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Turn-to-Turn Contact Resistance Measurement 
 of NI REBCO Double Pancake Coils 

 
Takanobu Mato, Ryota Inoue, Hiroshi Ueda, SeokBeom Kim, and So Noguchi, Member, IEEE 

 

Abstract—The turn-to-turn contact resistance/resistivity is one 
of the most important parameters for no-insulation (NI) rare-
earth barium copper oxide (REBCO) pancake coils. Our group 
has been working on the measurement of the contact resistances 
of NI REBCO pancake coils by alternating current, called a low-
frequency AC current (LFAC) method. One of the advantages is 
that the LFAC method is able to measure the field and current 
dependencies on contact resistances in principle, while the 
conventional discharge method is not. The effectiveness of the 
LFAC method was well demonstrated using a single pancake coil. 

In this paper, contact resistances of a double pancake coil were 
measured with the LFAC method although the upper and lower 
pancake coils had different turn-to-turn contact conditions due to 
an accident. The experiment results well agree with the 
simulation results. In addition, the contact resistances of each 
pancake coil can be separately specified. The contact resistances 
measured with a conventional sudden discharge method also 
have a good agreement with the LFAC method; however, the 
contact resistance of sudden discharge simulation is 
underestimated. Meanwhile, the energy consumptions are also 
complicated. We need further investigation for multi-stacked NI 
pancake coils in the near future. 
 
Index Terms—no-insulation, REBCO, turn-to-turn contact 
resistance, LFAC method, AC current. 

 

I. INTRODUCTION 

N 2011, Hahn et al. proposed the no-insulation (NI) 
winding technology applied for a high-temperature 
superconducting (HTS) pancake coil [1]. Thereafter, many 

NI rare-earth barium copper oxide (REBCO) pancake coils 
have shown great performances, e.g. high thermal stability, 
due to an extra current sharing a path through turn-to-turn 
contact surfaces and high tolerance against local critical-
current (Ic) degradations [2]-[8]. The most fundamental 
parameter of NI REBCO pancake coils is a turn-to-turn 
contact resistance, often called the characteristic resistance. 
The turn-to-turn contact resistances largely affect the current 
behaviors such as field delay and thermal stability. Hence, the 
measuring technique of turn-to-turn contact resistance is 
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practically required.  
The sudden discharge method [9] is used in most of the 

research related to the NI technique to measure the turn-to-
turn contact resistances. In the contact resistance 
measurement, a power source ramps up to an arbitrary current, 
and then it is suddenly cut off the coils; consequently, the coil 
current as well as the magnetic field decays exponentially. The 
contact resistance is obtained by dividing the time constant by 
the coil inductance. The sudden discharge method is simple 
and well-established.  

Our group has been studying another method using low-
frequency AC current (LFAC) [10]. In the LFAC method, an 
AC current at a relatively low frequency is applied to NI 
REBCO pancake coils, and the contact resistance is estimated 
from the coil impedance measured. One advantage is that the 
LFAC method can measure the current dependence on the 
contact resistances [11]. The previous studies have shown the 
validity of the LFAC method under several conditions [12]-
[14], and a detailed simulation was also conducted [15]; 
nevertheless, the target is only single pancake coils. It is, 
therefore, necessary to measure the contact resistance of 
double pancake (DP) coils as an advanced step.  

We prepared an NI REBCO DP coil with a winding 
tension of 1 kgf to apply the LFAC method. However, it 
turned out that the winding tension of the upper pancake coil 
was accidentally loosened, thus the DP coil with different 
winding tensions between the upper and lower coils was tested 
in this paper. The contact resistances were estimated with the 
LFAC method, and the results were discussed together with 
the simulation using a partial equivalent element circuit 
(PEEC) model [16]. The LFAC results were also compared 
with that of the sudden discharge method.  

I 

 
Fig. 1. Electrically equivalent circuit of NI REBCO DP coil. 
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II. LFAC METHOD AND EXPERIMENT SETUPS 

Fig. 1 shows an electrically equivalent circuit of an NI 
REBCO DP coil with different turn-to-turn contact resistances 
𝑅୳୮୮ୣ୰ and 𝑅୪୭୵ୣ୰ when an operating current carries below a 
critical current. Each pancake coil theoretically has the same 
inductance 𝐿 , coupled with a mutual inductance 𝑀 . In the 
LFAC method, a sinusoidal current 𝐼ሶ at an appropriate angular 
frequency 𝜔  (low frequency) which satisfies the following 
relation is applied to an NI DP coil: 

𝑗𝜔𝐿 ≫ 𝑅୳୮୮ୣ୰ and 𝑅୪୭୵ୣ୰. ሺ1ሻ 
Under the condition, the impedances of the NI DP coil and 
each pancake coil theoretically become: 

𝑍ሶୟ୪୪ ൌ 𝑅ୟ୪୪ ሺ2ሻ 
𝑍ሶ୳୮୮ୣ୰ ൌ 𝑅୳୮୮ୣ୰ ሺ3ሻ 
𝑍ሶ୪୭୵ୣ୰ ൌ 𝑅୪୭୵ୣ୰, ሺ4ሻ 

where 𝑅ୟ୪୪ is the resistance of the NI DP coil, ideally 𝑅୳୮୮ୣ୰ ൅
𝑅୪୭୵ୣ୰.  

Fig. 2 illustrates the experimental setup of the LFAC 
measurement. The NI REBCO DP coil was connected to a 
bipolar power supply, and it was cooled with liquid nitrogen. 
A Rogowski coil was attached to a current lead to measure the 
current phase. The coil voltages were measured with a lock-in 
amplifier. The bipolar power supply outputted a sinusoidal 
current according to the reference signal from the function 
generator. The reference signal was also sent to the lock-in 

amplifier to detect phase differences between operating 
current and coil voltages. Fig. 3 shows the measured NI 
REBCO DP coil and the arrangement of the voltage taps. 
Table I lists the specifications of the NI REBCO DP coil. The 
REBCO tape from Shanghai Superconductor with 4.0 mm 
width and 0.1 mm thickness was employed. Both the upper 
and lower coils were wound with a tension of 1 kgf; however, 
the actual tension of the upper pancake coil is lower than the 
lower pancake coil due to accidental mishandling. 

III. LFAC MEASUREMENT RESULTS 

A. Experimental results 

A sinusoidal current with an amplitude of 10 A was 
applied to the NI REBCO DP coil. Each pancake coil voltage 
was measured in the frequency range from 0.05 to 1000 Hz. 
Figs. 4, 5, and 6 show the real and imaginary parts of the 
measured voltages and the phase differences between voltage 
and current, respectively.  

 
Fig. 2. Schematic image of LFAC measurement setup.  

 

 
Fig. 3. Measured NI REBCO DP coil and arrangement of 
voltage taps. 

TABLE I 
TAPE AND COIL SPECIFICATIONS 

Parameters Values 
Tape width [mm] 4.0 
Tape thickness [mm] 0.1 
Inner diameter [mm] 100 
Outer diameter [mm] 112 
Height [mm] 9.0 
Number of turns (each) 60 
Coil Ic (upper and lower pancake) [A] 65.5, 65.3 
Coil inductance [mH] 2.70 

 

 
Fig. 4. Real part of voltage. The value divided by current 
amplitude (10 A) corresponds to equivalent resistance. 

 
Fig. 5. Imaginary part of voltage.  
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The real part of the measured voltage is almost the same as 
the imaginary part at 0.05 Hz. This means that a large amount 
of the current flows in the circumferential direction. The 
inductive voltage appears at a non-negligible level and the 
contact resistance cannot be estimated at the frequency. Then, 
with the increase of frequency, the real part of the upper 
pancake voltage increases up to 1 Hz, whereas the imaginary 
part of both upper and lower pancake voltages. It is noted that 
the increase of the imaginary part of the upper pancake 
(decrease of the lower pancake) at around 0.3 Hz is due to the 
magnetic coupling between pancakes. 

In the middle frequencies (1-10 Hz), the real parts of the 
pancake voltages are almost constant. Also, the inductive 
voltages and the phases are sufficiently low. Thus, it is 
considered that almost all the current flows in the radial 
direction on both upper and lower pancake coils. The averaged 
real parts in the region are 9.37 mV in total, 6.31 mV and 2.39 
mV for the upper and lower pancakes. Since the alternating 
current with an amplitude of 10 A is applied, the contact 
resistances are estimated as 937, 631, and 239 µΩ for all, 
upper and lower pancakes, respectively.  

In the higher-frequency region than 10 Hz, the imaginary 

voltages increase simply because of the high frequency. Both 
upper and lower pancake coils exhibit the high real part of the 
measured voltage. The current would directly flow between 
the terminals, like a short circuit mode. Since the current flows 
in a small area of the turn-to-turn contact surfaces, the NI DP 
coil exhibits high equivalent resistances (real part of the 
voltages) and high equivalent inductances (imaginary part of 
the voltages.) 

B. Simulation results 

The contact resistances were also estimated, fitted with the 
2-D PEEC model on 𝑅 െ 𝜃  plane by changing the contact 
resistivities of the upper and lower pancake coils. Figs. 4-6 
also plot the real and imaginary parts of the simulated voltages 
and the phase differences between voltage and current. The 
cross-over turn is not considered in the PEEC model. 

The simulation and experimental results well agree in the 
low- and middle-frequency regions (0.05-10 Hz). In the 
simulation, the uniform turn-to-turn contact resistivity is 
assumed in both upper and lower pancake coils: 138 µΩꞏcm2 
and 45.8 µΩꞏcm2 for the upper and lower. The contact 
resistances are estimated using the same procedures as in the 
experimental results: 620 µΩ and 212 µΩ for the upper and 
lower pancake coils, separately. The total contact resistance is 
832 µΩ.  

The estimated turn-to-turn contact resistances are 
summarized in Table II. The values are consistent among the 
experiment and simulation. Especially, the contact resistances 
of upper and lower pancakes agree well. As we expected, the 
upper pancake coil loosely wound has a contact resistance 
three times as high as the lower pancake coil. The total contact 
resistance estimated by the simulation is slightly different 
from the measurement. It would be caused by the resistance of 
the cross-over turn. The small resistive voltage corresponding 
to ~30 µΩ was observed between the upper and lower 
pancakes in the experiment, although the resistance is not 
enough to explain the difference. 

Fig. 7 shows the peak-current distributions of the NI 
REBCO DP coil when the 1-Hz AC current is applied. Almost 
all the current uniformly flows in the radial direction. In the 
experiment, the current is expected to uniformly flow through 
turn-to-turn contact resistances; however, it is impossible to 
make it clear so far.  

IV. SUDDEN DISCHARGE RESULTS 

A. Experimental and Simulation results 

The contact resistances were also evaluated with a 
conventional sudden discharge method. The operating current 
was ramped up to 50 A, and then it dropped off to zero. The 
contact resistances are obtained from the field decay profile. 
Fig. 8 shows the normalized axial field at the magnet center. 
The axial field is attenuated exponentially. The time constant 𝜏 
was estimated as 2.78 s from the measured field waveform. 
Hence, the turn-to-turn contact resistance of the NI DP coil 
was specified as 971 µΩ with the relation of 𝜏 ൌ 𝐿/𝑅ୡ୬ ሾ9ሿ. It 
well agrees with the contact resistance obtained from the 
LFAC method.  

 
Fig. 6. Phase between applied current and voltages. 

 
Fig. 7. Current distribution of NI REBCO DP coil when 
operating current reach its peak. A 1-Hz AC current is applied. 
The current flows uniformly in a radial direction. The arrows 
show the directions of the current. 
 

TABLE II 
ESTIMATED CONTACT RESISTANCES BY LFAC METHOD 

 Experimental Simulation 
DP (all) 937 µΩ 832 µΩ 

Upper pancake 631 µΩ 620 µΩ 
Lower pancake 239 µΩ 212 µΩ 
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The dotted red line in Fig. 8 represents the normalized field 
computed with the PEEC model. Here, the same contact 
resistivities as in the simulation of the LFAC measurement are 
used: 138 µΩꞏcm2 and 45.8 µΩꞏcm2 for upper and lower, 
respectively. The simulated time constant from the simulation 
is 4.26 s, and the corresponding contact resistance is 633 µΩ 
with the relation of 𝜏 ൌ 𝐿/𝑅ୡ୬.  

The experimental contact resistance conventionally 
calculated from the time constant shows good agreement with 
the result of the LFAC method (Table II), while the contact 
resistance derived from the sudden discharge simulation is 
underestimated when compared with the LFAC method. The 
mechanism of the discrepancy needs to be addressed as a 
future task; however, we currently think there needs 
phenomena related to the fast-current change mode. In the 

high-frequency region of LFAC measurement (Fig. 4), the 
mismatch between the experiment and simulation is 
significant. The discrepancy was also found in the sudden 
discharge method, where the coil current changes fast. It is 
also noted that a similar kind of discrepancy can be found in 
[17] 

B. possible danger of sudden discharge method 

Here, we discuss the stability of the sudden discharge 
method regarding the large-scale application. It should be 
mentioned that the sudden discharge itself needs to be 
cautiously applied to a DP coil with different contact 
resistances. First, the current beyond the initial current flows 
in a pancake coil with lower contact resistance than the other. 
Fig. 9 shows the simulated current distribution during the 
sudden discharge at 0.1 s and 1.5 s although the 
underestimated contact resistance is used. At the beginning of 
the discharge (0.1 s), the current on the upper pancake decays 
quickly; whereas the current is induced in the lower pancake 
coils, exceeding the initial current. Second, the energy 
consumption is unbalanced due to the different contact 
resistances. Fig. 10 depicts the energy dissipation on each 
pancake coil during the sudden discharge. The energy 
consumption on the upper and lower coils is 1.1 J and 2.3 J, 
respectively. We will further investigate whether unbalanced 
contact resistances downgrade the thermal stability of NI 
REBCO pancake coils. 

V. CONCLUSION 

In this work, the contact resistances of a no-insulation (NI) 
REBCO double pancake (DP) coil were measured with the 
LFAC method. During the coil preparation, the upper pancake 
was loosened accidentally; thus, the upper and lower pancake 
coils had different turn-to-turn contact conditions. The 
experimental contact resistances were 631 µΩ for the upper 
pancake coil and 239 µΩ for the lower one, 937 µΩ for the 
whole. The simulation results well matched with the 
experimental values, showing 620 µΩ for the upper and 212 
µΩ for the lower pancake coil. It was demonstrated that the 
LFAC method was able to measure the contact resistance of 
the NI DP coil even though it has different contact resistances 
on the upper and lower pancake coils. 

The sudden discharge method was also applied. From the 
time constant of the decaying field, the experimentally 
obtained 971 µΩ showed good agreement with the LFAC 
method, while the simulated contact resistance was 
underestimated as 633 µΩ. The fair estimation with the 
simulation in the sudden discharge method remains as a future 
work.  

From the simulation result of the sudden discharge, the 
lower pancake coil carries the current beyond the initial 
operating current. Also, the energy is consumed in the lower 
pancake twice as much as in the upper pancake during the 
sudden discharge. 

Further analysis in the case of multi-stacked NI coils should 
be needed to investigate the thermal stability when the NI 
coils have different contact resistances. 

 
Fig. 8. Field decay and time constants. 

 
Fig. 9. Current distribution of NI REBCO double pancake coil 
after sudden discharge at 0.1 s (left) and 1.5 s (right). 

 
Fig. 10. Energy dissipation on each pancake. Unbalanced 
energy consumption occurs due to the different contact 
resistances. 
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