IEEE TRANSACTIONS ON APPLIED SUPERCONDUCTIVITY, VOL. 20, NO. 3, JUNE 2010

1159

Study on Protection Coordination of a Flux-Lock
Type SFCL With Over-Current Relay

J. S. Kim, S. H. Lim, and J. C. Kim

Abstract—In this paper, the method for the protection coordi-
nation of a flux-lock type superconducting fault current limiter
(SFCL) with an over-current relay (OCR) was proposed. Imme-
diately after the fault happens, the fault current can be limited by
the flux-lock type SFCL and, if the fault continues, can be inter-
rupted by the circuit breaker (CB) after several cycles. However,
as the fault current is decreased by the impedance occurrence of
the flux-lock type SFCL, the trip signal of the OCR for the inter-
ruption of the CB can be delayed and the delayed operation of the
OCR can result in the failure of the protection coordination with
the backup protective device as well.

As the method to keep the protection coordination of the flux-
lock type SFCL with the OCR, the current in a coil 3 of the flux-lock
type SFCL, which only flew during the fault period, was used as
the input current of the OCR. Therefore, through the adjustment
of the turn number’s ratio between the coil 1 and the coil 3 of the
flux-lock type SFCL, the operating time of the OCR could be kept
to be the same as the operating one of the OCR before the flux-lock
type SFCL was applied. The suggested method could be confirmed
to be available through the simulation using PSCAD/EMTDC for
the protection coordination between the flux-lock type SFCL and
the OCR.

Index Terms—Circuit breaker (CB), flux-lock type SFCL, over-
current relay (OCR), protection coordination, protective device.

1. INTRODUCTION

ITH increase in capacities of electric power trans-
mission due to the continuous power demand and the
growth of industry, the short-circuit current has increased,
which leads to exceed the available interruption ratings of
existing circuit breaker. To reduce the increased fault current,
the various methods are being considered as solutions [1], [2].
As one of solutions, the superconducting fault current limiter
(SFCL) has been proposed to limit the short-circuit current and
the various type of SFCLs have been developed [3]-[6].
Among these SFCLs, the flux-lock type SFCL, which con-
sists of two coils and high-T¢ superconducting (HTSC) ele-
ment, has been reported to have the advantages that decrease
the power burden of the HTSC element and increase the oper-
ational current and the limiting impedance of the SFCL by ad-
justing the winding direction and the turn number’s ratio of two
coils [6]-[9].
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Fig. 1. Configuration of the suggested flux-lock type SFCL.

However, the decrease of the fault current due to the introduc-
tion of the flux-lock type SFCL into the power system causes
the operation time of the existing over-current relay (OCR) to
be delayed. The delayed operation time of the OCR can cause
the interruption operation of the circuit breaker (CB) to be de-
layed, which can increase the burden of the devices adjacent to
the CB due to the duration of the fault current and can result in
the failure of the protection coordination of the OCR with the
backup protection device as well.

In this paper, as the countermeasure to keep the operation
time of the OCR in the power system with the flux-lock type
SFCL, the method to use the current in the coil 3 of the flux-
lock type SFCL as the operational source of the OCR during
the fault period was suggested. Through the adjustment of the
turn number’s ratio between the coil 1 and the coil 3 of the
flux-lock type SFCL, the operation time of the OCR could be
kept to be the same as one of the OCR before the flux-lock type
SFCL was applied. Through the PSCAD/EMTDC analysis for
the protection coordination between the flux-lock type SFCL
and the OCR, the suggested method could be confirmed to be
available.

II. CONFIGURATION AND MODELING

Fig. 1 shows the configuration of the suggested flux-lock type
SFCL, which consists of the current limiting part and the inter-
rupting part. The former comprises the parallel connected two
coils and the HTSC element, which is connected in series with
one of two coils. The latter consists of the circuit breaker (CB)
and the over-current relay (OCR), which is operated by the cur-
rent of the coil 3.

In a normal time, the magnetic fluxes generated from two
coils are cancelled out, which induces the zero voltage across
each coil. In case that the fault occurs, the quench occurrence
of the HTSC element allows the magnetic flux in each coil and
the fault current can be limited by the induced voltages in three
coils. Especially, the induced voltage in the coil 3 during the
fault period can be contributed to the current source to operate
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the OCR, which orders the CB to perform the interrupting oper-
ation if the OCR’s current exceeds its pick-up value determined
in advance.

To investigate the operational characteristics of the suggested
flux-lock type SFCL, the PSCAD/EMTDC modeling for the
HTSC element (YBCO thin film) and the OCR comprising the
flux-lock type SFCL was executed. The PSCAD/EMTDC mod-
eling for the OCR and the HTSC element was carried out by
composing each component with the CSMF (continuous system
model function) icons included within the master library of the
PSCAD/EMTDC software package [10]. Generally, the quench
development and recovery of the HTSC element comprising
the SFCL proceed through the complicated physical process
[11]-[13]. In this paper, the mathematical expressive equation,
which was previously verified through the experiments for
the HTSC element comprising the SFCL, was reflected into
its PSCAD/EMTDC modeling as shown in the (1) and (2)
[14]-[16].

The (1) describes the resistance generation curve of the HTSC
element when the quench occurs and the (2) expresses the re-
covery curve of the HTSC element when the HTSC element
starts to recover its superconducting state. The recovery curve
of the HTSC element, expressed in the (2), was considered into
the modeling with two slopes as reported in [16]. In the (1), R,,,
Tr and t, represent the convergence resistance, time constant
and quench starting time, respectively. a, R, and ¢y, in the (2),
represent the recovery slope, the recovery starting resistance and
the recovery starting time, respectively.

Rsc<t):Rn [1—exp <—t_to>:|§ t> 1o (1)
Tr
Rsc(t)=a(t—t1)+ R, t>t )

The OCR transfers the trip signal for the interrupting oper-
ation of the CB when the fault current flowing into it exceeds
the predetermined value. The operating time of the OCR is de-
termined by the input current along the time-current character-
istic (TCC) curve and is generally in inverse proportion to the
over-current flowing through it. The numerical equation to cal-
culate the operating time of the OCR can be described with two
parameters: the tap (M) and the time dial (7'D). The former
represents the ratio of the input current from the current trans-
former to the pickup current and the latter determines the oper-
ating time (7}, ), which is determined by the setting rule for
the protection coordination. The equation to express the oper-
ating time of the OCR can be expressed as follows:

A
Tirip = (m + B) xTD 3)

where A, B and p are the constants determined according to the
inverse, the very inverse and the extremely inverse types of the
OCR. In this paper, the constants for the inverse type of the OCR
[17], [18], selected in Korea Electric Power Corporation, were
reflected into the modeling of the OCR. Based on the results ob-
tained through the modeling of the HTSC element and the OCR
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Fig. 2. Fault current limiting and interrupting characteristics of the flux-lock
type SFCL using the current in the coil 3 as the input current of the OCR. (a)
Current of coil 3 (i3), resistance of HTSC element (Rsc ) and trip and travel
signals (S¢rips Straver )- (b) Line current (ir ) and currents of coil 1 and 2 (i, 12).
(c) Voltages of each coil and HTSC element (v1, Va2, V3, Vsc).
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Fig. 3. Schematic configuration of a power distribution system including the
flux-lock type SFCL and OCR.
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as described above, the simulations for the protection coordina-
tion of the flux-lock type SFCL with the OCR were performed.

Fig. 2 shows the fault current limiting and interrupting char-
acteristics of the flux lock type SFCL using the current in its coil
3 as the input current of the OCR. After the fault happens, the
voltages of all three coils can be seen to be induced together with
the resistance generation of the HTSC element. The current and
the voltage relationships of the flux-lock type SFCL during the
fault period are described in detail in [6]-[9]. The OCR, which
is operated by the current of the coil 3, starts to operate after the
fault occurrence and generates the trip signal (Syyip,) for the in-
terrupting operation of the CB. Therefore, the fault current can
be seen to be interrupted by the CB after it is first limited by the
flux-lock type SFCL.

III. RESULTS AND DISCUSSIONS

To analyse the protection corporation of the suggested flux-
lock type SFCL with the OCR, the simulated power distribution
system including the flux-lock type SFCL and the OCR was
constructed as shown in Fig. 3.

The case 1 and the case 2 represent the feeder without the
SFCL and the one with the SFCL, respectively. In both the
cases, each OCR is set to the same pickup current to operate the
CB connected to each feeder when the fault occurs. The OCR;
corresponding to the case 1 is operated by its feeder current and,
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TABLE 1
SPECIFICATIONS OF POWER DISTRIBUTION SYSTEM FOR SIMULATION

Transformer (Try) Value Unit
Capacity 5 kVA
Voltage of primary side 132 v
Voltage of secondary side 132 \Y%

Feeder line (Zyine1s ZiLine2) Value Unit
R, +jX, Ry + X, 0.01 +;0.375 Q

Load (Load,, Load;) Value Unit
Rii+jXr1, RiptjXio 11.5+0.1 Q

TABLE II
SETTING PARAMETERS FOR MODELING OF OCR, FLUX-Lock TYPE SFCL
AND HTSC ELEMENT

OCR Value Unit
Pickup current for instantaneous operation 40 Atms
Pickup current 12 Atms
for a definite time delay operation
TD 1
A 39.85
B 1.084
p 1.95

Flux-Lock Type SFCL Value Unit
Turns’ Number of Coil 1 (Ny) 40 Turns
Turns” Number of Coil 2 (N,) 10 Turns
Turns’ Number of Coil 3 (N3) 20, 30, 40 Turns
Inserting Resistance of Coil 3 (R3) 0.1 Q

HTSC element Value Unit
Convergence resistance (R;) 5 Q
Time constant (Tg) 0.05 S
Critical current (I¢) 20 A
1%t and 2" recovery slopes (aj, ap) -10, -100 1/s
ond recovery starting resistance (Rry) 2.5 Q

on the other hand, the OCR, corresponding to the case 2 where
the flux-lock type SFCL is installed is operated by the coil 3’s
current of the flux-lock type SFCL. To compare the protection
coordination of the flux-lock type SFCL with the OCRg, which
uses the current of the coil 3 as its input current (case 2), the fault
current limiting and interrupting characteristics of the flux-lock
type SFCL with the OCR, which is operated by its feeder cur-
rent, were investigated as well. The specifications of the power
distribution system, organized for the simulation, are shown in
Table 1. The setting parameters of the OCR and the flux-lock
type SFCL including the HTSC element are listed in Table II.
Fig. 4 shows the feeder current waveform (ig;) and the trip
and the travel signals of the OCR (Sirip, Stravel) due to whether
the flux-lock type SFCL is introduced or not in case that the
fault occurs. In the simulation, the fault was started at 0.1 s and
removed at 0.6 s after the fault lasted for 0.5 s. The OCR was set
to operate properly within the fault period, 0.5 s by the setting
rule of OCR. In case that the flux-lock type SFCL is not installed
(Fig. 4(a)), the travel signal of the OCR gradually increases after
the fault happens and when it reaches ‘1°, the OCR produces a
trip signal and the CB performs the interrupting operation. On
the other hand, in case that the flux-lock type SFCL is installed
in the feeder of the power distribution system (Fig. 4(b)), the
OCR, which is scheduled to be operated by the feeder current,
does not produce the trip signal to operate the CB as well as the
travel signal, which results from the decreased fault current by
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Fig. 4. Feeder current (g ), trip and travel signals of OCR (Sivip, Seraver ) and
resistance curve of HTSC element (Rsc). (a) In case that the flux-lock type
SFCL is not installed (case 1). (b) In case that the flux-lock type SFCL without
coil 3 is installed in the feeder (case 2).

the flux-lock type SFCL. To keep the protection coordination of
the flux-lock type SFCL with the OCR, the method to operate
the OCR by the coil 3’s current of the flux-lock type SFCL was
suggested.

Fig. 5 shows the current limiting and interrupting character-
istics of the flux-lock type SFCL with OCR using the current
of its coil 3 as input current. Unlike the flux-lock type SFCL
with OCR operated by its feeder current as seen in Fig. 4(b), the
decreased fault current can be seen to be interrupted after the
fault current is limited by the flux-lock type SFCL. Although
the feeder current is decreased by the limiting operation of the
flux-lock type SFCL, the higher induced current in the coil 3
during the fault period can be contributed to the operation of
the OCR. In other words, the operation time of the OCR, which
uses the coil 3’s current of the flux-lock type SFCL as the input
current, can be maintained to be the same value as the OCR op-
erated by the feeder current in case that the flux-lock type SFCL
is not installed. In addition, the operation time of the OCR can
be expected to be adjusted through the variation of the design
parameters such as the turn number’s ratio of the coil 3 to the
coil 1 and the winding direction of coil 1 and coil 2.

To analyse the effect of the design parameters of the flux-lock
type SFCL on the operation time of the OCR, the variation of
the OCR’s operation time according to the turn number’s ratio
between the coil 1 and the coil 3 was investigated.

Figs. 6 and 7 show the current limiting and interrupting char-
acteristics of the flux-lock type SFCL with OCR operated by
the current of its coil 3 according to the turn number’s ratio be-
tween the coil 1 and the coil 3 in two winding directions (sub-
tractive polarity winding and additive polarity winding). In both
winding directions, as the turn number’s ratio between the coil 1
and the coil 3 (N3/N7) increases, the operation time of the OCR
can be seen to be increased. On the other hand, the amplitude
of the limited feeder current before the fault is removed by the
interrupting operation of the CB can be seen to be almost the
same. Therefore, through the adjustment of the turn number’s
ratio between the coil 1 and the coil 3, the operation time of the
OCR to trip the CB is expected to be set to be the same value
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Fig. 5. Current limiting and interrupting characteristics of the flux-lock type
SFCL with OCR using the current of its coil 3 as input current. (a) Feeder cur-
rent (ig2) and resistance curve of HTSC element (Rsc) comprising the flux-
lock type SFCL. (b) Current of coil 3 (ins), trip and travel signals of OCR
(Strips Stravel )
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Fig. 6. Current limiting and interrupting characteristics of the flux-lock type
SFCL with OCR operated by the current of its coil 3 in case of the subtrac-
tive polarity winding. (a) Feeder current and resistance curve of HTSC element
comprising the flux-lock type SFCL. (b) Current of coil 3, trip and travel signals
of OCR.

as the case that the flux-lock type SFCL is not applied into the
feeder and can be confirmed to keep the protection coordination
of the flux-lock type SFCL with the OCR operated by the coil
3’s current as its input current.

IV. CONCLUSIONS

In this paper, as the method to keep the protection coordina-
tion of the flux-lock type SFCL with the OCR when it was in-
troduced into the power distribution system, the flux-lock type
SFCL with the OCR, which was operated by the current of its
coil 3, was proposed.

The fault current limiting and interrupting characteristics of
the flux-lock type SFCL with the OCR, which was operated by
its feeder current, were compared with those of the suggested
flux-lock type SFCL with the OCR.
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Fig. 7. Current limiting and interrupting characteristics of the flux-lock type
SFCL with OCR operated by the current of its coil 3 in case of the additive po-
larity winding. (a) Feeder current and resistance curve of HTSC element com-
prising the flux-lock type SFCL. (b) Current of coil 3, trip and travel signals of
OCR.

The higher induced current in the coil 3 during the fault pe-
riod could be shown to be contributed to the operation of the
OCR, although the feeder current was decreased by the limiting
operation of the flux-lock type SFCL.
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