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Abstract

A number of efforts have been devoted to investigating the mechanism and benefits of superconductivity
for power system applications. This study explored the construction and application of a desktop super-
conducting series reactor (SSR) as a pre-cursor to the prototype construction to confirm functionality and
design. The calorimetric method of power loss determination was also investigated experimentally, fol-
lowed by the calculation of the design parameters for a prototype SSR that would reduce the fault current
on a 22-kV network from 25 kA to 10 kA. The desktop SSR, when compared to a copper reactor of equal
inductance, was found to have an equivalent reduction in fault current. It was also confirmed through an
experiment that the resistance of the SSR was four times lower than that of the equivalent copper reactor.
The calorimetric method of power loss determination was found to be as effective as the electric method.
A further advantage of the calorimetric method was its insensitivity to electromagnetic noise. The cost of
the prototype SSR was significantly less expensive than a superconducting fault current limiter. Future
development of the SSR would further enhance its viability as a fault current mitigation device on medium
voltage networks where consideration has to be given to total lifecycle costs and energy efficiency.

Keywords: fault current management, calorimetric power loss method, superconducting power
applications.

Highlights

e Design of the first superconducting fault mitigating device in Africa

e Proposal for a more efficient fault current management technology

e Verification of the calorimetric method for power loss determination.
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1. Introduction

Superconductor-based applications in power en-
gineering have gathered momentum in the last
decade with many research initiatives develop-
ing into grid-connected installations. At the fore-
front of this wave of realisable superconducting
applications is the superconducting fault current
limiter (SFCL) with innovative new projects in
Europe (San Juan de Dios Substation in Mal-
lorca, Spain) (Noe et al.,, 2012) and Asia (Icheon
substation, Korea) (Kim et al, 2011). Eskom,
South Africa’s national power utility, included
‘applied superconductivity research’ in its net-
work technology plan for distribution for the
first time in 2011 . Since then, it has included a
SFCL as an option for the management of short
circuit currents . The fault levels at substation
busbars on most networks are increasing
(Prigmore et al., 2013, Lee et al, 2008) because
of an increase in network interconnectivity and
an increase in distributed generation. The SFCL,
which is characterised by a small impedance at
nominal load accompanied by a fast increase of
impedance at the inception of a fault, is regarded
as an active measure to limit short circuit
current. The SFCLs compete with traditionally
employed passive options in the reduction of
fault levels on medium voltage busbars, which
increases the impedance of the network at both
nominal and fault conditions, e.g., the installation
of series air core reactors or high impedance
transformers. There are predominantly three
types of SFCLs that are used in power systems,
namely shielded core, saturated iron core, and
resistive.

11 The shielded core superconducting fault
current limiter

The shielded core superconducting fault current
limiter was the first SFCL to be constructed and
sucessfully tested. It was installed in a power
plant in Switzerland in 1996, which was only ten
years after the initial discovery of high
temperature superconductors. This type of
SFCL is often referred to as an inductive fault
current limiter because of the inductive coupling
between the system and the superconductor.
Figure 1 represents the adaped functional
diagram of a shielded iron core SFCL.

The induced current in the shorted super-
conducting coil balances the ampere turns of the
primary winding during normal operation,
ensuring a low impedance. The superconducting
coil effectively shields the iron core from the
primary winding because of the Meissner effect,
resulting in negligible flux in the iron core. When
a fault occurs, the super-conducting coil
quenches to a normal phase and no longer

shields the iron core, resulting in an immediate
and drastic increase in network impedance that
limits the fault current. This ‘self-triggering’,
along with the non-requirement of current leads
and the relatively short length of superconductor
required, is one of the major advantages of this
type of SFCL. The entire device is, however,
characterised by its large volume and weight and
is therefore not actively pursued as a viable
alternative for medium voltage alternating
current applications. It is being developed for use
in high voltage direct current (HVDC) grids and
has emerged as the most likely candidate for
commercialisation and application in HVDC
grids owing largely to its superior recovery
characteristics and low energy dissipation (Wei
et al., 2019).
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Figure 1: Diagram of a shielded iron core
superconducting fault current limiter
(Cigre Working Group A3.10, 2003).

1.2 The saturated iron core superconducting
fault current limiter

One of the significant advantages of the
saturated iron core superconducting fault
current limiter is that its functionality is not
dependent on superconductor quench and it
therefore has a much reduced recovery time and
longer operational life than other SFCLs.
However, like the inductive SFCL, it has a large
volume and weight, and is considered for use
mainly on high voltage networks, eg., a 300
MVA unit that was recently installed on a 220-
kV network in China (Xin et al, 2012). Figure 2
is a representation of a single phase of a
saturated iron core SFCL that has been adapted
from Niu et al. (2014). This SFCL has two iron
cores for each phase which are both excited
alternating current (AC) coils (from the grid) and
a superconducting direct current (DC) coil.

A superconducting DC coil, during normal
operation, saturates the iron core and the
voltage drop across the AC copper coils is nearly
zero. During a fault, however, the super-
conducting coil is switched off, allowing the volt-

20 Journal of Energy in Southern Africa » Vol 31 No 2 « May 2020



Power grid AC Coils
[ | [
LU T
Iron =» L
Cores DC Coil
Switch \ <—Energy release circuit
AC Source

Figure 2: Schematic diagram for a single phase
of a saturated iron core superconducting fault
current limiter (Niu et al., 2014).

age drop across the two AC windings to rise
sharply, thereby limiting the fault current by
appearing as reactors. The most recent
advancement in this technology was made in
China, where a construction and testing of a
500-kV saturated iron core superconductive
fault current limiter was recently completed
(Liang et al, 2018). It contains the largest
constructed high temperature superconductor
coil to date with an inner diameter of 1 940 mm
and an outer diameter of 2 040 mm. Although
these devices are not yet economically feasible,
the research and development attained during
their construction and subsequent testing is
invaluable to the superconductor field of study.

Normal State

1.3 The resistive superconducting fault current
limiter

The resistive superconducting fault current
limiter is the most popular SFCL configuration
to solve the problem of increasing fault levels,
because of its more compact size in comparison
with other SFCL technologies and its appli-
cability at ‘medium-voltage’ voltages (Barzegar-
Bafrooei et al, 2018). During normal operation
the total full load current flows through the
superconducting tape and therefore presents a
very small impedance to the network. When a
fault occurs, the superconductor quenches
rapidly and this results in an almost
instantaneous inclusion of additional impedance
to the network. The resistive SFCL is often
installed, as shown in Figure 3, with a shunt
reactor connected in parallel to it as a protective
measure and to improve the service life of the
device. In this example, during a fault, the fault
current flows through the reactor instead, which
then generates a magnetic field. This field is
utilised to activate the vacuum interrupter
connected in series with the superconducting
tape, thereby allowing most current during a
fault to flow through the shunt reactor. This
ensures that the superconducting tape is only
exposed to the full short circuit current for a
very limited time.

The first resistive type SFCL, CURL10, was
successfully tested in 2003 for one year within
the distribution grid of Rheinisch-Westfalisches
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Figure 3: The operating principle of a resistive type superconducting fault current limiter
(Jin et al., 2016).
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Figure 4: Lifecycle cost of fault management options for a South African case study

(Khan et al., 2017).

Elektrizitatswerk in Germany (Noe et al., 2005).
The CURLI0 system then passed a further long-
term test proving its reliability and safe
operation at Forschungszentrum Karlsruhe,
(Baden-Wurttemberg, Germany, 49°00'34"N
824'42"E) from 2005 to 2007. Since then,
resistive SFCLs have been installed and tested at
various laboratories and substations throughout
the world and could be considered the most
commercially mature SFCL. However, the
installed cost of the SFCL, which is driven
predominantly by the price of the super-
conducting tape utilised, remains its main
impediment to viable consideration. A recently
published South African case study (Khan et al,
2017) has shown that even when one considers
total lifecycle costs the more energy efficient
SFCL would still not be considered a viable
option when compared with traditionally em-
ployed options. This case study, however, did not
consider carbon tax penalties, the higher cost of
electricity in some parts of the world and the
available space in a substation yard. The total
lifecycle costs associated with this case study are
presented in Figure 4, where the initial purchase
price of the resistive SFCL is shown to be the
major obstacle to its financial viability. As an al-
ternative, development of a novel superconduct-
ing series reactor (SSR) is proposed, which could
potentially achieve the desired fault level reduc-
tion required, yet at a reduced lifecycle cost.

The SSR is fundamentally a superconducting
coil that would be more efficient than a series air
core reactor as it would have less losses at-
tributed to Joule heating i.e. 1R’ losses. The de-
termination of AC power loss is important for
any grid-connected device. Research that im-
proves upon this is ongoing in new and innova-
tive ways (Dai et al, 2014, Se et al, 2011). The
cost of the SSR would be significantly less than
the resistive SFCL solution because it is designed
to use less superconducting tape.

1.4 Justification for a superconductor-based se-
ries reactor

This paper investigated the unique concept of
making a series reactor superconducting, that is,
the development of a SSR, which is essentially a
series reactor that is wound with superconduct-
ing tape as opposed to copper wire. Unlike a
SFCL where quenching is a functional require-
ment, the SSR would remain in a superconduct-
ing state during both normal and fault operation.
This would be achieved by utilising enough su-
perconducting tape to ensure that the device
would not quench when exposed to a momen-
tary rise in current during a fault. A shunt re-
sistance across the SSR, which would be effec-
tively shorted during normal operation, could
also be utilised to further protect the device. This
design philosophy would utilise less supercon-
ducting tape than a SFCL.
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The winding of a reactor using superconduct-
ing tape that would not quench during a fault
has become realisable due to the recent current
density improvements of superconducting wire,
as illustrated in Applied Superconductivity
Centre (2018). Research into the use of parallel
superconducting tapes which effectively in-
crease the combined current carrying capability
of a superconducting wire (Honda et al, 2017,
Sagawa et al, 2019), has also contributed to this
development. The total lifecycle costs for the se-
ries reactor and the SFCL in Figure 5 are as de-
termined in the case study undertaken in Khan
et al. (2017). The blue dashed line in Figure 5
represents the calculated lifecycle cost of a SSR
needed for it to be considered a viable alterna-
tive to a series air core reactor.

It was assumed that the efficiency of the SSR
was four times better than that of the series air
core reactor. Using this assumption and the as-
sumptions made in the earlier case study (Khan
et al, 2017), one may determine the maximum
initial investment cost of the SSR, which in this
scenario would be USD 386 917. Any improve-
ment in efficiency for the SSR would therefore
result in an allowable increase in the capital in-
vestment cost of the SSR or make the SSR more
financially viable.

2. Material and experimental

The cost and technical complexity of a proto-
type SSR necessitated the construction, initially,
of a desktop prototype. This scaled prototype
would confirm functionality and efficiency; and
guide the design and construction of the large-

Air Core Reactor

$2 000 000

scale grid connected prototype. The construc-
tion and testing of this desktop SSR has been
published and has been included in this study for
continuity (Khan et al., 2020).

2.1 Construction of a desktop superconduct-
ing series reactor

The coil measured 110 mm and 122 mm in width
and height respectively, and comprised 17 turns
wound around a hollow epoxy resin former (Fig-
ure 6(a)). It was wound using a single layer of 4
mm (Re)BCO superconducting tape that had a
minimum critical current of 146 A. The 10 mm
high copper ‘caps’ were utilised to facilitate the
attachment of the superconducting tape by sol-
dering and its subsequent connection to the ex-
ternal experimental power circuit. Figure 6(b)
shows the support structure that was built using
an epoxy resin former to mount the reactor dur-
ing the experiment.

For the functionality tests, the desktop SSR
was compared with a geometrically identical re-
actor that was wound using 3.15 mm insulated
copper wire. The double-walled tank that was
designed and constructed for this device was
manufactured from Grade 316 stainless steel and
was hermetically sealed to ensure that the liquid
nitrogen did not leak through the weld seams of
the tank and that the effect of the environmental
power loss was reduced. Additional thermal in-
sulation was added between the two cylinders
that made up the tank to further reduce the
power loss. As shown in Figure 7, the current
bushings and the pressure relief valve were in-
stalled on the lid of the tank that was sealed after
the liquid nitrogen was introduced into the tank.

= = Resistive SFCL =SSR
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Figure 5: Viable total lifecycle cost of SSR in comparison to other fault mitigation devices.
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Figure 6: (a) Three dimensional rendering of the desktop superconducting series reactor

showing the copper ‘end-caps’; (b) constructed desktop superconducting series reactor
showing support base.

Figure 7: Liquid nitrogen tank showing
nitrogen gas outflow pipe, pressure relief valve
and current bushings.

2.2 Superconducting series reactor functional-
ity verification
After construction, the electrical integrity of the
coil and its ability to remain in a superconduct-
ing state throughout the experiments were first
confirmed. The critical current of the supercon-
ducting tape utilised is 146 A and it was con-
firmed that the critical current criterion of 1
uV/cm was not exceeded up to a current of 120
A. This was the maximum current that could be
supplied from the Oxford Instruments Mercury
iPS DC Power supply that was used. This con-
firmed that the construction (winding, soldering

(b)

and attachment) of the SSR was successful. To
confirm that the SSR would function as in-
tended, the following requirements were verified:
e that the fault current reduction for the
SSR was equitable to that achieved with
a traditional series reactor; and
e that this functionality was achieved
whilst utilising less continuous operating
power.

The first requirement was achieved by subjecting
the SSR to a fault current and comparing the
fault current reduction with that achieved with
a traditional series reactor. The second require-
ment was achieved by comparing the resistive
power loss of the SSR with the copper equiva-
lent reactor at three different currents (15 A, 20
A and 25 A). This was reported in detail in Khan
et al. (2020) and Figure 8 confirms that the desk-
top SSR functioned as envisaged.

As is clearly illustrated in Figure 8, the fault
current magnitude (236 A) was considerably and
equivalently reduced with the introduction of ei-
ther the SSR (68 A) or the copper equivalent re-
actor (72 A). Figure 9 also confirms that the re-
sistance of the equivalent copper reactor was
more than four times greater than that of the
SSR for varying load currents. This result sup-
ported the concept that utilising a SSR would
result in reduced system losses when compared
to a traditional copper air core reactor.

Although the reduction of the resistive com-
ponent of the inductance was considerable, this
would not result in a large impedance reduction
for the total device, as the impedance of a reac-
tor is dominated by its inductance, which re-
mains constant for both devices. However, as the
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Figure 8: Comparative reactor response to fault inception
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Figure 9: Comparative reactor resistance for given load currents
(Khan et al., 2020) (where SSR = superconducting series reactor).

reactor is a passive device and continuously con-
nected to the network, any improvement in effi-
ciency would have an impact on the system
technical losses and by extension the operating
cost of the device and its total lifecycle assess-
ment.

2.3 Power loss measurement

As the long-term power loss would be a key fac-
tor during the trial phase of the prototype SSR,
a suitable method to determine this would need
to be determined. There are primarily three
commonly used measurement techniques uti-
lised when determining the AC power loss of a
superconducting device or experiment : the
magnetometer method, the electrical method,
and the calorimetric method.

Each has distinct benefits and disadvantages
and all are applicable to the full range of super-
conducting power applications. Selection of the
appropriate method to utilise for AC power loss
would depend on the size/complexity of the de-
vice and the sensitivity/accuracy required. The
magnetometer method measures hysteretic loss

in the presence of DC or a low sweep-rate mag-
netic field. It requires sensitive equipment, i.e., ei-
ther a superconducting quantum interference
device (SQUID) or a vibrating sample magne-
tometer (VSM). This method is, therefore, better
suited to measure small samples or experiments
conducted specifically under laboratory condi-
tions. As the electrical method was used to de-
termine the power loss in Figure 9, it was de-
cided that the calorimetric power loss method
would be further investigated to determine
which method would be utilised during the trial
phase of the prototype. The present study was
interested in the total AC power loss of the SSR,
as this information could be used to optimise the
construction of the grid-connected SSR. It could
also be used to determine the amount of liquid
nitrogen required for the trial phase and the
specifications for the cryocooler when required
for long-term grid installation. The calorimetric
method could involve either the measurement of
cryogen boil-off or the temperature increase of
the sample. In this experiment, the nitrogen boil-
off that resulted from heating of the coil because
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of electric current flow in the desktop SSR was
measured. The heat input of the surrounding en-
vironment was also measured. The amount of
gas measured was, therefore, indicative of the to-
tal power loss of the device and not just the
power loss of the coil. In Equation 1 (Okamoto
et al, 2006), the AC power loss, W in watts is
calculated from the gas flow rate, Q in I/s.

W =249 x 102Q273/1(1+ 7/, 04) @

where T is the gas temperature in Kelvin and P
is the differential pressure measured at the gas
meter in mmH20.

2.31 Experimental set-up

The experiment to confirm the suitability of the
calorimetric method, involved energising the
SSR to varying currents and then allowing it to
first stabilise. Thereafter, the flow rate of nitro-
gen gas that exited the test chamber was meas-
ured using a gas flow meter and recorded. It is
given that 1 Watt of dissipated power provides a
gas flow rate of 258 ml/min at standard temper-
ature and pressure (Coletta et al, 1999). Using
this, the power loss of the experiment was cal-
culated and compared with the power loss as de-
termined electrically by computing the product
of the corresponding current and voltage meas-
ured across the coil. The validity of using the cal-
orimetric method to measure AC loss for a su-
perconducting device was confirmed using the
experimental set-up presented in Figure 10.

2.32 Results of the calorimetric method experiment
The results of this experiment are presented in
Figure 11, which shows that the calorimetric
method tracked the measurements obtained us-
ing the electric method. One of the requirements
of the calorimetric method was for the tank to
be hermetically sealed to ensure that all the gas
was expelled via the gas flow meter. A drawback
of this method is that it does not measure in-
stantaneous surges very accurately. The use of
the calorimetric method of power loss determi-
nation would be favoured for the prototype SSR
as it has been shown to be effective in determin-
ing the total AC power loss, it does not impose
a limitation on the shape and size of the coil, and
it is insensitive to electromagnetic noise.

One identified modification for the construc-
tion of the prototype SSR is that a secondary
chamber, which is open at the bottom, be in-
stalled over the superconducting coil inside the
cryogenic tank. This would allow for an increase
in measurement sensitivity as the nitrogen bub-
bles around the coil would be locally contained.

3. Prototype SSR design

The functionality of the SSR has been confirmed
with the construction and testing of the desktop
SSR. The prototype was designed for application
on a 22-kV medium voltage distribution network,
as it is common practice to build both 11-kV and
22-kV medium voltage networks to a 22-kV
equipment standard. This facilitates voltage up-
grade projects that may be required in the future.

Current
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Figure 10: Experimental set-up for calorimetric method experiment,
(LN2 and N2 = liquid nitrogen and nitrogen gas respectively).
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Figure 11: Comparison of calorimetric with
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3.1 Determining the superconducting series
reactor inductance

When the desired fault current is known, the re-

actance required for a current limiting reactor is

given in (2) .

Xer = Vi [(I/ISCA)\/_E(l/ISCB)] (2)

where Isca and Isc represent the desired and
existing short circuit current values (KA) respec-
tively and ViL represents the system voltage in
kV. In a typical 22-kV distribution substation,
the equipment is rated to a maximum of 25 kA
. It is therefore necessary to reduce the fault level
to be significantly below 25 kKA to remain within
equipment specifications to reduce transformer
inrush current (Seo et al., 2010) and/or improve
a network voltage imbalance (Huh et al., 2013).
Hence, it was decided that a reactor would be
designed to correspond with a fault level reduc-
tion from 25 kA to 10 kA on a 22-kV network.
To achieve this reduction using Equation 2, it
was determined that a coil with an inductance of
243 mH would be required.

3.2 Superconductor coil design

The main motivation for the design of SSR is to
reduce the capital cost of a superconducting
fault management device by utilising signifi-
cantly less superconducting tape than the quan-
tity used in a SFCL. Recent designs of resistive
based SFCLs have reported using 1.65 km and
1.88 km (Schmidt et al., 2008; Martini et al.,, 2012)
of superconducting tape respectively in their
construction. During a fault, the superconducting
element of the superconducting tape in a resis-
tive SFCL quenches and the voltage is distrib-
uted across the substrate of the superconducting
tape. The amount of superconducting tape re-
quired is therefore calculated to ensure that the
substrate can dissipate the energy created by the

fault without catastrophically failing. The SSR
has been designed to be wound with three 12
mm wide (RE)BCO-based 2G high temperature
superconductor tapes connected in parallel. This
is the widest commercially available supercon-
ducting tape and has a rated minimum critical
current of 360 A (self-field). This configuration
would ensure that the SSR is rated to carry the
normal load current and the expected fault cur-
rent at the initially proposed test site.

Both the design of a thin walled solenoid and
the design of a pancake coil were considered to
achieve the desired reactance to reduce the fault
level. The general dimensions given in Iwasa
(2009) for a superconducting coil may be used to
determine the inductance of various supercon-
ducting coil designs. The major parameters de-
fining a coil containing no ferromagnetic mate-
rials are the internal diameter (a1), the outer di-
ameter (az), the height (2b) and the number of
turns (IN). The self-inductance for the coil, L, may
be determined by Equation 3, where o = az/as
and B = b/ai. These parameters are dimension-
less and serve to describe the shape of the coil.
The self-inductance for a pancake coil (a>>1)
may be approximated using Equation 4.

L= mpa,N 20, ) 3)

L ~0.5z,a,N? (4)

For a solenoid, where g-1, the inductance pa-
rameter, l(o,8), required in Equation 2 is deter-
mined by Equation 5, and the inductance param-
eter (), for a thin walled long solenoid (« =1 and
p—oo) reduces to Equation 6.

 (ra)
P =554 08) (5)

Vs
f(ﬂ) = ﬁ (6)

The total helical length of superconducting
tape used in the construction of the reactor was
one of the main parameters considered for the
design of the coil. Other parameters considered
were the overall tank dimensions, the medium
voltage bushing spacing and the basic insulation
level for substation equipment installed on the
South African power grid. For the configurations
considered, the thin-walled solenoid and pan-
cake coil yielded a maximum inductance per unit
length of 13.77 pH/m and 3.64 pH/m respec-
tively. It was therefore decided that a thin-walled
solenoid would be used in the prototype SSR.
The characteristics of the prototype SSR are
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given in Table 1 and were determined using the
generalized reduced gradient nonlinear optimi-
sation algorithm. The algorithm was configured
to optimise the length of superconducting tape
for the required inductance. The design of the
prototype SSR would require a total of approx-
imately 530 m of superconducting tape. This
would be a significant reduction from the length
typically required for resistive SFCLs installed
on medium voltage networks, i.e. 1.65 km and
188 km respectively (Schmidt et al, 2008;
Martini et al., 2012).

The coil for the prototype was designed using
a single layer of superconducting tape, as this
would be less complex to construct than a coil
with multiple layers, and was adequate for this
stage of the development. A Brook’s coil with an
inductance of 243 mH and an internal diameter
of 0.2 m would theoretically yield an inductance
per unit length of 39.63 uH/m, which repre-
sented a more optimum solution with regards to
inductance per unit length , but this comes with
significant complexity during construction.
There would be scope for further reduction of
the physical footprint of the SSR in future de-
velopments of the device if the use of multiple
layers of windings is considered. This is further
encouraged when one takes in account the rela-
tively small bending radius of the superconduct-
ing tape when compared to copper conductors.

The coil has been designed to be wound in a
single layer on a hollow former manufactured
from G10 epoxy resin, which is an industrial lam-
inate composed of a continuous filament glass
cloth material with an epoxy resin binder. The
coil would then be encapsulated with an epoxy
resin which is thermally conductive and electri-
cally insulative. The technical parameters for the
SSR would be similar to those determined for
traditional current limiting reactors as specified
in IEC 60076-6:2007.

3.3 Tank dimensions for prototype supercon-
ducting series reactor

The tank that houses the SSR would be manu-
factured from a high chromium-containing cor-
rosion resistant stainless steel (316SS). The di-
mensions of the tank would be determined by
the insulation thickness, the coil dimensions and
the dielectric breakdown strength of air and lig-
uid nitrogen. A BIL of 150 kV (Un) was used,
however a safety factor (SF) of 2 was also incor-
porated as this is a prototype device and optimi-
zation of the tank size was not a consideration
at this stage of the development. Not taking into
account the small layer of air between the top of
the tank and the level of liquid nitrogen, the
equations used to dimension the tank are pro-
vided in Equations 7(a) and 7(b).

Tankueight= 2(T1) + 2az2 + SF x 2(Un/Emax 1.N2)
7(a)

Tankwidgth = 2(T1) + 2b + SF x 2(Unm/ Emax 1.N2)
7(b)

The superconducting coil would be posi-
tioned on its horizontal axis, hence the coil di-
ameter (Z2az) and height (2b) have been trans-
posed in the equations to determine the tank
height and width. A value of 3 kV/mm was used
as the AC breakdown voltage of air, (Emaxin)-
The liquid nitrogen in the tank is used to not
only cool the superconducting coil but also to
provide electrical insulation. This is, however, in-
fluenced by pressure and the presence of nitro-
gen gas bubbles. Based on research in Fink et al.
(2014), the AC breakdown voltage of liquid ni-
trogen (Emax(Ln2) was conservatively estimated at
10 kV/mm for the design of the SSR tank. ‘Tr
represents the insulation thickness of the vac-
uum jacket in equations 7(a) and 7(b). The dimen-

Table 1: Coil characteristics for prototype SSR.

Coil characteristic  Symbol  Value  Units
Outer diameter 2az 0.85 m
Height 2b 0.86 m
Number of turns N 66 number
Rise of helix in 1 revolution 13 mm
Total helical length T 176.2 m
Inductance L 243 mH

Key

2a, - internal diameter

\_/ 2b
2a, - outer diameter
\—/ ®

- length

2a
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sions of the tank were, therefore, calculated as
having a width of 112 cm and a height of 120
cm. The vertical bushings required to connect
the system voltage to the coil housed within the
tank  would conform to International
Electrotechnical Commission (2008) by having a
creepage of 31 mm/kV, as the research site has
been classified as a high pollution area on ac-
count of its proximity to the ocean. The tank
would also be instrumented with a range of sen-
sors to measure the temperature and current at
critical locations and voltage taps. Figure 12
shows the proposed general arrangement of the
prototype SSR.

Pressure
Relief

MV
Bushing

Cryogen __|I
Feed |

High Current

120
Copper Lead em

Thermally
Insulated
Tank

A

N

>

112 cm

Figure 12: General arrangement of the
prototype superconducting series reactor.

Isolator

e

Figure 13: Eskom Doornkop research test site
in KwaZulu-Natal, South Africa.

34 Cost of the prototype superconducting
series reactor
The material cost for the prototype SSR has
been estimated to be approximately USD
120 000 per phase. The major contributor to
that cost (approximately 65%) was for the su-
perconducting tape that is required for the su-
perconducting coil. Other significant costs in-
cluded the vacuum jacket within the tank to re-
duce heat loss from within the device and the
G10 epoxy resin which would be used as a for-
mer for the coil. Figure 5 determined the maxi-
mum allowable capital investment cost for an
SSR that is four times as energy-efficient as a
traditional air core reactor to be USD 386 917,
and this compares well to the estimated cost of
the prototype SSR.

4. |Installation at a grid-connected
research site
4.1 Overview of Doornkop research test site
The purpose of the Eskom Doornkop research
test site, shown in Figure 13, is to test various
public safety-related protection and detection
measures, including the detection of high imped-
ance faults caused by downed conductors and
the fast detection and clearance of human and
animal contact with low-hanging conductors.
This test site was commissioned in 2016 and
is energised via an Eskom 22-kV distribution
network (Doornkop NB10) in KwaZulu-Natal,
South Africa. With a few minor design modifica-
tions one would be able to also utilise the exist-
ing research site to test the prototype SSR. This
would allow for the testing of the device in a re-
alistic and representative environment and to
also allow for long term studies into key critical
aspects such as electric power loss and cryogenic
performance. The total cost of this modification
is approximately USD 4 000 and is primarily for
the installation of an additional isolator to allow
the SSR to be bypassed, when required. The site
is also equipped with control and measurement
equipment to allow for remote monitoring and
control.

4.2 Advantages for initial prototype testing at
Doornkop research test site

The real advantage for evaluating the supercon-
ducting series reactor at the Doornkop test site
is the ability to control the application and mag-
nitude of network faults. The capability to con-
trol every aspect of the fault (phase, multiple
phase, fault current and fault duration) is a sub-
stantial benefit over testing the device in the ac-
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tual grid, where faults are uncontrolled and oc-
cur incidentally. At Doornkop, faults can be ini-
tiated when required and this would have no im-
pact on existing customers. The magnitude of
the fault level at the research site is flexible and
may be varied by controlling the fault impedance
in the test area where the conductor/s is
grounded to simulate a fault. This is beneficial if
one considers the fluctuating fault level contri-
bution from the rotating machines associated
with distributed generation installations (Berry
et al, 2013).

The fault level at the research site is compar-
atively low (0.9 kA) when compared to the fault
levels at traditional urban distribution substa-
tions. Therefore, the reduction in fault level at
Doornkop research site after installing a 2.43
mH reactor is comparatively small. Although
small, this reduction in short circuit current will
be measured without difficulty as the research
site is equipped to measure current to within a
resolution of 10 mA. Reticmaster® is an electri-
cal power analysis software design tool. It was
used to verify the reduction of fault current at
the Doornkop research site when the 243 mH
reactor is installed. The results from Reticmas-
ter® are presented in Figure 14 and indicates a
fault reduction of 30 A.

This is clearly not the ideal site to test the
fault reduction capability of the SSR, but the use
of a series reactor to reduce fault levels is a well-
established technology . The installation of this
novel prototype superconducting power device
at this site allows for further investigation into
the operating power loss (both thermal and elec-
trical), the effect of auto reclose cycles on the su-
perconductor, and the quench dynamics and be-

haviour when multiple superconducting tapes
are connected in parallel. After this initial phase
of research and testing is complete, it is envis-
aged that the SSR would be subjected to the ap-
plicable type tests at a high voltage test labora-
tory. These tests would be similar to those used
in the specification for traditional air core reac-
tors . After successfully completing these tests,
the SSR would be installed at a location on the
network that has a high fault level, for a long-
term pilot study.

5. Conclusion
This paper has investigated the novel alternative
of a superconducting series reactor (SSR) in the
management of distribution fault levels, essen-
tially as an equivalent for a traditional air core
reactor. The advantage of the SSR over the air
core reactor is that it would be more energy ef-
ficient, carbon emission friendly and designed to
potentially occupy a smaller footprint in the sub-
station yard. The first phase of this development
was the construction and testing of a desktop
SSR. Earlier experiments confirmed the func-
tionality of the desktop SSR, with regards to
fault current reduction and power efficiency
(Khan et al., 2020). The calorimetric method of
power loss determination was investigated in
this paper and found to be comparable with re-
sults obtained using the electrical method.
Design parameters for a prototype SSR that
would reduce the fault current on a 22-kV net-
work from 25 kA to 10 kA were determined.
These were then used to calculate the material
cost of the prototype SSR. Due to a reduction in
the length of superconducting tape required, the
cost of the SSR was significantly lower than that

909.4
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2.43 mH Reactor
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Figure 14: Simulated fault current plot for ‘Doornkop NB10’ confirming the reduction of fault
current at the Doornkop research site by introducing the SSR.
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of a resistive superconducting fault current lim-
iter. The SSR cost was also below the maximum
initial investment cost required to make it finan-
cially viable as a fault current mitigation device.
It was also proposed that the prototype SSR un-
dergo its initial phase of testing at the Doornkop
research test site. This is an established grid-con-
nected research site that would allow total con-
trol of fault current application, with no impact
on customers.

Some of the future concepts still to be ex-
plored are the space reduction achievable with
the SSR in a substation yard when evaluating
various methods of fault level reduction, and the
construction of the superconducting coil using
modular components, thereby facilitating
maintenance and scalability.

The modification of the existing Doornkop
research site so that it could be used for applied
superconductivity research is a significant mile-
stone in the effort to adopt superconducting
power devices on the grid. Although this paper
focuses on the novel development of the SSR
concept, the required modifications could just as
easily be used to evaluate other superconducting
power devices.
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