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The design of the conductor of a Resistive-type Superconducting Fault Current Limiter (R-SFCL) using the 2 nd generation of High Temperature Superconductors (2G HTS) tapes is driven by two operation regimes. On one hand, when the quench occurs on the overall conductor (i.e the limitation regime), it should withstand the highest possible electric field to reduce its length and make it cost-effective. On the other hand, it has also to cope with the hot-spot regime. Fault currents in the range of the critical current 𝑰 𝒄 can lead to localized dissipation along the length of the conductor over the parts showing the lowest 𝑰 𝒄 values. The almost non-limitation of the current coming from the low normal zone propagation velocity of 2G HTS tapes causes temperature elevations in these zones which highly threaten their integrity. To summarize, the conductor architecture is adapted to withstand a high electric field and to obtain a non-destructive value of the maximum temperature in hot-spot regime. However, the 𝑰 𝒄 variations, causing this last-mentioned regime, depend on the position along the tape. This paper aims to qualify the effect of a variable conductor length on the 𝑰 𝒄 variations and as a consequence, on the hot-spot regime. We first study the influence of the length on the 𝑰 𝒄 variations. The minimum critical current tends to decrease when the conductor length increases. This behavior can be modeled by a Weibull distribution assuming a minimum critical current different from zero with an infinite length of conductor. To assess this impact on the hot-spot regime, we develop a probabilistic approach using a deterministic 1D modelling of 2G HTS conductor considering the 𝑰 𝒄 inhomogeneity along its length to simulate a R-SFCL behavior. It appears that the more the conductor is long, the more the maximum temperature in hot-spot regime is high. Moreover, the fact that two 𝑰 𝒄 measurements corresponding to a same length of conductor present different maximum temperatures in hot-spot regime leads to present a method to design large-scale manufacturing conductors of a desired length, robust to survive hot-spot regime due to any 𝑰 𝒄 variations.

I. INTRODUCTION

HE integration of massive decentralized electricity production sources, such as offshore wind farms or hydropower plants, into the power grid, requires to transport This paragraph of the first footnote will contain the date on which you submitted your paper for review. This work was supported by the European Union's Horizon 2020 research and innovative program under grant agreement No 721019 electricity over long distances. A solution to this problem is the High Voltage Direct Current (HVDC) transmission [START_REF] Asplund | Sustainable energy systems with HVDC transmission[END_REF]. Nevertheless, protection issues represent a bottleneck to their development. HVDC transmissions meshing implies large fault currents and the absence of zero-crossing makes harder the fault cutting [START_REF] Van Hertem | Multi-terminal VSC HVDC for the European supergrid: Obstacles[END_REF]. The Resistive-type Superconducting Fault Current Limiter (R-SFCL) is a response to these problems. Showing no resistance in normal operation, it intrinsically changes state from the superconducting state to a dissipative state in fault conditions to limit the current. The use of Rare-Earth-BaCuO (REBCO) coated conductors, for R-SFCL applications, is particularly well adapted thanks to their high critical current 𝐼 𝑐 and high linear resistance, due to their substrate made with Hastelloy ® C276 and their thin stabilizer layer.

The R-SFCL conductor has to operate on a large range of prospective currents 𝐼 𝑝𝑟𝑜𝑠 (i.e currents which would occur in the grid without any limitation device) because fault currents may have any impedance. The limitation regime is the operation when the prospective current is high enough to make quench the entire conductor. However, ohmic faults can as well occur and lead to fault currents in the range of 𝐼 𝑐 variations. In those cases, the inhomogeneity of 𝐼 𝑐 along the conductor length conducts to localized dissipations over the parts showing the lowest 𝐼 𝑐 . Due to its low Normal Zone Propagation Velocity (NZPV) (around 0.1 m/s) [START_REF] Casali | Two-Dimensional Anisotropic Model of YBCO Coated Conductors[END_REF], the dissipation remains localized and there is almost no limitation of the fault current. The temperature in these dissipative "spots" raises and can strongly damage the conductor and makes it unusable. The range of 𝐼 𝑝𝑟𝑜𝑠 initiating this phenomenon is called hot-spot regime. It is a known problem for R-SFCL in the event of ohmic faults [START_REF] Tixador | Impact of Conductor Inhomogeneity on FCL Transient Performance[END_REF] [5] [START_REF] De Sousa | Simulation of the Thermal Performance of HTS Coated Conductors for HVDC SFCL[END_REF] but also in the framework of coils [START_REF] Badel | Modeling of "quench" or the occurrence and propagation of dissipative zones in REBCO high temperature superconducting coils[END_REF].

Reference [START_REF] Tixador | Superconducting Fault Current Limiter optimized design[END_REF] presents two expressions of the temperature elevation in the conductor considering the two above mentioned operation regimes. First, in limitation regime, the temperature elevation is highest when the zero-impedance short circuit occurs. Indeed, the electric field 𝐸 𝑠𝑓𝑐𝑙 of the superconducting conductor, defined by the ratio between the voltage of the R-SFCL 𝑉 𝑠𝑓𝑐𝑙 over the conductor length 𝐿 𝑠𝑓𝑐𝑙 , is the highest. In such case, from the heat equation applied on a R-SFCL conductor inserted in a Thevenin equivalent circuit of a power grid (Fig. 1), the temperature elevation ∆𝑇 is formulated by [START_REF] Asplund | Sustainable energy systems with HVDC transmission[END_REF] with ∆𝑡, the clearing fault time given by the grid operator before the breaker in series with the R-SFCL opens the circuit, 𝑐 𝑝,𝑣 the heat capacity per volume unit and 𝜌 the electric resistivity of the conductor. The temperature-dependence of 𝜌 and 𝑐 𝑝,𝑣 are not mentioned to make the expression clearer. Second, in hotspot regime, the temperature elevation is highest when the prospective current is about 𝐼 𝑐 with no current limitation, ∆𝑇 is given by ( 2) with 𝑒 𝑐𝑜𝑛𝑑 the conductor thickness and 𝐼 𝑐-𝑤 the critical current per unit width.

∆𝑇 = 𝐸 𝑠𝑓𝑐𝑙 2 ∆𝑡 𝜌𝑐 𝑝,𝑣 (1) 
∆𝑇 = 𝜌∆𝑡 𝑐 𝑝 ( 𝐼 𝑐-𝑤 𝑒 𝑐𝑜𝑛𝑑 ) 2 (2) 
To survive a large range of prospective currents, from the zero-impedance short circuit to ohmic faults leading to fault currents in the range of 𝐼 𝑐 , the conductor has to simultaneously fulfil (1) and [START_REF] Van Hertem | Multi-terminal VSC HVDC for the European supergrid: Obstacles[END_REF]. From a designer point of view, it is important to increase 𝐸 𝑠𝑓𝑐𝑙 and to have a high 𝐼 𝑐-𝑤 to reduce the quantity and cost of conductor while ∆𝑇 should not exceed 400 K not to risk any conductor degradation. A solution consists to simultaneously increase 𝜌 to increase 𝐸 𝑠𝑓𝑐𝑙 and to operate at 65 K to increase 𝐼 𝑐-𝑤 . In the meanwhile, the thickness 𝑒 𝑐𝑜𝑛𝑑 has to be adapted to satisfy the hot-spot regime [START_REF] Van Hertem | Multi-terminal VSC HVDC for the European supergrid: Obstacles[END_REF]. The European Union project FASTGRID [START_REF] Tixador | Status of the European Union Project FASTGRID[END_REF], [10] adopted this method by adding a 500 µm thick Hastelloy ® C276 shunt to a 0.012 m wide REBCO tape produced by THEVA [START_REF] Escamez | Numerical Investigations of ReBCO Conductors With High Limitation Electric Field for HVDC SFCL[END_REF]. The shunt together with the "bare" REBCO tape is called conductor and presented in Fig. 2. The conductor is designed for 𝐸 𝑆𝐹𝐶𝐿 equals to 150 Vrms/m for 0.05 s and 𝐼 𝑐-𝑤 equals to 1000 A. In the meanwhile, other solutions to solve the hot-spot problem are under development in the FASTGRID project like the use of a sapphire-base substrate [START_REF] Deutscher | High-Voltage Superconducting Fault Current Limiters Based on High-Diffusivity Dielectric Substrates[END_REF] to drastically increase the diffusivity or an innovative architecture of conductor to increase the NZPV [START_REF] Lacroix | Concept of a current flow diverter for accelerating the normal zone propagation velocity in 2G HTS coated conductors[END_REF](CFD concept).

Equations ( 1) & (2) assume a homogeneous temperature in the cross-section of the conductor, an adiabatic operation and no thermal propagation along the length of the conductor. To improve the design of the conductor, the propagation of the normal zones in hot-spot regime should be considered. It implies to take into account the 𝐼 𝑐 variations along the length of the conductor in the modelling [START_REF] Badel | REBCO FCL Modelling: Influence of Local Critical Current Non-Uniformities on Overall Behavior for Various Tape Architectures[END_REF]. It results a precise evaluation of the maximum temperature in hot-spot regime Tmax,peak, which was first simply estimated by [START_REF] Van Hertem | Multi-terminal VSC HVDC for the European supergrid: Obstacles[END_REF]. For example, the precise evaluation of the Hastelloy ® C276 shunt thickness was adapted to obtain an acceptable value of Tmax,peak not to risk any degradation of the conductor [START_REF] Tixador | Operation of an SCFCL at 65 K[END_REF].

As it has already been described in the past, 𝐼 𝑐 follows statistical law distributions, Gaussian or Weibull ( [START_REF] Hu | An Experimental and Analytical Study of Periodic and Aperiodic Fluctuations in the Critical Current of Long Coated Conductors[END_REF], [START_REF] Irie | Characteristics of critical current distributions for oxide superconductors estimated from V-I characteristics using Weibull function[END_REF]). The 𝐼 𝑐 variations are not the same considering two different tapes even if they show the same length. As 𝐼 𝑐 (𝑧) is an input of the model of the R-SFCL, Tmax,peak will also be different in those cases. The question is to know up to which point 𝐼 𝑐 variations along the tape length have an effect on Tmax,peak. First, it may have a strong impact on the representativeness of conductor characterizations over small length samples for full R-SFCL devices. Second, it may also impact the performances predictability in the development of R-SFCL as a commercial product. A design not working with all the 𝐼 𝑐 variations of a same desired length of conductor would be a large barrier. For these reasons, this paper aims to assess the effect of the conductor length on the hot-spot regime and to present a method to design conductor working for all Ic variations of a desired length.

To do so, the assessment of the influence of the REBCO tape length on the 𝐼 𝑐 variations will be carried out. It will appear that the minimum critical current 𝐼 𝑐,𝑚𝑖𝑛 tends to decrease when the conductor length increases. This behavior can be described by Weibull distributions. Then, in the second section, the use of a deterministic 1D modelling of 2G HTS coated conductor, to simulate the R-SFCL behavior in a power grid, makes it possible to compute Tmax,peak for variable conductor lengths. One result is the increase of Tmax,peak when the conductor length increases. To finish, a method will be presented to design a large-scale manufacturing conductor, robust to survive hotspot regime due to any 𝐼 𝑐 variations corresponding to the desired length. 

II. ANALYSIS OF THE 𝐼 𝑐 VARIATIONS AS A FUNCTION OF THE CONDUCTOR LENGTH

The 1D modelling of 2G HTS conductor we used in this paper to compute Tmax,peak requires as input 𝐼 𝑐 measurements. To assess the influence of the conductor length on this key element, an analysis of the length impact on the 𝐼 𝑐 measurements is first carried out.

A. Effect of the conductor length on the minimum 𝐼 𝑐

The 𝐼 𝑐 measurements of two 100 𝑚 long REBCO tapes manufactured by THEVA and SuperOx, with a measure every 0.0011 m and obtained with similar Tapestar continuous measurement machines are displayed in Fig. 3.(a). The probability density functions of these two measurements are also plotted (see Fig. 3.(b)) and shapes of Weibull distributions are recognized with these data from two different manufacturers using two different manufacturing processes. These results were already studied in the past by other groups [START_REF] Ochiai | Distribution of local critical current along sample length and its relation to overall current in a long Bi2223/Ag superconducting composite tape[END_REF], [START_REF] Kiss | Comparison between Bi-2223 tape and RE-123 coated conductor from the view point of current transport properties influencing thermal stability[END_REF]. In the following work, the study is limited to 𝐼 𝑐 measurements following Weibull distribution. This distribution has the particularity to admit a minimum value considering an infinite distribution. Reference [START_REF] Kiss | Numerical modeling: Remarks from the view point of materials characterization[END_REF] interprets that as a minimum 𝐼 𝑐 observed considering an infinite length of tape.

The cumulative distribution function, given by (3), is plotted with the 𝐼 𝑐 values corresponding to 0.1 𝑚, 1 𝑚, 10 𝑚 (starting from the beginning) and the full-length of the measurements (see Fig. 4). It appears that 𝐼 𝑐,𝑚𝑖𝑛 decreases when the conductor length increases. Another way to observe this behavior is to plot 𝐼 𝑐,𝑚𝑖𝑛 as a function of the sample length. Figure [START_REF] Gömöry | Stability of DC transport in HTS conductor with local critical current reduction[END_REF] shows this evolution for ten 𝐼 𝑐 measurements extracted from each longlength measurement from THEVA and SuperOx. The averages of these evolutions show that 𝐼 𝑐,𝑚𝑖𝑛 tends to decrease strongly when the sample length increases from 0.1 m to 1 m and to decrease more softly beyond 1 m.

𝑃(𝐼 𝑐 ≤ 𝑥) = 𝑓(𝑥)

(3)

B. Description of a 𝐼 𝑐 measurement with a Weibull distribution

Probability density functions showing Weibull shapes can be analytically described by [START_REF] Tixador | Impact of Conductor Inhomogeneity on FCL Transient Performance[END_REF]. The Weibull parameters are 𝐼 𝑐,0 the scale parameter, 𝑀 the shape parameter and 𝐼 𝑐 * the minimum critical current considering an infinite length of tape [START_REF] Kiss | Numerical modeling: Remarks from the view point of materials characterization[END_REF]. Equation ( 4) only holds for 𝐼 𝑐 above 𝐼 𝑐 * .

𝑔(𝐼

𝑐 ) = 𝑀 𝐼 𝑐,0 ( 𝐼 𝑐 -𝐼 𝑐 * 𝐼 𝑐,0 ) 𝑀-1 𝑒 -( 𝐼 𝑐 -𝐼 𝑐 * 𝐼 𝑐,0 ) 𝑀 (4) 
The Weibull parameters of the first meter of the THEVA 𝐼 𝑐 measurement are determined (Fig. 6.(a)). To determine 𝐼 𝑐 * , the linearization (6) of the cumulative distribution function of a Weibull distribution [START_REF] Gömöry | Stability of DC transport in HTS conductor with local critical current reduction[END_REF], is plotted for 𝐼 𝑐 * varying from 1 to the 𝐼 𝑐,𝑚𝑖𝑛 of the original data. The best linearization gives 𝐼 𝑐 * with 

𝑆(𝐼

𝑐 ) = 1 -𝑒 -( 𝐼 𝑐 -𝐼 𝑐 * 𝐼 𝑐,0 ) 𝑀 (5) ln (ln ( 1 1 -𝑆(𝐼 𝑐 ) )) = 𝑀𝑙𝑛(𝐼 𝑐 -𝐼 𝑐 * ) -𝑀𝑙𝑛(𝐼 𝑐,0 ) (6) 
The 𝐼 𝑐 measurements considered in this paper highlight the decrease of 𝐼 𝑐,𝑚𝑖𝑛 when the length of the conductor increases. The description by a Weibull distribution makes it possible to identify an absolute minimum critical current. The influence of these considerations on the maximum temperature in hot-spot regime are studied in the next section.

III. EVOLUTION OF THE MAXIMUM TEMPERATURE IN HOT-SPOT REGIME AS A FUNCTION OF THE CONDUCTOR LENGTH

The consideration of the inhomogeneity of 𝐼 𝑐 along the length of a conductor makes it possible to highlight the existence of the hot-spot regime. The existence of this regime was predicted by the modelling of superconducting conductor in the framework of R-SFCL [START_REF] Tixador | Impact of Conductor Inhomogeneity on FCL Transient Performance[END_REF], [START_REF] Badel | REBCO FCL Modelling: Influence of Local Critical Current Non-Uniformities on Overall Behavior for Various Tape Architectures[END_REF], [START_REF] Colangelo | Inhomogeneity effects in HTS coated conductors used as resistive FCLs in medium voltage grids[END_REF], [START_REF] De Sousa | Thermal-electrical analogy for simulations of superconducting fault current limiters[END_REF] and was experimentally observed [START_REF] Kudymow | 2g hts material selection, insulation, optimization, and the resulting component design of the eccofow resistive fault current limiter[END_REF]- [START_REF] Liang | The Impact of Critical Current Inhomogeneity in HTS Coated Conductors on the Quench Process for SFCL Application[END_REF]. These models used a 1D modelling of 2G HTS tape, well adapted to R-SFCL due to the absence of axial and radial thermal or electric contact between two rounds to ensure dielectric properties and cooling. We will conduct transient R-SFCL behavior simulation using our 1D modelling of HTS coated conductor presented in [START_REF] Tixador | Impact of Conductor Inhomogeneity on FCL Transient Performance[END_REF], [START_REF] Badel | REBCO FCL Modelling: Influence of Local Critical Current Non-Uniformities on Overall Behavior for Various Tape Architectures[END_REF] (also detailed in appendix) to obtain Tmax,peak for variable input sizes coming from the two long length 𝐼 𝑐 measurements described in II. 

A. Simulation framework

To investigate how the conductor length 𝑙𝑔 affects the hotspot regime, the maximum temperature of the conductor Tmax is plotted over a large range of prospective currents for multiple 𝑙𝑔. To evaluate the only influence of the length the following simulation framework is developed.

The case study of a R-SFCL located in a HVDC transmission is considered. The rectifier and inverter as well as the capacity of the transmission are not represented. Fig. 7 shows the DC circuit where the R-SFCL is integrated. We consider that the limiter operates at 65K, the average 𝐼 𝑐 at this temperature almost doubles compared to 77K (around 1400A) (the thermal dependence of 𝐼 𝑐 is detailed in appendix). In real grid conditions, a large margin is chosen in the grid rated current 𝐼 𝑛 not to risk any localized transitions during normal transient over currents. Here, 𝐼 𝑛 is equal to 700A.

𝐼 𝑝𝑟𝑜𝑠 can vary from 𝐼 𝑛 to the maximum prospective current occurring in the event of a zero-impedance fault chosen equals to 20 𝐼 𝑛 [START_REF] Badel | Modeling of "quench" or the occurrence and propagation of dissipative zones in REBCO high temperature superconducting coils[END_REF]. To compare a variable length of conductor, the voltage 𝑉 is adapted to 𝑙𝑔 (8) while the electric field 𝐸 is constant (150 V/m). 𝑅 𝑔𝑟𝑖𝑑 is determined by the zero-impedance short-circuit [START_REF] Tixador | Status of the European Union Project FASTGRID[END_REF]. 𝐿 𝑔𝑟𝑖𝑑 is designed with the circuit time constant τ=0.005 s (10). 𝑅 𝑓 is the equivalent resistance of 𝑅 𝑓 ′, the fault resistance, in parallel with 𝑅 𝑙𝑜𝑎𝑑 . 𝑅 𝑓 varies to obtain the desired range of 𝐼 𝑝𝑟𝑜𝑠 [START_REF] Escamez | Numerical Investigations of ReBCO Conductors With High Limitation Electric Field for HVDC SFCL[END_REF]. This model makes possible the comparison of various conductor lengths while 𝐸, 𝐼 𝑝𝑟𝑜𝑠 and 𝜏 do not change.

𝐼 𝑝𝑟𝑜𝑠 = [1 … 20]𝐼 𝑛 (7) 𝑉 = 𝐸𝑙𝑔 (8) 𝑅 𝑔𝑟𝑖𝑑 = 𝑉 20𝐼 𝑛 (9) 
𝐿 𝑔𝑟𝑖𝑑 = 𝜏 𝑅 𝑔𝑟𝑖𝑑 (10)

𝑅 𝑓 = 𝑉 [1 … 20]𝐼 𝑛 -𝑅 𝑔𝑟𝑖𝑑 (11) 
Two structures are simulated for 0.05 s. They are "bare" tapes from THEVA and SuperOx associated to a thick Hastelloy ® C276 shunt. The thicknesses of the simulated conductors are shown in Table II. Thermal and electrical properties come from [START_REF] David | Crc handbook of chemistry and physics: a ready reference of chemical and physical data 74th ed[END_REF] for the stabilizer, MgO, tin and nickel while it comes from [START_REF] Lu | Physical properties of Hastelloy ® C-276 TM at cryogenic temperatures[END_REF] for the Hastelloy ® C276. A homogeneous temperature in the conductor cross-section is justified because the characteristic diffusion time (40 ms) is smaller than the simulation time (50 ms).

B. 𝑇 𝑚𝑎𝑥 over 𝐼 𝑝𝑟𝑜𝑠 for 0.1 𝑚, 1 𝑚 and 10 𝑚 long samples

The 𝐼 𝑐 measurements from Fig. 4 are used as inputs for the model. The simulation results giving the maximum temperature over 𝐼 𝑝𝑟𝑜𝑠 are presented in Fig. 8 for a R-SFCL operating for 0.05 s. For low prospective currents, the conductor remains superconducting and stays at the liquid nitrogen bath temperature. Then, when the prospective current is high enough to initiate a thermal runaway, some "spots" dissipate while the main part of the conductor stays superconducting. The current is almost not limited, mainly determined by the grid impedances and remains close to its prospective value. As a consequence, the temperature increases in these "spots". This is the hot-spot regime. The prospective current, for which one Tmax,peak occurs is noted 𝐼 𝑝𝑟𝑜𝑠,𝑝𝑒𝑎𝑘 . For higher prospective currents, the transition is more homogenous along the length of the conductor. It is the beginning of the limitation regime. Then, the temperature of the conductor keeps increasing with the prospective current as the electric field withstood by the conductor increases (𝑅 𝑓 decreases).

These simulation results show that 𝑇 𝑚𝑎𝑥,𝑝𝑒𝑎𝑘 increases when the conductor length increases with inputs coming from two different manufacturers. The hot-spot regime appears to be more severe with the inputs from THEVA. The critical current of the tapes from this manufacturer is higher and as a consequence, the dissipation is higher too.

C. Evolution of 𝑇 𝑚𝑎𝑥,𝑝𝑒𝑎𝑘 as a function of the conductor length

𝑇 𝑚𝑎𝑥 over 𝐼 𝑝𝑟𝑜𝑠 is computed several times in Fig. 9.(a) using as input samples varying from 0.1 m to 10 m from the first ten meters of the 𝐼 𝑐 measurement from THEVA (see Fig. 3.(a)). In Fig. 9.(b), 𝑇 𝑚𝑎𝑥,𝑝𝑒𝑎𝑘 as a function of the sample length is plotted. The peak of maximum temperature increases significantly when the conductor length increases from 0.1 𝑚 to 1 𝑚. Beyond 1 𝑚, the increase is lighter.

Fig. 10 presents the evolution of 𝐼 𝑐,𝑚𝑖𝑛 at 65 K, 𝐼 𝑝𝑟𝑜𝑠,𝑝𝑒𝑎𝑘 and the RMS value of the current in the circuit when 𝑇 𝑚𝑎𝑥,𝑝𝑒𝑎𝑘 occurs 𝐼 𝑟𝑚𝑠 given by ( 12) as a function of the conductor length. Two elements from this figure help to explain the evolution of 𝑇 𝑚𝑎𝑥,𝑝𝑒𝑎𝑘 . First, when the conductor length increases, 𝐼 𝑐,𝑚𝑖𝑛 is lower and considering a similar current in the grid, the dissipative state is reached faster (due to the power law) and the heating is longer. Second, when the length of the conductor increases, 𝐼 𝑟𝑚𝑠 increases. It means that the current limitation is weaker. 𝑅 𝑔𝑟𝑖𝑑 increases with the conductor length while the length of the dissipative parts of the conductor remain similar for a given 𝐼 𝑝𝑟𝑜𝑠 . The ratio 𝑅 𝑠𝑓𝑐𝑙 over 𝑅 𝑔𝑟𝑖𝑑 decreases when the length increases.

𝐼 𝑟𝑚𝑠 = √( 1 ∆𝑡 ∫ 𝑖(𝑡) 2 𝑑𝑡 𝑡 0 +∆𝑡 𝑡 0 ) (12) 

D. Toward a probabilistic approach

A study similar to the work described in the previous section is carried out to assess if 𝑇 𝑚𝑎𝑥,𝑝𝑒𝑎𝑘 follows a trend arising from the description of 𝐼 𝑐 measurements by Weibull distribution. To develop a probabilistic approach, our deterministic model is used considering in input twenty 10 m long 𝐼 𝑐 measurements used in Fig. 5. The results of these simulations are shown in Fig. 11.

Tmax,peak increases significantly when the conductor length increases until 1 𝑚. Beyond 1 𝑚, the temperature elevation is lighter. The average Tmax,peak is not continuous below 1 𝑚 for SuperOx because for some inputs, no hot-spot regime is observed. These results show that a hot-spot regime is more likely to be observed at the industrial scale, few meters long conductors than at the scale of the lab, few centimeters samples. This result has a lot of importance from an experimental point of view. Indeed, on one hand, the characterization of a sample of few centimeters is not representative of the behavior of a long length conductor. But, on the other hand, it is not necessary to invest in a large and expensive high voltage set-up to characterize a conductor of few dozens of meters as its behavior starts to be representative for a 1 m long conductor, considering a reasonable margin. These results also show that two same length samples do not present the same Tmax,peak.

IV. PREDICTION OF THE UPPER BOUND TEMPERATURE IN HOT-SPOT REGIME FOR LONG LENGTH CONDUCTORS

It is established that knowing the 𝐼 𝑐 (z) over the full length of conductor makes it possible to precisely evaluate the maximum temperature 𝑇 𝑚𝑎𝑥 of a R-SFCL for any prospective current. Nevertheless, the designer may not have such detailed characterization available, and in any case, redesigning the R- SFCL structure for each 𝐼 𝑐 (𝑧) corresponding to a length 𝐿 of conductor is impractical. Is there a possibility to design the R-SFCL conductor working for all same length 𝐼 𝑐 measurements ? We will show that the only value 𝐼 𝑐,𝑚𝑖𝑛 along the desired length 𝐿 is required to give an upper bound of Tmax,peak. 𝐼 𝑐,𝑚𝑖𝑛 of the desired length L is extracted from the 𝐼 𝑐 measurement on a short length (1 m) assuming that the critical current follows a Weibull distribution. Such a 𝐼 𝑐 (𝑧) on 1 m long tape is available during the design phase. Reference [START_REF] Gannon | Effect of Length Scale on Critical Current Measurement in High Temperature Superconductor Wires[END_REF] states that it is also possible to extract the minimum 𝐼 𝑐 of a desired length 𝐿 from transport measurements on a reduced length.

An example is detailed by first creating a 𝐼 𝑐 distribution for 𝐿 equals to 20 m.

A. Creation of a fictive 𝐼 𝑐 distribution corresponding to a long length conductor

In II.B, the Weibull parameters of a 1 𝑚 long 𝐼 𝑐 distribution from THEVA were determined (Table I). The measurement of 𝐼 𝑐 was given with a spatial step equals to 0.0011 m. The original 1 m long tape contains 900 values. The generation of 𝐼 𝑐 values to create a fictive 𝐼 𝑐 distribution corresponding to a 20 m long tape is done with (13) expressed from [START_REF] Gömöry | Stability of DC transport in HTS conductor with local critical current reduction[END_REF] considering that 𝑆(𝐼 𝑐 ) is a uniformly distributed random number between 0 and 1. 18000 values given by are required. The fictive 𝐼 𝑐 probability density distribution corresponding to this 20 m long tape is plotted in Fig. 12. Nevertheless, there is no easy possibility to create a plausible 𝐼 𝑐 spatial distribution as a function of the position in order to plot 𝑇 𝑚𝑎𝑥 versus 𝐼 𝑝𝑟𝑜𝑠 to obtain an evaluation of 𝑇 𝑚𝑎𝑥,𝑝𝑒𝑎𝑘 . Indeed, there is no consistency between two successive values given by [START_REF] Lacroix | Concept of a current flow diverter for accelerating the normal zone propagation velocity in 2G HTS coated conductors[END_REF].

𝐼 𝑐 = 𝐼 𝑐 * + 𝐼 𝑐,0 ln ( 1 1 -𝑆(𝐼 𝑐 ) ) 1 𝑀 (13) 
However, in III.C, the increase of Tmax,peak is justified by the decrease of 𝐼 𝑐,𝑚𝑖𝑛 and by the limitation becoming weaker when the conductor length increases. The worst scenario would be to have a constant 𝐼 𝑐 along the conductor length with a single defect equals to 𝐼 𝑐,𝑚𝑖𝑛 . A comparison is carried out between a real 1 m long 𝐼 𝑐 measurement and this worst scenario (Fig. 13.(a)). The fictive 1 m long 𝐼 𝑐 measurement is equal to the mean value of the real 1 m long 𝐼 𝑐 (𝑧) except one value equals to the minimum value of the original data. Fig. 13.(b) shows that Tmax,peak of the worst scenario is higher than 𝑇 𝑚𝑎𝑥,𝑝𝑒𝑎𝑘 computed with the real 𝐼 𝑐 measurement. This behavior has already been studied in the past [START_REF] Tixador | Operation of an SCFCL at 65 K[END_REF]. The large advantage of considering this worst scenario, which is unlikely to exist, is that it covers all the plausible 𝐼 𝑐 variations for a given length of conductor and it gives an upper bound value of Tmax,peak without presenting a too large error (Tmax,peak is 335 K for the fictive 𝐼 𝑐 input and 314 K for the original 𝐼 𝑐 input).

This method is adopted to predict the upper bound of Tmax,peak of the 20 m long conductor made with the same tape used to determine the Weibull parameters of Table I. The minimum and mean critical current of the distribution in Fig. 12 are used to compute the fictive 𝐼 𝑐 over position in Fig. 14.(a).

B. Prediction of the upper bound of 𝑇 𝑚𝑎𝑥,𝑝𝑒𝑎𝑘 of a 20 m long conductor

The fictive 𝐼 𝑐 variations shown in Fig. 14.(a) is used to simulate for 0.05 s the behavior of a conductor showing a THEVA structure and operating at 65 K. It gives 𝑇 𝑚𝑎𝑥 over 𝐼 𝑝𝑟𝑜𝑠 displayed in Fig. 14.(b). The maximum temperature in hot- I. spot regime obtained for these 𝐼 𝑐 variations is 380 K. This value is an upper bound of all the plausible 𝐼 𝑐 distributions corresponding to the same length of conductor due to the considerations of the most adverse scenario of 𝐼 𝑐 variations.

Thanks to this value, the designer may adapt the structure of the conductor of the R-SFCL to obtain a non-destructive temperature value, the shunt thickness to solder to a superconducting tape for example (see I). It offers to the designer of R-SFCL, a way to design long length conductor, without having the full 𝐼 𝑐 measurement of the corresponding length and working for all same length tapes.

V. CONCLUSION

The effect of the length of the conductor for R-SFCL applications was studied. This length plays an important part for the so called "hot-spot" regime when the prospective current is closed to the critical one. Our analysis of 𝐼 𝑐 (𝑧) of two tapes corroborates previous results. They can be described by Weibull distribution. The longer the tape, the lower the minimum 𝐼 𝑐 is but it exists a minimum value considering an infinite length. This observation has an effect on the hot-spot regime. Thanks to a 1D modelling of HTS coated conductor, useful to simulate a R-SFCL behavior in a grid, it was shown that the maximum temperature in hot-spot regime increases when the conductor length increases. Nevertheless, this is not constant, 𝑇 𝑚𝑎𝑥,𝑝𝑒𝑎𝑘 increases significantly with a conductor length increasing from 0.01 m to 1m, beyond the increase is lighter. This result shows the necessity to experimentally characterize at least a 1 m long sample to obtain representative results of what could be expected for R-SFCL devices.

The study made it clear that the maximum temperature in hot-spot regime is not identical for several conductors presenting the same length. It means that the conductor design should be adapted to each same length superconducting tape but does not meet the vision of the R-SFCL as a commercial product. In response, a method resulting from the synthesis of the previous results was presented. Thanks to the determination of the Weibull parameters of the 𝐼 𝑐 measurement of a small tape, a 𝐼 𝑐 distribution corresponding to the desired long length conductor was created. Then, the average and minimum values of this fictive critical current distribution made possible the determination of the upper bound value of the maximum temperature in hot-spot regime. This value is reasonably higher than the values which would have been obtained with all plausible real 𝐼 𝑐 scenarios of the desired length without injecting a too large error. As a consequence, the design of the conductor can be adapted to this value and will be robust to any 𝐼 𝑐 distributions of the desired length to survive the hot-spot regime, without significant oversizing of the conductor.

This work raises important results, especially dealing with conductor characterization. The study is limited to 10 m long conductor while it might reach hundreds of meters for highvoltage R-SFCL. This perspective will lead to further work.

APPENDIX

A nonlinear electro-thermal 1D model mainly coming from the works of [START_REF] Tixador | Impact of Conductor Inhomogeneity on FCL Transient Performance[END_REF], [START_REF] Badel | REBCO FCL Modelling: Influence of Local Critical Current Non-Uniformities on Overall Behavior for Various Tape Architectures[END_REF] is used to compute the maximum temperature of the conductor as a function of the prospective current. It uses a spatial and time discretization.

A. Electrical model 1) A two parallel resistances model

The layered structure of the REBCO tape is simply represented by two resistances in parallel (see Fig. 15). A first resistance 𝑅 𝑠𝑐 (𝑖 𝑠𝑐 , 𝑇) represents the superconducting layer and a second resistance 𝑅 𝑛𝑠𝑐 (𝑇) represents the nonsuperconducting layers (substrate, buffer layer and stabilizer) at the time t. An iso-thermal temperature 𝑇 is assumed on the cross-section.

The critical current inhomogeneity along the length is taking into account thanks to the use of a succession of two parallel resistances where each resistance representing the superconducting layer 𝑅 𝑠𝑐,𝑘 presents a proper critical current value 𝐼 𝑐,𝑘 (see Fig. 16). To speed up the computation, the spatial discretization equals twice the accuracy of the 𝐼 𝑐 measurement. In this framework, the measurement is carried out each 0.0011 m, as a consequence ∆𝑙 is chosen equals to 0.0022 m. 𝐼 𝑐,𝑘 is the average between two successive values.

The equivalent resistance 𝑅 𝑐𝑜𝑛𝑑 of the k th element of the REBCO conductor is computed with [START_REF] Badel | REBCO FCL Modelling: Influence of Local Critical Current Non-Uniformities on Overall Behavior for Various Tape Architectures[END_REF]. The sum of these elements is 𝑅 𝑠𝑓𝑐𝑙,𝑡 , the total resistance of the R-SFCL.

𝑅 𝑐𝑜𝑛𝑑,𝑘,𝑡 = 𝑅 𝑠𝑐,𝑘,𝑡 𝑅 𝑛𝑠𝑐,𝑘,𝑡 𝑅 𝑠𝑐,𝑘,𝑡 + 𝑅 𝑛𝑠𝑐,𝑘,𝑡

a) 𝑅 𝑠𝑐 modelling

The nonlinear continuous relationship between the electric field and the current in a type-II superconductor can be modeled using the well-known power law. It gives [START_REF] Tixador | Operation of an SCFCL at 65 K[END_REF] the resistance of the superconducting layer 𝑅 𝑠𝑐,𝑘,𝑡 of the k th element at the time t with 𝐸 𝑐 the international standard, 𝐼 𝑠𝑐 (𝑘, 𝑡) the current in the HTS layer of the element k at the time t, 𝑛 𝑘,𝑡 the n-value and 𝐼 𝑐,𝑘,𝑡 the critical current at the time t. The n-value and critical current dependence on the temperature are detailed in ( 16) and [START_REF] Irie | Characteristics of critical current distributions for oxide superconductors estimated from V-I characteristics using Weibull function[END_REF]. Above 𝑇 𝑐 , the resistance is determined only by the resistivity 𝜌 𝑠𝑐 of the REBCO layer. 

b) 𝑅 𝑛𝑠𝑐 modelling

The non-superconducting layers are considered in parallel. The equivalent resistance is given by [START_REF] Ochiai | Distribution of local critical current along sample length and its relation to overall current in a long Bi2223/Ag superconducting composite tape[END_REF] with 𝑒 𝑘 , 𝜌 𝑘 the thickness and resistivity of the layer k at the time t and w the width of the tape. 

c) Current sharing resolution

To determine 𝑅 𝑠𝑐,𝑘,𝑡 below the critical temperature, the current in the superconducting layer 𝑖 𝑠𝑐,𝑘,𝑡 is necessary (see equation ( 15)). The application of the Kirchhoff laws on the two resistances model of the REBCO tape gives [START_REF] Kiss | Comparison between Bi-2223 tape and RE-123 coated conductor from the view point of current transport properties influencing thermal stability[END_REF]. This equation is solved using a Newton-Raphson algorithm. 

B. Thermal modelling

Each double resistances in parallel represents a volume of REBCO conductor equals to the cross-section of the conductor multiplied by the spatial discretization ∆𝑙. 

1) Homogenization of the thermal properties

The specific heat capacity 𝑐 𝑝,𝑘,𝑡 , thermal conductivity 𝜆 𝑘,𝑡 and density µ are considered homogeneous on the volume of an element k. As a consequence, there is no heat conduction on the cross-section of the element. The specific heat capacity 𝑐 𝑝,𝑘,𝑡 and the thermal conductivity 𝜆 𝑘,𝑡 of the element k at the temperature 𝑇 𝑘,𝑡 are respectively given by an average computation by the mass m (20) and thickness e (21) of each layer. The density µ is the sum of the mass of each layer divided by the total volume of the element 𝑉 𝑡𝑜𝑡𝑎𝑙 [START_REF] De Sousa | Thermal-electrical analogy for simulations of superconducting fault current limiters[END_REF] 

= ∑ 𝑚 𝑧 𝑛 𝑧=1 𝑉 𝑡𝑜𝑡𝑎𝑙 (21) µ 

2) Heat equation resolution

The non-homogeneity of the critical current along the length of the conductor might lead to non-homogeneous heating. The heat equation resolution [START_REF] Kudymow | 2g hts material selection, insulation, optimization, and the resulting component design of the eccofow resistive fault current limiter[END_REF] makes possible to determine the temperature of each element k at the following time step t+1. The heat generated in each element is 𝑃 𝑘,𝑡 [START_REF] Zampa | Experimental Observations of the Hot-Spot Regime On 2G HTS Coated Conductors[END_REF]. 𝜕𝑇 𝑘,𝑡 𝜕𝑡 = 𝜆 𝑘,𝑡 µ𝑐 𝑝,𝑘,𝑡 ∇ 2 𝑇 𝑘,𝑡 + 𝑃 𝑘,𝑡 𝑚𝑐 𝑝,𝑘,𝑡 [START_REF] Kudymow | 2g hts material selection, insulation, optimization, and the resulting component design of the eccofow resistive fault current limiter[END_REF] 𝑃 𝑘,𝑡 = 𝑅 𝑐𝑜𝑛𝑑,𝑘,𝑡 𝑖(𝑡)² [START_REF] Zampa | Experimental Observations of the Hot-Spot Regime On 2G HTS Coated Conductors[END_REF] An implicit Euler method is used to solve the heat equation [START_REF] Liang | The Impact of Critical Current Inhomogeneity in HTS Coated Conductors on the Quench Process for SFCL Application[END_REF] with some first order approximations [START_REF] David | Crc handbook of chemistry and physics: a ready reference of chemical and physical data 74th ed[END_REF]. It is assumed that there is no heat transfer between the conductor and the liquid nitrogen. This hypothesis is questionable and will lead to further work. 

Fig. 17 shows the value of the element with the maximum temperature at the end of the simulation as a function of the time-step. It appears that a time-step of 10 -4 𝑠 does not induce a large error. This value is adopted for the simulation.

C. Computation of the circuit current

The determination of the temperature of each element k makes possible to determine the value of 𝑅 𝑠𝑓𝑐𝑙,𝑡 at the time t and to compute the current at the following time iteration t+1 calculated with ( 27) using an implicit Euler approximation [START_REF] Gannon | Effect of Length Scale on Critical Current Measurement in High Temperature Superconductor Wires[END_REF]. 
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 2 Fig. 2. Architecture of the FASTGRID conductor based on a 2G HTS tape from THEVA.

Fig. 1 .

 1 Fig. 1. Thevenin equivalent circuit of a power grid in series with a R-SFCL in the event of a zero-impedance short-circuit.

Fig. 4 .

 4 Fig. 4. Cumulative distribution functions for several samples of 𝐼 𝑐 measurements (TapeStar, 77 K, self-field) from THEVA (red lines) & SuperOx (blue lines).

Fig. 3 .

 3 Fig. 3. (a). 𝐼 𝑐 over position -(b). Probability density functions of 𝐼 𝑐 . Data (TapeStar, 77 K, self-field) are from THEVA (red line with circles) and SuperOx (blue line with crosses).

Fig. 6 .

 6 Fig. 6. (a) Probability density function of the first meter of the 𝐼 𝑐 measurement from THEVA (TapeStar, 77 K, self-field) (plain red line) and analytical expression of this probability density function (dotted red line). (b) Linearization of the cumulative distribution function plotted with original data (plain red line) and linear regression offering the best linearization (dotted red line).

Fig. 5 .

 5 Fig. 5. Minimum critical current (TapeStar, 77 K, self-field) as a function of the sample length for ten 𝐼 𝑐 measurements coming from the 100 m long measurement from (a) THEVA (average values represented by the red line with circles) and from (b) SuperOx (average values represented by the blue line with crosses).

Fig. 7 .

 7 Fig. 7. DC circuit used to simulate the behavior of the R-SFCL.

Fig. 8 .

 8 Fig. 8. 𝑇 𝑚𝑎𝑥 over 𝐼 𝑝𝑟𝑜𝑠 normalized by 𝐼 𝑛 for 𝐼 𝑐 measurements from (a).THEVA and (b).SuperOx. The simulation lasts 0.05 s and the conductor is operating at 65 K.

Fig. 9 .

 9 Fig. 9. (a) 𝑇 𝑚𝑎𝑥 over 𝐼 𝑝𝑟𝑜𝑠 normalized by 𝐼 𝑛 for several 𝐼 𝑐 measurements. (b).𝑇 𝑚𝑎𝑥,𝑝𝑒𝑎𝑘 as function of the conductor length. These results come from the simulation for 0.05 s at 65 K of a conductor with a THEVA structure using 𝐼 𝑐 values from THEVA (TapeStar, 77 K, selffield).

Fig. 10 .

 10 Fig. 10. 𝐼 𝑐,𝑚𝑖𝑛 at 65 K, 𝐼 𝑝𝑟𝑜𝑠,𝑝𝑒𝑎𝑘 and I rms as a function of the conductor length. These results come from the simulation for 0.05 s at 65 K of a conductor with a THEVA structure and using 𝐼 𝑐 values from THEVA (Tapestar, 77 K, self-field)

Fig. 11 .

 11 Fig. 11. 𝑇 𝑚𝑎𝑥,𝑝𝑒𝑎𝑘 as a function of the conductor length using as input ten samples coming from 𝐼 𝑐 measurements from (a) THEVA and (b) SuperOx used to plot Fig.5. An average evolution is also computed for each manufacturer. These results come from the simulation for 0.05 s at 65 K of conductors with a THEVA structure (a) and a SuperOx structure (b) using 𝐼 𝑐 values from THEVA (a) and SuperOx (b) (TapeStar, 77 K, self-field).

Fig. 12 .

 12 Fig. 12. Probability density function of a fictive 20 𝑚 long 𝐼 𝑐 distribution. The values are generated with (13) and the Weibull parameters from TableI.

Fig. 13 .

 13 Fig. 13. (a) 𝐼 𝑐 measurement from THEVA (TapeStar, 77 K, self-field) (plain violet line) and fictive 𝐼 𝑐 distribution (dotted green line) created with the mean and minimum values of the original 𝐼 𝑐 values. (b) 𝑇 𝑚𝑎𝑥 over 𝐼 𝑝𝑟𝑜𝑠 normalized by 𝐼 𝑛 computed with the original (plain violet line) and fictive 𝐼 𝑐 values (dotted green line). The simulation lasts 0.05 s and the structure is a THEVA conductor operating at 65 K.

Fig. 14 .

 14 Fig. 14. (a) 𝐼 𝑐 over position of a fictive 20 m long conductor built from Weibull parameters of a real 1 m long 𝐼 𝑐 measurement from THEVA (TapeStar, 77 K, self-field). (b) 𝑇 𝑚𝑎𝑥 over 𝐼 𝑝𝑟𝑜𝑠 normalized by 𝐼 𝑛 computed using the fictive 𝐼 𝑐 over position as input. It gives an upper bound of the maximum temperature in hot-spot regime. These results come from the simulation for 0.05 s at 65 K of a conductor with a THEVA structure.

  𝐼 𝑠𝑐 (𝑘, 𝑡) 𝑛(𝑇 𝑘,𝑡 ) + 𝐴𝐼 𝑠𝑐 (𝑘, 𝑡) -𝐵 = 𝑘,𝑡 𝐼 𝑐,𝑘,𝑡 𝑛 𝑘,𝑡 𝑖(𝑡) 𝐸 𝑐 ∆𝑙

Fig. 15

 15 Fig. 15 Electrical modelling of a REBCO tape with 𝑅 𝑠𝑐 representing the superconducting layer and 𝑅 𝑛𝑠𝑐 the non-superconducting layers.
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Fig. 16 .

 16 Fig. 16. Electrical modelling of a REBCO tape considering the inhomogeneity of the critical current by the attribution of a unique critical current value to each resistance modelling the HTS layer.

Fig. 17

 17 Fig. 17 Temperature of the warmest element at the end of the simulation as a function of the simulation time step;

TABLE I WEIBULL

 I 

	𝐼 𝑐 *	𝐼 𝑐,0	𝑀
	591	140	8.2

PARAMETERS DETERMINED WITH THE VALUES OF THE FIRST METER OF THE 𝐼 𝑐 MEASUREMENT FROM THEVA (TAPESTAR,77 K, SELF-FIELD)

  .

	𝑐 𝑝,𝑘,𝑡 =	∑ 𝑚 𝑧 𝑐 𝑝,𝑧 (𝑇 𝑘,𝑡 ) 𝑛 𝑧=1 𝑚 𝑡𝑜𝑡𝑎𝑙	(20)
	𝜆 𝑘,𝑡 =	∑ 𝑒 𝑧 𝜆 𝑧 (𝑇 𝑘,𝑡 ) 𝑛 𝑧=1 𝑒 𝑡𝑜𝑡𝑎𝑙	

  = 𝐿 𝑔𝑟𝑖𝑑 𝑑𝑖(𝑡) 𝑑𝑡 + (𝑅 𝑠𝑓𝑐𝑙,𝑡 + 𝑅 𝑔𝑟𝑖𝑑 + 𝑅 𝑓 )𝑖(𝑡)

			(27)
	𝑖 𝑡+1 =	1 + ∆𝑡	𝑉∆𝑡 𝐿 𝑔𝑟𝑖𝑑 𝑅 𝑠𝑓𝑐𝑙,𝑡+1 + 𝑅 𝑔𝑟𝑖𝑑 + 𝑅 𝑓 𝑖 𝑡 + 𝐿 𝑔𝑟𝑖𝑑