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Dependence of Dynamic Loss on Critical
Current and n-value of HTS Coated Conductors

Hongye Zhang, Min Yao, Zhenan Jiang, Ying Xin, and Quan Li

Abstract—Properties of superconductors, such as critical
current and n-value, have a significant impact on their loss
characteristics. This impact is essential for the design of
superconducting devices and their loss reduction, and therefore
need to be thoroughly understood. The dependence of AC loss in
high temperature superconductors (HTS) on these properties has
been well studied. However, it is still unknown how dynamic loss
is affected. This paper is to address this unsolved problem and
provide comprehensive analyses through both numerical
simulation and experimental measurements. In this paper, HTS
coated conductors with a wide range of critical currents and
n-values have been extensively studied. Their dynamic losses and
resistance under various conditions have been modelled and
compared to available experiment measurements. Results clearly
show the dependence of dynamic loss and resistance on critical
current and n-value. The cases with high current load under
strong external magnetic field have been studied as well. All these
results show a rapid change of dynamic loss around certain
magnetic fields, which we defined to be the “corner field”, B,.
This paper clearly demonstrates the dependence of dynamic loss
and resistance on critical current and n-value, which can be used
as a reference for material selection and design optimization.

Index Terms—HTS coated conductor, dynamic loss, dynamic
resistance, critical current, n-value.

I. INTRODUCTION

YNAMIC loss and dynamic resistance have aroused

widespread concern recently in the domain of high-
temperature superconductors (HTS) [1]-[4]. It is generated
inside the superconductor carrying direct current (DC) in an
alternating magnetic field environment. HTS coated conductors
(CCs) are becoming more and more favored because of their
growing maturity and ameliorated cost performance with the
technological progress, therefore they turn out to be an
advantageous alternative to traditional conductors in power
industry, such as rotating machines [5]-[10].
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Dynamic loss and resistance are important parameters to
evaluate the performance of HTS CCs in power equipment,
which is tightly linked to the happening of the quench. They are
determined by not only the outer electromagnetic environment,
e.g. the applied transport current (I;) and the external magnetic
field (Bex), but also the intrinsic characteristics of the HTS CC,
e.g. the critical current in self-field critical current (I) and the
n-value. Although the changing pattern of the dynamic
loss/resistance in respect of some external electromagnetic
excitation factors has been studied a lot, their variation
properties for different types of HTS CCs with distinct 1, and
n-value are still not clear [11]-[15]. In addition, the functioning
mechanism of I, and n-value on the dynamic loss/resistance
have not been systematically studied. Therefore, it is necessary
to clarify the dependence of dynamic loss and resistance on |
and n-value of HTS CCs.

Based on the validated numerical model in [11], this paper
has calculated the dynamic loss and the dynamic resistance
with different I, and n-value. During the simulation, the field
dependence of the critical current J.(B) has been taken into
account. The simulated results have been validated in
comparison with the corresponding experimental measurement
data and analytical expressions. The influences of I, on the
Qaynn(l1) curve, the Rgynn(l:) curve, the Qgynn(Bex:) curve and
the Rgynn(Bext) curve have been studied respectively (Qgyn,, and
Raynn Signify respectively the dynamic loss and the dynamic
resistance in unit length during one cycle). Furthermore, the
“corner field” B, has been defined for describing the dynamic
loss/resistance in the case where 1 gets superior to I.(Bey). At
last, the effect of the n-value on the nonlinearity of the dynamic
loss/resistance has been specially analyzed.

Through this work, the variation characteristics of the
dynamic loss and resistance relating to the critical current in
self-field 1, and the n-value have been systematically figured
out. The results can be used to accurately predicate the dynamic
loss and resistance for different types of HTS CCs, and further
be a useful reference for loss control.

Il.  ANALYSIS METHOD

As shown in Fig. 1, the numerical model of the 1-dimension
thin strip was developed by use of the finite element method
based on T-formulation [16]-[17], in which the current vector
potential T on each node is introduced to characterize the
current density J, ] = V X T. The governing equation is derived
from Maxwell’s equations, as
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where |, is the width of each element, T,,° is the current vector
potential in each element, and re, is the distance between the
current source element and the calculation point. n’ is the
normal vector at the current source element, n is the normal
vector at the calculation point, and h is the thickness of the HTS
layer (neglected compared to the width of mm order level). By
is the externally applied magnetic field perpendicular to the
surface of the conductor, and o is the equivalent conductivity
determined by the E-J power law, with o =J / E.

Bext

TeneT TT <Ie—n>
; [0 @ © eJo © @ @ |]h
1 W |
X y

Fig 1. Modeling of the HTS-coated conductor with current density J, exposed
to external magnetic field Be: perpendicular to its surface, based on
T-formulation, along its cross section (thickness h, width 2w).

The magnetic field dependency of the critical current J.(B) is
expressed as
JCO
ROREwwy @
where J is the critical current density in self-field, B, signifies
the total magnetic field component (composed of the self-field
and the externally applied field) perpendicular to the surface of
the CC, with B, =0.135 T, a constant dependent on the material
[1, 11]. When a coated conductor carries a DC transport current
under an AC magnetic field, the DC current I, occupies the
superconducting layer with width 2iw in the center of the
coated conductor, leaving the rest with width (1-i)w free on
both sides [11]. Therefore, on the basis of (1) and (2), the
dynamic during one cycle, Qqyn, can be formulated by

hL ¢a+iyw s B Y
Qdyn=T.j E-Jd J 1’{“?} dy (3)

a-iyw X

_ EhL J-(lmw
Jo f
where i is the ratio between the transport current I, and the
critical current in self-field lp, w is the half width of the
HTS-coated conductor, and L is its length. f is the frequency of
the AC magnetic field. Eo = 10 V/m.
Dynamic loss can also be calculated according to the
analytical method in [18]-[19], as the formula
I” Ry, _ 2. dwL
=17

f ICO (Bext - Bth) (4)

where A® is the perpendicular flux crossing the conductor
during one cycle, and By, is the threshold field, which is given
by [20]

a-iyw

Qup =1, AD =

I
B, =B,(1-—) (5)
IcO
where By is the effective penetration field of the CC determined

by the B value at the maxima of the I" curve, with
I'= QBI / Bext2 (6)
Qg is the Brandt expression for magnetisation loss, and

2 BC BEX Bex
Qg =4fwW?J B, {B_ In [cosh B—‘j —tanh [B—‘H (7)

ext Cc (3

B, = Hod g @)
v
where J is determined by I/ (2wh).
Based on (6), (7) and (8), the penetration field can be
obtained as

_ Hod oD
B, = 4.92847C 9)
In this paper, to eliminate the influence of the frequency and
better compare the simulation results with the experimental
measurements, we define the normalized dynamic loss (J/m)
and dynamic resistance (Q/m/Hz) in unit length per Hz as

Quyn 4w
Qdyn,n :%: Itz 'I_(Bexx - Bth)
R c0 (10)
an 4w
Rdyn,n = L_;: = E (Bext - Bth)
Their derivative with respect to I, can be obtained as
a 2
%: —4w-|"—2(Bext | 2A4642p, 1)
aR c0 c0 (11)
o g '%(Bext Mh)
ol lo w

I1l. DEPENDENCY OF DYNAMIC LOSS AND RESISTANCE ON
CRITICAL CURRENT

The numerical model was established based on the size of an
HTS CC manufactured by SuperPower, Inc., which is 4 mm
wide comprising a 1-um thin film of REBCO. A wide range of
I, from 80 A to 160 A was simulated and an external magnetic
field was applied perpendicular to the surface of the HTS CC
with varying magnitudes. Besides, the experimental
measurements mentioned in [11] are referenced here. For the
tested HTS CC in the experiment, withn =22.5and I, = 105.3
Aat 77 K, it was exposed to an external magnetic field of 26.62
Hz with a magnitude varying between 0 and 100 mT.

A. Influence of Io0n Qgynn(ly)

When the amplitude of the externally applied magnetic field
Beq is chosen as 40 mT, for different 1, the dynamic loss
curves with respect to |, are presented in Fig. 2.
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Fig 2. Normalized dynamic loss for different HTS-coated conductors with
different I when changing transport current, under an AC magnetic field of 40
mT. (o =80 A, 105.3 A, 120 A, 140 A, 160 A, the load rate (I / lo) is set at
10%, 30%, 50%, 70%, and 90%).

In Fig. 2, the solid lines with symbols represent the simulated
results, the dash-dot lines signify the analytical results by (10),
and the symbols without lines are the experimentally measured
results. All these results show good agreement with each other,
though the simulated dynamic loss is slightly higher than that of
the analytical expression, which is in accordance with [11].It
can be found that for the same transport current I, under the
same AC magnetic field, less dynamic loss is generated in the
CC with a higher . Taking I, = 60 A as an example for
illustration, when changing I from 80 A to 120 A (40 A of
augmentation), the normalized dynamic loss varies from 15
mJ/m to 8 mJ/m (reduction of 7 mJ/m). Meanwhile, when I is
increased from 120 A to 160 A (40 A of augmentation), the
dynamic loss drops to 5.8 mJ/m (reduction of 2.2 mJ/m). On
this basis, the dynamic loss apparently decreases more slowly
with the increase of I, which is in good agreement with (11).
Therefore, it is not always cost-effective to decrease the
dynamic loss simply by increasing | .

In fact, the effect of 1o on the dynamic loss is tightly linked
to the current load rate I,/ I, which can be explained by Fig. 3.

e
-

B profile (mT)
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o o
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Fig 3. J and B profiles for different HTS-coated conductors with different I
when carrying the same transport current I, = 40 A, under an AC magnetic field
of 40 mT. (o =80 A, 105.3 A, 120 A, 140 A, 160 A)

Fig. 3 shows the J and B profiles of different HTS CCs with
distinct o while carrying the same transport current, I, =40 A,
exposed to an AC magnetic field of which the amplitude Bey =
40 mT. It can be seen that, with the increase of 1, the J profiles
move towards each other and lead to a smaller effective region
to carry the transport current. The B profiles have the same
trend as the J profiles when I gets larger. Here the shaded area
signifies the amount of traversing magnetic flux during one AC
period, which determines how much dynamic loss is generated.
Therefore, with the augment of 1, the effective region to carry
transport current shrinks and then less magnetic flux traverses
this region, resulting in less dynamic loss.

B. Influence of Iy 0n Raynn(ly)

Exposed to the same externally applied magnetic field with
B = 40 mT, for different I, the variation characteristics of
the dynamic resistance in respect of I, are presented in Fig. 4.
The solid lines with symbols signify the simulation results. In
general, the changing trend of the dynamic resistance with
respect to I, follows the same property as the dynamic loss. In
other words, for the same transport current I;, the CC with a
higher I has a lower dynamic resistance, which complies with
(6) and Fig. 3. Again, taking I, = 60 A as an example, when
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changing I, from 80 A to 120 A, the normalized dynamic
resistance varies from 4 pQ/m/Hz to 2.3 uQ/m/Hz (reduction of
1.7 uQ/m/Hz). However, when | is increased from 120 A to
160 A, the dynamic resistance decreases to 1.3 uQ/m/Hz
(reduction of 1 u€/m/Hz). Therefore, we can conclude that the
dynamic resistance also decreases more slowly with the
increase of 1, which is also in agreement with (11).

I, =80 1053 120 140 160 A

—0— —O0— —&— —— —— Simulation
Equation
Experiment

Dynamic resistance (uQ/m/Hz)

0 20 40 60 80

100 120 140 160
Transport current (A)

Fig 4. Normalized dynamic resistance for different HTS-coated conductors
with different 1o when changing transport current, under an AC magnetic field
of 40 mT. (lo =80 A, 105.3 A, 120 A, 140 A, 160 A, the load rate is set at 10%,
30%, 50%, 70%, and 90%).

It is also of interest to notify that, Ry, increases in a
non-linear way with I, according to the simulated results. This
non-linearity can not be explained by (10). Actually, [12]
mentioned that (5) provided good agreement with all
previously-published experimental data only for a high load
rate (especially for i > 10%). Mikitik and Brandt have proposed
another expression for the threshold field [20], as

h H _ 2
Bm:ﬂ E|n[ﬂj+|n 1 :
27 |1 1-i 4i

The nonlinearity of (12) has been verified experimentally in
[21]. According to (10) and (12), we have

4w w1 (1+i 1-i?
Ry n =— B, —=2|=-In| = [+In| —— 13
dyn,n | ext e |:| (1_|] [ 4|2 ]:| ( )

c0

(12)

The calculated dynamic resistance by (13) is depicted in Fig.
4 with dash-dot lines, and the experimental data are plotted with
only symbols, both of which agree well with the variation trend
of the simulated results. Therefore, it is verified that the
dynamic resistance is actually in a non-linear correlation with
the transport current.

C. Influence of lco0n Qgynn(Bex) and Raynn(Bext)

When |, changes from 80 A to 160 A, the variation
properties of the normalized dynamic loss Qgyn,» and dynamic

resistance Rgynn relating to the externally applied magnetic
field are simulated and compared in Fig. 5. The transport
current is chosen as I, = 40 A, and the amplitude of the applied
magnetic field ranges from 0 to 100 mT.

In Fig. 5, among all the Qgynn(Bex:) and Rgynn(Bex:) Curves,
the solid lines with symbols represent the simulated results, the
dash-dot lines signify the calculated results by (10), and the
symbols without lines are obtained by experiment. It can be
found that the simulated results show a good agreement with
the analytical expression, while they are in better accordance
with the experimental data.

Overall, the dynamic loss and the dynamic resistance show
the same trend with the increase of By, in that a higher
magnetic field can bring more flux that traverses the HTS
conductor. Under the same By, it can be seen that more
dynamic loss and resistance are generated in the HTS CC with a
lower I . In fact, when carrying the same I, a smaller 1, means
a higher current load rate. Therefore, in this case, the effective
region to carry transport current is larger and more flux will
traverse this conductor, then leading to a higher dynamic loss
and resistance.

I, = 80 1053 120 140 160 A
—&— —8&— —A— —y— —¢— Simulation
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Fig 5. Normalized dynamic loss and dynamic resistance for different
HTS-coated conductors with different 1, when changing externally applied
magnetic field from 0 - 200 mT. (I, =80 A, 105.3 A, 120 A, 140 A, 160 A, I,
is set as 40 A). (a) Dynamic loss. (b) Dynamic resistance.

Furthermore, the dynamic loss and resistance decrease faster
and faster with the increase of l. Taking Bey = 60 mT for
example, when I, increases from 80 A to 120 A by 40 A, the
normalized dynamic loss drops from 9 mJ/m to 5 mJ/m with a
reduction of 4 mJ/m. However, when |, increases from 120 A
to 160 A, the reduction of dynamic loss is only 1.4 mJ/m.
Dynamic resistance changes in a similar way. The above
conclusions agree well with (11). It is worth mentioning that,
only beyond the threshold field By, can the dynamic loss and
dynamic resistance be generated, as shown in (5). With the
augment of I, the critical current density will increase
accordingly, which results in a higher By,. The magnetic flux
firstly penetrates into the HTS CC from its boundaries to form
walls, and then the walls break up into vortices with the
increase of B [22]. Before that B, goes beyond By, the
vortices will not diffuse towards the center of the CC, thus no
dynamic loss is produced. For the HTS CC with a higher 1, a
greater amount of magnetic flux is needed to penetrate into its
interior to form irregular penetrating flux regions, which are the
sources of vortex creations.

D. Influence of lcg0n Beo,

On the basis of Fig. 5 (a), when continuing to increase By,
the Qgynn(Bex:) Curves are shown in Fig. 6. The solid lines with
symbols represent the simulated results, and the dash-dot lines
are obtained by (10). It is of interest to note that, under a high
enough Bex, the Qgynn(Bex) curves show a fast-rising
non-linearity, which is distinguished from (10). Here the
external magnetic field bringing a sudden change of the
dynamic loss is defined as the corner field, B,,. According to
(10), the derivative of Qgyn, (linearly increasing part) with

respect to Bey can be written as
aQﬂ =12 Aw
aBext t IcO

Bcor is defined when the derivative of Qgynn, Changes by 10%,
which clearly differs from linear increase, as (14)
0
aQden'n Bex‘:BCDI' :1l1. It2 .4I._W

ext c0

Actually, this sudden change appears because of the field
dependency of the critical current density J.(B). With the
increase of By, the critical current density of the HTS CC will
turn lower and its real critical current will be reduced, as a
consequence, the load rate will easily go beyond 100% and
rapid growth of dissipated power will be generated [11].

At B, the real critical current I, can be approximated as

IcO
ICO’ l+ Bcor/BO (15)

Taking o = 80 A in Fig. 6 as an example for illustration, the
corner field of its Qgynn(Bex) curve is around 200 mT, then in
this case I / l¢or (200mt) = 1.24 > 100%. Therefore, at B, the real
load rate is already superior to 1.

(13)

(14)
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Fig 6. Dynamic loss for different HTS-coated conductors with different I
when changing externally applied magnetic field from 0-500 mT. (I =80 A,
100 A, 120 A, 140 A, 160 A; I, is set as 60 A). n = 25.

From Fig. 6, it can be found that when increasing 1, from 80
A0 160 A, B, changes from 80 mT to approximately 300 mT.
Actually, when carrying the same transport current, the HTS
CC with a higher 1, has a stronger capacity to withstand the
current induced by the external magnetic field and it will be
harder for the transport current to go beyond the critical current.
Therefore, in this case, B, increases with l. In other words,
for a high load rate I, / 1, the HTS CC is more susceptible to
the external magnetic field and its dynamic loss is more likely
to have a sudden change under relatively lower Bey;.
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IV. DEPENDENCY OF DYNAMIC LOSS ON N-VALUE

Considering that the Qgynn(Bex:) and Rgynn(Bext) curves have
the same variation pattern, thus for this section, only the
dynamic loss will be discussed.

Taking the tested HTS CC with 1, = 105.3 A as a prototype
for numerical modeling, with the variation of the n-value the
simulated dynamic losses are presented in Fig.7, as well as the
measured results. Fig. 7 (a) shows that for low load rate (e.g. I, /
I.o = 30%), the n-value does not have a significant influence on
the dynamic loss. However, when the load rate turns high
enough (e.g. Iy / o = 90%), as shown in Fig. 7 (b), the dynamic
loss increases rapidly after reaching B,. Besides, the larger the
n-value, the higher the increasing rate, and the lower Bc,. In
detail, when the n-value changes from 20 to 60, B, decreases
from 50 mT to 25 mT. From n = 20 to n = 40, B, drops with a
difference of 20 mT; however, from n =40 to n = 60, B, drops
with a difference of only 5 mT. Therefore, the declining rate of
Bor gets smaller with the increase of the n-value.

n= 20 225 40 60
—8— —&— —A— —¥y— Simulation
Equation
8 o Experiment
g 6 e T e e el e e e e P e e P e e ) _ .~ _
|
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$.2 -
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1 — I i 1 i 1 i I i 1
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Magnetic field (mT)
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—8— —o— —A— —y— Simulation
- Equation
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Dynamic loss (mJ/m)

linear region

Magnetic field (mT)
(b)

Fig 7. Dynamic loss for different HTS-coated conductors with different n-value
when changing externally applied magnetic field from 0 - 100 mT (I, = 105.3
A). (@) 1/ 10 =30%. (b) I/ I = 90%.

In fact, according to (3), we know that the dynamic loss is
tightly linked to the power function f (B) = (1+ B, /B,)", caused
by the J.(B) dependency. At low I, /I, and under small Bey;,
B, is far inferior to Bg. In this way, f (B) approaches to 1, thus
the n-value does not have a significant impact on the dynamic
loss and the Qgynn(Bex:) Curve shows linearity. In contrast, at
high 1, /Iy, under the influence of B, B will become
comparable to By. In this case, f (B) will be greatly affected by
the n-value and after B..r the dynamic loss will increase in the
form of the power function. With the augment of the n-value,
this power function has a higher power index and the dynamic
loss will have a higher rate of change. Therefore, the higher the
n-value, the smaller Bor.

V. CONCLUSION

This paper has clarified the dependence of the dynamic loss
and dynamic resistance on the critical current and the n-value of
HTS CCs. Based on simulation and experimental results, we
found that under the same external electromagnetic
environment, dynamic loss and resistance reduces along with
increasing l¢. At higher transport current I, (above 50% 1),
the influence of I, on dynamic loss and resistance is more
obvious, since in principle load rate I/l directly determines
the magnetic flux traversing the HTS conductors.

1) In general, both the dynamic loss and the dynamic
resistance increase linearly with the external magnetic
field, until it reaches the corner field Bo,. When By goes
beyond B, dynamic loss increases in the form of the
power function due to the J.(B) dependence. For a lower
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2)

3)

I (e.g. load rate above 50%), HTS CCs are more sensible
to external magnetic field, and their B, is lower.

n-value is another key property to affect the correlation
between dynamic loss/resistance and external magnetic
fields. The higher the n-value is, the faster the dynamic loss
and resistance increases along with B, and the smaller
B, becomes.

Dynamic loss and resistance decreases more slowly with
the increase of I, thus it is not always cost-effective to
reduce dynamic loss/resistance by simply increasing I
during the manufacture of HTS CCs.

It should be emphasized that the nonlinearity of the dynamic
loss and the dynamic resistance at high load rate while under
high external magnetic field (e.g. I, /1, above 90%, B, above
45 mT, with n = 22.5) cannot be explained and predicted by the
existing analytical expressions. Therefore, the numerical
modeling method proposed in this paper can more accurately
describe the variation properties of the dynamic loss and
resistance. Last but not the least, the nonlinearity of the
Raynn(1¢) curve has been validated experimentally in this paper,
which further confirms the correctness of (7).
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