
Received: 17 January 2022 Revised: 17 October 2022 Accepted: 18 January 2023 The Journal of Engineering

DOI: 10.1049/tje2.12232

ORIGINAL RESEARCH

A hybrid sliding mode control scheme for rapid earth fault current

limiters in compensated distribution networks in bushfire prone

areas

Tushar Kanti Roy1,2 Md Apel Mahmud2 A B M Nasiruzzaman3 MdAbdul Barik4

1Department of Electronics & Telecommunication
Engineering, Rajshahi University of Engineering and
Technology, Rajshahi, Bangladesh

2Faculty of Engineering & Environment,
Northumbria University Newcastle, Newcastle
Upon Tyne, UK

3School of Engineering, Deakin University, Belong
Warn Ponds Campus, Melbourne, VIC, Australia

4AusNet Services, Southbank, VIC, Australia

Correspondence

Tushar Kanti Roy, Dept. of Electronics, and
Telecommunication Engineering, Rajshahi
University of Engineering and Technology, Rajshahi
6204, Bangladesh.
Email: tkroy@ete.ruet.ac.bd

Abstract

A hybrid sliding mode controller is proposed for rapid earth fault current limiters (REF-
CLs) used in resonant grounded power distribution networks to self-extinguish powerline
bushfires where the concepts of the proportional integral (PI) action and nonsingular fast
terminal sliding surface (NFTSS) are combined together to utilize the benefits of both
schemes. A hybrid sliding surface is designed for obtaining the control input so that
the fault current compensation is achieved by the residual current compensation (RCC)
inverter used within a REFCL to a value that the fire does not ignite. The inclusion of an
integral action along with the NFTSS helps to significantly reduce the chattering effect.
Furthermore, a continuous function is introduced within the proposed scheme to replace
the discontinuous signum function. The switches for the RCC inverter are controlled by
deriving control actions from the Lyapunov stability theory applied on the hybrid PI-
NFTSS. The performance of the proposed controller is compared with a nonsingular
fast terminal sliding mode controller. For this reason, this paper also includes the design
process of nonsingular fast terminal sliding mode controller which is designed using only
the NFTSS. Simulations under different scenarios having different fault resistances clearly
depict the superiority of the proposed scheme over the nonsingular fast terminal sliding
mode controller and an existing integral sliding mode controller in terms of maintaining
transient responses.

1 INTRODUCTION

Bushfire is one of the most destructive natural disasters world-
wide and electric faults are one of the causes for initiating
these bushfires [1]. Australia is consistently experiencing pow-
erline bushfires during Spring and Summer in every year.
Black Saturday bushfires in 2009 are some of the deadliest
bushfires in Australia’s history that started on or around the
7 February 2009. Some of these fires started due to fallen
powerlines that caused 159 (out of 173) fatalities [1]. The 2009
Victorian Bushfire Royal Commission was formed after this
incident and suggested several options to mitigate bushfires
due to electric faults such as covering bare conductors, using
underground cables, and resonant grounding (RG) technique
in bushfire prone areas. The Victorian power distribution
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companies and the Victorian Government worked together
and tested the effectiveness of the RG technique which was
found effective to mitigate powerline bushfires due to single
line-to-ground (SLG) faults that accounts approximately 70%
of all faults and finally, decided to use this technology in 45 zone
substations [2].

In the RG technique, an arc suppression coil is used in the
neutral of the distribution substation transformer to compen-
sate the reactive component of the fault current where a residual
current compensator (RCC) is used to limit the real and uncom-
pensated reactive parts of the fault current [3]. The main idea
behind using the RCC is to reduce the faulty phase voltage down
to a very small value for limiting the fault current. It is noted
here that the probability of igniting fire from an electrical fault
depends on the energy dissipated at the fault location where the
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energy at fault depends on the fault current and duration of sus-
taining the fault current [4]. Therefore, the faulty phase voltage
is expected to be zero or within a threshold as quickly as possible
after detecting a fault and the same time, the fault current will
be reduced to zero or a certain limit which finally reduces the
probability of igniting fire from the fault. The effectiveness of
this technique to mitigate bushfire from electrical fault depends
on the output of the RCC inverter and hence, it is important
to design a control scheme for this inverter which can quickly
reduce the faulty voltage as well as the fault current to zero or a
very small value.

In the existing literature, researchers proposed different con-
trol techniques to limit the fault current in power distribution
networks. The active and harmonic component of the fault cur-
rent is controlled by using a voltage source controller in the
resonant-grounded system as demonstrated in [5]. The faulty
phase shows considerable variations in the phase-to-ground
admittance from that of the healthy phases. This principle is
used to detect the single line-to-ground (SLG) fault. The RCC
inverter impresses a voltage to the neutral for reducing the active
part of the fault current, soon after detecting the fault. The fault
current due to an SLG is controlled by using a closed-loop con-
troller to minimize the shock hazards in [6] where the faulty
phase voltage is controlled with the aim to limit fault current
by controlling the zero-sequence voltage of the network and the
reference current for the inverter output is calculated from the
load current and zero-sequence current. The approaches in [5,
6] considerably reduce the fault current as demonstrated in the
simulation results. However, the control schemes need further
analysis for reducing powerline bushfire risks by maintaining
the value of the fault current to a certain level within a specific
timeframe [7].

Conventional proportional-integral (PI) controllers are used
to limit fast transients in fault currents which in turn reduce
the probability of bushfires [8–10]. The fault current reduction
technique in [8] uses a cascaded H-bridge converter where the
compensation level relies on the calculated values of the zero-
sequence voltage and current including measurements of line
parameters. A PI control scheme is proposed in [9] for con-
trolling the active and reactive fault current where the reference
is calculated based on the fundamental circuit theory. A pulse
width modulation (PWM) technique is used in [9] for driv-
ing converter having the full bridge configuration injects the
neutral current and only compensates the active fault current.
An advanced PI control technique is used in [10] where a dis-
tributed communication modulation is used to overcome the
tracking error. The common drawback of these control schemes
in [8–10] is that PI controllers suffer from tracking errors as
the reference signals are time-varying sinusoidal signals which
cannot be properly tracked by PI controllers.

Dual-loop control schemes are proposed in [11, 12] to reduce
the tracking error of PI controllers where the outer voltage loop
calculates the reference current and inner current loop controls
the neutral current injection to reduce the fault current. In [11],
the outer loop controls the neutral voltage while suppressing the
arc based on the current injection by the inner loop. A similar
control concept is presented in [12] where the lag compensator

in the outer loop uses the neutral voltage error to determine the
reference current and the PI controller in the inner loop reg-
ulates the current. The tracking performances are improved in
[11, 12] for the RG network, however, the damping characteris-
tics need to be fixed. The combination of PI and proportional
resonance (PR) controllers are used in [13, 14] to improve the
damping characteristics so that the desired steady-state output is
achieved. Furthermore, the inductor current feedback is used in
[13, 14] to improve tracking performance. The active ground-
ing system in [13] damps the neutral-to-ground overvoltage
arising from the asymmetry. The active device in [14] injects
current into the neutral and addresses the capacitive reactive
current detection problem. The use of PI controllers with PR
controllers in [13, 14] ensures better tracking performance and
improves damping. However, these controllers cannot perform
well over a large dynamic range of fault impedance, specially, for
high fault impedance faults.

A robust H∞ control technique is used in [15] to limit the
fault current where the uncertainties in the filter parameter and
fault impedance are considered to improve the controller per-
formance. However, the order of the controller in [15] is too
high (i.e. seventeenth) even for a first-order system model. The
order of the controller has been reduced to seven using a Gram
matrix-based approach. However, the order of the controller is
still too high which makes the controller implementation very
difficult. In [16], a model predictive control technique is pro-
posed to reduce the fault current which is capable to maintain
the fast dynamic response with a low tracking error. How-
ever, this approach is designed for a three-phase ASD where
single-phase ASD is enough to limit the SLG fault current ignit-
ing majority of powerline bushfires. A linear active disturbance
rejection scheme is proposed in [17] for the single-phase ASD to
effective compensate the fault current under certain conditions.
The control approaches discussed till now are linear that are lim-
ited operational points. Moreover, the characteristics of power
distribution systems are nonlinear. Hence, the performance of
these methods need to be enhanced which can be achieved by
using nonlinear control techniques.

The nonlinear backstepping control techniques are used [18,
19] to design controllers for RCC inverters without considering
the any uncertainties. The similar back stepping approaches in
[20, 21] with a three-phase ASD in [20]. The control scheme
used for the three-phase inverter in [20] considers the variation
in the filter inductance for making control decisions. How-
ever, the same objectives in [20] can be achieved by using only
a single-phase ASD and a similar method is implemented in
[21] uses a single-phase ASD rather than the three-phase archi-
tecture. A complicated phase-locked loop structure is utilized
in [21] to determine the reference current which is also diffi-
cult to implement. Such complexities have been overcome in
[22] utilizing the voltage current relationship of the network.
Furthermore, switching losses are significant in the existing
full-bridge inverter. A nonlinear model predictive scheme is
presented in [23] with a T-type RCC inverter which exhibits
significant lower switches losses; however, it uses a nominal
model to design the controller. The methods in [20, 21] consider
bounded parametric uncertainty without justifying the role of
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parametric uncertainty. However, there are control schemes (e.g.
the sliding mode control technique) which have the inherent
capability to provide robustness against parametric uncertain-
ties [24–27]. The sliding mode controllers (SMCs) in [24–27]
demonstrate a range of applications with advanced sliding sur-
face. Recently, a sliding mode control scheme using an integral
sliding surface is presented in [28] for RCC inverters in com-
pensated distribution networks and some improved versions
of this scheme are discussed in [29–31] which ensure better
performance in terms of achieving the desired performance
in a finite-time while having significantly reduced chattering
effects. A discrete sliding mode controller is proposed in [32]
for compensating the fault current in power distribution net-
works that experience bushfires. However, the performance of
these sliding mode schemes can further be improved by using
an advanced controller design scheme. By considering all these
the key limitations of existing works can be summarized as:

∙ Model-free controllers for RCC inverters in rapid earth fault
current limiters (REFCLs) struggle to track the sinusoidal
reference.

∙ Existing model-based linear and nonlinear controllers mostly
focus on the fault current compensation and the compen-
sation of only the fault current does not guarantee the arc
elimination. Therefore, the faulty phase voltage also needs to
be compensated at the same time.

This paper considers a hybrid sliding mode scheme the
novel aspects of this scheme over existing approaches can be
summarized as:

∙ The nonsingular fast terminal sliding surface (NFTSS) is
combined with a PI action to form a hybrid sliding surface
(i.e. PI-NFTSS) in order to reduce the chattering effects as
it is well-known that the integral action assist to reduce such
effects..

∙ The proposed scheme offers advantages of both techniques
as the control input for the RCC inverter with a REFCL is
determined using this surface.

∙ The NFTSS helps to avoid the singularity problem while the
PI action is used to guarantee the convergence of the fault
current and faulty phase voltage to a very lower value so that
powerline bushfires can be mitigated.

The dynamic of the neutral current injected by the RCC inverter
in an REFCL-compensated distribution network is used to
determined the switching control input for a T-type inverter
and the reason behind using this type of inverter is to reduce
the switching losses. The overall stability of the system with
the proposed PI-NFTSMC is theoretically assessed through the
control Lyapunov function. Finally, rigorous simulation stud-
ies are carried out by considering practical operating scenarios
including comparative results with the NFTSMC and existing
integral sliding mode controller (EISMC) in [28] for both low
and high impedance faults while satisfying the requirement for
mitigating powerline bushfires.

2 MODELING OF RCC INVERTERS

Figure 1 shows a resonant distribution network along with the
REFCL having an RCC inverter where this inverter is used to
compensate the fault current by injecting the necessary current
to the neutral. Since the fault characteristics in compensated
distribution networks vary significantly, the switching signals
for switches (i.e. S1, S2, S3, and S4 in Figure 1) in the RCC
inverter needs to be regulated to achieve the desired compensa-
tion of the fault current. The input DC voltage (Vdc ) to the RCC
inverter is splitted into two equal voltages in order to reduce the
voltage stress on its switches. In Figure 1, the RCC inverter is
connected to the neutral through a switch (SN ) which is acti-
vated when there is an SLG fault and a transformer for stepping
up the output voltage. An adjustable inductor (Lp) representing
the arc suppression coil is connected between the neutral point
of the distribution substation and ground in order to make res-
onance with the total zero-sequence capacitation. In this work,
it is assumed that the distribution substation is balanced and
hence, the current flowing through the neutral (iN ) will be zero
during the normal operation. When an SLG fault occurs on one
of three phases, the fault current (i f ) will flow through the neu-
tral. The dynamic model of the RCC inverter is developed by
considering the SLG fault on Phase A as shown in Figure 1
where the fault resistance and faulty phase-to-ground (simply,
faulty phase) voltage are considered as R f and v f , respectively.
For this reason, the phase-to-ground voltage for Phase A (vA)
becomes similar to the voltage of the faulty phase voltage, that
is, vA = v f . However, the SLG fault may occur on any phase
and in that case, v f should be replaced with respective phase
voltage. Figure 1 includes a zero-sequence impedance network
having a shunt resistor(R0) and a shunt capacitor (C0) with
subscripts A, B, and C representing Phases A, B, and C , respec-
tively. The currents passing through these shunt networks are
iA

∑, iB
∑, and iC

∑, respectively for three different phases. Since
the compensated distribution network is considered as a bal-
anced one, R0A = R0B = R0C = R0 and C0A = C0B = C0C =

C0. The fault current will be compensated and risks of pow-
erline bushfires will be reduced if the current flowing through
neutral becomes zero or within the threshold as outlined in [7].
When there is a fault on Phase A as shown in Figure 1, iN will
be as:

iN = i f + iA
∑ + iB

∑ + iC
∑. (1)

The values of iA
∑, iB

∑, and iC
∑ can be determined as:

iA
∑ = iR0A

+ iC0A
=

vA

R0A
+C0A

dvC0A

dt
,

iB
∑ = iR0B

+ iC0B
=

vB

R0B
+C0B

dvC0B

dt
,

iC
∑ = iR0C

+ iC0C
=

vC

R0C
+C0C

dvC0C

dt
.

(2)



4 of 12 ROY ET AL.

R0C C0CR0B C0BR0A C0ARfLp

Load

Load

Load

Neutral

Phase A

Phase C

Phase B

vA

vC

vB

vf

vN

SN

iN
if iA∑ iB∑ iC∑ 

Substation Bus

S2
S3 Vdc/2

S1

S4 Vdc/2

T-Type RCC Inverter Single Line-to-Ground Fault

FIGURE 1 A test distribution network with the resonant grounding at the neutral of the substation.

Since R0A = R0B = R0C = R0, C0A = C0B = C0C = C0,
vC0A

= vA, vC0B
= vB , and vC0A

= vC ; Equation (2) will be as:

iA
∑ =

vA

R0
+C0

dvA

dt

iB
∑ =

vB

R0
+C0

dvB

dt

iC
∑ =

vC

R0
+C0

dvC

dt

. (3)

Similarly, i f can be written as:

i f =
v f

R f
=

vA

R f
. (4)

Substituting Equations (3) and (4) into Equation (1), it can be
written as:

iN =
vA

R f
+

vA + vB + vC

R0
+C0

d

dt
(vA + vB + vc ). (5)

Using the circuit theory, it can be obtained as:

vA = eAN + vN

vB = eBN + vN

vC = eCN + vN

, (6)

where eAN , eBN , and eCN are phase-to-neutral voltages for
Phases A, B, and C ; respectively. The vector sum of eAN ,
eBN , and eCN will be zero for a balanced distribution network,
that is, eAN + eBN + eCN = 0. Hence, the simplified form of
Equation (6) will be as:

vA + vB + vC = 3vN . (7)

Substituting Equation (7) into Equation (5), it can be written as:

iN =
vA

R f
+ 3

vN

R0
+ 3C0

dvN

dt
. (8)

Since the controller will be designed to compensate the fault
current by injecting current into the neutral point for an SLG
fault, the expression for the neutral voltage needs to be writ-
ten as a function of the faulty phase voltage. This can easily be
done utilizing the first equation from the set in (6) which can be
expressed as:

vN = eA − vA. (9)

It worth mentioning that this modification is only done for
obtaining the reference value of iN . Other equations in (6) need
to be utilized depending on where the SLG fault occurs. Using
vN from Equation (9), iN in Equation (8) can be expanded as:

iN =

(
3vA

R0
+

vA

R f

)
+ 3C0

dvA

dt
− 3

(
1

R0
eA +C0

deA

dt

)
. (10)

The main control objective is to compensate the neutral cur-
rent by injecting appropriate current through the RCC inverter.
Therefore, the dynamic of iN needs to be determined:

diN
dt

=
mVdc − vN

Lp
, (11)

where m is the control input used to regulated iN . The pro-
posed control scheme will be used to regulate m depending on
fault characteristics and it is required to set a reference value of
iN (i.e. iNre f

) that will be completely compensated by the RCC
inverter through this control action. This reference value needs
to be calculated in a way that the neutral current in Equation (10)
becomes zero which will be possible if it is selected as follows
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[21]:

iNre f
= −

(
3

R0
eA + 3C0

deA

dt

)
. (12)

The proposed control scheme will be developed to generate the
current as represented by Equation (12) so that the fault current
falls within the limit for self-extinguishing powerline bushfires.
The model represented by Equation (12) is used to design the
controller whose detailed design process is clearly discussed in
the following section.

3 PROPOSED HYBRID SLIDING MODE
CONTROLLER DESIGN

This section presents the detailed design process for the PI-
NFTSMC and NFTSMC as these are used for the RCC inverter
within a REFCL. The design of the PI-NFTSMC is mainly
based on the NFTSS as discussed in [33]. The controllers are
designed using the model of the REFCL with an RCC inverter
as represented by Equation (12) and the control laws using both
schemes are derived in a way that the sliding surface converges
to zero in order to achieve the desired control objective. The
following subsection presents the detailed design procedure for
the PI-NFTSMC.

3.1 PI-NFTSMC design for RCC inverters

If the NFTSS is represented by SNFTSMC , the hybrid PI-NFTSS
can be written as follows:

𝜎H−SMC = kpSNFTSMC + ki ∫
T

0
SNFTSMC dt , (13)

where 𝜎H−SMC represents the hybrid sliding surface (HSS), kp is
the proportional gain and ki is the integral gain. Here, SNFTSMC

can be written as [33]:

SNFTSMC = e + k1e𝜆 + k2 ė

p

q , (14)

where e = iN − iNre f
represent the error; k1 and k2 are positive

constants using for ensuring e → 0; p and q with 1 <
p

q
< 2 are

odd numbers that are used to overcome the singularity problem
[34, 35]; and 𝜆 =

p

q
> 0 which further accelerates the conver-

gence speed [33]. The HSS as represented by Equation (13) will
reduce the steady-state error and improve the transient response
while retaining the original property of a traditional NFTSS.

The desired compensation of the fault current will be
achieved, that is, e = 0 if the HSS as represented by Equa-
tion (13) converges to zero. This convergence can be analyzed
by formulating a control Lyapunov function (CLF) and analyz-
ing its stability condition. The CLF for the HSS can be written

as:

WH−SMC =
1
2
𝜎2

H−SMC
, (15)

where WH−SMC represents the CLF for the HSS and its
derivative will be:

ẆH−SMC = 𝜎H−SMC �̇�H−SMC . (16)

The HSS will converge to zero if either of these conditions, that
is, ẆH−SMC < 0 or ẆH−SMC ≤ 0 hold. Hence, it essential to
obtain �̇�HSMC from Equation (13) as:

�̇�H−SMC = kpṠNFTSMC + kiSNFTSMC , (17)

with

ṠNFTSMC = 𝛼 + 𝛽ë, (18)

where 𝛼 = ė + k1𝜆|e|𝜆−1 ė and 𝛽 =
k2 p

q
ė

p

q
−1

. The values of ė

and ë will be as:

ė =
1

Lp
(mVdc − vN ) − i̇Nre f

,

ë =
1

Lp
(ṁVdc − v̇N ) − ïNre f

.

(19)

Substituting the value of ë from Equation (19) into Equa-
tion (18) and then using the value of ṠNFTSMC from this into
Equation (17), it can be rewritten as:

�̇�H−SMC = kp

[
𝛼 + 𝛽

(
Vdc

Lp
ṁ −

vN

Lp
− ïNre f

)]

+ kiSNFTSMC .

(20)

For satisfying the stability condition (i.e. for ẆH−SMC < 0 or
ẆH−SMC ≤ 0), it is essential to hold the following condition:

�̇�H−SMC = kp

[
𝛼 + 𝛽

(
Vdc

Lp
ṁ −

vN

Lp
− ïNre f

)]

+ kiSNFTSMC = −kPI sgn(𝜎H−SMC ),

(21)

where kPI is a positive gain parameter whose value is usually
large as it pushes the sliding surface toward the stable region and
sgn is a signum function which is discontinuous and expressed
as follows:

sgn(𝜎H−SMC ) =

⎧⎪⎨⎪⎩
+1 if 𝜎H−SMC > 0

0 if 𝜎H−SMC = 0

−1 if 𝜎H−SMC < 0

. (22)
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Substituting Equation (21) into Equation (16), it can be written
as:

ẆH−SMC = −kPI𝜎H−SMC sgn(𝜎H−SMC ). (23)

Using Equation (21), the switching control input can be
obtained as follows:

ṁH−SMC = ṁH
eq + ṁH

rl
, (24)

where ṁH−SMC is equivalent to ṁ for the PI-NFTSMC, ṁH
eq is

the equivalent control law for the HSS and ṁH
rl

is control law for
the reaching law. Here, ṁH

eq is obtained when �̇�H−SMC = 0 and
in this case, ṁH

eq can be obtained from Equation (20) as follows:

ṁH
eq =

Lp

𝛽kpVdc

[
− kp𝛼 − kiSNFTSMC

+ kp

v̇N

Lp
+ kpïNre f

]
,

(25)

and Equation (21) can be used to obtain ṁH
rl

as:

ṁH
rl
= −kPI sgn(𝜎H−SMC ). (26)

Since the reaching law in Equation (26) is a discontinuous
function, this will produce chattering in the control law as
represented by Equation (24) and for avoiding this issue,
sgn(𝜎H−SMC ) can be replaced as:

sgn(𝜎H−SMC ) =
𝜎H−SMC|𝜎H−SMC | + 𝜇

, (27)

which is a continuous function with 𝜇 > 0 but a very small
value. Using this continuous function, the reaching law in
Equation (26) can be written as:

ṁH
rl
= −kPI

𝜎H−SMC|𝜎H−SMC | + 𝜇
, (28)

and Equation (23) as:

ẆH−SMC = −kPI

𝜎2
H−SMC|𝜎H−SMC | + 𝜇

. (29)

Equation (29) clearly indicates the convergence of the HSS.
Finally, the control input can be written as:

ṁH−SMC =
Lp

𝛽kpVdc

[
−kp𝛼 − kiSNFTSMC kp

vN

Lp
+ kpïNre f

]

− kPI

𝜎2
H−SMC|𝜎H−SMC | + 𝜇

. (30)

This control input clearly ensure the convergence of the HSS
and hence, it has the ability to ensure the desired fault cur-
rent compensation properties for any values of fault resistances.
A comparison of the proposed scheme is made with the
NFTSMC whose design process is discussed in the following
subsection.

3.2 NFTSMC design for RCC inverters

Here, the NFTSMC is designed based on the NFTSS as
represented by Equation (14). The desired fault current com-
pensation of the fault current will be achieved, that is, e = 0
if this sliding surface converges to zero, that is, SNFTSMC = 0
which can be analyzed by formulating the following CLF:

WNFTSMC =
1
2

S 2
NFTSMC

, (31)

where WNFTSMC is the CLF for analyzing the convergence of the
NFTSS whose derivative can be written as follows:

ẆNFTSMC = SNFTSMC ṠNFTSMC . (32)

The stability will be ensured, that is, the convergence will be
guaranteed if ẆNFTSMC < 0 or ẆNFTSMC ≤ 0. For this purpose,
it is essential to hold the following condition:

ṠNFTSMC = 𝛼 + 𝛽

(
Vdc

Lp
ṁ −

vN

Lp
− ïNre f

)

= −k3sgn(SNFTSMC ),

(33)

where k3 is a positive gain parameter whose value is usually
large as it pushes the sliding surface toward the stable region and
sgn(SNFTSMC ) is signum function which has the similar property
as shown in Equation (22) but in terms of SNFTSMC rather than
𝜎H−SMC . Substituting Equation (33) into Equation (33), it can
be written as:

ẆNFTSMC = −k3SNFTSMC sgn(SNFTSMC ). (34)

Using Equation (33), the switching control input can be
obtained as follows:

ṁNFTSMC = ṁN
eq + ṁN

rl
, (35)

where ṁNFTSMC is equivalent to ṁ for the NFTSMC, ṁN
eq is the

equivalent control law for the NFTSS and ṁN
rl

is control law for
the reaching law. Here, ṁN

eq is obtained when ṠNFTSMC = 0 and
in this case, ṁN

eq can be obtained from Equation (33) as follows:

ṁH
eq =

Lp

𝛽Vdc

[
−𝛼 +

v̇N

Lp
+ ïNre f

]
. (36)
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Equation (33) can also be used to obtain ṁN
rl

as:

ṁN
rl
= −k3sgn(SNFTSMC ). (37)

Since the reaching law in Equation (37) is a discontinuous
function, this will produce chattering in the control law as repre-
sented by Equation (35) and for avoiding this, sgn(SNFTSMC ) can
be replaced with the following continuous function:

sgn(SNFTSMC ) =
SNFTSMC|SNFTSMC | + 𝜖

, (38)

where 𝜖 > 0 but a very small value. Using this continuous
function, the reaching law in Equation (37) can be written as:

ṁN
rl
= −k3

SNFTSMC|SNFTSMC | + 𝜖
, (39)

and Equation (34) as:

ẆH−SMC = −k3

S 2
NFTSMC|SNFTSMC | + 𝜖

. (40)

Equation (41) clearly indicates the convergence of the NFTSS.
Finally, the control input can be written as:

ṁNFTSMC =
Lp

𝛽Vdc

[
−𝛼 +

v̇N

Lp
+ ïNre f

]

− k3

S 2
NFTSMC|SNFTSMC | + 𝜖

.

(41)

This control input clearly ensure the convergence of the HSS
and hence, it has the ability to ensure the desired fault current
compensation properties for any values of fault resistances. The
performance analysis including comparisons is presented in the
next section.

4 PERFORMANCE ANALYSIS

The resonant-grounded test distribution system as presented
in Figure 1 has an adjustable coil which is connected between
the neutral of the secondary-side of a distribution network
transformer located at the substation and ground. This coil
is adjusted so that the zero-sequence capacitive reactance of
the network resonates with the inductive reactance of the coil.
The performance and effectiveness of the PI-NFTSMC and
NFTSMC, to manage the fault current and voltage using the
proposed control action, is rigorously assessed by implement-
ing the controller on this test system. Simulations are intended
to check whether the designed controller is able to compensate
the fault current and voltage in order to reduce the likelihood
of powerline bushfires. The parameters of the test distribu-
tion network, performance guidelines for controllers to mitigate
the powerline bushfire risk, and control parameters along with
different case studies are discussed next.

4.1 Test distribution network and system
parameters

The resonant-grounded test distribution network is chosen
in this paper is similar to a typical distribution network in
Victoria, Australia where REFCL is being implemented [7].
The line-to-line voltage of the network is 22 kV meaning
the phase-to-neutral voltage as 12.7 kV. It is a requirement
for the successful REFCL operation to maintain the balance
in the three phases. Hence, the neutral-to-ground voltage is
significantly low during normal operating condition for the
phase-to-ground voltage can be assumed as 12.7 kV during the
normal operating condition provided that the intricate balanc-
ing is achieved. The Simulink platform in Matlab is used in
this paper to model the distribution network and analyze the
performance of the proposed controller. Figure 1 shows the
distribution network test case where the adjustable inductor is
0.9 H. The values of the zero-sequence resistance and capaci-
tance in each phase are 28 kΩ and 4 𝜇F, respectively. The load
resistance is 400 Ω per phase. The RCC inverter uses two input
DC sources with 400 V.

4.2 Performance guidelines for controllers

In order to limit the energy released after an SLG fault takes
place in a distribution network, the fault current and voltage
need to be compensated quickly. The likelihood of bushfire can
be significantly reduced when some performance guidelines are
met. These performance guidelines in [7] define the compensa-
tion requirements of fault current and voltage within specific
time frames. According to these guidelines, the fault current
should be reduced to 0.5 A within 2 s of the fault inception.
Moreover, the voltage at the fault should be reduced to 250 V
within 2 s of fault regardless of the fault impedance. Further-
more, the phase voltage for the faulted phase during the SLG
fault needs to maintained at 1900 V, 750 V, and 250 V within
0.085 s, 0.5 s, and 2 s, respectively; when the fault impedance is
low (typically less than 1 kΩ) [7].

4.3 Control parameters

The simulations are carried out for PI-NFTSMC, NFTSMC
and EISMC for comparing the results with each other while
following the performance guidelines for mitigating powerline
bushfires. The performance analysis of these controllers against
such guidelines is conducted to ensure the feasibility of the
newly designed controller along with their superiority over each
other. The parameters appearing in the switching control inputs
as represented by Equations (30) and(41) are used to design
the controllers and an integral action is then applied for obtain-
ing the instantaneous switching control signal. Finally, switching
pulses are generated using the pulse with modulation scheme
utilizing the switching frequency as 10 kHz. It noteworthy to
mention that the parameter selection plays a crucial to achieve
the desired performance with any newly designed controllers
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and this is also the case for PI-NFTSMC. Especially, the robust-
ness against disturbances and convergence speed rely on control
parameters. The parameters kp and ki determine the conver-
gence performance of 𝜎. If the value of kp is larger or ki smaller,
the controller will have enhanced integral action in addition
to the faster convergence of 𝜎 which reduces the steady-state
error but results in a larger control amplitude. Similarly, the
sliding surface constants k1, k2 and switching constant k3 of
the proposed PI-NFTSMC are designed based on the trial-and-
error method to avoid the control signal saturation and reduce
the chattering. The similar technique is applied to select the
design parameters for the NFTSMC and EIMSC. Therefore,
one should take into account an appropriate trade-off between
the quick convergence rate and parameter overestimation as
excessive values of control parameters will result in control
signal saturation. Besides, a small constant representing the
smooth function 𝜇 is utilized as a very small positive constant
to avert the singularity problem. Finally, the control parameters
for are chosen as p = 5, q = 3, kp = 5, ki = 100, k1 = 8500,
k2 = 450, kPI = k3 = 10, 𝜆 = 1.8, and 𝜇 = 𝜖 = 0.7.

4.4 Operating scenarios

The action of the PI-NFTSMC on the resonant-grounded net-
work in reducing the fault current and faulty phase voltage
within the desired time frame is investigated through three
scenarios. In these scenarios, a phase-to-ground fault is perma-
nently applied on Phase A to simulate the SLG fault condition
which is common in the distribution network. The fault resis-
tance, R f is varied to perform these simulations. In the first
case, a low fault impedance case (R f < 1 kΩ) is analysed while
the second and the third cases investigate the scenarios for
high impedance faults with R f ≥ 1 kΩ. The system experiences
the fault at 0.2 s while intimating the control action of the
RCC inverter at the same instant. The scenarios are described
next where the performance of the proposed PI-NFTSMC is
compared with the NFTSMC and EISMC in terms of reduc-
ing the fault current and faulty phase voltage by the RCC
inverter.

∙ Scenario 1: Control performance analysis for R f = 300 Ω

A low impedance fault scenario is presented with fault
resistance R f = 300 Ω and the performance of PI-NFTSMC,
NFTSMC, EISMC is demonstrated in Figure 2 in terms of com-
pensating the fault current where the instantaneous and rms
values of the current with a fault on Phase A are shown in
Figure 2. From this figure, it is clear that all three controllers
have the ability to bring the fault current to a limit lower than
0.5 A within 2.2 s, that is, 2 s after the fault where the PI-
NFTSMC acts faster than the NFTSMC and EIMSC. The fault
current becomes 0.1137 A, 0.1284 A, and 0.1543 A for the PI-
NFTSMC, NFTSMC, and EISMC respectively, after 2 s of the
fault application where these values are significantly lower than
the recommended value as per the performance guidelines, that
is, 0.5 A [7]; hence, the performance guidelines are satisfied.

FIGURE 2 Fault current (instantaneous and rms) for R f = 300 Ω and an
SLG fault on Phase A.

FIGURE 3 Faulty phase voltage (instantaneous and rms) for R f = 300 Ω
and an SLG fault on Phase A.

Moreover, the oscillations are lower when the RCC inverter is
controlled through the PI-NFTSMC as shown in the inset of
Figure 2a as compared with the NFTSMC and EISMC. Further-
more, the PI-NFTSMC acts faster compared to the NFTSMC
and EISMC in reducing the fault current as shown in the inset
of Figure 2b.

The voltage across Phase A, that is, the instantaneous and
rms values of the faulty phase voltage are shown in Figures 3a
and 3b, respectively. The inset of Figure 3a shows the transient
in the instantaneous fault voltage waveform dies out quickly
when the PI-NFTSMC is used as compared with the NFTSMC
and EISMC. Figure 3b checks the performance guidelines for
the faulty phase voltage from where it can be seen that the faulty
phase voltage becomes 46.18 V, 35.79 V, and 38.63 V, respec-
tively, at 0.085 s, 0.5 s, and 2 s after the fault occurrence when
the NFTSMC is used. The application of the PI-NFTSMC
improves the voltage profile further by acting quickly as seen
from the inset of Figure 3b. The faulty phase voltage of the
resonant-grounded distribution system with the PI-NFTSMC
becomes 38.42 V, 35.79 V, and 38.63 V, respectively at the afore-
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FIGURE 4 Injected current (instantaneous and rms) by the RCC inverter
for R f = 300 Ω and an SLG fault on Phase A.

FIGURE 5 Fault current (instantaneous and rms) for R f = 5 kΩ and an
SLG fault on Phase A.

mentioned times in the guideline. Hence, all three controllers
satisfy the guideline requiring to reduce the faulty phase voltage
within the timeframe as mentioned in [7]. However, the PI-
NFTSMC reduces the fault voltage faster (38.42 V at 0.085 s
of the RCC compensation) as compared with the NFTSMC
(46.18 V at 0.085 s of the RCC compensation) as seen from
the inset of the Figure 3b. Therefore, the PI-NFTSMC ensures
the improvements to manage the fault current and voltage in a
faster way with improved transient behaviors than the NFTSMC
because of the added proportional-integral action that is also
evident from the injected current in Figure 4.

∙ Scenario 2: Control performance analysis for R f = 5 kΩ

For this case study, a high fault impedance scenario is demon-
strated with the fault impedance, R f = 5 kΩ. Here, as shown
in Figure 5, the fault current after 2 s of the RCC compen-
sation is 0.0088 A in the case of the PI-NFTSMC which is
0.0107 A in the case of the NFTSMC and 0.0135 A for the
EISMC. Hence, all three controllers have the ability to reduce
the fault current to 0.5 A within the specified guideline of 2 s
after fault. The faster reduction in the fault current reduction

FIGURE 6 Faulty phase voltage (instantaneous and rms) for R f = 5 kΩ
and an SLG fault on Phase A.

is achieved through the PI-NFTSMC over the NFTSMC and
EISMC. Here, the peak value of the fault current is signifi-
cantly lower as the fault impedance is quite high. As seen from
Figure 5a, the fault current transient settles faster with the PI-
NFTSMC than the NFTSMC and EISMC. Moreover, the peak
fault current is lower when PI-NFTSMC is applied compared to
the condition when the NFTSMC and EISMC are applied as is
evident from Figure 5b.

The instantaneous and rms fault voltages are shown in
Figures 6a and in 6b, respectively. It is clear from Figure 6a
that the transient response of the fault voltage settles faster
with the PI-NFTSMC. Figure 6b is used to check the voltage
performance guidelines against the time frame as discussed in
[7]. The fault voltage becomes 1.238 kV at 0.285 ms which is
85 ms after the fault is applied and the RCC compensation takes
place through the NFTSMC. In comparison, the fault voltage
is the half of the NFTSMC, that is, 0.5775 kV at 0.285 ms
when the RCC inverter is controlled using the PI-NFTSMC.
The fault voltage after 0.5 s of the RCC compensation, that is,
at 0.7 s is 53.93 V for the NFTSMC where it is 50.73 V for
the PI-NFTSMC and it is even higher for the EISMC. Further-
more, the fault voltage after 2 s of the RCC compensation, that
is, at 2.2 s is 53.64 V for the NFTSMC and 46.23 V for the
EISMC while it is 43.43 V for the PI-NFTSMC. In summary,
the fault voltage compensation guidelines are satisfied for all
there controllers while the PI-NFTSMC performs better. The
performance of the RCC inverter is demonstrated in Figure 7
which exhibits less oscillations in the injected current when the
PI-NFTSMC is used compared the NFTSMC and EISMC.

∙ Scenario 3: Control performance analysis for R f = 25.4 kΩ

This case demonstrates the highest fault impedance, that is,
R f = 25.4 kΩ that can be detected in the resonant-grounded
22 kV distribution network. The instantaneous and rms value
of the fault current using the PI-NFTSMC, NFTSMC, and
EISMC are shown in Figures 8a and 8b, respectively. As in the
previous two scenarios, all three controllers met the require-
ment for the fault current compensation. The fault current with
the PI-NFTSMC settles quicker as compared to the NFTSMC
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FIGURE 7 Injected current (instantaneous and rms) by the RCC inverter
for R f = 5 kΩ and an SLG fault on Phase A.

FIGURE 8 Fault current (instantaneous and rms) for R f = 25.4 kΩ and
an SLG fault on Phase A.

and EISMC. Moreover, the peak fault current is slightly lower
when the PI-NFTSMC is used to control the RCC inverter
than the NFTSMC and EISMC. The fault voltage responses in
Figures 9a and 9b depict similar behaviors to that of two pre-
vious scenarios. The fault voltages of the resonant-grounded
network with the PI-NFTSMC are 529.2 V, 47.31 V, and 45.09 V
at three different time stamps (i.e. 85 ms, 0.5 s, and 2 s) after
the fault inception. On the other hand, these values are 1747 V,
50.73 V, and 50.92 V with the NFTSMC and a bit higher for
the EISMC. All three controllers assist to reduce the voltage of
the faulty within the desired timeframe. The injected current in
Figure 10 which shows less oscillation, that is, better steady-state
performance when the PI-NFTSMC is employed.

4.5 Performance summary

It has been demonstrated through the case studies that the pro-
posed controller can operate satisfactorily while limiting fault
current and voltage. The fault current compensation guideline is
met for all three cases and the PI-NFTSMC outperforms both
NFTSMC and EISMC in quickly reducing the transients and

FIGURE 9 Faulty phase voltage (instantaneous and rms) for
R f = 25.4 kΩ and an SLG fault on Phase A.

FIGURE 10 Injected current (instantaneous and rms) by the RCC
inverter for R f = 25.4 kΩ and an SLG fault on Phase A.

significantly reduces the chances of powerline bushfires. More-
over, the faulty phase voltage compensation demonstrates that
the voltage reduction guidelines are met not only for the low
impedance faults but also for high fault impedance faults. The
compliance of the controller with the fault current and voltage
compliance guideline limits the thermal energy released during
the fault and hence, reduces the likelihood of igniting fires from
powerline faults. Moreover, the PI-NFTSMC performs better
than the NFTSMC and EISMC in terms of transient response
and limits the fault current and voltage in a quicker way as
demonstrated through different scenarios. Hence, the proposed
PI-NFTSMC can effectively be implemented for controlling the
RCC inverter in the resonant-grounded distribution network
and minimize the powerline bushfire risk.

5 CONCLUSIONS

A hybrid sliding mode controller is designed for the rapid earth
fault current limiter, a technology that is used for the mitigation
of powerline bushfires by appropriately compensating the fault
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current and faulty phase voltage through the residual current
compensation inverter. This new control scheme is developed
by incorporating the nonsingular fast terminal sliding surface
with a proportional integral action where this sliding surface
is used for the faster convergence and avoiding the singularity
problem whereas the integral action is used to guarantee the
convergence and minimize the chattering effects. These benefits
can clearly be evidenced from simulation results under differ-
ent fault resistances where both fault current and faulty phase
voltage met the desired guideline for mitigating powerline bush-
fires. The performance is also compared with a controller that
does not consider the integral action as well as an integral action
with a standard sliding surface. All controllers ensure faster and
desired responses though the hybrid controller performs better
than the nonsingular fast terminal sliding mode controller. It is
worth noting that all calculations are done off-line and the final
control law is implemented. Thus, there are no issues with the
implementation. However, the selection of control parameters
is still a tedious process and a systematic approach is required
to the utilize the benefit of the newly designed controller. More-
over, a realistic framework needs to be developed to properly
model uncertainties and external disturbances. Future research
can be directed along these directions by adopting machine
learning approaches to have an automatic process for select-
ing control parameters as the learning algorithms are extremely
useful for such application.

AUTHOR CONTRIBUTIONS

Tushar Kanti Roy: Formal analysis, investigation, methodology,
resources, software, validation, visualization, writing - original
draft, writing - review and editing. Md Apel Mahmud: Con-
ceptualization, methodology, project administration, resources,
supervision, validation, writing - original draft, writing - review
and editing. A B M Nasiruzzaman: Investigation, resources,
writing - original draft, writing - review and editing. Md Abdul
Barik: Investigation, resources, writing - original draft, writing -
review and editing.

CONFLICT OF INTEREST STATEMENT

The authors do not have any conflict of interests.

PERMISSION TO REPRODUCE MATERIALS

FROM OTHER SOURCES

None

DATA AVAILABILITY STATEMENT

The data that support the findings of this study are available
on request from the corresponding author. The data are not
publicly available due to privacy or ethical restrictions.

ORCID

Tushar Kanti Roy https://orcid.org/0000-0002-1992-0881
Md Apel Mahmud https://orcid.org/0000-0002-5302-5338

REFERENCES

1. Teague, B., McLeod, R., Pascoe, S.: Victorian Bushfires Royal Commission.
Parliament of Victoria (2009)

2. Orton, T.: Powerline Bushfire Safety Taskforce: Final Report. Energy Safe
Victoria (2011)

3. Barik, M.A., Gargoom, A., Mahmud, M.A., Haque, M.E., Al-Khalidi, H.,
Than Oo, A.M.: A decentralized fault detection technique for detecting
single phase to ground faults in power distribution systems with resonant
grounding. IEEE Trans. Power Delivery 33(5), 2462–2473 (2018)

4. Coldham, D., Czerwinski, A., Marxsen, T.: Probability of bushfire ignition
from electric arc faults. EnergySafe Victoria (2011)

5. Janssen, M., Kraemer, S., Schmidt, R., Winter, K.: Residual current com-
pensation (RCC) for resonant grounded transmission systems using high
performance voltage source inverter. In: 2003 IEEE PES Transmission
and Distribution Conference and Exposition (IEEE Cat. No.03CH37495),
vol. 2. IEEE, Piscataway (2003)

6. Qi, M., Leng, H., Zhang, Z., Yang, L., Peng, S., Zeng, X.: Fast disposal
method for reducing electricity risk of single-phase ground fault in dis-
tribution network. In: 2017 China International Electrical and Energy
Conference (CIEEC). IEEE, Piscataway (2017)

7. Acil Allen Consulting Pty Ltd: Regulatory Impact Statement: Bush-
fire Mitigation Regulations Ammendment. Department of Economic
Development, Jobs, Transport and Resources (2015)

8. Wang, F., Guo, M., Yang, G.: Novel arc-suppression methods based on cas-
caded H-bridge converter. In: 2016 Asia-Pacific International Symposium
on Electromagnetic Compatibility (APEMC), vol. 01. IEEE, Piscataway
(2016)

9. Gargoom, A., Barik, M.A., Mahmud, M.A., Haque, M.E., Oo, A.M.T., Al-
Khalidi, H., et al.: Residual current compensator based on voltage source
converter for compensated distribution networks. In: 2018 IEEE Power
Energy Society General Meeting (PESGM). IEEE, Piscataway (2018)

10. Zheng, Z.Y., Guo, M.F., Yang, N.C., Jin, T.: Flexible arc-suppression
method based on improved distributed commutations modulation for
distribution networks. Int. J. Electr. Power Energy Syst. 116, 105580 (2020)

11. Wang, W., Yan, L., Fan, B., Zeng, X.: Control method of an arc suppression
device based on single-phase inverter. In: 2016 International Sympo-
sium on Power Electronics, Electrical Drives, Automation and Motion
(SPEEDAM). IEEE, Piscataway (2016)

12. Chen, D., Zeng, X., Peng, S., Wang, Y., Wang, Y., Zhao, Y., et al.: Active
inverter device with double closed loop control method for arc suppres-
sion in distribution network. In: 2017 China International Electricaland
Energy Conference (CIEEC). IEEE, Piscataway (2017)

13. Wang, W., Yan, L., Zeng, X., Fan, B., Guerrero, J.M.: Principle and design of
a single-phase inverter-basedgrounding system for neutral-to-ground volt-
age compensation in distribution networks. IEEE Trans. Ind. Electron.
64(2), 1204–1213 (2017)

14. Wang, W., Zeng, X., Yan, L., Xu, X., Guerrero, J.M.: Principle and control
design of active ground-fault arc suppression device for full compensation
of ground current. IEEE Trans. Ind. Electron. 64(6), 4561–4570 (2017)

15. Qu, Y., Tan, W., Yang, Y.: H-infinity control theory apply to new type arc-
suppression coil system. In: 2007 7th International Conference on Power
Electronics and Drive Systems. IEEE, Piscataway (2007)

16. Qiu, W., Guo, M., Yang, G., Zheng, Z.: Model-predictive-control-based
flexible arc-suppression method for earth fault in distribution networks.
IEEE Access 7, 16051–16065 (2019)

17. Barzegar.Kalashani, M., Mahmud, M.A.: A linear hybrid active disturbance
rejection controller design to extenuate powerline bushfires in resonant
grounded distribution power systems. Int. J. Electr. Power Energy Syst.
142, 108192 (2022)

18. Roy, T.K., Mahmud, M.A., Barik, M.A., Nasiruzzaman, A.B.M., Oo,
A.M.T.: A nonlinear backstepping control scheme for rapid earth fault
current limiters in resonant grounded power distribution systems: Appli-
cations for mitigating powerline bushfires. IEEE J. Emerg. Sel. Topics Ind.
Electron. 3(2), 362–371 (2022)

19. Roy, T.K., Mahmud, M.A., Roy, N.K.: An integral backstepping controller
design for compensated distribution networks with rapid earth fault cur-
rent limiters in bushfire prone areas. IET Gener. Transm. Distrib. 16(19),
3928–3940 (2022)

20. Zheng, Z., Guo, M., Yang, N., Jin, T.: FASD based on BSC method for
distribution networks. IET Gener. Transm. Distrib. 13(24), 5487–5494
(2019)

https://orcid.org/0000-0002-1992-0881
https://orcid.org/0000-0002-1992-0881
https://orcid.org/0000-0002-5302-5338
https://orcid.org/0000-0002-5302-5338


12 of 12 ROY ET AL.

21. Zheng, Z.Y., Guo, M.F., Yang, N.C., Jin, T.: Single-phase flexible arc
suppression device based on BSC-SOGI-PLL method for distribution
networks. Int. J. Electr. Power & Energy Syst. 121, 106100 (2020)

22. Roy, T.K., Mahmud, M.A., Barik, M.A., Nasiruzzaman, A.B.M., Oo,
A.M.T.: A nonlinear backstepping control scheme for rapid earth fault
current limiters in resonant grounded power distribution systems: Appli-
cations for mitigating powerline bushfires. IEEE J. Emerg. Sel. Topics Ind.
Electron. 3(2), 362–371 (2021)

23. Fernando, W.S.P., Mahmud, M.A., Islam, S.N., Hosseinzadeh, N.: A
nonlinear model predictive controller design for residual current compen-
sation inverters in rapid earth fault current limiters to mitigate powerline
bushfires. Int. J. Electr. Power Energy Syst. 142, 108326 (2022)

24. Zehra, S.S., Ur Rahman, A., Ahmad, I.: Fuzzy-barrier sliding mode control
of electric-hydrogen hybrid energy storage system in DC microgrid: Mod-
elling, management and experimental investigation. Energy 239, 122260
(2022)

25. Nasiri, M., Mobayen, S., Arzani, A.: Pid-type terminal sliding mode con-
trol for permanent magnet synchronous generator-based enhanced wind
energy conversion systems. CSEE J. Power Energy Syst. 8(4), 993–1003
(2022)

26. Alattas, K.A., Mostafaee, J., Sambas, A., Alanazi, A.K., Mobayen, S., Vu,
M.T., et al.: Nonsingular integral-type dynamic finite-time synchronization
for hyper-chaotic systems. Mathematics 10(1), 115 (2021)

27. Alattas, K.A., Mostafaee, J., Alanazi, A.K., Mobayen, S., Vu, M.T.,
Zhilenkov, A., et al.: Nonsingular terminal sliding mode control based
on adaptive barrier function for n th-order perturbed nonlinear systems.
Mathematics 10(1), 43 (2021)

28. Barzegar.Kalashani, M., Mahmud, M.A., Barik, M.A., Oo, A.M.T.: Control
of arc suppression devices in compensated power distribution sys-
tems using an integral sliding mode controller for mitigating powerline
bushfires. Int. J. Electr. Power Energy Syst. 134, 107481 (2022)

29. Roy, T.K., Mahmud, M.A.: Fault current compensations in resonant
grounded distribution systems to mitigate powerline bushfires using a non-
singular terminal sliding model controller. IET Gener. Transm. Distrib.
16(3), 479–491 (2022)

30. Roy, T.K., Mahmud, M.A., Nasiruzzaman, A.B.M., Barik, M.A., Oo,
A.M.T.: A non-singular fast terminal sliding mode control scheme for
residual current compensation inverters in compensated distribution net-
works to mitigate powerline bushfires. IET Gener. Transm. Distrib. 15(9),
1421–1434 (2021)

31. Roy, T.K., Mahmud, M.A., Ghosh, S.K., Pramanik, M.A.H., Kumar,
R., Oo, A.M.T.: Design of an adaptive sliding mode controller for
rapid earth fault current limiters in resonant grounded distribu-
tion networks to mitigate powerline bushfires. In: 2021 IEEE Texas
Power and Energy Conference (TPEC), pp. 1–6. IEEE, Piscataway
(2021)

32. Barzegar.Kalashani, M., Mahmud, M.A., Barik, M.A., Nasiruzzaman,
A.B.M.: A discrete sliding mode control scheme for arc suppression
devices in resonant grounded power distribution systems to mitigate
powerline bushfires. Electr. Power Syst. 210, 108126 (2022)

33. Yang, L., Yang, J.: Nonsingular fast terminal sliding-mode control for
nonlinear dynamical systems. Int. J. Robust Nonlinear Control 21(16),
1865–1879 (2011)

34. Feng, Y., Yu, X., Man, Z.: Non-singular terminal sliding mode control of
rigid manipulators. Automatica 38(12), 2159–2167 (2002)

35. Chen, S., Lin, F.: Robust nonsingular terminal sliding-mode control for
nonlinear magnetic bearing system. IEEE Trans. Control Syst. Technol.
19(3), 636–643 (2011)

How to cite this article: Roy, T.K., Mahmud, M.A.,
Nasiruzzaman, A.M., Barik, M.: A hybrid sliding mode
control scheme for rapid earth fault current limiters in
compensated distribution networks in bushfire prone
areas. J. Eng. 2023, 1–12 (2023).
https://doi.org/10.1049/tje2.12232

https://doi.org/10.1049/tje2.12232

	A hybrid sliding mode control scheme for rapid earth fault current limiters in compensated distribution networks in bushfire prone areas
	Abstract
	1 | INTRODUCTION
	2 | MODELING OF RCC INVERTERS
	3 | PROPOSED HYBRID SLIDING MODE CONTROLLER DESIGN
	3.1 | PI-NFTSMC design for RCC inverters
	3.2 | NFTSMC design for RCC inverters

	4 | PERFORMANCE ANALYSIS
	4.1 | Test distribution network and system parameters
	4.2 | Performance guidelines for controllers
	4.3 | Control parameters
	4.4 | Operating scenarios
	4.5 | Performance summary

	5 | CONCLUSIONS
	AUTHOR CONTRIBUTIONS
	CONFLICT OF INTEREST STATEMENT
	PERMISSION TO REPRODUCE MATERIALS FROM OTHER SOURCES
	DATA AVAILABILITY STATEMENT

	ORCID
	REFERENCES


