
IEEE TRANSACTIONS ON APPLIED SUPERCONDUCTIVITY, VOL. 32, NO. 6, SEPTEMBER 2022 4604505

Analysis of a No-Insulation HTS Pancake Coil
Including Multiple Resistive Joints

A. Musso , J. Bang , U. Bong , M. Breschi , C. Im , G. Kim , J. Kim , J. Park , and S. Hahn

Abstract—One of the technical issues in the application of High
Temperature Superconducting (HTS) tapes to magnet technology
is the need to wind long tape sections with uniform electric proper-
ties along the length. It has been reported that a No-Insulation
(NI) coil can properly work even in the presence of defective
super-conductive regions, with a minimal drop of performance as
com-pared to its “defect-free” counterpart. This could open up the
possibility of manufacturing coils by jointing together several tape
segments of limited length, lowering the conductor cost. In this
work, a single pancake NI HTS coil is wound using several tape
segments cut from the same lot, jointed together. The electrical
resistance of each joint is set independently, realizing either high
or low resistance joints. Thus, the coil is designed to include multiple
defective sections at specific locations. The coil is refrigerated
by conduction-cooling, and tested at different temperatures and
charging rates. The coil instrumentation allows measuring the volt-
age over the whole winding, as well as the magnetic field in the cen-
tral bore. The measurements are used to study the defect-irrelevant
behavior of the coil. A simple equivalent lumped parameter circuit
is applied to derive the coil effective parameters and analyze its
electromagnetic behaviour.

Index Terms—Equivalent circuits, High Temperature
Superconductors, No-insulation coils, Superconducting coils.

I. INTRODUCTION

IN THE recent years, the No-Insulation (NI) winding tech-
nique is emerging as a valid alternative to conventional

High Temperature Superconductor (HTS) insulated coils [1]–
[3]. The absence of electrical insulation between turns allows
the operating current to flow radially, thus avoiding damaged
areas [1]–[3]. In the literature, it has been demonstrated how
NI windings can work properly even in the presence of defects
along the conductor length [1]–[3]. An effective current and
temperature redistribution in the winding improves the NI coil
thermal stability, compared to its insulated counterpart [1]–[3].

On the other hand, in insulated coils, no alternative path is
possible for the current apart from the longitudinal one. Their
performance is strongly affected by the presence of local defects,
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TABLE I
TAPE AND WINDING PARAMETERS

and their operating limits are set by the conductor sections
exhibiting the lowest performance. Thus, the tape should have
uniform electric properties along its length, and be purchased
in long and more expensive lengths to reduce the number of
resistive joints inside the winding.

This work aims to analyze the operation of a single-pancake
NI HTS coil realized with multiple joints of different extension,
intentionally inserted between different tape lengths before the
winding phase. Accidentally, one of the joints inserted in the
coil was damaged during the tests. Should such a damaged
section be introduced in an insulated coil, it would require to
substitute a section or the entire winding. Charge-discharge
cycles are performed at different ramp rates, up to 5 A/s, as
well as fast discharge tests. Compared to the results reported in
[13], where the same coil was operated in a liquid nitrogen bath,
in this work the tests are carried out with conduction cooling, at
temperatures between 4.7 K and 80 K. The coil electromagnetic
behavior is assessed by measuring the magnetic field produced
in its bore and the voltage signal acquired at the coil ends. The
measurements are also used to retrieve, by means of a simplified
lumped parameter circuit, some useful effective parameters,
such as the longitudinal and radial resistances, from which the
fraction of operating current flowing radially throughout the
winding is estimated.

II. EXPERIMENTAL SETUP

The SuNAM SCN04150 tape is selected for this work; its
geometric and electrical properties are reported in Table I [27].
From the data provided by the manufacturer, the critical current
variations along the total conductor length utilized in this work
are limited below 1.5%. For the purpose of this analysis, it is
relevant to start from a tape characterized by highly uniform
properties, so that the only defects within the coil are those
intentionally inserted through the joints. First, the tape length
is cut into four segments of 200, 138, 240 and 141 cm, used in
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Fig. 1. Experimental setup for the coil connection to the cryogenic system,
showing current leads and wires for the signal acquisition.

this order to wind the turns from the inner to the outer radius of
the pancake. These lengths include the overlapping tape portions
between adjacent segments, necessary to realize the joints. They
are set so that the resulting joint locations after the winding phase
are sufficiently spaced in terms of both radial and azimuthal
distance inside the coil, as shown in Table I.

The segments are jointed together by applying a lap joint
procedure [28]. In order to obtain a different resistance at each
joint, the length of the overlapping portion is varied, as reported
in Table I. The joints are numbered from 1 to 3, going from
the innermost to the outermost one in the winding. Then, the
joint resistances are measured in liquid nitrogen bath. Their
values, multiplied by the corresponding joint lengths, are also
reported in Table I. The measurements were performed both
before the winding of the pancake and after the coil disassembly,
at the end of the test campaign. Before the winding phase, the
resistance values are rather similar for the 3 joints. After the
coil disassembly, they increase by factors 1.17, 1.83, and 173
compared to the previous measurements, for the 1st, 2nd and
3rd joint respectively. In particular, the 3rd joint might have been
damaged at an intermediate stage (winding or unwinding phases,
for example), since its resistance reaches 157.4μΩ, a value much
greater than that of the other joints. Since it was not possible
to detect the joint resistances during the coil tests, the values
measured after the coil disassembly are assumed as valid for the
whole testing phase.

Subsequently, the tape is wound in a single-pancake config-
uration and connected to the power supply. One current lead is
screwed to the mandrel itself, made of highly conductive copper.
The innermost turn of the coil is soldered to the mandrel outer
surface, ensuring a regular current flow. The coil is instrumented
with a pair of voltage taps soldered at the coil ends (excluding
the tape segments connected to the terminations). A Hall sensor,
is placed at the central axis of the coil bore, to monitor the axial
magnetic field of the coil during the tests. The active surface
of the sensor is placed 7 mm higher than the center line of the
winding. Then, the signal wires are connected to a NI SCXI-1125
acquisition card [30].

Finally, the coil mandrel is fixed to the 2nd stage of a GM
cryocooler, as shown in Fig. 1. To ensure a better thermal contact,
a circular metal plate is pressed above the coil and thermally
connected to the cryocooler 2nd stage. The coil temperature,
measured by a thermocouple during tests, is varied by activating
a heater attached to the 2nd stage. The NI coil is first charged at
different ramp rates, up to an operating current (Iop) of 70 A. The

Fig. 2. Equivalent lumped parameter circuit for a NI pancake-wound coil.

current is kept at its peak (Imax
op ) for several seconds, to reach

the steady-state conditions. Then, the coil is discharged with the
same rate used for the charging or discharged rapidly, depending
on the test. The experiments are repeated varying Imax

op and at
temperatures between 4.7 K and 80 K.

III. EQUIVALENT CIRCUIT

In the literature, different approaches are proposed to in-
vestigate the behavior of NI coils, mainly based on equivalent
distributed [12]–[14], [31]–[33] or lumped [34]–[39] parameter
circuit models. In this work, the NI pancake-wound coil is
characterized using the simple equivalent lumped parameter
circuit shown in Fig. 2. In this circuit, Iop is the total coil transport
current, Ieffθ is the current flowing longitudinally through the
winding and the resistance Reff

θ , which accounts for both the
superconductor resistance and the resistance of the defective
areas. Ieffr represents the current flowing radially through the
turn-to-turn resistance of the coil Reff

c . In the circuit, Iop is the
sum of Ieffθ and Ieffr . Vcoil corresponds to the total coil voltage
measured at its terminals. An opening switch is also inserted in
the circuit to study fast discharge tests.

The parameters of this model should be regarded as effective
values, since they describe the macroscopic coil behavior other
than local conditions within the winding. The scope of this anal-
ysis is to compare the coil effective parameters at the different
test temperatures. For the sake of comparison, the parameter
values are computed at a fixed time instant tr, when Iop equals
Imax
op and the steady-state conditions are reached.

Thus, the contribution of the coil inductance (Lcoil) to
Vcoil(tr), measured at time tr, can be neglected. It results that
Vcoil(tr) = Reff

θ · Ieffθ = Reff
c (tr) · Ieffr (tr). This allows to

compute analytically the model parameters as shown in (1). It
is worth noting how Lcoil is still required to solve (1). In fact,
it enters in the definition of the coil characteristic time (τ ), as
τ = Lcoil/(R

eff
c +Reff

θ ). This equation is needed to solve the
equivalent circuit. While τ is experimentally determined from
the rapid discharge tests, Lcoil is computed analytically. The
winding is approximated as a single conductor with rectangular
cross-section, included between the inner and the outer radius
of the winding. The value obtained for Lcoil is 150.6 μH.

⎧⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎩

Ieffr (tr) =
Iop(tr)−

√
Iop(tr)2− 4 τ Vcoil(tr) Iop(tr)

Lcoil

2

Ieffθ (tr) = Iop (tr)− Ieffr (tr)
Reff

c (tr) = Vcoil (tr) / Ieffr (tr)

Reff
θ (tr) = Vcoil (tr) / Ieffθ (tr)

(1)
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Fig. 3. (a) Voltage profile measured during charging-discharging tests at
different ramp-rates and temperatures. (b) Maximum magnetic field measured
during tests at different Imax

op values and temperatures.

IV. RESULTS AND DISCUSSION

A. Experimental Measurement From Charging Tests

It is known that NI coils usually require a slow charging
procedure [40]–[47], due to the radial currents which can flow
even at low operating currents, thus affecting the coil operation
(e.g., producing a relevant heat dissipation). To estimate how
fast the defective NI coil can be safely charged, consecutive
charge-discharge tests are performed, increasing the ramp-rate
(0.1 A/s, 0.5 A/s, 1 A/s, 2 A/s and 5 A/s) up to the same peak
current (70 A). The test is repeated at different temperatures.
Fig. 3(a) presents the voltage profiles acquired during the exper-
iments. To improve readability, the discharges at 0.1 A/s are not
displayed. It is worth noting that the amplitude of the voltage
obtained at steady state during the flat top of the current cycle
(Iop = Imax

op ) remains the same for every ramp-rate (horizontal
dashed-lines show these values at each temperature). Inductive
transients are visible at the beginning and at the end of the charge
and discharge phases. Although the amplitude of the inductive
peaks increases with increasing the ramp-rate, the coil works
properly and it can be charged and discharged safely up to 5
A/s.

Fig. 3(b) shows the trend of the maximum magnetic field
measured during tests carried out up to the same Imax

op , varying
the operating temperature. The magnetic field appears constant
with temperature (variations are below 0.8%) and proportional
to the current supplied, a sign that the coil is performing well,
despite the presence of defects. This is a relevant result, assuming
valid the presence of the damaged section (3rd joint) within the
coil, the coil can still be operated at various conditions of ramp
rate, temperature and peak transport current. In an insulated coil,

Fig. 4. (a) Reff
θ

, (b) Reff
c and (c) Ieff

θ
/Iop parameters computed at t = tr

for different Imax
op values and temperatures.

the presence of such a damaged joint would require replacing
this section or the entire winding.

The magnetic field generated by a defect-free coil having
the same geometrical properties of the test coil, computed
analytically as in [48], at Imax

op = 70 A and at the Hall sensor
location, is displayed in Fig. 3(b) as a black dashed line. The
analytical calculation considers the current density as uniformly
distributed over the cross-section of the winding. The measured
magnetic field at Imax

op = 70 A is 16.5% lower than the one com-
puted for its defect-free counterpart, indicating that the presence
of defective joints affects the total magnetic field produced.
However, it should be noted that even a small misalignment in
positioning the Hall sensor active surface at the central axis of the
coil, may have led to an underestimation of the measured field.

B. Temperature Dependence of the Coil Parameters

In order to solve (1), the time constant τ is determined from
the fitting of the voltage measured during the current dump. It
results that τ decreases linearly with increasing the temperature,
from 832 ms at 4.7 K, to 259 ms at 80 K.

Fig. 4(a) shows the parameter Reff
θ computed at steady

state conditions, for the tests performed up to a given Imax
op

and varying the temperature. Reff
θ increases non-linearly with

temperature. Moreover, Reff
θ does not correspond to the sum

of the resistances measured for the 3 joints (as it would be in
an insulated coil), although the order of magnitude is respected.
This result could be explained by a combination of two dif-
ferent phenomena: specific tape sections might be approaching
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their critical current and the joint resistances also increase with
temperature.

Fig. 4(b) presents the parameter Reff
c computed at t = tr,

for the same cases shown in Fig. 4(a). Its values increase
non-linearly with temperature; the dependence resembles that
of the copper resistivity vs temperature curve [49]. It should be
recalled that, in the proximity of the joints, the current Ieffr flows
radially through the copper layers of the tape and the interfacial
resistance between turns towards the adjacent turns. Further-
more, the turn-to-turn effective resistance is one order of mag-
nitude greater than the longitudinal one. This favors the longitu-
dinal flow of Iop through the winding. From the parameterReff

c ,
the effective turn-to-turn surface resistivity of the coil (ρeffct ) can
be assessed, as in [35]. This parameter follows the same trend
as Reff

c , going from 22 μΩ cm2 at 4.7 K to 72 μΩ cm2 at
80 K. This range is in agreement with the values found in
different publications for defect-free NI coils [7], [33]–[36],
[50]–[52], suggesting that the joints inserted in the winding have
a limited impact on the characteristics of the prototype coil.

Finally, Fig. 4(c) shows the Ieffr /Iop ratio, corresponding to
the percentage of current flowing radially in the coil compared
to the supplied Iop, for the same cases of Fig. 4(a) and (b).
The value of Ieffθ /Iop can be obtained as its complement. The
effective radial current increases with the temperature (while
the effective longitudinal current reduces correspondingly), in
a range between 4.3% and 5.5% of the total operating current,
despite the curves are not monotonic. In fact, comparing Fig. 4(a)
and (b), Reff

θ has a steeper increase with the temperature for
the same Imax

op , compared to Reff
c . The value of Reff

θ at 80 K
is 3.8 times higher than that computed at 4.7 K, while Reff

c
increases by 2.1 times between the same values. This result
agrees well with the expected behavior of NI windings, which
favors the radial current flow when the longitudinal resistance
rises (locally or globally), thus reducing the coil stability risks.
Moreover, comparing the values found at the same temperature,
Ieffr /Iop rises with Imax

op , although there are some exceptions,
probably due to the measurements accuracy. This reflects the
proportionality of the Reff

θ parameter with the current, reported
in Fig. 4(a). In fact, at low current amplitudes, the resistance of
the superconducting layers in the damaged sections is minimal
and the normal layers of the tape can contribute significantly
to the current-sharing, despite their limited current carrying
capacity. Increasing Imax

op at the same temperature, Reff
θ rises

while Reff
c remains almost constant, which results in a greater

portion of the transport current flowing in radial direction.

V. CONCLUSION

In this work, some defects are intentionally inserted into a
pancake-wound NI HTS coil at specific locations in the form
of lap joints, introducing high resistance sections which would
impede the operation of insulated coils. The NI coil, instead, can
be safely charged up to 70 A, at the maximum ramp-rate tested,
equal to 5 A/s, in conduction cooling environment at temper-
atures between 4.7 K and 80 K. The magnetic field measured
in its bore is constant with temperature and proportional to the
current supplied, despite its amplitude results lower compared to
the one expected in a defect-free coil. Overall, the tests proved
how the defective NI coil can be properly operated at similar
conditions than those achievable by its defect-free counterpart.

An equivalent lumped parameter circuit is adopted to perform a
straightforward analytical calculation of the relevant effective
parameters of the winding at steady-state conditions. It can
conveniently be applied to compare different working conditions
of the same coil, as done in this work, or the performance
of different NI coils. The model shows that, as the operating
temperature increases, both the longitudinal and radial effective
resistances of the coil increase, with the first rising more rapidly.
A quote of the operating current, in the range between 4.3 and
5.5%, flows radially through the winding, thus guaranteeing its
thermal stability. The realization of this prototype could demon-
strate the feasibility of winding NI coils with tape segments cut
from the same lot, potentially reducing the total conductor cost
compared to the use of a single long piece of tape.
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