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Abstract

Powerline faults are responsible for major bushfires around the world where arcs pro-
voked from ground faults are common causes for igniting such fires. The grounding
techniques (mainly resonant grounding) used in distribution substations and arc suppres-
sion devices play a crucial role for compensating fault currents in order to extinguish
arcs so that the likelihoods of powetline bushfires are significantly reduced. Though pas-
sive arc suppression devices (e.g. Petersen coils) are extensively used for compensating
the reactive component of the fault current, the active component of this current is still
large enough to ignite the fire in bushfire prone areas for which active arc suppression
devices are recently used. These active arc suppression devices incorporate residual cur-
rent compensation inverters and the full compensation of the fault current rely on the
control scheme of these inverters. This paper comprehensively reviews different control
schemes that are used for compensating the fault current in resonant grounded power
distribution systems. The existing control schemes are discussed in terms of the model
used during the controller design process, loop structures, control block diagrams, and per-
formance analysis frameworks (i.e. the type of fault impedances). It is worth mentioning
that faults on resonant grounded power distribution networks exhibit the characteristics
of high impedance faults and it important to consider this aspect for performance analy-
sis of the control scheme. This paper also covers a brief overview of different grounding
techniques used for mitigating fault currents and finally, the challenges with the existing
controllers are identified in terms of extinguishing powerline bushfires. The comprehen-
sive review motivates and guides future research activities on developing more efficient
fault compensation techniques.

others (e.g. powetlines). While powerlines only account for 1
to 4 percent of the bushfires per year, these have been dis-

Bushfires provoked by powetlines have been a major cause
for concerns in Victoria (an Australian state) for the past few
decades. The most notable incidents in Victoria include the 12
February 1977 bushfire, 16 February 1983 (Ash Wednesday)
bushfire, 7 February 2009 (Black Saturday) bushfire, 2019-2020
(Black Summer) bushfire which led to severe losses of lives
and properties. Bushfires can be aroused by natural events (e.g.
lightning), human activities (e.g. campfires, arson etc.) and few

proportionately catastrophic [1, 2]. It must be noted that the
emphasis here is on power distribution lines. The reason for
such considerations is that transmission lines are responsible
for much lesser fires as the design, operation, and maintenance
schemes for these transmission networks commensurate the
criticality.

Faults in powerlines can ignite bushfires where these faults
typically occur when vegetation comes into contact with the
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powetlines, wind causing powerlines to touch each other, heat
causing the lines to sag and come into contact with each other
and lightning strikes [1]. This creates large current flows lead-
ing to sparks and electric arcs which can cause ignitions. Single
line-to-ground (SLG) faults are the most commonly occurring
faults (x70% of all possible faults) in both polyphase and sin-
gle wire earth return (SWER) lines [1]. There are chances of
line-to-line and three-phase faults but these are less significant
when compared to SLG faults. Recently, a study has been car-
ried out on the probability of bushfire ignitions from electric
arcs by focusing on how different variables such as the magni-
tude of the arc current (i.e. the fault current) and duration along
with environmental factors like wind speed, ambient tempet-
ature and moisture, and type of fuels (plantations) under the
worst-case conditions affect the probability of ignition [3]. The
results showed that an arc can ignite fire almost instantaneously
(Iess than 10 ms). However, this was highly dependent on the
arc current duration, magnitude, and other environmental fac-
tors. Even a moderate airflow would be sufficient to extinguish
any arcs, particularly with low fault currents [3]. There was
50% chance of sustained ignitions when the magnitudes of the
fault current and durations are 200 A for 60 ms and 4.2 A for
155 ms.

Various recommendations have been proposed to enhance
the protection of polyphase and SWER powerlines in dis-
tribution networks as an attempt to minimize and ideally
mitigate bushfire ignitions due to powerline faults. Rapid
earth fault current limiters (REFCLs) have been proposed
for polyphase powerlines while newer generation auto circuit
recloser (ACR) devices have been recommended for SWER
lines. The third option of underground cabling or insulated
cabling has also been proposed which is applicable for both
polyphase and SWER lines [4]. The discussion of ACRs and
underground (or insulated) cabling is beyond the scope of this
paper as this work mainly stresses the compensation of the
fault current in three-phase power distribution systems due
to SLG faults which are responsible for 70% of powerline
bushfires [1].

Another important factor needs to be considered, when dis-
cussing the fault protection in distribution networks, is the
system grounding, The system grounding plays a crucial role
for the fault compensation in distribution networks. Hence,
distribution networks with the grounding are termed as com-
pensated distribution networks. The grounding in a distribution
network is essential to control the line-to-ground voltage within
certain thresholds in order to minimize the stresses on the insu-
lation of conductors during faults. This also reduces the risk
of electrical shock hazards to personnel and equipment that
might come into contact with the faulty conductor. Although
fault detection is beyond the scope of this paper, the grounding
reduces communication interferences paving the way for rapid
fault detection [5]. Another important contribution of ground-
ing is that it provides a path for the fault current to flow during
a faulted condition which would subsequently trigger protec-
tion devices that would isolate voltage sources from the faulty
conductor. Apart from that, the effectiveness of grounding can
influence the system reliability, power quality, and longevity

of customer and utility equipment. The effective grounding
is an intentional connection to the ground either directly or
via a sufficiently low impedance having adequate current car-
rying capacity to limit the buildup of hazardous voltages [0].
As indicated in ref. [7], understanding the impact of ground-
ing systems on the transient current is crucial to determine
the effectiveness of the protection system provided by these
groundings.

In most power systems, the neutral is grounded at one or
more points where grounding grids are used in high voltage
stations situated in rocky terrains and multiple grounding con-
ductors are buried to a depth of 1 to 2 feet as it is impractical
to use deep-driven conductors due to the rocky nature of the
soil [8]. The neutral grounding can be either solid (which is
a direct connection to the ground) or an impedance-based
grounding (systems with ungrounded neutrals are typically
not recommended). The impedance grounding can further be
broken down as resistive grounding, reactive grounding, and
resonant grounding (also known as the ground fault neutral-
izer) [9]. A real case study is performed in ref. [10] on medium
voltage networks where ground fault characteristics are anal-
ysed for the high impedance grounding. The results in ref. [10]
show that only a few arc faults occur in compensated net-
works and the ground fault arcs could self-extinguish without
any auto-reclose feature, thus, improving the supply reliability
of the network. The voltage transformer-based grounding is
used particularly if the primary or secondary coil of a trans-
former is in delta configuration (with no convenient neutral)
where the voltage transformer is used to ground the delta
side. A zigzag transformer is used in systems with high volt-
ages (>33 kV) as it provides an added benefit of limiting
high fault currents by equally dividing these into all three
phases [11]. All these grounding schemes have their own dis-
tinctive features and each technique is meant to serve a certain
purpose.

The concept of rapid earth fault current limiters (REFCLs)
comes into the context with the resonant grounding which
injects current at the neutral point for compensating the fault
current and faulty phase voltage. In fact, the resonant ground-
ing provides self-extinction of arcs in overhead lines for about
80% of temporary faults without tripping feeders [5, 12]. The
study carried out in ref. [13] shows the advantage of the resonant
grounding over resistor grounding (which has been a popular
grounding technique for a while). A systematic review of the
flexible grounding technique to compensate the fault current
due to the high impedance single-phase to ground fault is car-
ried out in ref. [14] though it does not focus the control aspect
of the residual current compensator (RCC) inverter. During a
high impedance ground fault, the damage at the fault point is 19
times more in a resistor grounded system while comparing with
the resonant grounded (RG) system. REFCL devices limit the
fault current during SLG faults almost instantaneously. REFCL
simulations as presented in [3] show that no ignition is provoked
due to arcs during SLG faults. While REFCLs are greatly bene-
ficial in minimizing the risk of bushfire ignitions due to electric
arcs, it must be noted that they cannot handle complex faults
involving multiple conductors (e.g line-to-line faults, double
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line-to-ground faults, three line-to-ground faults etc.). REFCLs
limit the fault current using passive and active fault current com-
pensation. Passive fault current compensation utilizes resonant
grounding (ground fault neutralizers or arc suppression coils) to
compensate the capacitive currents in the distribution network
during an SLG fault. Over the years, the resonant grounding
has been a popular choice due to its ability for the effective
compensation of the fault current [15, 16]. This does not mean
that arc suppression coils are perfect as these still suffer from
resonance-related issues leading to overvoltages which can lead
to dangerous results like insulation stresses, voltage asymme-
try during non-faulty conditions, harmonics, and few others to
mention [17].

The passive compensation (also known as the arc sup-
pression coil, i.e. ASC) cannot fully compensate ground fault
currents in distribution networks. As noted eatlier on, the
active component of the ground fault current has become
more prominent due to the expansion of the network and it
cannot be neglected as its magnitude during faults can be suf-
ficient to provoke arcs that can lead to sustained ignition of
bushfires. Apart from these, the increase in nonlinear loads
causes harmonics in the ground fault current which in turn
increases the chances of the arc ignition factor as these harmon-
ics cannot be neutralized by passive compensators. Therefore,
these issues have geared more research towards active and
harmonic compensation of ground fault currents and it is
essential to have the compensation technique that can com-
pensate the active component of the fault which is typically
carried out by RCC inverters. An RCC inverter-based ground
fault neutralizer (GFN) as implemented in ref. [12] demon-
strates the full compensation (both active and reactive) with
a response time of less than three cycles. However, this com-
pensation totally relies on the control schemes used for the
RCC inverter.

The control of the RCC inverter for compensating the fault
current in RG distribution systems is relatively a new area.
This paper aims to provide a comprehensive overview of dif-
ferent control schemes that are used for compensating the
fault current in RG power distribution systems along with a
brief overview of different grounding techniques. The control
techniques are analysed by dividing into several groups and
subgroups depending on the use of the model for the ASC
with the RCC inverter. The performance summary of these
control techniques in terms of the fault current and faulty
phase voltage compensation is also presented in this paper
while considering the fault impedance. Finally, major challenges
and research gaps are identified in terms of compensating the
fault current and faulty phase voltage for mitigating powetline
bushfires.

The rest of the paper is organized as follows. A brief overview
of different grounding techniques is presented in Section 2
while Section 3 provides a comprehensive overview of differ-
ent control schemes used for the RCC inverters in resonant
grounded distribution systems. The challenges are presented in
Section 4 and finally, the paper is concluded in Section 5 along
with some future directions.

2 | A BRIEF OVERVIEW OF DIFFERENT
GROUNDING TECHNIQUES AND FAULT
CHARACTERISTICS

As indicated earlier on, a grounded system can be classified
as a neutral or non-neutral grounded system along with an
ungrounded system where there is no intentional connection
to the earth. The neutral grounding in a system can be done at
one or more points by mainly focusing on extra-low and extra-
high voltage systems [9]. On the other hand, the non-neutral
grounding is not solely used for the power generation or distri-
bution and it is typically used for grounding the buildings, utility
grids, and substations [11, 18]. This section aims to provide a
brief overview of different grounding techniques (mainly, neu-
tral grounding such as solid, resistance, reactance, and resonant
groundings) along with an ungrounded system as discussed in
the following subsections.

2.1 |

Ungrounded systems

Figure 1(a) shows an ungrounded system from where it can
be seen that there is no intentional ground in this system.
This is technically inaccurate as there is a capacitive coupling
between the conductors of the system and ground. However,
these capacitances have a very limited impact on grounding
characteristics, hence, the notion of an ungrounded system
being the capacitive grounded is distegarded [9]. Harmon-
ics in an ungrounded system can be ignored due to the
absence of a ground and their effects would die out them-
selves within the system. However, there is very poor protection
against transient overvoltages in an ungrounded system which
can lead to the gradual deteriorations and breakdown of
insulations [11].

In an ungrounded system without any fault, the line-to-
ground capacitance is generally assumed as balanced and the
capacitance-to-ground currents of each phase are equal in mag-
nitude with the phase shift of 120° from each other. Therefore,
the algebraic sum of these currents will be zero. When there
is an SLG fault on any of three phases, the current flowing
through the faulty phase will cease as there will be no potential
difference due to the grounding of that phase. The voltages of
the healthy phases will rise from the line-to-neutral voltage to
the line-to-line voltage while the phase voltages will no longer
be shifted by 120° rather by 60°. Accordingly, the capacitor
charging currents will be 1.732 times of the nominal value.
Unlike the non-faulty condition, the algebraic sum of the cur-
rent flowing through the capacitances will no longer be zero but
it will be three times of the nominal value while the fault current
will lead the otiginal phase voltage by ~90°. This scenario shows
some problems in an ungrounded system. Due to the resonance
provoked from the inductance of the system and the distributed
capacitances to the ground, there can be transient overvoltages
which may cause damages to insulations at multiple points
[9, 11]. Transient overvoltages from restriking ground faults
have persuaded to limit the use of ungrounded systems and
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(a) Ungrounded (b) Solidly grounded

FIGURE 1 Different types of grounding techniques

move towards solid or impedance grounding. Despite these
issues, an ungrounded system may still remain operational
during sustained faults with lower magnitudes as the phase-
to-phase voltage triangle remains intact. Apart from that, the
self-extinction of low-intensity ground faults is possible on
overhead ungrounded lines [5].

2.2 | Solidly grounded systems

A solidly grounded system is one where the neutral is directly
connected to the ground with no impedance which can be
seen from Figure 1(b). Typical solid groundings are used in
generators as they provide fast clearing times for high fault
currents [11]. In practice, the solid grounding in distribution
systems can be either uni- or multi-grounded. In a three-
wire uni-grounded system, all loads are connected between
phases whereas in a four-wire uni-grounded system, there
is an isolated neutral with loads being connected between
phase and neutral. Here, the imbalance in the load cur-
rent returns via the neutral while the ground fault current
returns through the ground to the neutral of the substa-
tion. In four-wire multi-grounded systems with phase-to-neutral
loads, the system is grounded at each transformer in the
substation [5].

2.3 | Resistive grounded systems

In contrast to the solid grounding, the neutral is grounded via an
ohmic resistor in a resistance grounded system as presented in
Figure 1(c). There are low resistance grounding (LRG) and high
resistance grounding (HRG) techniques including the existence
of a third technique which is a hybrid that includes both LRG
and HRG. The ultimate objective of the resistance grounding
is to limit the fault current through the grounding conductor
for reducing the risk of electrical shock hazards, arc blasts or
flash hazards, and stresses on apparatus carrying fault currents
as well as to securely control transient overvoltages while at
the same time avoiding a faulted circuit shutdown. An LRG
scheme is used to maintain the fault current within certain lim-
its to protect the insulation of the grounding conductor [11]
where the fault current is typically limited to a range of 50
to 1000 A [9]. HRG systems are used with medium voltages

(c) Resistive grounded

(d) Reactive grounded (e) Resonant grounded

typically in the range of 150 to 600 V [11] where the fault
current is limited to 10 A or less [9]. A drawback of HRG sys-
tems is that it takes more time to drain out the fault current
as compated to LRG or solidly grounded systems. LRG sys-
tems exhibit a particular disadvantage that is the simultaneous
grounding of generators and/or transformers results in a low
equivalent impedance as the impedances are in parallel. This sce-
natio would lead to very high fault currents in the system (in the
order of 1000 A). To mitigate the drawbacks of LRG and HRG
systems and achieve the optimal use of the tesistance ground-
ing, a hybrid, i.e. the combination of LRG and HRG is adopted
where the system adaptively switches the grounding in a gen-
erator from an LRG source to a HRG source during a ground
fault [9].

2.4 | Reactive grounded systems

In a reactance grounded system, the system neutral is grounded
via a reactor as shown in Figure 1(d). The fault current in a reac-
tance grounded system should be limited in such a way that
it has the lowest value of 25% (though 60% is preferable) of
the three-phase fault current for preventing transient overvolt-
ages [19]. The reactance grounding is generally used in cases
where it is necessary to limit the magnitude of the ground fault
duty to a value similar to that of a three-phase fault. The use
of a reactance grounding for limiting the fault current is rela-
tively less expensive than resistance grounding particulatly if the
magnitude of the desired current has several thousand amperes.
There are two possible scenarios where these situations can
arise. In one scenario, the total zero-sequence impedance of
step-down transformers in medium voltage distribution net-
works can cause the fault current (due to an SLG fault) to exceed
that of a three-phase fault. Another instance is when a generator
must directly supply a single-phase load at its terminal (without
the presence of a generator isolation transformer). If there is
an unbalance, a residual current will pass through the neutral
of the generator. Generators in medium voltage networks can-
not handle mechanical forces provoked from such fault currents
whose values exceed due to a three-phase fault at the termi-
nal of a machine. For this reason, the solid grounding is not
desirable and a low reactance grounding is adopted for limit-
ing the ground fault current to a value below the corresponding
three-phase value [9].
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FIGURE 2 Classifications of fault current compensation techniques

2.5 | Resonant grounded systems

In an RG system, the neutral is grounded via a variable reac-
tor as shown in Figure 1(e) which is also called the GEN or the
Petersen coil or ASC. The impedance of the reactor is tuned
to match the total zero-sequence capacitive reactance of the
distribution network, thus, negating the effect of the capaci-
tive ground fault current. When an SLG fault is considered on
any of three phases, the faulty phase voltage will be impressed
across the variable reactor for generating a lagging current as the
reactor is inductive. Hence, there will be a closed path for the
current to travel through the reactor, transformer, the ground
fault, and then to the ground. On the other hand, the leading
capacitive current (which is three times of the nominal value)
flows via line-to-ground capacitances of the healthy phases due
to the fault. Since the internal resistance of the variable reactor
is relatively small, the lagging inductive current and the leading
capacitive current are assumed to be 180° out of phase [20].
Hence, the phasor sum of the inductive and capacitive compo-
nents of the ground fault current will be zero if the reactor is
propetly tuned [9]. Only a small residual current exists due to
the resistive component. RG systems are sometimes called com-
pensated systems and depending on the relationship between
the inductance and capacitance, the reactive impedance can be
off-tuned, thus, resulting in over- or under-compensation. With
the RG, a system is capable of reducing the fault current around
3% to 10% to that of an ungrounded system and with modern
techniques like the moving core reactor with a control system,
100% tuning for all system operating conditions can easily be
achieved [5]. An automatic tracking Petersen coil has two oper-
ating modes: the pre-setting and the follow-setting modes. As
discussed in ref. [21], with the pre-setting mode, the system
capacitance is measured in the real-time which allows the com-
pensation as soon as an SLG fault occurs. The drawback of this
method is that during the normal operation of the system, i.e.
without any fault; the displacement voltage of the neutral point
is high for which a buffer resistance is required to prevent series
resonance. In the follow-setting mode, the coil is adjusted to
propetly inject an inductive current to the system to compen-
sate the capacitive current immediately after a fault and as the
displacement voltage is lower for which a separate buffer resis-

tance is not required to prevent any series resonance. This mode,
however, takes longer to achieve arc extinction.

This paper concentrates on the fault current and faulty phase
voltage compensations in RG power distribution networks as
this resonant grounding technique is used for powetlines in
bushfire prone areas. The following section discusses differ-
ent techniques for compensating the SLG fault in RG power
distribution networks.

3 | DIFFERENT FAULT CURRENT
COMPENSATION TECHNIQUES FOR
THE RCC INVERTER

Depending on the nature of the fault current compensation in
RG distribution networks the passive compensation in distri-
bution networks involves the use of resonant grounding (i.e.
arc suppression coils and ground fault neutralizers) to com-
pensate the fault currents during SLG faults. As mentioned
before, the proper tuning of arc suppression coils has proven
to be highly effective in neutralizing ground fault currents. The
device used as the arc suppression coil is the Petersen coil
invented by Petersen in 1916 [22]. Over the yeats, the Petersen
coil has seen several iterations with modern networks utilizing
coils adapting to the variations in line-to-ground parameters in
distribution networks [23]. The active portion of the ground
fault current has received lesser attention in the past as it has
not been very significant. In fact, if the active component of
the ground fault current is 5% of the capacitive current or
less, it is neglected as its magnitude is not sufficient to pro-
voke any arcs or cause any danger [1]. While the distributed
capacitances are responsible for the capacitive ground fault
currents, the shunt leakage resistors are responsible for the
active component of the ground fault current. Over the years,
the power distribution network has seen extensive growth and
expansion with almost everyone gaining access to electricity.
However, this expansion has also caused the line-to-ground
capacitances to significantly increase [24]. This is coupled with
insulation deterioration due to aging, bad weather and envi-
ronmental conditions which have caused the effects of the
active component of ground fault currents to become more
significant. In ref. [25], it has been indicated that the active
component of the ground fault current may exceed 10% pu
in overhead distribution networks which can be sufficient to
provoke arcs and subsequently even bushfires. Other compo-
nents that are not compensated by passive techniques are the
harmonics which appear due to the nonlinearity of the power
transformers, mutual inductors, and presence of nonlinear
loads [25].

The traditional passive arc supptession device (ASD), i.e.
the Petersen coil is limited in its functionality in achieving full
fault current compensation where both active and reactive
components (including the harmonics) ate to be neutralized.
Therefore, active ASDs, which are also called residual current
compensators (RCCs), or flexible atc suppression devices
(FASDs); are used to achieve the full compensation. Active
ASDs typically utilize power electronic inverters (e.g. voltage
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source inverters with different topologies and modulation
schemes) to effectively compensate the fault current. For exam-
ple, a ground fault neutralizer with the RCC inverter is proposed
in refs. [12, 26] to achieve the full compensation of ground faults
in RG transmission networks. However, distribution networks
are more prone to powerline bushfires which can be evidence
from the report by the Powerline Bushfire Safety Taskforce [1].
In the existing literature, the term flexible is used to represent
the characteristics of the power converters which are capable
to flexibly control the output current of the RCC inverter [27].
Based on the location of the installation and structure, FASDs
can be classified into two major parts: three-phase atc sup-
pression method at bus bar and single-phase arc suppression
method at the neutral point [28]. The fault current compen-
sations of these active ASDs have their own advantages and
disadvantages.

3.1 | Classifications of compensation
techniques

This subsection focuses on the different control techniques
adopted by various ASDs. The arc suppression methods used
by these devices typically fall into the category of current-based
suppression or voltage-based arc suppression. The ultimate
objective, in either case, is to eliminate ground fault arcs (i.e.
full compensation of the ground fault current). The con-
trol techniques adopted by these ASDs are crucial for their
steady-state operations where the control objective is to achieve
fast and accurate arc suppression [28]. Based on the design
and implementation of existing control schemes, these can be
divided into two broad categories: model-free and model-based
schemes. Here, the model-free controllers do not require the
exact model of ASDs, e.g. proportional-integral (PI) controllers.
On the contrary, the model-based control scheme will require
the dynamic model of ASD such as the H-infinity control
scheme. The model-free scheme can further be classified as
the single-loop and dual-loop controllers. In the single-loop
control structure, there is only one loop which is used for
compensating the fault current. On the other hand, the dual-
loop controllers have an inner loop and an outer loop where
the outer loop is used to generate the reference value for
the inner loop depending on the structure of the controller.
Furthermore, there can be more than one control scheme
within a loop, i.e. two controllers can be combined in a sin-
gle loop to form a compound structure. Hence, both single-
or dual-loop controllers can further be categorized as simple
and compound structures. On the other hand, the model-
based control scheme includes linear and nonlinear controllers
which can also be classified in a similar manner to that of
model-free controllers. However, the existing literature only
includes the single-loop structure for model-based controllers
and hence, these are not further classified in terms of loops.
All these classifications are shown in Figure 2 and a detailed
overview of these controllers is provided in the following
subsections.

3.2 | Model-free single-loop control schemes

As mentioned eatlier in this section, the single-loop control
structure includes only one loop with one or more control
schemes within that loop. These model-free controllers are
mainly designed using PI controllers in conjunction with either
advanced modulation schemes including new topologies or
other control schemes such as the proportional (P) or pro-
portional resonant (PR) controllers. It is worth mentioning
that the PR controller uses some information from the sys-
tem model. However, it is considered with the model-free
scheme as the PI controller is used as the main control action
with the compound PI+PR for the fault current compensation
in RG grounded power systems. Both simple and compound
single-loop controllers are discussed in the following,

3.2.1 | Simple single-loop controllers

The simple single-loop controllers include traditional closed-
loop controller [29], PI controller [30], PI controller with an
advanced topology [31], and PI controller with an improved
modulation technique [22] which are discussed in details
through the following points.

(a) Closed-loop controller [29]: The risks of electric shocks
due to SLG faults are analysed in ref. [29] by controlling ASDs
so that the fault current can be minimized. In ref. [29], the
reference value of the injected current is calculated using the
zero-sequence phase current of the faulty phase and load cur-
rent. Here, this load current is also used to calculate the voltage
drop between the substation bus and the fault point where this
point is calculated using the travelling wave positioning tech-
nique. Usually, the line voltage drop is considered to be small
enough and ignored. However, there are some situations where
this might not be the case, and even though the faulty phase
voltage is suppressed to zero, there are chances that a large
current and voltage to be present at the fault point which can
make it difficult to completely extinguish arcs. In ref. [29], the
inverter with the ASD is controlled using a closed-loop con-
troller (without specifying any technique) for suppressing the
faulty phase voltage to zero by regulating the current injection
so that the arc can be suppressed. The performance of the
controller is simulated on a 10 kV distribution network by con-
sidering the fault impedance between 50 € and 2 kQ for which
the compensated value of the fault current lies between 0.067
and 0.026 A while the faulty phase voltage becomes between
3.4 and 50.2 V. However, the value of the fault current for the
similar fault impedance but without any current injection by the
RCC inverter is between 48.5 and 2.6 A while the faulty phase
voltage is between 2450 and 5175 V. Though the approach in
ref. [29] is useful, it depends on the identification of the fault
location which is not easy for RG distribution networks as the
traditional protection devices cannot detect the fault due to the
compensation by the ASC.

(b) PI controller [30]: The PI controller is the most com-
monly used method for the fault current compensation in the
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FIGURE 3 A simple single-loop PI controller [30]

RG system using the RCC inverter. In ref. [30], a current
injection-based atc suppression principle is employed where the
cutrent is injected to the neutral to quickly compensate the
active and reactive components of the fault current during an
SLG fault. In ref. [30], a single-phase voltage source converter
(VSC) is connected to the neutral point of a power substa-
tion via a step-up transformer and the residual fault current is
estimated using the network parameters (e.g, the network asym-
metry factor, network resonance mismatch factor, and network
damping factor) which are estimated using the neutral voltage
tuning curves. These estimated parameters are then used to
estimate the leakage earth resistances (active) and capacitances
(reactive) based on which the residual fault current is calculated
in a RG distribution duting an SLG fault. Figure 3 shows the
diagram representation of the control scheme as presented in
ref. [30] in which the reference value for the current (Z,.,,) that
needs to be injected is calculated using the neutral voltage (=),
the inductance of the Petersen coil (Lp), and shunt capacitance
(C). The controlled vatiable in Figure 3 is the injected current
and its error is regulated by PI controllers where the currents
are converted into their corresponding phasor values to ensure
the compensation of both active and reactive components. The
output of the PI controller is used as the reference for the pulse
width modulator (PWM) which controls the RCC inverter to
output the required injected current. In ref. [30], simulations ate
performed on a 22 kV power distribution system using MAT-
LAB/Simulink where the RCC inverter suppresses the fault
current to 7 A within 30 ms (or 1.5 cycles) and finally to almost
zero. The leakage parameters, i.e. the leakage resistances and
capacitances are not measured in ref. [30] but estimated using
the data from the neutral tuning curves and the performance of
the controller heavily relies on these estimated values. Further-
more, it does not consider any phase-locked loop (PLL) which
is essential for the proper conversion from the instantaneous
value to the phasor.

(c) PI controller with an advanced topology [31]:
Another PI controller is proposed in ref. [31] for an ASD with
a cascaded H-bridge inverter where two topologies are used to
achieve the full compensation of the fault current, reduce the
rate of recovery voltage, and resolve the drawbacks of single
H-bridge converters (which are bulky in design due to the pres-
ence of the large inductor). The topology in ref. [31] allows the
converter to be connected either with the neutral point of the
system or with each phase of the lines. For the neutral mounted
system, the ASD injects the current into the neutral to negate
the fault current provoked duting an SLG fault (by forcing the
fault voltage and current to zero), thus, preventing any arc igni-

PLL ine Parameters

Vdc1 l

Vdc2 Bl v PI )
. Stability Control of Modulation Plant
; Capacitor Voltage G

Vdc_ref

FIGURE 4 A simple single-loop PI controller with an advanced inverter
topology [31]

tions. Similarly, when the device is mounted onto lines, each
converter in the line would inject compensation current into
the system during a fault and the total injected current is the
sum of all three phases. Figure 4 shows the control block dia-
gram as presented in ref. [31] in which the reference value of
the injected current is calculated using line parameters, i.e. resis-
tor () and capacitor (C) along with the zero-sequence voltage
while its active component is determined by ensuring the bal-
ancing and stability of the capacitor voltage. The PI controller
is used to regulate the current so that the fault current can be
compensated whereas the modulation block is used to modulate
the reference signal to trigger pulses for the cascaded H-Bridge
converter for generating the desired current level which will be
injected into the neutral or line depending on the topology. Sim-
ulations atre performed in PSIM/EMTDC platform on a 10 kV
system considering both neutral and line-mounted systems by
considering the fault impedance as 2 k€. In ref. [31], a three-
module cascaded H-bridge converter is used (with the DC-link
voltage in the neutral mounted system being 3 kV and for the
other as 5 kV). The neutral mounted system suppresses the fault
current to a value of 10 A within 0.02 s. For the line-mounted
system, the fault current is suppressed to 1 A within 0.02 s. For
the neutral mounted system, there exists a considerable amount
of the residual fault current while the line-mounted system sig-
nificantly reduces this value. However, the line mounted system
utilizes more coils and switches which make it costlier than the
neutral-mounted system.

(d) PI controller with an improved modulation tech-
nique [22]: An improved PI controller is used in ref. [22] for
compensating the fault current in a RG power distribution
system using FASD where the compensation is done through
a current injection-based approach. In ref. [22], an improved
distributed commutations method IDCM) is used for cascaded
H-bridge converter for each phase in a three-phase distribution
network. This modulation scheme is used for minimizing
the error between the reference and desired values of the
injected current during each sampling period to overcome
the limitations of existing PI controllers. Here, each H-bridge
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A simple single-loop PI controller with an improved

in a module is individually controlled during the interval of
the sampling rate and if a H-bridge (HB) module fails, this
method can circumvent the failure as the HBs are individually
sampled for which the next working HB would automatically be
traversed. Figure 5 shows the block diagram of the controller
adopted in ref. [22] where the reference current (4.¢(s)) is
calculated using the phase-to-ground leakage parameters. The
PI controller regulates the error between the reference and the
injected current (4i(s)). The regulated error by this converter
and the corresponding phase-to-ground voltage (v (s)) of the
injected current is used to generate the input for the pulse width
modulator (PWM) which uses the IDCM to produce the output
voltage (vpy) of the cascaded H-bridge inverter. The difference
between 2y (5) and 2, (5) is used to calculate the injected current
by utilizing the transfer function of the filter where Z and
r in Figure 5 represent the filter inductance and resistance,
respectively. Simulation results are carried out on 10 kV radial
distribution network with the controller in ref. [17] and com-
pared with a similar approach that uses a phase shift carrier
PMW (PSCPWM) in order to demonstrate the superiority of the
PI controller using the PWM based on the IDCM. Simulation
results for the fault impedance between 10 to 100 Q demon-
strate the compensated fault current between 4.14 to 4.67 A
while the total harmonic distortion (THD) between 3.48% to
6.29%. These results clearly depict the increase in both compen-
sated current and THD with increases in the fault impedance.
Hence, the THD will be unacceptable for high impedance faults
while the compensated fault current is sufficient enough to
ignite arcs. Furthermore, the approach is used for compensat-
ing only the capacitive component of the fault current and the
usage of three arc suppression coils makes it more expensive.

3.22 | Compound single-loop controllers

An active grounding technique is proposed in ref. [32] for the
RG power distribution system where a single-phase voltage
source inverter (VSI) is used to compensate the neutral volt-
age using the combination of PI and PR controllers during an
SLG fault. Furthermore, the capacitive current feedback is used
to mitigate the overvoltage across the neutral-to-ground due
to the asymmetry in distributed parameters as well as a res-
onance between the inductor of the arc suppression coil and
zero-sequence capacitances. The output current of the inverter
and neutral-to-ground voltage is used to determine the prin-
ciple for the overvoltage compensation, i.e. to calculate the
reference current that will eliminate the arc. In ref. [32], the
PR controller is used to ensure the adequate damping into the
system so that the desired steady-state performance (which is

absent in the PI controller for tracking the sinusoidal reference)
can easily be achieved and the PI controller helps to achieve
the desired stability margin. Hence, the single-loop compound
PR+PI controller in ref. [32] exhibits high gain at low frequency
and vice-versa. Figure 6 shows the control diagram of the com-
pound control scheme in ref. [32] where the control objective is
to regulate the injected current, i.e. 7, (s5) by comparing it with the
corresponding reference value, 7*(s). In Figure 6, the controller
is basically a compound one with the transfer function of both
PR and PI controllers. This controller is used to generate the
reference voltage (#,(s)) that needs to be compensated based on
the feedback of the capacitive current (i (s)) where the feedback
ratio (/) is used to adjust the damping into the system by pro-
ducing the modulation voltage (7, (s)) for the PWM represented
by Kpwn- Finally, the difference between the output voltage of
the VSI and the voltage (2.(s)) across the filter capacitor (C;)
is used to calculate the current through the filter inductor (L)
where the difference between the filter inductor current and
7,(s) is used to calculate z.(s). At the end, 7,(s) is calculated
based on the current flowing through the shunt impedance net-
work, i.e. the current flowing through the shunt capacitance (C;)
and shunt resistance (). All these can be cleatly seen from
Figure 6. The performance of this compound controller is eval-
uated on a 100 kVA laboratory setup where the load is first
varied from 0% to 30% of the nominal load and then from 30%
to 100%. In ref. [32], the performance of the compound con-
troller is compared with a PI controller and it is found that the
neutral voltage is compensated to 21 V with 3% THD in the
output current while these values are 42 V and 5.1% with the
PI controller. However, the compensation of the fault current
is not considered in ref. [32]. Furthermore, the gain parameters
used for this controller need to be selected by satisfying some
constraints (e.g. dependencies on the crossover frequencies and
other parameters of the system).

3.3 | Model-free dual-loop control schemes
The dual-loop control schemes that are used for the com-
pensation of the fault current using the RCC inverter, are
similar to that of the structures used for controlling traditional
VSIs [33-35]. In these control schemes, an outer voltage con-
trol loop is used to generate the reference value of the current
that needs to be compensated through the inner cutrent con-
trol loop. The dual-loop control structures for the RCC inverter
also include simple and compound controllers as discussed in
the following,

3.3.1 | Simple dual-loop controllers

In dual-loop simple controllers, each loop uses a single con-
troller to regulate voltage or current so that the desired control
objectives can easily be achieved. Different types of controllers
used for compensated distribution networks are discussed next.

(a) PI controllers in each loop [36]: A dual-loop control
structure is used in ref. [30] for a RG distribution network with
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a single-phase inverter in which PI controllers are employed
for both outer and inner loops where the outer loop is used
to control the neutral voltage and generate the reference cur-
rent that needs to be injected by the inverter through the inner
control loop. Finally, the inner loop regulates the current using
another PI controller to ensure the desired current by the RCC
inverter. Here, the main objectives are to inject active, reactive,
and harmonic currents to the neutral for reducing the fault cur-
rent to zero so that arcs can be extinguished effectively. Figure 7
shows the control block diagram of the dual-loop controller
where the outer voltage control loop ensures the tracking of
the reference neutral voltage (#;) through a controller using the
measured value of the neutral voltage (#,). Here, the neutral
voltage is calculated using the relationship between the injected
current (%) and #, tepresented by Gg. The error between 2} and
 is used to determine the reference current (£°) through the
PI controller in the outer loop. Finally, the inner loop PI con-
troller is used to generate the switching pulse for the VSI by
using the feedback of 7 which can be clearly seen from Figure 7.
The performance of this dual-loop controller is evaluated on a
low voltage distribution network using the fault impedance as
25 Q where the performance is compared with the RG sys-
tem having an ASC without any RCC inverter and with the
RCC inverter. The results demonstrate that the ASC with the
RCC inverter reduces almost 90% of the fault current while
this current reduces by 67% with using only the ASC. Further-
more, this controller compensates the harmonics. Though the
fault current is compensated faster (i.e. within a quarter cycle of
the supply voltage), the performance is analysed for a very low
value of the fault impedance while the fault impedance is quite
high in RG power distribution systems. Moreover, the controller
still suffers from the tracking error as it tracks the sinusoidal
reference for the neutral voltage and injected current.

(b) Lag compensator for the outer loop and PI controller
for the inner loop [37]: The dual-loop controller in ref. [37]
serves similar purposes to that of the controller in ref. [30].
This means the outer loop is for the neutral voltage control and
generating the reference current while the inner loop is for con-
trolling the current injection by the RCC inverter. In ref. [37], the

outer loop uses a lag compensator to ensure the desired neutral
voltage tracking and generate the reference current whereas the
inner loop uses a PI controller for ensuring the desired current
injection which can also be seen in Figure 8. Both simulation
and experimental studies are conducted to verify the perfor-
mance of this dual-loop controller where the simulation results
are presented in terms of the fault current compensation for the
fault impedance between 10 and 100 €. Simulation results with
the dual-loop controller in ref. [37] demonstrate that the RCC
inverter compensates the fault current to the value between 0.16
to 0.32 A within 0.08 s. In ref. [37], experimental results are pre-
sented in terms of different voltages (i.e. for each phase and
neutral) voltage before and after the injection of the current
and the significance of these voltages are not clearly discussed.
Furthermore, the RG system in ref. [37] uses nonlinear load
which will introduce significant harmonics and the effects of
harmonics are not analysed.

3.3.2 | Compound dual-loop controllers

The dual-loop compound controllers include more than one
controller in at least either outer or inner loop. The dual-loop
compound controllers used for compensating the fault current
in RG distribution networks ate discussed in the following,

(a) PI and PR controllers in the outer loop with a P
controller in the inner loop [25]: A compound dual-loop
controller is presented in ref. [25] where the outer voltage
control loop uses the combination of PI and PR controllers
where the PR controller damps the harmonics (mainly, third,
fifth, and seventh orders) while the PI controller helps to avoid
undesirable peaks. Furthermore, the outer loop controller in
ref. [25] enhances the stability margin. The outer loop com-
pound (PI+PR) controller generates the reference current that
needs to be injected by the RCC inverter. At the same time, the
PI+PR controller ensures the desired tracking of the neutral
voltage by settling it down to its reference value as indicated in
Figure 9. The inner loop current controller uses the inductor
current (7)) as the feedback for the P controller which generates

85UBD17 SUOLILLIOD BAIFER1D) 3|qedlidde 8Ly Ag pausenob afe 9 VO ‘8SN JO S3INI 0} ARIq1T 8UIIUO AB]IM UO (SUOIPUOD-pUR-SLLBHLID" &S| 1M AReiq 1 BU1|UO//SANY) SUOBIPUOD pUe swie L 8L} 885 *[£202/20/20] Uo AtelgiTautiuo A8|IM ‘19 L Ag 82921 ZPIB/60T OT/I0P/W00" A3 IMAfe.q1pUI U0 YO Jessa 18 1//:SANY W14 papeojumoq T ‘€202 ‘S698TSLT



10 FERNANDO ET AL.
Vi L ii PI v v
n ag i — H _’{ n
" fRpN —> Ko —> G, = G >
= Compensator ~ Controller i 2 i !
FIGURE 8 A simple dual-loop control scheme with a lag compensator and PI controller in outer and inner loops, respectively [37]
Vo Ep
€
l ¢Ni/1 Wz,
Vi >3 ) PI+PR i P VH /P T i/ P\ : Vu
NENN N\ Controller Ginv & J\+ > Ga 1(sCo) |78
FIGURE 9 A compound dual-loop control scheme with PI+PR and P controller in outer and inner loops, respectively [25]

the switching pulses for the inverter as shown in Figure 9. The
values of 7 and », are determined using the power conditioning
stage as indicated in Figure 9. The performance of the con-
troller is evaluated through an experimental study using a 380
V test network where the fault impedances are considered as
100 Q and 10 kQ. The results are demonstrated only in terms
of the faulty phase voltage compensation where it is found that
this faulty phase voltage reduces to 15 V within 5 ms when the
fault impedance is 10 kQ. On the other hand, the faulty phase
voltage is 5 V for 100 Q fault impedance. Though the controller
in ref. [25] avoids the capacitive current measurement, it still
suffers from the reliability issue.

(b) PI controllers with the hysteresis
scheme [38]: A dual-loop compound controller is presented in
ref. [38] for RG distribution systems using an electromagnetic

control

hybrid Petersen coil (EHPC) that comprises a magnetically con-
trolled reactor (MCR) and an active power compensator (APC).
The EHPC works based on two operating modes which are
associated with normal and fault conditions. During the normal
operating condition, the reactance (X]jm ~ Xerrf) of the MCR
is matched with the total zero-sequence capacitive reactance
(1/(wCy)) at the substation where this reactance is adjusted
by controlling the DC excitation current (/3.) based on the
desired value of the zero-sequence voltage (#)_m,s). When an
SLG fault occurs, the angle difference between the faulty phase
(which is Phase C' in ref. [38]) voltage (4-) and zero sequence
voltage (7)) is used to determine the reactance ()(sz R~ )(Irfnf)
of the MCR as demonstrated in Figure 10. The MCR works
based on an open-loop control structure using the relationship
between the output of the APC (v,.) and /., 1.e. X = f (v, Iy.)
which can also be found from Figure 10. During the SLG
fault, the APC comes into operation for suppressing the recov-
ery voltage of the faulty phase and compensating the fault
current. In ref. [38], two separate PI controllers are used in
the outer loop (which can also be seen in Figure 10): one is
to ensute the compensation of the faulty phase voltage and
the other one is to compensate the fault current including
the harmonics. Here, the first PI controller regulates the rms
value of the injected current (/;_..,) whose reference value

[ref(l)
( R—rms
zero-sequence resistance (R). Finally, the instantaneous value
. ref(1)
of the injected reference current (7,
by multiplying sin(ws,) as shown in Figure 10. Similarly, the

second PI controller regulates the difference of the rms value

) is calculated using the rms value of ), i.e. 7y_.y, and

~ z';Cf) is calculated

of v, i.e. v and 7y_,m to determine the reference current

( rc_fiznis) whose the instantaneous value (i;:f(]>) is also calculated
by multiplying sin(w#) and the harmonic component (7)) is

also incorporated. On the other hand, the inner loop includes

—rms

a hysteresis controller for the current soutce inverter to ensure
the desired current injection to the neutral point. The perfor-
mance of the compound controller in ref. [38] is evaluated
using both simulation and experimental results. Simulation
studies are carried out in EMTDC/PSCAD platform on a
10.5 kV system by considering the fault impedance as 65 Q
and the result shows that the dual-loop compound controller
in ref. [38] reduces the fault current to 0.6 A. On the other
hand, the experimental studies mainly stress the measurement
of parameters and the compensation of the fault current is
considered by considering the fault impedance as 5 Q for a
380 V three-phase four-wire system. However, the expeti-
mental results do not include the compensated value of the
fault current. Furthermore, the hysteresis controller requires
variable switching frequency which complicates the harmonic
compensation.

The performance of these model-free controllers has been
further improved by model-based controllers as discussed in the
following subsections.

3.4 | Model-based linear controller

Unlike PI controllers as discussed previously in single- and
dual-loop control structure, model-based controllers are
designed using the dynamic model of ASDs. The model-
based controllers ensure better performance as compared to
those model-free controllers. The existing literature includes
two model-based control techniques: H-infinity and finite
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control set model predictive methods as discussed in the
following,

(a) H-infinity control scheme [39]: A H-infinity control
scheme is implemented in ref. [39] with a new arc suppression
coil using the active filter technology in which the ASD com-
prises the two main parts: the principal part with a tap adjusting
arc suppression coil (responsible for reactive fault current com-
pensation) and an auxiliary coil connected in parallel comprising
a single-phase voltage source inverter (responsible for active and
harmonic fault cutrent compensation). The device has a com-
bination of two operating modes: the pre-and follow-setting
modes. When the system is healthy, the ASD is set for 15% over-
compensation and shifts to the follow-setting mode as soon as
a fault occurs. This improved technique is capable to avoid mis-
matches due to the tuning in traditional Petersen coils. Figure 11
shows the block diagram representation of the H-infinity con-
trol scheme in which the control objective is the current (Z)
at the fault point and the control input (#) is expressed as
the voltage difference between the average voltages of the
auxiliary coil and faulty phase. In Figure 11, G’ demonstrates the
relationship between the control input (#) and the fault current
(Z,) while d is used to represent as an additive disturbance. The
controlled output current is used to suppress the fault current
where Kj and K; are used as the regulator. The control system
toolbox in MATLAB is used to calculate K| and K, whereas the
Gram Matrix is used to reduce the total order of the regulator
from seventeen to seven in order to ensure the satisfactory pet-

, ref

i I

~ Hysteresis

A compound dual-loop control scheme with PI controllers in the outer loop and hysteresis controller in the inner loops [38]

formance. Simulations are carried out using PSCAD/EMTDC
for a 10 kVA system. For the comparison, a fault compensation
scenario is simulated without the operation of the auxiliary coil
to compare it with the operation of the auxiliary coil. The results
show that without the operation of the auxiliary coil, the current
at the fault location is about 2 A as the compensation here was
done only by the principal coil. Once the auxiliary coil was acti-
vated, it is rapidly reduced to 0.2 A. However, the order of the
controller is still too high while considering the original order
of the system and thus, it increases the computation burden.
(b) Finite control set model predictive control
scheme [27]: The approach in ref. [27] utilizes an improved
flexible ASD (FASD) which is the three-phase cascaded H-
Bridge (CHB) converter with auxiliary sources incorporating
an improved finite set model predictive control method. The
objective here is to achieve the full fault current compensation
while eliminating the common limitations of reliability of most
converters. From the control perspective, the objective in
ref. [27] is to overcome the limitations of the traditional finite
control set model predictive controller (FCS-MPC), i.e. the
computational efforts for the large number of H-bridge (HB),
high sampling frequency or prediction horizon, and use of
only one voltage level causing the steady-state error issue. The
method in ref. [27] delves into an augmented cascaded H-Bridge
(CHB) converter, a two-voltage level model predictive con-
troller 2V-MPC) for the CHB convertet. The CHB converter
has an auxiliary source installed for each H-Bridge module con-
sisting of an AC supply with an uncontrolled rectifier. This aux-
iliary source is connected to the DC-side during an SLG fault
which enhances the stability of the DC voltage that is important
to ensure steady-state operation during the arc suppression.
The new 2V-MPC, used to control the CHB converter, uses the
combination of two optimal voltage levels (from previous and
present periods) during a sampling period to reduce the steady-
state error along with the reduction in the sampling frequency. A
novel switching scheme for the CHB converter is also proposed
to achieve a balanced switching transition among HB cells.
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FIGURE 12 A finite control set model predictive control scheme for the
RCC inverter [27]

Figure 12 shows the block diagram for the 2V-MPC from where
it can be seen that the line parameters and output voltage () are
used to compute the predicted value of the reference, i.e. 2 (& +
1) & 77 (k). As shown in Figure 12, an inverse model is then used
to generate the voltage level at the current stage, i.e. Ly, (£)
using 7 (& + 1) & 77 (%), parameters of the FASD, output volt-
age, and injected current by the CHB converter during the 4th
sampling petiod. The voltage level from the previous £ —1
sampling petiod, i.e. Lyo, (£ — 1) and Ly, (£) are finally used
to select the optimal switching combination, i.e. Ss¢ (£) and duty
ratio, i.e. 4 for the current sampling period. Simulations are per-
formed in MATLAB/Simulink for a 10 kV distribution network
with various fault resistances ranging from 10 to 1000 Q that
represent both low and high impedance faults. The earth fault
is simulated at # = 0.04 s while the FASD is activated at 0.1 s to
cleatly see the changes in the waveforms. For the fault resistance
of 10 Q, the fault current drops from 40.1 to 3.1 A once the
FASD started and the faulty phase voltage is nearly suppressed
to zero, thetreby, eliminating the chance of an arc rekindling, For
100 and 1000 Q fault resistances; the residual fault current is
lower than for 10 Q as the fault impedances are much higher.
The performance of this 2V-MPC is compared with that of the
traditional FCS-MPC. The steady-state error of the fault current
for the FCS-MPC was 5.89% while the 2V-MPC achieves a
lower error of 3.43%, thereby, consolidating the fact that the
2V-MPC method can attain a lower steady-state error than the
FCS-MPC. The 2V-MPC requires a higher switching frequency
than FCS-MPC, thereby, achieving a finer tuning of current to
obtain better accuracy. However, the switching losses will be
significant due to the high switching frequency.

These model-based linear controllers have a limited operating
region in terms of compensating the fault current while the fault
current varies over a large range. Hence, these controllers do not
ensure that operations are independent of operating points.

3.5 | Model-based nonlinear controllers

Nonlinear controllers are capable to ensure the operation of
ASDs that will be independent of operating points. It is essential
to design nonlinear controllers for ASDs due to the nonlinear,
non-periodic, and stochastic characteristics of the fault current.
Though different types of nonlinear controllers are used in dif-
ferent power system applications ranging from the excitation

control [41] to converter control [42], only the nonlinear back-
stepping controller (BSC) is used to design a controller for the

io
irep i e; Veon Vi ,r’i\\VLA iai /i\ iy Va
T ) BSC Rule &) 1/(sLy) + —> Ry
t

FIGURE 13 A nonlinear backstepping control scheme for the RCC
inverter [40]

RCC inverter. A nonlinear BSC is designed in ref. [40] for a
FASD using the current-based arc suppression principle where
the current is injected into the system rather than the neutral
point. In ref. [40], a three-phase ASD is directly connected to the
bus bar and the FASDs in different phases are activated depend-
ing on the fault on phases. For example, the FASD on Phase A
will be activated if the SLG fault occurs on this phase. Figure 13
shows the control block diagram for the backstepping controller
in ref. [40] where the main target is to ensure the desired track-
ing of the reference current (7.¢) by injecting the current (74)
through the FASD connected to Phase A4 as the fault is consid-
ered on this phase. However, the connection of the FASD is not
a usual practice and a single-phase FASD connected between
the neutral and ground is sufficient to compensate the fault
current due to the SLG fault.

Another nonlinear BSC is presented in ref. [28] which is
designed for a single-phase FASD where this FASD is con-
nected between the neutral and ground. This control technique
is exactly similar to that as presented in ref. [40] and also used
for compensating the fault current (both active and reactive
components) due to SLG faults. The only difference for the
control approach in ref. [28] while comparing with ref. [40] is
that it uses a second-order generalized integrator phase-locked
loop (SOGI-PLL) for calculating the reference current. Analyt-
ically, the reference current for compensating the fault current
in ref. [28] includes differential terms of the line-to-neutral
voltage related to the faulty phase which is susceptible to
disturbances in the neutral and faulty phase-to-ground voltages.
The SOGI-PLL is used to acquite the amplitude and angle
of the line-to-neutral voltage. Simulation results in ref. [28]
cleatly demonstrate that the traditional BSC without using the
SOGI-PLL, particularly during low fault resistances, exhibits a
considerable amount of the residual current owing to the dis-
turbances in the neutral voltage and line-to-neutral voltage for
the faulty phase. Hence, the calculation of the reference current
experiences significant perturbations. On the other hand, the
improved BSC based on the SOGI-PLL demonstrates much
better performance even for lower resistances by significantly
compensating the fault current. Therefore, the FASD with the
BSC based on the SOGI-PLL provides better arc extinguishing
performance while comparing with the traditional BSC includ-
ing higher current rejection ratios. A nonlinear backstepping
approach is used in ref. [43] which does not require to utilize any
SOGI-PLL as indicated in ref. [28]. However, these backstep-
ping approaches are not robust against disturbances. The sliding
controllers with different types of sliding surfaces are presented
in refs. [44-47] where the main focuses are to improve the
chattering effects and increase the speed of compensating
the fault current. However, there are still scopes for the
improvement
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TABLE 1 Summary of different control schemes used for compensating the fault current and/or faulty phase voltage due to the SLG fault in RG power
distribution networks
Compensated
Control Configuration of ~ Connection Compensated faulty phase
Control scheme structure the ASD point Results Fault impedance  fault current voltage
Closed-loop [29] SSL 1-¢ N2G S 50 Q to 2 kQ 0.067At00.026 A 3.4V t0502V
PI [30] SSL 1-¢ N2G S 50 Q 7 A (within 30 ms) -
PI+Advanced SSL 1-¢ (neutral- N2G (1-¢) & S 2kQ 7TA(1-¢) & -
mounted)
Topology [31] 3-¢ (line-mounted) B2G (3-¢) 1A(G-¢)
PI+Advanced SSL Three 1-¢ B2G S&E 10 Q to 100 Q 414 At04.67 A -
Modulation [22]
PR+PI [32] CSL 1-¢ B2G E Load variation — 21V
PI and PI [36] SDL 1-¢ N2G S 25Q 0.006 A 0.16 V
(fundamental) (fundamental)
0.00001 A 0.0002 V
(harmonic) (harmonic)
Lag and PI [37] SDL 1-¢ N2G S&E 10 © to 100 Q 0.16 Ato 0.32 A -
PI+PR and P [25] CDL 1-¢ N2G E 100 Q to 10 kQ - 5Vto 15V
Multiple PI CDL 1-¢ N2G S&E 65Q 0.6 A -
and hysteresis [38]
H-infinity [39] LMB 1-¢ N2G S 0.2A —
FC-MPC [27] LMB Three 1-¢ B2G S&E 10 Q to 1 kQ <31A -
BSC [40] NMB 3-¢ B2G S&E 1 Q to 100 Q <1.7A -
BSC [28] NMB 1-¢ N2G S&E 1Qto1kQ 2.6 A'to 0.06 A -
3.6 | Summary of all control schemes free controller with single-loop configuration with the simple

The summary of all controllers used for the compensation of
the fault current and/or faulty phase voltage in RG power dis-
tribution networks due to the SLG fault are shown in Table 1.
The summary of these controllers in this table are provided in
terms of the control scheme, control structure, configuration of
the ASD (single- ot three-phase, i.e. 1—¢ or 3—¢), connection
point (e.g. between neutral or bus to the ground, i.e. N2G or
B2G), results (simulation (S)/experiment (E)), fault impedance,
and compensated values of the fault current including the faulty
phase voltage where available. In Table 1, simple single-loop,
compound single-loop, simple dual-loop, compound dual-loop,
linear model-based, and nonlinear model-based are denoted as
SSL, CSL, SDL, CDL, LMB, and NMB respectively. Table 1
shows the qualitative comparison though there are some quan-
titative aspects. As per the regulatory framework in ref. [4], all
these quantitative aspects are independent of the network struc-
ture. For this reason, it is fair to compare different networks
with different controllers.

3.7 | Implementation costs of different
controllers

From the classification as shown in Figure 2 and the discussions
presented for different controllers, it can be seen that the model-

structures are the easiest to implement as these controllers work
based only one approach. The level of complexities for these
single-loop controllers slightly increases when compound con-
trol approaches are used. The reason behind such complexities
is the utilization of more than one method. The model-free
controllers becomes more complicated when an additional
loop is used. Though these dual-loop model-free controllers
offer two-degree freedoms, the compound structure becomes
even more complicated than the simple one due to the similar
reason as mentioned for the single-loop controller. However,
the performance guarantee of these model-free controllers
highly relies on the experience of the designer as the desired
control performance can be achieved if and only if the gain
parameters are selected precisely. Hence, the implementation
process is simple and associated computational cost is low.

On contrary, model-based approaches follow a systematic
way to determine the control parameters. The linear model-
based controllers for REFCLs are designed using linearized
models. The difficulties with these linear model-based con-
trollers is the overall order of the system as the order of the
controller usually equals to at least the order of the system.
The complexities in the calculation increases with the nonlin-
ear model-based controllers. However, all these calculations can
be carried out offline and only the final control law for the
nonlinear controller can be implemented to achieve the desired
performance. From this perspective, the implementation cost
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would not be a burden for nonlinear model-based controllers
used in REFCLs.

Based on the performance summary of different existing
fault current compensation techniques used for RG power
distribution networks, the gaps and challenges in light of extin-
guishing powerline bushfires due to the SLG faults are discussed
in the following section.

4 | CHALLENGES

The existing fault current compensation techniques through the
RCC inverters in RG power distribution systems mostly aim
to reduce the fault current due to SLG faults. The Regulatory
Impact Statement [4] clearly mentioned that it is essential to
maintain both fault current and faulty phase voltage to a certain
limit within a specific timeframe in order to extinguish the arc in
REFCL compensated distribution networks due to SLG faults.
For both low impedance (typically, equal to ot lower than 1 k)
and high impedance (generally, higher than 1 k), the fault cut-
rent needs to be maintained at 0.5 A within 2 s after the fault
inception [4]. Furthermore, the faulty phase voltage needs to be
observed at 85 ms, 0.5 s, and 2 s for low impedance fault where
this voltage needs to be maintained at 1,900 V, 750 V, and 250
V, respectively [4]. On the other hand, this faulty phase voltage
needs to be maintained at 250 V within 2 s for high impedance
faults [4]. These operational criteria have further been verified
through experimental results. The challenges associated with
fault compensations in RG power distribution systems in terms
of mitigating powerline bushfires are highlighted through the
following key points:

* The model-free control schemes do not capture the actual
behaviours of REFCLs in RG power distribution networks
while the performance of any controller depends on the
information of the system.

* The single-loop controllers are mainly designed using the
PI control scheme where these PI controllers are used to
track the sinusoidal reference which exhibits some tracking
errors and hence, the full compensation cannot be achieved.
Furthermore, these controllers provide slower responses.

* The implementation of single-loop controllers involves com-
plexities in determining the treference that needs to be
tracked.

* The dual-loop controllers ensure better performance in
terms of simplifying the reference calculation. However,
these controllers are still used to track sinusoidal references.

* The model-based controllers seem to be more effective, how-
evet, their operations are limited to a specific set of operating
points.

* Nonlinear model-based controllers are independent of oper-
ating points but the existing controllers are designed using
very simple models and do not guarantee the compensation
of both fault current and faulty phase voltage.

* The methods covered for compensating the fault in RG dis-
tribution systems do not consider the reduction of the fault
current and faulty phase voltage as per the operational guide-
lines as indicated in [4]. Furthermore, these methods mostly

consider the compensation of the fault current though there
are only a few techniques which consider either only faulty
phase voltage or both fault current and faulty phase voltage.

* Most of the existing techniques cover the compensation
of the active and reactive components of the fault current
with less emphasis on the harmonics due to nonlinear loads
(though a few methods talk about this issue). However, the
harmonics may cause a significant current that could be
sufficient to ignite bushfires.

* There are chances of series resonances during normal con-
ditions which may lead to overvoltages where sustained
overvoltages may cause equipment failures and ignite fires
that are commonly known as cross-country faults [23].

* Despite suppressing the faulty phase voltage to zero, there
might be some situations where sufficient voltage and cur-
rent may appear at the fault point due to the line voltage drop
which makes it difficult to prevent the arc ignition. Hence,
it is essential to consider these factors during the system
modelling;

* The performances of existing techniques are mostly anal-
ysed using low impedance faults while RG power distribution
networks experience high impedance faults. Therefore, the
results do not provide much insight for high impedance faults
that are common in practical systems.

* The effects of network imbalances are not considered during
the system modelling and controller design process though
the small variations in such imbalances severely affect the
performance of the controller.

* The nominal values of the inductance for the ASC, zero-
sequence resistance, and zero-sequence capacitance are used
during the implementation of existing controllers. However,
the values of these parameters change during the practical
operation of the system. For example, the leakage current
relies on the zero-sequence resistance whose value depends
on the atmospheric conditions.

* All these existing methods do not consider the effects of
distributed energy resources based on the renewable power
generation. It would be more challenging to deal with REFCL
compensated distribution networks with distributed energy
resources.

It is significantly important to overcome these challenges in
order to utilize the full benefits of REFCLs in RG power dis-
tribution networks as well as to effectively compensate SLGs
faults for mitigating powerline bushfires.

5 | CONCLUSIONS AND FUTURE
DIRECTIONS

This paper provides a comprehensive overview of different
control techniques adopted by residual current compensa-
tion inverters for the fault current compensation in resonant
grounded distribution networks to mitigate powerline bushfires.
Furthermore, the detailed analyses on major grounding tech-
niques are covered before critically analysing different control
schemes as these play a key role in the fault compensa-
tion. For the sake of providing a comprehensive analysis, the

85UBD17 SUOLILLIOD BAIFER1D) 3|qedlidde 8Ly Ag pausenob afe 9 VO ‘8SN JO S3INI 0} ARIq1T 8UIIUO AB]IM UO (SUOIPUOD-pUR-SLLBHLID" &S| 1M AReiq 1 BU1|UO//SANY) SUOBIPUOD pUe swie L 8L} 885 *[£202/20/20] Uo AtelgiTautiuo A8|IM ‘19 L Ag 82921 ZPIB/60T OT/I0P/W00" A3 IMAfe.q1pUI U0 YO Jessa 18 1//:SANY W14 papeojumoq T ‘€202 ‘S698TSLT



FERNANDO ET AL.

15

control schemes for residual current compensation inverters
are classified as model-free and model-based schemes where
model-free controllers include single- and dual-loop structures
while model-based schemes are categorized as linear and non-
linear controllers. Furthermore, both single- and dual-loop
structures are divided into simple and compound configu-
rations. The analysis presents that the dual-loop controllers
outperform single-loop whereas compound configurations are
used to achieve better performance than simple configurations.
On the contrary, model-based controllers are more realistic in
terms of achieving the desired fault compensation though lin-
ear model-based controllers are restricted to small operating
regions. Nonlinear controllers for the residual current compen-
sation inverter ensure unrestricted operating regions, however,
these controllers are not extensively used. Furthermore, all these
controllers are mainly used to reduce the fault current without
following the performance guidelines for reducing the fault cut-
rent to a level so that powetline bushfires can be mitigated. The
following key points can be considered as the future directions
for the research in order to compensate the fault current for
mitigating powerline bushfires:

* The detailed dynamic model of the atc suppression device
needs to be developed so that the controller can be designed
to compensate both fault current and faulty phase voltage.

* A new type of nonlinear control scheme should be designed
and implemented that will have the ability to fully compensate
the fault current including the harmonic components.

* The effects of network imbalance needs to be considered
during the controller design process.

* The controller needs to be robust against changes in
operating conditions, model uncertainties, and parametric
uncertainties.

* The controllers’ performance needs to be analysed for
both high and low impedance faults while following the
operational guideline for mitigating powetrline bushfires.

* The controller needs to be designed by considering the
effects of distributed energy resoutces in distribution net-
works.
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