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Abstract—Fault levels in electrical distribution systems are
rising due to the increasing presence of distributed generation
(DG) and this rising trend is expected to continue in the future.
Superconducting fault current limiters (SFCLs) are a promising
solution to this problem. This paper describes factors that govern
the selection of the optimal SFCL resistance. The total energy
dissipated in an SFCL during a fault is particularly important
for estimating the recovery time of the SFCL; the recovery
time affects the design, planning, and operation of electrical
systems using SFCLs to manage fault levels. Generic equations
for the energy dissipation are established, in terms of: fault
duration, SFCL resistance, source impedance, source voltage,
and fault inception angle. Furthermore, using an analysis that is
independent of superconductor material, it is shown that the
minimum required volume of superconductor varies linearly
with SFCL resistance but, for a given level of fault current
limitation and power rating, is independent of system voltage and
superconductor resistivity. Hence, there is a compromise between
a shorter recovery time, which is desirable, and the cost of the
volume of superconducting material needed for the resistance
required to achieve a shorter recovery time.

Index Terms—Distributed generation, fault current limitation,
low-carbon, power system protection, superconducting fault cur-
rent limiter.

I. INTRODUCTION

UPERCONDUCTING fault current limiters (SFCLs) have

been the subject of research and development for many
years, and offer an attractive solution to the problem of rising
fault levels in electrical distribution systems [1], [2], [3].
SFCLs can greatly reduce fault currents and the damage at
the point of fault, and help improve the stability of a power
system. This paper offers recommendations for the appropriate
resistance of SFCLs when used to curb the fault current contri-
bution from the connection of distributed generation (DG) to
an existing distribution network. The term “SFCL resistance”
in this paper is defined as the resistance of the SFCL device
after the superconductor has quenched, but before it recovers.
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Ideally, the resistance of an SFCL should be chosen to limit
the fault current as much as possible. Not only does this benefit
the electrical system through reduction in the potentially
damaging effects of high fault currents, the primary purpose of
the SFCL, but increasing the limitation of the fault current has
a consequence of shortening the recovery time of the SFCL by
reducing the energy dissipated in the resistance of the SFCL
[4]. Furthermore, excessive heat dissipation may damage the
SFCL and cause undue vaporization of the coolant [5], so
increasing limitation is attractive from many perspectives.

Nevertheless, fault current limitation is subject to a com-
promise because a significantly limited fault current requires a
high resistance SFCL and therefore a relatively higher amount
of superconducting material, which increases capital costs.
Also, electrical protection elsewhere in the system requires a
high enough level of fault current in order to operate correctly
through the ability to distinguish between faults and highly
loaded situations [6].

Section II examines the relationship between SFCL resis-
tance, voltage level, and energy dissipation using simulation.
The results are analytically verified in Section III which
establishes a generalized equation for energy dissipation, in
terms of: the duration of the fault, SFCL resistance, source
impedance, source voltage, and fault inception angle. Single-
and three-phase analyses are presented. Furthermore, the vol-
ume of superconductor used in the SFCL must be sufficient
to absorb the prospective energy dissipation [4]. Another
requirement is that the dimensions of the superconductor must
ensure that the SFCL discriminates between fault current,
for which it must operate, and load current, for which it
must not operate. The SFCL must not operate in response
to transients such as transformer magnetic inrush. All of these
considerations are included in a method for estimating the
minimum volume of superconductor required. This method is
independent of the type of material itself, and is described in
Section IV.

II. SELECTION OF OPTIMAL SFCL RESISTANCE BY
SIMULATION

A. Resistive SFCL model

To simplify the analysis, a binary SFCL model is used:
the SFCL has zero impedance before fault inception, but is
assumed to reach its full resistance immediately when the fault
occurs. This will yield a reasonably accurate estimation of the
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reduction of steady-state RMS fault current (as defined in [7]),
but will overestimate the reduction of the peak fault current;
hence the following sections only comment on the effect an
SFCL has on reducing the steady-state fault current. Although
this model does not account for the development of SFCL
resistance during a quench, tests with a more realistic SFCL
model have shown that the results in this paper only differ by
approximately 6%, for a relatively long quench time.

B. Comparison of system voltage level on energy dissipation

Fig. 1 illustrates a representative DG connection to an
existing power system. It is assumed that the fault level at
the point of connection in the power system is already near
the breaking capability of existing switchgear. An SFCL may
be effective at several locations in the power system [1], [2],
but this paper concentrates on a DG application in which
the DG is the source of the fault level increase. Therefore,
only one modification to the electrical network is required,
that is, the installation of an SFCL in series with the DG,
rather than installation of a number of SFCLs at different
locations. Nevertheless, the analysis is relevant to SFCLs at
any location. A three-phase to ground fault with negligible
resistance is applied at the point where the DG is connected
to the existing network.

The power system has been simulated in PSCAD/EMTDC
[8], using impedance data from [9] such that the X/R ratios
— which are important for a fault study — are indicative of a
typical system. The unrestricted steady-state fault current, i.e.,
without an SFCL, is approximately 1kA RMS per phase. Ini-
tially the shunt impedance, Ry, is ignored; this is explored
in Section III-C. The total energy, Q, dissipated in each phase
of the SFCL during the fault is calculated in the simulation
using (1), where fg is the time of fault occurrence (0.0s) and
ty is the time the fault is cleared (fy ~0.1s, depending on
the current zero-crossing required for the circuit breaker to
interrupt fault current).

If
0 :/ isrcr(t)*Rsrcr dt (D
fo

Fig. 2 illustrates the level of fault current reduction and
the corresponding total energy dissipation in one phase of the
SFCL for faults on the system. For the parameters used in the
simulation, the following regions have been identified:

1) Rsrcr < 12Q: the steady-state fault current is slightly re-
duced, reaching a magnitude of approximately 2.6 times
load current, but the corresponding energy dissipation
rises steeply as shown in Fig. 2.

2) 12Q < Rgpcr < 24Q: the fault current reduces with
increasing SFCL resistance, but the increasing resistance
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Fig. 2.  Energy dissipation and fault current limitation for various SFCL
resistance values (on 33kV side of DG transformer)

causes the energy dissipation to reach its maximum in
this region. This large energy dissipation would lengthen
the recovery time and so this range of SFCL resistances
should be avoided. This result is in accordance with the
maximum power transfer theorem [10]. The equivalent
33kV Thevenin source has an impedance of 18.7Q (as
derived from Fig. 1), so maximum energy dissipation in
the SFCL occurs when its resistance equals the source
impedance value.

3) Rspcr > 24Q: fault current continues to decrease with
increasing SFCL resistance (almost linearly with resis-
tance, as shown in Fig. 2), but the energy dissipation
reduces. This is the most desirable region: relatively
low fault current combined with low energy dissipation.
It can be observed from Fig. 2 that an SFCL value of
approximately 70Q2 reduces the steady-state fault current
to the same value as the maximum load current.

If the SFCL had been located at the 690V side of the
DG transformer instead of at 33kV then, for a given energy
dissipation, the resistance values obey the law Rgrcrsy, ~
RsEcry gory (33kV/O.69kV)2. Therefore, far smaller resistance
values are required for equivalent levels of fault current limi-
tation; however the current-carrying capability of the SFCL is
increased by a factor of (33kV/0.69kV).

At either voltage level, the energy dissipation is approx-
imately the same for a given level of fault current reduc-
tion relative to load current. Assuming an SFCL device is
available at both voltage levels, there is a tradeoff between
the quenched-state resistance of the superconductor and the
current it must be rated to carry; this is explored further in
Section IV. Although either SFCL would limit fault current,
an SFCL at 690V with a load rating of ISMVA would be
required to have a full load current rating of over 12kA per
phase which would present serious difficulties in design. By
contrast, a 33kV SFCL would have a full load current of
250A and would be easier to design, despite the higher voltage
rating. However, operation at lower voltages leads to higher
AC losses in the superconductor when in the superconducting
state [11].
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III. ANALYSIS OF OPTIMAL SFCL RESISTANCE VALUES
A. Analytical derivation of energy dissipation

The SFCL resistance value for the maximum energy dissipa-
tion in the SFCL, as described in Section II, can be analytically
verified. At the 33kV side of the interfacing transformer in Fig.
1, the equivalent phase source impedance, Zsyyrce, 1S:

ZS()I/”‘CL’ = RS()LH'L'L‘ Jr JXS()MFCQ

_ g (33 2+R
— 069V T
ilrw 33kV O\ 2

T\ 59\ 0.60kv

= 0.6114+ j18.74Q

L 33kV?2
T17MVA

The circuit is characterized by the differential equation [3],
[12]:
. di(t
Vsin(of + o) = i(t)R—i—L% )
where V = 33kV x \@/\/5, R = Rypurce + Rspcr, and L is
the inductive component of Z,,,c.. The solution for the short-
circuit current, including both the symmetrical and asymmet-
rical components, can be stated as [13], [?]:

NI <>

i(t) =

where Z = VRZ+ 1?2, o is the point on the voltage
waveform of fault occurrence, and ¢ = tan~' (wL/R). The
total energy dissipated in one phase of the SFCL during the
fault, Q, is calculated using (1). Substituting (3) into (1) gives:

[sin(an+a—¢)—sin(a—¢)e%’“} 3)

tr {72
0 = /f&sja{sin(a)t—i—a—(b)—sin(a—¢)e%m}2(4b
0 zZ

A general algebraic solution to the integral can be stated as
shown below, when substituting 7o = 0.0 and #;:

—Rt
Le L.f
R2 + (1)2 12

(Lo (sin (ot7+2(a— 9)) —sin (wr7))
+R (cos(wty) — cos(wts +2(a—9))))

V2Rsrer
RZ + a)2L2

+m (Reos(2(a— 9)) — R — Lasin (2(ct — 9)))
Licos(2(ax—¢))—1] [ 2y

+ iR (e L —1)
ty sin(2(wtp+o—¢))+sin(2(a—9))

Tyt 10 )

Hence, substituting R = (Rsource + Rsrcr,) into (5) gives the
value for the total energy dissipated in one phase of the SFCL,
as a function of the SFCL resistance; all other parameters
are constant. The root of the partial derivative of Q (i.e.,
where dQ/dRsrc; = 0) determines the value of Rgpcp resulting
in maximum energy dissipation in the SFCL, Q; for o = 0, this
value is approximately 18.2Q. This differs from the magnitude

of the source impedance (18.7€) because the circuit is reactive
and the maximum power transfer analogy is not strictly valid.
Furthermore, o affects both the magnitude of the (decaying)
DC offset in the fault current and the phase of the sinusoidal
component; hence o has a somewhat complicated effect on the
area under the fault current waveform, and the value of Rgpcy,
resulting in O consequently varies between approximately
18.1Q and 18.9Q as « is varied.

The equivalent value for an SFCL located at the 690V side
of the DG transformer is approximately 0.00794Q. This is in
good agreement with the simulation results in Section II; the
calculated values for energy dissipation differ by less than
2% from the simulation values. A small error is expected
due to the delay associated with a circuit breaker interrupting
fault current at a zero-crossing point, which is modelled in
the simulation; in the analytical approach, the fault current is
interrupted at a specified time regardless of the fault current
value.

B. Effect of fault inception angle

Considering (4), if the asymmetrical component of the fault
current is ignored (i.e., where & = ¢), the equation for the total
per-phase energy dissipation can be approximated as shown in

(6).

Y V2Rsrer . 5
= ———sin“(wt)dt
0 = [TErtnon
o VzRSFCL [f Sln(Z(th) (6)
o 72 2 4o

Therefore the partial derivative of Q, with respect to Rspcy,
is (7); a root of (7) occurs when (8) is satisfied.

dgQ _ ﬁ tl sin(2wtf) 1 2RspcrR )
dRspcr. 72 |2 40 z2
2RsrcLR
=1 ®)

Hence, with the approximation that o = ¢, the energy dis-
sipation is maximized when the SFCL resistance equals the
source impedance magnitude, as shown in (9); as before,
this is analogous to the maximum power transfer theorem
[10]. Therefore, to reduce the fault current and the energy
dissipation in an SFCL, the optimal SFCL resistance value is
any value that is substantially larger than the magnitude of the
source impedance.

Rspcr = \/ Rmurce2 —I—LZ(DZ = |Zsource| 9

The accuracy of this approximation is evaluated by consid-
ering the total energy dissipation in all three phases; the sum
of the results of calculating Eq. (5) for each phase is compared
with the value calculated using Eq. (10) (three times the value
of (6)). Fig. 3 illustrates that there is only a small difference
in the total energy dissipation; the approximation provides an
accurate representation of the average energy dissipation per
phase. Furthermore, Fig. 3 shows that the energy dissipation
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varies approximately linearly with fault duration, which im-
plies that faster acting protection is desirable to minimize the
energy dissipation in the SFCL. This requirement may need to
be taken into account for the integration of SFCLs with time-
graded protection schemes in distribution systems, which can
have relatively long trip times — in excess of one second.

Q
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C. SFCL with resistive shunt

Resistive SFCLs typically have a shunt resistance that is
connected electrically in parallel with the SFCL, which may be
bonded to the superconductor during manufacturing (to reduce
hot-spots [1], [6]), or external to the cryogenic environment
(to reduce the energy dissipated in the superconductor [14]),
or both bonded and external [15]. The shunt impedance may
also serve the purpose of intentionally reducing the effective
resistance of the SFCL, by diverting fault current through the
shunt resistance when the SFCL becomes resistive (with a
value that is higher than the shunt resistance), to ensure that
the fault current large is enough to be detected by existing
protection relays [6]. It is assumed that the bonded type will
provide very similar energy dissipation in the SFCL as for
an SFCL without a shunt (as described in Sections II and
IIT) because the total heat energy to be dissipated within the
cryogenic chamber is the same. Eq. (§) can be modified to
examine the effect of an external shunt resistance by replacing
R = Ryource + RsrcL with:

R = Rsource + 1 1
Rsrcr

Ryt

and by recognizing that the current in the SFCL branch is:

. . Rihunt
isreL(t) = roal(1) Rsrer + Rshunt

Fig. 4 illustrates the relationship between Rsrcr, Rpune, Q and
the level of fault current limitation (in grayscale). The darkest
regions offer the best reduction in steady-state fault current. A

shunt with a small resistance, relative to the SFCL resistance,
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Fig. 4. Variation of SFCL energy dissipation and current limitation (in
grayscale), with a resistive shunt

can significantly reduce the energy dissipation in the SFCL
— and hence the recovery time — but only at the expense
of a higher fault current value. The shunt would therefore
carry the majority of the fault current, and would have to
be designed accordingly, but this is considered feasible. The
analytical results were confirmed by simulation.

IV. RELATIONSHIP OF SFCL POWER DISSIPATION TO
MINIMUM VOLUME OF SUPERCONDUCTOR REQUIRED

An SFCL must be able to absorb the prospective energy
dissipation during a fault without failure, i.e., without ex-
ceeding a thermal limit. Consider a notional superconducting
wire, or “unit”, with a quenched resistance of R,,;Q and
an RMS current carrying capability of 1,,;A (per phase). It
is assumed that the current rating is based on the prospec-
tive temperature of the wire and the permissible time for
which the temperature can be experienced, as dictated by
Tnir = \/ (AT CoVolumenyis) | (Runit), Where dTy is the
temperature change and C, is the volumetric specific heat
capacity of the superconductor. This assumes an adiabatic
process but an alternative, non-adiabatic equation is derived
in [4]. The required resistance rating of an SFCL can be
obtained by connecting individual superconductor units in
series; the current rating can be increased by connecting units
in parallel, equivalent to increasing the cross-sectional area of
the wire and thereby reducing the total resistance. Hence, the
minimum number of superconductor units required per phase
— a material-independent indication of the total superconductor
volume — can be calculated using (12). Note that Ijjireq
depends upon Rsrcy.
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total units = UNitSparatier X UNItSseries

_ <Ilimited) (RSFCLunitSpamllel)
Iunit Runit

_ (Ilimited) (RSFCLIlimited)
Iunit Runitlunir

. RsreL
= ’/”’”lsparallel2 ( R (1T)
unit
_ liimirea % Rsrer (12)
Iunit 2 Runit

total power dissipation

unit power dissipation

Eq. (12) implies that the minimum volume of supercon-
ductor required is proportional to the total power dissipation.
This suggests that it is significantly more efficient, in terms of
superconducting material, to limit the fault current as much as
possible, as described in [16]. This is, of course, advantageous
from the point of view of the electrical system because
a lower fault current reduces the fault current interruption
duty imposed on switchgear, and also the current carrying
requirements of other equipment in the fault current paths.
Higher SFCL resistances may also limit the voltage depression
“upstream” of the SFCL from the fault and therefore reduce
the upstream impact on other loads, and the potential for
consequential and unwanted voltage-based protection during
a disturbance.

However, to avoid spurious operation of the SFCL, the
superconductor units must be arranged such that the effective
critical current, I, of the SFCL is greater than load current,
I1oaq, and the contribution from non-fault transients [6], [17].
Eq. (13) states the minimum /. for the required headroom
value of 1.

Ic > )Llload (13)

If I, is the critical current of one unit, /. can be calculated

using (14):

I = unitsparallelX]c (14)

unit

Eq. (15) can be obtained by substituting (14) into (13):

lIload
A'Iload

UNitS paraitel X I >

unit

Y

unitsparallel (15)
Cunit

Substituting (15) into (11) provides a more realistic estimate

than (12) for the minimum number of superconductor units,

as described by (16); the number of units required increases

linearly with SFCL resistance.

RsrcrL
Runit

Fig. 5 compares this relationship with the initial estimate
described by (12), where I[jpqq = 250A, Ryniy = 1Q, Ly =

2
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Fig. 5. Number of notional superconductor units required for a given level
of fault current limitation

200A, and I.,, = 100A. It is assumed that A = 2. This is
based on fusing factors for fuses because the manufacture of
superconducting wire may be subject to similar tolerances,
but values of A such as 4 or 5 may be more appropriate [6].
When /. is not considered as in (12), Fig. 5 illustrates that
the required number of superconductor units for a given fault
current reduction is substantially underestimated. Furthermore,
the number of superconductor units required does not depend
on whether the SFCL is located at the 33kV or 690kV side
of the transformer in Fig. 1 and, as noted in [16], [18], [19],
[20], is independent of superconductor resistivity.

The manufacturing process of the superconductor may
dictate additional constraints, such as the minimum cross-
sectional area of the wire. The SFCL must be rated to handle
the peak limited fault current which may be substantially
larger than the steady-state fault current; this may increase the
required number of notional superconducting units because
the thermal limit, dictated by f i(t)ZRSFCLdt, must not be
exceeded.

V. CONCLUSIONS

Several studies advise on the optimal selection of the resis-
tance of an SFCL, in terms of: reducing the impact on existing
protection schemes [21], minimizing the power exchanged
between regions of a power system during a fault [22], and
analyzing the transient stability of induction machines [23]
and synchronous generators [24], [25]. A multi-objective op-
timization technique is presented in [18]. References [4], [26]
provide experimental results of the typical energy dissipation
in resistive SFCLs. The focus of this paper is to thoroughly
analyze the relationship between energy dissipation and SFCL
resistance, and to highlight the compromises between the
factors that affect the choice of SFCL resistance.

This paper has presented a guide for selecting the resistance
value of a resistive SFCL, taking into account energy dissi-
pation and the necessary volume of superconductor material.
The resistance of the SFCL is proportional to the volume of
the superconducting material. This paper has shown that the
maximum energy dissipation occurs when the SFCL resistance
approximately equals the magnitude of the source impedance,
a result that would be expected from the maximum power
transfer theorem. Therefore, to reduce energy dissipation and
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therefore shorten recovery times, the SFCL resistance should
be much larger than the source impedance. A larger SFCL re-
sistance requires a larger volume of superconducting material.
Consequently, it has been shown that there is a compromise
between lower energy dissipation, and therefore faster recov-
ery times, and superconductor volume, which incurs capital
costs.

Several issues remain for the integration of SFCLs within
distribution networks, such as coordinating the fault current
limiter for alternative system operating configurations, stability
during distant faults where the DG should be stable and remain
in service, and ensuring that protection operates correctly and
quickly in networks with fault current limitation [17], [22].
These are the subjects of ongoing research.
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