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AC Losses in HTS Tapes and Devices With
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Resistivity-Adaption Algorithm
Chen Gu, Timing Qu, Xiaofen Li, and Zhenghe Han

Abstract—Alternating current (ac) losses in high-temperature
superconductor tapes and devices with transport current are
solved by using the resistivity-adaption algorithm (RAA). The
most advanced feature of the RAA is that it enables the simulation
of any model derived from the flux motion theory on finite-element
analysis (FEA) packages that have an eddy current solver. The
principle of the RAA, as well as its realization on the ANSYS FEA
package, is introduced. The simulation begins with the calculation
of the ac loss of an ellipse and of strips with aspect ratios ranging
from 50 to 2000. The accuracy and efficiency of the calculation are
verified through comparisons with the Norris theoretical curves.
The possible errors and the method to overcome such errors are
discussed. The most significant improvement in the proposed RAA
from that discussed in a previous study is that the RAA was proven
to be valid for calculating the field-dependent critical state model
by using the descendant process from +Im to −Im . We then
extend this method to calculate the transport ac loss of a stack
of ellipses with Jc (B) characteristic from a typical Bi2223/Ag
tape and the transport ac loss of a stack of strips with Jc (B)
characteristic from a typical YBCO-coated conductor.
Index Terms—AC loss, finite-element analysis (FEA), flux motion, numerical simulation, resistivity adaption.

I. I NTRODUCTION

O

NE OF THE main advantages of high-temperature superconductors (HTS) over low-temperature superconductors
is their capacity to tolerate dynamic excitation attributed to
cryogenic stability. This characteristic increases the potential
applications of HTS materials in electrical devices, which basically work under a 50–60 Hz environment. Numerous on-grid
HTS electrical demonstrators have been developed worldwide
and have been in safe operation for years [1], [2]. However, for
devices working under a dynamic environment, alternating current (ac) loss will be a major hindrance to the wide acceptance
of such devices at a commercial scale because ac loss reduces
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cryogenic stability and efficiency. We therefore need to evaluate
the ac loss of the device accurately and then try every means to
reduce the ac loss at the design stage. Accurate measurement
of the ac loss of HTS devices by using the electric method is
generally faced with two challenges. First, the inductive voltage
of HTS devices, particularly those with a large number of turns
and with ferromagnetic circuits will inevitably be added into
loss signal. Second, HTS devices operated under a complex
work environment interact with ferromagnetic circuits and HTS
[3], which results in an unexpected transient excitation from the
power grid [4]. Thus, we heavily rely on numerical simulation
at the beginning of the design phase to understand further the
ac loss of the device in a complex situation.
To calculate the ac loss of HTS with simple configurations,
the method originally proposed by Brandt [5] has already been
extensively developed [6] that it can even calculate the tape
with ferromagnetic substrates [7]. To calculate the ac loss of
the HTS with complex configurations or with more than one
turns, the finite-element analysis (FEA) method has always
been used. In the FEA calculation, the E−J power law that
was derived from the thermally activated flux creep (FC) model
[8] was substituted into time-field partial differential equations
(PDEs). The variables of PDEs could be magnetic field H
based [9]–[11], magnetic vector potential A based [12], and
current vector potential T based [13], [14]. PDEs can be solved
by using commercially available FEA software [15], [16],
which provides additional convenience in geometry building
and postprocessing. The method that uses the E−J power law,
in principle, obtains a time-dependent solution and requires at
least two cycles to reach a sinusoidal steady state [15], [17].
If we decide to minimize computation time and to obtain
a time-independent solution, HTS should be described by the
critical state model (CSM), in which the local current density
could only be −Jc , 0, and +Jc . The methods by which to
determine the local J vary. Pardo et al. used the minimum
magnetic energy variation method to determine J and later
extended the method to simulate the ac loss of the coil structure
[18], [19]. Campbell suggested that J could be approximately
derived from a function of A difference [20]. Gomory et al.
later realized this method on the COMSOL Multiphysics environment and calculated the ac loss of coated conductors with a
ferromagnetic part [21], [22].
In this paper, a resistivity-adaption algorithm (RAA) is introduced. The RAA resembles a bridge that links arbitrary models
derived from the flux motion theory by using FEA packages
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II. P RINCIPLE AND R EALIZATION OF THE RAA
A. Principle of the RAA

Fig. 1. Schematic of a conductor, which is divided into elements with local
resistivity. All the elements are assumed to be connected in a parallel manner.

that have an eddy current solver. FEA packages embedded
with RAA will have new features that can simulate the field
penetration and, thus, the ac loss of the HTS based on a given
flux motion theory. The RAA was first used in an attempt to
build a bridge between the Bean model [23] and the ANSYS
FEA package [17], [24]. The RAA was later successfully used
to calculate the ac loss of a cylinder in the description of the FC
model [25], [26]. Farinon et al. made a great contribution to the
RAA by systematically studying the iteration algorithm, which
significantly reduced the convergence time while improving the
accuracy [27].
The calculation of ac loss based on the Bean model achieves
the fastest calculation speed by considering only one Im state,
where Im is the peak current in one cycle. However, such
calculation cannot accurately predict the ac loss of an HTS that
has a Jc (B) characteristic. In such a case, the ac loss of the
HTS has to be obtained by integrating serial states along the
descendent process from Im to −Im . However, the simulation
of the CSM in the descendent process will be limited by a
theoretical difficulty. The difficulty lies in the lack of a precise
definition of resistivity for the inner points that have no energy
dissipation. Thus, the rigorous modeling of the current profile
as it should be described by the CSM cannot be realized. In
this calculation, the difficulty of the RAA is demonstrated by a
current density profile in the descendant process. Inner points
evidently exhibit current decay, which breaks the rigorous current distribution. However, the current density profile and, later,
the accuracy examined by the Norris curve also proved that
such difficulty does not negatively affect the calculation. After
the verification of the effectiveness of the RAA, the transport
ac loss of a stack of ellipses with Jc (B) characteristic from a
typical Bi2223/Ag tape and the transport ac loss of a stack of
strips with Jc (B) characteristic from a typical YBCO-coated
conductor are calculated.
The structure of this paper is organized as follows: The
principle of the RAA, as well as its realization on the ANSYS
platform, is given in Section II. In Section III, the accuracy and
efficiency of the RAA are verified by comparing the simulation
results with Norris curves. The strip with an aspect ratio of up
to 2000 is tested, and the RAA’s capability to simulate YBCOcoated conductors is exhibited. Techniques that help reduce the
computation time while improving accuracy are also given here.
In Section IV, the ac loss of a stack of ellipses with Jc (B)
characteristics from a typical Bi2223/Ag tape and the ac loss
of a stack of strips with Jc (B) characteristics from a typical
YBCO-coated conductor are studied.

As shown in Fig. 1, the principle of the RAA is based on
the fact that the field penetration into HTS can always be
simulated by using a field diffusion process that is similar to
that in a conventional conductor, which is divided into elements
that have local resistivity. All the elements are assumed to be
connected in a parallel manner. Under a low-frequency dynamic
excitation, when the permeability of each element is a constant,
the eddy current in each element could be phenomenologically
expressed as joint functions from all elements as
⎧
J1 = f1 (ρ1 , ρ2 , ρ3 , . . . , ρn )
⎪
⎪
⎨ J2 = f2 (ρ1 , ρ2 , ρ3 , . . . , ρn )
(1)
..
⎪
.
⎪
⎩
Jn = fn (ρ1 , ρ2 , ρ3 , . . . , ρn )
where ρ1,2,3,...,n is the resistivity of each element, f1,2,3...,n are
nonlinear functions in the space, and J1,2,3...,n are subject to the
specific models describing the HTS. For the CSM, J is equal to
J = |Jc (B)|

(2)

where Jc (B) is a field-dependent critical current density. For
the FC model, J is equal to
  n1
E
(3)
J = Jc (B)
Ec
where Ec is the critical electric field defined as 1 μV/cm,
and n is a power law index. Equation (1) is, fundamentally,
a system of nonlinear equations. As long as the resistivity
of each element is given, the items in the right side of (1)
could be solved by any FEA package that has an eddy current
solver. Therefore, the core of the RAA lies in identifying a
group of resistivity that can satisfy the current density defined
as (2) and (3) or other models derived from the flux motion
theory. The system of equations can be transformed into a
multiobjective optimization problem [28]. Every equation in
the system represents an objective function with the goal of
minimizing the difference between the right and left terms of
the corresponding equation and can be numerically solved by
an iteration process. The flow of the iteration is shown in Fig. 2.
In the iteration process, J is repeatedly compared with the
target current density and the approach to the target according
to an optimization algorithm. FEA packages are responsible
for steps 1, 2, 3, 5, and 7; whereas self-developed codes are
responsible for steps 4 and 6. A number of modern algorithms,
such as the evolutionary algorithm, that are intended to solve
multiobjective problems have been widely used. However, in
the previous paper [17], [27], the classical iteration algorithm
was proven to be effective and efficient.
The RAA has so far been successfully applied in calculations
of ac losses for an HTS described by the Bean and FC models.
However, the RAA is met with a theoretical difficulty in the
simulation of the CSM in the descendant process. The difficulty
lies in the lack of a precise definition of resistivity for inner
points that have no energy dissipation. Thus, the rigorous
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B. Equations Behind ANSYS and Loss Calculation
According to the principle of the RAA, any FEA package
that has an eddy current solver could be taken as a platform to
simulate a field penetration process into HTS. We finally select
the ANSYS [24] FEA package. The most attractive feature of
ANSYS is the parametric design language that enables us to
manipulate current density and, most importantly, resistivity, in
each element. The degrees of freedom of ANSYS for solving
eddy current is the magnetic vector potential A. Other variables
are derived from A as

Fig. 2. Diagram of the iteration process to realize the RAA. FEA packages
are responsible for steps 1, 2, 3, 5, and 7.

modeling of the current profile as it should be described by the
CSM cannot be realized.
The equivalent resistivity defined in the RAA must associate
energy dissipations generated by the flux motion. When an HTS
is described by the FC model, flux motion and energy dissipation occur at any point where the current density exists regardless of the initial penetration and the descendant process. The
equivalent resistivity reflecting the energy dissipation could be
given, thus demonstrating the effectiveness of the RAA. When
an HTS was described by the CSM, in the initial penetration
from 0 to +Im , such resistivity could be also given to any point
where local flux motion and current density simultaneously
appear. However, during the descendant process from +Im to
−Im , flux motion cannot reach some inner points, where the
current will remain the same as it was in the initial penetration.
Given the lack of energy dissipation, rigorous resistivity cannot
be given for the inner points, as required by the RAA. Without
rigorous resistivity, the retention of current profile in the inner
points will be a technical difficulty. This difficulty was partially
solved by the RAA itself. The RAA was realized through an
eddy current solver, where resistivity has to be defined even for
inner points that have no external flux motion. Although this
resistivity has no relation to the superconductivity behavior, the
method by which to determine the resistivity will still obey
the RAA rule, i.e., determined by the iteration process. The
existence of resistivity in such points will result in energy
dissipation and, thus, flux motion. The flux motion enables
the retention of current distribution as it was in the initial
penetration. However, the current will inevitably decay, which
will consequently break the rigorous current distribution, as
required by the CSM. In the next section, we will further discuss
this decay. Moreover, we will show that this decay did not
negatively affect the calculation.

B =∇ × A

(4)

E = − ∂z φ − ∂t A

(5)

1
1
J = − ∂t A − ∇φ
ρ
ρ

(6)

where B is the magnetic field, E is the electric field, and φ is the
electrical scalar potential. In a 2-D simulation, the cross section
of the conductor is considered in the xy plane, A and J have
only a z-component, and φ is uniform across the whole cross
section. If (x0 , y0 ) is a location where E = 0, then φ along the
z-direction can be calculated as
∂z φ = −∂t Az (x0 , y0 ; t)

(7)

where x0 and y0 are the coordinates at the points where E is
equal to 0.
For an HTS that obeys the Bean model, ac loss could be
simply calculated by an integration at Im [29], i.e.,

Q(Im ) = 4 J(x, y)ψ(x, y)d S
(8)
S

where ψ(x, y) is the unit flux between an arbitrary point and a
kernel, i.e., a current free location. ψ in terms of Az could be
concisely expressed as
ψ(x, y) = Az (x, y) − Az (x0 , y0 )

(9)

where Az (x0 , y0 ) is the magnetic vector potential at the kernel.
For more general situations, ac loss per unit length and per cycle
is given by

Q = dt J(x, y; t)E(x, y; t)dx dy.
(10)
As strongly suggested by Pardo et al. [18], the time integration
of (10) should be replaced by the current integration, which
yields more accurate results than the time integration. Substituting (5) and (7) into (10) and using ∂t A = ∂t I∂I A and
dI = ∂t Idt, we obtain


Im
Q=2

dI

J(x, y; I)

−Im

× [∂I Az (x0 , y0 ; I) − ∂I Az (x, y; I)] dx dy

(11)
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where integration is performed over the descendent process
from Im to −Im . ∂I Az (x, y; I) is defined as
∂I Az (x, y; I) =

Az (x, y; Ik+1 ) − Az (x, y; Ik−1 )
Ik+1 − Ik−1

8201708

TABLE I
C ALCULATED AC L OSS OF E LLIPSE W ITH D IFFERENT S UBSTEPS .
T HE R ESULTS A RE N ORMALIZED BY THE T HEORETICAL
VALUE G IVEN BY N ORRIS

(12)

where k is the number of the substeps along the descendant
process.
C. Current Excitation
ANSYS is chosen as the platform for its flexible excitation
options. The excitation of current and field is implemented
in different ways. Transport current could be applied in three
different ways. Similar to the excitation of external fields, the
transport current could be achieved by applying a constant
Az along a boundary in terms of the Ampere law, i.e., I =
1/μ0 ∇ × Adl. However, this method requires iterations to
reach the aimed current [22]. We normally ignore this method
in real applications.
The other two methods will use the inner functions of the
FEA software package, which can apply a current in a simple
manner. For example, ANSYS can use the “F” command to
apply current, as we introduced in a previous paper [17]. An improved method that employs circuit-electromagnetic coupling
is strongly recommended in this paper. Circuit124, which is an
element used to represent current sources and circuits between
HTS, is coupled with Plane53, which is an element used to
represent the HTS parts. This method can be conveniently used
to apply the current in each turn of a stack. We recommend this
coupling method to replace the “F” command because it can
be conveniently used to establish a series or parallel connection
between multiturns. In addition, it allows the ac loss in HTS to
be transferred during circuit simulation.
III. E FFICIENCY AND ACCURACY OF THE C ALCULATION
A. Comparison With the Norris Elliptical Line and Techniques
to Improve the Accuracy in Limited Substeps
Accuracy must be verified before applying the RAA to more
complicated situations. Norris curves provide the best comparison. In the previous study [17], the ac loss was calculated by
(8), and a comparison with the Norris elliptical line showed
that an accuracy of better than 99% could be easily achieved
even on a personal computer seven years ago. To prepare for
the calculation of the ac loss of an HTS that has an Ic (B)
characteristic, the ac loss of an ellipse is obtained from the
descendent process. The geometrical parameters of the ellipse
are extracted from the HTS cross section of a typical Bi2223/Ag
multifilamentary tape. The semimajor and semiminor axes of
the ellipse are set to 3.878 and 0.1623 mm, respectively; and
the self-field critical current of the ellipse is set to 120 A.
Only half of the ellipse is built. The half-ellipse is first divided
into two regions coaxially according to whether the region will
carry a current or not. The outer region that carries a current is
discretized with 120 divisions uniformly along the radius and
100 divisions uniformly along the circumference, thus yielding
12 000 elements in the outer region. The region that does not

Fig. 3. Inner integral of (11) at Im = 0.5Ic , i.e., the Joule heat generated in
the descendent process is calculated by different substeps.

carry a current is discretized with 1800 quadrilateral-shaped
elements. In the calculation, the current was first applied to
Im in one step and then was immediately applied to −Im by a
series of substeps, from which ac loss is calculated according to
(11) and (12). Apparently, the time consumed by the descendent
process is approximately proportional to the number of the
substeps. Therefore, a compromise between accuracy and the
number of substeps is required. Detailed ac loss by different
substeps is given in Table I, where the results are normalized
by the theoretical value given by Norris. The use of more
substeps generally makes the results more accurate. The error
is obviously reduced by increasing the number of the substeps.
The results by the six substeps are approximately 2.3% smaller
than the theoretical values. The possible error, as indicated in
(12), is most likely from the derivative of A at −Im , where
only k − 1 and k, instead of k − 1 and k + 1, are considered
to calculate ∂A. To verify the likelihood of error, the inner
integral of (11) at Im = 0.5Ic , i.e., the Joule heat generated
in the descendent process, is calculated by different substeps.
As plotted in Fig. 3, except the last point that shows strong
discontinuity, three curves share a common zero beginning at
Im /Ic = +0.5 and are in a good agreement with each other at
other points.
Improved calculation aiming to restrain the discontinuity of
the last point could be achieved in two ways. The first method is
to fit the power curves (without the last point) by a polynomial
function, from which the last point is thereafter obtained. The
second method is more physical, i.e., to calculate an additional
step exceeding −Im . ∂I A(x, y; −Im ) is then derived from this
additional step and the previous step. These two methods could
jointly work with nonuniform current substeps near −Im . The
“nonuniform” current substeps near Im could be regarded as
the most direct method for improving accuracy. As indicated by
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Fig. 5. Calculation of the ac loss of the strip with different aspect ratios.
For comparison, the Norris strip line is also included.
Fig. 4. Current density distribution along the ellipse semi-major axis at the
descendent process of 0 A. For comparison, the current density distribution at
the initial penetration of 60 A is also given. The decay region is enlarged as a
subfigure.

Fig. 3, if the total number of substeps in the descendent process
is given, having more substeps near −Im would result in better
accuracy. As shown in the last column in Table I, the corrected
values by the first method reach an accuracy of better than 99%,
even when using the six substeps.
The accuracy verified by the Norris curve also implies that
the theoretical difficulty of the RAA, although not fully solved,
does not negatively affect the calculation. Fig. 4 shows the
current density distribution along the ellipse semimajor axis
at the descendent process. The current is first applied to 60 A
and then to 0 A. For comparison, the current distribution at the
initial penetration of 60 A is also given. As shown in Fig. 4, the
outer points that are subjected to the flux motion will precisely
change +Jc to −Jc ; but the inner points, as we explained, will
have current decay, which breaks the rigorous current density
distribution as it was in the initial penetration. However, an
enlarged decay region also indicates that the decay is minimal
and would not negatively affect the calculation.
B. Comparison With the Norris Strip Line
The typical width and effective thickness of the YBCOcoated conductor are 4 mm and 1 μm, respectively, resulting
in an aspect ratio of more than 1000. A large aspect ratio
has always been regarded as a critical problem in computation
modeling. Brambilla et al. proposed integral equations for simulating the current density in thin conductors [30], [31]. In this
paper, the transport ac loss of a strip with an aspect ratio ranging
from 50 to 2000 was calculated by the descendent process with
12 substeps and was then compared with the Norris strip line.
The width of the strip is set to be constant at 4 mm, and the
aspect ratio is regulated by changing the thickness. The critical
current of the strip is set to 120 A, similar to Ic of the ellipse.
The strip is meshed in different ways according to the aspect
ratio. For an aspect ratio of 2000, the strip is meshed by 1000
divisions in width and 12 divisions in thickness, thus yielding
12 000 elements in the strip. For an aspect ratio of 50, the strip is
meshed by 200 divisions in width and 60 divisions in thickness.

Fig. 6. Divergence of the ac loss to the the Norris strip limit as a function of
aspect ratio and Im /Ic .

For other aspect ratios, the manner of meshing is between these
two extreme cases.
As shown in Fig. 5, with increasing Im /Ic and aspect ratio,
the simulated curves eventually approach the Norris strip limit.
The difference between the Norris strip and the real strips with
different aspect ratios physically reflects the similarity of the
real strips to the Norris strip limit. We select the 1%, 2%,
and 5% differences as a function of aspect ratio and Im /Ic , as
plotted in Fig. 6. If we can accept a certain difference, we could
directly use the Norris strip limit to make a rough estimation of
real strips.
C. Calculation Speed
The calculation speed is very sensitive to the number of
elements and is roughly proportional to the number of substeps.
In the calculation, the half-ellipse was built and meshed into
13 800 elements, whereas the half-strip was built and meshed
into 12 000 elements. The time required to obtain one point
at Table I by using six substeps is approximately 95 min and
the time required to obtain one point at Fig. 5 by using six
substeps is approximately 68 min by a computer with CPU:
i7@2.93GHz and RAM: 16.0 GB. Normally, the use of more
elements makes the results more accurate. By using 13 800
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TABLE II
G EOMETRICAL PARAMETERS AND PARAMETERS U SED TO F IT
THE Jc (B) C HARACTERISTIC OF THE E LLIPSE AND S TRIP

fields [32], the Jc (Bx,y ) characteristic of the strip is expressed
by an empirical equation, i.e.,
Jc (Bx , By ) = 

√
1+

Fig. 7. Demonstration of the stack of ellipses and strips, which were extracted
from vertical legs of a racetrack coil. For calculation, only one fourth of the
winding in the first quadrant is built.

elements, the error is limited within 1%. If 2000 elements are
used, the error will be limited within 3%, and the time required
will be 5–6 times reduced.

Jc0
2 B 2 +B 2 )
ka
x
y
B0

β

(14)

where Jc0 is the current density at zero magnetic field, B0 is
the scaling parameter for the field dependence with β as its
exponent, and ka is the anisotropy quotient. Ic of a tape is
numerically obtained by integration of Jc (B) over the area of
the tape [33] as

Ic = Jc (B)d S.
(15)
S

IV. Jc (B) D EPENDENCE OF THE AC L OSS OF A
S TACK OF E LLIPSES AND S TRIPS
Jc (B) characteristic influences the ac loss of HTS by redistributing the critical current density locally. Therefore, Jc (B)
needs to be seriously considered, particularly in a stacking
structure in which fields between turns strongly interact with
one another.
A. Jc (B) Characteristic of a Stack of Ellipses and Strips
In this calculation, the ac loss of a stack of ellipses and the ac
loss of a stack of strips are calculated. As shown in Fig. 7, each
turn is assumed to have an infinite length along the z-direction.
This model was extracted from one vertical leg of a racetrack
coil. Only one fourth of the winding in the first quadrant is built.
The radius of the coil is set to more than 40 times larger than
the winding thickness so that the field interaction between two
legs of the coil could be ignored.
The Jc (B) characteristic of the ellipse is obtained from
a typical Bi2223/Ag tape. Given that Ic of the Bi2223/Ag
tapes is more sensitive to the perpendicular field, the Jc (Bx )
characteristic of the ellipse is expressed by an exponential
function as
Jc (Bx ) = A0 + A1 e−Bx /t1 + A2 e−Bx /t2

(13)

where A0 , A1 , and A2 are fitting parameters associated with
current density; and t1 and t2 are fitting parameters associated
with field dependence. The Jc (B) characteristic of the strip
is obtained from a typical YBCO tape. Given that Ic of the
YBCO tapes is sensitive to both perpendicular and parallel

The field-dependent characteristic of the ellipse is obtained
from the BSCCO-2 tape in [32], and the field-dependent characteristic of the strip is the same as that in [22]. To set a
comparative premise before a stack is formed, the self-critical
current of one turn strip and one turn ellipse was set to be same
as 120 A. We regulate A0 , A1 , A2 , and Jc0 that are responsible
for the absolute value of Ic to achieve this goal. All the fitting
and geometrical parameters are listed in Table II.
After a stack is formed, Ic in each turn calculated by (15) will
vary due to fields interaction between turns. To determine Ic of
a stack, we only focus on the turn with the lowest Ic . In Figs. 8
and 9, Ic in each turn of the ellipse and strip with different
turn numbers is plotted. The ellipses and strips are numbered
in an ascendant order from the inner turns to the outer turns. In
general, the lowest Ic of the ellipse appears at the middle turn,
whereas the lowest Ic of the strip appears at the outermost turn.
If we focus on the turn with the minimum Ic , the ellipse stack
exhibits the saturation, i.e., Ic eventually stops decreasing, after
the turn number exceeds 32; whereas the strip does not show
full saturation, even after the number of turns exceeds 60. Given
the more efficient Jc (B) performance of the YBCO tape at low
perpendicular fields, Ic of the strip stack drops more slowly
than that of the ellipse stack at a small number of turns. On the
other hand, at a large number of turns, when the parallel fields
contributed to Ic drop, the Ic of the strip stack will achieve a
value that is lower than that of the ellipse stack.
B. AC Loss of the Stack of Ellipses and Strips
Fig. 10 shows the average ac loss of the ellipse and strip
stack without considering Jc (B). The maximum number of
turns that we have tested is 16. The difference in loss behavior
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Fig. 8. Critical current in each turn of the ellipse stack with different turn
numbers. The ellipses are numbered in an ascendant order from the inner turns
to the outer turns.

Fig. 11. Comparison of the ac loss of the stack of ellipses and strips while
considering Jc (B).

point where the ac loss of the strip stack begins catching up
with that of the ellipse stack is approximately at a high current
region of eight turns.
Fig. 11 shows the ac loss of the ellipse and strip stack while
considering Jc (B). Interestingly, the unit ac loss of a certain
stack of ellipses is approximately the same as the unit ac loss of
a stack of strips, having twice the turns. The rapid progress of
the ac loss of the strip stack compared with that of the ellipse
stack, as shown in Fig. 10, is compensated by the better Jc (B)
performance. This finding proves the feasibility of using YBCO
tapes in a stack structure when the number of turns is small.
V. C ONCLUSION

Fig. 9. Critical current in each turn of the strip stack with different turn
numbers. The strips are numbered in an ascendant order from the inner turns to
the outer turns.

Fig. 10. Comparison of the ac loss of the stack of ellipses and strips without
considering Jc (B).

exclusively results from the geometrical effect. In general, the
ac loss of the strip stack is significantly smaller than that of the
ellipse stack at a small number of turns. However, the ac loss of
the strip stack grows more rapidly than that of the ellipse stack
when the current and the number of turns increase. The first

The proposed RAA is apparently efficient in building a
bridge between the flux motion theory and FEA packages. The
mathematical expression of the RAA is a solution for a system
of nonlinear equations, in which the current density associated
with the flux motion theory is expressed as a joint function
of localized resistivity. The system of nonlinear equations was
solved by using an iteration process, where FEA packages
are responsible for solving the field distribution after localized
resistivity is set. The improvement in the presented RAA over
that discussed in a previous study is that it can simulate the
B-dependent CSM and the ac loss by integrating the descendent
process from Im to −Im .
Although decay will break the rigorous J distribution at
the inner points, the effect was found to be negligible and
does not negatively affect the calculation. The accuracy and
efficiency of the calculation are validated through a comparison
with the Norris elliptical and strip lines. The calculation errors
mostly stem from the discontinuity of ∂I A at the last state.
By correcting the discontinuity, the accuracy was proven to
be better than 99%, even when six substeps were used, when
compared with the Norris elliptical line. In the last part of this
paper, the ac loss of a stack of ellipses, representing the Bi2223
coil, and the ac loss of a stack of strips, representing the YBCO
coil, are compared. The direct comparison shows that the ac
loss of a stack of strips is smaller than that of a stack of ellipses
at a small current and a small number of turns because of better
Jc (B⊥ ) performance and thin structure.
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