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Abstract. It is important to locate positions of normal transitions in a high temperature
superconducting (HTS) coil for identifying its design and fabrication weakness. In this paper,
the authors propose a locating method by using capacitor type voltage terminals and the active
power method. The former is a method to measure voltage in a HTS coil without electric contact
and the latter is a method to detect the normal transitions by measuring active power dissipated
in the coil. Combination of the two methods can achieve precise location of the normal
transitions. The authors show usefulness of the method through experimental results for a Bi2223
HTS coil.

1. Introduction

AC HTS power applications have been developed in recent years such as motors and transformers [1].
For identifying their safety design and fabrication weakness, it is important to understand behaviors of
HTS coils after occurrence of superconducting to normal transitions. Locating the normal transitions is
very useful to understand the behaviors. Generally, many voltage taps are placed directly on the coil for
the purpose to locate the normal transitions. However the placement of the taps may cause serious
problems such as high voltage sparks because insulations of the coil has to be removed to solder the taps
on the coil. The authors have presented capacitor type voltage terminals as a method to measure voltages
in the coil without electric contact [2]. Reference [3] shows that this method is useful for locating the
positions of the normal transitions. In this paper, the authors propose a more precise location method
using the capacitor type voltage terminals and the active power method [4]. The latter method can
recognize polarity of the measured voltage by the former method and the polarity contributes to make
the location method more precise. Also, temperature in the normal areas has to be kept under allowable
temperature of the coil windings to avoid their deterioration due to excessive heating in the occurrence
of the normal transitions. The active power method is originally a quench detection / protection method
for a superconducting coil [4] and therefore the proposed method can safely locate the positions of the
normal transitions. As experimental results for a Bi2223 HTS coil, it was found that the proposed method
enabled to locate the positions of the normal transitions without exceeding the allowable temperature
more precisely than the conventional method.

2. Principle of location method
As shown in Figure 1, a pair of electrically conductive sheets is attached on the surface of an HTS caoil
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Figure 2. An equivalent circuit. Figure 3. An outline of an HTS coil with

three voltage terminals.

and is connected with an external capacitor. Then insulation exists between an HTS wire and the each
sheet as shown in right hand side of Figure 1 and therefore a capacitor is formed at the each sheet. Its
equivalent circuit is shown as Figure 2. Z and v, are respectively an impedance and a voltage between
the two sheets, C; and C, are capacitances at the two sheets, and C; and v, are respectively a
capacitance and a voltage of the external capacitor. Then following equation is derived.

GG+ GG+ GG
v, = .G, v, = av,. (D

The equation shows a voltage v, in the HTS coil can be measured without electric contact by measuring
v.. Also, the electro-conductive sheets are adhesive aluminum tapes. Each sheet has thickness of 0.05
mm and its adhesive agent is also electrically conductive. The external capacitor was connected to the
electro-conductive sheet by soldering.

Figure 3 shows an outline of an HTS coil which three pairs of electrically conductive sheets are attached
on. Then, principle of the location method is explained as follows. v.;, v., and v.; are shown as
following equations.

di

alvcl - L1 a, (2)
di

azvcz = L2 %, (3)
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di
a3Vc3 = L3 at’ (4)
where i is a transport current through the coil and L1, L, and L3 are self-inductances between the two
sheets for measuring v, v, and vz, respectively. In actual measurement, all the sheets are attached
so that all of a,, @, and a5 are the same «. In order to detect the normal transitions, the inductive
voltages have to be canceled. Following equations achieve the cancellation.

V12 = A(Ver — k12Vc2), (5)
V3 = a(Vep — ka3Vc3), (6)
V31 = a(Vez — k31V¢1), (7)
where
L
kyp = i (8)
L,
ko = — 9
L;
=—, 1
o = (10)

In actual measurement, all the sheets are attached so that all of k,,, k,3 and k5, are set to 1. This means
L, =L, = L;. Then vy, = v,53 = v3; = 0 in a superconducting state. On the other hand, for example,
when a normal transition occurs in area “A” shown in Figure 3, only v.; has a resistive voltage and then
following equations are derived.

Vip = A(Ver — K1aVez) = a(ri+ Ly % — kyoL, %) = ari, (11)
di di

Vp3 = @(Vez — k23Ve3) = a(L; a ka3Ls E) =0, (12)
di T ,

V3 = a(Vez — k31v0) = @ {L3 Frin k3, (Tl + L, E)} = —ari, (13)

where r is a resistance of the normal area. v,, is a resistive voltage with same polarity as the current i
and v34 has a reversed polarity to the polarity of v;,. The polarity can be recognized by transforming
the voltages into active powers shown as following equations.

Py, = a(vy — kipV02)i = ari? - Averaging - P'y, = arl? > 0, (14)
Py3 = a(vey — ky3ve3)i = 0 > Averaging —» P53 = 0, (15)
Py = a(vez — k31v0)i = —ari? - Averaging —» P'3; = —arl? <0, (16)

where | is a root mean square value of i. According to the above results, when a normal transition occurs
in area “A” shown in Figure. 3, P';, > 0, P',3 = 0 and P'3; < 0.

When a normal transition occurs at “B”, v, and v, have same resistive voltage and v.; has no resistive
one. Then

P, = a(ve — kipv5)i = a(ri? —ri?) = 0 - Averaging - P';, =0, 17)

Py3 = a(vyy — ky3ve3)i = ari? - Averaging - P'y5 = arl? > 0, (18)
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Py = a(ve3 — k3 V)i = —ari? — Averaging —» P'3; = —arl? < 0. (19)

Table 1. Logic of locating the positions of the normal transitions.

The place of the occurrence of

normal transitions A B C D E
P’y + 0 - - 0
P'yq 0 + + 0 -
P'3y - - 0 + -

All cases of the normal transitions are summarized in Table 1.
The areas of the normal transitions can be located by the logic. Higher resolution of the location method
can be achieved by increasing the number of pairs of electrically conductive sheets.

3. Locating test for a Bi2223 HTS coil

3.1 Experimental setup

Figure 4 shows a photograph of a test Bi2223 HTS coil. Table 2 shows specifications of the HTS cail,
which is a solenoidal coil wound with Bi»Sr.Ca,CusOy (Bi2223) tape on Glass Fiber Reinforced Plastic
bobbin. Table 3 shows specifications of capacitors. Three voltage terminals were attached on the HTS
coil so that v.; was a voltage across the 1st to 4th turn, v., was 3rd to 7th turn and v.; was 6th to 9th
turn. Figure.5 shows an experimental circuit. AC current of 60 Hz and 110 Apeac Was supplied to the
HTS coil which was cooled in liquid nitrogen. The normal transitions were caused by heaters mounted
on five areas A — E of the HTS coil shown in Figure 3. Each heater has height of 4.2mm and width of
12mm. The thyristor switch is turned off to protect the HTS coil from excessive heating in the normal
zone when any of positive active powers such as equations (14) and (18) become larger than a specified
positive threshold or any of negative ones such as equations (16) and (19) become smaller than a
specified negative one. The specified threshold is decided by coupling of 1D heat equation and electric
circuit equation [5].

3.2 Experimental results

Figure 6 shows experimental results for the occurrence of the normal transition at “A”. Figures 6 (a),
(b) and (c) show the active power signals. P’;, increased from about 13 s (positive), P',3; was almost
constant (zero) and P’;, decreased from about 13 s (negative). These results agreed well with the logic
shown in Table 1.
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Figure 4. A photograph of the HTS caoil. Figure 5. An experimental circuit.
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Table 2. Specifications of an HTS coil. Table 3. Specifications of capacitors.
Inner diameter (mm) 147 External capacitors : Cs, Cs;, Cs (NF) 100
Outer diameter (mm) 150 Electro-conductive sheet capacitors : C; (nF) ~ 0.275
Height (mm) 105 : C2(nF)  0.270
Number of turns 9.5 . C.(nF)  0.282
Inductance (uH) 11.9 + Cs (nF) '

: C4(nF)  0.275
: Cs (NF)  0.267
. Co(NF)  0.272

Ic (at 77 K, self-field)(A) 193.5

Figure 6 (d) shows the current through the circuit. The current was shut off at 21.29 s because the active
power P’;, reached a specified threshold of “5 W”. Figure 6 (e) shows temperature of the normal zone.
The temperature increased after the normal transition and then it decreased after the shutdown of the
current. Its maximum value is 167 K which is allowable temperature for the test coil [6].

Figure 7 shows experimental results for the occurrence of the normal transition at “B”. Figures 7 (a), (b)
and (c) show the active power signals. P';, was almost constant (zero), P',5 increased from about 10 s
(positive) and P’'5, decreased from about 10 s (negative). These results also agreed well with the logic
shown in Table 1. Figure 7 (d) shows the current through the circuit and Figure 7 (e) shows temperature
of the normal zone. As well as Figure 6 (e), maximum temperature 134 K of the normal zone was under
the allowable temperature.
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Figure 6. Experimental results for the normal transition at “A”.
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From the test results, it was verified that the proposed method could locate the positions of the normal
transitions so as to suppress the temperature of the normal zone under the allowable temperature.

4. Conclusions

In this paper, the authors proposed a method to locate normal transitions in HTS coils by using capacitor
type voltage terminals and the active power method. The proposed method can locate the positions of
the normal transitions without electric contact so as to suppress the temperature of the normal zone under
the allowable temperature. The experimental results showed validity of the method for a Bi2223 HTS
coil. Hereafter the authors will study higher resolution of the method.
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Figure 7. Experimental results for the normal transition at “B”.

References

[1] Shiohara Y, et, al. Future prospects of high Tc superconductors-coated conductors and their
applications 2013 Physica C 484 1

[2] Nanato N and Nishiyama K Non-destructive Detection of Normal Transitions in High
Temperature Superconducting Coil 2014 Physics Procedia 58 260

[3] Nanato N and Nishiyama K Locating of normal transitions in a Bi2223 high temperature
superconducting coil by non-contact voltage measurement method 2015 Cryogenics 72 53

[4] Nanato N and Kobayashi Y Quench Detection and Protection for High Temperature
Superconducting Transformers by Using the Active Power Method 2014 Physics
Procedia 58 264



29th International Symposium on Superconductivity IOP Publishing
IOP Conlf. Series: Journal of Physics: Conf. Series 871 (2017) 012084 doi:10.1088/1742-6596/871/1/012084

[5] Nanato N, Asai W and Murase S Study on criterion for quench detection/protection of
superconducting magnet based on active power method 2012 Physics Procedia 27 416

[6] Iwasa Y 2009 Case Studies in Superconducting Magnets, Design and Operational Issues
Second Edition, Springer 505



