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Abstract: Utilizing renewable energy sources (RESs) to their full potential provides an opportunity
for lowering carbon emissions and reaching a state of carbon neutrality. DC transmission lines have
considerable potential for the integration of RESs. However, faults in DC transmission lines are
challenging due to the lack of zero-crossing, large fault current magnitudes and a short rise time. This
research proposes using a superconducting fault current limiter (SFCL) for effective current limitation
in PV-based DC systems. To properly design an SFCL, the present work investigates the effect of
copper stabilizer thickness on SFCL performance by using an accurate multilayer thermoelectric
model. In the MATLAB/Simulink platform, the SFCL has been modeled and tested using different
copper stabilizer thicknesses to demonstrate the effectiveness of the SFCL model in limiting the
fault current and the impact of the copper stabilizer thickness on the SFCL’s performance. In total,
four different thicknesses of the copper stabilizer were considered, ranging from 10 pm to 80 pm.
The current limitation and voltage profile for each thickness were evaluated and compared with
that without an SFCL. The developed resistance and temperature profiles were obtained for various
thicknesses to clarify the mechanisms behind the stabilizer-thickness impact. An SFCL with an 80 um
copper stabilizer can reduce the fault current to 5.48 kA, representing 71.16% of the prospective
current. In contrast, the fault current was reduced to 27.4% of the prospective current (2.11 kA) when
using a 10 pm copper stabilizer.

Keywords: solar farm; DC transmission lines; superconducting fault current limiter (SFCL);
copper stabilizer

1. Introduction
1.1. Background and Motivation

Several nations consider achieving a state of net-zero carbon dioxide (CO,) emissions
by balancing CO, emissions with their removal to be an environmental goal [1]. By 2050,
the European Union intends to dramatically decrease greenhouse gas emissions towards
net zero. This goal is essential to the European Green Deal [2] and the EU’s global climate
action under the Paris Agreement [3]. In October 2020, Japan also established a long-term
objective of net-zero emissions by 2050 [4]. Intending to combat climate change and reach
net-zero emissions, the Kingdom of Saudi Arabia has created several projects and initiatives.
The Saudi government has set a goal of producing 58.7 GW of renewable energy by 2030,
focusing on photovoltaic (PV), wind, and concentrated solar power (CSP). This target was
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announced in January 2019 as part of the “Saudi Vision 2030” [5,6]. Moreover, from 2030,
the “Saudi Green Initiative” will generate 50% of the Kingdom’s power from renewable
energy sources to attain net-zero emissions by 2060 [7,8].

Despite the extensive use of renewable energy sources reducing greenhouse gas emis-
sions, cleaning the air, and contributing to carbon neutrality, there are certain obstacles. The
infrastructure for renewable energy productions on a massive scale, such as solar farms, is
often positioned far from the demand regions because it requires a great deal of space [9].
Therefore, large power losses occur in AC transmission lines. Recent interest in DC trans-
mission lines has increased because they may be technically and economically more viable
for a variety of reasons [9,10]. For example, DC transmission cables are protected from the
skin effect and have substantially lower corona losses, with the losses suffered by DC trans-
mission lines over long distances far lower than those of AC transmission lines [9,10]. From
the renewable energy integration viewpoint, DC transmission lines are both technically
and economically feasible [11-13].

Nevertheless, there are several challenges regarding DC transmission lines, including
the absence of zero-crossing points, large fault magnitudes, and rapid rising times [14,15].
When DC transmission lines are fed from PV-based DC systems, the fault response is much
faster than that of wind-energy-based DC systems [16] due to the low inertia of PV-based
DC systems fed by DC-DC converters [17]. This has driven a significant field of study to
improve the effectiveness of DC transmission protection and shorten the working duration
of current DC circuit breakers [18]. The fundamental issue with DC protection systems is
the delay between the fault occurrence and its clearance, which may be overcome by using
SFCLs [19,20]. The SFCL can provide a solution to the DC fault problem by allowing fast
and effective current limitation [21-23]. Such benefits are considerable for the operation of
DC transmission lines, where system reliability is essential.

1.2. Literature Review

Here, we present an overview of PV systems, followed by an introduction to DC power
systems and transmission lines. Finally, superconductivity and the corresponding SFCL
devices are discussed as an effective solution to limit the large fault currents encountered
in DC systems.

The main factor responsible for climate change and global warming is greenhouse
gas emissions [24,25]. The continuous increase in global temperature is regarded as one
of the greatest threats to human health and future generations [26]. To tackle this issue,
policy makers agreed to keep global warming below 2 °C at the COP 21st conference in
Paris; this agreement is known as “The Paris Agreement” [27]. One solution to achieve
this goal is reducing greenhouse gas emissions by deploying large-scale renewable power
generation sources, including solar power generation [28]. There are two types of solar
power generation: PV power generation and CSP generation. CSP generation use mirrors
to collect the sun’s heat and send it to a receiver to generate steam. The steam is used by
turbines connected to power generators to produce electricity. PV systems convert the
sunlight to a DC current through PV cells [29]. PV systems have a simpler design and lower
maintenance costs compared with CSP systems [30]. Several countries have long-term
goals in generating their electricity from PV systems. The Kingdom of Saudi Arabia set a
goal in 2019 to generate 40 GW from PV systems by 2030 [5,6]. By 2030, China’s long-term
goal is to produce 25% of its needed energy from non-fossil energy sources, accumulating
up to 1200 GW from wind and PV systems [31]. The United States” renewable electricity
generation represents 21%, and it intends to increase this percentage to 44% in 2050 [32]. In
total, 51% of the targeted 44% will be produced by solar energy [32].

PV projects can be one of the primary methods to assist countries to achieve sustainabil-
ity in general, as well as the sustainable development goals (SDGs) of the United Nations
(UN). In 2015, all the UN members adopted the 2030 agenda for sustainable development,
which included 17 SDGs [33]. PV renewable power generators can be associated with
several of the 17 SDGs, including Affordable and Clean Energy (the 7th), Sustainable Cities
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and Communities (the 11th), and Climate Action (the 13th) [34]. SFCLs can support PV
systems operations in achieving the three SDGs above. This research investigates the SFCL
performance with PV-based DC systems. The SFCL can be used as a protection device with
PV projects to give a solution to the DC faults problem in the PV systems by providing fast
and effective current limitations. Such benefits are significant for the safe operation of PV
systems and DC transmission lines, where system reliability is essential.

During the last few decades, DC power systems have gained a considerable amount
of attention and investigation from academic and industrial institutes. The primary
motivation behind this shift can be attributed to the spread of decentralized renewable
energy sources, the rapid advancements in power electronics (including the increased
accessibility of DC-DC converters), and the growing need for DC loads [35]. In comparison
to AC power systems, DC ones are superior in terms of efficiency, reliability, and ease
of control [14,36]. In addition, DC transmission lines could lessen the power losses that
occur along transmission lines because they are immune to the skin effect, making them a
potential candidate for reducing power loss. In the case of DC, there is also a discernible
reduction in corona losses. Compared with AC transmission lines, DC transmission line
losses are considerably smaller [9,10], especially over long distances. Despite the numerous
advantages of DC power systems compared with AC ones, their faults represent the main
challenge for grid operators due to the low inertia [22], large current magnitudes [16], and
lack of zero-crossings [14,37], requiring fast protection schemes and specific means for
fault current limitation. In this regard, an SFCL can provide an effective solution for such
a challenge.

The term “superconductivity” was first developed using liquid helium cooling to
obtain a temperature of 4.2 K [38] Currently, there are several applications for superconduc-
tivity in power systems. Superconductor tapes can be used to construct superconducting
electric machines for future electric aircraft [39,40], and they can also be used to build super-
conducting magnetic energy storage (SMES) with numerous applications [41], including an
SFCL. In normal operation, an SFCL has a negligible impedance due to the current flow into
its superconducting layer. This layer is mostly yttrium barium copper oxide (YBCO). Under
fault conditions, there is a sudden increase in the SFCL’s impedance due to the impedance
increase in the superconducting layer, forcing a considerable portion of the current to be
redirected to the stabilizer layer. This reduces fault damage and aids the protection system
so DC circuit breakers can be securely operated [19]. SFCLs support the DC circuit breakers
to operate at lower fault current levels, thus improving their operational durability [42,43].
The stabilizer layer strongly impacts the SFCL’s performance during fault scenarios [44].
An SFCL device is designed with yttrium barium copper oxide (YBCO) tapes [45]. YBCO
tapes mainly consist of four layers: YBCO, Hastelloy substrate, silver, and copper stabilizers
(Figure 1). During the superconducting state, the current passes through the YBCO layer.
However, whenever a fault occurs, the current surges dramatically, increasing the temper-
ature and resulting in a subsequent increase in the YBCO layer’s resistance, redirecting
a portion of the current toward the copper stabilizers. Accordingly, the tape’s developed
resistance during faults is highly dependent on how thick the stabilizer layer is, which
is very important if the tape is used as a current-limiting device [46,47]. The impacts of
different stainless steel stabilizer thicknesses on the SFCL’s performance were investigated
in [46]. Different superconductor tapes have been tested to understand the impact of the
stabilizer layer on the quench and recovery characteristics [44]. However, few studies that
investigate the impact of the stabilizer layer thicknesses on the SFCL’s performance have
been published, which is the main contribution of this paper.



Sustainability 2023, 15, 7372

40f 15

PV Arrays

Electroplating

Copper Stabilizer

Sputtering
Silver Overlayer

MOCvD
(RE)BCO - HTS (epitaxial)

IBAD/Magnetron Sputtering
Buffer Stack

Electropolishing
~0.2 pm Substrate

20 pm

Figure 1. SCS12050 superconducting tape materials [45].

1.3. Contribution

This paper investigates line-to-line faults in DC transmission lines fed from a solar
farm (Figure 2). It proposes a multilayer thermoelectric SFCL model to understand the
behavior of SFCL devices. The system performance is assessed when using SFCL with
different copper stabilizer thicknesses and is compared with the base case without SECL.
The impact of the different copper stabilizer thicknesses on the current-limiting behavior of
an SFCL is discussed.

DC/DC
Converters

Electric
DC/AC Utility
Inverter
Transmission Line
SFCL Y |
Fault {\l

Location

Figure 2. Structure diagram of the DC-system-based solar farm.

1.4. Organization

The remaining study sections are as follows: a system description is provided in
Section 2. DC system fault analysis is explained in Section 3. A detailed explanation of the
superconducting fault current-limiter model is given in Section 4. Section 5 extensively
analyzes the SFCL'’s performance when using different copper stabilizer thicknesses based
on several simulated case studies. Finally, Section 6 presents our concluding remarks from
this study.

2. System Description

The considered system in the present study comprises three main elements: a commu-
nity solar farm, DC transmission lines, and an SFCL device. The community solar farm has
a capacity of 2 MW, and it consists of eight 250 kWp PV arrays, as shown in Figure 2. Each
PV array’s output voltage is linked to the main DC bus via a DC/DC converter to boost
the voltage from 600 V to 3 kVDC. An inverter is then used to connect the DC bus to the
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AC utility grid. The resistance and reactance of DC transmission lines represent the most
important features in fault response. These parameters can be determined depending on
the size, length, and material of the cable using Equations (1) and (2):

L
Rey = Ocu Z 1

Lyires = Pl(;iir cosh™"! (%) -L ()
where the resistivity of copper is pc, and equal to 1.7241 x 10~8 Q.m at 20 °C, the length of
the cable is L, and the cable’s cross-sectional area is A. The cable inductance is calculated
as two parallel conductors, where one of the conductors is the return path for the other
wire. L is the length of the cable, which equals 2 km. The spacing distance of the wires
is s, which equals 16 mm. d is the wire diameter, which equals 13.82 mm. The perme-
ability is represented by 1 and ,. The cable size was chosen to be 600 mm? based on
Equations (1) and (2) to ensure low voltage drop and low power losses. In this paper, the
line-to-line fault occurs 2 km from the DC-DC converters. Based on Equations (1) and (2),
the cable resistance from the DC-DC converters to the fault location is 114.8 m(), while
its inductance is 0.44 mH. This system was modeled in a MATLAB/Simulink environ-
ment to analyze the fault response and investigate the impact of different copper stabilizer
thicknesses on the SFCL’s performance. The SFCL device will be discussed in detail in
Section 4.

3. DC System Fault Analysis

This section briefly introduces the DC fault analysis. The main variables that affect fault
current characteristics in DC transmission lines are the voltage magnitude, the capacitance
of the DC link, cable impedance, and grounding impedance [48,49]. DC faults in bipolar
systems often fall into one of two categories: line-to-ground or line-to-line faults.

The most dangerous category is the line-to-line fault because of the low line resistance
between the two lines and the high voltage between them. The line-to-ground fault is
less dangerous, although it commonly occurs in DC systems [50,51]. The line-to-line
fault, which has a greater fault current and presents a significant challenge for the used
switchgear, is the subject of this study. The schematic in Figure 3 depicts a line-to-line fault
for a single PV array [52]. More details and explanations pertaining to the DC fault analysis
can be found in [14,15].

NN N
R,
NN N
“ VAV AYAY FAYAVaVal
- RI L1
;_ DC/DC
Boast

c
Converter | i s
FAVAVAN Favavyl

Figure 3. Equivalent circuit of a line-to-line fault on the terminals of a DC-DC boost converter

connecting a single PV array [52].

4. Numerical Model

In the event of an electrical fault, an SFCL can reduce the fault current within mil-
liseconds using an internal mechanism, allowing the circuit breakers and switchgear to
continue functioning safely [43]. Resistive SFCLs (r-SFCLs) and inductive SFCLs (i-SFCLs)
are the two main types of SFCLs. Because the i-SFCL is heavier, more complicated, and
more expensive than the r-SFCL [53,54], this paper will focus on the r-SFCL.

R-SFCLs can be designed in different configurations, such as bifilar or multifilar
pancake coil types, to attain non-inductive structures where magnetic field cancelation is
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achieved [55,56]. When magnetic field cancelation is achieved, the inductance element is
reduced to a negligible value, and the resistive element becomes the r-SFCL’s dominant
element [47,57].

The r-SFCL’s behavior is governed by the superconductor tapes used in its construc-
tion. The r-SFCL device considered in this study is made of YBCO wires (SC512050, made
by SuperPower Inc.) [45] that are cooled to 77 K by LN,. Figure 1 shows the structure of
the superconductor tape layers, including their material and size. The r-SFCL’s behavior is
mainly controlled by the superconductor tape’s critical current density and critical temper-
ature. For the r-SFCL to operate in a superconducting state, the current (I) and temperature
(T) must be less than the superconductor tape’s critical current (I.) and temperature (T.),
respectively. In the superconducting state, the current flows through the YBCO layer,
exhibiting nearly zero resistivity.

Once the current exceeds the critical current, the YBCO layer’s resistivity sharply
increases, forcing the current to be diverted to the tape’s other layers (primarily the
copper stabilizer). Figure 4 shows an r-SFCL device’s electrical representation using
5CS12050 superconducting tapes. Equations (3)-(9) are used to compute the electrical
resistance of the superconductor tape’s layers. The YBCO layer’s resistivity can be calcu-
lated using Equation (3), where E is the standard electrical field and equal to 1 V/cm for
superconductors, and the N values for the YBCO tapes vary from 21 to 30 [58]. Equation (3)
is applicable when the current density increases beyond the critical current density of the
tape (Ic), while the temperature is still below the critical temperature (T.), which equals
93 K. The critical current density varies with temperature and may be computed using
(4), where ], is the critical current density at 77 K, the boiling temperature of LN, and
coolant. The exponent a is the density exponent and is equal to 1.5 [59]. Equation (4) is
only applicable for T, < T < T.. When the temperature rises above its critical threshold,
the YBCO layer’s resistance increases, forcing most of the current to be redirected to other
layers, mostly the copper layers. Equations (5)—(7) can be used to determine the copper,
silver, and Hastelloy layers’ resistivities with respect to the temperature, respectively, where
« is equal to 0.0038 per Kelvin degree, which is the temperature coefficient. The r-SFCL
resistance can be determined using Equations (8) and (9), where 1 is the tape length and A
stands for the cross-sectional areas of each layer.

R-SFCL
Device
. —--ﬁc;;l;e; ------ h
é RS ilver :

Input | i Output
Current | ' Current
7 Rygpco I
; R Hastelloy :

: R¢ opper :

Figure 4. R-SFCL device’s electrical representation using SC512050 superconducting tapes.

Because each layer has its own change in electrical resistivity with temperature, obtain-
ing an accurate resistance value for the complete r-SFCL necessitates the precise calculation
of the r-SFCL temperature. The superconductor tape’s temperature is computed using
Equation (10), where the tape’s net power is represented by Qs and can be computed using
Equation (11). Cp represents the heat capacity of the materials’ layers presented by Cp,. Ty, is
the LN, boiling point temperature, which equals 77 K. Py (t) and Peogling (1), respectively,
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denote the power consumed in the superconducting tape and the energy absorbed by the
cooler.

When a fault is cleared, Pcooling (t) reduces the temperature increases produced by the
fault and retrieves the tape’s superconductive state. Pyjgs(t) and Pegoling (t) are calculated in
Equations (12) and (13), respectively, where A is the surface area of the SFCL in contact with
LN, coolant. Different methods exist for creating a completely exposed SFCL area, which
are explored in papers [56,60]. The heat transfer coefficient i1 depends on the temperature
difference AT between the tape’s outside surface and the LN, coolant, in addition to the
pressure and heat capacity of LN,. Figure 5 is a flowchart illustrating the behavior of the
r-SFCL device with respect to current and temperature.

Start

Measure (I) & (T)

YBCO layer is
blocked.
IsI> 1, Current passes
Yes Yes through other
No No layers
- !
YBCO layer is
blocked. Yes Current passes
«—  Current passes |+ IsT>T, through all layers
through other based on Ohm
layers law
No
Current passes
through YBCO
layer
Figure 5. Flowchart demonstrating the behavior of the r-SFCL device concerning current

and temperature.

This article uses a 12 mm wide and 0.1 mm thick YBCO tape (SCS12050) [45]. In
total, four types of r-SFCLs are investigated in this work: the first contains an 80 um
copper stabilizer, and the second has a 40 pm copper stabilizer to increase r-SFCL resistivity,
as shown in Figure 1. The third and fourth have copper stabilizers of 20 and 10 um,
respectively. The tape’s critical current is 300 A. Thus, to construct an r-SFCL with a critical
current rating of 900 A, three parallel tapes are used. Table 1 shows the r-SFCL parameters.

PYBCO = ]cl(E;")(]c(]T) WNAT>Te, T< T 3)
_ (Te — T()"

Je(T) = Jeo ((Tc_To)u T, <T<T, 4)

pag = 0285 x 10781+ a(T — T,)] (5)
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peu = (0.0084 x T — 0.4603) x 108 (6)
OHast. = (1.333 x 10*“’) T +1.216 x 10~° @)
1 1 1 1 1
= — + + 8
Rsc Rypco Reu RAg RHustelloy )
where l
Ry =px—
x = Px A, )
1 rt
T(t) = To+ o [ Qult)dt (10)
pv0
Qsc(t> = Pdiss(t) - Pcooling(t) (11)
Piiss () = i(t)*Rec(t) (12)
Pcooling(t) =hA(T(t) - To) (13)

Table 1. The design parameters of the r-SFCLs.

Parameter Value
Critical current (A, single tape) 300
Total thickness (1m) 140/100/80/70

YBCO layer thickness (um) 1
Silver layer thickness (um) 3.8
Hastelloy stabilizer thickness (um) 50

Copper stabilizer thickness (um) 80/40/20/10

Width (mm) 12
Length of tape (m) 300

Rated voltage (kV) 3

5. Simulation Results and Discussion

The main three elements of this study, including the community solar farm, DC
transmission lines, and r-SFCL device, as illustrated in Figure 2, have been simulated to
explore the fault behavior of a solar farm’s transmission lines and test the performance of
the SFCLs with different copper stabilizer thicknesses. The line-to-line fault occurs 2 km
from the DC-DC converters. Based on Equations (1) and (2), the cable resistance from the
DC-DC converters to the fault location is 114.8 m(), while its inductance is 0.44 mH. Each
DC-DC converter’s capacitor is set to be 0.5 mF.

Four case studies were conducted and compared in this section to show the impact
of the copper stabilizer thickness on the SFCL’s performance. The first case study was
conducted with an 80 um copper stabilizer. Case study 2, a 40 um copper stabilizer, was
chosen because it is the same as the original tape, available commercially from SuperPower
Inc. (NewYork, NY, USA). Then, the SFCL was tested with 20 and 10 um copper stabilizers
in case studies 3 and 4, respectively. A line-to-line fault was applied at the specified fault
location at the instant of 1.0 sec for a duration of 10 msec.

5.1. Case Studies
5.1.1. Case Study 1 (80 pm Copper Stabilizer)

The fault current of the DC transmission lines is depicted in Figure 6a, with that of an
r-SFCL with an 80 pm copper stabilizer compared with that obtained without an r-SFCL.
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The blue line represents the fault current without an r-SFCL, which exhibited a peak value
up to 7.7 kA due to the discharge of the converters’ capacitors. However, the r-SFCL with
the 80 um copper stabilizer could limit this value to 5.48 kA, representing a percentage
reduction of 28.8%, as illustrated by the red dashed line in the same figure. Figure 6b shows
the voltage drop for the DC transmission lines with the 80 um copper stabilizer r-SFCL and
without an r-SFCL.

8

W/0 SFCL
————— SFCL 80 um

N
T

Current (kA)
=

N
T

0.98 0.99 1 Lo1 L02 103 L.04 105
Time (s)

(a)

Voltage (kV)

W/0 SFCL
1 I . | L L= SFCL 80 um

0.98 0.99 1 101 1.02 1.03 1.04 1.05
Time (s)

(b)

Figure 6. Fault response without and with r-SFCL with 80 um copper stabilizer: (a) the fault current;
(b) the voltage drop.

5.1.2. Case Study 2 (40 pm Copper Stabilizer)

The fault current of the DC transmission lines is depicted in Figure 7a, with that of
an r-SFCL with a 40 pm copper stabilizer compared with that obtained without an r-SFCL.
This copper stabilizer thickness enabled the r-SFCL to limit the fault current to 4.29 kA,
representing a percentage reduction of 44.28%. The increase in the current-limiting capacity
was positively reflected in the voltage drop, as shown in Figure 7b. The voltage dropped to
almost 500 V with the r-SFC, whereas it dropped to 0 without an r-SFCL.

8

W/0 SFCL
————— SFCL 40 um

Current (kA)

| | N !
0.98 0.99 1 Lo1 1.02 103 1.04 1.05
Time (s)

(@)

W/0 SFCL

; | | R T Etsttste SFCL 40 pm
0.98 0.99 1 1.01 1.02 1.03 1.04 1.05
Time (s)

(b)

Figure 7. Fault response without and with r-SFCL with 40 um copper stabilizer: (a) the fault current;
(b) the voltage drop.

5.1.3. Case Study 3 (20 pm Copper Stabilizer)

The fault current of the DC transmission lines is depicted in Figure 8a, with that of an
r-SFCL with a 20 um copper stabilizer compared with that obtained without an r-SFCL. The
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reduction in the copper stabilizer thickness to 20 pm resulted in further improvements in
the current-limiting capacity of the r-SFCL, where the maximum fault current was limited to
only 3.07 kA, representing a percentage reduction of 60.12% compared with the prospective
fault case. Figure 8b shows the voltage drop for the DC transmission lines with the 20 um
copper stabilizer r-SFCL and without an r-SFCL. The maximum voltage drop with the
r-SFCL in this case study was lower than that obtained in previous case studies, where the
minimum voltage attained was 1 kV.

%

W/0 SFCL
_____ SFCL 20 um

N

Current (kA)
£

0.98 0.99 1 1.01 1.02 103 1.04 1.05
Time (s)

()

Voltage (kV)

W/0 SFCL

i | | | | e SFCL 20 um
0.98 0.99 1 101 1.02 1.03 1.04 1.05
Time (s)

Figure 8. Fault response without and with r-SFCL with 20 um copper stabilizer: (a) the fault current;
(b) the voltage drop.

5.1.4. Case Study 4 (10 um Copper Stabilizer)

The fault current of the DC transmission lines is depicted in Figure 9a, with the r-SFCL
with a 10 um copper stabilizer compared with that obtained without an r-SFCL. The r-SFCL
with the 10 um copper stabilizer could limit the fault current to 2.11 kA, representing a
percentage reduction of 72.59%. Figure 9b shows the corresponding voltage drop for the
DC transmission lines. The maximum voltage drop with the r-SFCL was about 1.2 kV,
where the voltage attained a value of 1.8 kV during the fault.

8

W/0 SFCL
————— SFCL 10 pm

>

Current (kA)

o

0.98 0.99 1 Lo1 Lo2 03 1.04 Los
Time (s)

(a)

Voltage (kV)

W/0 SFCL

; | | | I SFCL 10 pim
0.98 0.99 1 Lo1 L02 103 104 105
Time (s)

(b)

Figure 9. Fault response without and with r-SFCL with 10 um copper stabilizer: (a) the fault current;
(b) the voltage drop.
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5.2. Discussion and Comparison

The fault currents and the voltage drops in the four different case studies with and
without the r-SFCL are compared in Figures 10a and 10b, respectively. The highest fault-
current-limiting capacity and the lowest voltage drop were observed when using an r-SFCL
with the 10 um stabilizer, while the one with the 80 um stabilizer showed the worst
performance. Of all the case studies, the highest fault current occurred with the 80 um
copper stabilizer and reached 5.48 kA (71.16% of the prospective current), as shown by
the red line in Figure 10a, and the voltage dropped to 0 within 3 msec. However, with the
r-SFCL with the 10 pm copper stabilizer (the green line) in Figure 10a, the peak fault current
and the minimum attained voltage were 2.11 kA and 1.8 kV, respectively. The minimum
voltage was reached after the complete fault duration of 10 msec compared with 3 msec
in the case of the 80 wm stabilizer thickness. To understand the behavior of the different
copper stabilizers and the impact of the thicknesses on the fault-current-limiting capacity
and r-SFCLs temperatures, Figure 11a shows the amount of current which passed through
one of the two copper stabilizer layers in the r-SFCL during the fault. The highest amount
of current passed through the 40 pm copper stabilizer, about 2.6 kA, representing 47.4% of
the overall fault current (5.48 kA). In contrast, with the 5 um copper stabilizer, only 0.78 kA
passed through the stabilizer. The 0.78 kA represents 36.9% of the overall fault current
(2.11 kA). The lower the current passing through the stabilizer layer, the higher the current
passing through the other r-SFCL layers, including silver and Hastelloy. This causes a
higher temperature and greater resistance for the whole r-SFCL, thereby enhancing the
current percentage limitation. Figure 11b shows the resistance of one copper stabilizer
with respect to the temperature. The highest resistance for the 5 um copper stabilizer
was 3.1 Q) before the fault, and peaked at 5.12 () during the fault. On the other hand, the
lowest resistance value was 0.3 () before the fault and peaked at 0.35 ) during the fault
for the 40 um copper stabilizer. Figure 11c shows the temperature of the four different
r-SFCLs. The highest peak temperature occurred with the 10 um copper stabilizer at 92 K.
The increased temperature in the case of 10 pm copper stabilizer results in the greater
developed resistance of the whole SFCL. In contrast, the lowest peak temperature occurred
with the 80 um copper stabilizer at 83 K. Based on Figure 11a—c, there is a clear trade-off
between the thickness of the copper stabilizer, the ability to limit fault currents, and the
r-SFCL’s temperature.

8

W/ SFCL
SFCL 80 um
SFCL40 ym
SFCL 20 ym
SFCL 10 um

Current (kA)

0 L L e 1 _ L
0.98 0.99 1.01 102 1.03 1.04 1.05
Time (s)

(a)

~

S

< 2

N

®

s 7 W/O SFCL

= SFCL 80 um
ok SFCL 40 um

SFCL 20 um

= 1 1 1 L 1 SFCL10 pm
0.98 0.99 Lo1 102 1.03 1.04 105
Time (s)

(b)

Figure 10. (a) The fault currents for the five cases; (b) the DC-link voltage drops for the five cases.
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Figure 11. (a) The magnitude of currents passing through the copper stabilizers; (b) the resistance of
the copper stabilizers with respect to temperature; (c) the temperature of the r-SFCLs.
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6. Conclusions

This paper investigated the impact of different copper stabilizer thicknesses on r-SFCL
performance during a line-to-line fault in DC transmission lines connected to a community
solar farm. Without the r-SFCL, the discharge of the DC-DC converters’ capacitors resulted
in a high fault current magnitude of 7.7 kA, which exceeds the rated current by 11 times.
The r-SFCL with the 80 um copper stabilizer was able to reduce the fault current to 5.48 kA,
which is 71.16% of the prospective current. In contrast, the fault current was reduced to
27.4% of the prospective current (only 2.11 kA) with the 10 um copper stabilizer r-SFCL.
There is a clear trade-off between the thickness of the copper stabilizer, the capacity to
limit fault currents, and the r-SFCL'’s temperature. When the copper stabilizer layer was
the smallest, the fault-current-limiting capacity was the maximum, but the temperature
was the highest. Based on the results, the copper stabilizer thickness strongly impacts the
r-SFCL's performance. The copper stabilizer’s sizing should be determined based on the
initial fault analysis for the system to ensure a high fault-current-limiting capacity without
burning the r-SFCL. SFCLs proved their viability for use in solar farm DC transmission
lines to mitigate the fault current during fault situations, allowing circuit breakers and
other equipment to work safely. This article investigated the impact of copper stabilizer
thicknesses on r-SFCL performance. Another factor that can affect the performance of the
r-SFCL is the shunt resistor size. In future work, the impact of the shunt resistors on the
r-SFCL's performance will be investigated.
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