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Abstract— Ten institutes from six countries participated in an 

international round-robin test to evaluate the critical current of a 
superconducting power cable made of Bi-2223 tapes. The cable 
design featured a two-layer inner core conductor and a single-
layer outer shield conductor. The shield layer measured 
approximately 40 mm in diameter, and the cable length was 2 
meters. To eliminate the influence of resistive voltage drops from 
current transfer, voltage taps for measurement were positioned at 
a sufficient distance from the current terminals. The critical 
current was determined using the resistive method with the 
electric field criterion of 1.0 𝛍𝛍𝛍𝛍/𝐜𝐜𝐜𝐜. Additionally, the 𝒏𝒏-value, an 
optional parameter reflecting the current-voltage ( 𝑰𝑰 - 𝑽𝑽 ) 
characteristics, was extracted from the 𝑰𝑰 - 𝑽𝑽  curve within an 
electric field range of 0.1 to 1.0 𝛍𝛍𝛍𝛍/𝐜𝐜𝐜𝐜. A detailed uncertainty 
analysis was conducted for both the critical current and the 𝒏𝒏-
value. Finally, the paper discusses the potential for 
standardization of the employed resistive measurement method. 
 
Keywords—critical current, 𝑛𝑛 -value, superconducting cable, 
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I. INTRODUCTION 
he growing threat of global warming due to CO2 emission is 
exacerbated by the anticipated surge in electricity 

consumption from data centers fueled by AI advancements.  
High-temperature superconducting (HTS) power cables offer a 
promising solution, particularly for data centers because of their 
zero-power transmission loss in direct current. Extensive 
research and development efforts have been undertaken on HTS 
cables [1], alongside numerous demonstration projects to 
identify real-word challenges [2]. 
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   Recognizing the need for standardized testing procedures 
during ongoing in-grid deployments, Working Group B1.31 of 
the International Council on Large Scale Electric Systems 
(CIGRE) published a report in 2013 recommending various 
testing methods for superconducting cables, including critical 
current measurement [3]. This recommendation was followed 
by the International Electrotechnical Commission’s (IEC) 
publication of an international standard in 2018 for testing 
methods and requirements on HTS-AC power cables and their 
accessories. The standard also highlighted the need for a 
standardized DC critical current test method [4]. A three-year 
(2018-2021) Japanese project aimed to address challenges in 
standardizing critical current test methods and carried out 
national round robin testing using two Bi-2223 superconducting 
cables. An additional parameter characterizing the cable, the 𝑛𝑛-
value, was also measured. Three Japanese institutions 
participated in this initial test and the results of the test are 
reported in [5].  
   The domestic test demonstrated the suitability of the 
employed resistive measurement method as a standard, with 
experimental standard deviations for critical current ranging 
from 0.2 to 1.3% for both cable layers. However, the limited 
number of participants necessitated an expanded international 
test. The COVID-19 pandemic in 2020 initially delayed the 
international round-robin test due to the logistics in shipping the 
cable. In 2021, sample cable B from the domestic test was sent 
internationally, but unfortunately, it was damaged in the test 
and needed replacement. Finally, in 2022 and 2023, an 
international round robin test using sample cable C was 
successfully conducted with participation from 10 institutes 
across 6 countries: Sumitomo Electric Industries, Ltd. (Japan), 
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Furukawa Electric Co. (Japan), Kyushu Institute of Technology 
(Japan), Korea Electrotechnology Research Institute (Korea), 
National High Magnetic Field Laboratory (USA), Durham 
University (UK), University Paris-Saclay (France), Guangdon 
Power Grid Co., Ltd. (China), Institute of Plasma Physics 
(China), and Shanghai Institute of Superconducting 
Technology Co., Ltd. (China). 

II. EXPERIMENTS 
The superconducting cable C, fabricated from Bi-2223 tapes of 
4.0 mm, was used for the measurements. Figure 1 presents the 
overall structure of the cable, and a cross-sectional diagram 
detailing the internal arrangement is shown in Fig. 2. The cable 
featured the core conductor composed of two superconducting 
tape layers and the single-layer outer shield conductor. The total 
length was 2.0 m. The inner core and outer shield were 
separated by an insulator layer for electrical insulation. The 
solid structure was employed to ensure safe transportation. 
TABLE I provides a detailed breakdown of the cable structure. 
“S” and “Z” denote the right-hand and left-hand twist directions 
of the tapes within each layer, respectively. The number of tapes 
used for the first and second layers of the inner core was 14 and 
15, respectively, while the outer shield utilizes 26 tapes. The 
current terminals, constructed from copper blocks, were 
attached to the 4.25 mm thick copper sheath encasing the 
superconducting tapes.  

The voltage taps were soldered on the perimeter of the 
conductor for both the inner core and outer shield, as indicated 
by the blue line in Fig. 3. The distance of 5 mm from the edge 
of the copper sheath to the voltage tap eliminates the influence 
of the resistive voltage due to current transfer [6]. Although the 
voltage taps are not directly connected to the inner layer of the 
core, the electric potential of each layer is considered to be 
equal between the two layers due to the absence of current 
transfer. 

Measurements were conducted on both the inner core and 
outer shield of the sample cable. Achieving a stable operational 

state required sufficient cooling in liquid nitrogen.  Figure 4 
displays the results of a preliminary test on the critical current 

 
Fig. 1. Measured sample cable. The silver part in the central area is the 
outer shield conductor. Four copper plates at the both ends are attached to 
the inner core and to the shield layer. 

 

 
Fig. 2. Cross-section of the cable.  

 

 

 

 

TABLE I. Structure of the sample cable 
 Layer No. of 

tapes 
Winding Pitch 

[mm] 
Diameter 

[mm] 
Core 1st 14 S 250 22 

2nd 15 Z 320 23 
Shield Single 26 S 600 40 

 

 
Fig. 3. Arrangement around the current terminal of the cable core. 

 

 
Fig. 4. Observed critical current of the cable core as a function of the time 
after immersing the cable in a liquid nitrogen bath. 

 
(a) 

 
(b) 

Fig. 5. Current vs. electric field curve of (a) the cable core and (b) outer 
shield measured in National High Magnetic Field Laboratory in the 
United States. 
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of the inner core as a function of time after immersion in the 
liquid nitrogen bath. This test demonstrates the time required 
for the inner core and outer shield to reach the liquid nitrogen 
temperature, which is approximately 90 minutes and 40 minutes, 
respectively. Each participating institute employed a current 
sweep rate optimized for their measurement setup, ranging from 
a DC (0 A/s) condition for a stepwise change to a maximum 
around 300 A/s for a ramp. Figure 5(a) and (b) depict the current 
vs. electric field curves obtained by the National High Magnetic 
Field Laboratory in the USA for the inner core and the outer 
shield, respectively, at a sweep rate of 36 A/s. Resistive voltage 
was not observed, and it can be concluded that no current 
transfer occurred [6]. 
   The critical current at the reference temperature of 77.30 K, 
denoted as 𝐼𝐼c(0), was determined from the measured critical 
current using the following equation [7]: 

𝐼𝐼c(∆𝑇𝑇)
𝐼𝐼c(0) = 1 − 0.05082∆𝑇𝑇,                              (1) 

where ∆𝑇𝑇 = 𝑇𝑇 − 77.30. The n value was additionally measured 
within the electric field range of 0.1 to 1.0 μV/cm. Each 
measurement was repeated three times. 

III. RESULTS AND DISCUSSION 
TABLE II summarizes the critical current measurements for the 
inner core and outer shield obtained by each participating 
institute. The relative experimental standard deviations (𝑠𝑠r𝑖𝑖) are 
generally low across all institutes, with most values less than 
0.4%. This level of deviation is likely attributable to the 
uncertainty associated with the instruments used in the 
experiment. Similarly, TABLE III shows that the relative 
experimental standard deviations for the 𝑛𝑛-value are also low 
across all institutes. 

   TABLE IV presents the critical currents and 𝑛𝑛-values for the 
inner core and outer shield as determined by all participants. 
The 𝑛𝑛-value obtained for the outer shield by the University of 
Paris-Saclay exhibits a significant deviation. This can be 
attributed to the fitting process using the 𝑛𝑛-value model within 
an electric field range exceeding 1.0 μV/cm. Consequently, this 
value was excluded from the statistical analysis. Although 
larger than the values observed within individual institutes, the 
overall relative experimental standard deviations remained 
acceptable, reaching 0.90% and 1.3% for the inner core and 
outer shield, respectively. Conversely, the experimental 
standard deviations for the 𝑛𝑛-value were considerably higher, 
reaching 11.1% and 15.4% for the inner core and outer shield, 
respectively. These values are consistent with the results 
reported in the previous domestic round robin test [5]. 
   Now the uncertainty associated with the critical current 
measurement is investigated. Based on the 𝑛𝑛-value model, the 
critical current can be expressed as: 

𝐼𝐼c = �𝐼𝐼(𝑉𝑉) �
𝐸𝐸c𝑙𝑙
𝑉𝑉
�
1/𝑛𝑛

�
𝑉𝑉=𝐸𝐸c𝑙𝑙

,                         (2) 

where 𝐸𝐸c = 1.0 × 10−4 V/m is the electric field criterion and 𝑙𝑙 
denotes the distance between the voltage taps. Assuming a 
uniform distribution for the deviation of the measured 
temperature with a distribution width of 2𝛿𝛿𝑇𝑇 , the relative 
standard uncertainty stemming from temperature measurement 
using Eq. (1) can be calculated as: 

𝑢𝑢r𝑇𝑇 =
0.05082𝛿𝛿𝑇𝑇

√3
≃ 0.029𝛿𝛿𝑇𝑇.                     (3) 

The relative standard uncertainties of the critical current arising 
from the current source, voltmeter, and distance between the 
voltage taps can be expressed as: 

TABLE II. 𝐼𝐼c value of (a) the inner core and (b) the outer shield. 𝑠𝑠𝑖𝑖 and 𝑠𝑠r𝑖𝑖 are experimental standard deviation and its relative value in each institute. 
(a) 

Institute Measured Value [A] Average [A] 𝑠𝑠𝑖𝑖 [A] 𝑠𝑠r𝑖𝑖 [%] 
1st 2nd 3rd 

Sumitomo 4337 4337 4347 4340  6 0.1 
Furukawa 4389 4358 4419 4389 31 0.7 

Kyushu I. T. 4340 4343 4337 4340  3 0.1 
KERI 4292 4295 4299 4295  4 0.1 

NHMFL 4307 4305 4307 4306  1 0.0 
Durham U. 4387 4385 4386 4386  1 0.0 

U. Paris-Saclay 4380 4389 4393 4397  7 0.2 
Guangdon P. G. 4315 4329 4303 4316 13 0.3 
I. Plasma Phys. 4320 4318 4325 4321  4 0.1 
Shanghai I. S. T. 4281 4286 4292 4286  6 0.1 

 
(b) 

Institute Measured Value [A] Average [A] 𝑠𝑠𝑖𝑖 [A] 𝑠𝑠r𝑖𝑖 [%] 
1st 2nd 3rd 

Sumitomo 3946 3966 3976 3963 15 0.4 
Furukawa 3990 3991 3998 3993  4 0.1 

Kyushu I. T. 4060 4074 4069 4068  7 0.2 
KERI 4014 4023 4027 4021  7 0.2 

NHMFL 4050 4059 4058 4056  5 0.1 
Durham U. 4140 4140 4148 4143  5 0.1 

U. Paris-Saclay 4088 4117 4118 4108 17 0.4 
Guangdon P. G. 4062 4075 4085 4074 12 0.3 
I. Plasma Phys. 4010 4030 4040 4025 15 0.4 
Shanghai I. S. T. 4039 4042 4039 4040  2 0.0 
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𝑢𝑢r𝐼𝐼 =
𝛿𝛿𝐼𝐼
√3𝐼𝐼

,   𝑢𝑢r𝑉𝑉 =
𝛿𝛿𝑉𝑉
√3𝑛𝑛𝑉𝑉

 ,   𝑢𝑢r𝑙𝑙 =
𝛿𝛿𝑙𝑙

√3𝑛𝑛𝑙𝑙
 ,         (4) 

where ±𝛿𝛿𝐼𝐼/𝐼𝐼 , ±𝛿𝛿𝑉𝑉/𝑉𝑉 , and ±𝛿𝛿𝑙𝑙/𝑙𝑙  represent the allowable 
ranges of relative deviation for the current, voltage, and 
distance between the voltage taps, respectively. Then, the 
relative uncertainty of the critical current is 

𝑢𝑢r = (𝑢𝑢r𝑇𝑇2 + 𝑢𝑢r𝐼𝐼2 + 𝑢𝑢r𝑉𝑉2 + 𝑢𝑢r𝑙𝑙2 )1/2.                    (5) 

First, the experimental standard deviation observed within 
each institute is discussed. Since three measurements are 
typically performed in a relatively short period, the temperature 
variation is likely minimal, even if the absolute temperature is 
unknown. Therefore, the temperature correction remains 
consistent across the three measurements. Consequently, the 
uncertainty 𝑢𝑢r𝑇𝑇 due to short-term temperature fluctuations can 
be disregarded. Under this assumption, the relative standard 
uncertainty simplifies to: 

𝑢𝑢r = �
1
3
�
𝛿𝛿𝐼𝐼
𝐼𝐼
�
2

+
1

3𝑛𝑛2
�
𝛿𝛿𝑉𝑉
𝑉𝑉
�
2

+
1

3𝑛𝑛2
�
𝛿𝛿𝑙𝑙
𝑙𝑙
�
2

�
1/2

.       (6) 

Given the large value of 𝑛𝑛, the terms associated with the voltage 
and distance uncertainties can be neglected. Typically, the 
allowable deviation for the current measurement is assumed to 
be 0.5% (𝛿𝛿𝐼𝐼/𝐼𝐼 = 0.005), substituting this value into Eq. (6) 
yields an uncertainty of approximately 𝑢𝑢r ≃ 0.003  (0.3%). 
This value originally represents the relative experimental 
standard deviation among the participating institutes. Since the 
relative experimental standard deviations arising from repeated 
measurements within each institute are expected to be smaller 
than those among the institutes, it is reasonable that most values 
of 𝑠𝑠r𝑖𝑖  are smaller than 𝑢𝑢r, as evident in TABLE II.   

Now, a discussion is given on the relative experimental 
standard deviation across all institutes. In this case, the relative 
uncertainties associated with voltage and distance 

TABLE III. 𝑛𝑛 value of (a) the inner core and (b) the outer shield. 
(a) 

Institute Measured Value Average 𝑠𝑠𝑖𝑖 𝑠𝑠r𝑖𝑖 [%] 
1st 2nd 3rd 

Sumitomo 20.0 21.0 21.0 20.7 0.6 2.8 
Furukawa 21.3 22.1 22.2 21.9 0.5 2.3 

Kyushu I. T. 20.0 21.0 20.2 20.3 0.6 2.9 
KERI 20.3 20.9 21.9 21.0 0.8 3.8 

NHMFL 25.8 25.6 25.9 25.8 0.1 0.5 
Durham U. 25.1 26.3 25.7 25.7 0.6 2.3 

U. Paris-Saclay 24.2 22.3 21.9 22.8 1.2 5.3 
Guangdon P. G. 18.9 19.2 18.9 19.0 0.2 1.1 
I. Plasma Phys. 20.9 20.0 20.3 20.4 0.8 3.9 
Shanghai I. S. T. 19.4 19.1 19.7 19.4 0.3 1.5 

 
(b) 

Institute Measured Value Average 𝑠𝑠𝑖𝑖 𝑠𝑠r𝑖𝑖 [%] 
1st 2nd 3rd 

Sumitomo  7.0  7.0  7.0  7.0 0 0 
Furukawa  8.2  8.2  8.5  8.3 0.2 2.1 

Kyushu I. T.  7.6  7.5  7.6  7.6 0.1 0.9 
KERI  9.9  9.6  9.5  9.7 0.2 2.1 

NHMFL  7.3  7.3  7.3  7.3 0 0 
Durham U.  7.4  7.6  7.3  7.4 0.1 2.1 

U. Paris-Saclay 11.0 12.7 12.7 12.1 1.0 8.3 
Guangdon P. G.  6.7  6.5  6.4  6.5 0.2 3.1 
I. Plasma Phys.  9.4  9.6  9.7  9.6 0.2 2.1 
Shanghai I. S. T.  6.8  6.7  6.7  6.7 0.1 1.5 

 
TABLE IV. Critical current and 𝑛𝑛-value. 

Institute Inner core Outer shield 
𝐼𝐼c [A] 𝑛𝑛-value 𝐼𝐼c [A] 𝑛𝑛-value 

Sumitomo 4340 20.7 3963 7.0 
Furukawa 4389 21.9 3993 8.3 

Kyushu I. T. 4340 20.3 4068 7.6 
KERI 4295 21.0 4021 9.7 

NHMFL 4306 25.8 4056 7.3 
Durham U. 4386 25.7 4143 7.4 

U. Paris-Saclay 4387 22.8 4108 (12.1)* 
Guangdon P. G. 4316 19.0 4074 6.5 
I. Plasma Phys. 4321 20.4 4027 9.6 
Shanghai I. S. T. 4286 19.4 4040 6.7 

Average 4337 21.7 4049 7.8 
𝑠𝑠 39 2.4 53 1.2 

𝑠𝑠r [%] 0.90 11.1 1.3 15.4 
*The 𝑛𝑛-value was measured in the electric field range above 1.0 μV/cm. This value is not included in the statistical analysis. 

 



5 
> REPLACE THIS LINE WITH YOUR MANUSCRIPT ID NUMBER (DOUBLE-CLICK HERE TO EDIT) < 
 
measurements can be safely neglected again. Therefore, the 
relative uncertainty becomes: 

𝑢𝑢r = �(0.029𝛿𝛿𝑇𝑇)2 +
1
3
�
𝛿𝛿𝐼𝐼
𝐼𝐼
�
2

�
1/2

.                 (7) 

Assuming a half-width of temperature distribution of 𝛿𝛿𝑇𝑇 =
0.25 K, which corresponds to the uncertainty of the temperature 
of 0.14 K, we have 𝑢𝑢r = 0.008 (0.80%). This value is close to 
the obtained experimental standard deviation of 0.90% for the 
inner core. However, the experimental standard deviation for 
the outer shield is larger than that of the inner core, which aligns 
with the findings of the domestic round robin test [5]. This 
suggests an additional source of standard deviation specific to 
the outer shield measurements. This discrepancy could 
potentially be linked to anomalies in the 𝐸𝐸 -𝐼𝐼  characteristics 
behavior within the electric field range below 1.0 μV/cm (see 
Fig. 7 in [8]), which also explains the lower 𝑛𝑛-value observed 
for the outer shield. 

The observed anomaly in the outer shield is hypothesized to 
be caused by a current transfer mechanism. Damaged 
superconducting tapes within the outer shield may transfer 
current to intact tapes, inducing an additional flux flow voltage. 
This implies that the anomaly is dependent on the sweep rate of 
the applied current 𝐼𝐼̇ = d𝐼𝐼/d𝑡𝑡. As shown in Fig. 6, the critical 
current of the outer shield exhibits a significant dependence on 
𝐼𝐼̇, whereas the inner core does not. Using the least squares 
method, these dependences are expressed as: 

𝐼𝐼c = 4084�1 − 0.766 × 10−4𝐼𝐼�̇                       (8) 

for the shield and 

𝐼𝐼c = 4336�1 + 0.456 × 10−6𝐼𝐼�̇                       (9) 

for the core. Accounting for the sweep rate dependence, the 
experimental standard deviations and their relative values for 
each conductor are presented in TABLE V. Notably, the 
relative experimental standard deviations are comparably for 
the two conductors. 

For the 𝑛𝑛 -value, the experimental standard deviation (𝑠𝑠𝑖𝑖 ) 
within each institute is similar for both the inner core and outer 
shield conductors. However, it is significantly larger than that 
observed for the critical current. This is likely due to the 
influence of noise voltage around 0.1 μV/cm . The inter-
institutes standard deviation (𝑠𝑠) for the 𝑛𝑛-value is considerably 
larger than the intra-institute standard deviations (𝑠𝑠𝑖𝑖). Similar to 
the critical current measurement, this is likely caused by 
uncertainties in temperature measurement and variations in the 
methods used by different institutes to determine the 𝑛𝑛-value. 
Further investigation of the effect of the current sweep rate on 
the 𝑛𝑛-value yields the following relationships: 

𝑛𝑛 = 22.1�1 − 0.160 × 10−3𝐼𝐼�̇    (10) 

for the core and 

𝑛𝑛 = 7.4�1 + 0.377 × 10−3𝐼𝐼�̇      (11) 

for the shield (see Fig. 7). The observed increase in the 𝑛𝑛-value 
of the outer shield with increasing sweep rate correlates with 
the decrease in the critical current. Both phenomena can be 
attributed to the anomalous voltage increase. In contrast, the 
absence of such an anomaly in the inner core results in minimal 
changes to both the critical current and 𝑛𝑛-value. TABLE V also 
includes the compensated results for the 𝑛𝑛-value. 
   The results clearly demonstrate a significant difference in the 
𝑛𝑛-value between the inner core and outer shield. While the 𝑛𝑛-

                                 
 

Fig. 6. Current sweep-rate dependence of the critical current.                               Fig. 7 Current sweep-rate dependence of the 𝑛𝑛-value. 
 
TABLE V. Change in the experimental standard deviations and the relative values of the critical current and 𝑛𝑛-value due to the compensation of the effect of 
the current sweep rate. 

 
Compensation 

Inner core Outer shield 
𝐼𝐼c 𝑛𝑛 𝐼𝐼c 𝑛𝑛 

𝑠𝑠 [A] 𝑠𝑠r [%] 𝑠𝑠 𝑠𝑠r [%] 𝑠𝑠 [A] 𝑠𝑠r [%] 𝑠𝑠 𝑠𝑠r [%] 
Without 39 0.9 2.4 11.1 53 1.3 1.2 15.4 

With 39 0.9 2.3 10.7 33 0.8 1.1 14.1 
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value of the outer shield aligns with values typically observed 
in short samples, the 𝑛𝑛-value of the inner core is considerably 
higher. This is thought to be a consequence of the more rapid 
temperature rise within the inner core during the resistive state, 
due to its limited contact with liquid nitrogen [5]. 

Based on the preceding discussion, establishing a 
recommended range for the current sweep rate during 
measurement might be considered. However, such a restriction 
would likely hinder the adoption of the proposed method, as 
optimal experimental condition may vary across different 
institutes. Therefore, we propose to refrain from specifying a 
recommended sweep rate. 
   The results obtained for both the inner and outer conductors 
suggest that the resistive method employed in the round robin 
test is a suitable candidate for a standardized method to 
determine the critical current of superconducting cables. A 
target relative combined uncertainty (target uncertainty) of 
3.0% with a coverage factor 𝑘𝑘 = 2  (corresponding to 
approximately 96% confidence within the uncertainty range) 
appears achievable. As shown in TABLE V, all measured 
values fall the range of 2𝑢𝑢r for the inner and outer conductors. 
Conversely, we believe further investigation is necessary to 
establish a standardized measurement method for the 𝑛𝑛-value 
of superconducting cables. 

IV. CONCLUSION 
The international round robin test for critical current 
measurement of a Bi-2223 superconducting power cable was 
successfully completed. The achieved experimental relative 
standard deviations for the critical current at 77.30 K were 
0.90% and 1.3% for the inner and outer conductors, 
respectively. Uncertainty analysis revealed that the primary 
contributor to the inter-institute experimental standard 
deviation was the uncertainty in temperature during the 
experiment. These findings support the suitability of the 
resistive method. Thus, it can be confidently recommended as 

a standardized testing procedure, aiming for a target uncertainty 
of 3.0% with a coverage factor of 𝑘𝑘 = 2.  

However, the experimental relative standard deviations for 
the 𝑛𝑛-value were significantly higher than those observed for 
the critical current, reaching 11.1% and 23.2% for the inner and 
outer conductors, respectively. This highlights the need for 
further investigation to establish a standardized measurement 
method for the 𝑛𝑛-value of superconducting cables. 
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