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In flux pumps, motors and superconducting magnets, the high temperature superconductor (HTS) coated con-
ductor frequently carries a DC transport current when an oscillating magnetic field is present in the back-
ground. Under this circumstance, the interesting effect of dynamic resistance takes place, which can affect
the operating performance of superconducting devices: heat accumulation can contribute to the rising temper-
ature of the HTS tape and the dynamic resistance voltage can change accordingly. This article explores the
time‐dependent development of the dynamic resistance voltage using a numerical modeling considering the
thermal effects. After a validation against experimental results, this work investigates the effects of several fac-
tors on the structure of the HTS tape on the time‐dependent development of the dynamic resistance, thus pro-
viding insights toward a better understanding of the time‐dependent behavior of HTS tapes under external
magnetic fields.
1. Introduction

HTS coated conductor is extensively used in superconducting mag-
nets [1], fault current limiters [2] and motors [3] due to their superior
current‐carrying capacity, field performance and mechanical durabil-
ity. Under the applications mentioned above, it is typical that HTS
coated conductors carry DC transport currents when there is a back-
ground magnetic fields present [4,5]. The dynamic resistance effect–
i.e., in this case, a DC voltage is generated in the direction of the DC
transport current. This effect has important practical consequences
for HTS applications: on the one hand, the dynamic resistance con-
tributes to the power dissipation, which impacts the efficiency of
superconducting devices [6,7]; on the other hand, it has a significant
impact on the applications such as field‐controlled persistent current
switches for superconducting magnets or flux pumps, which are cap-
able of wirelessly energizing closed superconducting coils [8–11].

Several investigations on the dynamic resistance have already been
carried out, and a brief summary is presented here. Analytical models
based on the critical state model calculating the dynamic resistance in
an HTS tape have been proposed in [12–14]. Oomen explained the
generation of dynamic resistance and proposed a mathematical model
for calculating it in the superconducting slab [15]. Ciszek et al. inves-
tigated the relationship between dynamic resistance losses and the DC
transport current as well as the dynamic resistance's angular field
dependence [16]. Jiang et al. conducted several experiments and stud-
ies to determine the dynamic resistance and revealed its function in
flux pumping phenomena [17,18]. Ainslie et al. proposed numerical
models to study the characteristics of the dynamic resistance
[19,20]. Ma et al. developed a temperature‐dependent multilayer
model to investigate how temperature affects HTS tapes [21,22].
The transient waveforms of dynamic resistance with different HTS
tapes and their relation to the Jc‐(B, θ) dependence were shown in
[23,24]. Li et al. proposed a technique to monitor the condition of
DC‐carrying HTS tapes exposed to an AC magnetic field by using the
ratio of the DC component to the second harmonic component of the
voltage response [25,26]. A full‐range formulation using the binomial
theorem and Euler’s formula for calculating the dissipative loss origi-
nating from the dynamic resistance was proposed in [27,28]. Besides,
researches on dynamic resistance have been extended to stacks of
tapes connected in series and parallel [29–31]. The voltage drop along
a superconducting loop, rather than an HTS tape, carrying DC current
under a perpendicular oscillating field was investigated in [32].

Most previous analyses and numerical models focused on the
dynamic resistance under low field or low frequency in ideal cases,
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assuming that the HTS tapes' normal operating temperature of 77 K
remains constant. However, in real application when the applied AC
magnetic field is relatively strong or the DC transport current
approaches the HTS tapes' critical current, the inability of a significant
quantity of Joule heat to disperse in a timely manner causes the tem-
perature of HTS tapes to increase [33]. Correspondingly, over numer-
ous AC cycles, the dynamic resistance voltage will be significantly
affected and this change aggravates the situation through generating
more Joule heat. The phenomenon has been reported in recent exper-
imental measurements [34]. Hence, in order to accurately illustrate
the complex and dynamic voltage response of the HTS tape carrying
DC currents while subjected to the background of AC magnetic field
and assess the performance of superconducting devices involving
dynamic resistance, it is necessary to consider how the dynamic resis-
tance voltage changes over time on HTS tapes. It is also necessary to
take into account how electromagnetic‐thermal coupling affects the
dynamic resistance voltage, but there is still a lack of comprehensive
researches on this aspect [35].

In this article, the dynamic resistance voltage's temporally depen-
dent developments were explored using an electromagnetic‐thermal
coupling model, which were verified by experimental tests. Factors
such as the structure of the HTS tape and the heat accumulation, which
can impact the dynamic resistance voltage's temporally dependent
development, were investigated. Finally, the recovery of dynamic
resistance voltage in various cases was researched.

2. Dynamic resistance voltage and modelling methodology

2.1. Origin of the dynamic resistance voltage

Dynamic resistance voltage is the result of periodic magnetic flux
mobility that is sparked by an external AC magnetic field that is
applied to an HTS tape carrying a DC transport current. If the applied
magnetic field is less than a particular threshold field Ba,th, no net flux
may traverse the HTS tape, and no dynamic resistance voltage occurs,
as shown in Fig. 1(a) and (b). As illustrated in Fig. 1(c) and (d), the
HTS tape experiences some magnetic flux that enters from one side
and escapes from the other when the applied magnetic field is greater
than the threshold field Ba,th. Due to the flux motion traversing the cen-
tral region where the DC transport current flows, a DC voltage is gen-
erated along the same direction of the DC current, which is the
dynamic resistance effect.

2.2. Electromagnetic-thermal coupling model

Using the finite element technique (FEM) based on the H formula-
tion, a 2D numerical model taking into account electromagnetic and
thermal coupling was constructed to evaluate the time evolution of
the current distribution and the magnetic field within an HTS tape
[36]. The model was implemented in the FEM program COMSOL
Multiphysics.

The three‐layer construction of the multi‐layer HTS tape is depicted
in Fig. 2(a), with the superconducting layer sandwiched between two
copper layers that act as stabilizers. Nearly all of the DC transport cur-
rent is dispersed either in the superconducting layer or the copper lay-
ers, beacuse the resistivity of the substrate layer is significantly higher
than that of the copper layers [30]. Hence, the substrate layer is
ignored to simplify the model and accelerate calculations. And the
superconducting layer and the copper layers are electrically connected
in parallel as shown in Fig. 2(b). While an external AC magnetic field is
supplied perpendicular to the HTS tape along the y‐axis, DC transport
current flows in the HTS tape along the z‐axis.

The electromagnetic and thermal modules are coupled in the
numerical model. The electromagnetic module's governing equations
are as follows:
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r� E ¼ �μ0 � @H=@t; r� H ¼ J; ð1Þ
where μ0 = 4π × 10‐7H/m is the permeability of free space.

The electrical behaviour of the HTS tape is described by an E‐J
power law:

E ¼ E0 � ðJ=JcðB;TÞÞn; ð2Þ
where n is the power index and E0 is standard electric field criterion,
Jc(B, T) is the critical current density, which depends on the magnetic
field and the temperature.

The thermal module relies on the heat transfer equation to calcu-
late the real‐time temperature of the HTS tape:

ρCp � @T=@t �r � ðkrTÞ ¼ Q � q0; ð3Þ

where ρ is the mass density, Cp is the heat capacity, k is the thermal con-
ductivity, The data for these parameters are obtained from [37,38]. Q is
the internal heat source produced by the HTS tape and q0 is the convec-
tive heat flow between the surrounding liquid nitrogen and the HTS
tape:

Q ¼
Z

qds ¼
Z

E � Jds; q0 ¼ h � ðText � TÞ; ð4Þ

where h is the heat transfer coefficient according to the experiment
tests presented in [22], T is the actual temperature of the HTS tape,
and Text is the ambient temperature.

The coupling between two modules is realized through the rela-
tionship between the internal heat Q and the temperature T as shown
in Fig. 3. In this way, two modules work together to present the time‐
dependent develoment of the dynamic resistance voltage in a more
practical way.

3. Investigation on time-dependent development of dynamic
resistance voltage

3.1. Time-dependent development of dynamic resistance voltage and
experimental verification

To confirm the validity of the proposed numerical model, the
dynamic resistance voltage measured by experimental tests, calculated
by numerical models with and without thermal coupling, are com-
pared in Fig. 4. A quick review of the HTS tape's specifications is pro-
vided in Table 1.

The average dynamic resistance voltage of the HTS tape under var-
ious DC transport currents is depicted in Fig. 4(a) and (b). In Fig. 4(a)
and (b), the applied magnetic field has a frequency of 50 Hz and
200 Hz, respectively. The experimental curves are plotted in green
dot line; the simulation results without thermal coupling in blue; the
simulation results with thermal coupling in red. The triangle and circle
shaped curves show the 60 and 100 mT applied magnetic field
strengths, respectively. When the DC transport current, magnetic field
strength, and frequency are relatively low, the dynamic resistance
curves of the HTS tape with and without thermal coupling match the
measured dynamic resistance curves well. However, when the fre-
quency or strength of the magnetic field becomes large or the transport
current approaches the critical current, the simulation results with
thermal coupling are closer to the experimental data.

Fig. 4(c) ‐ (h) show the instantaneous waveforms of the dynamic
resistance voltage corresponding to the points surrounded by black
and orange dashed‐line boxes in Fig. 4(b). Using the same color
scheme described above, Fig. 4(c) and (f) represent the experimental
results, Fig. 4(d) and (g) represent the dynamic resistance voltage cal-
culated without thermal coupling, Fig. 4(e) and (h) represent the
dynamic resistance voltage calculated with thermal coupling. As
shown in Fig. 4(c) and (f), the measured dynamic resistance voltage
waveforms show time‐dependent characteristics: the dynamic resis-



Fig. 1. Field profile inside the HTS slab [26], where “a” represents the half width of the HTS slab, “p” represents the penetration depth of the magnetic field in the
HTS slab, “Ba”represents the amplitude of the external magnetic field and “Ba,th” represents a specific threshold field of the HTS slab.

Fig. 2. (a) Schematic drawing of HTS tape with multi-layer structure under AC magnetic field, where “Ba”is the the amplitude of the external magnetic field, Itrans
is the DC transport current. (b) Diagram of electrical equivalents of the superconducting layer and copper layers, where R_layer resprsents the resistance of each
layer.
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tance voltage keeps rising over time. The higher the transport current
flowing in the HTS tape, the more obvious the increasing trend of the
dynamic resistance voltage. However, such a time‐dependent rise is
not reflected in the dynamic resistance voltage curves estimated by
models without thermal coupling.

The observed increase of dynamic resistance voltage with time can
be explained as follows. The HTS tape mainly contains three layers,
where the superconducting layer is sandwiched with two copper stabi-
lizer layers. The three layers are connected in parallel from the per-
spective of an electrical circuit, as shown in Fig. 2(b). The resistance
of the copper layers can be regarded as constant, so the overall resis-
3

tance of the entire HTS tape changes in response to changes in the
dynamic resistance of the superconducting layer. When the DC trans-
port current is relatively large, the HTS tape's temperature is growing
because the Joule heat produced in it cannot be dispersed over time.
Additionally, the temperature increase also has a significant effect
on the HTS tape's dynamic resistance.

Additionally, it should be noticed that as the dynamic resistance
rises, the distribution of the DC transport current within HTS tape
alters. In Fig. 5(a) and (b), the DC transport current in the supercon-
ducting layer and the copper layer are depicted by the red curves Isc
and green curves ICu, respectively. The temperature is not uniform in



Fig. 3. Flowchart of the calculation of the dynamic resistance voltage of an HTS tape considering thermal coupling.

Fig. 4. Dynamic resistance voltage under 60, 100 mT and 50 Hz, 200 Hz for Itrans = 0.17, 0.30, 0.42, 0.56, 0.68, 0.80, 0.91,1.00Ic0, where Ic0 is the critical current
of HTS tape at 77 K; (a), (b) show the average dynamic resistance; (c)-(h) are instantaneous waveforms corresponding to the points surrounded by dashed lines in
(b), which the magnetic field is 100 mT, 200 Hz and Itrans = 0.8Ic0, 0.91Ic0; (c), (f) are obtained through experiment; (d), (g) are obtained through non-thermal
coupling model; (e), (h) are obtained through thermal coupling model.
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Table 1
Characteristics of the HTS tape.

Parameters Value Parameters Value

HTS width 6 mm Cu layers thickness 20 μm
E0 10-4 V/m HTS layer thickness 1 μm
n 21 h 800 W/ m2�K
Ic0 at 77 K 86 A Cp (ReBCO) (100–140) J/kg�K
Text 77 K k (ReBCO) (8–12) W/m�K
T0 77 K ρ (ReBCO) 5900 kg/m3

Tc 92 K Cp (Cu) (180–220) J/kg�K
ρ (Cu) 8000 kg/m3 k (Cu) (500–700) W/m�K

C. Li et al. Superconductivity 8 (2023) 100066
the HTS tape: as a simplification, the HTS tape's core region is chosen
to reflect the tape's total temperature. As can be observed, increasing
transport current causes the HTS tape to heat up and causes more
Fig. 5. Time-dependent distribution of DC transport current flowing into the HTS la
the magnetic field is 100 mT, 200 Hz; (a) is obtained through thermal coupling mo
Itrans = 0.91Ic0, (c) is obtained through non-thermal coupling model when Itrans =

Fig. 6. Influence of varying-thickness copper layers when the applied AC magnet
resistance voltage, (b) shows the distribution of the transport current, (c) shows th
HTS tape to the resistance of the copper layer. All the simulations were performed
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transport current to flow from the superconducting layer into the cop-
per layers.

No matter how large the DC transport is, the dynamic resistance is
always constant in the model without thermal coupling, which disre-
gards the impact of temperature, as shown in Fig. 5(c). Under this cir-
cumstance, the transport current distribution does not change.
Therefore, to accurately depict the development of the dynamic resis-
tance's trend, the temperature of HTS tapes with time must be
considered.
3.2. Impact of varying-thickness copper layers on the temperature when the
magnetic field is low

The dynamic resistance and temperature development of the HTS
tape are impacted by the copper layer. The dynamic resistance of
yer, copper layer and the temperature of the central area of the HTS tape when
del when Itrans = 0.8Ic0, (b) is obtained through thermal coupling model when
0.91Ic0.

ic field is 50 mT, 1000 Hz and Itrans = 0.8Ic0; (a) shows the average dynamic
e dynamic resistance and (d) shows the ratio of the dynamic resistance of the
with the electromagnetic-thermal coupled model.
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the HTS tape with copper layers of different thicknesses is simulated
and evaluated in the sections that follow.

To demonstrate how the dynamic resistance characteristics of HTS
tape change over time when considering thermal coupling, this article
selected a period of time to explain. The average dynamic resistance
voltage, the transport current distribution and the average dynamic
resistance of the HTS tape are shown in Fig. 6. The copper layers thick-
nesses are selected as 0, 0.5, 1, and 1.5 times the normal thickness
(20 μm) of the copper layer. The applied AC magnetic field is 50 mT
at 1000 Hz. To prevent quenching of the HTS tape, the DC transport
current is set at 0.8Ic0, and the x‐axis “Cycle“ represents the period
of the applied AC magnetic field.

It can be seen from Fig. 6(a) that the dynamic resistance voltage
increases with decreasing thickness of the copper layers. The resis-
tance of the superconducting layer and copper layers both rise with
decreasing copper layer thickness because of the parallel connection
between the copper layers and the superconducting layer (Fig. 6(c)).
However, the ratio of the dynamic resistance to the resistance of the
copper layer decreases with the decreasing of copper layers thickness
as shown in Fig. 6(d). Therefore, more transport current flows into the
superconducting layer as shown in Fig. 6(b), which results in stronger
magnetic flux motion inside the HTS tape, and larger dynamic resis-
tance. The extreme case is the HTS tape without copper layers, which
means that the copper layers thickness is reduced to zero. Then, the
dynamic resistance voltage of the HTS tape is much larger than HTS
Fig. 7. Curves of the current density distribution in superconducting layer in
different cycles of 50 mT and 1000 Hz applied magnetic field; (a) with 0.5, 1,
1.5 times the normal copper layer thickness; (b) without copper layers.
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tapes with copper layers. This is also because the DC transport current
has no other path to flow but the superconducting layer.

Fig. 7 shows the distribution of the current density in the supercon-
ducting layer with (Fig. 7(a)) and without copper layers (Fig. 7(b)) in
the 2nd and 10th period of applied AC magnetic field.

The distributions are displayed at the negative and the positive
peaks of the 50 mT, 1000 Hz applied magnetic field.

When the DC transport current is 0.8Ic0, the curves of the distribu-
tion of the current density in the superconducting layer with copper
layers are overlapped in different cycles as shown in Fig. 7(a); whereas
the current density distribution in the superconducting layer without
copper layers obviously develops with time as shown in Fig. 7(b). After
10 cycles of the applied field, the distribution of the current density
nearly occupies the entire superconducting layer, which means that
the central region where the flux motion travers and the DC transport
current flows has expanded to the entire HTS layer.

The temperature rises fast only in the HTS tape without copper lay-
ers compared with the temperature of HTS tapes with copper layers in
Fig. 8. The temperature difference is consistent with the dynamic resis-
tance voltage curves shown in Fig. 6(a). Within the same time interval,
HTS tapes with copper layers exhibit a smaller temperature increase,
while the HTS tape without copper layers experiences a higher and
more pronounced temperature rise.

3.3. Impact of varying-thickness copper layers on the temperature when the
magnetic field is high

The analysis in the previous section shows that the thickness of the
copper layers has little effect on the dynamic resistance of the HTS
tape with copper layers when the applied magnetic field is low. How-
ever, when it comes to higher AC magnetic field, things are different.
In the following, a ‘high’ magnetic field of 200 mT and 1000 Hz is
applied to compare HTS tapes’ dynamic resistance voltage with
varying‐thickness copper layers.

The dynamic resistance voltage, the DC transport current distribu-
tion within the HTS tape, the dynamic resistance, and the ratio of the
HTS tape's dynamic resistance to the resistance of the copper layer
with variable thickness are all displayed in Fig. 9. Compared with
the curves in Fig. 6, the dynamic resistance voltages in Fig. 9(a) signif-
icantly increase under the high applied field, and the current flowing
into the copper layer is even larger than that flowing in the supercon-
ducting layer as shown in Fig. 9(b).

This is because the dynamic resistance of the HTS layer has
exceeded the resistance of the copper layer, as shown in Fig. 9(c)
Fig. 8. Temperature of the central area of the HTS tape under varying-
thickness copper layers when the magnetic field is 50 mT, 1000 Hz and the DC
transport current is 0.8Ic0.



Fig. 9. Calculated by the thermal coupling model under varying-thickness copper layers when the applied AC magnetic field is 200 mT, 1000 Hz and
Itrans = 0.8Ic0; (a) shows the average dynamic resistance voltage, (b) shows the distribution of the transport current, (c) shows the dynamic resistance and (d)
shows the ratio of the dynamic resistance of the HTS tape to the resistance of the copper layer.
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and (d). Additionally, it is evident that when the thickness of the cop-
per layers decreases, the dynamic resistance voltage and the current
flowing into the superconducting layer both rise. Additionally, the
time‐dependent increase of dynamic resistance voltage is more visible
the thinner the copper layers are.

The current density distribution in superconducting layer under
varying‐thickness copper layers shown in Fig. 10 are obtained at the
negative and the positive peaks of the 2nd and 20th period of the
applied magnetic field, where cycle means the period of the magnetic
field. The smaller copper layers thickness, the larger the area of the
central region of the HTS tape where the flux motion travers and the
Fig. 10. Curves of the current density distribution in superconducting layer in
the 2nd and 20th cycle of 200mT and 1000 Hz applied magnetic field of 0.5, 1,
1.5 times the normal copper layer thickness.
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DC transport current flows. Compared with that in the 2nd cycle, the
area of the central region in the 20th cycle develops larger. The devel-
oped area is negatively related with the copper layers thickness. The
phenomenon is caused by the net Joule heat accumulating discussed
in the following.

The temperature change of the HTS tape is not large, so the heat
capacity of each material changes relatively little. For the convenience
of analysis, the heat capacities were assumed to be constant. Thus, the
Fig. 11. Curves of Joule heat generation of different layers and the overall
heat dissipation of the HTS tape under varying-thickness copper layers.



Fig. 12. Curves of the unit net Joule heat generation and the temperature of
the HTS tape of 0.5, 1, 1.5 times the normal copper layer thickness. Fig. 14. The ratio r of the recovery voltage to the average dynamic resistance

voltage for different cycles under different magnetic field and varying-
thickness copper layers.

C. Li et al. Superconductivity 8 (2023) 100066
temperature of the HTS tape is determined by the net Joule heat QNet

heat, which is the difference between the heat generation and the heat
dissipation that changes the temperature of the HTS tape. According to
equations (3) and (4), we can get,

QNet heat ¼ Qsc þ Qcopper � q0 ; ð5Þ
Fig. 13. Instantaneous dynamic resistance voltage of the HTS tape carrying
DC transport current of 0.8Ic0 under the applied AC magnetic field of 200 mT,
1000 Hz; (a) shows the dynamic resistance voltage for 20 cycles of the applied
field, and (b) shows the dynamic resistance voltage for 45 cycles of the applied
field.
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where Qsc and Qcopper represent the Joule heat generated in the super-
conducting layer and copper layers respectively, and q0 represents the
heat dissipation of the HTS tape.

Fig. 11 shows the Joule heat generated in each layer of the HTS
tape. It can be seen that the majority of the total Joule heat produced
by the HTS tape is produced by heat generated in copper layers Qcopper,
and Qcopper is positively correlated with copper layer thickness. This
originates from more transport current flowing into copper layers. In
addition, the heat dissipation is negatively related with the thickness
of the copper layers. Hence, the temperature of the HTS tape with
thicker copper layers should have been higher. However, the change
of the temperature is opposite to what is expected, as shown in
Fig. 12. This is because although more heat is accumulated by the
thicker copper layers, the volume of copper layers is also larger. Cor-
respondingly, the unit net Joule heat generation (net Joule heating
generated by the HTS tape per unit length of 1 times the normal thick-
ness of the copper layer) is reduced, and the temperature becomes
lower. Besides, a lower temperature of the HTS tape also means less
heat convection, so the heat dissipation is lower as well.

Therefore, it is the continuous increasing unit net Joule heat that
leads to the increasing temperature of the HTS tape, which, then, also
results in the increase with time of the central area of the region where
the flux motion travers and the DC transport current flows. As a conse-
quence, the dynamic resistance voltage presents a time‐dependent
development.
4. Recovery-voltage after removing the field

The part that follows looks at dynamic resistance voltage recovery.
The real‐time dynamic resistance voltage after applying the AC mag-
netic field of 200 mT, 1000 Hz for 20 cycles and 45 cycles is shown
in Fig. 13. After 20 cycles, the dynamic resistance voltage can be
swiftly brought back to zero when the magnetic field is turned off.
In contrast, the dynamic resistance voltage delays the return to zero
when the magnetic field is removed after 45 cycles.

In order to compare the recovery of the dynamic resistance voltage
under different conditions, the ratio r of the instantaneous voltage to
the average dynamic resistance voltage is selected as the criterion:

r ¼ Uinst=Uave: ð6Þ
The instantaneous voltage Uinst of the HTS tape in the second cycle

following the removal of the magnetic field is represented by the
marked red points in Fig. 13(a) and (b), and the average dynamic resis-
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tance voltage Uave of the HTS tape is represented by the marked red
lines. Therefore, large ratio r indicates long recovery time of dynamic
resistance voltage.

Fig. 14 shows the relation between the ratio r and the net Joule
heat accumulated by the whole HTS tape under varying‐thickness cop-
per layers, varying frequencies and strengths of the magnetic field.

If the net Joule heat is the same, the ratio r of thin copper layers is
larger than that of thick copper layers, for example, the larger the ratio
r of the HTS tape when the value of x‐axis in Fig. 14 is 15 J, it can be
seen that the HTS tape with 0.5 times the thickness of the copper lay-
ers corresponds to a larger ratio r. According to equation (6) and
Fig. 13, a larger ratio r results in a longer time required for the
dynamic resistance voltage of the HTS tape to return to zero. If the cop-
per layers thickness is constant, the curves of ratio r are overlapped,
that is, the curves of the same thickness of the copper layers in
Fig. 14 overlap into a curve under different magnetic field conditions.

This suggests the recovery time of the dynamic resistance voltage is
determined by the net Joule heat and has nothing to do with the
amplitude or frequency of the applied magnetic field. This finding
can be useful for designing HTS tapes and superconducting devices.

5. Conclusion

This paper has concluded that it’s the heat accumulation that
results in the time‐dependent behaviour of dynamic resistance voltage
of superconducting tape. Experimental and simulation tests have been
carried out to verify the analysis. Hence, it will be more accurate to
consider the impacts of heat accumulation when the dynamic resis-
tance voltage is relatively large.

The dynamic resistance voltage of the HTS tape with copper layers
of different thickness is next investigated. The thickness of the copper
layer has little bearing on the rate at which the dynamic resistance
voltage develops under low field conditions. However, at high field
conditions, thinner copper layers produce a more pronounced time‐
dependent dynamic resistance voltage growth. This is due to the fact
that it is impossible to disregard the effect of the copper layer on the
heat produced and dispersed by the HTS tape. Thinner copper layers
result in more unit net Joule heat generated and higher temperature
of the HTS tape.

Additionally, it has been discovered that the HTS tape's copper lay-
ers significantly affect how quickly the dynamic resistance voltage
recovers. Long recovery times of the dynamic resistance voltage are
necessary because to HTS tape's thin copper layer construction. The
net Joule heat controls the dynamic resistance voltage recovery time
when the thickness of the copper layers is constant.
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