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1 | INTRODUCTION

| Md Apel Mahmud?

Abstract

A fault current compensation technique is proposed in this paper for resonant grounded
power distribution systems in bushfire prone areas. Arc suppression devices with residual
current compensation inverters are used to compensate fault currents due to single line-to-
ground faults in order to mitigate powerline bushfires. The main contribution of this paper
is the design of a compensation technique for the T-type residual current compensation
inverter using a non-singular terminal sliding mode control scheme. The main objective
of the proposed scheme is to reduce the fault current and bring its value to a level so
that it cannot ignite fires. The proposed controller is designed based on the selection of
a sliding surface in a way the singularity problem can be avoided and chattering effects in
existing sliding mode controllers can be eliminated. The desired current injection through
the residual current compensation inverter is ensured by enforcing the control law into the
terminal sliding surface where the control law is determined by satisfying the Lyapunov
stability criteria. The performance of the non-singular terminal sliding mode controller is
compared with an integral sliding mode controller by considering different values of fault
currents where these values are varied by changing fault resistances. Results for simulation
in the software and processor-in-loop simulations are verified against operational standards
which are essential for mitigating powerline bushfires. This work focuses to design a non-
singular terminal sliding mode controller for the residual current compensation inverter
which is used in an arc suppression device to compensate both active and reactive com-
ponents of the fault current and keeps its value below 0.5 A within 2 s after activating the
residual current compensation inverter which is a requirement as per the operational stan-
dard. This controller is designed based on the selection of a terminal sliding surface while
satisfying the condition for avoiding the singularity problem.

the neutral and ground which are automatically adjusted to
compensate fault currents by making resonance with the avail-

Power distribution networks are generally grounded to com-
pensate currents due to electric faults as high fault currents
ignite fires. There are different grounding techniques and reso-
nant grounding techniques are considered as the most feasible
solutions to compensate fault currents for power distribution
networks in bushfire prone areas [1]. In resonant grounded
power distribution systems (RGPDSs), arc suppression devices
(ASDs) with adjustable inductor coils are connected between

able zero-sequence capacitance at the substation when there are
single line-to-ground (SLG) faults in RGPDSs [2].

The resonant grounding with ASDs helps to protect the net-
work assets and enhance the safety of the overall system [3].
However, the resonant condition assists to compensate only
the reactive component of the fault current though its active
component can be significant enough to start powerline bush-
fires. For this reason, ASDs ate equipped with residual current
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compensation (RCC) inverters which inject current to the neu-
tral point to fully compensate the fault current or reduce its
value to a lower value. Generally, the requirement for mitigat-
ing powerline bushfires the fault current needs to be kept at a
value below 0.5 A within 2 s after initiating the action of the
RCC inverter [4]. This cleatly indicates that the RCC inverter
needs to act quickly to compensate the fault current. Further-
more, the fault current significantly varies as it depends on the
fault resistance. Therefore, it is essential to regulate the output
current of the RCC inverter with variations in fault resistances
which is a challenging task as the regulation capability relies on
the switching control actions. This challenge for the fault cur-
rent compensation in RGPDSs can be overcome by appropri-
ately designing controllers for the RCC inverter.

Several model-free controllers are used to compensate the
fault current in resonant controllers where these controllers
are mainly designed based on proportional integral (PI) con-
trol schemes. PI controllers are generally used for reducing the
tracking error for the desired control objective. For the RCC
inverter in the ASD, the key task is to reduce the fault current
either by tracking the neutral current or faulty phase voltage. A
closed-loop control structure using a PI controller is presented
in [5, 6] for compensating the fault current in transmission net-
works. However, the controller in [6] provides compensation
only for the active component with an assumption that the
adjustable inductor fully compensates the reactive component
which does not actually happen in practice. Although the PI
controller in [5] shows some improvements in the performance
as it uses advanced topologies, transmission lines are designed
with more safety features, these lines are not much responsible
for igniting fires while comparing with distribution networks.

Different types of PI controllers are employed for RCC
inverters to compensate the fault current in distribution net-
works which include single- or dual-loop configurations where
some of these schemes have compound characteristics, that is,
more than one controller is used within a single-loop in order
to improve the performance. The single-loop structures are
proposed in [7, 8] where the main task of these controllers is to
reduce the current flowing through the fault impedance either
by tracking the faulty phase voltage or neutral current. These
simple model-free controllers use the PI control scheme to
track the sinusoidal reference. The compound controllers for
the RCC inverter are designed in [9, 10] in which more than
one controller is used within a loop for compensating the fault
current in order to improve the performance over the simple
PI controllers. The controller in [9] works based on open- and
closed-loop compound structures with PI controllers. How-
ever, the approach in [9] requires the measurement of insulation
parameters for the pre-set control parameters. In [10], a dis-
tributed commutation scheme is used in conjunction with a PI
controller. Although the controller in [10] shows some improve-
ments in the tracking performance, it requires additional com-
munication schemes and suffers from the delay. Furthermore,
all these PI controllers suffer from steady-state tracking errors
even after utilising advanced modulation techniques as these
aim to track the sinusoidal reference. A segmented proportional
integral derivative (PID) controller is used in [11] for compen-

sating the overshoots in the current and voltage during the grid
synchronisation rather maintaining the operational standard for
mitigating powerline bushfires. A model-based proportional
resonant (PR) controller is used in [12] in consecution with
a PI controller by forming a compound structure within a
single-loop configuration. Although the PI4+PR controller
improves the damping and enhances the stability margin, this
scheme still experiences significant tracking errors along with
the requirement for satisfying some strict conditions [12]. An
advanced model-based H, controller is proposed in [13] where
the order of the controller becomes unrealistic which makes it
difficult for the practical implementation even after applying the
order reduction technique. Another model-based model pre-
dictive controller is presented in [14] for compensating the fault
current. However, this controller is designed for low impedance
faults though the main challenge for compensating the fault
current in an RGPDS system is the high impedance fault.

The RCC inverter can be controlled by dual-loop control
structures with an outer voltage control loop and an inner cur-
rent control loop. Here, the outer loop can be used to generate
the reference of the current to be controlled by controlling the
neutral voltage and the inner loop current controller then con-
trols the current for compensating the fault current in a way
that the risk of powerline bushfires are significantly reduced. It
is worth noting that the dual-loop structure reduces the risk of
bushfires in faster way as compared to other existing model-
free controllers as one control loop (i.e. the outer loop) is used
to generate the reference current and other control loop reg-
ulate the current to follow the reference. Thus, the response
time is faster which in turn reduces the risk of bushfires. Sev-
eral dual-loop controllers are used in [15-17] including com-
pound structures. In [15], PI controllers are used for both loops,
whereas a lag compensator is employed in [106] for the outer loop
and a PI controller for the inner loop. Similarly, the outer loop
in [17] uses a compound control structure with a PI+PR con-
troller while the inner loop utilises a proportional (P) controller.
Although the fault current compensation is improved with these
controllers, there ate still some problems such as the tracking
error for the sinusoidal reference with a PI controller and high
steady-state errors with the P controller. The control schemes so
far discussed in this work are limited to operating points, that is,
these controllers compensate the fault current for some specific
fault resistances.

Non-linear controllers have been successfully employed in
many power system applications as these controllers ensure
desired performance over a range of operating scenarios [18,
19]. Non-linear backstepping controllers ensure the desired
tracking of the state as these are designed by satisfying the
global stability criteria for the system [20]. The non-linear
backstepping controllers are proposed in [21, 22] for the RCC
inverters in ASDs to compensate the fault current while provid-
ing robustness against parametric uncertainties. However, these
backstepping controllers consider uncertainties in the filter
inductances which do not have significant effects on the overall
performance of the system. Apart from this, these backstepping
controllers do not exhibit any inherent properties to ensure
the desired performance. Sliding mode controllers (SMCs)
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have inherent capabilities to provide robustness against changes
in operating conditions including parametric uncertainties
and external disturbances [23]. The majority of these sliding
mode controllers are desired based on higher order integral
sliding surfaces which suffer from singularity problems and
experience chattering. However, non-singular terminal SMCs
(NT-SMCs) overcome the singularity problems of integral
SMCs (I-SMCs) [24, 25]. A linear matrix inequality (LMI)-
based finite-time SMC is proposed in [26] by proposing a
new reaching law for uncertain non-linear systems. A sliding
mode distutbance observer is proposed in [27] for the adaptive
synchronisation in a fractional-order chaotic system. The finite-
time chaos synchronisation based on the SMC is applied on for
the secure communication in wireless sensor networks [28] and
mobile communications [29]. However, none of these SMCs
are employed for compensating the fault current using the RCC
inverter in an ASD. Recently, 2 non-singular fast terminal sliding
mode controller is proposed in [30] and a global terminal adap-
tive sliding mode controller is proposed in [31] which require
additional parameters for ensuring the fast convergence. If this
parameter is not selected propetly, the controller in [30] cannot
ensure the fast convergence of the tracking error.

Based on the existing literature, it can be summarised that
the RCC inverter in an RGPDS system is mainly controlled to
reduce the fault current without satisfying the required standard
for compensating the powerline bushfire due to the single-line-
to-ground faults. Although the recent works in [30, 31] consider
the operational standard for powerline bushfire, it requires a
number of design parameters that need to be selected appro-
priately to ensure the fast convergence. However, the selection
of these parameters requires prior knowledge of the system and
their inappropriate values affect the convergence. On the other
hand, the fault current compensation needs to be performed
within a specific timeframe. Hence, the severity of such a prob-
lem will be reduced if the number of such design parameters
reduces. Moreover, the faults in power networks are considered
as external disturbances that can easily be tackled through slid-
ing mode controllers. These are considered as the main motiva-
tion for this work.

The main contribution of this work is to design an NT-SMC
for the RCC inverter which is used in an ASD to compensate
both active and reactive components of the fault current and
keeps its value below 0.5 A within 2 s after activating the RCC
inverter which is a requirement as per the operational standard
as indicated in [4]. To the best of the authors’ knowledge, this
type of controller is not designed for the RCC inverter. An
important feature of this controller is the selection of a terminal
sliding surface for the RCC inverter that satisfies the condition
for avoiding the singularity problem. The switching signals of
the RCC inverter, which are used to regulate its output, ate
obtained in such a way that the tracking error is forced into
this sliding surface and the concept of the control Lyapunov
function (CLF) is used to ensure the global stability of the
system. This has been further evidenced through the reacha-
bility analysis. The performance of the proposed NT-SMC is
compared with an I-SMC and for this reason, a brief overview
for designing the I-SMC is also included in this paper. Finally,

simulation results are carried out by considering different values
of the fault resistance in order to ensure the fault current com-
pensation capability of the designed controller with vatiations
in the fault current along with its superiority over the I-SMC.
Simulation tesults from the software and processor-in-loop
(PIL) clearly justify theoretical claims while satisfying the
operational standard under all operating scenatios.

2 | DYNAMIC MODEL OF ASDs WITH
RCC INVERTERS

Figure 1 shows an RGPDS having an ASD with a T-type RCC
inverter in which the distribution substation is supplying a three-
phase balanced load and an adjustable inductor (Z,) is con-
nected between the neutral and ground. The ASD automati-
cally adjusts this inductor when there is an SLG fault. At this
instant, the switch Sy is also turned on to activate the T-type
RCC inverter for compensating the fault current and it is con-
nected through a step up transformer to match the output volt-
age with the neutral-to-ground voltage (57). The RCC inverter
is used for injecting current to the neutral and compensates
the fault current (7). The switches (8, 5, 53, and §y) in this
RCC inverter are controlled to regulate the neutral current (75)
depending on the amount of the fault current that needs to be
compensated where this value relies on the fault resistance. For
this current compensation, the neutral current is used to detet-
mine the reference (/v ) which is selected in such a way that
the fault current becomes zero and this reference value is calcu-
lated from the expression of the neutral current. Figure 1 shows
the impedance network for each phase where a resistance and a
capacitance are connected in parallel. This figure also shows that
an SL.G faultis applied on Phase B. The current flowing through
the neutral is calculated by using currents flowing through the
fault resistance and zero-sequence impedance network in each
phase which can be written as

in =i+ i, )

where /s = 4y +igy +icy withiyy, igy, and icy as cur-
rents flowing through zero-sequence impedance networks in
Phases A, B, and C, respectively. Here, the current flowing
through the impedance network in each phase can be calculated
as follows:

dﬂc Ve; db’c'

. 04 _ "G 04

gy =ig,, + C()A_dt =R, T
dﬂc ﬂC dﬂ(*

. . 0B 0B 0B

ipy =ip, +Cop 7 Ry TP @)
dvc Ve dvc

. . 0C 0C -0C

icy =g +Coc 7 Roc. + Coc Rk

where i, Rop> and IRy ate currents flowing through the zero-
sequence resistances in Phases A, B, and C, that, R4, Ryp,
and Ry, respectively; Cp) 4, Cy5, and Cj¢ are the zero-sequence
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FIGURE 1

capacitances in Phases A4, B, and C), respectively; and v¢; , 7
and 7. ate voltages across Cp 4, Cop, and Cyc, respectively.
H‘ere,.l/qw = 14, U, = ¥p, and v, = vc. For a balanced dis-
tribution network, Ry 4 = Ryp = Ry = Ry and Cy 4 = Cpp =
Cyc = Cp. Hence, Equation (2) can be simplified as

. V4 dVA
gy = Ry + Co7

) vp dDB
BL = R +G—- )
. dvc
L= gty

Similarly, the fault current can be written as

) vy v
= = ©)
Ry Ry

where 2/ is the faulty phase voltage, which is also the phase-to-
ground voltage for Phase B (i.e. #5) as the fault is applied on this
phase. Using Equation (3), Z; can be written as follows:

. DA+VB+W[ d
g = T-FCZ)E@A-’_WB-’_”[)' (5)

The phase-to-neutral and neutral-to-ground voltages can be
used to obtain the phase voltage which can be written as

Vg = ¢4 + VN
vp=ept N ©)
Ve = ec oy,
where ¢4, ¢g, and e are phase-to-neutral voltages for Phases
A, B, and C, respectively. Since the system is considered as a

balanced one, ¢4 + ¢z + ¢.- = 0 for which Equation (6) can be
simplified as

”/—1+”B+”C

N = f . (7)

Single Line-to-Ground Fault

o
1 1 1

R 04 COA R 0B CI)B RU(' C()C

An RGPDS with a T-type RCC inverter in an ASD, having an SLG fault on Phase B

Using the value of 5, from Equation (7), the simplified form of
Equation (5) can be obtained as

: N , dvy
g = 3% + 3C() P (8)
Substituting Equations (4) and (8) into Equation (1), one can
write:
. VB L UN N
in = — +3— +3C—. 9
VTR R 0" dr ©)

The reference value of the neutral current can be calculated
from Equation (9). The value of »5; needs to be expressed in
terms of vz and ¢z based on Equation (6) as the SLG fault
occurs on this phase. Hence, it can be written as

VN = ¢ep — VUp (10)

The substitution of Equation (10) into Equation (9) will
yield:

. 3 1 . dﬁB
N = <— + —>VB + 3C0—
Ry R, dr

3 d@B
- <E€B + 3C05>

In Equation (11), 7, will be zero if iy is selected as fol-
lows [22]:

. 3 dé’B
Z‘\Yrcf = - EEB + 36()? (12)

The changes in the current through the adjustable inductor
can be expressed as follows:

dz‘i\T % V;{: — N

dt L])

(13)
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where  is the switching control signal that is used to regulate
the current injection by the RCC inverter and 17, is the input
DC voltage to the RCC inverter. This modulation index is varied
to track the reference current in Equation (12) by considering
Equation (13) as the controlled plant. A NT-SMC is used in this
paper to regulate the output current of the RCC inverter which
is discussed in the following section.

3 | CONTROLLER DESIGN FOR RCC
INVERTERS

As a NT-SMC is employed for the RCC inverter to compensate
the fault current and its performance is compared with an I-
SMC, this section discusses the complete design process for the
NT-SMC along with an overview of the I-SMC. The proposed
NT-SMC for the RCC inverter is designed based on the theoret-
ical concept as presented in [24, 25] and it is worth mentioning
that this scheme is not applied for controlling ASDs in RGPDSs
to compensate the fault current. The detailed controller design
process is discussed in the following subsections.

3.1 | Design of a NT-SMC for the RCC
inverter in ASDs

A nonlinear terminal sliding surface is first chosen to design the
NT-SMC which increases the convergence speed of the error
and it can be defined as follows [24, 25]:

4
SNT—sic = b+ kye? 14
whete Sn7_gyc is the terminal sliding surface; ¢ = iy — iy,
is the tracking error; £; is a positive constant which is used to
control the convergence speed of the error; and p and g repre-
sent positive odd numbers that need to be selected by satisfying
the condition, ¢ < p < 2¢ in order to avoid the singularity prob-
lem [24, 25].

When the tracking error will reach at any point on the pro-
posed terminal sliding surface as indicated by Equation (14) for
any given initial conditions, the tracking error dynamic will be
stable and reach to an equilibrium point within a finite time.
Since the key control objective is to track the desired output,
that is, the neutral current in RGPDSs for the application in this
paper; the sliding mode control law will enforce the tracking
error into the sliding surface for which Sy — g = 0. With this
condition, Equation (14) can be written as

?
b= ke, (15)

The stability of the terminal sliding surface in Equation (14) can
be analysed through the following CLF:

1
W = 592. (16)

Using Equation (15), the derivative of W can be written and
simplified as

2
W= —,é1e’/+1 <0. 17)

Equation (17) clearly indicates the stability of the non-singular
terminal sliding surface. Therefore, the sliding mode controller
designed based on this sliding surface will ensure the conver-
gence of both tracking error and its dynamic to zero.

It can be summarised that the tracking error along with the
terminal sliding surface will tend to zero in a finite time in order
to ensure the stability of the ASD in RGPDSs. The desired con-
trol objective can be achieved if the control law is designed in
such a way that it satisfies the stability condition as per the Lya-
punov stability theory. At this point, the CLF (Wxr;—_gyc) for
ensuring the convergence of the non-singular terminal sliding
surface can be considered as follows:

1

_1o
Wir-sic = 58557 —sue (18)

and its derivative as
Wir—sme = Snr—syc SNt —smc (19

Now, it is essential to take the derivative of Sy —g)c in Equa-
tion (14) in order to obtain Sx;_ gy which can be written as

. . kip -1
SNT—smc = ¢+ 7|¢’| 7 e (20)

Since ¢ = iny — iy, ¢ and ¢ can be written as follows:

1
Ly

6= — (V= in) = ing,
1)

1 .
é= L_p(’h Vie = in) — N,

Substitution Equation (21) into Equation (20), Equation (19)
can be written as follows:

? T/;/[ . b[\/ :
Wr—sic = Snr—syc | 57— 5 —In,
L, L,

(22)

L, L,

k = ;
+ 52 (—% N
q

)

The sliding surface will be stable, that is, do/Wx; gy < 0if the
following condition is satisfied:

v, N k L
[L—”f ~ 7 i
72 » 9

(23)
Vi N
<1—[/” -7 4\;&)] = —kysgn(Snr—suc)
“p “p
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where £, is a positive gain parameter while sgn represents a
sighum function expressed as

+1 i Sny_gue > 0
sgn(Sny—smc) =40 if Snp—sgue =0 (24)
=1 it Sny—spe <0

The switching control input (2 = 7zxr7—spyc) can be determined
from Equation (23) and written as follows:

5 L [VN 41 'é1]7|€|§—
INT=SMC = T |7 T INe ~™ —
T/;Z[ Lp ! q
25)
Ya,, 2N 50 ) gysgn(s )
Lp Lp Nyt 2SENONT—sMC) | -

At this point, Way_gyc in Equation (22) can be simplified as

Wirr—siic = —kRaSNT—saic S8 (SNT —sa1¢)- (26)

The control law in (25) includes a signum function which will
introduce chattering into the system response. The chattering
problem can be avoided by replacing the signum function with
the following continuous function:

SNT—smc

sgn(SnT—suc) @7)

= v—’

ISnr—suc| + €
where € is a positive constant having a very small value that
is used to reduce the chattering problem. Using Equation (27),
Equation (20) can be written as

52
NT—=SMC < O, (28)

War—siuc = —kyre————— <
[Sn7—smc| + €
which indicates the overall stability of the ASD and finally, the
control input for the RCC inverter in Equation (25) can be writ-

ten as

. Ly Tin - 12, o1
INT=SHC = T T + N, — v le] 7
¢ 4

(29)
< Vi o N ) P SN —smc
—— N )R — |
L, L, ! [Snr—suc | + €

The NT-SMC as represented by Equation (29) is used for
the fault current compensation to mitigate powetline bushfires
using the RCC inverter with an ASD. It is worth noting that
Equation (29) is the designed sliding mode control law. The
reachability of this NT-SMC is provided in the Appendix. From
Equation (29), it can be seen that the control input will never

experience singularity problems as all terms in the denominator
G.e. V7, ¢, [‘P’ and €) are positive definite, that is, greater than
0. The singularity problem basically atises when |Sn7—gc] =0
and € is discrete. However, this is not the case for the newly

derived control input in Equation (29). The performance of this
controller is compared with an I-SMC to ensure that the com-
parison is made with a controller that has almost similar features
(especially, in terms of design parameters). Since the application
of SMCs is relatively new for the control of RCC inverter, the
design procedure for the I-SMC is briefly provided in the fol-
lowing subsection.

3.2 | Brief overview of an I-SMC for RCC
inverters in ASDs

For the I-SMC, the integral sliding surface is considered as fol-
lows:

S]_&MC b /éde + e+ ’éz / Edf, (30)

where £, and £; are positive constants which are used to con-
trol the convergence speed of the error. As indicated in the pre-
vious subsection, the tracking error along with the integral slid-
ing surface will tend to zero and the CLF (W;_g) for ensur-
ing the convergence of this sliding surface can be considered as
follows:

1
Wi_suc = ESIZ—SMC' 1)

Similar to the NT-SMC design process, W;_ g can be written
as

Wr—suc = Sr—sucSr—suc- (32

Here, 8y can be determined from Equation (30) by taking its
derivative which can written as

j[_&wc = /éde + €+ /él-e. (33)

The substitution of Equation (21) into Equation (33) and finally,
Equation (33) into Equation (32) yields

W = I/d[ . bi\/r .
T—smc = Si—suc | &a ]_M - 7 T INg¢
P P

(34)

Vi IN .
+<L_[77Z - f - Zi\Yrcf) + /él*€
P 4

The sliding surface will be stable, that is, W}_ g < 0 if the fol-
lowing condition is satisfied:

(35)
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where 7) is a positive gain parameter and the function is similar
to that as represented by Equation (24). The switching control
input (# = 72;_ ) can be determined from Equation (35) and
written as follows:

L s .
mi_syc = — [/éd =y Kiin,, = ke
'é(l T/;/L' D

L
(36)
- <[Kj”7 - ;\P - Z\fref) - USgﬂ(SI—wc)] .
At this point, W;_oyc in Equation (34) can be written as
Wir—suc = =1SNT -5 sgnSnT—snic) (37)

The control law in (36) includes a signum function which will
introduce chattering into the system response. The chattering
problem can be avoided by replacing the signum function with
the following continuous function:

S1_sac

_ 38
[S7—suc |+ ©8)

sgn(S7—suc) =

where 0 is a positive constant having a very small value that
is used to reduce the chattering problem. Using Equation (38),
Equation (37) can be written as

$2
1—=SMC <0 (39)

W_ MC = Ny 7T ==
1—-SMC U [S/—suc| + o

which indicates the overall stability of the ASD and finally, the
control input for the RCC inverter in Equation (36) can be writ-
ten as

P N
[—SMC ’édT/df z/]

2
< Vdfm IN s > . Si_suc
N\ =i, ) |-
L, L, f [S7—sac| + 0

The NT- and I-SMCs as represented by Equations (29) and
(40) are used for compensating the fault current and the per-

(40)

formance of these controllers are compared through rigorous
simulation results in order to demonstrate the superiority of the
NT-SMC over the I-SMC under different fault resistances as
discussed in the following section.

4 | CONTROLLER PERFORMANCE
EVALUATION

The RGPDS as shown in Figure 1 is considered as the test sys-
tem to verify the effectiveness of the NT-SMC over the I-SMC.
The MATLAB/SIMULINK platform is used to build the sys-
tem and design both controllers using respective control laws.
The parameters of the test system are considered as similar to

that as presented in [30]. The test distribution network is con-
sidered as a 22 kV (rms) system, that is, the line-to-line voltage is
22 kV (rms) which corresponds to the line- or phase-to-ground
voltage as 12.7 kV (rms). At the same time, the phase-to-neutral
voltage is also considered as 12.7 kV (rms) as the internal resis-
tance is neglected. The simulation is carried out by considering
the value of the adjustable inductor (Z,) as 0.9 H. Since the dis-
tribution network is considered as a balanced system, the values
of per phase zero-sequence resistance and capacitance are con-
sidered as 28 kQ and 4 uF, respectively; that is, similar to that as
presented in [30]. The load tesistance between each phase and
neutral is considered as 400 Q. In Figure 1, it can be seen that
the T-type RCC inverter uses an 800 V DC source which is split
into two 400 V DC sources as the input. Since the phase voltage
for the distribution substation in Figure 1 is 12.7 kV and the
REFCL is capable to detect the fault current up to 0.5 A,
the maximum value of the fault impedance is 25.4 k€. Hence,
the lowest value of the fault worst value of the fault current is
0.5 A as this cannot be detected through traditional overcurrent
relays. Furthermore, the REFCL with an appropriate controller
for the RCC inverter provides full compensation of the fault
current. The performance of the designed controller is also eval-
uated through PIL simulations to further verify its effectiveness
in the real-time environment.

4.1 | Standard simulations

Simulations studies are performed to demonstrate the com-
pensation of the fault current through the RCC inverter while
using the designed NT-SMC for mitigating the devastating con-
sequences of powerline bushfires. The switching control input
for the NT-SMC is designed using Equation (29) and an inte-
gral action is then applied which is finally fed through a pulse
width modulator (PWM) as these switches require pulses. Here,
the switching frequency of the RCC inverter to generate switch-
ing pulses is considered as 10 kHz and a similar process is fol-
lowed for the implementation of the I-SMC. The fault current
compensation capability of the RCC inverter with the designed
controller is verified by analysing the results against the standard
operational criteria to mitigate powerline bushfires as presented
in [4]. These criteria are set for fault currents with both low and
high impedance faults. In this simulation, the high impedance
fault is considered as the fault resistance having a value lower
than or equal to 1 kQ), whereas this value is considered as greater
than 1 kQ for high impedance faults. As indicated eatlier on,
ASDs in RGPDSs are capable to detect a fault with the fault
current having a value higher than 0.5 A, that is, for the high-
est fault impedance of 25.4 kQ [2]. As per the operational stan-
dard in [4], the fault current needs to be compensated in such
a way that it becomes below 0.5 A within 2 s after initiating
the RCC inverter for both high and low impedance faults. Dur-
ing the practical operation, the ASD generally activates the RCC
inverter as soon as the fault is detected for immediately mitigat-
ing powetline bushfires. At this instant, the voltage of the faulty
phase is also observed at different instances (85 ms, 0.5 s, and
2 s) after initiating the operation of the RCC inverter while fault
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FIGURE 2 Fault current for the operating scenario with R, =250 Q and
an SLG fault on Phase B

impedances are low. However, this voltage needs to observe
only at 2 s if the fault impedance is high [4]. For both low and
high impedance faults, the maximum value of the faulty phase
voltage should be kept within 250 V at 2 s after starting the
operation of the RCC inverter while this voltage needs to be
maintained as 1900 V and 750 V (maximum values) at 85 ms
and 0.5 s, respectively, for low impedance faults [4]. The param-
eters required for the NT-SMC are considered as: p = 5, g = 3,
k1 = 8000, £, = 500, and € = 0.5 while the parameters for the
I-SMC as: &£; = 500, &; = 9000, n = 450, and o = 0.5. These
parameters are selected based on the design criteria as discussed
in Section 3 where it is clearly mentioned that the values of p
and ¢ need to be odd numbers and satisfy ¢ < p < 2¢. It is also
mentioned that the values of £ need to be high, whereas € and
should be small to avoid the chattering effects. It is worth not-
ing that these values in this paper are selected using a trial and
error method.

The performance of the controller is evaluated by applying
a single phase-to-ground fault on Phase B by consideting both
low and high impedance faults. These values are considered as
250 €, 900 Q, and 26 kQ for which the fault current will vary.
The simulations are conducted by activating the RCC inverter
after 0.15 s of occurring the SLG fault where it is considered
that the fault occurs at 7= 0.15 s while the RCC inverter is acti-
vated at # = 0.3 s and the RGPDS is simulated until t=2.5 s,
that is, for at least 2 s (actually 2.3 s) after activating the RCC
inverter. The remaining of this section includes the detailed dis-
cussions on the capability of both NT- and I-SMCs in terms of
compensating the fault current.

At the first instance, the RGPDS is simulated for a low
impedance fault with R,=250 Q and simulation results are
analysed through the fault current, faulty phase voltage, and
current injection by the RCC inverter. All these responses
are presented in Figures 2—4 in their both instantaneous and
rms forms. The fault current in Figure 2 clearly shows that
both controllers start compensating this as soon as the fault
occurs and the RCC inverter is activated. The differences in the
performance of NT- and I-SMCs cannot be evidenced from
the instantaneous response of the fault current in Figure 2.
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FIGURE 3

Faulty phase voltage for the operating scenario with R
=250 Q and an SLG fault on Phase B
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FIGURE 4 Current injected by the RCC inverter for the operating
scenario with & =250 Q and an SLG fault on Phase B

However, the rms response in the same figure (i.e. Figure 2)
shows that the NT-SMC compensates the fault current in a
faster way as compared to the I-SMC. Furthermore, the differ-
ences in the performance of NT- and I-SMCs can be clearly
seen from the expanded version of the fault current response
in Figure 2. Both controllers keep the value of the current well
below 0.5 A (e.g. 0.1297 A for the NT-SMC and 0.134 A for
the I-SMC) within 2 s after starting the RCC inverter. The faulty
phase voltage is shown in Figure 3 whose value is observed at
0.3855,0.8 s,and 2.3 s (i.e. at 85 ms, 0.5 s, and 2 s after the fault
inception) and at these time instances, the value of this voltage is
found as around 33.44 V, 33.35 V, and 32.47 V for the NT-SMC
while the I-SMC ensures this value as around 84 V, 80.39 V, and
33.5 V. This clearly depicts that both ST- and I-SMCs satisfy the
voltage requirement for the faulty phase in order to compensate
the fault current in an RGPDS. However, the NT-SMC reduces
the faulty voltage much faster than the I-SMC while ensuring
a lower value. Hence, the ST-SMC exhibits better fault current
compensation capability and this can be further evidenced from
Figure 4 which demonstrates the current injected by the RCC
inverter. Initially, this inverter does not inject current as the fault
occurs at = 0.15 s and the RCC inverter is activated at /= 0.3 s.
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Faulty phase voltage for the operating scenario with R =
250 © and an SL.G fault on Phase B while subjected to external disturbances
and parameter variations

However, the current injection by the RCC inverter with both
ST- and I-SMCs in Figure 4 clearly shows that the RCC inverter
with the NT-SMC injects current in a quicker way than that of
the I-SMC which is consistent with the fault current and faulty
phase voltage responses.

The performance of the controller is further evaluated for
R, =250 Q by considering the effects of external disturbances
and variations in parameters. During the simulation, the white
Gaussian noise having both mean and variation as 0.5 is con-
sidered as an external disturbance to the system. Furthermore,
the value of , is varied by £30% from its nominal value. The
fault current, faulty phase voltage, and current injected by the
RCC inverter under this operating condition are shown in Fig-
ures 5—7. From these figures, it can be seen that the faulty phase
voltage is effectively compensated by the designed NT-SMC
and the I-SMC is unable to meet the standard required for the
powetline bushfire mitigation though both controllers ensure
the desired value of fault current. Furthermore, the injected cur-
rent by the RCC inverter with the NT-SMC exhibits more stable
properties while comparing with that of the I-SMC.

Now;, another low impedance fault with & r=900 Q is con-
sidered for simulating the RGPDS and verifying the effec-
tiveness of the NT-SMC over the I-SMC. Simulation results
are presented in terms of similar responses as discussed for
low impedance faults, that is, through the fault current, faulty
phase voltage, and injected current which are presented in
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Current injected by the RCC inverter for the operating
scenatio with R, = 250 Q and an SLG fault on Phase B while subjected to
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Figures 8-10, respectively. It is worth noting that the results
are obtained based on similar fault conditions as discussed
eatlier. The fault current is zero before applying the fault
and the system experiences some transients when the fault
occurs at # = 0.15 s. However, the fault current is compen-
sated by both NT- and I-SMCs which can be clearly seen from
Figure 8 where the response time is faster for the NT-SMC
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Faulty phase voltage for the operating scenario with
R, =900 & and an SLG fault on Phase B



10

ROY AND MAHMUD

50 -

Injected current (A)
¢ =1

Time (s)
(a) Instantaneous
2 50 I I ;i
£
=onys ——NTSMC |
< ——1-SMC
:E‘ 30 q
520
5
ot
20 035 , 0.4 | 045 05
0 15 2 2.5
Time (s)
(b) rms
FIGURE 10

Current injected by the RCC inverter for the operating
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while comparing with the I-SMC. Figure 8 also demonstrates
that both controllers ensure the standard operational criteria as
discussed in [4] as the fault current is limited to a value signif-
icantly lower than 0.5 A within 2 s after starting the operation
of the RCC inverter. Actually, the value of the compensated cur-
rent at # = 2.3 s is 0.05 A with the NT-SMC while it is 0.07 A
for the I-SMC. Thus, it can be clearly found that the NT-SMC
outperforms the I-SMC in terms of its capability to fully com-
pensate the fault current. The faulty phase voltage in Figure 9
shows that its value is significantly lower than 250 V with both
controllers at # = 2.3 s. Actually, the value of the faulty phase
voltage at 7 = 2.3 s is around 50 V when the NT-SMC is used
and it becomes 50.34 V if the I-SMC is employed for the RCC
inverter though its value is 423.6 V with the I-SMC and 75.31 V
with the NT-SMC at # = 0.385 s, that is, at 85 ms after the
fault inception. Therefore, the faulty phase voltage aligns with
the fault current and the NT-SMC ensures better performance
for maintaining the faulty phase voltage while comparing with
the I-SMC. The current injection through the RCC inverter is
demonstrated in Figure 10 which further verifies the superiority
of the NT-SMC over the I-SMC to compensate the fault cur-
rent due to an SLLG fault in an RGPDS. Hence, the NT-SMC
enables the RCC inverter to effectively compensate the fault
current.

The highest value of the fault resistance, that is, R =26 kQ,
is taken into account to further analyse the performance of the
NT-SMC under the worst case condition. In this case, simula-
tion results are obtained by considering similar fault conditions
and responses of the RGPDS as discussed for other low fault
impedances. The comparative study is carried out with an I-
SMC where the responses in Figures 11-13 shows almost sim-
ilar features as discussed for two other fault resistances. The
main difference is in the value of the fault current which is sig-
nificantly lower for this fault impedance and this can be clearly
seen from Figure 11. The faulty phase voltage in Figure 12
and the injected current in Figure 13 shows that the NT-SMC
ensures better transient characteristics as compared to the I-
SMC. Therefore, it can be cleatly said that the RCC inverter with
both controllers compensates the fault current by appropriately
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tracking the neutral current and thus, the effects of powerline
bushfires are mitigated.

Apart from this, the performance of the designed NT-SMC
is compared with a PR controller which is well known for its
capability to track the sinusoidal reference. The key findings in
terms of maintaining the faulty phase voltage at different time
instances with the fault impedances of 250 €, 900 €, and 26 kQ
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TABLE 1  The rms values of the faulty phase voltage with R = 250 Q
RCC activation  Simulation

time time (s) PR (kV) I-SMC (kV) NT-SMC (kV)
85 ms 0.385 0.2478 0.08408 0.03344

0.5s 0.8 0.03485  0.03335 0.03272

2s 2.3 0.03450  0.03247 0.03349

TABLE 2 The rms values of the faulty phase voltage with R, = 900 Q
RCC activation  Simulation

time time (s) PR (kV) I-SMC (kV) NT-SMC (kV)
85 ms 0.385 0.8949 0.4236 0.07531

05s 0.8 0.04880 0.06465 0.04727

2s 23 0.04750 0.06484 0.04727

are summarised in Tables 1-3, respectively. From these tables, it
can be found that the designed NT-SMC outperforms the PR
controller for almost all time instances.

4.2 | PIL simulations

The performance of the NBC is evaluated on a real-time plat-
form through the PIL simulation. In this PIL simulation, the
control algorithm is executed in a processor where an Arduino
MEGA 2560 processor is used and the original system along
with the derived control law is in the MATLAB/SIMULINK
platform as shown in Figure 14. The same system, as discussed
earlier in this section, is used in the MATLAB/SIMULINK
platform and the PIL simulation is carried out for all fault
impedances as discussed in the previous subsection. However,
the results are presented here only for £, =250 Q while consid-
ering the similar fault sequence. In Figure 14, it can be seen that
the control signal derived by using the NT-SMC is fed through
the PIL block instead of directly feeding it to the simulation
model. The PIL block interfaces the processor (i.e. Arduino
MEGA 2560) with the simulation platform. The control sig-
nal is then executed in the Arduino MEGA 2560 processor and
finally, the control signal generated from this processor is used
for the switching signal of the RCC inverter. Hence, therefore,
the controller runs in the processor and the control signal gen-
erated from this processor work on any system (i.e. physical or
simulation models). The fault current, faulty phase voltage, and

TABLE 3 The rms values of the faulty phase voltage with R, = 26 kQ
RCC activation ~ Simulation

time time (s) PR (kV) I-SMC (kV) NT-SMC (kV)
85 ms 0.385 6.519 3.715 1.65

0.5s 0.8 0.07152 1.018 0.05178

2s 23 0.0535 0.05034 0.05001

Akduinoe MEEE2560

FIGURE 14  PIL simulation setup
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current injected by the RCC inverter are shown in Figures 15-17
which clearly demonstrate that the PIL results are consistent
with the simulation results. Hence, the newly designed con-
troller is applicable for the real-time environment.

5 | CONCLUSIONS

The detailed designed procedure of a non-singular terminal slid-
ing mode controller is presented for the residual current com-
pensation inverter used within an ASD in resonant grounded
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power distribution systems. The non-singular terminal sliding
mode controller is designed to track the reference value of the
neutral current in such a way that the fault current is almost
completely compensated which in turn reduces the chances
of igniting powetline bushfires. Since the designed nonsingu-
lar terminal sliding mode controller is completely new for the
fault current compensation, another integral sliding mode con-
troller is also designed to present a comparative study under
variation in operating conditions which are depicted through
changes in the fault current due to the variation in the fault
resistance. Three different operating scenarios are considered
to further justify the effectiveness of the designed nonsingu-
lar terminal sliding mode controller over the integral sliding
model controller. Although there are no significant differences
in their performance, the response for the non-singular terminal
sliding mode controller is much faster than the integral sliding
mode controller. It is worth noting that both controllers satisfy
the standard required for the operation of resonant grounded
power distribution networks in bushfire prone areas. In future,
the works will be directed towards a similar type of fault com-
pensation by considering more operational constraints such as
the parametric uncertainty in the value of the adjustable coil and
external disturbances (such as harmonics) due to variations in
the load demand as well as imbalances in networks. The har-
monics in the fault current with different fault resistances will
be high even after using the designed controller as the dynamic
of the filter is not considered. Future works will also consider
appropriate filter design for rejecting harmonics in the fault
current.
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APPENDIX: REACHABILITY ANALYSIS FOR
THE NT-SMC

At the beginning, let assume that Sy _gc reaches to zero,
that is, Sx7—guc = 0 from Sa7_quc # 0 at time, # = 7. and
becomes Sny_gyc = 0 at £ > #,.. Thus, once Sy — g teaches
to zero, it will remain at zero based on the negative semi-
definiteness of the derivative of the control Lyapunov function
(Wi —sic) and the tracking error (¢) will converge to zero in a
finite time, . The total time required from Sx7—gyc (0) # 0 to
e(f;) can be calculated by setting Sn7— ¢y = 0 for which it can
be written as

2

é = —,é1e€7. (Al)

The integral of this equation between #, and #, can be obtained

as
/z‘dz‘ ——/z‘e 9 de, (A2)
which can be simplified as
q=p 7=
t,—t =— e(t, —e(t) 7 |. A3
( =7 [( ) @) ] (A3)

Since e(t,) =0att =1¢,
lows:

Equation (A4) can be modified as fol-

9=

—e(?,) ¢ (A4)

t =
T (q P
with £, < w Hence, it is confirmed that both tracking

1
error (¢) and its derivative will converge to zero in a finite time
with the NT-SMC.
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