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Abstract——An nonlinear model predictive controller (NMPC) 
is proposed in this paper for compensations of single line-to-
ground (SLG) faults in resonant grounded power distribution 
networks (RGPDNs), which reduces the likelihood of power line 
bushfire due to electric faults. Residual current compensation 
(RCC) inverters with arc suppression coils (ASCs) in RGPDNs 
are controlled using the proposed NMPC to provide appropri‐
ate compensations during SLG faults. The proposed NMPC is 
incorporated with the estimation of ASC inductance, where the 
estimation is carried out based on voltage and current measure‐
ments from the neutral point of the distribution network. The 
compensation scheme is developed in the discrete time using the 
equivalent circuit of RGPDNs. The proposed NMPC for RCC 
inverters ensures that the desired current is injected into the 
neutral point during SLG faults, which is verified through both 
simulations and control hardware-in-the-loop (CHIL) valida‐
tions. Comparative results are also presented against an inte‐
gral sliding mode controller (ISMC) by demonstrating the capa‐
bility of power line bushfire mitigation.

Index Terms——Fault current, faulty phase voltage, nonlinear 
model predictive controller (NMPC), parameter adaptation, 
parametric uncertainty, power line bushfire.

I. INTRODUCTION 

FIRE risks in distribution networks are becoming a cru‐
cial challenge to system operators due to increases in 

power line bushfires around the world, especially in Austra‐
lia and the USA [1]. The risk of power line bushfire can in‐
herently be raised during the summer season when overhead 
distribution networks touch trees in forests or vegetation as 

the fault current becomes too high [2]. The resonant ground‐
ing technique, commonly referred as the ground fault neutral‐
izer (GFN) or rapid earth fault current limiter (REFCL), is 
considered as a potential solution for reducing the fault cur‐
rent, which is first adopted by the bushfire prone areas in 
Victoria, Australian [3]. The REFCL detects single line-to-
ground (SLG) faults in the distribution networks and reduces 
the fault current to a lower value [4]. The REFCL generally 
operates based on the current-voltage regulation principle, 
through which a current is injected into the neutral point and 
the neutral voltage is adjusted to the negative of the faulty 
phase voltage, mainly for compensating the fault current [5], 
[6]. However, the adaptation of this new technology introduc‐
es several problems such as the network balancing [7] and 
the appropriate current injected into the neutral point 
through the residual current compensation (RCC) inverter to 
fully compensate the fault current [8].

The switching signals of the RCC inverter are regulated 
by the control schemes similar to traditional inverter control‐
lers. Two preliminary methods based on switched parallel 
arc suppression coils (ASCs) or switched parallel resistors 
are presented in [9] and [10] to suppress the overvoltage un‐
der the SLG faults in medium-voltage distribution networks. 
Another switch-based method by adapting an isolation and a 
zigzag grounding transformer is presented in [11] to limit 
the ground fault current while constraining the zero-se‐
quence voltage to be opposite to the faulty phase voltage. 
However, the switching of different elements requires to fol‐
low a pre-defined step, which cannot compensate the fault 
current to the desired level. Another current injection princi‐
ple is used in [12] for controlling the RCC inverter, which 
requires to calculate the voltage drop and load current. How‐
ever, these calculations require some assumptions, which in 
turn affect the fault current compensation. The proportional-
integral (PI) controller in [13] is applied to an inverter topol‐
ogy with both single- and three-phase configurations, where 
the latter achieves better compensations but it needs three 
coils. Another PI controller in [14] uses a deterministic ap‐
proach to calculate the reference current based on leakage re‐
sistance and capacitance. References [13] and [14] use tradi‐
tional modulation technique for the PI controllers and [15] 
applies an advanced one, but it partially compensates the ca‐
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pacitive fault current. All these PI controllers track a refer‐
ence with sinusoidal characteristics, which introduce steady-
state errors due to the presence of very high harmonic com‐
ponents. The tracking problem related to the fault current 
compensation is addressed in [16] using the combination of 
PI and proportional-resonant (PR) controllers, i. e., PI+PR 
controllers, but the single-loop structure of which could not 
ensure the desired level of fault compensations.

Controllers with dual-loop structures overcome the limita‐
tions of single-loop controllers [17]-[20]. In these dual-loop 
controllers, the inner loop compensates the fault current 
while the outer loop generates the reference fault current for 
the compensation by regulating the voltage. These dual-loop 
controllers use a similar or different controllers in two loops, 
e.g., ① PI controllers in both loops [17]; ② PI+PR control‐
ler for generating the reference fault current in the outer 
loop and PI controller for compensating the fault current in 
the inner loop [18]; ③ magnetically controlled reactor in 
one loop and active power compensator in the other loop 
[19]; and ④ and lag compensator in the outer loop and PI 
controller in the inner loop [20]. Though these controllers 
are useful for compensating the fault current, their effective‐
ness is mostly verified under low-impedance faults, while 
most issues due to the inability to achieve the desired level 
of faulty phase voltage compensation are under the high-im‐
pedance faults. Furthermore, these controllers do not use the 
physical modeling approach for resonant grounded power 
distribution networks (RGPDNs).

The linearized models of RGPDNs are used in [21] and 
[22] to design controllers for RCC inverters. The H-infinity 
controller in [21] ensures the robust compensation and its im‐
plementation is problematic as the order of the controller is 
very high (the 7th order) even after the order has already 
been reduced. The two-level linear model predictive control‐
ler in [22] requires low sampling frequency and its steady-
state performance is better than other controllers. However, 
this linear controller operates only in some limited situations 
(mostly under low-impedance faults), and it cannot provide 
robustness against variations in parameters of the RGPDN. 
A disturbance rejection controller is proposed in [23] for RE‐
FCLs and it can reject the disturbances (mainly external dis‐
turbances and parameter variations), which need to be esti‐
mated based on extensive frequency-domain analysis. The 
problems of operating regions and parameter variations are 
overcome in [24] and [25] by using nonlinear backstepping 
controller (BSC), where the parametric uncertainty of the ad‐
justable inductor in the GFN is bounded and estimated. How‐
ever, the BSC in [24] is developed for three-phase ASC 
while one coil is sufficient for compensating the SLG faults. 
Though the approach in [25] is developed for single-phase 
ASC, a phase-locked loop with second-order generalized in‐
tegrator (SOGI-PLL) is required to calculate the reference 
fault current, which complicates the control structure. Fur‐
thermore, the BSCs considering the bounded parametric un‐
certainty will only ensure the robustness within a pre-de‐
fined bound. Moreover, none of these controllers consider 
the compensations of faulty phase voltage and fault current 
to their desired levels for power line bushfire mitigation as 
given in [3].

A recently designed nonlinear BSC (NBSC) in [26] com‐
pensates the fault current and faulty phase voltage by fulfill‐
ing the standards for power line bushfire mitigation. This 
controller is further augmented by adding an additional inte‐
grator to the control input [27], which makes an integral 
BSC (IBSC) with the aim of eliminating the steady-state 
tracking error seen in [26]. However, both controllers in [26] 
and [27] require exact parameters of the RGPDN to ensure 
the desired level of fault compensation. An integral sliding 
mode controller (ISMC) is presented in [28] and it is capa‐
ble to ensure the robustness against parametric uncertainties 
and external disturbances, where an integral sliding surface 
(SS) is used to avoid the chattering. Another adaptive sliding 
mode controller (SMC) is used in [29] to combine the bene‐
fits of the parameter adaptation scheme and the application 
of a conventional SS. However, the convergence speed 
seems to be a problem in [28] and [29], which is overcome 
in [30] and [31] by introducing advanced SSs with fast 
reaching laws. A more recent control scheme in [32] com‐
bines the PI action to eliminate chattering and a nonsingular 
fast terminal (NFT) SS to eradicate the singularity problem 
to form a hybrid controller called PI-NFT-SMC. This hybrid 
controller takes advantage of both the integral action and the 
nonsingular SS. Another recent study utilizes a global termi‐
nal SS (GT-SS) with a quick reaching law to ensure the rap‐
id convergence of tracking error [33]. All the SMCs dis‐
cussed above are designed in the continuous time although 
they are implemented in the discrete time in practice. To im‐
prove the feasibility of SMCs in the practical implementa‐
tion, a discrete SMC (DSMC) is designed in [34], which ini‐
tially converts the REFCL model to the equivalent dq frame 
and then completes discretization. Though the control 
schemes in [28]- [34] ensure the desired level of fault com‐
pensations following the guidelines of power line bushfire 
mitigation in RGPDSs under both low- and high-impedance 
faults, their performances highly rely on the selection of SSs 
and the control parameters are not optimal. Hence, it is es‐
sential to design a controller for the RCC inverter that does 
not require the selection of such SSs, and the optimal con‐
trol parameters can inherently be obtained during the design 
process. The nonlinear model predictive controller (NMPC) 
proposed in [35] solves the problem of selecting the SS 
while ensuring the better performance. Similar approaches 
are also presented in [36]-[38] for other applications. Howev‐
er, all these approaches require the parametric information of 
REFCL.

Based on the facts arising from existing literature on the 
control of RCC inverters in the RGPDN, the key limitations 
of these methods can be summarised as follows.

1) The model-free and model-based linear controllers can‐
not compensate SLG faults in RGPDNs to a level that can 
mitigate power line bushfires.

2) The model-free and model-based linear controllers do 
not consider high-impedance faults.

3) The nonlinear controllers significantly reduce the fault 
current to a safe level though they require complicated SS 
and exact parameters for BSCs.

This paper proposes an NMPC for the RCC inverter in an 
RGPDN to compensate the faulty phase voltage and fault 
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current under the SLG faults. Here, the value of the adjust‐
able inductor is estimated using the voltage and current mea‐
surements from the neutral point of the distribution network. 
The optimization problem for the proposed NMPC is formu‐
lated by incorporating this estimated parameter, which is 
then solved to achieve the optimal control performance, i.e., 
the desired level of fault compensation. Therefore, the pro‐
posed NMPC will overcome the limitations (especially the 
bounded uncertainty and non-optimality) of existing nonlin‐
ear SMCs. Another important feature of the proposed NMPC 
is that it determines the optimal control parameters without 
increasing undesired components in the control signal. The 
key novel aspects of the proposed NMPC against the previ‐
ously developed controller in [35] can be summarized as fol‐
lows.

1) The value of the adjustable inductor is estimated using 
the actual voltage and current measurements from the neu‐
tral point of the distribution network. In contrast, the exist‐
ing control techniques utilize the nominal value of the adjust‐
able inductor, which can adversely impact the control perfor‐
mance in practice bacause the value of an adjustable induc‐
tor can change due to environmental factors, which would re‐
quire constant re-tuning of the inductor.

2) The values of leakage parameters (such as the resis‐
tance and capacitance) also change during the operation, and 
it is necessary to constantly monitor these changes, which is 
an arduous task due to the large size of the distribution net‐
work. Similarly, this would require constant re-tuning of the 
adjustable inductor to achieve the resonance condition.

3) The optimization problem for the proposed NMPC is 
solved based on the estimated inductor, which ensures high‐
er accuracy and faster convergence of the controlled vari‐
able, i. e., the injected current into the neutral point in this 
case, to its reference value.

The performance of the proposed NMPC is evaluated 
through both simulation and control hardware-in-the-loop 
(CHIL) platforms under both low- and high-impedence 
faults in an RGPDN. The results are benchmarked against 
the performance criteria in [3] for power line bushfire mitiga‐
tion through ensuring the levels of fault compensation. The 
superiority of the proposed NMPC are further verified com‐
pared with an ISMC in [28].

II. DYNAMIC MODELING OF RCC INVERTERS IN RGPDNS 

Figure 1 shows a T-type RCC inverter embedded with the 
GFN having an adjustable inductor Lp, which is connected 
to the neutral point of a distribution substation. When the 
distribution network is considered as a balanced one, the 
three-phase zero-sequence capacitors and resistances are 
equal, i.e., C0A =C0B =C0C =C0 and R0A =R0B =R0C =R0, where 
the subscripts A, B, and C represent the three phases. Under 
an SLG fault, the inductor Lp is adjusted to resonant with 
the total zero-sequence capacitor, i.e., 3C0. However, the RG‐
PDN actually experiences imbalances in the practical opera‐
tion, and the network balancing techniques as presented in 
[7] is used to ensure the balance up to a certain limit (e.g., a 
maximum residual current of 100 mA). The regulatory im‐
pact statement in [3] clearly states the REFCL is only effec‐
tive if the network is balanced up to this certain limit and it 

does not work for unbalanced networks. This statement has 
been made based on a series of experiments that were car‐
ried out under different operating conditions. It is important 
to note that the fault compensation using an ASC will affect 
the effectiveness of the existing fault detection mechanism 
because the fault current becomes significantly low and tradi‐
tional relays are not capable to sense faults. However, the 
REFCL, which is basically the ASC with an RCC inverter, 
comes up with its own fault detection mechanism when it 
starts working. This capability assists to check whether the 
fault is temporary or permanent. If the fault is temporary, 
the ASC is activated to mitigate the power line bushfire and 
then the system continues to operate without the ASC. If the 
fault is permanent, the feeder is tripped so that power line 
bushfires are avoided. Figure 1 includes an RCC inverter 
with an external DC voltage source Vdc to inject current iN to 
the neutral point. Taking the SLG fault on phase A as an ex‐
ample, the faulty phase voltage vf becomes the voltage of 
phase A vA, i.e., vf = vA. As shown in Fig. 1, the fault current 
if flowing through the fault impedance Rf can be expressed 
as:

if =
vf

Rf

=
vA

Rf
(1)

Only the reactive component of the fault current if can be 
compensated through Lp. And when Lp = 3C0, there is a per‐
fect resonance, which means the reactive component of if 
will be fully compensated. However, in practice, there also 
exists a significant active component of if, which can be 
enough to keep the resultant fault characteristics and cause 
bushfires. The RCC inverter driven by a set of switching sig‐
nals (S1-S4) regulates the injected current into the neutral 
point iN to compensate if and assists to keep the faulty phase 
voltage to a safe level. The expression of iN under an SLG 
fault can be expressed as:

iN = if + iAΣ + iBΣ + iCΣ (2)

where iXΣ (X ={ABC}) is the total current flowing through 
shunt branch on phase X, which can be expressed as:

iXΣ =
vX

R0

+C0

dvX

dt (3)

where vX is the phase voltage.
Hence, by substituting (3) into (2), we can obtain:

iN =
vA

Rf

+
vA + vB + vC

R0

+C0

d
dt

(vA + vB + vC ) (4)

As shown in Fig. 1, the REFCL is installed on the neutral 
point of a distribution substation to inject current for neutral‐

vN

vA

vB

vCiN

Rf
R0A

C0A

if iAΣ

vf

S3

S2S4

S1

ASC
Lp

Neutral
point

RCC inverter

R0B

C0B

iBΣ

R0C

C0C

iCΣ

Substation
Bus

Load

+

�

Vdc

REFCL

Fig. 1.　A test RGPDN for dynamic modeling of REFCL.
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izing SLG faults. Therefore, the dynamic model of the inject‐
ed current iN should include the properties of the substation. 
Hence, the effect of the line reactance will be incorporated 
into iN for the fault current compensation. It is also worth to 
note that there might be so many external feeders in a sub‐
station with lots of branches. The effects of all these exter‐
nal feeders including their transient behaviors can be incor‐
porated into iN, because any changes on any parts of the net‐
work will affect the value of iN at the substation.

The phase-to-neutral voltage eXN represents the difference 
between the phase voltage vX and the neutral voltage vN, i.e.,

eXN = vX - vN (5)

Equation (5) can be expanded as:

ì

í

î

ïïïï

ïïïï

vA = eAN + vN

vB = eBN + vN

vC = eCN + vN

(6)

It is well-known that eAN + eBN + eCN = 0 for a balanced sys‐
tem, based on which the sum of all phase voltages can be 
written as:

vA + vB + vC = 3vN (7)

Hence, (4) can be simplified as:

iN =
vA

Rf

+ 3
vN

R0

+ 3C0

dvN

dt (8)

At this stage, it is required to find the reference value of 
iN, which is denoted as iref

N . Taking the SLG fault on phase A 
as an example, vN can be expressed in terms of the faulty 
phase voltage according to (5), i.e., vN = vA - eAN. Hence, (8) 
can be written as:

iN = ( )3vA

R0

+
vA

Rf

+ 3C0

dvA

dt
- 3( )eAN

R0

+C0

deAN

dt
(9)

The last term on the right side of (9) corresponds to the 
effect of the SLG fault on phase A [25]. Hence, the value of 
iref

N , fully eliminating the fault current, i.e., making if = 0, can 
be derived from (9) as:

iref
N =- ( )3

R0

eAN + 3C0

deAN

dt
(10)

Please note that eAN, which is an instantaneous signal, has 
the sinusoidal behavior, and thus deAN /dt ¹ 0. It can be ob‐
served from (10) that the value of iref

N  does not depend on 
the fault impedance. If iN is set to be iref

N  through the control 
action, the faulty phase voltage vA = vf can be quickly con‐
trolled to be zero, and thus setting the fault current if to be 
zero as per in (1). The injected current into the neutral point 
by the RCC inverter needs to be controlled by controlling 
the changes in iN, i.e., diN /dt, which can be obtained by ap‐
plying Kirchhoff’s laws to the neutral point of the distribu‐
tion network shown in Fig. 1. Therefore, it is possible to ob‐
tain the voltage drop across Lp as: LpdiN /dt + vN =mVdc, 
where mVdc is the output voltage of the RCC inverter [39], 
and m is the modulation index. This equation can be re-ar‐
ranged to obtain diN /dt as:

diN

dt
=

mVdc - vN

Lp
(11)

In this paper, the modulation index m is the modulating 

signal or control input for the RCC inverter, which is de‐
signed using an NMPC.

III. EQUIVALENT DISCRETE-TIME MODELING OF RCC 
INVERTERS IN RGPDNS 

For an RCC inverter, its modulation index m is its output 
voltage divided by its input voltage. For a single switching 
instant in an RCC inverter, the input voltage is Vdc /2. Con‐
sidering the output voltage as v(t) (or simply v), m can be 
represented as [39]:

m =
2v
Vdc

(12)

Taking v as the controlled variable for iN, the value of 
diN /dt can be rewritten as (13) by substituting (12) into (11).

diN

dt
=

2
Lp

v-
1
Lp

vN (13)

By replacing iN with x and vN with ζ, (13) can be general‐
ized as:

ẋ =
2
Lp

v-
1
Lp

ζ (14)

Equation (14) can be solved with any initial values and its 
solution can be written as:

x(t)= ϕ(t0x0vζ ): = x0 + ∫
0

t ( )2
Lp

v(τ)-
1
Lp

ζ (τ)  dτ (15)

where the subscript 0 means the initial value.
The discrete-time system can be obtained by considering 

the sampling instant as k (k = 01N), where N is the hori‐
zon, and the sampling period T > 0 can be obtained with a 
regular sampling time tn = kT. In order to make a distinction 
between the continuous- and discrete-time systems, v in the 
continuous-time system is represented by u in the discrete-
time system. For this reason, u is the original control signal 
to drive the RCC inverter. Therefore, the equivalent discrete-
time model of the RCC inverter in an RGPDN can be writ‐
ten as:

xk + 1 = f (xkukζk ): = ϕ(T0xkukζk )= xk +∫
0

T( )2
LP

u(τ)-
1
LP

ζ (τ)  dτ (16)

If u and ζ are constants over a period of T, (16) can be 
simplified as [40]:

xk + 1 = xk +
2T
Lp

uk -
T
Lp

ζk (17)

From (17), it is clear that the dynamic injected current de‐
pends on the inductor Lp. Therefore, by obtaining the value 
of Lp from the measurements of vN and iN, the proper control 
of the injected current can be ensured.

IV. DESIGN OF PROPOSED NMPC AND A BRIEF 
OVERVIEW OF ISMC 

A. Estimation of Lp

Initially, the parameter Lp is completely unknown. Letting 
θ = 1/Lp, the discrete-time model in (17) can be written as:

xk + 1 = xk + T(2uk - ζk )θ (18)
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From Fig. 1, it is clear that the voltage across the inductor 
Lp can be calculated as:

vN = sLpiN (19)

where s = jω is the complex operator, and ω is the angular 
frequency. Denote θ̂ as the estimated value of θ, which can 
be derived from (19) as:

θ̂ =
|

|
|
||
| siN

vN

|

|
|
||
|

(20)

This estimated value of θ is used for the proposed NMPC 
rather than its nominal value.

B. Design of Proposed NMPC

As indicated earlier, the design of the proposed NMPC in‐
volves the formulation of the optimization problem and the 
solution of this problem. A cost function ℓ is defined initial‐
ly for a particular prediction horizon N, and this cost func‐
tion should include the information related to the state (x), 
control input (u), and estimated value of the unknown param‐
eter (θ̂). The main control objective is to make sure that the 
injected current accurately tracks its reference and therefore, 
the cost function is designed to penalize the error between 
the state x and its reference xref. With all these consider‐
ations, the associated objective or cost function can be de‐
fined as:

ℓ(nxkukθ̂)= (xk - xref
k )2 + λu2

k + θ̂
2
k (21)

where xref
k  corresponds to the reference current iref

N ; n denotes 
the instant of the current state; and λ ³ 0 is a weighting pa‐
rameter considering the influence of the control input u on 
the cost function ℓ, which makes sure that the control input 
u is effective in zeroing the error between xk and xref

k .
The performance index JN for a prediction horizon of N 

can be computed as [40]:

ì

í

î

ï
ïï
ï
ï
ï

ï
ïï
ï
ï
ï

JN (nxu(×)θ̂ζ ): =∑
k = 0

N - 1

ℓ(n + kxukukθ̂k )

s.t.    xu0 = x0

         xuk + 1 = xk + T(2uk - ζk )θ̂k

(22)

where xuk gives the predicted trajectory of the state xk. 
Equation (22) is an optimization problem that can be mini‐

mized to make sure that the cost function ℓ is zero. There‐
fore, by solving this optimization problem, it is possible to 
obtain an optimal solution uk that can make the cost function 
be zero. When N = 2, (22) can be written as:

J2 =∑
k = 0

1

ℓ(n + kxukukθ̂k ) (23)

J2 = ℓ(n + 0xu0u0θ̂0 )+ ℓ(n + 1xu1u1θ̂1 ) (24)

where J2 = J2 (nxu(×)θ̂ζ ).
Using the value of ℓ obtained from (21), (24) can be re‐

written as:

J2 = (xu0 - xref
n + 0 )2 + λu2

0 + θ̂
2
0 + (xu1 - xref

n + 1 )2 + λu2
1 + θ̂

2
1 (25)

Furthermore, from (22), the following equations are valid:

ì
í
î

xu0 = x0

xu1 = x0 + T(2u0 - ζ0 )θ̂0

(26)

Using (26), (25) can be written as:

J2 = (x0 - xref
n + 0 )2 + λu2

0 + θ̂
2
0 +[x0 + Tθ̂0 (2u0 - ζ0 )- xref

n + 1 ]2 + λu2
1 + θ̂

2
1

(27)

The performance index J2 in (27) is minimized only with 
respect to u0 because u1 does not have any effects on the tra‐
jectories of xu0 and xu1, and the concept of receding horizon 
(i.e., using the first horizon as the control signal) is used in 
this paper. Hence, the optimal condition for J2 can be ex‐
pressed by equating the partial derivative of J2 with respect 
to u0 to zero, i.e., ¶J2 /¶u0 = 0, which can be calculated from 
(27) as:

¶J2

¶u0

= 2λu0 + 2 ´ 2Tθ̂0 [x0 + Tθ̂0 (2u0 - ζ0 )- xref
n + 1 ]= 0 (28)

u0 [2λ + 8(Tθ̂0 )2 ]+ 4Tθ̂0 (x0 - Tθ̂0ζ0 - xref
n + 1 )= 0 (29)

From (29), the optimal value of u0, i.e., u*
0, can be deter‐

mined as:

u*
0 =

-2Tθ̂0 (x0 - xref
n + 1 - Tθ̂0ζ0 )

λ + 4(Tθ̂0 )2
(30)

And the optimal control law of the proposed NMPC can 
be represented as:

μ2 (nxk )=
-2Tθ̂k (xk - xref

n + 1 - Tθ̂kζk )

λ + 4(Tθ̂k )2
(31)

where μ2 (nxk ) represents the optimal control input when N =
2. And then, θ̂ calculated using (20) is fed to (31) to optimal‐
ly compensate the fault characteristics.

The overall flowchart of the proposed NMPC is shown in 
Fig. 2, where the model of RCC inverter is discretized and 
the unknown parameter θ is then defined. The unknown pa‐
rameter θ is estimated using the voltage and current measure‐
ments from the neutral point of the distribution network us‐
ing (20), which is then utilized for formulating the optimiza‐
tion problem. Finally, this optimization problem is solved to 
determine the control sequence and the concept of receding 
horizon is utilized to determine the final control input.

Figure 3 gives the block diagram for the implementation 
of the proposed NMPC. The outputs are iN and vN. The esti‐
mated value θ̂k is obtained using the measurements of iN and 
vN. Subsequently, the optimal control law of the proposed 
NMPC given in (31) uses iN and θ̂k to eliminate the error be‐

Obtain the discrete-time model of RCC inverter ((17))

Obtain the discrete-time model with the unknown parameter ((18))

Obtain the estimated value of the unknown parameter ((20))

Define the cost function incorporating the estimated value ((21))

Formulate the optimization problem for the proposed NMPC ((22)-(27))

Minimize and solve the optimization problem ((28)-(30))

Determine the optimal control law ((31))

Fig. 2.　Overall flowchart of proposed NMPC.
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tween the injected current iN, i.e., xk, and its reference xref
k  by 

producing the control signal μ2 (nxk ). This control signal is 
fed to the RCC inverter in the distribution network to ensure 
that iN accurately tracks its reference, and then it is possible 
to completely neutralize the SLG fault.

The performance analysis of the proposed NMPC is pre‐
sented in the next section. An ISMC is utilized to compare 
with the proposed NMPC, and its brief overview is present‐
ed in the Supplementary Material.

V. PERFORMANCE ANALYSIS OF PROPOSED NMPC FOR RCC 
INVERTERS IN RGPDNS 

In this work, the key control objective of the proposed 
NMPC is to inject the desired current to the neutral point us‐
ing the RCC inverter in an RGPDN. Subsequently, this cur‐
rent assures that the faulty phase voltage and fault current 
are compensated to their desired levels for power line bush‐
fire mitigation as given in [3]. The unknown parameter θ is 
obtained using (20) via the voltage and current measure‐
ments from the neutral point of the distribution network and 
is incorporated with the optimal control law. During the im‐
plementation, only the final parameter estimation in (20) and 
the optimal control law of the proposed NMPC in (31) are 
required. The obtained optimal control law ensures accurate 
tracking of the reference injected current.

The performance of the proposed NMPC is analyzed 
based on the RGPDN shown in Fig. 1 by applying SLG 
faults on phase A. The scenarios for analyzing the perfor‐
mance include SLG faults under both low and high imped‐
ances. The performance analysis is first carried out using 
MATLAB/Simulink based on the practical network informa‐
tion. The results are further validated by using the real-time 
simulator OPAL-RT OP5707XG through CHIL validations 
as there are some safety, confidentiality, and security issues 
to access the available facilities from the distribution net‐
work operator or establish a lab experiment. The perfor‐
mance of the proposed NMPC is benchmarked against the 
performance criteria in [3] to compensate fault behaviors in‐
cluding a comparative study with the ISMC in [28].

A. Parametric Information of Test RGPDN

The RGPDN is basically a 22 kV (line-to-line) network 
with an RCC inverter, which is mounted on the neutral point 
through transformer to step-up the voltage. The values of R0 
and C0 are taken as 28 kΩ and 4 μF, respectively. It is worth 
mentioning that these values are selected based on the cur‐
rent industry standard for RGPDN in bushfire prone areas. 
The RGPDN in Fig. 1 experiences the resonant condition 
with the ASC when the value of Lp is around 0.9 H, and 

hence the estimated value of Lp should be around 0.9 H. The 
load of each phase is 400 Ω and the DC voltage source is 
rated at 800 V. The modulation scheme to generate switch‐
ing pulses for the RCC inverter is based on phase opposition 
disposition approach as discussed in [41], where the switch‐
ing frequency fs is 10 kHz.

The control parameter for the proposed NMPC is selected 
as λ = 3000/f 2

s  to ensure that both faulty phase voltage and 
fault current are adequately compensated. This value was 
found through trial-and-error of the simulations although arti‐
ficial intelligence (AI) based techniques can be incorporated 
to fine-tune these values and improve the current and volt‐
age responses obtained from the simulations, which is be‐
yond the scope of this paper. The control parameters ψ and 
β for the ISMC are selected in a similar way, which are 700 
and 500, respectively. The performance of the proposed 
NMPC is analyzed by considering these control parameters 
and it is not highly sensitive to the variations in these con‐
trol parameters easing the tedious parameter selection pro‐
cess.

B. Performance Criteria for Powerline Bushfire Mitigation

Most of the existing literature does not compensate both 
current and voltage, and even if they are both considered, 
there are no indications about the timeframe and the magni‐
tudes of current and voltage required to extinguish power 
line bushfires due to SLG faults on distribution networks in 
bushfire prone zones. The regulatory impact statement in [3] 
clearly indicates that the fault current should be limited to a 
value equal to or less than 0.5 A within 2 s after initiating 
the compensation using the RCC inverter irrespective of 
fault impedances, i.e., for both low (Rf < 1 kΩ) and high (Rf ³
1 kΩ) impedance faults. At the same time, the faulty phase 
voltage under low impedances should be monitored at three 
time instants, i.e., 85 ms, 0.5 s, and 2 s after the activation 
of the RCC inverter, and it is required to be maintained at or 
below 1900 V, 750 V, and 250 V, respectively. On the contrary, 
under high-impedance faults, the faulty phase voltage should 
be monitored only at 2 s after the activation of the RCC in‐
verte and it is required to be maintained at or below 250 V.

C. Simulation Results

To analyze the performance of the proposed NMPC, the 
RGPDN is simulated under two SLG faults with Rf = 120  Ω 
and Rf = 26 kΩ to cover both low- and high-impedance 
faults, i. e., a wide range of fault conditions. The perfor‐
mance of the proposed NMPC via both simulation and CHIL 
validation is analyzed, and the compensation is initiated at 
the same instant. All the simulation results are assessed 
against the performance criteria in [3].

The simulation is first conducted under an SLG fault on 
phase A at t = 0.4 s with Rf = 120   Ω. Figure 4 shows the in‐
stantaneous and root mean square (RMS) values of the fault 
current with the proposed NMPC and ISMC with 
Rf = 120   Ω, where a peak can be found at the instant of an 
SLG fault. Although it is extremely hard to see the differ‐
ence in the performance of the proposed NMPC and ISMC 
from the instantaneous values, it can be easily distinguished 
from the RMS values. The RMS values show that the ISMC 

Equation (31)�

+

Equation (20)

xref

xk

+
μ2(n, xk)

REFCL

vN iN

xk=iN

θk
?

k

Fig. 3.　Block diagram for implementation of proposed NMPC.
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cannot manage the fault current less than 0.5 A even after 
the compensation lasts for 2 s while the proposed NMPC 
brings it down to 0.1588 A, which is below the performance 
criteria in [3].

Figure 5 shows the instantaneous and RMS values of 
faulty phase voltage with the proposed NMPC and ISMC 
with Rf = 120   Ω. It can be observed that both the proposed 
NMPC and ISMC can maintain the faulty phase voltage low‐
er than the desired level at all three time instants, i.e., 0.485 s, 
0.9 s, and 2.4 s.
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Fig. 5.　 Instantaneous and RMS values of faulty phase voltage with pro‐
posed NMPC and ISMC with Rf = 120  Ω. (a) Instantaneous values. (b) RMS 
values.

Table I summarizes the RMS values of the faulty phase 
voltage at three time instants, demonstrating that the compen‐
sated faulty phase voltage using the proposed NMPC reduc‐
es to a lower value than that using the ISMC.

The estimated value of Lp with Rf = 120   Ω is given in Fig. 
6, which is around 0.85 H as can be observed. To achieve 
the resonance condition for C0 = 4  μF, it is required to tune 
the inductance value of Lp around 0.85 H, which further con‐
firms the validity of the estimated value of Lp.

The performance of the proposed NMPC is further ana‐
lyzed by observing the instantaneous and RMS values of cur‐
rent injected into neutral point with Rf = 120   Ω, as shown in 
Fig. 7, with a comparision with ISMC.

Both of the proposed NMPC and ISMC ensure the proper 
reference current tracking though there is a small difference 
between them. The proper tracking is important for compen‐
sating the faulty phase voltage because the current injected 
into neutral point makes the neutral voltage vN increase up 
to a magnitude equal to the faulty phase voltage, i.e., vA, but 
in the opposite direction. In this way, the faulty phase volt‐
age needs to reduce to a lower value, which in turn elimi‐
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Fig. 7.　 Instantaneous and RMS values of current injected into neutral 
point with proposed NMPC and ISMC with Rf = 120   Ω. (a) Instantaneous 
values. (b) RMS values.
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Fig. 4.　 Instantaneous and RMS values of fault current with proposed 
NMPC and ISMC with Rf = 120  Ω. (a) Instantaneous values. (b) RMS val‐
ues.

TABLE I
RMS VALUES OF FAULTY PHASE VOLTAGE AT THREE TIME INSTANTS

Time instant (s)

0.485

0.900

2.400

RMS value of faulty phase voltage (V)

Proposed NMPC

18.89

19.01

19.06

ISMC

66.25

67.39

66.55

0.5

1.0

0 0.5 1.0 1.5 2.0 2.5
Time (s)

Simulation
CHIL

L
p
 (

H
)

(0.485 s, 0.845332 H)

(2.4 s, 0.845336 H)

Fig. 6.　Estimated value of Lp with Rf = 120  Ω.
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nates power line bushfire risks. It is calculated that the value 
of iref

N  is 47.9 A while the RMS values of iN with the proposed 
NMPC and ISMC are 47.76 A and 47.67 A, respectively. 
Hence, the accuracy of the proposed NMPC is slightly higher 
than that of the ISMC, which further supports the findings as 
discussed earlier.

Then, the simulation is conducted under an SLG fault on 
phase A at t = 0.4 s with Rf = 26 kΩ. As can be observed 
from Fig. 8, the fault current is very low, and the maximum 
value of the fault current reaches 0.18 A when the SLG fault 
occurs. After the proposed NMPC and ISMC are applied, the 
fault currents are both compensated to very low values. Hence, 
the compensated fault current is well below the limit of 0.5 A.

The instantaneous and RMS values of faulty phase volt‐
age in Fig. 9 shows the rapid reduction soon after activating 
the RCC inverter. As per the performance criteria in [3], this 
faulty phase voltage is observed at 2.4 s, which is 172 V 
and 56.3 V when the ISMC and the proposed NMPC are 
used, respectively. These values are maintained below 250 V, 
which indicates that both ISMC and the proposed NMPC sat‐
isfy the fault compensation criteria for mitigating power line 
bushfires.

The estimated value of Lp with Rf = 26 kΩ is given in Fig. 
10. Lp is tuned to match the capacitance C0 in the distribu‐
tion network, which is independent of the fault impedance. 
Hence, Lp is also estimated as 0.85 H.

From the instantaneous and RMS values of the current in‐
jected into neutral point in Fig. 11, it can be observed that 
the injected current is independent of the fault impedance be‐
cause the control action actually ensures the proper compen‐
sation of the faulty phase voltage in a similar way as under 
low-impedance fault. Therefore, the proposed NMPC com‐
pensates the SLG fault in a better way for a wide variation 
of fault impedances while compared with the ISMC.

Figures 12 and 13 present the instantaneous and RMS val‐
ues for the output currents of RCC inverter with Rf = 120   Ω 
and Rf = 26 kΩ, respectively. The active and reactive compo‐
nents of these currents with Rf = 120   Ω and Rf = 26 kΩ are 
shown in Figs. 14 and 15, respectively. It can be observed 
that the output current of RCC inverter mainly consists of 
the reactive part, because fault current during the SLG fault 
is mainly capacitive due to the presence of the dominant dis‐
tributed capacitance. Hence, an equivalent reactive (induc‐
tive) current output from the RCC inverter is required to neu‐
tralize the capacitive fault current. The residual current, 
which is the active part, is neutralized by the active compo‐
nent of the current injected by the RCC inverter.
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Table II gives a comparison of existing control methods 
for the compensation of SLG faults in RGPDNs. As it can 
be observed, the compensations for both fault current and 
faulty phase voltage are considered only in some recently de‐
veloped nonlinear controllers such as the BSC, SMC, and 
the proposed NMPC. It is crucial to ensure the compensa‐
tion of the faulty phase current to prevent electric arcs that 
might ignite bushfires. At the same time, it is also necessary 
to compensate the faulty phase voltage; otherwise, this can 
lead to further complications of double line-to-ground faults 
or even three-phase faults.

D. CHIL Validation

CHIL validations are carried out with the real-time simula‐
tor OPAL-RT OP57075XG to validate the feasibility of the 
proposed NMPC. CHIL validations has an advantage over 
the scaled-down experimental setups because the CHIL vali‐
dations can be performed in real time with the actual distri‐
bution network voltages. This provides a clear insight into 
the performance of the proposed NMPC and how effective it 
is in meeting the bushfire mitigation guidelines in [3]. The 
OPAL-RT OP5707XG consists of an Intel Xeon 3.8 GHz 
CPU and a Xilinx Virtex-7 485T field programming gate ar‐
ray (FPGA). The test distribution network with RCC inverter 
used in Simulink is deployed onto the FPGA, which has a 
sampling time of tFPGA = 215  ns and runs in real time. The 
proposed NMPC is deployed on the CPU in the real-time 
simulator with a sampling time of tCPU = 5  μs using the RT-
LAB software. In CHIL validations, the distribution network 
model in the FPGA sends the voltage and current measure‐
ments to the proposed NMPC on the CPU and the proposed 
NMPC processes these signals based on the optimal control 
law given in (31) and sends a set of switching pulses back 
to the FPGA to control the RCC inverter. Figure 16 shows 
the working process of the CHIL validation and Fig. 17 
gives the experimental setup with the OPAL-RT simulator.

0.46
4.73

4.75

4�77

4�79

0 0.5 1.0 1.5 2.0 2.5

Time (s)
(a)

0 0.5 1.0 1.5 2.0 2.5
Time (s)

(b)

-5.0

0

5.0

-2.5

2.5

-7.5

7.5

C
u

rr
en

t 
(k

A
)

2

4

6

C
u
rr

en
t 

(k
A

)

Proposed NMPC; ISMC

0.480.42 0.44

Fig. 12.　Instantaneous and RMS values for output current of RCC inverter 
with Rf = 120 Ω. (a) Instantaneous values. (b) RMS values.

0 0.5 1.0 1.5 2.0 2.5

Time (s)
(a)

0 0.5 1.0 1.5 2.0 2.5
Time (s)

(b)

-5.0

0

5.0

-2.5

2.5

-7.5

7.5

C
u
rr

en
t 

(k
A

)

2

4

6

C
u
rr

en
t 

(k
A

)

Proposed NMPC; ISMC

0.42 0.44 0.46
4.75

4.80

Fig. 13.　Instantaneous and RMS values for output current of RCC inverter 
with Rf = 26 kΩ. (a) Instantaneous values. (b) RMS values.

-7.5

0

7.5

0 0.5 1.0 1.5 2.0 2.5

Time (s)
(a)

Time (s)
(b)

-5.0

0

0

2

-25.0

-2.5

2.5

-7.5

7.5

C
u
rr

en
t 

(k
A

)

0 0.5 1.0 1.5 2.0 2.5

-5.0

0

5.0

-2.5

2.5

-7.5

7.5

C
u
rr

en
t 

(k
A

)

Proposed NMPC; ISMC

0.40 0.500.45

0.41 0.500.470.44

Fig. 14.　Active and reactive components of output current of RCC inverter 
with Rf = 120 Ω. (a) Active component. (b) Reactive component.

0.41
-3

0

3

-7.5

0

7.5

0 0.5 1.0 1.5 2.0 2.5

Time (s)
(a)

Time (s)
(b)

-5.0

0

5.0

-2.5

2.5

-7.5

7.5

C
u
rr

en
t 

(k
A

)

0 0.5 1.0 1.5 2.0 2.5

-5.0

0

5.0

-2.5

2.5

-7.5

7.5

C
u
rr

en
t 

(k
A

)

Proposed NMPC; ISMC

0.500.470.44

0.41 0.500.470.44

Fig. 15.　Active and reactive components of output current of RCC inverter 
with Rf = 26 kΩ. (a) Active component. (b) Reactive component.

1121



JOURNAL OF MODERN POWER SYSTEMS AND CLEAN ENERGY, VOL. 12, NO. 4, July 2024

CHIL validation results are provided for the proposed 
NMPC under both the low- and high-impedance faults. Fig‐
ure 18 gives the instantaneous and RMS values of fault cur‐
rent with Rf = 120  Ω for the CHIL validation. For compari‐
son, the simulation result has also been included. As can be 

observed from Fig. 18, the RMS value of the fault current is 
well below the limit of 0.5 A for the CHIL validation. There 
is a slight deviation from the simulation result because the 
test distribution network runs on the FPGA at a much higher 
sampling frequency compared with the CPU, where the pro‐
posed NMPC is deployed. Therefore, there is a bottleneck of 
data transfer, which leads to a slight deviation. The test dis‐
tribution network runs in real time on the FPGA, so it can 
reflect the performance of the proposed NMPC as if it were 
implemented onto an actual distribution network.Distribution network

 with RCC inverterSwitching pulses

Data transfer

Measurements

Proposed NMPC
((31))

Pulse width
modulation (PWM)

Host PC
OPAL-RT OP5707XG

CPU FPGA

Voltage and current
measurements

Fig. 16.　Working process of CHIL validation.
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Fig. 17.　Experimental setup with OPAL-RT simulator.
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CHIL validation. (a) Instantaneous values. (b) RMS values.

TABEL II
COMPARISON OF EXISTING CONTROL METHODS FOR COMPENSATION OF SLG FAULTS IN RGPDNS

Control method

Closed-loop

PI

PI+advanced topology

PI+advanced modulation

PR+PI

PI+PI

Lag and PI

PI+PR and P

Multiple PI and hysteresis

H-infinity

FC-MPC

BSC

BSC-SOGI-PLL

NBSC

IBSC

ISMC

A-SMC

NT-SMC

NFT-SMC

PI-NFT-SMC

GT-SMC

NMPC

Fault impedance (Ω)

50-2000

50

2000

10-100

Load variation

25

10-100

100-10000

65

10-1000

1-100

1-1000

350-16000

50-26000

100-26000

120-25400

250-26000

400-25400

300-25400

80-26000

400-26000

Compensated fault current (A)

0.067-0.026

7

7 (single-phase), 1 (three-phase)

4.14-4.67

0.006

0.16-0.32

0.6

0.2

£ 3.1

< 1.7

0.0026-0.0600

0.0023-0.1286

0.003-0.161

0.00658-0.56000

0.0025-0.1510

0.0021-0.4200

0.0023-0.0920

0.0019-0.1130

0.00044-0.01000

0.0016-0.0780

Compensated faulty phase voltage (V)

3.4-50.2

21

0.16

5-15

43-45

23-50

56-171

19-44

50-95

37-46

33.3-36.4

10.4-11.54

31.36-42.54

Note: BSC-SOGI-PLL is short for BSC with SOGI-PLL; FC-MPC is short for MPC with finite control; and NT-SMC is short for nonsingular terminal SMC.
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Figure 19 gives the instantaneous and RMS values of 
faulty phase voltage with Rf = 120   Ω for CHIL validation. 
The RMS value of faulty phase voltage decreases almost in‐
stantaneously to about 30 V, which well meets the require‐
ments given in [3]. Similar to the fault current, a slight devi‐
ation exists between the simulation and CHIL validation.

Figure 20 gives the estimated value of Lp, using vN and iN 
obtained from the distribution network running on the FP‐
GA, with Rf = 120   Ω for CHIL validation. Equation (20) is 
implemented directly on the OPAL-RT CPU, so there is no 
bottleneck of data here. Hence, the discrepancy between sim‐
ulation and CHIL validations is much less.

Figures 21 and 22 give the instantaneous and RMS values 
of fault current and faulty phase voltage with Rf = 26   kΩ for 
the CHIL validation. In this high-impedance case, more at‐
tention should be given to the compensation of faulty phase 
voltage. According to the CHIL validation results shown in 
Fig. 22, the proposed NMPC can adequately compensate the 
faulty phase voltage. Figure 23 gives the estimated value of 
Lp with Rf = 26   kΩ for the CHIL validation. The CHIL vali‐
dation results under both the low and high impedances show 
that the proposed NMPC can be successfully deployed and 
executed in a real-time environment as the compensated 

fault currents and voltages compliant with the bushfire miti‐
gation guidelines in [3]. The practical applications of the pro‐
posed NMPC is elaborated in the Supplementary Material.
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VI. CONCLUSION 

An NMPC is designed to compensate the SLG faults in 
RGPDNs. The proposed NMPC ensures the proper current  
injected into the neutral point by using the RCC inverter in 
an optimal way. The proposed NMPC has the following char‐
acteristics compared with other existing controllers.

1) The dynamic change in the adjustable inductor parame‐
ter is continuously monitored through the voltage and cur‐
rent measurements from the neutral points.

2) The fault compensation capability follows the time‐
frame as stated in the regulatory impact statement for the 
power line bushfire mitigation.

3) There is no requirement for a confined SS to ensure 
the robustness against parametric uncertainties.

The proposed NMPC utilizes the voltage and current mea‐
surements from the neutral point of the distribution network 
to estimate the value of the adjustable inductor, which is 
found to be slightly different from its nominal value and as‐
sists to improve the accuracy of injected current. This im‐
proved accuracy further helps compensate the faulty phase 
voltage and fault current. The rigorous analysis of results ob‐
tained from simulation and CHIL validations clearly high‐
lights that the proposed NMPC is suitable to ensure the de‐
sired levels of fault compensation and it is practically appli‐
cable. Further research will also focus on automating the 
gain selection process using the AI based techniques.
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