
 
pISSN 1229-3008 eISSN 2287-6251 

Progress in Superconductivity and Cryogenics                                                                                                                                               

Vol.21, No.1, (2019), pp.31~35                                                                                                                         https://doi.org/10.9714/psac.2019.21.1.031 

 

``̀   

1. INTRODUCTION  
 

Since no-insulation(NI) characteristics were observed in 

2011 [1], various analyzing methods have been developed 

and used to date [1–13]. These methods can be classified 

into two types, a method with the lumped-parameter circuit 

and the distributed network circuit. The lumped-parameter 

circuit models each double pancake (DP) into the self-

inductance L (or mutual inductance M), the super-

conducting variable resistor Rsc in series, and the resistor 

in parallel that indicates V-I characteristics between turn-

to-turn called ‘characteristic resistance’, 𝑅𝑐, as shown in 

Fig. 1. The current passing through the superconducting 

resistor and the characteristic resistance are referred to as 

the azimuthal current 𝐼𝜃 and the radial current 𝐼𝑟 , 
respectively. From the lumped-parameter circuit, various 

types of distributed network model have been developed. 

Yanagisawa et al. subdivided the entire pancake coil into 

multiple nodes comprising with elements [2], Wang et al. 

converted the whole NI coil into an equivalent circuit grid 

(ECG) [3], Wang et al. subdivided every turn into multiple 

segments and developed the partial element equivalent 

circuit (PEEC) model [4], and Markiewicz et al. modeled 

the whole coil to series of turn-distributed circuits [5]. 

Due to its simplicity, the computation time of the 

lumped-parameter circuit is much shorter than the

distributed network circuit. Also, its accuracy has verified 

 
Fig. 1. A lumped-parameter circuit model consisting of n-

DPs [18]. 

 

in current charging and discharging simulation compared 

with the experiment below critical current [6]. However, 

since the entire magnet or each DP is modeled as a single 

circuit, there are some limitations in analyzing internal 

local electromagnetic phenomena using the lumped-

parameter circuit [2]. These limitations are apparent when 

quench occurs, as numerous physical phenomena, such as 

overcurrent, overstress, and heat dissipation, occur 

simultaneously within a magnet or DP due to normal-zone 

transition during a quench [14, 15]. 
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Abstract  

 

The lumped-parameter circuit model for a no- insulation (NI) high temperature superconductor (HTS) magnet has been well 

understood after many experimental and analytic studies over a decade. It successfully explains the non-linear charging behaviors 

of NI magnets. Yet, recently, multiple groups reported that the post-quench electromechanical behaviors of an NI HTS magnet may 

not be well explained by the lumped circuit model. The characteristic resistance of an NI magnet is one of the key parameters to 

characterize the so-called “NI behaviors” of an NI magnet and recently a few groups reported a potential that the characteristic 

resistance of an NI magnet may substantially vary during a quench. This paper deals with this issue, the increment of contact 

resistance of the no-insulation (NI) REBCO magnet during a quench and its impact on the post-quench behaviors. A 7 T 78 mm 

NI REBCO magnet that was previously built by the MIT Francis Bitter Magnet Laboratory was chosen for our simulation to 

investigate the increment of contact resistance to better duplicate the post-quench coil voltages in the simulation. The simulation 

results showed that using the contact resistance value measured in the liquid nitrogen test, the magnitude of the current through the 

coil must be much greater than the critical current. This indicates that the value of the contact resistance should increase sharply 

after the quench occurs, depending on the lumped circuit model. 
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In this paper, a quench analysis using the lumped -

parameter circuit was performed. The configuration and 

experimental results of a 7 T 78 mm NI REBCO coil 

produced by the MIT Fancis Bitter Magnet Laboratory 

were used for analyzing simulation [16]. The azimuthal 

current and the radial current were simulated based on the 

experimentally measured DP voltage and the total 

operating current measured by the shunt resistor. The 

characteristic resistance at 77 K was also used in 

simulation. The value of the characteristic resistance was 

set to increase from half of the measured value to the 

measured value with reference to the results of Lu et al [17]. 

However, each simulated currents was much larger than 

the critical current level [18–24]. From this simulation, the 

results suggest that a sharp increase in contact resistance 

will occur during a quench. 

 

 

2. 7 T 78 MM MAGNET CONFIGURATION AND 

PARAMETERS 

 

The configuration of the 7 T 78 mm magnet is presented 

in Fig. 2. The magnet consists of 13 DPs numbered from 

top to bottom and is modeled as a series of 13 lumped-

parameter circuits. Parameters of each DP are solved by 

Kirchhoff’s voltage law and Kirchhoff’s current law. 

 

2.1. Parameters of the REBCO conductor 

The parameters of REBCO conductor are shown in 

Table I. The tapes were manufactured from SuNAM and 

have multiple average widths from 4.1 mm to 8.1 mm. The 

average thickness of the tape was 85 µm and had a residual 

 

 
Fig. 2. Schematic of 7 T 78 mm magnet configuration [16]. 

 TABLE I 

REBCO CONDUCTOR PARAMETERS [25]. 

 
 

resistivity ratio(RRR) 50 copper stabilizer with an average 

10 µm thickness at each side. 

 

2.2. Parameters of the Magnet 

The parameters of 7 T 78 mm magnet are shown in Table II. 

Since the magnet was wound in multi-width (MW) 

technique [26, 27], DPs have the same width are called a 

module. Five modules constitute the magnet, and the 

thickness of each module is in ascending order from middle 

to edge, from 4.1 mm to 8.1 mm. The inner diameter and 

the outer diameter of the magnet are 78.0 mm and 101.8 

mm each, and the average number of turns per DP is 280. 

The value of the characteristic resistance was 1.4 mΩ in 77 K. 

From the characteristic resistance, the average contact 

resistance can be derived which is presented in Eq. (1) [28]. 

In this equation, N is the total number of turns, 𝑟𝑖  is the 

radius of 𝑖𝑡ℎ turn and 𝑤𝑘  is the width of the 𝑘𝑡ℎ module. 

From this equation, the contact resistance value was 5.6 

μΩ ∙ cm2. 
 

𝑅𝑐 = ∑
𝑅𝑐𝑡

2𝜋𝑟𝑖𝑤𝑘

                                

𝑁

𝑖=1

 (1) 

 
TABLE Ⅱ 

7T 78MM MAGNET PARAMETERS [16]. 

 
 

 
 

Fig. 3. Voltage profile of the 7 T 78 mm magnet quench 

experiment interpolated with the Hermite method. 
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Fig. 4. Characteristic resistance of each module. 

 

 

3. SIMULATION RESULTS & DISCUSSION 

 

3.1. Key Equations: KVL and KCL 

Prior to the simulation results, the equations used in the 

simulation is presented. In a lumped-parameter circuit 

shown in Fig. 1, KVL and KCL in Eq. (2) and Eq. (3) are 

applied to each circuit. 

 

𝑉𝑛 = 𝐼𝜃𝑛
𝑅𝑠𝑐𝑛

+ ∑ ∑ 𝑀𝑖𝑗

𝑑𝐼𝜃

𝑑𝑡
= 𝐼𝑟𝑛

𝑅𝑐𝑛

𝑛

𝑗=1

𝑛

𝑖=1

      (2) 

 
𝐼𝑜𝑝 = 𝐼𝜃𝑛

+ 𝐼𝑟𝑛
                              (3) 

 

In these equations, 𝑉𝑛, 𝐼𝜃𝑛
, 𝑅𝑠𝑐𝑛

, 𝐼𝑟𝑛
 𝑎𝑛𝑑 𝑅𝑐𝑛

 are voltage, 

azimuthal current, superconductor resistance, radial 

current and characteristic resistance of 𝑛𝑡ℎ  DP, 

respectively. 𝑀𝑖𝑗  represents the mutual inductance of 𝑖𝑡ℎ 

and 𝑗𝑡ℎ  DP, where 𝐼𝑜𝑝  represents the operating current 

measured by shunt resistor. 

 

3.2. Coil Voltage: Interpolated by Hermite method 

Since the results of the experiment included only 9 data 

sets per DP, they were interpolated by the Hermite method 

[29]. Fig. 3 shows the interpolated voltage profile. The 

initial rising of the voltage indicates the quench initiation 

at DP 9. The voltages over 0.1 V were not measured 

accurately due to measurement limitations. In other words, 

the actual voltage would have exceeded the measured 

voltage level. 

 

3.3. Azimuthal & Radial Current Simulation: by Adopting 

Measured Characteristic Resistance Value 

 

 
 

Fig. 5. Simulated azimuthal current & operating current 

profile with characteristic resistance measured at 77 K. 

 
 

Fig. 6. Simulated radial current profile with characteristic 

resistance measured at 77 K. 
 

Fig. 4 shows the characteristic resistance profile of each 

module used in the simulation. From energy conservation 

equation, the final temperature after quench is 76.9 K [18] 

and according to J. Lu, the value of the contact resistance 

increases from 4.2 K to 77 K about 2 times [17]. Thus, in 

this simulation, half of the measured value in 77 K was 

assumed to the initial characteristic resistance and contact 

resistance and both of them increased linearly. The initial 

contact resistance value of all modules was 2.8 μΩ ∙ cm2 

and it increased to the final value 5.6 μΩ ∙ cm2. 

Fig. 5 and Fig. 6 show the simulated azimuthal current, 

operating current and radial current calculated from the Eq. 

(2) and Eq. (3). The operating current decreased from 343 

A to 128 A. The peak value of the azimuthal current was 

about 1310 A, where the negative peak value of the radial 

current was about -1000 A, both of which flowed in DP12. 

The values of critical current (𝐼𝑐) of each DP at 4.2 K are 

about 300-500 A level, well below the simulated azimuthal 

/radial current values [18]. This can be interpreted in the 

value of the contact resistance need to be increased. 
 

3.4. Azimuthal Current Simulation: by Adopting 

Increased Characteristic Resistance Value 

It is not clear how the azimuthal current should actually 

flow. However, applying the assumption that at least the 

azimuthal current should not decrease to a negative value, 

in other words, the radial current should not exceed the 

operating current, the result indicates that the ramping rate  

of the contact resistance should increase into at least 14-29 

times, which makes the value of the characteristic 

resistance of every coil to about 0.1 mΩ at the end of the 

quench. Fig. 7 shows azimuthal current profile when the  

 

 
 

Fig. 7. Simulated azimuthal current & operating current 

profile with increased characteristic resistance ramps to 0.1 

mΩ. 
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value of characteristic resistance of all DPs are ramped 

from half of 77 K measured value to 0.1 mΩ. 
 

 

4. CONCLUSION 

 

The 7 T 78mm magnet experimental result was analyzed 

with the lumped-parameter circuit. Applying KVL and 

KCL to each coil, the azimuthal current and the radial 

current value were simulated from measured voltage, 

operating current and ramping characteristic resistance 

from half to the 77 K value. However, the peak values of 

both currents were far above the estimated critical current 

value. Therefore, the drastic increment of contact 

resistance during a quench was suggested to explain this 

result. However, since the lumped-parameter circuit has a 

limitation of analyzing internal phenomenon and the 

measured voltage of the 7 T 78 mm magnet quench 

experiment was saturated at 0.1 V, a study using a 

distributed network circuit with data whose voltage value 

is not saturated should be followed. 
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