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Study on Degradation of Trigger Current Level
of Superconducting Fault Current Limiter of
Transtormer Type

Kazuhiro Fujikawa, Yasuyuki Shirai, Masahiro Shiotsu, Tanzo Nitta, and Hiroyuki Hatta

Abstract— A Superconducting Fault Current Limiter (SC-
FCL) of a transformer type with adjustable trigger current
level was proposed in previous works. Basic tests were per-
formed using the trial SCFCL of proposed type. The degra-
dation of the trigger current level of the SCFCL was ob-
served. It is observed that the trigger current level depends
on the frequency of the power source. The measured AC loss
is about seven times as large as the calculated hysteresis loss
and the coupling loss. It is assumed that an excessive loss
generated at the short-circuit contact of the secondary wind-
ing causes the degradation. The new trial SCFCLs with the
improved contact are made. The degradation of the trigger
current level does not appear for the new trial SCFCLs.

Index Terms— Current concentration, degradation, non-
uniform current distribution. superconducting fault current
limiters (SCFCLs), trigger current level,

I. INTRODUCTION

UPERCONDUCTING fault current limiters (SCFCLs)

are expected to reduce the load of circuit breakers. In
addition, SCFCLs are expected to improve transient sta-
bility of power system. Many studies have been made on
the SCFCL of various kinds [1]-[3].

SCFCLs may be installed at both ends of a power line,
on tie lines, or for safe operations of superconducting power
apparatus. Fault analyses of power system including SC-
FCLs show that the accuracy of the trigger current level of
the SCFCLs should be in several percents.

An SCFCL with adjustable trigger current level is pro-
posed. A trial SCFCL of this type was designed and made.
Basic tests for the current limiting and recovery charac-
teristics of the trial SCFCL were carried out [4]-[7]. The
degradation of the trigger current level of the trial SCFCL
was observed.

In this paper, tests for investigating the frequency char-
acteristics of the trigger current level and the measure-
ments of AC losses are performed. From the results of the
tests, the reasons for the degradation of the trigger current
level of the trial SCFCL and the method to suppress the
degradation are discussed.

II. SCFCL wWITH ADJUSTABLE TRIGGER CURRENT
LEVEL

The cross sectional view of the trial SCFCL is shown in
Fig. 1. The SCFCL consists of two superconducting coils
coupled coaxially. The primary and secondary windings
are wound on the bobbins of fiber reinforced plastic (FRP).
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Fig. 1. Cross sectional view of the trial superconducting fault current

limiter

The secondary winding is short-circuited by a copper bar.
The superconducting wire is in the V-gshaped slot of 0.43
mm depth and coated with epoxy resins. The supercon-
ducting wires of the primary and the secondary windings
are the same one. The specifications of the superconduct-
ing wire for the trial SCFCL are shown in Table I.

A FRP rod is fixed to the bottom of the secondary coil.
Only the secondary coil can be slided down by handling the
rod outside the cryostat in order to adjust the trigger cur-
rent level as shown in Fig. 1. The slide distance is defined

TABLE I

SPECIFICATIONS OF SUPERCONDUCTING WIRE

Ttems

Specification

Strand

Structure
Diameter of strand
Material of matrix

Material of filament

Multifilament
0.126mm
Cu-30%Ni
(CuNi:NbTi=4.3:1)
NbTi

Diameter of filament  0.08um
Number of filament 441,575
Twist pitch 0.7mm
Twist direction Clockwise(S)
Insulation None
Twisted wire Structure 6 Strands+Core
Material of core Cu-30%Ni
Diameter of core ~ 0.16mm
Twist pitch 2mm
Twist direction Counterclockwise(Z)
Characteristicss AU quench current ~ 150Arms
(Iq) (at 4.2K, OT)
~ 80 Arms

DC quench current

(Ic)

Normal resistance

(at 4.2K, 2T)
40 A

(at 4.2K, OT)
~ 3.18Q/m
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as the vertical distance between the top of the primary and
secondary windings. (See Fig. 1.)

The trigger current level can be adjusted in the range
of about ten percents by sliding the secondary coil. When
the trigger current level needs to be changed more than
ten percents large or small, only the secondary coil can
be replaced by another one which has different turns or
super-normal transition current.

III. DISCUSSION ON DEGRADATION OF TRIGGER
CURRENT LEVEL

The measured trigger current level (32.4 Arms) is about
a half of the designed one (64.4 Arms), which is calculated
from the AC quench current I, of a short sample of the
secondary coil wire (150 Arms) [4]. The measured trigger
current level with various slide distance agrees well with
that obtained by the electro-magnetic analysis [5] under
the assumption that the super-normal transition current of
the secondary coil degrades to 75.5 Arms. Therefore, the
degradation of the trigger current level of the trial SCFCL
is caused by the degradation of the super-normal transition
current of the secondary coil.

The reasons that are considered for the degradation of
the super-normal transition current would be the following
four items.

1. High magnetic field density on the secondary coil

2. Temperature rise of the secondary winding due to the
motion of the superconducting wire

3. Temperature rise of the secondary winding due to
some losses, such as AC losses, joule heat loss and
so on, of the superconducting wire

4. Non-uniform current distribution in the cross section
of the superconducting wire, that is, equivalent degra-
dation of the super-normal transition current

If the reason for the degradation is high magnetic field
density, the magnetic field density on the secondary coil
must be higher than 2 T referring to the specifications of
the superconducting wire (Table I). But, the calculated
magnetic field density on the secondary coil is lower than
230 mT. The magnetic field density on the secondary coil
cannot be the main reason for the degradation.

If the reason for the degradation is the temperature rise
of the secondary winding due to the motion of the super-
conducting wire, the degradation rate of the super-normal
transition current would change because the condition of
the superconducting wire would change for each time of the
current limiting operations. But, the trigger current level
does not change for each time of the current limiting oper-
ations. The motion of the superconducting wire cannot be
the main reason for the degradation.

From the above discussions, it is considered that the tem-
perature rise of the secondary winding due to some losses
of the superconducting wire and/or the non-uniform cur-
rent distribution in the cross section of the superconducting
wire might be the reason for the degradation of the super-
normal transition current. In order to discuss these reasons
of the degradation of the super-normal transition current,
the tests for investigating the frequency characteristics of
the trigger current level and the measurement of AC losses
were carried out.

2411

IV. FREQUENCY CHARACTERISTICS OF TRIGGER
CURRENT LEVEL

A. Ezperimental System

The experimental circuit is shown in Fig. 2. A reactor,
a variable frequency power source and the trial SCFCL are
connected in series. The inductance L, of the reactor a is
2.13 mH.

The variable frequency power source consists of a power
amplifier and a function generator. The function generator
gives a sinusoidal wave of several frequencies to the power
amplifier. The variable frequency power source can be used
as not only a voltage source but also a current source. In
these tests, the variable frequency power source was used
as a voltage source.

B. Test Procedure

The circuit current ipcr, was increased gradually by vary-
ing the gain dial of the power amplifier until the SCFCL
turns into the current limiting mode. The current ircr, at
the mode change (from the waiting mode to the current
limiting mode) was measured as the trigger current level.

The slide distance was set to be 0 mm, 10 mm, 20 mm
and 30 mm. The frequency of the power source was set to
be 5 Hz, 10 Hz, 15 Hz, 30 Hz, 50 Hz, 70 Hz and 100 Hz.

C. Test Results

The measured trigger current levels for the frequency are
shown in Fig. 3. For every slide distances, it was confirmed
that the trigger current level becomes smaller for the larger
frequency of the power source.

The trigger current level Itcy, is expressed by Ircr =
%I 0> where, L is the self inductance of the secondary coil
and M is the mutual inductance [8]. The trigger current
level of the SCFCL should be independent of the frequen-
cy. Therefore, the temperature rise of the secondary wind-
ing, which is dependent on the frequency, might cause the
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Fig. 2. The experimental circuit for the tests
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degradation of the super-normal transition current of the
secondary winding. The losses which are dependent on the
frequency (AC losses) would be generated in the secondary
winding, and this might be the reason for the degradation
of the trigger current level of the trial SCFCL. In order to
measure the amount of the AC losses, the volume of helium
gas evaporated was measured.

V. MEASUREMENT OF AC LOSSES
A. Experimental System

The helium gas outlet of the cryostat in which the SC-
FCL is, was connected to a gas flow meter via a heat ex-
changer which warms the helium gas up to the room tem-
perature. The output voltage of the gas flow meter is pro-
portional to the gas flow rate. The voltage signal from the
gas flow meter was recorded.

The experimental circuit is shown in Fig. 2

B. Test Procedure

The variable frequency power source was used as the
current source. The circuit current was kept to be 20 Arms
constant. The slide distance was set to be 0 mm. The
frequency of the power source was set to be 5 Hz, 10 Hz,
15 Hz, 30 Hz, 50 Hz, 70 Hz, 100 Hz and 120 Hz.

The volume of the helium gas flowing out was measured
by the gas flow meter for several frequencies of the circuit
current. The measurement was started a few minutes after
the frequency of the power source was changed.

C. Test Results

The measured volume of the helium gas flowing out ver-
sus the frequency are shown in Fig. 4. The frequency was
increased from 5 Hz to 120 Hz, and then decreased from
120 Hz to 5 Hz.

The measured gas flow increases in almost proportion
to the frequency. The evaporated helium gas at 0 Hz is
due to the heats into the cryostat and the joule loss by the
resistance of the power lead. The amount of the increment
is caused by the AC losses.

Some hysteresis effect can be seen for increasing and de-
creasing the frequency. This would be due to the time delay
of the response of the gas output for the heat generation.

From Fig. 4, the volume of the helium gas evaporated in
the cryostat is 6.975 ¢/min. at 0 Hz, and 7.230 £/min. at

50 Hz. The volume of the helium gas evaporated by AC
losses is 0.255 £/min. (= 4.25 x 107% m3/s) at 50 Ha.
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Fig. 4. The volume of the helium gas flowing out of the cryostat
versus the frequency of the power source

The amount of AC losses can be roughly calculated from
the volume of the helium gas evaporated by AC losses.
The vaporization heat of helium is 20.416 kJ/kg at 4.2 K
and 1 atm. The density of helium gas is 0.1785 kg/m?®
at 300 K and 1 atm. Therefore, the amount of AC losses
is 1.549 x 10~2 W, which is the sum of AC losses of the
primary and secondary coils.

D. Discusston

Major AC losses of the superconducting wire consist of a
hysteresis loss and a coupling loss. The hysteresis loss and
the coupling loss per unit volume are calculated by using
the equations shown in [9] from the specifications of the
superconducting wire.

The calculated hysteresis loss and the coupling loss per
unit volume are 255 W/m? and 17.3 W/m? for the fre-
quency of 50 Hz, respectively. The total AC loss per unit
volume is evaluated to be about 272 W/m?2.

Because the total cross sectional area of six strands is
0.0748 x 107 m?, superconducting wire length of the pri-
mary coil is 75.4 m and that of the secondasy coil is 28.3
m, the total volume of strands is 7.76 x 107 m3. There-
fore, the total AC loss of the trial SCFCL is evaluated to
be about 2.11 x 1073 W for the frequency of 50 Hz.

The measured total AC loss is about seven times of the
calculated one. It is expected that another factor generates
the excessive loss in the trial SCFCL and the loss causes
the degradation of super-normal transition current of the
secondary winding.

V1. DiscussioN oN CURRENT CONCENTRATION

It was reported that the AC quench current of a super-
conducting magnet degrades due to the joule loss by cur-
rent redistribution at the contact to the power lead [10].
It is assumed that the excessive loss of the trial SCFCL
would be caused by the current redistribution among fila-
ments of the secondary winding nearby the contact to the
short-circuit copper bar. The current redistribution occurs
in order to clear the non-uniform current distribution in
the secondary coil wire due to the current concentration at
the contact to the short-circuit copper bar.

In the short-circuit copper bar, the current of each fila-
ments is not equal due to the skin effect, and the AC cur-
rent flows near the surface of the short-circuit bar. On the
other hand, in the superconducting wire of the secondary
winding, the current of each filaments is almost equal be-
cause the filaments and the strands are twisted so that they
are geometrically uniform.

Let us consider the contact between the superconduct-
ing wire of the secondary winding and the short-circuit
copper bar of the trial SCFCL. The diameter of the super-
conducting wire is about 0.4 mm. The cross section of the
short-circuit bar near the contact is about 5 mm x 4 mm.
Therefore, the AC current which flows near the surface of
the short-circuit bar rushes into the superconducting wire
of the secondary winding at the point of the contact as
shown in Fig. 5 (current concentration).

Because of the resistance of the matrix of the strand,
the non-uniform current distribution in the strand of the
secondary winding occurs nearby the contact to the short-
circuit copper bar. Then, the current redistribution among
filaments occurs in the secondary winding. The current
flows across the filaments through the CuNi-matrix whose
resistance is large, and joule loss is generated due to the
current.
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Fig. 5. The contact between the superconducting wire of the sec-
ondary winding and the short-circuit copper bar of the trial SC-
FCL

It is expected that the joule heat loss is produced by the
current through CuNi-matrix and raises the temperature of
the superconducting wire nearby the contact to the short-
circuit copper bar. The temperature rise of the secondary
winding can be one of the reasons for the degradation of
the super-normal transition current of the secondary coil.

Because of the current concentration at the contact, the
current density of the superconducting wire at the contact
is expected to be higher than that of the superconducting
wire far from the contact, which is equal to the average cur-
rent density in the superconducting wire of the secondary
winding. That is, the current density at the contact reaches
the critical current density even if the current of the sec-
ondary winding is smaller than the AC quench current ;.
The super-normal transition current degrades. Therefore,
the current concentration also would be one of the reasons
for the degradation of the super-normal transition current
of the secondary coil.

In order to suppress the degradation of the trigger cur-
rent level, new three-phase trial SCFCLs of the proposed
type with the improved contact were manufactured. The
improved contact shown in Fig. 6 is designed so that the
current concentration at the contact is suppressed. The
tests for investigating the trigger current levels of the new
trial SCFCLs were carried out. The measured trigger cur-
rent levels of the new trial SCFCLs are about 81 Arms,
90 Arms and 87 Arms, respectively. The measured trig-
ger current levels are in the range of about +5 % around
the designed one (85.7 Arms)[11]. The measured trigger
current levels of the new trial SCFCLs almost agree with
the designed one. The improved contact can suppress the
degradation of the trigger current level. It is pointed out
that the degradation is caused by the design of the short-
circuit contact of the secondary winding.

superconducting wire
of the secondary winding

W

current

copper ring

AR

short-circuit bar

Fig. 6. The improved contact of the new trial SCFCLs
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VII. CONCLUSION

The tests of investigating the frequency characteristics
of the trigger current level and the measurements of the
AC losses were carried out. It is observed that the trigger
current level depends on the frequency of the power source.
The measured AC loss is about seven times as large as the
calculated hysteresis loss and the coupling loss.

From these experimantal results, it is assumed that an
excessive loss generated at the short-circuit contact of the
secondary winding. The new trial SCFCLs with the im-
proved contact are made. The degradation of the trigger
current level does not appear for the new trial SCFCLs.

The trigger current level of a transformer type SCFCL
is determined by the super-normal transition current of
the secondary winding, which is a short-circuited supercon-
ducting coil. Even if the degradation of the super-normal
transition current appears only in a small part of the wire,
the trigger current level of the SCFCL is determined by the
degraded super-normal transition current.

When a transformer type SCFCL is made, it is impor-
tant to manufacture the secondary coil (the short-circuited
superconducting coil) so that the conditions of the whole
winding of the coil is uniform thermally and magnetically.
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