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Abstract Based on the conventional approaches for

the integration of resistive-type superconducting fault

current limiters (SFCLs) on the electric distribution

networks, SFCL models largely rely on the insertion of

a step or exponential resistance that is determined by

a predefined quenching time. In this paper, we expand

the scope of the aforementioned models by considering

the actual behaviour of a SFCL in terms of the tem-

perature dynamic power-law dependence between the

electrical field and the current density, characteristic

of high temperature superconductors. Our results are

compared with the step-resistance models for the sake

of discussion and clarity of the conclusions. Both SF-

CL models were integrated into a power system model

built based on the UK power standard, and the im-

pact of these protection strategies on the performance

of the overall electricity network was studied. As a rep-

resentative renewable energy source, a 90 MVA wind

farm was considered for the simulations. Three fault

conditions have been simulated, and the figures for the

fault current reduction predicted by both fault current

limiting models have been compared in terms of multi-

ple current measuring points and allocation strategies.

Consequently, we have shown that the incorporation

of the E − J characteristics and thermal properties of

the superconductor at the simulation level of electric

power systems, is crucial for reliability estimations and
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optimal location of resistive type SFCLs in distributed

power networks. Our results may help to the decision

making by the distribution network operators about in-

vestment and promotion of the SFCL technologies, as

a maximum number of SFCLs for different fault condi-

tions and multiple locations has been determined.
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1 Introduction

With the persistent increase of conventional system gen-

eration and distributed generations (DGs), such as, pho-
tovoltaic plants, concentrating solar power plants, and

wind farms, the likelihood of fault events capable to

cause great and irreparable damage to a large set of

electrical devices, or even system blackout, has been

rapidly rising [1,2]. Various strategies for mitigating the

fault current levels have been implemented in the pow-

er industry, such as, construction of new substations,

split of existing substation busses, upgrade of multi-

ple circuit breakers, and installation of high impedance

transformers. Nevertheless, all these operational prac-

tices involve a not negligible degradation of the systems

stability and their performance, what ultimately means

the occurrence of significant economic losses and further

investment [3]. Series reactors and solid state fault cur-

rent limiters are also widely used although these insert a

high impedance causing a continuous voltage drop and

power losses during normal operation [4]. However, the

superconducting fault current limiting technology can

stand up for all these difficulties preserving the stability

and reliance of the power system with minimum losses
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at normal conditions. An exhaustive review on the suc-

cessful field test and different existing numerical models

of SFCLs can be found in Ref. [5].

For performance simulation of SFCLs installed in re-

al power grids, two simplified SFCL models have been

identified as of common use. The first approach was to

model the SFCL as a step-resistance with pre-defined

triggering current, quench time, and recovery time as in

Ref. [6] and Ref. [7]. This approach allows to consider

a simplified scenario where no energy loss occurs dur-

ing the superconducting state, and a high impedance is

considered for modelling its normal state, by ensuring

that the SFCL responds to faults in an instantaneous

fashion. However, it may lead to significant inaccuracies

since the quenching and recovery characteristics depend

on the thermal and electrical properties of the super-

conductors, which are both neglected in this case. On

the other hand, the modelling of a SFCL into a pow-

er grid can also be simplified by using an exponential

function for the dynamic resistance of the SFCL device,

in which the quenching action of the superconducting

material is solely determined by time. This method has

been previously implemented in Refs. [8] and [9] in or-

der to study the optimal location and associated resis-

tive value of SFCLs for a schematic power grid with an

interconnected wind-turbine generation system, finding

that the installation of SFCLs cannot only reduce the

short-circuit current level but also, it can dramatical-

ly enhance the reliability of the wind farm. Compared

with the Heaviside step function derived from the pre-

vious approach, this exponential resistance curve fit-

s better with the real performance of the SFCL and

furthermore provides aggregated computational bene-

fits in terms of numerical convergence. Nevertheless,

the SFCL characteristics including triggering current,

quenching, and recovery time also have to be set before

initialising the simulation, i.e., under this scenario also

the physical properties of the superconductors are ig-

nored. On the other hand, a more advanced model for

resistive-type SFCL was presented in Ref. [10] where

both the physical properties and the real dimension-

s of superconductors were considered. A similar model

was then built by D. Colangelo et al.,[11] in order to

simulate the behaviour of the SFCL designed in the

ECCOFLOW project. Using this model the quenching

action of the SFCL is no longer pre-defined. Howev-

er, within these models the computational complexity

is significantly increased, especially during large scale

power network simulation. Hence, during performance

simulation of SFCLs installed in power systems, it is

rather important to study the necessity of consider-

ing thermal and electrical properties of superconduct-

ing materials, in order to be able to choose a better side

between the tradeoff of computational complexity and

model accuracy. Furthermore, it is worth noticing that

for any of the adopted strategies, the research must ul-

timately addresses the finding of the optimal location

of multiple SFCLs inside the power network, which as

far of our knowledge it has been done by considering a

maximum of just two SFCLs, which means that the co-

operation and prospective need of more SFCLs remains

as an open issue.

In this paper we present a comprehensive study about

the performance and optimal location analysis of re-

sistive type SFCLs in realistic power systems, start-

ing from the simplest consideration of a single step-

resistance for the activation of the SFCL, up to consid-

ering the actual electro-thermal behaviour of the super-

conducting component. We have simulated the perfor-

mance of the SFCL under the scheme provided by two

different models: (i) as a nonlinear resistance depending

on time and, (ii) as a dynamic temperature-dependent

model with the actual E − J characteristics of the su-

perconducting material. The applied power grid model

which has interconnected dispersed energy resource was

built based on the UK network standard. Through the

simulations of the system behaviours under three fault

conditions (two distribution network faults in different

branches, and one transmission system fault), the op-

timum SFCL installation schemes were found from all

the feasible combinations of SFCLs. In addition, a de-

tailed comparison between the figures obtained for each

one of the above mentioned cases has been performed,

proving that the nonlinear resistor model is insufficient

for an accurate estimation of the reliability figures and

optimal location of the SFCL, as the complex thermal

and electrical behaviours of the superconducting mate-

rial during its transition to the normal state cannot be

simplified to a single step-resistance.

This paper is organised as follows. Section 2 intro-

duces the topology of the power system and proposed

SFCL models. In Section 3 a comprehensive reliabili-

ty study on the SFCL scheme, including the analysis of

the network stability, current limiting performance, and

recovery characteristics of the SFCL with and without

the inclusion of a bypass switch is presented. Then, a

novel method about how to determine the optimal loca-

tion of multiple SFCLs in a large scale electrical grid is

the described in Section 4. Finally, the main conclusions

of this paper can be found in Section 5.

2 SFCLs and topology of the power system

The upfront topology of the modelled power sys-

tem depicted in Fig. 1 has been built based on the UK
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Fig. 1 Power system model based on the UK grid standard as described in Section 2. Three prospective fault positions and
five prospective SFCL locations are illustrated.

network standards [12]. The power system has a 120

MVA conventional power plant emulated by a three-

phase synchronous machine, which is additionally con-

nected to a local industrial load of 40 MW located 5

km away from the main power plant. Afterwards, the

voltage level is boosted from 23 KV to 275 KV by a

step-up transformer (TR1), from where the convention-

al power plant is connected to an upstream power grid

rated with a short circuit level of 2GW through 130 k-

m long distributed-parameters transmission line. Then,

the 275 KV high-voltage transmission system is split in-

to two distribution networks. First, after voltage level

stepped down to 33 KV by substations TR2 and TR4,

the upper branch (industrial branch) supplies power to

three industrial loads which rated power are 55 MW,

15 MW, and 10 MW, separately. Likewise, the lower

branch (domestic branch) is also connected to two step-

down substations TR3 and TR7, with 70 km distance

between them. The role of these two substations is re-

duce the voltage of the lower sub-grid to 33 KV, as it

is the same voltage level rated by the interconnected 90

MVA wind power plant, which emulates the Rhyl Flats

offshore wind farm located in North Wales, after be-

ing boosted by TR10. This offshore wind power plant

is composed of twenty-five fixed-speed induction-type

wind turbines each having a rating of 3.6 MVA, and it

is located 30 km away from its connecting point with

the lower distribution network [13]. After integration,

the lower branch and the wind farm together provide

electric energy to four domestic loads with rated power

of 50 MW, 15 MW, 12 MW and 10 MW, separately.

Finally, the industrial branch and the domestic branch

are connected through a bus-bar coupler, and the pow-

er system is balanced in a way that the current flowing

through the bus-tie is only of a few amperes during

normal operation.

It is generally accepted that the three-phase (sym-

metric) short-circuit fault provokes the highest fault

current among all possible faults, since it will cause

the most drastic decrease of the system impedance. In

order to ensure safe operation, the maximum curren-

t and electrodynamic withstand capabilities of electri-

cal equipment are primarily designed according to this

situation. Therefore, it is essential to simulate the be-

haviour of the power system under three-phase short-

circuit fault. The symmetric faults were initialised at

three potential locations marked as Fault 1 (132 KV),

Fault 2 (33 KV) and Fault 3 (275 KV), which represen-

t prospective faults occurring at the industrial branch,

the domestic branch, and the transmission system, re-

spectively (see Fig. 1). Five positions for the installa-

tion of SFCLs are proposed as shown in Fig. 1, namely
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Fig. 2 One Phase of the step resistance SFCL model.

at: (i) the integrating point between the conventional

power plant and the upstream power grid (Location 1),

(ii) the interconnection between the wind farm and the

port of domestic branch (Location 2), (iii) the indus-

trial loads branch (Location 3), (iv) the domestic loads

branch (Location 4), and (v) the bus-tie coupling the

two distribution networks (Location 5).

On the other hand, identical single phase SFCLs are

implemented for each one of the three phases of the sys-

tem, as each phase of the SFCL would only be triggered

by the current flowing through its own phase. However,

under symmetric faults, each phase of the SFCL will

quench slightly asynchronously within the first cycle of

the fault current, leading to an instantaneous unbalance

between the phases [14]. Hence, for all types of faults

and at diverse locations, independent modules for each

one of the three phases have been considered, it in order

to allow an accurate simulation of the SFCL’s effects on

the overall power grid. Two different models have been

considered in order to emulate the SFCL performance,

as described below.

2.1 Step Resistance SFCL

Current limiting performance of the developed step re-

sistance SFCL model is dominated by five predefined

parameters: (i) triggering current, (ii) quenching resis-

tance, (iii) quenching time, which has been assumed

equals to 1 ms accordingly with Refs. [15] and [16], (iv)

a normal operating resistance of 0.01 Ω and, (v) a re-

covery time of 1 s. The values of triggering current and

quenching resistance are not provided in this section

since they vary with the location of the SFCL. The

structure of the step resistance model is illustrated in

Fig. 2.

The operating principle of this model can be sum-

marised as follows: first, the SFCL model calculates

both the absolute and RMS values of flowing curren-

t. If both values are lower than the triggering current,
the model will consider the SFCL in superconducting

state and insert normal operating resistance (0.01 Ω)

into the grid. On the contrary, if either the absolute val-

ue or the RMS value of a passing current exceeds the

triggering current level, the output resistance will be

increased to the quenching resistance after the prede-

fined quenching time. Lastly, if current flowing through

the SFCL model falls below the triggering current due

to the clearance of the fault, the SFCL will restore its

superconducting state after the recovery time.

2.2 SFCL with E-J-T power law

The sudden change in the SFCL resistance can be macro-

scopically simplified into the so-called E − J power

law [25], which can be divided into three sub-regions:

superconducting state, flux flow state, and normal con-

ducting state [10,14,26]. All three sub-regions follow

different power laws, combination of which forms the

entire E − J characteristics of the SFCL as follows:

E(T, t) =



Ec

(
J(t)

Jc(T (t))

)n

, for E(T, t) < E0 and T (t) < Tc,

E0

(
Ec

E0

)m/n(
Jc(77K)

Jc(T (t))

)(
J(t)

Jc(77K)

)m

, for E(T, t) > E0 and T (t) < Tc,

ρ(Tc)
T (t)

Tc
J(t), for T (t) > Tc,

(1)
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Fig. 3 (Color Online) Performance comparison between the step SFCL model and the E − J power law based SFCL model.
The displayed insets in subplots (a) and (d) are measured in the corresponding units of the main plot.

where,

Jc(T (t)) = Jc(77K)
Tc − T (t)

Tc − 77
, for J>Jc. (2)

On the one hand, for the modelling of the SC state

we have used n = 9 in accordance with Refs. [17–21],

and m = 3 for the flux flow state in good agreement

with the experimental data reported in Refs. [22] and

[23]. On the other hand, we have assumed the normal

conducting state resistivity as a linear function of tem-

perature when T (t) > Tc, with ρ(Tc) = 7 × 10−6Ω for

Bi2212 [24]. Furthermore, the relationship between the

critical current density and the temperature is also set

to be linear as in Eq.(2), as it has been proved by S.

Kozak et al. for the specific case of Bi2212 compound-

s [27]. In addition, for completing the SFCL model, a

CuNi alloy (ρ = 40µΩ ·m) resistor is connected in par-

allel with the superconductor on the basis of the project

disclosed in Ref. [28]. This shunt resistance can protect

the superconducting material from being damaged by

hot spots that are developed under limiting condition-

s, and furthermore prevents over-voltages that possibly

appear if the quench occurs too rapidly [29,30]. Final-

ly, by assuming that the SC composite is homogeneous,

the thermal modelling of the SFCL considers the first

order approximation of the heat transfer between the

superconductor and the liquid nitrogen bath as follows:

RSC =
1

2κπdSC lSC
, (3)

CSC =
πd2SC

4
lSCcv , (4)

Qgeneration(t) = I(t)2 ×RSFCL(t) , (5)

Qcooling(t) =
T (t)− 77

RSC
, (6)

where RSC stands for the thermal resistance from the

SC material to its surrounding coolant, CSC is the spe-

cific heat of Bi2212 [31], cv = 0.7 × 10−6J/(m3 · K),

and

T (t) = 77 +
1

CSC

∫ t

0

[Qgenerated(t)−Qcooling(t)]dt .(7)

The SC is modelled as a cylindrical wire of length

lSC , which is adjusted at each installing location in or-

der to limit the prospective fault current to the desired

level. Likewise, the diameter dSC is regulated to ensure

that the SFCL not only remains into the superconduct-

ing state during normal operation, but also quenches
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Fig. 4 (Color Online) Generator parameters and voltage of branch 2 in response to a 200 ms three-phase to ground fault at
branch 1.

within a few milliseconds once a short-circuit fault oc-

curs at some location into the grid. In practice, despite

the wire diameter cannot be modified after fabrication,

one can connect several wires in parallel to achieve the

expected current limiting performance [32], which allow

us to use the previous approaches.

3 Network stability, current limiting

performance, and recovery characteristics

In order to compare the fault current limitation prop-

erties of the two SFCL models, in Fig. 3 we present the

results for a three-phase to ground fault with negligi-

ble fault resistance when it is initialised at the domestic

network (Fault 2), and a single SFCL is installed next to

the fault position (Location 4). Fig. 3(a) illustrates that

the step resistance model and the E−J power law based

model both respond almost simultaneously to the oc-

currence of a short-circuit fault. However, as the SFCL

needs ∼ 2 ms to fully quench due to its E − J charac-

teristic and dynamic temperature (Fig. 3(d)), the first

peak reduction gained onto the step resistance model

is overestimated by 11% (7.6 kA and 6.5 kA for the t-

wo SFCL models, respectively. 10 kA without SFCL),

as shown in Fig. 3(b). In addition, the shunt resistor

diverts the major portion of the fault current after the

superconductor develops its normal state (Fig. 3(c)).

Therefore, the shunt resistance effectively lowers the

thermal stress on the HTS wire, simultaneously pre-

venting damages by overheating, whilst the recovery

time is reduced [33].

Initial tests without integration of the SFCL model

have confirmed that the power system operates at rated

state during normal operation. Then, under occurrence

of three-phase to ground faults at Fault-1, Fault-2 and

Fault-3 (see Fig. 1), the short-circuit currents were mea-

sured at the integrating point (Location 1), wind farm

(Location 2), branch 1 (Location 3) and branch 2 (Lo-

cation 4), such that the instantaneous fault current can

be described by:

ik = Ipmsin(ωt+ α− βkl)︸ ︷︷ ︸
periodic component

+ [Imsin(α− β)]− Ipmsin(α− βkl)]e
−
t

τk︸ ︷︷ ︸
aperiodic component

, (8)

where Im is the amplitude of the rated current of

the power grid, φ and φkl represent the impedance an-

gles before and after the fault, respectively; α defines

the fault inception angle, Ipm states the magnitude of

periodic component of the short-circuit current, and

τk stands for the time constant of the circuit. Hence,

the fault currents achieve their maximum values when

α− βkl = π(n+ 1)/2 with n ∈ Z, and this condition is

implemented all through our study in order to consider
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the most hazardous fault scenarios, and the impact of

the SFCLs on the generation side and voltage stability

of the grid. For instance, when a 200 ms three-phase to

ground fault is applied at the industrial branch (Fault-

1), after 1.2 s within normal operating conditions, the

response of the output electrical power, rotor speed,

and terminal voltage for the conventional power plan-

t (23 KV / 120MVA), and the voltage output at the

domestic branch (Branch 2) are shown in Fig. 4.

Initially we have to consider the power system op-

eration without the insertion of SFCLs. Under this s-

cenario, the output electrical power drops sharply to

0.15 pu just after the fault incident (Fig. 4(a)), whilst

the governors of the power plant such as steam and

hydro still contribute with the same mechanical power

to the rotors. Thus, a rapid acceleration of the rotors

occurs due to this power imbalance, as it is shown in

Fig. 4(b). However, when a SFCL is installed at Branch

1 (Location 1), its high resistance state facilitates the

SFCL to dissipate the excess generator power during

the fault condition, hence improving the energy bal-

ance of the system and reducing the variation of the

rotor speed effectively. Furthermore, with consideration

of the conventional equal-area criterion for stability is-

sues [15] [34], the SFCL could improve the damping

characteristics of generator speed, system frequency, as

well as the system current, as the insertion of the high

resistance into the grid would significantly increase the

damping ratio. Moreover, due to the short-circuit fault

of Branch 1, a sharp voltage drop (Figs. 4 (c) - (d))

can be seen at both the power plant terminal (0.5 pu)

and the non-faulted Branch 2 (0.35 pu). Then, by intro-

ducing the SFCL which acts as a voltage booster, the

observed voltage dips are mitigated by 40% and 50%,

respectively. This improvement allows the healthy parts

of the system (without the fault inception) to be less

affected and, makes the use of a SFCL a reliable fault

ride-through scheme.

Moreover, it is worth noting that without the pro-

tection of the SFCL a 200 ms short-circuit fault was

initiated in Branch 1 (Fault 1) in order to study the

relationship between the current limiting performance

of SFCL and the maximum normal resistance. Firstly,

without the protection of the SFCL, simulation results

have shown that the first peak of current flowing into

Branch 1 reaches ∼ 3.8 kA, which means ∼ 6.8 times

higher than the rated value (560 A). Then, after in-

stallation of the SFCL a considerable reduction of the

fault current is observed as shown in Fig. 5. The inset-

s (a) and (b) on this figure illustrate the variation of

the limited current when the two SFCL models (step

resistance, and E − J − T power law) are integrated at

Branch 1 (Location 3).

Fig. 5 (Color Online) Current curves of phase A under
branch 1 faulted (Fault 1) when the SFCL resistance increases
from 0.2 R to 2.0 R.

Within the step-resistance model, with the SFCL re-

sistance increasing from 0.2 R to 2 R (R = 30Ω) during

the quenched state, the peak value of the fault current

gradually decreases from ∼ 3.8 kA to ∼ 1.2 kA, show-

ing a small displacement of the peak values. However, in

the case of the E−J−T power law model, a noticeable

kink appears at 2.5 kA, when the maximum resistance

of the SFCL is greater than 1 R. Remarkably, this dis-

tinctive kink can be interpreted as the threshold value

for the maximum reduction of the fault current for a S-

FCL which cannot be determined with any other model

as far of the knowledge of the authors. To illustrate the

difference, the readers can notice that the step-model

resistance predicts a continuous decrease on the first
peak of the fault current as R increases (Fig. 5 (a) &

(c)), contrary to what is observed with the more realis-

tic E − J − T model (Fig. 5 (b) & (d)), which predicts

that no matters the increment of the SFCL resistance,

after certain value it can only limit the first peak of the

fault current to a well defined threshold. For instance,

for the case illustrated in Fig. 5, we have determined

that on the instant that the kink appears, the curren-

t curves overlap at about 2.5 kA, defining hence, the

maximum peak reduction of the fault current at this

location (Location 3), and therefore an optimal SFCL

resistance. It is worth mentioning that the characteris-

tic kink is also observed when the SFCL is located at

any other position, e.g., at the bus-tie (Fig. 5 (c) & (d)),

which validate the generality of our statement. Thus, in

terms of economic figures, it represents a very valuable

result for the distribution operators as it allows to state

a maximum threshold on the required size for the SF-

CL’s capacity, minimising material investments for the

specific locations as beyond this threshold no further
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reduction of the first peak of the fault currents can be

achieved.

On the other hand, although the passive transition

of the SC material and the high normal resistance en-

ables the SFCL to limit the fault current before attain-

ing its first peak, in some cases the recovery character-

istics of the SFCL need to be improved because the SC

may need several minutes to restore its superconduct-

ing state under load conditions. For instance, if a fault

event quenches a single SFCL located at the domestic

branch, it will then may take more than 300 seconds to

recover once the fault current has been cleared. There-

fore, in order to decrease the recovery time of the SFCL

we have connected a bypass switch parallel to both the

SC and the shunt resistance [35]. Thus, when the SFCL

can fastly recover the superconducting state under load

conditions, the switch S1 remains closed after the fault

is cleared. However, if the SFCL cannot be automati-

cally recovered within a few seconds then, the switch

S2 can be closed and the switch S1 is instantaneously

opened to quickly disconnect the SC from the system.

Thereby, it allows the SC to start its recovery process

without further accumulation of heat, as it is shown in

Fig. 6 for a SFCL installed at location 2 after encounter-

ing a 0.2 s three-phase to ground fault at the domestic

branch (Fault 2). It is worth mentioning that for this

case, and without applying the bypass switch strategy,

certain amount of current continue passing through the

SFCL after the clearance of the fault. This flow of cur-

rent keeps generating heat inside of the superconductor,

what significantly slows down the decrease of temper-

ature, and hence delay the recovery of the SFCL by

more than five minutes. However, with a properly de-

signed control scheme, the E − J − T model can open

the switch S1 and close the switch S2 at the moment

that the fault ends, thus transferring the current to the

S2 branch. In fact, by using this method we have de-

termined that the recovery time can be reduced to less

than 1.6 s without affecting the normal operation of

the power grid. Then, after the SC is restored to its su-

perconducting state, the switches S1 and S2 act again

preparing the SFCL for the next fault. However, as it is

no possible to foresee the location of a fault event, the

optimal location for the installation of one or multiple

SFCLs has to be assessed, being this the purpose of the

following section.

4 Identification of the Optimal Location

In order to attain an accurate estimation of the opti-

mal location for the installation of one or multiple SF-

CLs, all possible SFCL combinations according to the

five proposed locations depicted in Fig. 1, have been

Fig. 6 (Color Online) SFCL resistance and temperature dy-
namics with and without the assistance of the Bypass switch
strategy shown in the bottom of the figure.

analysed for three different fault points. It results in a

total of 31 allocation strategies, including five different

schemes for the integration of a single SFCL (Location-
s 1 to 5), 10 dual combinations of SFCLs, 10 further

combinations of three SFCLs, five scenarios where four

SFCLs are working together, and finally the coopera-

tion between all five SFCLs.

The current signals at both wind farm terminal (Lo-

cation 2) and the integrating point of conventional pow-

er plant and upstream power grid (Location 1) were

measured for all three fault conditions (Fig. 1). More-

over, we have analysed the current injection of industri-

al branch (Location 3) and domestic branch (Location

4) when faults happen at the two networks, Fault 1

and Fault 2, respectively. For the sake of brevity, we do

not present the results for the measured current at the

industrial branch when the Fault 2 or Fault 3 occurs,

because based on the analysis of the system impedance

change, the magnitude of the current flowing into the

industrial branch is actually reduced by the two fault-

s to levels lower than the normal current, i.e., at this

point the SFCL does not need to be triggered to protect

this branch. The same argument applies to the domes-
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tic branch under Fault 1 and Fault 3 conditions. Our

results are presented below in terms of the single or

multiple SFCL strategies.

4.1 Single SFCL installation

Fig.7 (a) shows the reduction in fault current under the

three fault conditions illustrated in Fig. 1 when a single

SFCL is installed at at the referred locations (Location

1 to 5). For the sake of comparison, the size of the su-

perconductor which has to be defined into the E−J−T
power law model, has been systematically adjusted so

that it allows to define the same maximum resistance

that the one used with the step resistance model. Thus,

when the step resistance model is considered, the max-

imum reduction of the fault current is overestimated in

comparison with the more realist E−J−T model, i.e.,

for all the 5 SFCL locations the first peak of the fault

current was always found to be lower in the first case.

The reason to this difference is that, once the current

exceeds the critical value of the SC, the SFCL described

by the step resistance directly jump to the maximum

resistance after the pre-defined response time, whilst in

the E− J −T model the dynamic increase of the resis-

tance depends not only on the passing current, but also

on the temperature of the superconductor. Therefore,

under the E − J − T model the SFCL cannot gain its

maximum rated resistance before the first fault peak is

reached, which leads to a relatively lower reduction of

the fault current (∼ 20%).

Based on both SFCL models tested, the simulations

performed generally show a negative impact on the re-

duction of the fault peak at certain integration points

when the SFCL is installed at Location 1 or Location

2, i.e., on these cases the fault current actually increase

by the insertion of a SFCL. In more detail, when the

SFCL is installed besides the wind farm (Location 2),

a sudden increase of fault current flowing through the

integrating point under the Fault 2 (at the domestic

branch) is caused by the abrupt change of power sys-

tem’s impedance. This SFCL enters the normal state

reducing the current output of the wind farm due to

its rapid rise in resistance and hence, the convention-

al power plant and the upstream power grid are forced

to supply higher current to the faulted branch. Simi-

lar behaviour is obtained under the fault conditions F1

and F2 when the SFCL is installed at Location 2, and

the current is measured at the integrating point (see

Fig. 7 (a) & Fig. 1). Furthermore, it should be no-

ticed that when a single SFCL is installed at Location

1 (integrating point), following the E − J − T model

the SFCL can only limit the fault current in two cases,

whilst with the simplified step-resistance the benefits

of the SFCL can be overrated as it leads to a positive

balance in up to four different fault conditions. This

fact highlights the importance of finding a suitable op-

timal allocation strategy for the SFCLs under a wide

number of fault conditions, and the need of considering

adequate physical properties for the electro-thermal dy-

namics of the SC materials. It ultimately tries to fill the

gap between the acquired scientific knowledge and the

demand of more reliable information from the stand-

point of the power distribution companies. Thus, the

final decision for an optimal location has to be made

under the circumstance of having a twofold conclusion.

Firstly, the decision can be made accordingly to

the highest total reduction on the fault current pass-

ing through different points and under different fault

circumstances as shown in Fig. 7 (a). There, it can be

observed that for the eight most important cases com-

bining the occurrence of a fault at certain positions and

the measuring point for the current reduction, the SF-

CL installed at the port of the wind farm (Location 2)

results to be the best option, as in this case the fault

current can be reduced in six of the eight different sce-

narios with an accumulated reduction of 290% from the

step resistance model, and 220% from the E − J − T
power law model, respectively. Nevertheless, it is to be

noticed that this strategy has also an adverse impact

on the remaining two other scenarios (F1-IP & F2-IP).

Secondly, a decision can be made in terms of the overall

performance for achieving positive impact under the s-

cope of any of prospective circumstances. In this sense,

we have determined that placing the SFCL at the Lo-

cation 5, i.e, at the bus-tie between the industrial and

domestic branches, is the most reliable option. Further-

more, by considering this strategy it is worth mention-

ing that the SFCL is capable of reducing the harmonics

and voltage dips, doubling the short-circuit power, and

ensuring even loading of parallel transformer. Moreover,

the recovery characteristics of the SFCL can also see

benefit from this arrangement as after a quench of the

SFCL, the bus-tie can be switched open for a short time

(few seconds) to help the SFCL restoring the supercon-

ducting state. However, a drawback of the switching

strategy is that this measure may temporarily reduce

the quality of the power supply, but a strong impact on

the normal operation of the power system is not fore-

seen.

4.2 Multiple installation of SFCLs

Firstly, a double protection strategy, i.e, the installa-

tion of two SFCLs in different grid positions has been

assessed. According to both, the step resistance mod-

el and the E − J power law based model, the highest
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Fig. 7 (Color Online) Reduction of the first peak of fault current events at different locations, measured after the installation
of a (a) single SFCL, (b) two SFCLs, (c) three SFCLs, and (d) up to four and five SFCLs installed at different locations.

fault current reduction was always achieved when the S-

FCLs are installed at Location 2 (wind farm) and Loca-

tion 3 (industrial branch) simultaneously, accomplish-

ing a 400% and 330% total fault limitation respectively

(Fig. 7 (b)). Indeed, this arrangement can be consid-

ered as a much better strategy in comparison with the

results obtained when just a single SFCL is considered,

as the total current limitation is improved by ∼ 110%.
Furthermore, contrary to the previous case, the curren-

t flowing through the integrating point when the fault

occurs at the industrial branch (Fault 2) significantly

decreases rather than having an adverse effect onto the

power system. Moreover, it is to be noticed that un-

der this dual strategy the measured current reduction

shows a balanced performance on all the different anal-

ysed cases, unlike the results obtained for when a sole

SFCL is installed. On the other hand, if the system

operators measure the optimal strategy for the instal-

lation of the two SFCLs in terms of the number of lim-

ited cases, different conclusions can be obtained under

the framework of different physical models, e.g., when

the step-resistance or E − J − T power law model is

considered. On the one hand, according to the step re-

sistance model, installing the two SFCLs at Locations

1 & 2 or Locations 4 & 5 both can positively response

to all eight measured fault conditions. In fact, when the

SFCLs at Locations 1 & 2 are considered, a better per-

formance is obtained as the total reduction in the fault

current achieved is 40% greater than the performance

obtained when the SFCLs are installed at Locations

4 & 5 (290%), respectively. On the other hand, when

the E − J − T model is assumed, installing the SFCLs

at the Locations 1 & 2 would increase the magnitude of

current at the integrating point under the occurrence

of a fault in the domestic branch (Fault 2). It is due to

the unsuccessful triggering of the SFCL at Location 1

as explained in the previous subsection. Therefore, from

the point of view of the system operators, the Locations

4 & 5 can be considered as the most reliable solution

as it is the only combination capable to limit all fault

conditions and in all the considered scenarios.

Secondly, we have added an additional SFCL to the

grid, and we have assessed overall performance of this

new system. Thus, as it is shown in Fig. 7 (c), most

installation strategies of three SFCLs allow the reduc-

tion of the fault current at all eight measured scenarios.

Both SFCL models agree with the conclusion that the

highest decrement in the fault current is achieved when

the SFCLs are installed at the Locations 2, 3 and 4,

simultaneously. This strategy shows a 470% total re-

duction in the case of the step resistance model, and

375% for the case of the E − J − T model, i.e., attain-

ing a significant increase on the overall performance of

the system by about a 70% and 45% factor, respective-

ly, it in comparison with the best achieved performance

when the dual SFCLs strategy was considered. Besides
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this remarkable improvement, the three SFCLs strategy

can further response positively to any fault conditions,

which means that for the concomitant decision between

the current reduction criteria and the number of cases

exhibiting fault current reduction, the choice for the

three SFCLs strategy can be considered as the most

reliable one. Nevertheless, until a significant reduction

of the overall price of a SFCL will not be achieved, the

distribution network operators could consider that this

strategy may not be cost-effective in terms of the ini-

tial investment, but given the expected reduction on

the prices of the second generation of high temperature

superconducting wires, this decision can be seen as the

most profitable strategy in terms of the grid safety and

reliability. However, a limit for the maximum number

of the SFCLs required must also be established in order

to guarantee minimum costs with maximum benefits.

Thus, in Fig. 7 (c) we show the performance com-

parison among five different scenarios when four SFCLs

are installed into the power system. On the one hand,

with four SFCLs working together, all combinations can

effectively limit the fault current for all eight studied

cases excepting when the SFCLs are described by the

E − J − T model and the SFCLs are installed at Loca-

tions 1, 2, 3, and 5, simultaneously. Under this scheme

the measured fault current increases when the fault is

initialised at the domestic branch (Fault 2), due to the

no action of the SFCL installed at Location 1. On the

other hand, it is to be noticed that when the step resis-

tance model is considered, the accumulated maximum

reduction on the fault current is again overestimated,

achieving a 480% reduction when the SFCLs are in-

stalled at the set of Locations (1, 2, 3, 4) or (2, 3, 4, 5),

in comparison with a prospective reduction of 395% at

Locations (2, 3, 4, 5) when the most realist E − J − T
model is considered. In fact, even with the concurred

action of up to 4 SFCLs, we have obtained that the

accumulated maximum reduction on the fault current

is just over a 10% more than in the previous case (3

SFCLs), which allows to define an upper limit for the

number of SFCLs needed.

In order to verify our previous statement, we have

studied also the influence of considering even one more

SFCL, as there is a total of five prospective locations

for the SFCLs in the power grid displayed in Fig. 1.

Compared with the last analysed case (4 SFCLs), the

accumulated maximum reduction on the fault current

has reached just a 15% more increase when the SFCLs

are based upon the step resistance model, but outstand-

ingly no further improvement has been obtained when

the more realistic E − J − T model was incorporated.

This important result can be understood as a conse-

quence of the mutual influence between the integrated

SFCLs, i.e., when the fault current passing through one

SFCL is substantially decreased by the influence of the

others, the rate of heat accumulation slows down ac-

cordingly, leading to deceleration of the temperature

rising and hence to a reduction of the resistance that

the SFCL can develop before reaching the first peak of

the fault.

Summarising, in Table 1 the optimal allocation s-

trategies and the corresponding performances of the

SFCLs obtained during our study are presented. The

preferable locations for the installation of the SFCLs

have been determined in terms of the two identified s-

tandards: (i) the maximum accumulated fault current

reduction and, (ii) the maximum number of measur-

ing conditions that could be limited. The results are

categorised by the number of SFCLs that the system

operators could want to install, and also the physical

models that emulate the characteristics of the SFCLs.

It is worth noting that in all the cases the step resis-

tance model leads to an overestimation of the actual

performance figures that may be offered by the SFCLs

when more realistic physical properties are considered.

Finally, we want to call the attention of the readers on

the fact that when the strategy for maximising benefits

is installing a sole or two SFCLs, compromise has to

be made between increasing the fault current reduction

and the actual number of measuring conditions where

the fault current can be limited. Therefore, based up-

on the comprehensive study presented in this paper, we

conclude that the optimal installation strategy refers to

the installation of maximum 3 SFCLs at the Location-

s 2, 3, and 4, as for this case a maximum reduction of

the fault current is achieved for all fault conditions, and

furthermore, the adding of more SFCLs does not rep-

resent a significant improvement to be concurrent with

the minimisation of costs.

5 Conclusion

The superconducting fault current limiter is a promis-

ing device to limit the escalating fault levels caused by

the expansion of power grid and integration of renew-

ables. This paper presents a comprehensive study on

the performance and optimal allocation analysis of re-

sistive type SFCLs inside of a power system with an

interconnected wind farm, built from the base of the

UK network standards. In order to unveil the impact

of the superconducting material properties on the de-

cision making for installing SFCLs, two different mod-

els have been considered throughout the study. Firstly,

the active operation of the SFCL has been modelled by

means of a step resistance or Heaviside function which



12 X. Zhang et. al.,

Table 1 Optimal installation strategies for SFCLs according to the step-resistance and E-J power law models. The maximum
fault current reduction (FCR) value (per case) has been calculated as the sum of the percentage reductions of the fault current
measured at the wind farm output, the integrated point, and branches 1 and 2, for the three fault conditions shown in Fig. 1.
It is worth noticing that, not at all measuring locations the fault current is reduced (see Fig. 7). Therefore, the table also shows
the values for the accumulated fault current reduction when the fault current is reduced in a greater number of measuring
conditions.

Step-Resistance Model

Maximum Fault Current Reduction (%): 290 400 470 480 495
No. of measuring conditions with/without FCR: 6 / 2 7 / 1 8 / 0 8 / 0 8 / 0

Number of installed SFCLs: 1 2 3 4 5
SFCLs’s Locations: 2 2, 3 2, 3, 4 1, 2, 3, 41 1, 2, 3, 4, 5

No. of measuring conditions with/without FCR: 7 / 1 8 / 0 8 / 0 8 / 0 8 / 0
Accumulated FCR (%) for Max. No. of measuring conditions: 130 330 470 480 495

Number of installed SFCLs: 1 2 3 4 5
SFCLs’s Locations: 5 1, 2 2, 3, 4 1, 2, 3, 4 1, 2, 3, 4, 5

E-J Power Law Model

Maximum Fault Current Reduction (%): 220 330 375 395 395
No. of measuring conditions with/without FCR: 6 / 2 7 / 1 8 / 0 8 / 0 8 / 0

Number of installed SFCLs: 1 2 3 4 5
SFCLs’s Locations: 2 2, 3 2, 3, 4 2, 3, 4, 5 1, 2, 3, 4, 5

No. of measuring conditions with/without FCR: 7 / 1 8 / 0 8 / 0 8 / 0 8 / 0
Accumulated FCR (%) for Max. No. of measuring conditions: 120 250 375 395 395

Number of installed SFCLs: 1 2 3 4 5
SFCLs’s Locations: 5 4, 5 2, 3, 4 2, 3, 4, 5 1, 2, 3, 4, 5

is initialised by a set of preallocated parameters. Sec-

ondly, a most realistic model for the operation of the

SFCL taking into consideration the proper E−J char-

acteristics of the superconducting material with dynam-

ic temperature evolution has been considered. We have

proven that SFCL technologies can effectively improve

the damping characteristics of the generation system,

and mitigate voltage dips at the grid, independently

of the assumed model. However, we have demonstrated

that despite a significant reduction on the time comput-

ing can be achieved when models of the step-resistance

kind are considered, such simplifications lead to strong

overestimations of the actual prospective performance

of the SFCL, it in terms of the maximum reduction on

the fault current and its correlated normal resistance.

Furthermore, a complementary protection scheme for

preventing the burning of the SFCL has been imple-

mented together with the E−J power law based model,

what improves significantly the recovery of the SFCL

during the transient states after a fault event.

Then, a systematic study on the prospective strate-

gies for the installation of a sole or multiple SFCLs

has been performed. Thence it has been proven that

the concomitant cooperation of three SFCLs each in-

stalled at the Locations 2, 3, and 4, respectively, can

be seen as the best protection strategy in terms of both

the performance and the reliability figures of the overall

grid within a minimum investment scheme vs maximum

benefit. For achieving this conclusion all the potential

combinations between two, three, four, and five SFCLs

have been studied under a wide number of fault scenar-

ios and measuring strategies.
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