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Fault CWTQnt Limiter - Predominantly Resistive
Behavior ofa BSCCO Shielded-Core Reactor

M. G. Ennis, T. J. Tobin, Y. S. Cha, and J. R. Hull

Abstract—Testa were conducted to deternlne the electrical
and magnetic characteristics of a superconductor shielded
core reactor (SSCR). The results show that a closed-core SSCR
Is predominantly a resistive device and an open-core SSCR is a
hybrid resistive/inductive device. The open-core SSCR appears
to dissipate less than the closed-core SSCR. However, the
Impedance of the open-core SSCR is less than that of the
closed-core SSCR. Magnetic and thermal diffusion are
believed to be the mechanism that facilitates the penetration
of the superconductor tube under fault conditions.

index Terms—fault current Umtter, magnetic diffusion,
SSCR, transformer model.

INTRODUCTION

Ia 1974, a consensus of Electric Power Research Institute
fisted the need for a fault current Jimiter (FCL) as a top
priority research and development (R&D) item (lj.

However, almost all the devices considered some two decades
ago were either technically or economically unsuccessful. The
discovery of high-Tc superconductors more than a decade ago
renewed interest in FCLs and there is a worldwide R&D
effort aimed at pursuing various concepts of FCLs [2]. A
leading candidate of high-T6 FCL is die so-called
superconductor shielded core reactor (SSCR). The SSCR is a
passive device and consists mainly of a closed iron core
inside a superconductor tube and a copper coil wound on the
outside of the superconductor tube [3-10]. The SSCR uses
the shielding capability of a superconductor tube to keep the
inductance low under normal operating conditions. Under
fault conditions, the large current in the copper coil exceeds
the shielding capability of the superconductor tube and there
is a jump in impedance because the iron core is no longer
shielded from the coil by the superconductor tube. Originally,
it was thought that the SSCR is an inductive device, because
the coupling between the superconductor and die primary
circuit is magnetic in nature. For some time, however, it has
been realized from test results that the SSCR is really a
resistive device and the superconductor tube heats up
considerably during a fault, and its recovery usually takes
much longer man that of an inductive device because heat has
to be removed from the superconductor after the fault is
cleared There Is stilL in general a lack of understanding of
how the superconductor tube behaves bom magnetically and
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thermally during a fault. In this paper, we report the results of
testing a SSCR with both a closed and an open core under
symmetric and asymmetric faun conditions. Tests were also
conducted to determine the ac steady-state shielding
capability of the melt-cast processed BSCCO tube.

TEST SECTION AND S S C R ASSEMBLY

The assembled SSCR is sketched in Fig. 1, Illustrating
the arrangement of the steel core, the BSCCO tube, the
exciting coil and the pickup coil. With the cross-member in
place the SSCR is referred to as "closed-core," and with it
removed as "open-core." Each core section is about 65 cm2,
with the two vertical limbs some 25 cm long, having a
center-center separation of around 15 cm.
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Fig. 1. Two-piece laminated core showing BSCCO tube, exciting and
pickup colls and removable cross-member.

The two-piece steel core was made from 0.6-mm-thick
laminations of M22 steeL having bom coils and the BSCCO
tube mounted on one leg of approximately circular cross-
section. Each of the two coils comprised 100 turns of magnet
wire wound in two layers, the exciting coil (AWG 10) over a
profiled fiberglass mandrel, and the pickup coil (AWG 35)
directly onto the steel core over a layer of Kapton™ tape.
Not shown is the sketch are two bonded-fiber end-rings
which act not only to hold the BSCCO tube and exciting
coil in place, but also to permit LNa to flow into the spaces
between the parts. The entire assembly was submerged in
LNj for the duration of die tests. No special measures were
taken to guide the electrical connections out of the cryogenic
container, except to prevent excessive mechanical movement
during the tests.

The BSCCO tube is supplied by Aventis (fbnneriy
Hoechst). The outside diameter of the BSCCO tube is
113 mm and the wall thickness is 6 mm- The axial length of
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the tube is 200 nun. To make die tube stronger
mejchanicaUy, the outside of the tube is coated with a thin
layer of fiberglass composite. The manufacturer supplied data
indicates that the ac steady-state critical current (maximum
shielding capability) of the tube is about 5,000 A.

EXPERIMENTAL RESULTS

Toe first series of tests were conducted to determine the ac
steady-state characteristics of the SSCR and the results are
shc-wn In Fig. 2. The vertical coordinate At is defined as the
tiflie interval from the beginning of the test to me time when
curjrent limiting begins. It can be observed that At decreases
sharply with the system voltage. For system voltage less
than 40 V, the superconductor is able to shield the applied
magnetic field completely. For very large system voltages
(>300 V), field penetration occurs quickly. This observation
is jconsistent with the results reported by Cha and Askew
[It], who found that the penetration field depends on the
ranjjp rate of the excitation current Similar results were also
reported recently by Meerovich, et al. {5].
Mbst of the tests were conducted for a duration of

ximately 90 ms (S cycles at 60 Hz). Typical current and
_; profiles of a 5-cycle test are shown in Fig. 3. For this

paijticukr test (closed core), it can be seen that current
limitation begins very early (a few milliseconds) in the test
Al$o shown is the instantaneous power dissipation of the
SSCR. The peak power dissipation occurs shortly after
significant current limitation and the power dissipation
begins to decrease from men on. This is because the induced
current in the superconductor tube begins to decrease as the
temperature increases. In general, the experimental data show
mat, after field penetration, the voltage and current are in
ph$se for the closed-core SSCR while the voltage and current
are out of phase for the open-core SSCR. The phase angle
increases with generator voltage for the open-core tests. This
means that me open-core SSCR becomes more inductive as
the system voltage increases. From the data on phase angle
between V and I and the ratio of V(peak)/l(peak), we can
calculate the resistance R and the reactance X$ of the SSCR
(assuming sinusoidal wave form). The R and X$ ate
determined by assuming that these two elements are in
parallel.
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Fig. 3. Typical profiles of current, voltage, and power dissipation of a
closed-core SSCR.

CLOSED-CORE TESTS

Figure 4 shows the calculated resistance R of the SSCR as
a function of time. The resistance R increases with time and
the generator voltage. Figure 5 shows the calculated reactance
X$ of the SSCR as a function of time. The reactance increases
from a small value at the beginning of the test to very large
value (say 100 Q) as time goes on. Initially, both R and X$
are small. As test goes on, both R and X$ increase with time.
However, X$ increases much fester than R and soon X$
becomes much larger than R. When this happens, the SSCR
becomes a resistive device because all the current is going
through R. The abnormal behavior of test 113 in Fig. 5 is
probably due to the distortion of wave shape which always
occurs at relatively high generator voltage.

OPEN-CORE TESTS

Figures 6 and 7 show the calculated resistance R and
reactance X^ respectively, as a function of time for the open-
core tests. The resistance R of the open-core test (Fig. 6) is
quite similar to mat of the closed-core test (Fig, 4). They
both increase with time and are of the same order of
magnitude (from one to several Ohms). The reactance X$ of
the open-core tests (Fig. 7) showed quite different behavior
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Fig. 2. Variation of At (defined as ftc time interval ftom the begianing of
the test to the time when current limiting occurs) with system voltage.

Fig. 4. /esistaiice R as ft ftMiction of time for elosed*coie tests.
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Fi& 5. Calculated reactance as a function of time for closed-core tests.
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Fig, 6. Calculated resistance R as a ftuwtionoftime for the open-core tests.
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Fig. 7. Calculated reactance as a function of time for the open-core tests.

from that of the closed-core tests (Fig. 5). First, die reactances
in the open-core tests ate much smaller man those of the
closed-core tests. Second, except for the initial period, the
reactance in the open-core tests reaches about 3 fit and
remains there for the rest of the test, unlike that in the closed-
core tests, which continues to increase to very large values
(100 Q or higher). Third, me resistance and the reactance ate
of the same older of magnitude for the open-core tests.
Because the open-core SSCR is more inductive, it dissipates

and heats up less than the closed-core SSCR. The
disadvantage of the open core is, however, mat the inductance
is very limited because the effective u is relatively small
compared to that of a closed core. It is not dear why test 129
in Fig. 7 shows the exceptional behavior.

EQUIVALENT CIRCUIT OF THE SSCR

Figure 8 shows the simplified transformer equivalent
circuit, where IU is the core-loss resistance, Xm is the core
magnetizing impedance, Xh is the core-leakage reactance, R3

is the BSCCO tube resistance, R, is the resistance of the
primary winding and Xp its associated reactance.

As can be appreciated from the figure, the SSCR
impedance is the total equivalent impedance looking into the
terminals of the circuit of Fig. g. Since in general bom Rp

and Xp will be both small and constant throughout the
operating current range of the SSCR, and the leakage
impedance is also small because of the close coupling of the
components, then the main influences on the behavior of the
device will come from the interaction of the core and BSCCO
tube parameters.

Based on core parameters derived from our tests, Fig. 9
shows the variation in the apparent impedance of the SSCR
as the tube resistance, R», increases. For very small R2, the
SSCR impedance is dominated by the leakage impedance cf
the equivalent transformer. With increasing R2, the SSCR
quickly becomes resistive, reflecting the changes within the
BSCCO tube during the magnetic/thermal diffusion process.
Only when Ri becomes very large does the SSCR. again
begin to look inductive, reflecting now the magnetizing
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Fig. 8. Equivalent circuit of the SSCR.
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Fig. 9. Variation of the impedance with the resistance of the tube ft).
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ctance of the laminated steel core. Only when the
tra isition of the BSCCO tube is both fast and very large can

SSCR be tuned in the manner referred to by Paul et al.
). Based on the results of our tests, this tunable regime is

difficult to attain, since even in the normal state, the
of the BSCCO tube is smaller than theesistance
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MAONETIC/THERMAL PENETRATION OF THE
SUPERCONDUCTOR TUBE BY THE APPLIED MAGNETIC FIELD

t

The experimental data clearly demonstrate that the applied
' penetrates the superconductor tube because otherwise the
former mode] would not have worked so well to explain

all | the experimental results. We know the results are not
ily due to thermal effects, because the rube is not

fy quenched yet when significant current limiting
(the total energy dissipated is far below that needed to
ry quench the superconductor tube). We believe that

field penetration is the result of the combined effects of
magnetic and thermal diffusion [13], Magnetic diffusion is
enhanced by two factors. First is the current density, which is
much larger man the critical current density in a transient

. This large induced current will greatly increase
resistivity of the superconductor tube. This will result in

increased rate of magnetic diffusion because the diffusion
coefficient is linearly proportional to the resistivity. Even
wiihout temperature change, magnetic diffusion becomes
much faster and the diffusion time becomes comparable to the
characteristic time of a 60-cycle system just because the
induced current is larger than the critical current during the
traisient The second factor that will enhance magnetic
dif uskm is the temperature rise as a result of dissipation.
Temperature increase will also increase the resistivity of the
superconductor. This further increases the rate of magnetic
diffusion and the superconductor is readily penetrated by the
applied field with a characteristic time of a few milliseconds.
Thps, the combined effect of increased current density (over
the critical current density) and temperature increase due to
dissipation facilitated the penetration of the superconductor
tube by the applied magnetic field.

SUMMARY AND CONCLUSIONS

the transformer model appears to explain the experimental
resylts quite well bom for a closed and an open-core SSCR.
Thte closed-core tests ate resistively dominated and the open-
cole tests are both inductive and resistive. The closed-core
SSCR is mostly resistive because die reactance of the primary
coil and the unsaturated cove is much larger than the reflected
resistance of me superconductor tube. The result is mat most
of the primary current is consumed an the superconductor tube
and very little current is needed to magnetize the core. The
open-core SSCR is both inductive and resistive simply
because the inductance of an open core is much smaller than
that of a closed core and primary current is shared between the
magnetizing current and the secondary current. The fact that
the closed-core SSCR provided a higher impedance than that
of an open-core SSCR can be explained by the equivalent
circuit shown in Pig 8. The parallel configuration guarantees
that the net impedance is smaller than the impedance of either
element Because the inductance of the open-core SSCR
remains fairly constant, the net impedance always remains

below that of the closed-core no matter what the reflected
resistance is from the secondary circuit The impedance of the
closed-core SSCR, on the other hand, continues to increase
with the resistance of the superconductor tube.

Finally, experimental evidence indicates that significant
current limiting begins after the applied field has penetrated
the superconductor tube. We believe that the field penetration
is the result of the combined effect of magnetic and thermal
diffusion in the superconductor. Increased current density
(over the critical current density) and increased temperature in
the superconductor enhance magnetic diffusion. The rate cf
magnetic diffusion increases with the resistivity of the
superconductor. Both the increased current density and the
increased temperature will increase the resistivity and
facilitate the penetration of the superconductor tube by the
applied field.
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