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Abstract—In 2011, a no-insulation (NI) winding technique was 
first proposed. Rare-Earth Barium Copper Oxide (REBCO) 
pancake coils using the NI winding technique are promising to 
generate an ultrahigh magnetic field, because the NI winding 
technique drastically enhances the thermal stability. When a 
local hot spot appears on a turn of the NI REBCO pancake coil, 
the enforced current can bypass into the adjacent turns to 
suppress the Joule heat generation. Recently, different types of 
REBCO coils to enhance the thermal stability by escaping the 
current flow from a local hot spot have been researched and 
developed.  

A few years ago, a REBCO single pancake coil whose upper 
surface was coated with conductive epoxy resin was proposed as 
one kind of NI winding techniques. The high thermal stability of 
conductive-epoxy-resin-coated (CERC) REBCO single pancake 
coil was demonstrated through an overcurrent test. However, the 
current behavior in the coil is still unclear. Therefore, we have 
newly developed an equivalent circuit model for CERC REBCO 
pancake coils. The sudden discharging and overcurrent tests 
were simulated for CERC REBCO pancake coils, and the 
resistance parameters were varied to investigate the coil stability.  
 

Index Terms—Conductive-epoxy-resin-coated REBCO coil, 
magnet stability, no-insulation winding technique, quench 
protection. 
 

I. INTRODUCTION 

REVIOUSLY, Hahn, et al. have proposed a no-insulation 
(NI) winding technique [1], which has received increasing 

attention in recent years. The NI winding technique 
demonstrated the high thermal stability of rare-earth barium 
copper oxide (REBCO) single pancake coils. When a local hot 
spot appears on a turn of NI pancake coil, the coil operating 
current bypasses into the adjacent turns directly through the 
contact surface between turns in the coil-radial direction, 
resulting in suppression of total Joule heating [2]-[4]. Thus, 
the NI winding technique facilitates the realization of 
ultrahigh magnetic field applications of REBCO magnets, 
such as nuclear magnetic resonance (NMR) [5], [6], magnetic 
resonance imaging (MRI) [7], [8], and particle accelerators for 
medical use [9], [10].  

It is desired to operate NI REBCO coils with conduction-
cooling due to shortage of liquid helium all over the world. 
Furthermore, the conduction-cooled superconducting magnets 
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have advantages in operating cost, convenient usability, 
magnet system size, and mobility [11]. When NI REBCO 
pancake coils are operated with conduction cooling, it is 
preferred to impregnate them with epoxy resin to improve the 
cooling condition.  

Recently, Miyazaki, et al. have proposed a REBCO pancake 
coil whose top surface is coated with electrically conductive 
epoxy resin [12]. The high stability was revealed by the 
operating current escaping through the electrically conductive 
epoxy resin in an overcurrent test. To confirm the high 
stability of conductive-epoxy-resin-coated (CERC) REBCO 
pancake coil, the current behaviors must be clarified in 
simulation as well. Therefore, we have newly developed an 
equivalent circuit model of CERC REBCO pancake coil. In 
this paper, the sudden discharging and overcurrent tests of 
CERC REBCO pancake coils were simulated. Additionally, 
the resistance parameters to enhance the coil stability were 
investigated. The developed equivalent circuit model is 
coupled with thermal finite element method (FEM). The 
simulation results were compared with those of the 
conventional NI REBCO pancake coil, and we discussed the 
current behavior and the thermal stability. 

II. SIMULATION MODEL 

Fig. 1 shows the schematic view of CERC REBCO single 
pancake coil [12]. A single pancake coil was wound with 
REBCO tape, and each turn was insulated with polyimide film. 
The conductive epoxy resin was coated onto the top surface of 
the insulated REBCO single pancake coil. The tape parameters 
and the coil specifications are listed in Table I, which are 
referred from [12]. Table I also shows the specifications for 
the conventional NI REBCO single pancake coil with turn-to-
turn contact resistivity of 198 µΩꞏcm2. The turn-to-turn 
contact resistivity value is decided such that the time constant 
is identical to 2.9 s of the CERC REBCO pancake coil, for 
easy comparison.  

Fig. 2 shows the proposed equivalent electric circuit model 

P

 
Fig. 1.  Schematic view of conductive-epoxy-resin-coated (CERC) REBCO
coil proposed in [12]. The top surface of an insulated REBCO pancake coil is
coated with conductive epoxy resin. (Not to scale) 
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of CERC REBCO single pancake coil, which consists of the 
coil current path and the conductive-epoxy-resin path in 
parallel. The circuit element of each winding turn is composed 
of the REBCO layer resistance 𝑅୰ୣ , the copper matrix 
resistance 𝑅ୡ୳, and the inductance 𝐿 [13]. Here, to consider the 
magnetic field and temperature dependencies of REBCO 
critical current characteristics, a power index E-J 
characteristic model given in [14] is used as a critical current 
model of REBCO layer resistance. The resistances of the 

conductive epoxy resin and the contact between REBCO coil 
and conductive epoxy resin are represented as 𝑅ୣ୮  and 𝑅ୡ୬ , 
respectively. When a local normal zone appears, a bypass 
current flows into the top-coated conductive epoxy resin 
through the contact surface between the REBCO coil and the 
conductive epoxy resin; i.e., the bypass current passes through 
the contact surface resistance 𝑅ୡ୬  and the conductive epoxy 
resin resistance 𝑅ୣ୮, as shown in Fig. 2. The coil current paths 
in the azimuthal and radial directions are represented as a 
parallel circuit.  

The conductive epoxy resin resistance 𝑅ୣ୮ is given by 

𝑅ୣ୮,௜ ൌ 𝜌ୣ୮
𝑤௜

𝑙௜ℎ
ሺ1ሻ 

where 𝜌ୣ୮ , 𝑙௜ , 𝑤௜ , and ℎ  are the volume resistivity of 
conductive epoxy resin, the tape length of ith turn, the total 
thickness of tape and insulator on ith turn, and the conductive 
epoxy resin thickness, respectively.  

The contact resistance 𝑅ୡ୬ is derived from 
𝑅ୡ୬,௜ ൌ 𝜌ୡ୬/𝑆େ୉ୖେ,௜ ሺ2ሻ 

where 𝜌ୡ୬  and 𝑆େ୉ୖେ,௜  are, respectively, the contact surface 
resistivity and the contact surface area on ith turn.  

Fig. 3 shows an equivalent circuit of conventional NI coil 
[13] for comparison. The azimuthal components in the coil are 
the same as those of the CERC coil. The radial direction 
resistance is represented as Rr, expressed by the following 
[15]: 

𝑅୰ ൌ 𝜌୰/𝑆୒୍,௜  ሺ3ሻ 
where 𝜌୰  and 𝑆୒୍,௜  are the coil-radial direction resistivity 
through turn-to-turn contact surface, and the its area on ith 
turn, respectively. The equivalent circuit of the conventional 
NI REBCO coil is identical to that of the CREC REBCO coil 
when 𝑅ୡ୬ ൌ 0 and 𝑅ୣ୮ ൌ 𝑅୰. 

A thermal analysis is coupled with the electromagnetic 
analysis to investigate the coil thermal stability. A thermal 
conduction equation is solved along the radial direction, as 
follows: 

2𝜋𝑑𝜆න 𝑟
dଶ𝑇
d𝑟ଶ

d𝑟
௥౥౫౪

௥౟౤

൅ 𝑄 ൌ 2𝜋𝑑𝜌𝑐න 𝑟
௥౥౫౪

௥౟౤

d𝑇
d𝑡

d𝑟 ሺ4ሻ 

where 𝑑 , 𝜆 , 𝑇 , 𝑄 , 𝜌 , and 𝑐  is the REBCO tape width, the 
thermal conductivity, the temperature, the heat generation, the 
mass density, and the specific heat, respectively. rin and rout are 
the inner and outer radii. The composite thermal conductivity 
in the radial direction is adopted, and the thermal contact 
resistances are also taken into account [16]. Here, the cooling 
condition is supposed to be adiabatic. It is also assumed that a 
half of the Joule heat generation on the contact surface is 
considered as an input for the REBCO coil and another half 
for the conductive epoxy resin. The thermal properties of all 
materials are referred in [17] and [18], and their thermal 

Fig. 3.  Equivalent circuit model of conventional NI REBCO pancake coil
[13]. Rr is the contact resistance between turn-to-turn. 

Fig. 2.  Proposed equivalent circuit model of CERC REBCO pancake coil.
L, Rre, and Rcu are the inductance, the REBCO layer resistance, and the
copper matrix resistance, respectively. Rep is the conductive epoxy resin
resistance, and Rcn is the contact resistance between the REBCO coil and the
conductive epoxy resin.   

TABLE II 
AVERAGE RESISTANCES FOR CERC AND CONVENTIONAL NI COILS  

 Ave. Rep [] Ave. Rcn [m] Ave. Rr [] 
Case A 0.704 38.4 - 
Case B 7.04 14.1 - 
Case C 10.6 1.78 - 

NI - - 11.9 

TABLE I 
PARAMETERS OF REBCO TAPE AND COILS 

Parameters Values 

REBCO tape 
Tape width [mm] 4.1 
Tape thickness [mm] 0.167 
Copper matrix thickness [µm] (each side) 45.0 
Hastelloy thickness [µm] 75.0 
REBCO thickness [µm] 2.0 
Ic @ 77K, self-field [A] 140 
n value [-] 25 

REBCO coil with conductive epoxy resin 
Coil i.d., o.d. [mm] 100, 193 
Insulator thickness [µm] 65.9 
Thickness of coated conductive epoxy resin [mm] 0.75 
Number of turns 200 
Time constant [s] 2.9 

Conventional NI REBCO coil 
Coil i.d., o.d. [mm] 100, 167 
Number of turns 200 
Contact resistivity between turns [µΩꞏcm2] 198 
Time constant [s] 2.9 

Operating Conditions 
Operating temperature [K] 77 
(Sudden discharge test) Initial operating current [A] 50 
(Over-current test) Ramp rate [A/s] 0.1 
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dependencies are considered. 

III. SUDDEN DISCHARGING TEST 

The sudden discharging test of the CERC and the 
conventional NI REBCO pancake coils were simulated with 
different parameters listed in Table II. These REBCO coils are 
operated at 77 K, and the initial operating current is 50 A.  

Fig. 4 shows the center magnetic field decay when the 
operating current drops down to zero at t = 0. For all the cases, 
the time constant is 2.9 s, which is identical to the measured 
value in [12], changing the resistance values 𝑅ୣ୮ and 𝑅ୡ୬  as 
shown in Table II. At the beginning of the decay, the decay 

speed of the CERC coils is faster than that of the conventional 
NI coil.  

The resistance parameters are plotted as the average contact 
resistance Rcn vs. the average conductive epoxy resin 
resistance Rep, as shown in Fig. 5. It is depicted that the 
resistances linearly change maintaining the time constant of 
2.9 s. However, the resistance values of the measurement [12] 
are unknow. The epoxy resistance Rep is 13.3  when Rcn = 0. 
This resistance value corresponds to that of the conventional 
NI coil, since the equivalent circuit of CERC coil with zero 
contact resistance is regarded as the conventional NI coil. The 
difference between 13.3  and 11.9  in Table II comes 
from the different outer diameter due to the insulator.  

Fig. 6 shows the azimuthal current transition of (a) case A, 
(b) case C, and (c) conventional NI coil. In Fig. 6(a), at 
t = 0.01 s, just after the current cutting off, the current rapidly 
decays at inner and outer turns, and the rapid decay induces a 
current to the coil-inward adjacent turns. Then, an induced 
current propagates towards the middle turns of the coil. The 
maximum current reaches to 62.5 A on the middle turn at 
t = 0.1 s; i.e., the azimuthal current exceeds the initial 
operating current while discharging. Subsequently, the current 
decays uniformly all over the turns. In the case of Fig. 6(b), 
although the current rapidly decays at inner and outer turns, 
the induced current does not propagate into the middle turns, 
because the high values of Rep largely attenuates the current. In 
the case of conventional NI coil [Fig. 6(c)], the current on 
inner turns decreases, but slowly. Thereafter the current on the 
middle and outer turns follows decreasing. No current 
exceeding the initial operating current is observed except for 
small induced current on the outer turns at t = 0.01 s.  

IV. OVERCURRENT TEST 

Overcurrent simulations of the CERC REBCO pancake 
coils and the conventional NI REBCO pancake coil were 
conducted. Fig. 7 shows the normalized center magnetic field 
and the operating current with ramping rate of 0.1 A/s. The 
center magnetic fields drop down at 64.2 A for the 
conventional NI coil and 77.2 A for the CERC coils.  

Figs. 8 and 9 show the azimuthal current and the bypass 
current of the overcurrent simulation results. In case A [Fig. 
8(a)], a normal zone propagates from the innermost turn 
towards outer turns. At the beginning of normal-state 
transition, the operating current does not fully and quickly 
escape into the conductive epoxy resin, as can be seen in Fig. 
9(a). A large Joule heat is generated on the inner turns, and 
then the normal zone propagates towards the middle turns. 

Fig. 7.  Normalized center magnetic field and operating current during 
overcurrent test. Center magnetic fields drop down at 64.2 A for conventional
NI, and 77.2 A for CERC coils. 

Fig. 4.  Center magnetic field decay during sudden discharge test. 

Fig. 5.  Average contact resistance Rcn vs. average conductive epoxy resin 
resistance Rep when time constant  = 2.9 s.  

Fig. 6.  Azimuthal current distribution on each turn during sudden discharging 
test; (a) case A, (b) case C, and (c) conventional NI coil. 
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Finally, the entire CERC REBCO coil quenches at 772.48 s.   
In Fig. 8(b), the induced current propagates from the 

innermost to the outer turns together with the normal zone as 
well. The maximum peak current is 155 A on the 160th turn at 
t = 771.60 s. The peak current is larger than that in the case A. 
Since the current can easily escape into the conductive epoxy 
resin due to a low contact resistance 𝑅ୡ୬, as can be seen in Fig. 
9(b), the normal zone propagation is suppressed. At 772.64 s, 
the entire coil reaches to quench at last.  

In case of the conventional NI coil [Fig. 8(c)], the currents 
on the inner turns slowly decrease first, followed by the 
decrease in the currents on the middle and outer turns in 
sequence. The induced current propagates towards the coil 
outer turns. The current reaches up to 165 A on the 180th turn 
at t = 641.30 s. The maximum current is largest among the 
simulated REBCO coils. In Fig. 9(c), the current quickly 
bypasses through turn-to-turn contact surface, because the 
conventional NI model corresponds to the CERC model of Rcn 
= 0. The current-bypass area rapidly spreads, comparing the 
cases A and C. Judging from Fig. 8(c), since the azimuthal 
current is not zero even at the innermost turn, the current-
sharing state region widens during overcurrent. And then, all 
the turns eventually transition into normal state at 642.35 s. 

Fig. 10 illustrates the temperature raise just after the 
normal-state transition of all the pancake coils. The 
temperature of case A reaches to 855 K at the innermost turn, 
because of a high Joule heating which is generated by the 
bypass current though the small contact surface with high 
resistance. Due to such high temperature, the coil would be 
burned out or mechanically damaged. However, in case C, the 
temperature slightly raises as well as the conventional NI coils. 
It is noted that the conventional NI coil reaches to quench at a 
small operating current. This is due to the low critical current 
because of a strong field generated by the conventional NI coil 

with small outer diameter.  
As the conclusion, the CERC REBCO pancake coil with 

low contact resistance shows a high stability. 

V. CONCLUSION 

In this paper, we have proposed a new equivalent circuit 
model of the conductive-epoxy-resin-coated (CERC) REBCO 
pancake coil. For the CERC REBCO coils with different 
characteristic resistances and the conventional NI REBCO coil, 
the sudden discharging simulation was done in order to clarify 
the current behaviors. As the result, the induced current 
exceeds the initial operating current at middle turns of the 
CERC coils; whereas, the current of the conventional NI coil 
does not. An overcurrent test was also simulated to these coils. 
A large Joule heat is generated at the innermost turn in a case 
of high contact and low epoxy resin resistances, which may 
result in coil’s burning-out. Meanwhile, in a case of low 
contact and high epoxy resin resistances, a small temperature 
raise can be seen. The conductive epoxy resin works as a coil 
protection.  

Fig. 9.  Time transition of radial current through conductive epoxy resin or 
turn-to-turn contact surface on overcurrent test with ramp rate of 0.1 A/s; (a)
case A, (b) case C, and (c) conventional NI coil. 

Fig. 8.  Azimuthal current distribution during overcurrent test in case of (a) A,
(b) C, and (c) conventional NI coil. 

Fig. 10.  Temperature distribution in case of A, B, C, and conventional NI coil
after the whole coil quench.  
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