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1. INTRODUCTION 

 

No-insulation (NI) high-temperature superconducting 

(HTS) coils are typically evaluated using lumped 

equivalent circuit (LEC) models [1-8]. Numerous studies 

have confirmed the effectiveness of these models in 

predicting the voltage and central magnetic field of the coil 

when operating currents are below the critical current [9-

12]. However, achieving simultaneous satisfaction of the 

coil voltage and central magnetic field measured in a 

section above the critical current with a specific 

combination of circuit parameters can be challenging [13]. 

NI-HTS coils are often at risk of failure due to excessive 

current. To prevent this, stable control of the operating 

current of NI-HTS coils is necessary, with important 

parameters being inductance and contact resistance. These 

two parameters are crucial for determining the dynamic 

characteristics of the HTS coil and are typically required 

parameters for the current controller of converters [14]. 

To analyze interconnect lines, such as contact resistance 

and mutual inductance, the partial element equivalent 

circuit (PEEC) model is commonly utilized. This model 

allows for the analysis of current distribution by spatially 

dividing the model, enabling the extraction of an 

equivalent circuit model through analysis in both the time 

and frequency domains [15-18]. However, extracting 

parasitic components (resistance, inductance, and 

capacitance) is necessary for constructing a PEEC 

equivalent circuit. Various techniques for predicting 

contact resistance have been extensively researched [19-

23]. Nonetheless, methods for fairly accurate prediction of 

contact resistance have not yet been established.  

Recent research suggests that contact resistance is 

variable under transient conditions [24].  To ensure stable 

operation of the coil under excessive conditions, it is 

necessary to examine the changes in dynamic characteristic 

parameters of the coil during excessive situations. If the 

dynamic characteristic parameters vary depending on the 

operating conditions, there is a risk of malfunctioning the 

HTS coil due to controller errors. Furthermore, leakage 

current in the NI-HTS coil can cause losses in the contact 

resistance. Leakage current is prominent during 

overcurrent situations. Therefore, understanding the 

impact of contact resistance changes on leakage current-

induced losses in the coil is crucial in excessive scenarios. 

This study investigates the impact of contact resistance 

changes in the transient state on the loss calculation of the 

NI HTS coil. We present an overview of the LEC model 

for the NI HTS coil and introduce the field-based data 

profiling (FBDP) method, a measurement data analysis 

technique based on the LEC model of the NI HTS coil. We 

employ FBDP to analyze the transient loss in the NI HTS 

coil during over current, which is a typical test to evaluate 

the coil's behavior in the transient state. Additionally, we 

compare these results with the LEC model of the NI HTS 

coil with constant contact resistance, examining the impact 

of contact resistance changes on the transient loss of NI 

HTS coil. 
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Abstract 

 

The evaluation of no-insulation (NI) high-temperature superconducting (HTS) typically uses the lumped equivalent circuit (LEC) 

model. Constant parameters in the NI HTS LEC model accurately predict voltage and central magnetic field at currents below the 

critical current. However, it is difficult to find constant circuit parameters that simultaneously satisfy the measured voltage and 

magnetic field under overcurrent conditions. Recent research highlights changes in contact resistance during transient conditions, 

which may impact power loss estimation in NI HTS coils. Therefore, we confirm the influence of contact resistance changes on 

loss calculation in the transient state for NI HTS coil. To achieve this, we introduce a measurement data analysis method based on 

the LEC model and compare it with the LEC model using constant circuit parameters. 
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Fig. 1. Lumped-equivalent circuit for No-Insulation coil. 

 
 

2. LUMPED-EQUIVALENT CIRCUIT MODEL 

AND DATA PROFILING METHOD 

 

2.1. Lumped-equivalent circuit model of NI HTS coil 

Fig. 1 shows the LEC simulation model of a typical NI 

HTS coil. In this model, Rs represents the azimuthal 

resistance, Rc represents the contact resistance, and Lsf 

represents the self-inductance. The voltage across the NI 

HTS coil is determined using Kirchhoff's voltage law and 

can be expressed as (1) [1-8]. In this equation, the left-hand 

side represents the voltage rise due to Rs in the 

superconducting layer, while the right-hand side represents 

the induced electromotive force caused by Lsf. Additionally, 

the voltage across the NI HTS coil is equal to the voltage 

across the radially parallel Rc.  

The voltage across Rs is defined as (2). In this equation, 

Ic represents the critical current, which refers to the current 

at which the current versus voltage curve intersects the 

points of Ec = 1 μV/cm or Ec = 0.1 μV/cm. In the case of 

NI HTS coils, Ic should be determined based on the current 

flowing in the azimuthal direction, rather than the applied 

current. 

Based on Kirchhoff's current law, the input current of the 

NI HTS coil can be expressed as (3), where iϕ represents 

the azimuthal direction current and ir represents the leakage 

current. According to Ohm's law, Rs can be expressed as 

(4). When τ is the time constant, Rc can be calculated 

from (5). 

 

vo = Vc (
𝑖𝜙

Ic

)
n

+ Lsf

d𝑖𝜙

d𝑡
 =  Rcir (1) 

vs = Rsi𝜙 = Vc (
𝑖𝜙

Ic

)
n

 (2) 

iin = iϕ + ir (3) 

Rs = 
vo

i𝜙
 (4) 

Rc = 
Lsf

τ
 (5) 

 
2.2. Field-based data profiling analysis method 

The FBDP is a back-calculation method using the LEC 

model of NI HTS coils. It assumes that iϕ produces a central 

magnetic flux density, Bcenter, which is linearly proportional 

to the magnetic coil constant κ. Previous research has 

employed this assumption to calculate iϕ [8, 9]. In this study, 

we have incorporated a procedure using the central 

difference method to calculate the inductive voltage in NI 

HTS coils. Consequently, variations of Rc could be 

calculated based on expressions of relation in the LEC 

model of NI HTS coil. The detailed procedure of FBDP is 

as follows: 

STEP.1. Calculate iϕ by dividing the Bcenter measured from 

the experiment by κ [8, 9]. 

STEP.2. Calculate ir by subtracting iΦ from iin from (3). 

STEP.3. The induced electromotive force is calculated as 

follows by the central difference method as follow: 

Lsf

di𝜙

𝑑𝑡
=

Lsf

2Ts

 [i𝜙(i+1)-i𝜙(i-1)],  (6) 

where Ts represents the sampling time interval of 

the measured data, and i means the i-th data of the 

measured data. 

STEP.4. Calculate vs by subtracting the induced electro-

motive force from vo using (1). 

STEP.5. Calculate Rc by dividing ir by vo. 

STEP.6. Assuming n-value, calculate Ic using (2); The HTS 

wire used for the tested NI HTS coil, SuNAM's 

GdBCO, wire with a width of 4.1 mm and a 

thickness of 140 μm, had an Ic and n-value of 

216 A and 40, respectively, under self-field 

conditions at a liquid nitrogen (LN2) cooling 

temperature of 77 K. In this study, an n-value of 

40 was assumed, consistent with the n-value of the 

HTS wire used for the tested NI HTS coil. 

The instantaneous power loss of the NI HTS coil is 

calculated as shown in (7). The left side of the equation 

represents the superconducting layer loss, while the right 

side represents the contact resistance loss. 

Ptotal = vs𝑖𝜙+Rcir
2  (7) 

 

 

3. ANALYSIS RESULTS OF OVER-CURRENT 

EPXRIMENT 

 

The over-current experiment was conducted with a final 

input current of 132 A, a ramp rate of 0.5 A/s, and a hold 

time of 60 seconds. The input current was set to 1.3 times 

Ic. Table I presents the detailed specifications of the tested 

NI HTS coil. A total of 31 turns were wound on a circular 

bobbin with a diameter of 80 mm, applying a winding 

tension of 3 kgf. The HTS wire used in the coil had a total 

length of 811 cm, which is important for determining the 

terminal tap voltage required for calculating the critical 

current. The self-inductance of this coil was measured to 

 
TABLE I 

SPECIFICATION OF NI HTS COIL 
 

Parameter  

Number of turns 31 

Insulation None 

Inner diameter/outer diameter 80 mm/ 88.68 mm 

Winding tension 3 kgf 

Total length of HTS wire 811 cm 

Lsf 141 μH 

τ 12 s 

Rc 14.50 μΩ 

κ 460 μT/A 

Ic @ 77 K, self-field 100 A 
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be 141 μH, corresponding to a time constant of 12 seconds. 

Additionally, the contact resistance was calculated to be 

14.5 μΩ using the measured time constant of 12 seconds. 

Moreover, the coil exhibited a critical current of 

approximately 100 A. Lastly, the coil constant, defined as 

the center magnetic field per ampere, was calculated to be 

460 μT/A. 

 
3.1. Comparison with Experimental and LEC Simulation 

Results 

Fig. 2(a) presented a comparison of voltage in the NI 

HTS coil during the overcurrent test, showing that at an 

operating current of 132 A, the measured vo was 901 μV, 

while the LEC simulation yielded a calculated value of 

47 μV. The experimental vo was 1.9 times higher than the 

simulation.  

Fig. 2(b) compared Bcenter, with a measured value of 

46 mT in the experiment and a calculated value of 45 mT 

in the LEC simulation. The LEC simulation estimated 

Bcenter by multiplying κ of 460 μT/A with iϕ. The measured 

and simulated Bcenter values were nearly identical. 

 
3.2. Comparison with Experimental and LEC Simulation 

Results 

Fig. 3(a) illustrated the variation of the ir to iΦ ratio in the 

over-current test. At operating current of 132 A, both the 

FBDP analysis and LEC simulation demonstrate a ratio of 

0.33, indicating strong agreement. This agreement 

confirms that iΦ and ir, calculated using both methods, were 

identical at the given operating current. As a result, 

assuming κ is constant, the calculation of iΦ in both the 

LEC simulation and FBDP leaded to the same Bcenter value. 

Fig. 3(b) illustrated the variation of Rc and Rs in the over-

current test. In the LEC simulation, Rc remained constant 

at 14.50 μΩ. However, in the FBDP analysis, Rc changed 

from 14.50 μΩ to 27.86 μΩ over time. Both LEC 

simulation and FBDP analysis resulted in an Rs value of 

0 Ω when the operating current was increased and 

decreased at a rate of 0.5 A/s. Under the over-current 

condition with an operating current of 132 A, the LEC 

simulation showed Rs changing from 0 Ω to 4.79 μΩ, while 

the FBDP analysis showed Rs changing from 0 Ω to 

9.18 μΩ. Consequently, the FBDP-calculated Rc and Rs 

were 1.9 times larger than the values obtained from the 

LEC simulation under the over-current condition. 

Both FBDP analysis and LEC simulation yielded a 

consistent ir to iΦ ratio of 0.33 at an operating current of 

132 A under overcurrent conditions. However, there was a 

notable distinction in the calculated Rc and Rs values. The 

FBDP analysis produced Rc and Rs values that were 

1.9 times larger compared to the values obtained from the 

LEC simulation. This dissimilarity was further supported 

by the measurement of vo in Fig. 2(a), which was 1.9 times 

larger (901 μV) than the LEC simulation value of 473 μV, 

despite similar ir values in both methods. Because the vo 

was calculated by multiplying Rc with ir. Consequently, the 

main factor contributing to the difference between FBDP 

and LEC simulation results was the variation of Rc. 

Fig. 4 shows the comparison of Ic obtained through both 

the FBDP and the LEC simulation methods. In the FBDP 

method, Ic was calculated using (9) based on the measured 

data. On the other hand, in the LEC simulation method, Ic 

is a constant value of 100 A derived from the Ic 

measurement test. While maintaining the operating current 

at 132 A, the FBDP calculation shows that Ic is 98 A, 

which is slightly smaller than the Ic value of 100 A used in 

the LEC simulation. This analysis suggests that the 

difference in Rs, as shown in Fig. 3(b), can be attributed to 

the difference in Ic between the two methods. 

Fig. 5 compares the instantaneous power losses in the NI  

 

 
Fig. 2. Comparisons of (a) vo, and (b) Bcenter in the NI HTS 

coil between experiment and LEC simulation during over 

current test. 
 

 
Fig. 3. Comparisons of (a) ir/iΦ, and (b) Rc and Rs in the NI 

HTS coil between FBDP and LEC simulation during over 

current test. 
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Fig. 4. Comparison of critical current in the NI HTS coil 

between FBDP and LEC simulation during over current 

test. 

 

Fig. 5. Comparison of instantaneous power losses in the NI 

HTS coil between FBDP and LEC simulation during over 

current test. 

 
HTS coil between FBDP and LEC simulation. We 

estimated the losses in the NI HTS coil under an operating 

current of 132 A. The contact resistance losses were 

calculated to be 29 mW and 15 mW for the FBDP and LEC 

simulations, respectively. Additionally, the azimuthal 

direction resistance losses were 88 mW and 46 mW for the 

FBDP and LEC simulations, respectively. Overall, the total 

power losses reached 117 mW and 62 mW in the FBDP 

and LEC simulations, respectively. As a result, the total 

power loss in the FBDP simulation was 1.9 times higher 

than in the LEC simulation. 

 

 

4. CONCLUSION 

 

In this paper, the impact of contact resistance changes 

during the transient state on the loss calculation of the NI 

HTS coil was investigated. This was done by analyzing 

experimental data obtained from an overcurrent test at 

132 A, which corresponds to 1.3 times critical current. The 

FDBP method was employed for this analysis. Moreover, 

the FDBP analysis results were compared with those of the 

LEC model, which utilizes constant circuit parameters. 

Simulations of the NI HTS LEC model, which assumed 

constant circuit parameters, showed good agreement 

between the calculated and measured center magnetic flux 

density of NI HTS coil values. However, the calculated 

voltage of NI HTS coil was found to be lower than the 

measured value. The reason why the measured center 

magnetic flux density of NI HTS coil matches well with 

the simulated center magnetic flux density of NI HTS coil 

in the NI HTS LEC model could be because the real 

azimuthal direction current and radial leakage current, 

obtained from the FBDP analysis, agree with the simulated 

results under the assumption of a constant magnetic coil 

constant. However, when the same current flows through 

each layer, the FBDP analysis shows that azimuthal 

direction resistance and contact resistance increase in the 

experimental results. This might be the reason why the 

measured voltage of NI HTS coil ends up being greater 

than the simulated voltage of NI HTS coil in the 

experiment. As a result, the total instantaneous power loss 

in the FBDP analysis is calculated to be higher than that in 

the LEC simulation. The FBDP analysis method is 

expected to more accurately evaluate the loss of non-

insulated high-temperature superconducting coils by 

considering the effect of contact resistance change in the 

transient state. 
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