
REBCO materials and very high mechanical strength based on
the substrates such as Hastelloy [5]. This means that the CCs
can generate high magnetic field by a coil and can mechanically
tolerate the corresponding electromagnetic force. Therefore,
CCs have been greatly expected to be utilized for high-field
coil systems such as magnet, SMES and NMR [5]–[7].

However, the design of a high-field coil using CCs is a chal-
lenging problem because we must consider too much about their
current density versus electric field characteristics. The
first is their temperature dependence. The coil will have temper-
ature distribution in diverse ways depending on the relationship
between the heat generation and the cooling condition. Thus,
we should consider its influence on the current capacity of the
coil. The second is magnetic field vector dependence. CCs have
many kinds of pinning center (PC), and this brings relatively
complicated dependence on magnetic field angle [8]. Therefore,
we must carefully characterize such magnetic anisotropy for the
coil design. The last is mechanical strain dependence. As for
high-field coil, large stress and strain are applied to the con-
ductor by electromagnetic force. On the other hand, char-
acteristics in CCs are influenced by the strain although the CCs
can reversibly tolerate such large strain. [9]–[12]. Hence, we
should also discuss its influence on the transport performance
of the coil.

Given this factor, we have characterized properties in a
REBCO CC as a function of temperature, magnetic field vector,
mechanical strain, and then have developed a thermally-electro-
magnetically-structurally coupled analysis code for a high-field
magnet coil. In this paper, the properties are character-
ized for a GdBCO CC with critical current of 350 A/cm, and the
coupled analysis is carried out for a design example of a 40 T
class magnet coil using the CC.

1051-8223/$25.00 © 2009 IEEE
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II. ANALYSIS METHOD

A. Expressions for Coated Conductor

Nonlinear current transport characteristics in HTS materials
are well understood by percolation transition model [13]. In par-
ticular, their characteristics are given by the following
expressions using the minimum value, , the half value of
width, , and a parameter representing the shape, , of local
critical current density distribution [14]–[18]:

for

for
(1)

where is resistivity at uniform flux flow. On the other hand,
the minimum strength of pinning force density, ,
can be expressed as follows using the scaling function with
glass-liquid transition magnetic flux density, [15]–[18]:

(2)

where , , and are pin parameters.
is also given by the same form as (2). Furthermore, temperature
dependence of can be expressed by the following expres-
sion [16]–[18]:

(3)

where , and are numerical parameters. By introducing (2)
and (3) into (1), we can obtain the characteristics as a
function of temperature, , and magnetic field, .

On the other hand, especially for CCs, the parameters’ values
are different depending on the applied angle of magnetic field
because the corresponding dominant PC is also different [18]. In
this study, we consider three kinds of PCs, i.e., -plane-corre-
lated PC, random point PC and -axis-correlated PC, in order to
describe the characteristics also as a function of the mag-
netic field angle, . Fig. 1 shows a typical comparison of critical
current density, , versus between the analytical expressions
and experimental data obtained for the GdBCO CC. The value
of is defined for the GdBCO layer with the thickness of 1.2

. As shown in the figure, the expressions can describe the ex-
perimental data very well at 65 K and 20 K, and also can predict
the data at 4 K (the experimental data at 4 K includes large error
in because of the failure of rotating machinery for the sample).
We will report the detailed formulation of this separately.

In addition, in order to consider the influence on mechanical
strain, , on the characteristics, we introduce the following
expression which has already been proposed by J. W. Ekin for
effective upper magnetic field of a conductor [19]:

(4)

Fig. 1. Comparison of critical current density versus applied angle of magnetic
field characteristics between experimental data and analytical expressions ob-
tained for a GdBCO CC. The critical current density is defined for the GdBCO
layer with the thickness of 1.2 ��. The experimental data at 4 K includes large
error in angle due to a temporary failure of rotating machinery.

Fig. 2. Comparison of normalized critical current density versus applied ten-
sile strain characteristics between experimental data and analytical expressions
obtained for a GdBCO CC at 77 K.

where and are numerical parameters, and is a correction
value to compensate for the conductor to intrinsic strain for the
superconducting material, . Fig. 2 shows a com-
parison of axial strain dependence on critical current density
normalized by its maximum value, , between
the analytical expressions and experimental data obtained for a
GdBCO CC. As shown in the figure, the strain dependence can
be described very well. We will report the details about the ex-
perimental systems, the results and the formulation elsewhere.

Using these formulations, the current transport properties in
REBCO CC are given as a function of temperature, magnetic
field, its angle and mechanical strain: .

B. Coupled Analysis Code for High-Field Magnet Coil

Fig. 3 shows the conceptual diagram of the thermally-electro-
magnetically-structurally coupled analysis code for a high-field
magnet coil. The analysis code is composed of three mod-
ules. The first is an electromagnetic analysis module. The

characteristics in the CC are introduced into
this module. The second is a thermal analysis module. The
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Fig. 3. Conceptual diagram of a thermally-electromagnetically-structurally
coupled analysis code for a high-field magnet coil. The parenthetic items are
not considered for the results shown in this paper.

third is a structural analysis module. Each of the three modules
employs finite element method (FEM).

In this paper, only the steady state is discussed, and the anal-
ysis are carried out only in the conditions where the parenthetic
items in Fig. 3 can be neglected The corresponding analysis pro-
cedure for each value of transport current, , can be described
as follows:

(I): Electromagnetic analysis calculates the distribution of
electromagnetic force in the coil. Uniform distributions
of temperature and strain are assumed here:
and for every element where is operating
temperature.

(II): Structural analysis estimates the deformation of the coil.
The corresponding strain distribution is fed back to the
electromagnetic analysis.

(III): Electromagnetic analysis recalculates the distribution of
heat generation in the coil.

(IV): Thermal analysis calculates the distributions of temper-
ature in the coil. The obtained temperature distribution
is fed back to the electromagnetic analysis.

(V): Items (III) and (IV) are repeated until the convergence.
However, the calculation is also stopped when the max-
imum temperature in the coil, , exceeds critical tem-
perature of the conductor, . This means quench will
occur in such operating conditions. and .

C. Example of GdBCO Coil for Coupled Analysis

Fig. 4 illustrates an example of a GdBCO coil to be ana-
lyzed. A GdBCO CC with critical current of 350 A fabricated
by IBAD-PLD process is supposed to be used for the winding.
The width of the CC is 10 mm, and the thickness is 0.12 mm
including 100 of Hastelloy, 1.2 of GdBCO and 20
of silver layers. The winding is impregnated with epoxy resin,
and the corresponding volume ratio of the CC is 50%. The in-
side diameter, the outside diameter and the height of the coil are
optimized only by electromagnetic analysis under the following
constraint conditions:

• The maximum magnetic field generated by the coil, ,
is 40.0 T.

Fig. 4. Illustration of a design example of a 40 T class coil to be analyzed. An
IBAD-PLD GdBCO CC with critical current of 350 A at 77 K and self-field is
supposed to be used for the winding, which is impregnated with epoxy resin.
The corresponding volume ration of the CC is 50%.

Fig. 5. Analysis results on transport current versus voltage characteristics of
the coil. The characteristics are obtained by means of three kinds of analysis
procedure. The horizontal axis as well as the vertical axis is logarithmic scale.

• Operating temperature is 4.2 K on the assumption of liquid
helium cooling.

• Transport current does not exceed critical current, , ev-
erywhere in the coil. In other words, the maximum electric
field in the coil, , is not larger than the electric field
criterion, .

• Hoop tensile force applied to one turn of the coil, , does
not exceed 1.0 kN everywhere in the coil. It has been re-
ported that a CC with Hastelloy substrate can reversibly
tolerate such large tensile force [12]. The corresponding
tensile strain is roughly estimated to be 0.5%.

• Lower limit of the inside diameter is set to be 30 mm ac-
cording to past achievements of a small coil using the CC
[20], [21].

III. RESULTS AND DISCUSSION

Fig. 5 shows the analysis results on transport current versus
voltage, , characteristics of the coil. The characteristics are
obtained by means of three kinds of analysis procedure. The
first is electromagnetic analysis only (just item (I) is executed).
The second is electromagnetically-structurally coupled analysis
where influences of the strain distribution on the characteristics
are considered (items (I)–(III) are carried out). The third is ther-
mally-electromagnetically-structurally coupled analysis where
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Fig. 6. Analysis results on transport current versus the maximum electric field
characteristics in the coil. The horizontal axis as well as the vertical axis is log-
arithmic scale.

influences also of the temperature distribution are taken into ac-
count (items (I)–(V) are completed). Fig. 6 also shows the corre-
sponding results on transport current versus the maximum elec-
tric field characteristics in the coil.

A. 40 T Coil Designed Only by Electromagnetic Analysis

The shape of the characteristics obtained only by
electromagnetic analysis is convex upward on the double
logarithmic plot, and this kind of the shape is well known for

characteristics of HTS materials in glass state [13]. The
broken line indicating in Fig. 5 means that the
average electric field of the coil, , is equal to the criterion

because the total length of the CC
used for the coil is 8.1 km. Such a criterion is often used for
the definition of the critical current of HTS coils because it is
relatively convenient only to monitor their terminal voltage.
In this analysis, the corresponding transport current is 700 A.
However, as shown in Fig. 6, is estimated to be 30 times
larger than for such transport current. On the other hand,

is estimated for , and this is the design
point of the coil for the generation of .

Fig. 7 shows the detailed results on the coil at the design point.
The is generated inside the bore near the inner-
most layer of the coil. The region of large is spread in that of
small (almost parallel to the broad surface of the CC) as well
as in that of low . In particular, is large for almost in-
dependently of . This can be recognized as an effect of strong
flux pinning by -plane correlated PC (see Fig. 1). In contrast,
the minimum value of , is located near the middle layer
on the top and bottom edges in the coil. The is
determined by and . These are the results
at the designed point only by electromagnetic analysis.

B. 40 T Coil Analyzed by Coupled Analysis Code

However, as shown in Figs. 5 and 6, it has been suggested
from the thermally-electromagnetically-structurally coupled
analysis that the coil cannot keep superconducting state for such
a designed transport current of 670 A. In this case, is
estimated as the maximum current capacity of the coil although

is still smaller than .

Fig. 7. Electromagnetic analysis results on the distributions of magnetic field,
its angle, critical current and electric field at the transport current of 670 A.

Fig. 8. Coupled analysis results on the distributions of hoop tensile force, ten-
sile stress, heat generation and temperature at the transport current of 660 A.

Fig. 8 shows of the detailed results of the coupled analysis
at the . For this transport current,

is estimated only by electromagnetic analysis. On
the other hand, tensile strain is induced in the coil as shown
in the figure. The distribution of the strain is slightly different
from that of hoop tensile force (which is given by the product
of magnetic field parallel to the coil’s axis, transport current
and bending radius, [22]). If each turn of the coil can move
freely, the distribution of the two should be the same. However,
structural analysis can consider the interaction between adja-
cent turns. Then, inner turn tends to move with outer turn in
radial direction. If the displacement in the radial direction, ,
is the same, larger strain is induced in the turn with smaller
because the tensile strain is given by . Accordingly, the re-
gion of large tensile strain is shifted inward compared with that
of hoop tensile force. Anyway, the maximum strain is 0.48%,
and this can be reversibly tolerated by the CC. However, lager

is estimated due to the strain. Further-
more, such electric field means the existence of heat generation.
As a result, temperature rises from 4.20 K to 4.54 K, and then
balances at even larger . These are the
coupled analysis results obtained at .

On the other hand, if the transport current is larger than 660 A,
such vicious circle of increasing temperature and electric field
does not permit the coil to be stabilized in superconducting state.
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Therefore, the maximum current capacity of the coil is estimated
to be 660 A although the designed value of the transport current
is 670 A for . It should be noted that such a
difference can be obtained even though the analysis is carried
out for relatively ideal conditions: liquid helium cooling and
perfect impregnation with epoxy resin. This strongly indicates
that the influences of temperature rise and mechanical strain in
the coil should be taken into account for the design of high-
field magnet coils. Furthermore, additional mechanical strain
will be applied to the CC at the stages of coil winding at room
temperature and cooling down to 4.2 K. We believe that we will
also be able to understand such influences by improving this
coupled analysis method.

IV. CONCLUSION

We have characterized current transport properties of a
GdBCO CC as a function of temperature, magnetic field
vector and mechanical strain, and then have carried out a
thermally-electromagnetically-structurally coupled analysis
for a design example of a 40 T class coil. We have shown
the influences of temperature rise and mechanical strain on
the transport performance of the coil, and have indicated the
necessity of the consideration of such influences for the design
of high-field magnet coils using CCs.
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