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Abstract

The low normal zone propagation velocity (NZPV) of high-temperature superconducting (HTS) tape leads to a quench protection
problem in HTS magnet applications. To overcome this limitation, various studies were conducted on HTS coils without turn-to-
turn insulation (NI coils) that can achieve self-protection. On the other hand, NI coils have some disadvantages such as slow
charging and discharging time. Previously, the HTS coils with turn-to-turn insulation (INS coils) were operated in power supply
(PS) driven mode, which requires physical contact with the external PS at room-temperature, not in persistent current mode. When
a quench occurs in INS coils, the low NZPV delays quench detection and protection, thereby damaging the coils. However, the
rotary HTS flux pump supplies the DC voltage to the superconducting circuit with INS coils in a non-contact manner, which causes
the INS coils to operate in a persistent current mode, while enabling quench protection. In this paper, a new protection characteristic
of HTS coils is investigated with INS coils charging through the rotary HTS flux pump. To experimentally verify the quench
protection characteristic of the INS coil, we investigated the current magnitude of the superconducting circuit through a quench,
which was intentionally generated by thermal disturbances in the INS coil under charging or steady state. Our results confirmed

the protection characteristic of INS coils using a rotary HTS flux pump.
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1. INTRODUCTION

The high-temperature superconducting (HTS) tape is a
high current density wire suitable for applications requiring
high energy density and high magnetic fields, such as
NMR/MRI, maglev, tokamak and accelerator [1-7].
However, the low normal zone propagation velocity
(NZPV), which is a fatal problem of the HTS tape, causes
difficulties in quench detection and protection [8—12].
Without any detection and protection process, quench may
cause permanent damage to HTS magnets; therefore,
several studies have been conducted on quench detection
and protection. Generally, the detect-and-dump and detect
and-activate-heater protections has been suggested as
active protection schemes for HTS magnets [13—17].
Moreover, the self-protecting behavior of no-insulation
coils (NI coils), in which the insulation material between
layers is completely eliminated, has been studied [18—24].
NI coils have the advantages of high electrical and thermal
stabilities, and compact size. “However, the lack of turn-
to-turn insulation in NI coils results in radial current
flowing through turn-to-turn layers from its spiral current
flowing along HTS wire due to very low contact surface
resistance compared with INS coils. Thus, transport current
from power source can be bifurcated and then response
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time of magnetic field is delayed on charging and
discharging operations. The INS coils operated by the HTS
flux pump may achieve the self-protecting feature similar
to the NI coils, although the physical mechanism of
thermal stability is completely different with NI coils under
the transient state.

Generally, in conventional contact excitation system
using the direct-current power supply (DC PS), the INS
coils are operated by the current source mode of DC PS.
The current source forcibly supplies current of constant
magnitude, regardless of INS coil status, i.e.,
superconducting or normal states. Although fast the quench
detection and power cut-off can protect the INS coils, the
detection is difficult due to the slow NZPV of the HTS tape
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Fig. 1. Photographs of (a) basic structure of a rotary HTS
flux pump and (b) HTS coil connected to the flux pump.
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[25—-29].

However, if the internal resistance increases once there
is a quench occurrence, since HTS flux pump is a DC
voltage source, the increased resistance obstructs the
current creation in flux pump and current transfer inside
the coil, leading to enabling self-protection for HTS coils.
Additionally, since the flux pump is a non-contact
excitation system, it is possible to not only eliminate the
conduction loss through the current lead fundamentally but
also to minimize the excitation loss generated in the current
lead unlike the conventional contact excitation system [5],
[31—36]. In this study, we experimentally investigated
self-protection during quench occurrence in INS coil using
a rotary HTS flux pump, which is one of the most active
research topics among flux pumps.

2. EXPERIMENTAL SETUP

2.1. Rotary HTS flux pump

Fig. 1 (a) shows the basic structure of a rotary HTS flux
pump, which consists of a second generation (2G) HTS
tape physically connected for supplying the current to the
HTS coil, and a rotor with permanent magnets (PMs) to
generate an alternating magnetic field (AMF). When the
rotor rotates, PMs pass through the width direction of 2G
HTS tape. On the other hand, when an AMF is applied in
the vertical direction, a voltage component called the open-

circuit voltage (Vo) is generated by Faraday's law [37—39].

The V. size varies over time and depends on the magnetic
field size of the PM and the AMF passing frequency (f) [5,
[34 — 36], 38]. The time varying Vo (Voc(t)) can be
experimentally measured and is periodic. Fig. 2 (a) and (b)
show the measured Vq(t) and the DC voltage (Vi)
calculated by the Voc(t), which is given by [40]:

1 T
Voo = [ Ve )t @
0

where T is the AMF period of the HTS tape. As shown in
Table I, we used SUNAM's 12 mm GdBCO copper CC to
reduce the charging time and increase the maximum
charging current [36]. The PM is N50 neodymium, which
generates a magnetic field of about 0.21 T with HTS tape
and 5 mm air-gap, which is large enough to render the HTS
tape in a mixed state.

Depending on the magnitude of f, the average dc voltage
(V), which is the actual voltage applied to the HTS coil
during the unit time, is divided into low, mid, and high
frequency ranges. Meanwhile, V(t) varies in the
frequency domain and should be used only at low
frequency (fiow). In the experiment, we fixed eight PMs in
the rotor, whose speed was increased from 100 rpm to 1000
rpm, with 100 rpm increments.

2.2. Structure of HTS coil

Fig. 1 (b) shows the HTS coil connected to the flux pump.

As shown in Table I, the HTS coil was a double.
pancake, which was wound with turn-to-turn insulation
using AMSC's 4.8 mm YBCO and Kapton. The critical

current (Ic @77 K) and n-value of the HTS coil were 77.3
Aand 39, respectively. Meanwhile, the inner diameter (ID)
and outer diameter (OD) were 60 mm and 70.8 mm,
respectively. The total length used was 8625 mm, while the
inductance (Lcoil) was 151.84 uH. A lakeshore cryogenic
transverse hall sensor (HGCT-3020) was installed at the
center of HTS coil to measure its generated magnetic field,
while the current flowing through the HTS coil was
calculated through the inverse calculation. The HTS coil
temperature was measured by installing a lakeshore
thermocouple (30 AWG, type E) on its OD.
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Fig. 2. Experimental results on (a) Voc(t) and (b) calculated
Vg of SUNAM 12mm GdBCO CC at 77 and 293 K.
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Fig. 3. Schematic of equivalent circuit with flux pump and
HTS coil.

TABLE |
PARAMETERS OF HTS TAPE AND HTS COIL.

PARAMETERS UNIT VALUES
Conductor Unit Flux pump Coil
Manufacturer - AMSC SuNAM
lc @ 77 K, self-field [A] >90 =700
Width [mm] 48 12
Thickness [mm] 0.2075 0.15
HTS layer - YBCO GdBCO
(Cblétsgit;gézs;’r [um] 50(laminated) 20(coated)
Substrate thickness [um] 75(Ni5W) 104(SUS)
HTS coil

.@ 77K [A] 77.3

Inner diameter (ID) [mm] 60

Outer diameter (OD) [mm] 70.8

Height [mm] 12.3

Turns (each layer) - 20

Kapton tape thickness [mm] 0.0625

Total length [mm] 8625
Inductance [uH] 151.84
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2.3. Superconducting Equivalent Circuit

Fig. 3 demonstrates the superconducting equivalent
circuit consisting of a flux pump. To create the thermal
disturbance conditions in superconducting circuit, the HTS
coil was intentionally exposed to room-temperature in this
paper. The superconducting circuit used In-Bi to physically
solder the flux pump and HTS coil. The solder generated
joint resistance (i.e., Rj= Rj1+Rj2) was 298 nQ. Meanwhile,
the HTS coil resistance (Ruts) changed according to
temperature. In a liquid nitrogen (LN2) environment, the
Rurs can be simply assumed to 0 Q while it increases
sharply when temperature of HTS coil exceeds the critical
temperature (T.) of used HTS conductor. The T, of AMSC
YBCO was 93 K. Therefore, to generate quench on the
HTS coil, as the purpose of this experiment, raising the
temperature above 93 K becomes necessary. On the other
hand, the AC loss occurred in the HTS tape by the flux
pump AMF, while the resistance component was the
dynamic resistance (Rq). To use the flux pump as an
excitation device for HTS coils charging, V and Rq,
parameters should be controlled, which increases along the
second polynomial equation as the f of AMF increases. The
Rq is calculated by [41]:

_16aAg [,
I ﬂDeff
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2A
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where f is a constant defined by the design parameters of
the rotary HTS flux pump, 2a is the width of the HTS tape,
A® is the total flux that passes across the HTS tape per
rotor magnet crossing, lco is the original critical current of
the HTS tape, Des is the region that is fully penetrated by
AMF in HTS tape, while By is the relationship between l¢
and the applied magnetic field within the HTS tape. The
average dc voltage, V, is given by [36]:

di
—8 x IsatRT (3)

\Y :Vdcf =1 coil dt

Ry +L

sat

where |y is the saturation current flowing in the HTS coil.
Rt is the total internal resistance of the superconducting
circuit consisting of flux pump and HTS coil, which can be
expressed as the summation of Rq, Rj, and Ruts. The current
magnitude at ls oscillates between increasing and
decreasing, but exhibits a constant value at the
macroscopic level. Therefore, the voltage generated by the
HTS coil inductance can be regarded as zero.

3. RESULT AND DISCUSSION

Fig. 4 shows the charging current for the HTS coil using
the rotary flux pump in steady state condition. The rotating
speed (Ns) was increased from 100 to 1000 rpm, with 100
rpm increments. All experiments were performed in LN2.
As the Ns increased, the lsi: magnitude increased and the
charging time decreased. lsx was charged up to 60—82%
compared to l;, which is summarized in Table Il. To
compare the charging time, the charging time constant (z)
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Fig. 4. Graph of charging HTS coil using a rotary flux
pump in steady state.

TABLE Il
EXPERIMENTAL RESULTS IN STEADY AND THERMAL DISTURBANCE
STATE.
lsat Rq Iy
N | \Y R |
; 2], z 4R Lo e

roml [A] o WHI B WQl g (Al e

100 46 60 67 105 114 383 25 54
200 51 66 138 56 241 808 28 54
300 54 70 203 40 347 1164 30 56
400 56 73 270 32 452 1518 32 58
500 57 74 347 25 575 1930 31 55
600 59 76 412 22 6.70 2248 33 57
700 60 78 476 19 761 2554 35 59
800 61 79 538 17 8.48 2845 37 61
900 63 81 605 16 937 3145 38 61
1000 63 82 659 15 10.1 3390 38 61

corresponding to each Ns was measured, which was 105 —
15 s. The charging time constant, z, can be expressed as

7= LCO“ — LCO” (4)
Rr Ry +R;+Ryp

Here, the L was 151.84 puH. Therefore, Rt can be
calculated using Lcoi and z, while V can be calculated by
equation (3). If V is expressed as the second polynomial
equation for f, it can be expressed as V= -2.349x10°%
245,292x105f. The R; and Rirs were 298 and 0 nQ (in LN2),
respectively. Calculating Rq from the equation. (4):

R, =%—(Rj+RHTs)

151.84x107°
T

()
—298x1077(2)

Calculated Ry from equation (5) was summarized in
Table Il and found to be around 3.83—33.90 times larger
than R;. If Rq is expressed as the second polynomial
equation for f, it can be expressed as Rq= -1.305x1071%f
249.351x10%f. These results confirmed that the charging
time and Ise: were much more influenced by Rq than R;.
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Fig. 5. Graphs of charged current and temperature of the
HTS coil in the thermal quench at Ns = 100 to 500 rpm.
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Fig. 6. Graphs of charged current and temperature of the
HTS coil in the thermal quench at Ns = 600 to 1000 rpm.

Figs. 5 and 6 demonstrate the charged current and real-
time temperature of the HTS coil with the quench in the
charging and saturation states using the flux pump, which
was taken out of LN2 to create thermal disturbances in the
HTS coil. When quenching the HTS coil, the 12 mm HTS
tape and N50 PMs of the flux pump continuously generated
voltage in the LN2, which is the same process as the

Protection properties of HTS coil charging by rotary HTS flux pump in charging and compensation modes

quench generation by taking it out of LN2 while charging
the HTS coil using a common current source power supply.
Points 1 and 2 generate quench in the charging and
saturation states, respectively. To generate quench, the
temperature of HTS coil was raised to 120—140K. The
quench was generated at a similar ratio as much as possible
compared to the lsy at each rpm point. As summarized in
Table II, the current ratio (i.e., laio=l1/lsa) Was about
54—61%. |1 is the current at point 1. The current at point 2
generated the quench after confirming that the same
current served as the saturation current using the flux pump
was charged in the steady state without the quench
generation. After the thermal quench, HTS coil was
recharged and the charging speed and magnitude of lsa
were confirmed to be the same before and after the thermal
quench. As aresult, during the charging tests by flux pump,
when quench occurred inside the HTS coil, the charged
current automatically dissipated to protect the HTS caoil
from permanent damage because the flux pump is the
voltage source. Existing current sources apply the same
current amount even if the resistance increases due to
quench in the HTS coil, leading to damage and destroy the
HTS coil unless the power supply was cut off. Due to the
low NZPV of the HTS tape, not only the detection is
difficult, but also the protection process is complicated.
However, if the thermal quench occurred during the HTS
coil charging with the flux pump, flux pump can reduce the
saturated current autonomously because current cannot be
generated owing to not only no creation in Vg, but also
large increase in Rurs at quench states. Thus, HTS coils can
be protected from permanent damage even if the
superconducting state are unstable. The current ripple,
which is generated from the flux pump, causes magnetic
field fluctuation. Therefore, it is difficult for utilizing in the
applications that require high quality in magnetic field
excitation, such as NMR, MRI, and accelerator magnets.
However, the flux pump technique for HTS coil could be a
promising method for enhancing the thermal stability of
superconducting rotating machines because the current
ripple does not affect insignificantly on the output quality
of the rotating machine [42].

4. CONCLUSION

The quench detection in the HTS coil is difficult due to
the low NZPV of the HTS tape. Therefore, research on
quench detection is being actively conducted. The quench
occurrence may damage the HTS coil if it was charged by
a general current source. However, because the flux pump
is a voltage source, when the HTS coil is quenched and the
resistance is increased, the charged current is reduced by
the resistance component; thus, the coil cannot be charged,
leading to enabling self-protection. The HTS coil is
recharged as it returns to a steady state. Although the HTS
coils using flux pump shows high thermal stability, this
technique may be limited for the applications requiring
high quality of magnetic field because the current pulsation
occurs during the charging state.
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