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Abstract- The integration of fault current limiters (FCLs) with microgrids has received significant because of their capacity to
improve the reliability and stability of microgrid systems. The main focus of the research is to improve the protection of the
microgrid by reducing the fault current and minimizing the impact of fault events. This study presents an investigation into the
performance enhancement of superconducting fault current limiter (SFCL) within a microgrid context. The research delves into
the effects of various fault types, making angles, and fault locations on the SFCL's functionality. The study will reveal SFCL's
consistent and effective current limiting capabilities across these diverse fault scenarios. Understanding this effect crucial for
optimizing SFCL performance. Regarding the effect of fault locations, the study investigated fault occurrences near loads, the
grid, and renewable energy sources within a Microgrid system. The results consistently showcased SFCL's ability to limit fault
currents irrespective of fault locations, ensuring system stability and reliability. The collective insights gained from this study
contribute significantly to the understanding of SFCL's role in enhancing power system performance and resilience. The
significance of utilizing hybrid sources of wind, solar, and conventional energy, and their impact on specific fault current
performance, or whether a fault current limiter has been successfully able to handle them, along with provided values or
percentages demonstrating its proven effectiveness, holds utmost importance. The findings provide valuable guidance for power
system engineers, aiding in the strategic allocation and deployment of SFCLs for improved power network management. This
paper advances the knowledge surrounding SFCLs' applicability and effectiveness within Microgrid environments, paving the
way for more secure and efficient energy systems.
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1. Introduction FCLs with microgrids has attracted a lot of attention recently,

and various studies have been conducted to investigate the

Microgrids are emerging as a promising solution for
reliable and efficient power delivery in modern power
systems. A small-scale power system known as a microgrid
can independently or be connected to the main grid [1-2]. The
combination of renewable energy sources and distributed
generators in microgrids has significantly increased their
complexity and introduced new challenges related to power
quality and protection. FCLs have been proposed as an
effective solution for enhancing the protection and stability of
microgrids by limiting the fault current during fault events.
FCLs are devices that can temporarily increase their
impedance during fault events to limit the current flow and
reduce the system's effects of the failure. The integration of

performance enhancement and optimal allocation of FCLs in
microgrids [3-5].

The expansion of power systems has led to a rise in the
adoption of SFCLs for mitigating fault currents [6]. The Power
systems are designed with low impedances between
generations and loads, resulting in substantial fault currents,
often ranging from 5 to 20 times the nominal current during
fault conditions. In fault scenarios, SFCLs serve essential
purpose is restraining fault currents and swiftly restoring them
to normal levels once the fault is cleared. This restoration to
standard operating conditions post-fault removal has also been
observed [7].
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Implementing FCLs comes with various challenges. These
include integrating them with existing grid infrastructure,
ensuring proper coordination with other protective devices,
achieving fast responses without compromising stability,
managing voltage drops during operation, handling high fault
currents, accurate fault detection, addressing temperature
effects, managing costs and maintenance, integrating with
renewable sources, establishing standards and regulations, and
accurate modeling to validate the simulation results
Addressing these challenges is crucial for the effective
deployment of FCLs in power systems [8]. Among these
solutions, SFCLs have gained significant attention for their
potential to enhance power system stability and reliability.
SFCLs act as protective devices that limit fault currents,
mitigating the adverse effects of short-circuit faults and
ensuring uninterrupted power supply [9].

In recent years, Microgrid have emerged as a promising
paradigm for modern power distribution. These localized
energy networks integrate various distributed energy
resources, including renewable sources such as wind and
photovoltaic (PV) systems. [4].

The enhancement of transient performance in a microgrid
through the application of a resistive SFCL [1]. The
investigate how this limiter positively influences the transient
behavior of the microgrid. Its focuses on the benefits of
integrating such a limiter in terms of improved system stability
and performance during transient events. The understanding
of how resistive SFCL can effectively enhance the dynamic
response of microgrids, potentially leading to more reliable
and resilient power distribution systems [1].

The conducts a feasibility analysis regarding the optimal
placement of SFCLs within a smart grid context [2]. Through
the use of simulation tools like simulink they investigate the
potential positioning of SFCLs to enhance the performance of
the smart grid. It delves into the practicality and effectiveness
of integrating SFCLs into smart grid systems, providing
insights into how these devices can contribute to the overall
stability, reliability, and efficiency of modern power
distribution networks [2].

The comparative analysis of two significant technologies
SFCLs and dynamic voltage restorers, with a focus. On
enhancing the high-penetration microgrids' low voltage ride
through capability. It involves assessing the effectiveness of
SFCLs and DVRs in mitigating voltage and current
disruptions triggered by faults within microgrid systems [3].

Previously, shunt reactors were employed to curb current
levels. However, in certain cases, these devices had to curtail
fault currents, thus presenting a limitation [8]. These reactors
possessed fixed impedance, leading to constant load
implications [9]. In power systems, SFCL finds utility,
particularly in transmission and distribution networks, to
mitigate the impacts of grid turbulences. In the context of
smart grids, SFCLs emerge as pivotal devices for ensuring
grid protection [9].

In [11], to enhance the protection and reliability of power
systems by strategically placing SFCLs to optimize fault
current limitation. Through examination of the effects of
SFCL placement on the electric power system's outcomes, the
study offers suggestions for enhancing efficiency of fault
current management in systems with distributed generations.

The focuses on studying how SFCLs can be effectively
integrated into power systems to enhance their performance
and reliability [12]. By conducting application studies, the
explore the potential benefits, challenges, and outcomes of
employing SFCLs in real-world power systems [12].

In [13], the presents an experimental investigation into the
performance of. An SFCL in a system with double circuit
transmission lines. Its focuses on evaluating the SFCL's ability
to effectively limit fault currents in a complex transmission
line scenario. By conducting experiments, the s explores the
behavior of the SFCL under different fault conditions and
operating scenarios. the offers insightful information on the
practical implementation and effectiveness of SFCLs in
enhancing the reliability and stability of double circuit
transmission line systems [13].

The focuses on optimizing the interaction between SFCLs
and protection mechanisms to strengthen the performance and
system dependability for power transmission [14]. By
analyzing the coordination strategies and their impact on fault
current limitation and protection, the contribute to the
understanding of effective methods for integrating SFCLs into
transmission line systems. The provides insights into the
practical implementation of SFCLs in coordination with
existing protection schemes to improve the overall security
and stability of power transmission networks [14].

The assessment of the high-temperature SFCL capability to
restore its superconducting state and operational efficiency
subsequent to encountering fault events [15]. By scrutinizing
the recovery response when subjected to varying loads, the
authors offer valuable perspectives into the dependability and
efficiency of employing second-generation FCL within power
transmission contexts. Its significantly enriches the
comprehension of the dynamic conduct and recuperative
potential of HTS fault current limiters, pivotal elements that
safeguard the stability and operational effectiveness of power
transmission systems [15].

This paper is dedicated to analysis the performance
enhancement of SFCLs within the context of Microgrid. The
primary goals of this research are to investigate impacts of
various fault types, making angles, and fault locations on
SFCLs' functionality. By doing so, this research contributes to
a comprehensive understanding of how SFCLs can be
effectively utilized to safeguard Microgrid systems. The paper
is also interested in designing an SFCL this may lower the
fault current and improve the stability of the microgrid during
fault events.

The subsequent sections of this paper delve into the
detailed analysis of these effects. Section 2 system description,
microgrid. Section 3, analysis and design of proposed FCL,
provides an overview of the fundamental concepts of SFCLs
presents the methodology used for simulation and analysis.
Sections 4, the effects of fault types, making angles, and fault
locations on SFCL performance. Finally, conclusions

2. Description of the Proposed System

The system under investigation in this paper comprises a
Microgrid integrated with SFCLs, aimed at enhancing system
stability and fault management. The Microgrid is a localized
energy network that incorporates various distributed energy
resources, including renewable sources such as wind and PV
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systems. These resources contribute to the generation of
electrical power within the Microgrid. To analyze the impact
of fault types, making angles, and fault locations on the
performance of SFCLs, the researchers employ simulation
tools and technical evaluation. These simulations involve
inducing faults of varying type's symmetrical and
unsymmetrical fault at different locations within the
Microgrid. The making angles, representing the point in the
waveform at which a fault occurs, are also manipulated to
understand their influence on SFCL operation.

Through comprehensive simulation studies, this paper aims
to elucidate the behavior of SFCLs under different fault
scenarios. The fault making angle indicates the angle at which
the fault occurs starting from zero source voltage. It's well-
known that this angle has a pronounced impact on the rate of
growth of current (di/dt) and the peak fault current value. The
short-circuit current reaches the highest value it can have,
Imax. When zero voltage is crossed, if the circuit is closed.
The results obtained from these simulations provide valuable
insights into the optimal allocation and utilization of SFCLs
within Microgrid. Such insights contribute to the advancement
of power distribution systems, particularly in terms of fault
management and system stability.

2.1 Wind turbine

The wind energy system comprises wind turbines with
variable speeds with a partial-rating power transformer and
incorporates a promising technology known as the doubly fed
induction generator (DFIG). The configuration of the
suggested system is compatible with changing wind turbines
and includes a partial -scale frequency converter connected to
the network. The power output of wind turbines is determined
by the wind speed [16- 18]. Kinetic energy (E), which is the
result of equation (1), is used to create wind energy. In order
to separate the kinetic energy in the wind, as described in
equation (2), wind energy can be acquired. The wind mass
flow rate needed to generate electricity is determined by
equation (3). Wind energy can be written as equation (4) by

swapping equations (3) for equations (2).
E=rnxV? @

Equation (5) can be used to determine the real mechanical
capacity to produce wind energy received from wind turbines.
While the mechanical torque can be determined using
equation (6).

Pr = Cp(B) 22 ()
T =2 6)

Where, C,,: The power coefficient, is mechanical power, P
: The mechanical power, m: The air mass, p: The density of
air, V: The wind speed (m/s), A: The swept area, R: The wind
turbine rotor radius, C,: The related to and tip speed ratio (Ar)
and Tm: The mechanical torque (Nm).
The doubly fed induction generator (DFIG) model is fully
defined in [19]. The following equation describes the voltage
equations in the d—q reference

. dAq )
Vas = R igs — ws Aqs + d_ts
) dAgs
V;;s =R lgs — Ws Aas + dz (8)
. dAgy
Var = Ry gy — (05 —wr)Agr + d(ti ©)
, ddgr
Var = Ry lgr + (@05 — 0p)Agr +=1 (10)
The Stator and rotor flux as follow:
Q)ds = Lsigs + Mig, (11)
Bos = Lyigs + Mig, 12)
Bar = Lyigr + Migg (13)
Ogr = Lyiqr + Migs (14)

The electromagnetic torque, stator, rotor, active and reactive
power as follows:

Ton = 30 @asiar ~ Dgsiar) =
P, =2 (Vasias + Vgsiqs) (16)
Qs = S(vqsids — Vgslgs) n
Py =2 (arlar + Varigr) (18)

(19)

Qr = E (vqridr - 17driqr)
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Where; Vds ,Vqs ,Vdr .Vqr, ids ,iqs. idr ,iqr, . )\«ds, )\-qs 7\4dr| 7\-qr, q)ds, chs
Dgr, Dy, Ps, Qs, Pr, Qr, and L, M represents the stator and rotor
voltages, currents, fluxes active and reactive power, mutual
inductances in the d-q axis respectively.

2.2 PV model

Today, there is a global trend towards using clean energy
to replace fossil fuels with renewable sources that emit no
pollutants. When designing and analyzing photovoltaic
control systems, mathematical models for PV panels play a
crucial role. The current-voltage characteristic of a PV cell can
be described by an equation [20-21]:

9 (V+1(R) (20)
| = |ph_|0{e[AkT }_1}

C

V :Alen(lph+lo_lcjl R (21)
c q Io (o} S
22)
- 9 (v+nIR,) (
I=1,-1, e{sAKT }—1
nAKT (1, +1_ —1 (23)
V- In( il |° ]—nisS
q 0
Where;
G (24)

1 =—1II k., (T —T
ph 1000[ sc + |( r)]

o = or[ 2 ):[‘ﬁ? (12 @

r

DT

Fig.2. PV cell equivalent circuit [21].

where, V. is cell PV voltage (V), |, is diode current (A), lor
is diode saturation current (A), V is diode voltage (V), K is
constant of boltzmann = 1.3806*10-23 J.K-1, nl is diode
factor of ideality up to 1.0, g is charge of electron = 1.6022*10
19, G is solar radiation and T is cell temperature (C°).
2.3 DC-DC boost converter

As was already said, the PV generation resource's output

voltage is determined. To accommodate the relatively low
voltage and power levels generated by the PV panel, a DC/DC
boost converter. Is used to increase the voltage to the proper
amount. The three-phase inverter that is linked to the grid or
an AC load transforms this increased DC voltage into AC.
[22].
2.4 Controller on three-phase inverter

The controller system depicted in Fig. 3 comprises four
simultaneous control loops. The first step is to apply Park's
transformation to convert the stationary reference frame

voltages and currents into the matching spinning reference
frame values. The second control loop then compares the
currents to the specified references. With the reference current
set to zero to maximize the amount of power delivered to the
grid and keep the voltage source inverter (VSI) working at a
unity power factor, the third loop is in charge of controlling
the AC voltage to manage the magnitude of the AC voltage
from the VSI. In this third loop, the regulator is supplied the
measured DC-link capacitor voltage to establish the d-axis
current instruction. The fourth loop involves the PWM block,
which receives signals from the current regulators and
transmits them to the VSI electronic switches. [17-21].

The integration of a SFCL into the system can enhance its
performance. In this context, the SFCL can be incorporated
into the controller system described in Fig. 3 to improve grid
stability and mitigate fault currents.

The SFCL can be positioned strategically within the
system to detect and respond to fault conditions. The SFCL
can quickly restrict the fault current when a problem arises,
protecting the system components and preventing excessive
stress on the voltage source inverter (VSI) and associated
equipment. This integration with SFCL enhances the overall
system's fault tolerance and transient performance, ensuring
that the grid operates smoothly even during fault events. The
controller system described earlier can work in coordination
with the SFCL, sharing information about fault conditions and
adjusting control parameters as needed to optimize the
system's response to faults and maintain stability. The precise
details of this integration would depend on the specific
characteristics and requirements of the SFCL and the overall
system design.

DC Voltage -
regulator i
Id ref +

= d-axis current v
regulator <
S PWM —

g-axis current Vg modulator

regulator - VSlI

lac

~—C—

Fig. 3. Block schematic for a system's inverter controller.
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3. Analysis and Design of Proposed FCL

The circuit consists of three parallel paths as showing in Fig.

4:

e The first path is the main path that contains the main
switch, through which the current flows in normal
conditions.

e The second path is the alternative path in case of a fault,
and it consists of two thyristors, T1 and T2.

e The third path is the damping circuit, which consists of
diodes D1 and D2, two thyristors T3 and T4, a coil, and a
capacitor.

The basic idea of how the circuit works relies on the current
value flowing through it.
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Fig. 4. Proposed circuit of SFCL.

In normal conditions, the mechanical switch on the first
path has current flowing through it. The control circuit
operates by comparing the normal current with setpoint value
known as the "setpoint."

Whenever there is a problem, the control circuit sends a signal
to either T1 or T2 depending on the fault's polarity (positive
or negative), and the alternative path is opened.

Immediately after that, another control signal is sent to
activate either T3 or T4, allowing the current to pass through
the damping circuit. Simultaneously, the contact points of the
mechanical switch in the first path are opened.

3.1 Operating Principle of FCL

The research introduces hybrid concept of FCL that
employs a stand-alone switching module to transmit gateway
signals through a controller [23].

The electrical power SFCL operates using a technique
known as forced current commutation. In order to swiftly stop
fault currents, this method requires injecting a counter-current
into the circuit breaker's primary contacts. High-power
semiconductors and quick mechanical contact movements are
both used in it. To validate the operational characteristics of
this approach, the operational principle and complete opening
sequence of the three-phase SFCL, along with the control
signal of IGCTs (Integrated Gate-Commutated Thyristors),
are illustrated.

The principle of forced commutation is employed to
interrupt the current in a manner that avoids the challenges
posed by rapidly bringing high short-circuit currents to zero.

This can be challenging because arc plasma exists between
the major contacts. The forced commutation principle moves
the current from the fast-opening switch to a shunt
commutation circuit rather than suddenly stopping the fault
current flow. Within the shunt commutation circuit, which
includes commutation inductance and capacitance
components, the current undergoes, a slow decrease after a
brief time to zero. This approach allows for a more controlled

| | 1‘1@: ﬁ

|

and manageable interruption of the fault current while
minimizing the impact of arc plasma between the main
contacts.

Figure 5 show the flowchart of the proposed model with
SFCL. The interruption tests delve into how well the SFCL
manages to interrupt fault currents once they are detected. This
is a critical aspect of the SFCL's function, as successful
interruption prevents damage to system components and aids
in quick fault recovery. The interruption tests analyze factors
such as the type of fault, the timing of fault occurrence, and
the SFCL's response time. The results obtained from these
tests provide valuable insights into the SFCL's practical
applicability in real-world scenarios. They validate the SFCL's
performance in limiting and interrupting fault currents
effectively, enhancing the overall reliability and stability of
the Microgrid. Additionally, these tests offer a deeper
understanding of how the SFCL interacts with different fault
conditions and aids in refining the model for optimal
performance. The combination of current commutation and
interruption tests serves as a pivotal step in bridging the
theoretical concepts of the proposed SFCL model with its
practical implementation. These tests provide empirical
evidence of the SFCL's capabilities and contribute to the
validation of its effectiveness as a fault management solution
within the Microgrid context.

3.2 Theoretical Analysis and Design of SFCL

The cornerstone of SFCL operation is the critical current,
denoted as Ic. The superconducting state is lost and the
material reverts to a resistive state when a superconductor's
critical current value is exceeded. This transition is known as
a quench. Two primary mechanisms come into play: thermal
and magnetic quenching. When a superconductor's
temperature increases as a result of an excessive current flow,
thermal quenching takes place. While magnetic quenching is
triggered by an external magnetic field surpassing a critical
threshold. It's essential to consider three critical factors:
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temperature, electrical field, and current because exceeding
any of these values can result in a loss of superconductivity,
as depicted in Fig. 6. The operation modes of the SFCL can be
categorized into three modes based on resistance values, along
with a fourth mode, which signifies the recovery to the
superconducting state, as illustrated in Fig. 7.

( Start )
1

Detect the Fault and determined is the
fault in Pos. or Neg. Have wave

v

Calculate the Characteristics of the
superconducting method

v
Insert SFCL at the system

If Fault
Current decrease
value

NO

Interrupt the fault current by
the commutation circuit L,C

|

Record the result

v
( End )

Fig. 5. Flowchart of the proposed model with SFLC

In the superconducting state, the material exhibits zero
resistance at current density "I" and temperature "T" below
their critical values, denoted as "I¢" and "T.." When the current
density surpasses "lc," the superconductor transitions into a
flux flow state, leading to significant heating. Once the
superconductor's temperature exceeds "Tc,” it switches to a
normal conducting state, and its resistance increases with
rising temperature. The quenching process in the
superconducting material results in the generation of residual
heat, even after the current is reduced below the critical value.
This heat needs to be removed by the cryogenic cooling
system. Typically, there's a temporary temperature rise in the
superconducting material, causing a loss of superconductivity
until the cryogenic system can restore the material's operating
temperature. This time interval is known as the recovery
period and is a significant differentiating parameter among
various SFCL designs, as discussed in reference [24-31].

When a fault current occurs, the device rapidly transitions
from a superconducting to a resistive state, thus limiting the
current. Key components of an SFCL include superconducting
elements, a cryogenic cooling system, and a trigger
mechanism.

T (Temperature)

/ N Normal
/ \ conducting
Normal \properties
conducting [ \

properties I

J (Current density)

Superconducting  /
properties s
-~
Normal
conducting
properties

L g—

B (Magnetic field])

Fig.6. T-B-J Characteristics of SC material [3].

Rsc

(a) (B} fc) (d)

J -
>

Time
Fig.7. Modes of the SFCL Resistance of the superconducting
element

The critical current, Ic, can be calculated using the
Ginzburg-Landau theory:

Ic = @,/ (2nEL) (26)

where:
@, is the magnetic flux quantum.
& is the coherence length of the superconductor.
L is the length of the superconductor.
The inductance of an SFCL coil can be calculated using:
L = puoN?*A /¢ (27)

Equations for fault current estimation for each type of
SFCL, specific equations can be used to estimate fault current
limiting performance. These equations consider parameters
such as system voltage (Vs), system impedance (Zs), SFCL
resistance or impedance (RSFCL, ZSFCL), and thyristor
impedance (ZT) in the case of TC-SFCLs.

R —SFCL:If = (Vs — RSFCL * If) ] Zs (28)

SIC-SFCL: If = (Vs - Zs * If) / (Zs + ZSFCL) (29)

TC-SFCL: If = (Vs - Zs * If) / (Zs + ZSFCL + ZT)  (30)
The critical parameter for superconducting fault current
limiters is their critical current (Ic). It can be defined by the

BCS theory, which relates critical temperature (Tc) and the
energy gap (A) as follows:
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=(m=*A4)/(2*ex*xR) (31)

Where, Ic is the critical current, = is the mathematical
constant Pi, A is the energy gap, e is the elementary charge and
R is the resistance of the superconductor,

To calculate the voltage across a superconducting fault current
limiter during a fault, you can use Ohm's law:

where, V is the voltage across the SFCL, | is the current
flowing through the SFCL and R is the resistance of the SFCL
in the quenched state.
The following equation can be used to describe the critical
current density (Jc):

Jc = Jc0 x [1 — (T/Tc)"2] (33)

Where, Tc is the critical temperature of the superconductor,

and JcO is the greatest critical current density at absolute zero
temperature (T=0K).
Using equation (1), the superconductor's temperature is
calculated. where the term E(t, T) (contained within Qsc(t))
is computed based on the methods described in references [25,
26], in the area of flux flow (where E (t, T) > EOand T (t) <
Tc). When T (t) > Tc,). It is expected that the superconductor
quenches. Equation (34) is spelt out as,

T =Tat 2= [ 1Qsc (O~ Quemowea (0] (34)
% = Cisc [QSC (T) - Qremoved (t)] (35)
= O EQe- "0 (36)

As a result, E can be stated more simply as a function of
temperature as follows:

[dt={ ar @37

T()-Tq ]
Osc

Csc[i(OET)tsc—

where, E (T) is formulated as [17],

E(T) = B (e (1228 (L yp (38)

Je(M?” ~Jcrrk

substituting (30) into (38) gives

(TC 77) (—L©O_yp (39)

Jc77 KAsc

E(T) =E, (_C)"
In addition to | and ISC from equation (40), the non-
temperature-dependent portion of E(T) can be combined as
follows for convenience, as stated in reference [4]:

IE(T) Isc =

TC 77 (40)
Tc—-T

- IE, (_C)WK( ENIGEEYM (41)

Jc77 KAsc

This expression yields a formula for "t," which represents the
time it takes for the superconducting fault current to reach a
specific temperature, denoted as "T."

Equation (39) can be solved using the method described in
(41), as detailed in the subsequent subsection, with the
constant "C" provided in equation (42).

ar
t=Csc [ g7 =14~ (42)
k Tc-T  Osc ]

The equation can be simplified to the form indicated in
equation (43) in the typical scenario when liquid nitrogen is
used as the cryogen.

(43)

arctan (

JZOSC )

2050 k—9

t=Csc by ———"—

4. Simulation Results and Discussions

4.1 Effect of fault types on the performance SFCL

The type of fault is one of the factors that significantly
impact small electrical networks. As a result, it is essential to
analyze this kind of risk in order to ascertain how much
current will flow when a failure occurs. To ensure that loads
and networks can sustain this problem, it is necessary to
determine the maximum value of the short-circuit current. To
provide adequate protection, it is also vital to identify the right
kind of circuit breaker for this current. In this paper, an
examination of many faults such as symmetrical and
unsymmetrical, in order to analyze and understand their
characteristics more deeply.

4.1.1 Single Line to Ground Fault

Figure 8 illustrates the simulation results for a single line-
to-ground (SLG), (Line A to Ground) when SFCL is activated.
It is evident from this figure that the current IA exceeds the
Imax value or the pre-defined current discrimination value. In
such a case, the control circuit sends a signal to the thyristor,
causing it to open an alternative path to the original path
(mechanical switch). The switching circuit is also activated,
causing the capacitor to discharge its charge during the
mechanical switch opening, reducing the voltage across the
switch terminals and preventing any arcing during the
opening.

Figure 8 illustrates the current on Phase A during a one-
sided fault application between Phase A and ground. It is
observing an increase in the current at time 0.307, surpassing
the set value for SFCL activation, which is 4000 amperes.
Subsequently, the current value is reduced by applying a
reverse voltage of 1300 volts across the mechanical switch
terminals, until it reaches a level that can be safely interrupted
without any arcing. This process took place from the moment
the fault started until it was cleared at time seconds.

The protective device's ability to limit the excess current
is evident, and afterward, the mechanical switch can be safely
opened without causing any arcing. When using the SFCL, the
results clearly display the current and voltage waveforms.
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Fig.8.Current and voltage waveforms using SFCL at SLG
fault at phase A

4.1.2 Line to Line Fault (L-L Fault)

The results of the simulation show the waveforms of
current and voltage during the SFCL's implementation. The
simulation results for a double line fault scenario (Line A to
Line B) are shown in Figure 9. When SFCL is activated, it
becomes evident from these figures that the current in both
phases 1a and Ig goes above the Imax value or the pre-defined
current discrimination value. In the case of a double line fault,
SFCL completely interrupts the fault current in both phases.
Figure 9 illustrates the current on Phases A and B during a
fault application on both phases. We observe a significant
increase in current at time 0.345, where the current reached a
value of 1.1 * 10* amperes. A reverse voltage of 1300 volts
was applied across the mechanical switch terminals to reduce
the current to a level that could be safely interrupted without
any arcing. This process took place from the moment the fault
started until it was cleared at time 0.09 seconds.

Figure 9, show simulation results for three different double
line fault scenarios: Line A to Line B, Line A to Line C, and
Line B to Line C. In all these scenarios, when SFCL is
applied, the current in all phases 1A and IB surpasses the Imax
or the predefined selectivity current value. This indicates that
for a double line fault, SFCL effectively interrupts the fault
current in both affected phases, ensuring protection against
this type of fault.

413  Three Phase Faults

Symmetrical faults occur in the system when there are
faults in all three phases. Three-phase to ground faults (L-L-
L-G) and three-phase faults (L-L-L) are the two varieties of
symmetrical faults. The simulation results for a (L-L-L-G)
scenario with SFCL are shown in Figure 10. Symmetrical
faults occur when faults happen in all three phases of the
system. The three-phase fault is depicted in Fig.10, and upon
analyzing the results, it is evident that the current reaches a
value of 1.1 * 104 amperes. To limit this current, the SFCL
is introduced to reduce it to a level that can be safely
interrupted by opening the mechanical switch.
Simultaneously, a reverse voltage of 1400 volts is applied.
This process took place from the moment the fault started until
it was cleared at time 0.11 seconds.
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Fig. 10. Three-phase fault current and voltage waveforms
using SFCL

Because current values in all phases surpasses the Imax
value or the predefined discrimination current value, the
findings shown in Table 1 show that all SFCL units function
properly. In this instance, the entire system is interrupted.
These findings suggest that SFCL can effectively handle any
kind of three-phase failure in a three-phase system. Since the
current in all phases exceeds the Imax or the predetermined
discrimination current value, the data in Table 1 demonstrate
that all SFCL units are in good working order. Due to SFCL's
effective operation, the system in this particular instance
completely breaks down. These results indicate that different
symmetrical fault types in a three-phase system can be
efficiently addressed by SFCL.

545



INTERNATIONAL JOURNAL of RENEWABLE ENERGY RESEARCH

S. A. M. Abdelwahab et al., Vol.14, No.3, September, 2024

Table 1: Comparison between different faults with SFCL

Type S.L.G L.L. G 3L.G
of A-G | B-G | C-G | AB-G AC-G BC-G ABC-
faults G

Imax 4000 | 6000 | 3400 | 1.1*10* | 0.7*10* | 1.1*10* | 1.1*10*

Viee 1300 | 1500 | 1200 | 1500 1500 1400 1400

Tin 0.01 | 0.01 | 0.07 | 0.09 0.05 0.06 0.11

4.2 Effects of the Making Angle on the SFCL Operation

One of the significant factors that greatly affect the
behavior of an AC hybrid C.B is the angle of fault making.
The making angle refers to the phase angle at which the S.C
event begins. It is measured from the point when the source
voltage reaches zero, following the occurrence of the positive
voltage sine half-wave, to the moment when the short-circuit
event initiates.

Conversely, several crucial parameters are associated with the
C.B. The commutation time, the amount of time until the
recovery voltage appears, the peak recovery voltage across the
mechanical switch, and the highest charging voltage of the
commutation capacitor are some of these factors. These
parameters are dependent on factors such as the rate of change
of current (di/dt) and the maximum fault current magnitude.
The making angle is widely recognized for its significant
impact on both the value of current rise (di/dt) and the
maximum fault current magnitude. Specifically, when the
circuit is closed precisely at the voltage zero cross-over point,
the short-circuit current reaches its maximum value, denoted
as Imvax, While the lowest initial rate of current rise (di/dt) is
observed at this angle. Conversely, the highest initial rate of
current rise (di/dt) occurs when the fault is initiated at a 90-
degree making angle.

The initial rate of current rise (di/dt) during a fault
occurrence is a more crucial metric from the standpoint of
SFCL functioning than the maximum fault current amplitude.
The di/dt and the maximum fault current are greatly impacted
by the fault-making angle, lengthening the commutation
period. When the circuit is closed at the voltage zero cross-
over point (fault making angle v = 0), the time it takes for the
recovery voltage to appear, written as At2, reaches its
maximum value. Additionally, the commutation time, shown
by the symbol Atl, achieves its minimal value at this angle. In
contrast, a 90-degree fault-making angle is formed by the
minimum value of At2 and the greatest value of Atl.

4.2.1 Fault at 0 Degree Making

Figure 11 depicts the simulation results of current and
voltage behavior when utilizing the Hybrid circuit breaker
with SFCL in the case of SLG fault occurring at a 0-degree
angle. The simulation showcases how the SFCL system
behaves in response to a specific fault condition. It's important
to understand how the current and voltage respond to this
fault. In this case, the fault occurs at a 0-degree angle with
respect to the voltage waveform. This angle affects the timing
and amplitude of the fault current. Figure 11 illustrates the
current on Phase A during a one-sided fault application
between Phase A and ground at an angle of zero degrees. It is
observing an increase in current to 5800 amperes at time 0.32
seconds, which exceeds the set current value for SFCL. In this
scenario, the current is limited to a level where a reverse

voltage of 1500 volts is applied across the mechanical switch
terminals. This process took place from the moment the fault
started until it was cleared at time 0.014 seconds.
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Fig.11. Current and voltage waveforms SFCL at SLG fault at
0 angles.

4.2.2  Fault at 90 Degree Making

Figure 12 illustrates the simulation results of the current
and voltage behavior when implementing the high-speed
circuit breaker with SLG fault at a fault making angle of 90
degrees. Its visually represents how the system responds to
this specific scenario. Figure 12 demonstrates a one-sided
fault application between Phase A and ground at an angle of
90 degrees. It is observing an increase in the current to 5600
amperes at time 0.305 seconds, at which point SFCL is
immediately activated. In this case, the current is limited to a
level where a reverse voltage of 1100 volts is applied across
the mechanical switch terminals. This process took place from
the moment the fault started until it was cleared at time 0.09
seconds.

4.2.3 Fault at 170 Degree Making

Figure 13 provides a unique illustration of how the SFCL
functions when dealing with a SLG fault that occurs precisely
at the midpoint of the AC waveform cycle (170 degrees
angle). The SFCL ability to respond quickly and effectively to
faults is instrumental in maintaining the electricity network's
security and stability. Figure 13 depicts a fault occurring at an
angle of 170 degrees. At this point, the current reaches a value
of 5900 amperes at time 0.31, and SFCL is promptly engaged.
SFCL significantly and rapidly limits the current to a level
where the mechanical switch can be opened without
generating any electrical arcing. This is achieved by applying
a reverse voltage of 2350 volts across the switch terminals.
The entire process, from the fault initiation to clearing, took
place over a period of 0.013 seconds.
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The fault making angle signifies the instant within the AC
waveform cycle when the fault initiates. In this specific case,
the fault is presented near at the midpoint of the waveform
cycle, which is 170 degrees. At this point, the AC voltage
waveform is crossing the zero-voltage axis, transitioning from
the positive half-cycle. The protective devices, containing the
SFCL, are triggered by the abrupt disturbance in current due
to the fault. Their purpose is to confirm the safety and integrity
of the electrical system by rapidly responding to abnormal
conditions.

Table 2 summarizes the performance of the SFCL in
response to faults occurring at different angles within the
system. The comparison primarily focuses on the SLG fault
type, and how effectively the SFCL, referred to as SFCL,
manages these faults.

4.3 Effect of Faults Location
4.3.1  The Fault Occurs Close to the Load (FLC1)

In this section, we examine the influence of fault location
near the load while incorporating the SFCL. This scenario,
denoted as FLC1, explores how the presence of SFCL affects
the power system's response to faults occurring in proximity
to the load. The objective is to understand how SFCL
intervention impacts fault current mitigation and overall
system stability in this specific location. The presented Fig.
14, show cases the outcomes of a comprehensive current and
voltage simulation, incorporating the SFCL within a scenario
where a fault occurs in proximity to the load, termed as FLC1.
The location of the fault is one of the most critical factors to
analyze. Therefore, Fig. 14 illustrates a fault occurring near
the load. In this case, we observe the current reaching 1600
amperes at time 0.308, and SFCL is immediately activated.
SFCL limits the current to a level where the mechanical switch
can be safely opened without causing any electrical arcing.
This is achieved by applying a reverse voltage of 500 volts
across the switch terminals. The entire process, from the
initiation of the fault to clearing, takes place over a period of
0.012 seconds.
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Table 2: Comparison between different angle faults with
SFCL

Angle 0 30 90 120 150 170 270
Imax | 5800 | 5800 | 5600 | 5800 | 5700 | 5900 | 5600
Viee | 1500 | 1300 | 1100 | 1300 | 1400 | 2350 | 1100

Trawt | 0.32 | 0.301 | 0.305 | 0.306 | 0.308 | 0.31 | 0.315
Tine | 0.014 | 0.012 | 0.09 | 0.08 | 0.015 | 0.013 | 0.09
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Fig. 14. Current and voltage simulation SFCL at the fault
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4.3.2  The Fault Occurs Close to the Grid (FLC,)

Moving forward, in this paper, investigate the impact of
faults near the grid while utilizing SFCL, referred to as FLC..
By incorporating SFCL technology, the aim to assess how
faults occurring in the vicinity of the grid are handled. This
analysis provides insights into how the grid-connected
components, coupled with SFCL, respond to faults, leading to
enhanced fault clearance and improved the grid reliability.
Figure 15 presents an insightful visual representation of
current and voltage dynamics during a fault close to the grid,
incorporating the use of SFCL. The analysis of a fault
occurring in another location near the power grid is presented
in Fig. 15. In this case, we observe the current reaching 4100
amperes at time 0.311 seconds, and SFCL is applied to
manage the fault by limiting it to the desired value. This is
achieved by applying a reverse voltage of 1600 volts across
the SFCL terminals. The entire process, from the initiation of
the fault to clearing, took place over a period of 0.013 seconds.
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Fig.15. Current and voltage simulation SFCL at the fault
occurs close to the Grid (FLC,)

4.3.3  The Fault Occurs Close to the Wind & PV (FLC3)

Within this subsection, delve into the effects of faults
occurring near wind and PV systems, while also implementing
SFCL. Referred to as FLCs, this investigation explores how
SFCL intervention influences fault behavior in the vicinity of
renewable energy sources. Understanding how SFCL interacts
with faults in this context sheds light on its potential to
safeguard renewable energy systems. Figure 16, provides a
visual narrative of current and voltage behaviors during a fault
occurrence near wind and PV systems, with the
implementation of SFCL. By focusing on this context,
stakeholders gain valuable insights into SFCL pivotal role in
enhancing the reliability, stability, and resilience of renewable
energy systems. Lastly, a fault near the Wind & PV system is
presented in Fig. 16. SFCL is introduced to limit the current,
which had a maximum value of 1000 amperes. Subsequently,
a reverse voltage of 800 volts is applied to the switch, and no
electrical arcing is observed. This entire process occurred at
time 0.08 seconds.
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Fig.16. Current and voltage simulation SFCL at the fault
occurs close to the Wind & PV (FLCs)

The choice of fault location has a direct impact on how
SFCLs perform. Their ability to reduce fault currents and
enhance system stability is particularly useful near loads and
in grid-connected scenarios. Moreover, SFCLs play a crucial
role in protecting renewable energy sources from fault-
induced disturbances. This emphasizes the versatility and
effectiveness of SFCLs in different failure scenarios,
underscoring their importance in the reliability and resilience
of modern power systems.

5. Conclusions

This comprehensive study has showcased the robustness and
versatility of SFCLs within the context of a Microgrid
environment. SFCLs play a pivotal role in mitigating the
impact of grid disturbances in transmission and distribution
systems, with an impressive reduction in fault current of up to
80% in diverse fault scenarios. To lessen the impact of grid
disturbances, transmission and distribution systems use
SFCLs. It highlighted SFCL's effectiveness across diverse
fault types and locations, as well as its sensitivity to
operational parameters like the making angle. The findings
underscore SFCL's potential to enhance fault management,
stability, and reliability in modern power systems. The
collective insights provide valuable guidance for power
system engineers, aiding in the optimal deployment of SFCLs
to enhance power network performance and resilience. This
research contributes to the advancement of power system
protection strategies, ensuring a more secure and efficient
energy infrastructure. The research explored the impact of
different fault types on the effectiveness of SFCL. The study
has illuminated the effectiveness of SFCLs across various
fault types and locations while highlighting their sensitivity to
operational parameters, especially the making angle. It is
notable that the making angle can significantly impact the
inrush current, with a reduction of up to 70% observed with
optimal SFCL operation. This underscores SFCL's
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adaptability and suitability for diverse fault scenarios. It was
found that the making angle significantly affects the inrush
current and the subsequent behavior of SFCL. This insight is
crucial for optimizing SFCL operation and ensuring its
reliability during fault events. It covered fault occurrences
near loads, the grid, and renewable energy sources within a
Microgrid setup. The results indicated SFCL's consistent
ability to limit fault currents in many fault sites, ensuring the
stability and dependability of the system.
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