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Current distribution simulation for REBCO pancake coils applying low-frequency-ac current method
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In recent years, the no-insulation (NI) winding technique for rare-earth barium copper oxide (REBCO) pancake coils have been attracted in the field of high magnetic field generation. A contact resistance between turns characterize the stability of REBCO pancake coils. Hence, it is important to control the contact resistance, as well as it is necessary to measure it.

The sudden-discharging method is a popular way to measure the turn-to-turn contact resistance. It is, however, not robust against various conditions, e.g. external field, varying temperature, etc. A few years ago, we have been proposed a method to measure a contact resistance of an NI REBCO pancake coil applying a low-frequency-ac current, so called an LFAC method.

We present the validity of LFAC method through a simulation. Since the original LFAC method contains some errors, we will show a correction method together with simulation results.

I. INTRODUCTION

The no-insulation winding technique brings great stability to rare-earth barium copper oxide (REBCO) pancake coils [START_REF] Hahn | HTS pancake coils without turn-to-turn insulation[END_REF]. A key parameter of stabilization is a contact resistance between turns of NI REBCO pancake coils [START_REF] Katsumata | Influence of the turn-to-turn contact electrical resistance on the thermal stability in meter-class no-insulation REBCO pancake coils during a local normal-state transition[END_REF], [START_REF] Noguchi | A simple protection evaluation method for no-insulation REBCO pancake coils during local normal-state transition[END_REF]. In common, a contact resistance is measured with a sudden-discharging method [START_REF] Wang | Turn-to-turn contact characteristics for an equivalent circuit model of no-insulation ReBCO pancake coil[END_REF]. Although the contact resistance varies depending on operating current, magnetic field, and temperature, the sudden-discharging method is not applicable under such varying conditions.

To overcome such difficulties, we have proposed a new measurement method applying low-frequency-ac current to an NI REBCO pancake coil [START_REF] Noguchi | Turn-to-turn contact resistance measurement of noinsulation REBCO pancake coils[END_REF]. Using the proposed method, so named LFAC (low-frequency-ac current) method, it was succeeded that turn-to-turn contact resistances were measured during an external field excitation or a dc current operation [START_REF] Noguchi | Turn-toturn contact resistance measurement of no-insulation REBCO pancake coil at DC current operation[END_REF], [START_REF] Noguchi | Turn-to-turn contact resistance measurement of noinsulation REBCO pancake coil: external field dependence[END_REF]. Meanwhile, since the phase of the measured voltages differed from expected ones, the current distribution on NI REBCO pancake coil is investigated through a numerical simulation when applying the LFAC method.

II. THEORY OF LFAC METHOD

It is well known that an NI REBCO pancake coil can be simply expressed as a parallel circuit, as shown in Fig. 1 [1], [START_REF] Wang | Turn-to-turn contact characteristics for an equivalent circuit model of no-insulation ReBCO pancake coil[END_REF]- [START_REF] Noguchi | Turn-to-turn contact resistance measurement of noinsulation REBCO pancake coil: external field dependence[END_REF]. When applying a sinusoidal current to an NI REBCO pancake coil, the coil impedance Z at R sc = 0 is

Z = jωLR ct jωL + R ct (1) 
where j and ω are the imaginary unit and the angular frequency, respectively. Here, taking a condition of R ct ≪ ωL, Z ≈ R ct . That is, when ac current with high frequency carries on an NI REBCO pancake coil, the current mostly flows in the radial direction with resistance of R ct . According to [START_REF] Noguchi | Turn-to-turn contact resistance measurement of noinsulation REBCO pancake coils[END_REF], the frequency range of 10-100 Hz is suitable for contact resistance measurement, because a current with higher frequency generates an error due to ac loss. Fig. 2 shows the measured current and the voltage of NI REBCO pancake coil. Reference [START_REF] Noguchi | Turn-toturn contact resistance measurement of no-insulation REBCO pancake coil at DC current operation[END_REF] concluded that the turnto-turn contact resistance corresponded to V p /I p (= 0.143 mΩ), where V p (= 1.43 mV) and I p (= 10 A) are the peak voltage and the peak current, respectively, despite the phase difference between voltage and current (θ = 10.8 deg.). The phase difference is ideally zero; however, since the phase difference of 10.8 deg. appeared, it is necessary to investigate whether it is measurement error or incompleteness of the LFAC method, with an accurate simulation. Even if the phase difference is considered, a theoretically estimated contact resistance is 0.140 mΩ (= V p /I p cos θ). 
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III. PEEC SIMULATION

The current distribution is simulated with a partial element equivalent circuit (PEEC) model [START_REF] Wang | Analyses of transient behaviors of no-insulation REBCO pancake coils during sudden discharging and overcurrent[END_REF]. Table I shows the specifications of the simulated NI REBCO pancake coil [START_REF] Noguchi | Turn-toturn contact resistance measurement of no-insulation REBCO pancake coil at DC current operation[END_REF]. The turn-to-turn contact resistance and resistivity estimated with the original LFAC method are 0.143 mΩ and 122 µΩ•cm 2 , respectively. In the simulation, a current of 10 A, 10 Hz, which is the same condition as the experiment, is applied to the NI REBCO pancake coil. Fig. 2 also shows the simulated voltage waveform with the contact resistivity of 122 µΩ•cm 2 . The simulated voltage is obviously higher than the measured one despite almost the same phase.

Fig. 3 shows the radial and azimuthal current distribution maps, where it is assumed that the same contact resistivity is uniformly distributed. At the peak of current, the current uniformly distributes in the radial direction [Fig. 3(e)]; however, the azimuthal currents remain on the innermost and outermost turns [Fig. 3(a)].

A. Correction

To fit the simulated voltage with the measured one, we investigated the value of contact resistivity. When the contact resistivity is 91 µΩ•cm 2 (R ct = 0.107 mΩ), the waveform of simulated voltage agrees with the measured one well. The new contact resistance value is much smaller than the values estimated with LFAC method (0.143 mΩ) and theoretically derived (0.140 mΩ).

The current behaviors are more complicated than the behaviors expressed form the RL parallel circuit as shown in Fig. 1. The newly obtained contact resistance is approximately 75% of the LFAC-method one. IV. SUMMARY

We have previously proposed the turn-to-turn contact resistance with low-frequency-ac current (LFAC). When the resistance is much smaller than the inductor impedance, the coil impedance ideally matches with the turn-to-turn contact resistance without the phase difference between current and voltage. However, the phase difference was observed in experiments, and the contact resistance was inaccurately estimated.

The current distribution is investigated using the partial element equivalent circuit (PEEC) model. It is obvious that although the current uniformly flows in the radial direction, the current azimuthally flows in the innermost and outermost turns. Using the PEEC, the contact resistance of 0.107 mΩ is newly obtained, 75% of the LFAC method.
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 1 Fig.1. NI REBCO pancake coil and its equivalent circuit model consisting of R and L in parallel. I θ and Ir are the current in the azimuthal and radial directions, respectively. L, Rct, and Rsc are the coil inductance, the turn-toturn contact resistance, and the longitudinal REBCO tape resistance.

Fig. 2 .

 2 Fig. 2. Measured and simulated waveforms of voltage and current at 10 Hz.
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 3 Fig. 3. Current distribution map in (a)-(d) the azimuthal and (e)-(h) the radial directions.