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Abstract

This paper presents a novel method to determine the optimal strategy for the allocation of multiple resistive su-
perconducting fault current limiters (SFCLs) aiming to improve the overall protection of standard power grids. The
presented approach allows for the straightforward determination of the optimal resistance of the SFCL, accounting
for short circuit events occurring at different locations, by modelling the electro-thermal properties of the SFCL via a
temperature dependent E-J power law. This material law, based on previous experimental evidence, allows for the in-
troduction of flux pinning, flux creep, and flux flow properties of the superconducting material within a minimum level
of complexity. Thereby, we have observed a distinctive kink pattern in the current limiting profiles of the SFCLs, from
which no further reduction of the first peak of the fault current is achieved when a greater resistance is considered,
allowing a univocal determination of the optimum SFCL resistance. This peculiarity is not observed when the model
for the quench properties of the SFCL is simplified towards an exponential resistance, although the last can be used as
an auxiliary process for addressing the first guess on the resistance value required for a specific strategy, as it demands
less computing time. We have also determined that for many of the cases studied, i.e, for the combinations between
one or more SFCLs installed at different locations, and those subjected to fault events located at different points in
the network, the recovery time of the superconducting properties of at least one of the SFCLs can last for more than
five minutes, constraining the feasibility of a large-scale deployment of this technology. However, by assuming that
the practical operation of the SFCL is assisted by the automatic operation of a bypass switch when the SC material
is fully quenched, we have determined that the optimal strategy for the overall protection of power grids of standard
topology requires a maximum of three SFCLs, with recovery times of less than a few seconds. This information is of
remarkable value for power system operators, as it can establish a maximum investment threshold which ultimately
can facilitate making decisions regarding the deployment of SFCL technologies.
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1. Introduction

The expansion of distributed generation, grid inter-
connection, and the continuously growing demand for
electric power are just some of the many factors that
have led power network operators to develop critical
reports, addressing the actual need for large scale up-
grading of conventional schemes of fault protection. [1].
Various strategies for mitigating fault current levels are
commonly implemented in the power industry, where
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the most conventional ones include the construction of
new substations, splitting existing substation busses, the
upgrading of circuit breakers, and/or the installation of
three-winding transformers. Nevertheless, all these op-
erational practices imply a non negligible degradation of
the reliability figures of the power system under actual
operating conditions, which ultimately may involve sig-
nificant economic losses and hence the need for further
investment [2]. Series reactors and solid state fault cur-
rent limiters are also common strategies for reducing the
fault levels in existing power grids, although these de-
vices cause a noticeable voltage drop and therefore con-
siderable power losses during the normal operation of

Preprint submitted to Elsevier September 30, 2016



Figure 1: Single-line diagram of the power system layout considered
as the case study.

the network [4, 5]. However, under normal operational
conditions of the power network, novel technologies
such as superconducting fault current limiters (SFCLs),
with their unique property of nearly zero electrical re-
sistance, offer the possibility to improve voltage stabil-
ity, power supply, quality, and overall efficiency of the
electric grid without the need for constructing additional
substations or adding new infrastructure [6, 7, 8, 9].

When a short circuit event or electric fault occurs,
the SFCL is custom designed in order to trigger the fast
transition from its superconducting state to the so-called
quenched state. The quench state is characterised by a
high electrical resistivity, aiming to limit the first peak
of the fault current to acceptable operational levels, ei-
ther by ensuring the automatic recovery of the protec-
tion scheme with no disruptions on the supply, or by al-
lowing enough time for the prompt activation of conven-
tional protection systems such as circuit breakers [6].
Commonly, fault events generate voltage sags lasting
between 0.5 and 60 cycles, affecting consumers differ-
ently according to their location in the electric network.
For instance, even though the load current at certain lo-
cations is small compared to the fault current, changes
in the load current during and after the fault strongly in-
fluence the voltage at the power equipment terminals,
where about 85% of power supply malfunctions are
caused by voltage sags or interruptions of fewer than
1 s duration, led by the occurrence of a fault event at
some branch of the power network [3].

Thus, in order to determine the optimum performance
of power systems from the protection scheme view-

Table 1: Parameters of loads, transformers and transmission lines

Loads (MW) Transformers (MVA) Transmission Lines (km)

DL1 20 TR1&2 250 L1&8 4 L11 12

DL2 30 TR3&5 220 L2 70 L12 2

DL3 50 TR4&6 200 L3&4 20 L13 1

IL1 80 TR7 120 L5 30 L14 6

IL2 70 TR8 180 L6 80 L15 5

IL3 55 TR9 40 L7 10 L16 15

IL4 30 TR10 60 L9 1 L17 4

IL5 30 TR11 90 L10 10 L18 2

point, there is no 100% reliable solution for determin-
ing the optimal location for the installation of a single
SFCL, even though it may be based upon topographi-
cal studies of fault detection. However, solutions can
be provided for isolated scenarios [10, 11, 12], although
a detailed analysis is necessary to select the correct and
most economical solution for a particular situation (fault
location, particular network, and SFCL location). Nev-
ertheless, for each scenario and with a predefined loca-
tion for installing the SFCL, it is possible to study the
reliability figures of the protection scheme, by analysing
the multiple locations where a fault event may occur,
i.e, the first peak limiting performance is assessed at
the different busbars of a power network under differ-
ent fault events. Then, once the most severe cases for
fault protection have been identified, multiple SFCLs
can be installed at the different branches of the power
network aiming to protect, simultaneously, all the dis-
tribution branches. Thus, in this paper we demonstrate
how the optimal strategy for the overall protection of
standard power networks, under the protection scheme
implemented by the integration of SFCLs, implies a
maximum investment of three SFCLs installed at spe-
cific locations regardless of the ubiety of the fault event.

This paper is organised as follows. Section 2 presents
the main features of the simulated power grid, the mini-
mum physical characteristics that need to be considered
for modelling the quench properties of the supercon-
ducting material, and the fault current limiting dynamics
under multiple protection schemes and load flow anal-
ysis, i.e., scrutinising different locations for the optimal
installation of an SFCL in conjunction with the occur-
rence of fault events at diverse locations. Then, in Sec-
tion 3 we demonstrate the existence of a threshold value
on the number of SFCLs needed for the overall protec-
tion of the power network, based upon a comprehensive
study of the number of scenarios where the allocation of
multiple SFCLs and the concurrent occurrence of fault
events can be considered. Finally, the main conclusions
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Figure 2: (Colour Online) Fault-current limiting dynamics of SFCL-3
responding to Fault-1 (see Fig. 1) under e law and E − J power law
models. The current sharing profile between the SC and the shunt
resistance of the E − J power law SFCL model is also displayed.

of this paper are presented in Section 4.

2. Power System Configuration and SFCL Scheme

For the purposes of this study the simulated power
system is designed within UK network standards [13],
and is represented by the single-line diagram shown in
Fig. 1. The power system includes a 200 MVA conven-
tional power plant connected to a 2 GVA short circuit
rated upstream power grid which supplies an intercon-
nected 80 MW industrial load (IL1). Then, the power
flow continues downwards to feed domestic and indus-
trial networks, characterised by three domestic loads
(DL1−DL3) and four industrial loads (IL2−IL5) (see
also Table 1). Distributed renewable energy systems
such as onshore wind power plants have also been con-
sidered under the scope of the simulated power sys-
tem. For the case study presented in this manuscript,
the wind power plant has been simulated in accordance
with the power specifications provided by the Phase II
Crystal Rig wind farm in East Lothian, Scotland, giving
a nameplate capacity of 138 MW (60 Siemens 2.3 MW
turbines) [14].

Concerning fault analysis, it is well known that the
maximum reliability of a protection scheme needs to
be assessed in terms of the prospective occurrence of
symmetric three-phase short circuit faults, these caus-
ing a severe decrease on the power system impedance.
Thus, by considering the most hazardous scenarios for
the operation of the system, three prospective locations
were simulated for three-phase to ground short circuit

events representing contingencies at the domestic net-
work (Fault 1), the industrial network (Fault 2), and
the high voltage transmission lines (Fault 3). The study
takes into account the fault current dynamics for over-
all protection schemes, assuming an investment of up
to five SFCLs to be installed at different locations, and
tested to stand the occurrence of severe fault events.
Thus, each combination between the occurrence and lo-
cation of a fault event together with the allocation of a
sole or multiple SFCLs, may define a singular protec-
tion scheme, which does not necessarily protect the sta-
bility of the overall power grid. Therefore, by analysing
the topology of the power system shown in Fig. 1, the
following five locations have been assumed to be the
most suitable integration points for the installation of
an SFCL, namely: the outgoing feeder of the conven-
tional power plant (SFCL 1), the outgoing feeder of the
wind farm (SFCL 2), the ports of the domestic (SFCL 3)
and industrial (SFCL 4) branches, and the bus-tie cou-
pling the domestic and industrial networks (SFCL 5).
The locations SFCL1 and SFCL 2 have been chosen be-
cause when the SFCL is installed at a feeder location,
the need for upgrading interconnected substations due
to the added generation capacity and the increase of the
short-circuit current levels can be postponed, resulting
in high economical savings [15]. On the other hand, it
is a common practice to assume that most of the fault
events occur at the domestic branch connection (DBC)
and/or at the industrial branch connection (IBC) [8, 10].
The main advantage of installing SFCLs at these ports,
SFCL3 and SFCL4 respectively, is the possibility to in-
crease the short-circuit capacity of the subgrids during
normal operation without increasing the fault currents.
Finally, the installation of a SFCL in the busbar cou-
pling at transmission voltage levels (SFCL5), aims to
provide a flexible operation of the transformers TR3 and
TR4 while reducing fault currents to acceptable levels,
complying with the common practice of redundancy for
feeding a distribution grid.

Concerning to the electrical properties that define
the practical operation of the SFCL under the scope of
load flow analysis, the quench transition of the SFCL is
equivalent to considering the sudden insertion of a high
impedance during, and after the occurrence of a fault
event (t = t f ). In fact, during the normal operation of
the power system, i.e., before the occurrence of a fault
(t < t f ), and after its full clearance and later recovery
of superconducting properties (t ≥ t f c + tr), the resis-
tive impedance of the SFCL is nearly invisible to the
load flow. Therefore, it is reasonable to assume that un-
der these conditions the SFCL acts as a small resistance
defined by Rn = 10−6 Ω [10, 16]. Then, the fault pro-
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tection capabilities of the SFCL are captured by mod-
elling the quenching properties of the superconducting
material beyond the steady-state conditions [12], where
the time-dependance comes into play either via a sim-
plified exponential function for the resistance dynam-
ics of the SFCL under fault conditions [9, 17, 18], or a
temperature dependent E − J power law describing the
flux-creep and flux-flow properties of the superconduct-
ing material [19, 20]. In the first model, once the SFCL
detects the occurrence of a fault event, its nominal resis-
tance swiftly increases towards the maximum resistance
of the quenched material (Rm) until the clearance of the
fault at t = t f c is achieved, i.e.,

R(t) = Rm

[
1 − exp

(
−

t − t f

tsc

)]
, ∈ Fault time (1)

where the upper limit t = t f c stands for the recovery pe-
riod of the superconducting material (t f c ≤ t < t f c + tr),
and tsc defines the minimum quench time allowing for
the propagation of the normal zone over the entire su-
perconductor (∼ 1 ms). However, in order to attain a
more precise validation of the SFCL protection scheme
regarding safety operation and power stability condi-
tions, the recovery time of the SFCL cannot be assumed
as an ad hoc parameter. Therefore, besides the expo-
nential model, we have also studied the impact of con-
sidering the temperature dependence of the flux-creep
and flux-flow regimes describing the time-dependent
quench of the superconducting material, such that the
averaged instantaneous temperature of the SFCL, T (t),
can be calculated by solving the classical heat transfer
equation [21]. Theis thermal subsystem is then coupled
to the electrical module of the power system, as a tem-
perature dependent E − J power law of similar structure
to the one proposed by Lacroix and Sirois in Ref. [20].
In our case, a cylindrical bulk of Bi2212 immersed in a
liquid nitrogen bath at 1 atm pressure (T0 = 77 K) has
been assumed, leading to:

E (T, t) = E0 ·

[
J(t)

Jc(T0)
(Tc − T0)

(Tc − T (t))

]n(T,t)

∀ T (t) < Tc,

(2)
with

n (T, t) = (n0 − 1)
(

Tc − T (t)
Tc − T0

)1/4

+ 1, (3)

for Tc = 85 K, E0 = 1 µV/cm, Jc(T0) = 12 MA/m2,
and n0 = 9, in good agreement with the experimental
results reported in Refs. [22, 23, 24, 25, 26]. Then, the
normal properties of the superconducting material for
T > Tc are simulated as E(T, t) = ρ(Tc)J(t)(T (t)/Tc),
with ρ(Tc) = 7x10−6 Ω.

Figure 3: (Colour Online) Limited current of SFCL-5 responding to
Fault-2 (see Fig. 1) as a function of its maximum rated resistance Rm =

0.2R, 0.4R, ..., 2R, with R = R †m = 25 Ω, under the e−law (inset) and
the E − J power law models.

Finally, in order to protect the superconducting com-
ponents from the uncontrolled occurrence and propaga-
tion of hot spots during fault events, the recovery char-
acteristics of the SFCL are assisted by the parallel con-
nection of a shunt resistance, Rs, acting as an electri-
cal bypass during the quench regardless of the mate-
rial law governing the transition of the superconducting
state into the normal state of the superconductor. Thus,
based upon the technical characteristics of the power
system described above, and the physical properties em-
ulating the behaviour of the SFCL, the main results de-
rived from our study are presented below.

3. Performance analysis of the SFCL scheme for the
overall protection of the power grid

In order to illustrate the reliability figures that may
support investment in SFCL technologies, in this sec-
tion we present a comprehensive study of the current
limiting performance for the action of one or multi-
ple SFCLs subjected to the occurrence of different fault
events, and the identification of their optimal location.

In Fig. 2, the results obtained for a three-phase-to-
ground fault at the domestic branch (Fig. 1, Fault 1),
with an SFCL either modelled as a time-dependent
exponential resistor or by means of the temperature-
dependent E− J power law describing the quench prop-
erties of the superconducting material, are shown when
the SFCL is installed in between transmission lines L3
and L4, and the fault lasts for 200 ms. After follow-
ing the steady state behaviour of the power system, the
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Table 2: Calculated recovery time, tr , of the SFCLs depicted in Fig. 1
with (∗) and without (‡) the assistance of the BS strategy.

Fault 1 (∗) Fault 1 (‡) Fault 2 (∗) Fault 2 (‡) Fault 3 (∗) Fault 3 (‡)

SFCL 1 0.71 s 329 s N/A§ N/A§ 0.73 s 370 s

SFCL 2 1.34 s 482 s 1.55 s 529 s 1.63 s 559 s

SFCL 3 0.87 s 320 s N/A§ N/A§ N/A§ N/A§

SFCL 4 N/A§ N/A§ 2.11 s 729 s N/A§ N/A§

SFCL 5 0.87 s 1.01 s 0.80 s 0.82 s 0.77 s 0.79 s

§ N/A stands for those occasions where the fault event does not represent a haz-
ard to the network where the SFCL is installed, and consequently the quenching
of the SFCL is not triggered under these conditions.

fault is initialised at t f = 0.5 s, where the first peak of
the prospective fault current measured without the inser-
tion of the SFCL (6 kA) is effectively limited to 2.7 kA
when the exponential model is considered, i.e., attaining
a 55% reduction on the first peak of the fault current,
whilst only about a 35% current reduction is achieved
with the temperature-dependent E − J power law. This
result indicates that although the simplified exponential
resistance model can overestimate the rate of change for
the resistance curve of the SFCL, the minimum rated re-
sistance for fault protection, Rm, can be estimated from
the exponential model if the minimum percentage of
current reduction is defined. This value can therefore be
used as a control asset for defining the actual impact of
the SFCL protection scheme when considering more so-
phisticated models like the temperature dependent E− J
power law. In fact, after a thorough comparison of the
fault current limiting performance with the exponential
resistance model and the temperature dependent E − J
power law model, we have observed that a univocal R†m
value can be identified via the striking occurrence of a
“kink” pattern on the SFCL’s current that only appears
when the E − J power law is considered. The generic
relationship between R†m and the reduction on the first
peak of the fault current can be observed in Fig. 3.

Fig. 3 displays the profile of current flowing through
an SFCL installed at the bus-tie coupling the domestic
and industrial networks (SFCL 5), when a 200 ms three-
phase to ground fault in the domestic network (Fault 2)
is initialised at t f = 0.5 s. Under the normal operation
of the power grid, the overall system has been regulated
such that only a current of 20 A is observed at the bus-
tie. However, when a fault event occurs at the indus-
trial network (Fault 2), the first peak of the short circuit
current can reach up to 4.1 kA. Thus, when the SFCL
exponential model has been considered, a minimum Rm

value of 5 Ω is assumed as it shows a current reduction
of ∼ 55% over the first peak of the fault current. Then,
Rm is gradually increased up to 50 Ω, attaining a reduc-
tion of about 93% on the first peak of the fault current

Table 3: Table of protection strategies, −s−, accounting for the de-
ployment of up to five SFCLs.

−s− SFCLs −s− SFCLs −s− SFCLs

1 1 11 2,4 21 1,4,5

2 2 12 2,5 22 2,3,4

3 3 13 3,4 23 2,3,5

4 4 14 3,5 24 2,4,5

5 5 15 4,5 25 3,4,5

6 1,2 16 1,2,3 26 1,2,3,4

7 1,3 17 1,2,4 27 1,2,3,5

8 1,4 18 1,2,5 28 1,2,4,5

9 1,5 19 1,3,4 29 1,3,4,5

10 2,3 20 1,3,5 30 2,3,4,5

31 12345

with a backwards displacement of the peak values. On
the other hand, when the same resistance values are con-
sidered for the definition of the normal properties of the
superconducting material (after a full quench), but with
the flux creep and flux flow phenomena taken into con-
sideration by the temperature dependent E-J power law,
a quite distinctive feature at 0.7 kA, here called “kink”,
has been observed for SFCLs with Rm > 25 Ω.

The appearance of this striking feature on the cur-
rent limiting profiles of the SFCL scheme implies the
existence of an optimal resistance value, R†m, equal to
25 Ω for the case displayed in Fig. 3, from which no
further reduction on the first peak of the fault current
can be achieved. It is noteworthy that the identifica-
tion of R†m via power flow analysis provides a simplified
but straightforward way of determining the minimum
amount of superconducting material that is needed for
the fabrication and scalability of a resistive type SFCL
tailored to different grids. However, although it is true
that the installation of an SFCL can be considered as
a reliable protection scheme in terms of fault current
reduction, and the manufacturing costs can be reduced
once R†m has been identified, the actual costs of opera-
tion of the SFCL cannot be estimated until the recovery
time of the SFCL is adequately assessed.

It is possible to demonstrate that, after the full clear-
ance of a fault event lasting a few tens of milliseconds,
the SFCL may require several minutes to stabilise its
temperature and hence recover its SC properties. This
ultimately compromises the deployment and reliability
of the SFCL protection scheme. However, in order to
decrease the recovery time of the SFCL to less than 3 s
regardless of the SFCL location and where the fault cur-
rent event occurs, it is possible to improve the SFCL
protection scheme by connecting a bypass switch paral-
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s  =
1 2 3 4 5

Figure 4: (Colour Online) First peak limiting performance of the 31
installation strategies. Results are shown only for the most hazardous
measurement conditions identified during the analysis. The green
dash-dotted lines show the prospective fault current levels without the
SFCLs. The red dashed lines represent the current levels for the nor-
mal operation of the power grid (In), and the threshold value for safety
regulation (Isr) is defined as three times this value (purple solid lines)
as common practice [19].

lel to the terminals of the SFCL. The bypass switch (BS)
allows for the electrical isolation of the SFCL from the
power grid after the fault event has been cleared, hence
reducing the Joule heating on the SC material and there-
fore its recovery time tr. Another advantage of the BS
scheme is that it allows the automatic reconnection of
the SFCL to the live power grid once the SC state is re-
covered [27]. Without the external assistance of the BS,
and for fault events triggering the protection characteris-
tics of the SFCL, we have determined that the recovery
time of the SC properties can take over five minutes in
most cases (see Table 2).

Thus, once the optimal resistance R†m has been identi-

Table 4: Operational safety margin (OSM) for the −s− protection
strategies, which consider the installation of up to 3 SFCLs.

s IP-Fault 1 IP-Fault 3 IBC-Fault 1 DBC-Fault 2

16 16% 10% 9% -1%

17 8% 10% -15% 24%

18 18% 10% 4% 3%

19 16% 10% 9% 24%

20 18% 10% 13% -41%

21 18% 10% -2% 24%

22 3% -233% -4% 24%

23 5% -233% 2% 5%

24 -53% -233% -48% 24%

25 5% -233% -2% 24%

fied, and the BS strategy has been incorporated, the re-
liability analysis for the overall protection of the power
grid lies in the accurate assessment of the optimal lo-
cation for the installation of an SFCL, and presumably
the need for considering adding more than one SFCL.
In fact, as the location where a fault event is likely to
occur is unpredictable, and the current manufacturing
costs of an SFCL are not currently competitive against
traditional protection schemes [28], the distribution net-
work operators are reluctant to invest in large scale de-
ployment of SFCL technologies, if there is not a clear
threshold for the actual number of SFCLs required for
the overall protection of the grid, and if the optimal lo-
cations where these SFCLs should be installed are un-
known. Therefore, in order to determine the optimal
strategy for the installation of one or multiple SFCLs,
and thereby ensure the overall protection of the power
grid under diverse fault conditions, a set of five instal-
lation points were chosen after analysing the capability
of each individual SFCL by limiting the fault current to
within the rating of existing switchgear. The optimal
SFCL protection scheme is determined from the power
flow analysis of the 31 possible strategies, s, that com-
bine the five SFCL locations (see Table 3). Each strat-
egy was assessed under all three fault conditions illus-
trated in Fig. 1, resulting in the study of 93 different
cases.

By scrutiny of the most hazardous fault events in
each of the aforementioned 93 cases, Fig. 4 shows the
obtained results for the reduction of the first peak of
the fault current from the analysis of the 31 protection
strategies. In particular, we refer to the measuring points
located at (see Fig 1): (a) the integration point (IP) with
a fault event at the domestic network (Fault 1), (b) the IP
with a fault event at the high voltage transmission line
(Fault 3), (c) the domestic branch connection (DBC)
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with a fault event in the domestic network (Fault 1), and
(d) the industrial branch connection (IBC) with a fault
event in the industrial network (Fault 2).

The extensive set of results derived from this study
can be simplified by calculating the operational safety
margin (OSM) for each one of the 31 protection strate-
gies, i.e., OSM= (Isr − Il)/(Isr) × 100%, with Il being
the magnitude of the first peak of the limited current,
and the safety threshold Isr = 3In (see Fig. 4). Thus,
when the protection strategy produces a positive impact
on all the measuring points, the strategy is considered
to be highly suitable, and eventually it can be consid-
ered optimal depending on the specific demands of the
power industry. In the presented case, if the effective-
ness of a protection strategy that assumes a k−number
of SFCLs is within 10% of the effectiveness of any of
the other protection schemes with k − 1 SFCLs, the last
is considered to be the optimal protection scheme. The
overall algorithm for identification of the optimal pro-
tection scheme is illustrated in Fig. 5.

In all cases, the fault has been initiated after 25 cycles
of normal operation (t f = 0.5′′), with a duration of 10
cycles (t f c = 0.7′′) and, the computation has been car-
ried up to t = 4′′ which is generally greater than t f c + tr
when the BS has been included. For the installation of
only one SFCL k = 1, the mean computing time for the
subset of strategies s ∈ [1 : 5] is ∼ 58± 5′′ regardless of
the location of the fault, with an average increment of
∼ 18′′ for each strategy (s) with an added SFCL (k + 1).
The actual total computing time for the 93 studied cases
is of 8073.51′′, i.e., less than 2 hours and 15 minutes.

We have therefore determined that in order to protect
the overall grid from any of the fault events hereby con-
sidered, the installation of three SFCLs is enough within
the established safety thresholds (see Fig. 4). In particu-
lar, only two different arrangements made of up to three
SFCLs have accomplished the desired conditions (see
Table 4), i.e., the strategies s = 18 and s = 19, with the
SFCLs installed at locations [1,2,5], and [1,3,4], respec-
tively. It is to be noted that although strategy 19, which
involves installing the SFCLs at the outgoing feeder of
the power plant and the feeding ports of the domestic
and industrial networks, offers a significant improve-
ment when the fault occurs at the domestic branches,
it is necessary to consider the needs of expansion of
the power grid when making decisions. Thus, we con-
clude that strategy 18 which rather of consider installing
SFCLs at locations 3 and 4, it allows for direct protec-
tion of the wind power plant with an SFCL installed
at location 2, therefore preventing potential islanding
problems [29], and the other SFCL installed at the bus-
tie coupling the domestic and industrial networks (Lo-
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Figure 5: Flowchart of the algorithm for the identification of the opti-
mal SFCL strategy.

cation 5), is the optimal protection scheme for the de-
ployment of the SFCLs. In fact, introducing a SFCL
at the bus-tie (SFCL 5) would enable one to operate
the transformers TR3 and TR4 in parallel, resulting in
a doubled short circuit capacity and lower transformer
losses [30], which in turn results in lower voltage drops,
improved stability, and savings in load connection ex-
penses [15].

4. Conclusion

A comprehensive method for determining the opti-
mal strategy for the integration of SFCLs in standard
power networks has been presented. The method allows
for calculating the minimum number of SFCLs which
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need to be deployed for the overall protection of the
network. In order to determine the optimal resistance
of the SFCL, two different material laws for defining
the electrical behaviour of the SC material have been
considered. Firstly, an exponential resistance model for
modelling the quench properties of the superconducting
material without expressly accounting for temperature
gradients has been invoked, simultaneously defining the
reference point for determining a minimum threshold
for the SFCL resistance, Rm, which may lead to the de-
sired limitation of the fault current. Secondly, supported
on the experimental observations reported in the litera-
ture, a more realistic temperature-dependent E−J power
law model was implemented. From this, a distinctive
kink pattern on the profiles of limiting current allowed
us to establish a univocal method for the determination
of the optimal resistance, R†m, of each one of the SFCLs
installed.

Thus, once R†m was determined for the different lo-
cations (L) where an SFCL might be placed, account-
ing for fault events occurring at different locations, the
complete number of protection strategies were identi-
fied, being the possible combinations between a sole
SFCL, or multiple SFCLs each installed at one of the
L locations. Each protection strategy was analysed as
a function of the percentage reduction of the first peak
of the fault current. Then, taking into account fault
events occurring at different places (Faults 1 to 3 in
Fig. 1) for each one of these strategies (each of the 31
resulting combinations between the 5 SFCLs depicted
in Fig. 1), we have shown that for many of these cases,
the recovery time of the superconducting properties for
one or more of the installed SFCLs can last over five
minutes. This situation jeopardises the making of de-
cisions in favour of investment in this technology (for
large scale deployments), due to the associated cool-
ing costs of the SFCLs. However, the integration of
a bypass switch parallel to the terminals of the SFCL
can successfully reduce the recovery time to a few sec-
onds after the clearance of the fault. Thus, by assuming
that the practical operation of the SFCL is assisted by
the automatic operation of the BS once the SC material
is fully quenched, we have determined that the optimal
strategy for the overall protection of a power grid with
the topology displayed in Fig. 1, requires a maximum
of three SFCLs. The first must be installed at the out-
going feeder of the conventional power plant (SFCL 1),
the second must be installed at the outgoing feeder of
the wind farm (SFCL 2), and the last one must be con-
nected to the bus-tie coupling the domestic and indus-
trial networks (SFCL 5).
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