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Abstract

We have proposed new design of a transformer type SFCL with primary and secondary superconducting coils which
has rewound structure. For not so large fault current, the proposed SFCL limits the current by the inductive
component by the normal transition of the flux shielding coil (secondary), and for larger fault current, it can give the
resistive component additively by the normal transition of the primary coil. The recovery characteristics under load
condition and repetitive limiting operation were experimentally investigated in a laboratory scale power system. The
SFCL limited twice repetitive faults current and recovered quickly under load condition.
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1. Introduction

The electric power system has become more complicated and a fault current is getting larger due to the
increasing electric power demand. Consequently the load to a circuit breaker is increasing. So if the power
systems is expanded and complicated in this pace, the reliability and stability of the power system
becomes worse. Under this condition, SFCLs are expected to be introduced in order to limit the fault
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current and to improve reliability and stability of the power system. Therefore many studies on SFCL
have been carried out [1], [2],[3].

SFCLs can be classified into R-types (Resistive) and L-types (Inductive) by current limiting impedance.
The L-type SFCLs limit the fault current by inductance. They have advantages of being able to limit the
AC component of the fault current and to suppress the voltage drop at the faults. On the other hand, the R-
type SFCLs limit the fault current by resistance. They have advantages of being able to consume the
energy at the faults limit the DC component also. These features may contribute to the power system
stability and reliability [4].

For the application of high temperature superconducting (HTS) wires to the superconducting/normal
transition type SFCL, the larger resistance of the wire at the normal state is preferable. And the inductive
current limiting, for example, the transformer type FCL, has more advantage in recovery characteristics
than the resistive one. However, in inductive FCL of transformer type, when the required inductance is
given, the length of the HTS wire, that is, the resistance of the wire at the normal state [5], [6] is also fixed.

To solve this problem, it has been proposed a special structure of transformer type FCL having
rewound coils [3],[7]. This SFCL with rewound structure was designed and made by using BSCCO wire.
The current limiting performance of the proposed SFCL was investigated by the basic tests in the single-
phase experimental circuit [3],[7], [8].

In this paper, the power system characteristics, in particular Recovery Characteristics under Load
condition (RUL), of the proposed SFCL with rewound structure were investigated. Experiments were
carried out by use of the model SFCL in a laboratory scale model power system (one-machine and infinite
bus system) assuming the relay sequence.

2. Proposed SFCL with rewound coil
2.1. Current limiting impedance

The SFCL has two coaxially wound superconducting coils. The primary coil is connected to a power
system and the secondary coil is short-circuited. The secondary coil has less turns than the primary coil.
While both coils are in the superconducting state (stand-by mode), the current of the secondary coil is
induced by that of the primary coil to cancel the magnetic flux so that the total stored energy of the coil
system is minimized. Therefore, the reactance of the SFCL is very small in stand-by mode.

When a fault occurs in the power system, the fault current flows through the primary coil and the
induced current of the secondary coil becomes large. While the secondary coil current exceeds the critical
current of the superconducting wire, the secondary coil turns into the normal state and the resistance of
the secondary coil (R;) appears. Then, the current of the secondary coil becomes small. So the magnetic
field is no longer cancelled and the impedance of the SFCL (Zgxc,) appears [1]. The impedance Zgx; has
mainly reactance component (L-type) and its saturated value is @wL;, where L; is the inductance of the
primary coil. When the fault current is much larger and exceeds the critical current of the primary
superconducting coil wire, the primary coil wire also turns into the normal state. So the resistive
component is added to the impedance Zg;¢; (L+R type).

There are three different requirements in designing the SFCL. First, the SFCL must have appropriate
inductance of the primary coil (L;) for fault current limiting. Second, the smaller inductance of the
secondary coil (L,) is desirable. Because larger the ratio R,/ L, is, larger the limiting impedance Zgy(; is.
Third, the large resistance of the primary coil (R;) is desirable large in order to get large Rgc;.

2.2. Rewound Coil
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For normal single solenoid coil, large resistance R, requires a long HTS wire, and consequently the
inductance L, becomes large. To make larger the ratio R,/ L, is difficult. But the rewound coil may get
large ratio R,/ L,. The rewound coil structure has two coils having different diameter (inner and outer
coils), which are wound by the superconducting wire in the same direction and connected each other
(short-circuited).

The inductance of the secondary rewound coil depends on the magnetic flux between the inner and
outer coil. As the magnetic fluxes due to the inner and outer coils are cancelled, to a certain extent, each
other, the rewound coil can get large resistance and small inductance, in other words, can get large ratio
Ry L.

The primary coil must be designed as the similar rewound coil with larger turn number, because the
magnetic field made by both the primary and the secondary rewound coils should be almost the same for
canceling their remaining magnetic fluxes between inner and outer bobbins each other. The remaining
magnetic flux in the system is quite small in the stand-by mode.

2.3. Model SFCL [7]

Specification of BSCCO wire is indicated in Table 1. The critical current /. of BSCCO wire is 100 A.
The cross-section of the transformer type SFCL having rewound structure was represented in Fig. 1. It
consists of two rewound coils, that is, the primary and secondary coil. The primary coils were directly
wound on two bobbins made of fiber-reinforced plastics (FRP). The secondary coils were wound on the
primary coils isolated by Kapton tape.

The whole image of the transformer type SFCL with rewound structure is shown in Fig. 2. The
primary inner and outer coils were connected at their bottoms. The other ends of them connected to the
power line. The secondary inner and outer coils were soldered together for almost half turn both at top
and bottom ends. The specifications of the transformer type SFCL having rewound structure is shown in
Fig. 1.

Fig. 3 shows the impedance of the SFCL having rewound structure calculated from the peak values of
the voltage across and the current through the SFCL [7]. The horizontal axis indicates the voltage of the
test circuit, which is corresponding to the fault current. The impedance increases with voltage in two
stages that is, for small fault current, mainly the reactance component increases, and for large fault current,

the resistance component becomes larger. A —
(Connected to the pnmaxml)
Table 1. Specification of BSCCO wire used.
Primary Coils zln?guc(ﬁnce
381
. . ] x. FRP bobbin Inside : 80turns 779 H
Sumitomo CT-OP BSCCO wire (SCA02—2006—020) % \ il outside : 60turns 554 ¢ H
. L J
Materials silver sheathed BSCCO Secondary Coils 3'n7drlcl*?nce
. R
Width 43 mm | ™ Inside : 27tums 89 H
bR “outside : 20turns  70u H
Average Thickness 0.22 mm
440 4l [s00 :
L (77K, Self Field) 100A SRR e
n-value (77K, Self Field) 21 ! Primary Coils are
Silver ratio 25 Ul e ;"- connected at their bottoms.
i _'( Mutual inductance
- 260 72.9 uH
<T> Coupling factor k =0.77
-

Unit : mm

Fig. 1. Cross section of the SFCL having rewound structure
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Fig. 2. Photo view of the model SFCL. Fig.3. impedance of the model SFCL.

3. Experiment

3.1. Experimental system

40

The experiments of the transformer type SFCL having rewound structure were carried out in a
laboratory scale power system (one-machine and infinite bus system). Fig. 4 shows the experimental
circuit. It consists of a three-phase synchronous generator, reactors (L¢ :1.85 mH, transmission lines:12.8
mH), an infinite bus, switches (SW1, SW2, and SW3), and the SFCL. The synchronous generator was

connected to the infinite bus (AC 210 V, 50 Hz) through parallel artificial transmission lines.

The SFCL was immersed in the liquid nitrogen and installed in series to the generator. The inductance
of the SFCL in stand-by mode was 65 pH. The current I, through the SFCL and the voltage V, across
the SFCL were measured. The current 12 of the secondary short-circuited coil was also measured by use
of Rogowski coil. In addition, the excitation voltage ¥, and the field current If of the generator were

measured.

One line grounded fault (1LG) was considered. The SFCL was installed only in the fault phase, and
the reactors whose inductance was equivalent to that of the SFCL (65 pH) in stand-by mode were put in
the other phases for three-phase equilibrium. In order to clear the limiting effect of the SFCL, the same
experiments without the SFCL were carried out where the equivalent reactors were installed to every

phase line in place of the SFCL.

3.2. Switching sequence

The magnetically controlled switches SW1 and SW2 simulated circuit breakers (C.B.s). The single line
grounded fault (1LG) was simulated in the lower line (fault line) by closing SW3. The sequence of the

switches is shown in Fig. 5. Normally, SW1 and SW2 are closed for a double line transmission.
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Single line ground fault occurs by closing SW3 and after 100 ms the fault line is rejected by opening
SW1 and SW. During the single line transmission, the fault is eliminated, and they are re-closed to
recover the initial state. The second similar fault occurs after 700 ms of the re-closure, and the switches
are operated in the same manner as at the first fault.

Throughout the sequence, the generator continues to operate and the current limiting performance of
the SFCL was evaluated under load condition.

- {4

Ll Isafe T
Artificial
( :}'J ‘ L — Transmission Line ( )
FeL 12.8 mH
V>
- Ig [m] fault ‘L
—
Swl -
py
Svnchro}I;g}L:aslS:enerator I Infinite Bus
“1826kVA 200V faul (210V)

Fig. 4. Experimental circuit

Fault clear Fault Reclose
Fault | Reclose Fault clear
Swl,2 |
(circuit breaker)
Sw3
(fault)
[
time|[s] 0 0.1 1.1 1.8 1.9 3.0

Fig. 5. Switch sequence

4. Experimental results and discussion

Fig. 6 shows the experimental results before and after the two faults, that is, the wave forms of current
through the secondary coil /5, current through the primary coil /;; and voltage across the SFCL V,, from
top to bottom. The first fault and the second one occurred at about 0 s and 1.7 s, respectively.

To compare the wave forms of the first fault and that of the second fault, the zoomed-up wave forms
during the fault were shown in Fig. 7.

As seen from Fig.6, the primary and the secondary coil current, I, and /5, exceed their critical current.
The FCL limited the fault current with 230 Apeak (prospective 560Apeak without FCL) successfully and
the FCL voltage Vy,; appeared. After the first fault clear, the FCL voltage recovered about 0V, even while
the current /; continued to flow.

So it is confirmed that the model SFCL recovered quickly under load condition. Additionally, at the
following second fault, almost same current limiting performance was confirmed as shown in Fig.7.

Consequently, the model SFCL can recover quickly under load condition and can operate repetitively.
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Fir. 6. Experimental results before and after two faults Fig. 7. Waveforms of the SFCL in the first and second fault

5. Conclusion

The current limiting performance and recovery characteristics of the transformer type SFCL with
rewound structure were investigated experimentally. The experiments were carried out in a laboratory
scale power system which is one-machine (18kVA, 220V) and infinite bus through double line
transmission lines. The model proposed SFCL was installed in series to the generator.

Both primary and secondary coils of superconductor transformed normal state and the model SFCL
limited fault current and suppressed the over current and the voltage drop of the generator. During the
switch sequence, the generator continued to produce the electric power and the SFCL limited the fault
current under load (without any rejection).

After limiting operation, the model SFCL recovered quickly under load condition. Even in the
repetitive fault condition ( interval is 700 ms), it is confirmed that the model SFCL can operate
repetitively without any degradation in current limiting performance.
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