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Abstract—The characteristics of no-insulation high-
temperature superconducting (HTS) manet is dominated by the 
magnitude of the turn-to-turn contact resistance. A few techniques 
have been proposed to increase the turn-to-turn contact resistance. 
The relation between the turn-to-turn contact resistance and the 
magnet stability has also been investigated in simulations. 
Although the turn-to-turn contact resistance measurement was 
only the sudden-discharging method before, we proposed a low-
frequency-AC current (LFAC) method. Using our proposed 
method, it is possible to measure the turn-to-turn contact 
resistance under various conditions. In a previous paper, we 
measured it when charging DC current to a single pancake coil. In 
this paper, the turn-to-turn contact resistance was measured by 
the LFAC method when an external field of 1–3 T was applied to 
a single pancake coil. The coil strain was also measured, and the 
relation of the turn-to-turn contact resistance and the coil strain 
was also discussed. 

  
Index Terms—No-insulation winding technique, REBCO 

pancake coil, turn-to-turn contact resistance measurement.  
 

I. INTRODUCTION 
HE stability of rare-earth barium copper oxide (REBCO) 
pancake coils is drastically enhanced with a no-insulation 

(NI) winding technique [1]. Following the NI winding 
technique, some methods of increasing the REBCO magnet 
stability have been proposed; a metal insulation technique [2], 
[3], a metal cladding [4], the use of thermal grease [5], a smart 
switching by metal-insulator transition (MIT) [6], and a coating 
with electrically conductive epoxy resin [7]. A key of these 
techniques is the increase in the contact resistance. The high 
contact resistance yields a short charging delay; however, too 
high contact resistance loses the stability. The influence of the 
turn-to-turn contact resistance on the thermal stability of 
REBCO pancake coils were discussed in [8], [9].  

Although the turn-to-turn contact resistance is an important 
factor, its dependence of magnetic field, stress, or temperature 
is not clear. Because, commonly, the turn-to-turn contact 
resistance is measured by means of a sudden-discharging test. 
That is, the operating current of NI REBCO pancake coils 
suddenly cuts off, and the time constant of the field decay is 
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measured to estimate the turn-to-turn contact resistance. The 
sudden-discharging test is impossible to measure the contact 
resistance under various conditions. 

In our previous paper [10], a low-frequency-AC current 
(LFAC) method was proposed to measure the contact resistance. 
On this method, applying a low-frequency-AC current to an NI 
pancake coil, the AC impedance, which corresponds to the 
contact resistance, is measured. The validity of the proposed 
method was confirmed [10]. 

In this paper, the AC impedances of NI REBCO pancake coil 
are shown, when an external field of 1–3 T is applied to an NI 
REBCO single pancake at DC current operation. The coil strain 
was measured with strain gages. The dependence of the contact 
resistance on the coil strain is also discussed. 

II. LFAC EXPERIMENTS 

A. LFAC method 
We have previously proposed a low-frequency-AC current 

method to measure the turn-to-turn contact resistance of NI 
REBCO pancake coil [10], [11]. In the proposed LFAC method, 
by applying a low-frequency AC current to an NI REBCO 
pancake coil or superimposing on a DC transport current, the 
coil impedance is measured. When the following condition is 
held, the coil impedance Z is the turn-to-turn contact resistance 
Rct (Z = Rct) [10]: 

 �
𝑅𝑅ct
𝑗𝑗𝑗𝑗𝑗𝑗

� ≪ 1 (1) 

where j, ω, and L are the imaginary unit, the AC current angular 
frequency, and the coil inductance, respectively. The AC 
current frequency of 1 Hz to 50 Hz is preferred to a small single 
pancake coil with small inductance [10], [11]. 

B. Test Coil and Experiment Conditions 
An NI REBCO pancake coil with 20 turns was used for 

LFAC contact resistance measurement (as illustrated in Fig. 1). 
Table I lists the properties of REBCO tape and strain gauge and 
the specifications of test NI REBCO coil. The coil was wound 
with a tension of 1 kg. Fig. 2 shows the coil photos at winding 
start and end. 
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The LFAC test was conduction cooled by immersion in 
liquid nitrogen. The external fields of 1, 2, and 3 T were applied 
to the test coil. The RT bore of superconducting magnet is 100 
mm, and the maximum field is 10 T. The operating current 
increased up to ±50 A (1 T), ±30 A (2 T), and ±20 A (3 T). Here, 
when a negative current was carried, an inward electromagnetic 
force acted on the test coil. Superimposing a 10-Hz AC current 
of 10 A (peak), the turn-to-turn contact resistances were 
measured every 10 A. The strains on the inner and outer surface 
of the test coil were also measured. 

III. LFAC MEASUREMENT RESULTS 

A. Measurements of Strain and Turn-to-Turn Contact 
Resistance 

Fig. 3 plots the transition of the measured strain and turn-to-
turn contact resistance Rct in the case of 1-T external field. The 

error of strain gauge against the measured value of 10 µε is 0.3 
µε. The strain increased/decreased with current. When 
superimposing the AC current every 10 A in order to measure 
the turn-to-turn contact resistance Rct, the amount of the strain 
decreased. The vibrating electromagnetic force by the AC 
current would slightly release the winding tension. Or, the 
screening current affect the measured strain. We will find out 
the reason by simulation in the future. 

The magnitude of strain on the inner side of the coil is larger 
than the outer side in the both cases of the inward and outward 
forces. When the mandrel and the inner side of the coil are 
mechanically contacted, the radial stress in the coil with the 

Figure 1.  Equivalent circuit model for the proposed magnetic dam. Each turn 
is modeled as one element circuit, and magnetically coupling. 

TABLE I 
REBCO TAPE, STRAIN GAUGE, AND PANCAKE COIL PROPERTIES 
REBCO tape width (mm) 4.1 
REBCO tape thickness (µm) 144 
REBCO layer thickness (µm) 1 
Substrate thickness (µm) 100 
Critical current @ 77 K, s.f. (A) 229 
Strain gauge width (mm) 1 
Strain gauge length (mm) 0.2 
Strain gauge thickness (µm) 50 
Strain gauge resistance (µΩ) 120 
Number of turns 20 
Coil i.d.; o.d. (mm) 60; 65.76 
Coil height (mm) 4.1 
Calculated inductance (µH)  48.8 
Operating current (A) 10 – 50 
External field (T) 1, 2, 3 

 

 
(a) Top view 

 
(b) Side view 

Fig. 1.  Illustration of test NI REBCO coil with 20 turns. Two strain gauge 
are attached to innermost and outermost turns. 
 

Fig. 2.  Photos of start winding (left) and end winding (right). 

 
(a) 

 

 
(b) 

Fig. 3.  Inner and outer strains and the turn-to-turn contact resistance Rct 
while increasing DC transport current in the cases of (a) outward and (b) 
inward force, applying 1-T external field. The DC current varied from 0 to 
50 A, and Rct was measured every 10-A DC current. 
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inward force is much larger than the outward force. On the other 
hand, the hoop stress on the inner side of the coil is larger than 
the outside in the both cases. Therefore, it is considered that the 
strain gauge installed in the coil accurately measures the hoop 
stress of the coil due to the electromagnetic force. The measured 
contact resistance is 0.2 mΩ up to a DC current of 30 A and 
increases above 30 A as shown in Fig.3 (a) and (b). 

Meanwhile, we cannot find a reason why the turn-to-turn 
contact resistance Rct increases with DC transport current in the 
case of the outward force [Fig. 3(a)]. 

Next, the strain and turn-to-turn contact resistance transitions 
at external fields of 2 and 3 T are shown in Figs. 4 and 5, 
respectively. The same contact resistance increase tendency as 
Fig. 3 can be observed. In addition, the inner strain is larger than 
the outer strain only in the case of outward 2-T external field. 
The reason is not clear now. Meanwhile, the inner and outer 
strains are equalized applying the AC current. The REBCO tape 
slightly moves in the azimuthal direction by a vibrating force 
larger than the friction between REBCO tapes. 

B. Discussion 
Fig. 6 plots the turn-to-turn contact resistance Rct and 

resistivities ρct vs. the magnitude of the DC current. The 
obtained contact resistivity is larger than 70 µΩ·cm2 measured 
in [12]. The contact resistance increases with the current in all 
the cases of 1, 2, and 3-T external field. The difference between 
the force direction cannot be seen, except for 30 A at 2 T. Since 
there is no strong correlation of the Rct contact resistance to the 
DC current, it can be inferred that there is less effect of AC loss. 

Fig. 7 shows the calculated electromagnetic force on the 
inner and outer surface of the test coil and the turn-to-turn 
contact resistance vs. the DC operating current. The 
electromagnetic force increases/decreases with the DC current, 
and the difference of the electromagnetic force on the inner and 
outer surface of coil widens with the increase in the DC current. 
Next, the turn-to-turn contact resistance is plotted to the average 
of electromagnetic force in Fig. 8. The turn-to-turn contact 

 
(a) 

 

 
(b) 

Fig. 4.  Inner and outer strains and the turn-to-turn contact resistance Rct 
while increasing DC transport current in the cases of (a) outward and (b) 
inward force, applying 2-T external field. The DC current varied from 0 to 
30 A, and Rct was measured every 10-A DC current. 
 

 
(a) 

 

 
(b) 

Fig. 5.  Inner and outer strains and the turn-to-turn contact resistance Rct 
while increasing DC transport current in the cases of (a) outward and (b) 
inward force, applying 3-T external field. The DC current varied from 0 to 
20 A, and Rct was measured every 10-A DC current. 
 

0 20 40 60 80 100 120 140 160 180 200
-10

0
10
20
30
40
50
60
70
80

 

St
ra

in
 (µ

ε)

Time (s)

 Inner Strain
 Outer Strain
 Contact resistance

0.0

0.2

0.4

0.6

0.8

1.0

1.2

 

Co
nt

ac
t r

es
ist

an
ce

 (m
Ω

)2 T

0 20 40 60 80 100 120 140 160 180 200
-80
-70
-60
-50
-40
-30
-20
-10

0
10

 

St
ra

in
 (µ

ε)

Time (s)

 Inner Strain
 Outer Strain
 Contact resistance

0.0

0.2

0.4

0.6

0.8

1.0

1.2

 

Co
nt

ac
t r

es
ist

an
ce

 (m
Ω

)2 T

0 20 40 60 80 100 120 140 160 180 200
-10

0
10
20
30
40
50
60
70
80

 

St
ra

in
 (µ

ε)

Time (s)

 Inner Strain
 Outer Strain
 Contact resistance

0.0

0.2

0.4

0.6

0.8

1.0

1.2

 

Co
nt

ac
t r

es
ist

an
ce

 (m
Ω

)

3 T

0 20 40 60 80 100 120 140 160 180 200
-80
-70
-60
-50
-40
-30
-20
-10

0
10

 

St
ra

in
 (µ

ε)

Time (s)

 Inner strain
 Outer strain
 Contact resistance

0.0

0.2

0.4

0.6

0.8

1.0

1.2

Co
nt

ac
t r

es
ist

an
ce

 (m
Ω

)

 

3 T

 
Fig. 6.  Measured the turn-to-turn contact resistances of the inward and 
outward forces vs. the magnitude of DC current. 
 
 

0 10 20 30 40 50 60
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1.0
1.1
1.2

 

 

Co
nt

ac
t r

es
ist

an
ce

 (m
Ω

)

Current (A)

 outward 1T   inward 1T
 outward 2T   inward 2T
 outward 3T   inward 3T



Wk2LPo1H-01 4 

resistance correlates with the magnitude of electromagnetic 
force, regardless of its direction. At this moment, it is 
impossible to explain the mechanism of turn-to-turn contact 
resistance increasing with the electromagnetic force. It is 
necessary to simulate the stress phenomenon in order to clarify 
the relation. 

C. Voltage Waveform 
Fig. 9 shows the voltage waveform in the case of 30-A DC 

current under 2-T external field (outward force). The peak-to-
peak voltage is approximately 21 mV, where the upper and 
lower peaks are 6 and –15 mV, respectively. The center shifts 
to –4.5 mV. 

When a simple equivalent circuit of NI REBCO single 

pancake, as shown in Fig. 10 [1], [12] is adopted, the coil 
impedance Z is as follows: 

 𝑍𝑍 =
𝑗𝑗𝑗𝑗𝑗𝑗𝑅𝑅ct
𝑅𝑅ct + 𝑗𝑗𝑗𝑗𝑗𝑗

 (2) 

where j, ω, L, and Rct are the imaginary unit, the angular 
frequency, the coil inductance, and the turn-to-turn contact 
resistance, respectively. Here, it is assumed that the REBCO 
layer resistance is zero (Rsc = 0). According to (2), the coil 
impedance is 𝑍𝑍 = 0.965 × 10−3 + 𝑗𝑗5.45 × 10−6. The real part 
is much larger than imaginary, meeting the condition of (1). 
Hence, the coil voltage must shift to positive not negative. In 
the near future, it is necessary to simulate the voltage using a 
more complicated model, such as the partial element equivalent 
circuit (PEEC) method [13]. 

IV. CONCLUSION 
We measured the turn-to-turn contact resistance of NI 

REBCO single pancake with DC transport current under 
external fields of 1, 2, and 3 T, using a low-frequency AC 
current (LFAC) method. The turn-to-turn contact resistance 
correlates the electromagnetic force; however, not the 
inward/outward force directions. An unexplainable voltage 
shift was also observed. 

In the future, the voltage/current phenomenon will be 
clarified using a more complicated model, such as a partial 
element equivalent circuit (PEEC) model. 

 
(a) 

 

 
(b) 

Fig. 7.  Inner and outer strains and the turn-to-turn contact resistance Rct 
while increasing DC transport current in the cases of (a) outward and (b) 
inward force, applying 2-T external field. The DC current varied from 0 to 
30 A, and Rct was measured every 10-A DC current. 
 

 
Fig. 8.  Relation of turn-to-turn contact resistance Rct and average 
electromagnetic force. 
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Fig. 9.  Voltage waveform at 30-A DC current under 2-T external magnetic 
field, superimposing 10-Hz 10-A (peak) AC to DC current. 
 

 
Fig. 10.  Simple equivalent circuit model of NI single pancake coil. Rct, L, 
Rsc, and Rmt are the turn-to-turn contact resistance, the coil inductance, the 
REBCO resistance, and the matrix resistance, respectively. 
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