Journal of Electrical Engineering & Technology, Vol. 2, No. 3, pp. 289~293, 2007 289

Fault Current Limiting Characteristics of Separated and Integrated

Three-Phase Flux-Lock Type SFCLs

Sung-Hun Lim*

Abstract — The fault current limiting characteristics of the separated and the integrated three-phase
flux-lock type superconducting fault current limiters (SFCLs) were analyzed. The three-phase flux-
lock type SFCL consisted of three flux-lock reactors and three high-T¢ superconducting (HTSC)
elements. In the integrated three-phase flux-lock type SFCL, three flux-lock reactors are connected on
the same iron core. On the other hand, three flux-lock reactors of the separated three-phase flux-lock
type SFCL are connected on three separated iron cores. The integrated three-phase flux-lock type
SFCL showed the different fault current limiting characteristics from the separated three-phase flux-
lock type SFCL that the fault phase could affect the sound phase, which resulted in quench of the
HTSC element in the sound phase. Through the computer simulation applying numerical analysis for
its three-phase equivalent circuit, the fault current limiting characteristics of the separated and the
integrated three-phase flux-lock type SFCLs according to the ground fault types were compared.
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1. Introduction

As the demand for -the electrical power and the
interconnection of electrical networks increased, the
increase of the short-circuit current in power systems has
accelerated. To reduce this short-circuit current, which has
exceeded available cut-off ratings of existing circuit
breakers, the various methods have been developed [1-2].
As one of methods, the superconducting fault current
limiter (SFCL) has been expected to be the most promising
power machine to limit the short-circuit current quickly
and effectively without influence on a power system during
normal operation. The SFCLs, which have been developed
in many countries, can be largely classified into the quench
type and the non-quench type SFCLs [3-6]. The flux-lock
type SFCL belongs to the quench type SFCL from the
point of view that the fault current can be limited by the
occurrence of the superconductor’s quench [7-8].

One advantage of the flux-lock type SFCL is that the
initial operating current of the SFCL can be adjusted by the
inductance ratio between coil 1 and coil 2 [7-8]. Another
advantage is that the resistance of the high-T¢
superconducting (HTSC) element comprising the flux-lock
type SFCL can be increased by the application of a
magnetic field into the HTSC element without additional
power supply and thus, the limiting current capacity of the
flux-lock type SFCL can be increased [8].
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Despite these merits, however, most researches for the
flux-lock type SFCL have been mainly focused on the
single-phase SFCL compared to other types of SFCLs.
Therefore, the fault analyses for the three-phase system
with the three-phase flux-lock type SFCL are required to
apply the flux-lock type SFCL into a real power system.

In this paper, the operational characteristics of the
integrated three-phase flux-lock type SFCL were analyzed
and its fault current limiting characteristics were compared
with the separated three-phase flux-lock type SFCL. Through
the computer simulation using numerical analysis for each
equivalent circuit, the fault current limiting characteristics for
two three-phase flux-lock type SFCLs according to the three-
phase ground fault types were analyzed.

2. Structure And Equivalent Circuit

The structure of three-phase flux-lock type SFCL is shown in
Fig. 1. Each single-phase circuit consists of two magnetically
coupled coils connected in parallel and the HTSC element,
which is connected in series with coil 2. As shown in Fig. 1(a),
in case of the separated three-phase flux-lock type SFCL, each
single-phase circuit is wound on each iron core and thus,
magnetically separated from other phase circuits. On the other
hand, in case of the integrated three-phase flux-lock type SFCL
as seen in Fig, 1(b), three single-phase circuits are magnetically
coupled through one iron core, which is expected to be more
effective and more economical for the reduction of the weight
and the volume of the three-phase SFCL using the iron core.
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Fig. 1. Structure of the three-phase flux-lock type SFCL
(a) Separated three-phase flux-lock type SFCL
(b) Integrated three-phase flux-lock type SFCL
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Fig. 2. Equivalent circuit of the three-phase flux-lock type
SFCL

The equivalent circuit of three-phase flux-lock type
SFCL is shown in Fig. 2. The arrow dotted lines, which
describe the magnetic coupling between two phases, are
included in the equivalent circuit of the integrated three-

phase flux-lock type SFCL. In Fig. 2, superscript letters a,
b and c, which are used in current and voltage symbols,
represent the indicator for each single-phase circuit, and
subscript letters 1 and 2 are used to distinguish coil 1 from
coil 2 in each single-phase circuit.

3. Design Of Three-Phase Circuit With SFCL

The three-phase circuit with SFCL for the analysis of the
fault current limiting characteristics is shown in Fig. 3. The
three-phase flux-lock type SFCL was installed between the
power source and the transmission line. Design parameters
of the three-phase circuit for computer simulation were
listed in Table 1.

three-phase flux-lock type SFCL

E
. R L A A A
8 Y
/[':{ Rib L’.l’ ib B B
J. 1 A ° °
E: I{ic L,'( i( C C,
W"““’ [
L K 12, R,
[T ARAS AN OO
Y r’ab
N oy
L’ R!l, ‘[ [‘br Rbr
VAAAS™ AN A
l i y ibe
L{ RS L, RS,
R VU VY VO .
Fig. 3. Three-phase circuit with SFCL for computer
simulation

Table 1. Parameter values of three-phase power system with
SFCL for computer simulation

Three-phase power system Symbol Value Unit

Phase voltage E, 220 Vims
Resistance of power source R; 0.01 Q
Inductance of power source L; 0.1 mH
Resistance of transmission line R, 0.1 Q
Inductance of transmission line L, 1 mH
Load resistance R, 50 Q
Load inductance . 1 mH
Ground resistance R, 1 Q
Ground inductance L, 1 H
Integrated three-phase SFCL Symbol Value Unit
Turns in Coil 1 N; 84 Turns
Turns in Coil 2 N, 21 Turns
Coupling coefficient between two 0.99

coils

HTSC element’s resistance Symbol Value Unit

Time constant Tg 0.028 Q
Convergent value Rge 20 A
Critical current Ic 20
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The resistance generation of the HTSC element
comprising three-phase flux-lock type SFCL was reflected
into the three-phase circuit with SFCL [9]. Fig. 4 shows the
resistance curve of the HTSC element used in this
simulation. For comparison, the measured resistance curve
was also added in Fig. 4.

By applying the numerical analysis for the differential
equations derived from Fig. 3, the currents (i,%, i,°, i,°, iy,
i), i) flowing into two coils in each single-phase were
obtained.
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Fig. 4. Resistance curve of HTSC element used in this

simulation

4. Results And Discussions

The fault current limiting characteristics of both the
separated and the integrated three-phase flux-lock type
SFCLs were compared for three-phase ground fault types.
Fig. 5 shows the currents of the line, coil 1 and coil 2 in
each single-phase in case that the single line-to-ground
fault happens in a-phase of the separated three-phase flux-
lock type SFCL. As seen Fig. 5, the currents corresponding
to the fault phase only increased immediately after the fault
occurrence and then, decreased by the operation of the
single-phase flux-lock type SFCL installed in a fault phase.
The fault current limiting characteristics of the integrated
three-phase flux-lock type SFCL in case of the single line-
to-ground fault were shown in Fig. 6. As seen in Fig. 6(a),
the fault current of a phase was limited to 18% of the fault
current of the short-circuit without the SFCL. Unlike
separated three-phase flux-lock type SFCL, the quench in
the HTSC elements of the b and c¢ phase, which
corresponded to the sound phases, occurred within 1/4
cycle after a fault happened. It was resulted from the
magnetically coupled structure in one iron core. In addition,
the amplitude and the phase of the currents passing through
the HTSC elements in all the three phases became the
same due to this magnetic coupling.

The fault current characteristics of the separated and the
integrated three-phase flux-lock type SFCLs in case that
the double line-to-ground fault occurs are illustrated in
Figs. 7 and 8, respectively. As compared in case of the
single line-to-ground fault, the fault current of the
separated three-phase flux-lock type SFCL could be
limited by the quench generation of HTSC elements
correspond to the fault phase. On the other hand, in case of
the integrated three-phase flux-lock type SFCL (Fig. 8), the
quench in all the HTSC elements, irrespective of the fault
phases, happened due to the magnetic coupling, which the
current passing through the HTSC element in the sound
phase exceeded its critical current by.

Current [A]
o1
o &
1 1
E

< 2] A ®)
5 VA GANWANANYA
£l IFAVAAVARVARV.
1 1

<
E
g
=]
o

0.00 0.02 0.04 0.06 0.08 0.10 012

Time [s]

Fig. 5. Current waveforms in case of single line-to-ground
fault in a separated three-phase flux-lock type
SFCL.

(a) Line currents in each phase.
(b) Coil 1 currents in each phase.
(c) Coil 2 currents in each phase.
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Fig. 6. Current waveforms in case of single line-to-ground
fault in a integrated three-phase flux-lock type
SFCL.
(a) Line currents in each phase.
(b) Coil 1 currents in each phase.
(c) Coil 2 currents in each phase.
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In case that the triple line-to-ground fault happened as
shown in Figs. 9 and 10, the current all the HTSC elements
comprising both the three-phase flux-lock type SFCLs
exceeded the critical current of each HTSC element
simultaneously and thus, the fault current could be limited
by the resistance of HTSC element in each phase. In
addition, 1t was observed that the symmetric characteristic
of the triple line-to-ground fault, not the inner magnetic
coupling of the iron core, accelerated the quench of all the
HTSC elements comprising three-phase flux-lock type
SFCL.

From the above fault analysis, we could observe that all
the HTSC elements in the integrated three-phase flux-lock
type SFCL were quenched by the magnetic coupling linked
among three phases, irrespective of the ground fault types.
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Fig. 7. Current waveforms in case of double line-to-ground
fault in a separated three-phase flux-lock type
SFCL.
(a) Line currents in each phase.
(b) Coil 1 currents in each phase.
(c) Coil 2 currents in each phase.
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Fig. 8. Current waveforms in case of double line-to-ground
fault in a integrated three-phase flux-lock type
SFCL.
(a) Line currents in each phase.
(b) Coil 1 currents in each phase.
(c) Coil 2 currents in each phase.
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Fig. 9. Current waveforms in case of triple line-to-ground
fault in a separated three-phase flux-lock type
SFCL.
(a) Line currents in each phase.
(b) Coil 1 currents in each phase.
(c) Coil 2 currents in each phase.
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Fig. 10. Current waveforms in case of triple line-to-ground
fault in a integrated three-phase flux-lock type
SFCL.
(a) Line currents in each phase.
(b) Coil 1 currents in each phase.
(c) Coil 2 currents in each phase.

5. Conclusions

We compared the fault current limiting characteristics of
the separated and the integrated three-phase flux-lock type
SFCLs. The latter was a simple and economic structure
compared to the former. It was found through the computer
simulation applying numerical analysis for the equivalent
circuit that in case of the integrated three-phase flux-lock
type SFCL, the quenches in all the three HTSC elements
happened irrespective of the ground fault types and that, on
the other hand, the quench in the HTSC element
corresponding to the fault phase happened in case of the
separated three-phase flux-lock type SFCL.
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