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Abstract

The escalating levels of fault currents resulting from short circuits, particularly

in the context of distribution generators, have presented a critical need for the wide-
spread implementation of fault current limiters (FCLs) in power systems. Despite their
evident advantages, the extensive adoption of FCLs has been hindered by the high
production costs associated with these devices. To address this challenge, a com-
prehensive study was conducted to develop a cost-effective FCL tailored specifically
for three-phase power systems. This paper proposes a novel approach based on a sin-
gle commutation circuit for the FCL and offers detailed insights into the construction
of the FCL circuit, with a particular focus on efficient current interruption. Additionally,
the study comprehensively discusses the logic controller and measurement system
employed in conjunction with the proposed FCL, ensuring precise fault detection

and rapid response to disturbances within the power grid. The integration of an artifi-
cial zero-crossing circuit within the FCL design further enhances its capability to limit
short-circuit currents proactively, even before the occurrence of the first peak, thereby
bolstering overall system reliability and stability. The study’s significant contribution lies
in achieving cost-effectiveness through the simplicity of the FCL's design, eliminating
the need for extensive upgrades to various network components.

Keywords: Fault current protection, Fault current limiters, Low-cost FCL, Three phase
system with single commutation circuit, Power system protection, Hybrid circuit
breaker

Introduction

The continuous expansion of the electrical industry and the growing demand for elec-
tricity present significant challenges for the power grid, particularly concerning the man-
agement of increased short-circuit currents during fault conditions [1, 2]. Enlarging the
entire system to accommodate higher fault currents is a feasible solution, but it entails
substantial costs [3—5]. An alternative and practical approach lies in the implementation
of FCLs, offering a cost-effective solution [6]. FCLs provide the advantage of mitigating
the need for costly replacements or upgrades of existing devices as fault current levels
rise, making them especially valuable for safeguarding older or less advanced equipment
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[7]. Furthermore, FCLs protect devices from the initial surge during fault conditions and
enhance the voltage profile [8].

Despite the benefits of FCLs, their widespread adoption is hindered by the associated
production costs [9, 10]. Researchers have explored various models and techniques for
FCL development [11, 12], leading to a deeper understanding of FCL operation and val-
uable insights into different cost-effective implementation approaches [13, 14]. Among
the extensively studied methods is the use of superconducting materials in FCL designs
[15, 16]. Superconducting fault current limiters (SFCLs) capitalize on the exceptional
properties of superconductors to achieve high-performance fault current limitation [17,
18]. These materials exhibit zero electrical resistance below their critical temperature
[19, 20], effectively impeding the flow of fault current. Extensive research has been con-
ducted on SFCLs, analyzing their advantages and limitations in various power system
scenarios [21, 22].

In addition to superconducting materials, non-conducting materials have also been
a focus of research for developing FCLs [23, 24]. Non-conducting fault current limit-
ers (NCFCLs) employ materials with high resistivity to restrict the fault current [25].
These materials, such as metal oxide varistors (MOVs) and composite materials, possess
advantageous features like self-healing characteristics and rapid response times [26, 27].
Numerous studies have explored the application of NCFCLs in power systems, evaluat-
ing their cost-effectiveness and performance [28, 29].

Furthermore, various other FCL models and techniques have been investigated [3],
including active current limiters [30], solid-state FCLs [31], and hybrid FCLs [32-34].
These approaches utilize advanced control algorithms [35], power electronics devices
[36], and novel materials to achieve efficient fault current limitation while considering
cost and system compatibility [37]. By thoroughly reviewing the existing literature, a
comprehensive understanding of the different FCL models and techniques employed in
various power system scenarios can be acquired. This knowledge serves as the founda-
tion for developing a low-cost FCL based on a single circuit for three-phase networks, as
presented in this study. The proposed FCL offers a simple structure, high reliability, and
a cost-effective solution to address the challenges associated with escalating fault cur-
rents in power systems.

This paper examines the advantages of using a single commutation circuit in FCLs
compared to employing three commutation circuits [38]. The investigation focuses on
assessing the benefits of the single circuit approach in terms of simplicity, cost-effective-
ness, reduced complexity, improved efficiency, space-saving characteristics, enhanced
performance, higher power density, and ease of integration. The results highlight the sig-
nificance of the single commutation circuit method, providing valuable insights for opti-
mizing FCL technology and its application in various electrical systems. Understanding
these advantages can lead to more efficient and reliable FCLs.

Proposed FCL (fundamental)
Figure 1 depicts a three-phase power system employing a single commutation circuit,
with key components and their functions as follows:
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Fig. 1 The simple circuit structure for the economical FCL

«+ Circuit breaker (CB) Also known as the main switch, the CB functions as a rapid
interrupter CB. In the event of a short circuit in the system, the measurement and
control system come into action, activating the commutation circuit to limit the
short-circuit current before disconnecting it. Once the short-circuit current is effec-
tively limited, the CB trips, completely interrupting the current flow.

+ Current limiter (commutation circuit) The current limiter consists of two elements,
the pre-charged capacitor (C,) and the inductive element (L;), which are responsi-
ble for controlling and restricting the current flow within the circuit. During regular
operation of the power system, the switch is closed, effectively short-circuiting the
FCL and resulting in minimal power loss.

+ Measurement and control system (MCS) The MCS plays a vital role in collecting
and controlling data related to the circuit’s operation. It constantly monitors the sys-
tem for any anomalies or short circuits. Upon detecting a short circuit, it triggers
the current limiting circuit and oversees its operation until the current is adequately
reduced.

This circuit configuration ensures the efficient and safe operation of the power system,
minimizing power loss during normal conditions and effectively restricting the short-
circuit current to safeguard the system from potential damage.

Operation strategy and logic control

The reliability and stability of the FCL play a critical role in its effectiveness within the
power system [39]. To achieve these essential aspects, the FCL must seamlessly operate
during normal conditions while demonstrating swift and precise responsiveness in case
of a fault. The key considerations for ensuring stability and reliability are as follows:

+ Normal operation The FCL should exhibit uninterrupted performance during reg-
ular power system operation, allowing continuous power flow with minimal power
loss.
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Fault detection and prediction In the event of a fault, the FCL must possess the
capability to rapidly detect the fault and accurately predict the short-circuit current.
Achieving this necessitates a highly sensitive measurement and control system capa-
ble of identifying abnormalities in the current flow.

Current limiting Once a fault is detected, the FCL should effectively restrict the fault
current to a safe level. This is accomplished through the parameters of the commuta-
tion circuit, which control the current flow and prevent it from surpassing the break-
ing capacity of existing CBs.

Interruption The final stage of FCL operation involves the interruption of the fault
current. To achieve this, a fast CB is essential, capable of interrupting the current at
the zero-crossing point. This ensures a safe and efficient interruption of the fault cur-

rent.

Figure 2 offers a visual representation of the FCLs operation, elucidating its function-

ing and the sequence of steps involved in fault detection, current limitation, and inter-

ruption. It is essential to recognize that the specific design and implementation of the

FCL may vary depending on the power system’s requirements and the type of fault cur-

rent limiting technology employed.

The main component of the proposed FCL

Fast mechanical CB

Fast mechanical CB, main switch (MS), fast breaker (FB), or mechanical switch (MS) are

different names for the same component, and it represents a critical component in the

FCL circuit, and its operation is supported by a fast electro-dynamic drive. The main

switch is a fast mechanical switch that can be visually represented as shown in Fig. 3.

The key characteristics and functions of the main switch are as follows:
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Fig. 2 The principle of operation of FCL and the effect on the FCL
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Fig. 4 Commutation circuit of the proposed FCL

+ Closed state In the closed state, the contact of the main switch allows the flow of
current through the circuit. This enables the normal operation of the power system,
ensuring a continuous power flow.

+ Fast electro-dynamic drive To open the main switch quickly in the event of a fault
or abnormal condition, a fast electro-dynamic drive is employed. This drive mech-
anism applies a rapid electromagnetic force to separate the contact points of the
switch, interrupting the current flow swiftly.

+ Low power losses A notable feature of the MS is its ability to provide very low power
losses during normal operation. This ensures efficient power transmission without
unnecessary energy dissipation or heat generation.

By combining the fast mechanical switch with the electro-dynamic drive, the circuit
can respond promptly to fault conditions, minimizing the duration of fault currents and
improving the overall stability and reliability of the system. It must be considered that
the specific design and implementation of the main switch may vary depending on the
system requirements and the desired level of performance.
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Commutation circuit

The commutation circuit, depicted in Fig. 4, consists of several key components,
including the pre-charged capacitor, inductive element, and semiconductor switch.
The selection of these parameters plays a crucial role in achieving a successful design
for the FCL. The main challenge lies in choosing the right sizes for the capacitor and
inductor, as well as determining the appropriate pre-charged voltage on the capacitor.
These considerations are essential to ensure that the FCL can effectively detect and
distinguish fault currents, regardless of the type of fault.

+ Pre-charged capacitor The capacitor is responsible for storing electrical energy. It
needs to be properly sized to provide sufficient energy for fault current detection.
The capacitance value is determined based on factors such as the desired response
time, fault current magnitude, and system requirements. A higher capacitance
value can allow for greater energy storage, improving the FCL’s ability to detect
and respond to fault currents.

« Inductive element The inductor in the commutation circuit helps control the cur-
rent flow and assists in limiting the fault current. The inductance value is selected
to ensure smooth current transition and effective current limitation during fault
conditions. The right inductance value depends on factors such as fault current
magnitude, desired current limiting characteristics, and system specifications.

+ Semiconductor switch The semiconductor switch, typically a solid-state device, is
used to control the switching operation in the commutation circuit. It enables the
activation and deactivation of the FCL based on fault conditions. The choice of the
appropriate semiconductor switch depends on factors such as voltage and current
ratings, switching speed, and power handling capabilities.

Selecting the correct parameters, including capacitor and inductor sizes, and deter-
mining the pre-charged voltage, require careful consideration and analysis. Factors
such as fault current levels, system characteristics, and desired performance objec-
tives must be taken into account during the design process. Ensuring sufficient energy
storage and effective fault current detection are crucial for the reliable and efficient
operation of the FCL. It is important to note that the specific parameter values and
design considerations may vary depending on the specific requirements and con-
straints of the FCL application.

Indeed, sine waves oscillate around zero and have a frequency of approximately
50 cycles per second (50 Hz) in many power systems. In an ideal scenario, switching
operations in the circuit should ideally occur at the zero-crossing point of the sine
wave. This is because switching at zero current minimizes the occurrence of arcing,
ensuring a more efficient and reliable operation of the mechanical CB [40, 41].

With the implementation of the commutation circuit, the mechanical CB sine wave.
Instead, the primary role of the commutation circuit is to actively force the fault cur-
rent to approach zero in a very short period of time, as illustrated in Fig. 5. By utiliz-
ing the commutation circuit, the fault current can be rapidly reduced and brought
close to zero, enabling a smoother and faster interruption by the mechanical CB. This
helps to minimize the arc and the associated problems caused by interrupting high
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Fig. 5 Fault current limited using commutation technique

fault currents. The synchronized switching between the commutation circuit and the
mechanical CB at or near the zero-crossing point of the sine wave enhances the effec-
tiveness of the fault current interruption, improving the overall reliability and perfor-
mance of the system.

Measurement and control system

There are generally two methods used for error detection in FCLs. The first method
involves continuously monitoring the magnitude of the line current to check for a
short-circuit condition. The second method is to examine the rate of change of cur-
rent (dt/di). While both approaches can be used, each method has its limitations [42,
43].

When using magnitude as the sensing technique, there is a risk of false triggering
of the FCL due to inrush currents caused by heavy loads connected to the system,
which are not actual faults. Therefore, relying solely on current magnitude may result
in incorrect fault detection. On the other hand, when considering only the rate of
change of current, it does not necessarily indicate an error condition. Current can
change rapidly for various reasons other than faults, such as switching operations or
load fluctuations. Therefore, relying solely on the current rate of change may lead to
false alarms or missed fault detection.

To address these limitations, a comprehensive approach can be adopted, as
depicted in Fig. 6. The algorithm combines both the current rate of change (di/dt) and

the short-circuit current magnitude (I,,,) to make a more accurate decision regard-

)
rms
ing fault conditions. The algorithm’s general framework considers the trend of cur-
rent rate of change over time and compares it with a threshold value. Additionally, it
takes into account the magnitude of the line current and compares it with a predeter-
mined threshold. By combining these two parameters, the algorithm can make a more
informed determination of whether an error condition exists.

It is important to note that the specific thresholds and criteria used in the algorithm

may vary depending on the specific application and system requirements. Fine-tuning
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Fig. 6 Short-circuit detection on +ve half cycle and —ve half cycle for phase A

and customization of the algorithm are essential to ensure reliable and accurate fault
detection while minimizing false alarms. Figure 6 illustrates the short-circuit detec-
tion on+ ve half cycle and -ve half cycle for phase A based on the current rate of
), highlighting the inte-

gration of these parameters for effective fault detection in FCL systems.

change (di/dt) and the short-circuit current magnitude (I,

The current limiting and interruption operation sequence

The control operation of the proposed FCL begins during normal operation, where the
main switch is closed, allowing the line current to flow. However, in the event of a fault,
a specific control mechanism is activated. The following steps outline the control opera-

tion sequence:

1. Measurement of load current The load current is measured, and its absolute value
is determined.

2. Comparison with threshold values The absolute value of the load current is com-
pared with two preset threshold values (I;,). One threshold value is positive, while
the other is negative. This step helps determine whether the fault current is in the
positive or negative cycle of the current waveform.

3. Fault detection The fault is detected if two conditions are met:

a.  The magnitude of the fault current exceeds the threshold value (I,).
b.  The slope of the current waveform is increasing or has a positive value.

4. Instant t; Once the fault current is detected at instant t;, two signals are simultane-

ously conveyed from the control circuit:

a.  Signal to activate the commutation circuit.
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Fig. 7 The current limiting and interruption operation sequence for the proposed FCL
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Table 1 Show circuit parameters of the proposed FCL

Source parameters
Voltage source
Frequency
Impedance source
Load parameters
Load impedance
Load current

Commutation circuit parameters

Commutation capacitance

Commutation inductance

400 Vgys
50 HZ
L=3*10°F&R=1*1072Q

4 mF
3*10°H

L=3*10"H&R=0.15Q
60 A

b.  Signal to trigger the thyristors (THYx) and initiate the opening of the MS using
the electro-dynamic drive.

The sequence of current limiting and interruption operations is then initiated. Figure 7
depicts the current limiting and interruption operation sequence for the proposed FCL.
During this sequence, the commutation circuit actively limits the fault current, and the
MS opens to interrupt the current flow. The coordination of these actions ensures the
efficient and effective limitation and interruption of the fault current. The control opera-
tion sequence presented here provides a general overview of the steps involved in fault

detection, current limiting, and interruption for the proposed FCL.
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Fig.9 Current and voltage waveforms using FCL

Simulation results

Simulation results with the parameters provided in Table 1, and a fault occurring at
t=0.2 s, shown in Figs. 8 and 9, yield the following observations regarding the normal
current before short circuit, the prospective fault current, peak let-through current, fault
clearance time, and peak recovery voltage:

+ Normally Load Current: The simulation result in Fig. 8 indicates that the normal
load current according to circuit parameters is 100 A.

+ Prospected short-circuit current The simulation indicates that the prospected
short-circuit current, as shown in Fig. 8, is 2000 A due to the inductive load and the
fast transient in the system.

+ Peak Let-Through Current of Phase A The simulation indicates that the peak let-
through current, as shown in Fig. 9, is 1.2kA. This value represents only 60% of the
prospective current amplitude. This indicates that the short-circuit current is effec-
tively limited to a small percentage of its maximum potential, demonstrating the suc-
cessful current limitation capability of the system.
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+ Fault Clearance Time The simulation results show that the fault clearance time
is remarkably short, measuring only 26 us. This swift fault clearance time ensures
a rapid interruption of the fault current, minimizing the duration of the fault and
reducing the potential for damage to the system.

+ Peak Recovery Voltage The peak recovery voltage across the contact of phase A is
reported to be within the acceptable limit of 200 V. This indicates that the voltage
level is maintained within the specified range after the fault clearance, ensuring the

safe and reliable operation of the system.

These simulation results as shown in Fig. 8 highlight the effectiveness of the proposed
short-circuit current limiter in limiting the fault current, achieving fast fault clearance,
and maintaining the recovery voltage within acceptable limits. The parameters and per-
formance values provided demonstrate the capability of the system to provide efficient
protection and reliable operation for power supply systems.

Experiment data and results

Experiment setup

Figure 10 shows the final photographic image of the proposed model that was built
in the laboratory, where the upper part of the image indicates the three-phase power
source, the right side of the image indicates the short circuit and commutation circuit,
the load is represented by a three-phase electric motor in the middle of the image, and
it feeds the power quality analyzer as an oscilloscope to given signals on the computer

screen to the left of the image.

{ N\ s
Lt contrdl\cucmt

of qualty

o

Fig. 10 Laboratory model for proposed FCL




Ahmed et al. Journal of Electrical Systems and Inf Technol (2024) 11:6

| Power Quality
&Analyzer

FCL
Fault q
AC N 3 | Mechanical ]| AC
Supply Dse;,:iggn Contact A Load
P
= S ~—
E 2 Control 25
| 5§ | Circuit [7] &2
- = a [
a%
.| Commutation

Circuit

Fig. 11 The block diagram of the experimental FCL model
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-36

-48

: : : : : : : : : : : P
+0022s 5 ms /Div Time (Sec)

Fig. 12 The model response for current waveforms at line to ground fault (A1)

Figure 11 gives the block diagram that shows the principle operation of the proposed
FCL technique, as it includes the three-phase power source 380 V that feeds the load
through the mechanical contact under normal conditions. While under abnormal con-
ditions, the control circuit determines the fault direction and at the same time sends a
tripping signal to open the mechanical contact.

Experiment results

The practical circuit was built to give a fault current with a maximum value of 100 A.
Through laboratory experiments, the proposed technique proved its effectiveness in
commutating the fault current in three-phase circuits using one commutation circuit,
and Fig. 12 shows the current waveforms at a single line to ground fault (A;). The

Page 12 0f 18
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Fig. 14 The model response for current waveforms at symmetrical fault

commutation capacitor current (Ay) discharges the commutation current when the
fault current reaches the preset value, and the fault current is successfully commu-

tated at a time of 0.027 s.

The response of the proposed FCL for line to line and symmetrical faults are shown
in Figs. 13 and 14, respectively. It is clear from this that when the fault current reaches
the predetermined value, the control circuit activates the commutation circuit to
inject the discharge current opposite to the fault current, and then the fault current

has been successfully interrupted.

Time (Sec)

-120

-150

Current (A)
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Fig. 15 The model response for voltage waveforms at symmetrical fault

Figure 15 presents the voltage waveforms in the case of a symmetrical fault. It is
worth noting that when the fault current is successfully interrupted at the time of
0.05 s., the time to appear the recovery voltage is delayed, thus delaying the onset of
the recovery voltage in this way reduces the possibility of an electric arc.

Verification for experiment results with simulation results

Based on the outcomes of the simulation, it is evident that effective current limitation
can be achieved up to approximately 35-40% of the prospective fault current. In prac-
tical application, successful fault current limitation is achieved within the range of
55-60% of the prospective fault current. Simulation results indicate that the utiliza-
tion of a super-capacitor with a substantial capacitance and high rated voltage could
potentially extinguish fault currents up to 50 kA. Conversely, employing a capacitor
with modest capacitance, around 400 pF, and a rated voltage of up to 400 V, has dem-
onstrated the capability to discern fault currents up to 250A.

The fault commutation method is introduced in the present paper as a new current
limiting technique. The elaboration of the associated circuits, treatment of certain
aspects of the application, and the experimental investigation carried out lead to the
conclusion that the proposed method can be effectively used as a current limiting link
in AC power systems. The economic studies made are of necessity simple and brief
but the cost estimation of a fault commutation circuit in the high voltage range shows
that this can successfully compete with the method on economic grounds.

Conclusions
The article presents an innovative and cost-effective solution for limiting short-circuit
currents using a single commutation circuit and a high-speed CB. The primary focus is

on leveraging semiconductor devices, fast fault detection, and phase control technology
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to enhance the performance of existing power supply systems. By incorporating an arti-
ficial zero-crossing circuit, the proposed design aims to restrict the short-circuit current
before the occurrence of the first peak. Notably, one of the key advantages highlighted in
the article is the cost-effectiveness of this FCL compared to alternative solutions. Its sim-
plicity in design contributes to lower costs, eliminating the need for upgrading various
network components such as generators, transformers, switches, and transmission lines.

However, the proposed FCL scheme does have certain limitations that warrant con-
sideration. Depending on the specific design and components utilized, there may be
constraints in handling high fault currents that can be effectively limited by the FCL.
Additionally, designing and implementing an effective control algorithm that ensures
proper fault current limiting and coordination with the power system can pose chal-
lenges. Moreover, the physical capabilities and cost of implementing the FCL system
could limit the practical comparison to simulation results, and laboratory safety con-
cerns may need to be addressed.

To ensure the stability and reliability of the proposed FCL scheme in the network, future
efforts should be directed toward comprehensive field trials and real-world deployment.
Conducting these trials will validate the performance and effectiveness of the FCL system
in diverse power system environments. Collaborations with power utilities or industry
partners will facilitate deploying the FCL system in selected locations, allowing for an eval-
uation of its performance under actual operating conditions. Furthermore, comprehensive
performance testing of the FCL prototype should be conducted under various fault con-
ditions and load scenarios. This will enable measuring its effectiveness in limiting short-
circuit currents, evaluating its response time, and verifying its reliability and stability. By
addressing these aspects, the proposed FCL scheme can be refined and optimized to meet
the demands of modern power systems, paving the way for more efficient and reliable elec-
trical power engineering solutions in the future.
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