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Abstract—Single phase-to-ground (SPG) faults are the most
common faults in active distribution networks, which can cause
hazardous situations and consequences, such as fires, electric
shocks, and power outages. Power electronic converters using
typical control methods, like proportional-integral (PI) control,
backstepping control (BSC), and sliding mode control (SMC),
can suppress the fault current and voltage until the fault arc
disappears. However, these controllers are not adaptable to the
various fault resistances and have long transient DC bias decay
processes, resulting in the arc not being suppressed quickly and
reliably. This paper proposes a novel adaptive total sliding mode
control (ATSMC) for cascaded H-bridge multilevel converters
(CHMC) to not only adapt to the uncertain and various fault
resistances with a wide range but also eliminate the long-term
transient DC bias decay processes, and the steady-state residual
fault current and voltage can be suppressed to be smaller. The
proposed method satisfies Lyapunov's asymptotic stability and is
also applicable to other power electronic converter topologies for
suppressing fault arcs. The simulation study and experimental
validation demonstrate the effectiveness of the proposed method
in providing the above advantages and exhibit better overall
performance, compared to those of PI, BSC, and SMC.

Index Terms—cascaded H-bridge multilevel converters (CHMC),
adaptive total sliding mode control (ATSMC), arc suppression,
active distribution network, single phase-to-ground (SPG) fault
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[. INTRODUCTION

Ith the continuous development of power systems,

the structure of distribution networks has become

increasingly complex, and the scale has continued

to expand [1]. More and more renewable energy
sources are connected to distribution networks through power
electronic converters, forming active distribution networks [2].
As a result, single-phase ground (SPG) faults are becoming
more frequent and more difficult to deal with [3]. According
to statistics, SPG faults are the most common among all fault
types in distribution networks, accounting for more than 70%
[4]. During a SPG fault, a large fault current, caused by the
presence of phase-to-ground impedance, will pass through the
SPG fault branch, typically accompanied by arcs, which may
cause fires, equipment damage, and widespread power outages
[5]. In addition, a step voltage will appear around the ground
fault point, which may cause electric shock to pedestrians [6].
An overvoltage may also occur in active distribution networks,
causing more serious faults such as inter-phase short circuits
[7]. Therefore, efficient methods to suppress fault current and
voltage are needed to suppress fault arcs [8].

Typically, fault arcs can be suppressed by power electronic
converters due to their capability of current compensation [9].
In detail, power electronic converters may be interfaced at the
neutral point and ground connection, necessitating a robust
capacity to endure high voltage levels [10]. The configuration
of such systems often employs an H-bridge or T-type power
electronic converter paired with a step-up transformer [11]. In
this arrangement, the power electronic converter is linked to
the low-voltage end of the step-up transformer, diminishing
the requisite voltage tolerance [12]. In addition, another viable
configuration is the utilization of cascaded H-bridge multilevel
converters (CHMC), which are inherently capable of handling
higher voltages directly while delivering reduced harmonic
distortion in current [13]. These topologies work on the same
principle, injecting the compensation current and voltage of
SPG fault into the neutral point of distribution networks to
suppress the fault current [14]. During this period, the fault
voltage can be suppressed simultaneously [15]. Furthermore,
CHMC can be connected directly to the power buses or lines
to inject the compensation current [16], [17]. Besides, they can
work in a multifunctional state, providing active and reactive
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power compensation while suppressing SPG fault arcs [18].

The power electronic converters for fault arc suppression
typically use a proportional-integral (PI) control method [19].
However, PI controller cannot track AC signals sufficiently.
Thereby, it results in a large residual fault current and voltage
so that the SPG fault arc cannot be suppressed. A proportional
series inertial control [20] and a proportional series lagging
control method [21] are presented, respectively, to improve
AC signal tracking accuracy, decreasing the steady-state fault
current and voltage compensation errors of power electronic
converters. Moreover, active disturbance rejection controls are
designed against the input disturbances in terms of transient
and steady-state [22], [23]. In order to increase the speed of
fault arc suppression, backstepping control (BSC) methods are
proposed to suppress the SPG fault current and voltage rapidly
[24], [25]. Further, sliding mode control (SMC) methods are
derived to increase the compensation accuracy of fault current
and voltage [26], [27]. Although these control methods have
increased the fault current and voltage suppression speed and
suppression rate to a certain extent, the results still need to be
further improved [28]: 1) control methods need to be highly
adaptive so that the SPG fault current and voltage suppression
results are not affected by the various fault resistances; 2) the
fault current and voltage need to be controlled to cross zero in
a short time to suppress fault arcs rapidly, eliminating a long
transient DC bias decay process, especially in the case of high
fault resistance; 3) the residual fault current and voltage need
to be controlled to be as small as possible to prevent the arc
from reigniting repeatedly.

In these regards, a novel adaptive total sliding mode control
(ATSMC) method is proposed for CHMC to flexibly suppress
fault arcs [29], improving the overall performance of the fault
current and voltage suppression. Noteworthy that this article is
the complete and detailed version of [29], and its results are
compared with those of three typical control methods: PI, BSC,
and SMC, by supplementing comprehensive simulation and
experimental validation. In addition to CHMC, the proposed
method is also applicable to other power electronic converter
topologies for fault arc suppression. The main contributions of
this article can be summarized as follows.

1) Compared with the other three typical control methods,
the proposed method has stronger adaptability in the different
ranges of fault resistances, i.c., the fault current and voltage
variation characteristics during fault arc suppression are less
affected as the fault resistance changes.

2) The fault current and voltage can be controlled to zero
crossing within milliseconds, and the long transient DC bias
decay process is efficiently eliminated compared with those of
the other three typical control methods, so that the fault arc is
suppressed as quickly as possible.

3) The proposed method has a higher fault current and
voltage suppression rate, compared with the other three typical
control methodes, i.e., the residual fault current and voltage are
smallest among these four control methods; thus, the fault arc
can be effectively extinguished without re-ignition.

The remainder of this article is organized as follows: the
principle of SPG fault arc suppression using CHMC and its
typical control methods are represented in Section II. The
proposed method is presented in Section III. Simulation study

and experimental validation are presented in Sections IV and
V, respectively. The conclusions are elaborated in Section VI.

II. PRINCIPLE OF SPG FAULT ARC SUPPRESSION USING CHMC
AND ITS TYPICAL CONTROL METHODS

In this section, SPG fault arc suppression principle based on
CHMC is presented, and the formulation of the typical control
methods is described.

A. Principle of SPG Fault Arc Suppression Using CHMC

Fig. 1 shows a schematic diagram of an active distribution
network with an SPG fault and CHMC. The active distribution
network consists of n feeders with overhead lines and cable
lines, and it contains photovoltaic systems (PVS) and energy
storage systems (ESS). There are phase-to-ground resistances
and capacitances inducted between feeders and the ground.
The topology of the distribution network with a CHMC and a
SPG fault is shown in Fig. 2.
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Fig. 1. Schematic diagram of active distribution network.
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Fig. 2. Topology of distribution network with a CHMC.

When an SPG fault occurs in phase-A of the distribution
network, the CHMC can be connected to phase-A, and the
equivalent circuit of the distribution network is shown in Fig.
3. e,, ¢, and e. are the three-phase supply voltages. u, , u;,
and u. are the three phase-to-ground voltages. u, is the
neutral point voltage, and u, is the output voltage of the
CHMC. L, is a filter, and i, is the current passing through
L,. u,, is the filtered output voltage. 7 and i, are the fault
resistance and the fault current. i, is the current passing
through point m. r, , r,, and r. are the three phase-to-ground
resistances. ¢, , ¢, and ¢,. are the three phase-to-ground
capacitances. The total three phase-to-ground resistance and
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impedance is 7,/3 and 3¢,, which can be measured by [30].
iy , Iy , and Iy_ are the three currents passing through the
three phase-to-ground impedances.

CHMC L,

Fig. 3. Equive;lent circuit of distribution network with a CHMC.

Fig. 4 illustrates the decomposed equivalent circuit of the
distribution network, which can be obtained according to the
superposition theorem.
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Fig. 4. Decomposed equivalent circuits of distribution network.

Based on Thevenin and Kirchhoff's theorems, in the three
decomposed circuits, the equivalent voltages between the two
nodes m and n are presented as

umnl __eA
1

ung = __eB (1)
3
1

umnS __Ee(‘,

Thus, the equivalent voltage u,, between the two nodes m
and n is expressed as

Ugg = Uy = Uy Uy T U0
2 1 1
:geA_EeB gec @
2, 11,1, .1,
3h 3° 3¢ 3h 3
=e,

In the same way, the equivalent impedance between the two
nodes m and n is

oy 1

W=2+ 3)

where r, =r, =r.=1,, €y =Cop =Coc =€, - Consequently, the
voltage of Z, is u,, and the equivalent zero-sequence circuit
is shown in Fig. 5.

3jac,

Fig. 5. Equivalent zero-sequence circuit of distribution network.

Based on Fig. 5, when the output current of the CHMC is

.. .3 .
ZLA = lref = lu = _uO + 3COMO (4)
4
the fault current is i, =0, accordingly, the fault current and
voltage can be suppressed to zero simultaneously.
Likewise, the relationship between the current and voltage
of the CHMC output branch can be expressed as
: Uy —Ugp
I, =—— 5
e (5)
Because the ac-side output voltage u,, of the CHMC can be
presented as

VC()I‘I
uy =DV = K pwmViim = KpwnVeon (6)
trim
(5) can be represented as
K _
ZLA — PWleclon qu (7)
A
where D, is the duty cycle. ¥, is the DC voltage of each H-
bridge. v, is the modulation voltage. v, is the trim voltage.

con trim

K,y 18 the gain of pulse width modulation.

B. Formulation of Typical Control Methods

According to the above SPG fault arc suppression principle,
the control target is the output current of the CHMC, and the
reference value can be calculated based on (4). Accordingly,
three typical control methods are described here.

PI: the error between the reference value i . and the actual
value 7, of the output current of the CHMC is used as the
input of PI controller to obtain the modulation voltage u,,, , of
the CHMC, which can be expressed as

Upimoa = Uop + K (iref —i, )+ KII(iref —i, )dt (®)
where K, and K, are the proportionality coefficient and the
integral coefficient of PI controller, respectively.

BSC: the error between the reference value i, and actual
value i, of the output current of the CHMC and its derivative

can be presented as
€= ircf - iLA
{ N )

as

(10)
V(e)=eé= e(z:ref —i )
Substituting (5) into (10), the Lyapunov function derivative
can be presented as

. . 1 1
Vie)=eée=e|i_ ——u,+—u
() [ref LA H LA OAJ

Based on Lyapunov’s stability theory, it should be

(11)
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V(e)zeé:e(z:ref—LuH+LuQAJ=—Ke2 (12)
LA A
lLe.,

lref_ZMH_*—Zqu =—Re ( )

where K >0 . In this way, V(e) <0 when e =0, therefore the
system is asymptotically stable.

Thence, the modulation voltage u,, ., of the CHMC can be
obtained as

ul—lmod = qu + LAlref + LAK(lref - ZLA )

(14)

SMC: the error between the reference value i and actual
value i, of the output current of the CHMC and its derivative
is also presented as (9), thus, the sliding mode surface and its
derivative can be expressed as

s=ce+ée
. v 15
s=ce+é=cliy—1, )+(iy—1i,) (15)
Substituting (5) into (15), the derivative of the sliding mode
surface can be presented as
T : 1 1
s=ce+e=c(zref—ZuH+Zqu]+(zref—zLA) (16)
Based on the exponential approach rate, it should be
§=cé+é=—¢sgn(s)—ps

amn

ILe.,
c z:f—Lu +Lu +<i"f—i" )=—€Sgn(5)—}75 (18)
Te! LA H LA 0A Te Ly

where ¢>0, £>0,and p>0. sgn(-) is a sign function.
Therefore, the modulation voltage u,,, of the CHMC can
be obtained as

Hmo

Upnoa = Uop + Lalg +LTA((}';ef -, )+£sgn(s)+ps) (19)

According to (8), (14), and (19), the three typical controls
all contain u,, component. When the SPG fault resistance is
large, u,, is also large and close to the supply voltage e, . It
will be suppressed to zero in the initial period of fault arc
suppression, i.e., u,, will have a large change. However, since
the fault resistance 7, and the phase-to-ground resistance 7, is
large, the capacitors in Z  cannot be discharged and charged
in a short time. Thus, u,, will have a transient change process,
and i, will also have a transient change process due to

=Zdoa (20)

Le., the uncertain fault resistance will cause the uncertainty
of charging and discharging of capacitor in Z, resulting in
inadaptability to fault resistances and long-term transient DC
bias processes of fault current i, and voltage u,, . Therefore,
the sensitivity of controlled systems to uncertainties of fault
resistance r, and charging and discharging of capacitors in
Z,, exists in the transient state during the initial period of the
fault arc suppression, i.e., the system dynamic performance at
the beginning of fault current and voltage suppression will be
influenced by the uncertainties of SPG fault resistance r, and
charging and discharging of capacitors in Z,, . Therefore, the
resulting lumped uncertainty in voltage and current should be
considered.

III. PROPOSED METHOD

In this section, an ATSMC can be adapted to get a sliding
motion through the entire state trajectory, because no reaching
stage exists in the control process so that the controlled system
through the whole control process will not be influenced by
the uncertainties [31]. Thus, the uncertainties in the charging
and discharging of capacitor Z,, caused by the uncertain and
various fault resistances with a wide range can be adapted so
that the long-term transient DC bias decay processes of fault
current and voltage can be eliminated. The detailed derivation
process is presented below.

Based on (5) and adaptive control design method, the output
current 7, of the CHMC is selected as the system state, and
the output voltage u,, of the CHMC is selected as the system
input; thus, (5) can be represented as

%, (1) =dyu(1)+ (1)
=(d,, +Ady, Ju(t)+(f,, + &, ) g (t)
=dyu(1)+ 8 (1) + p(1)
where x,(¢)=i, , d,=1/L,, f,=-1/L, . d, and f, denote
the nominal values of d, and f,, respectively. Ad, and Af,
are the system parameter variations. g(¢)=u,, and uSt) =uy.
The error can be defined as ¢ =x, —x, =i, —, p(t) is the

ref *

system voltage and current lumped uncertainty and defined as
p(t):Adpnu(t)JrAfpng(t) (22)
which can improve adaptability to decrease transient DC bias

and steady-state components of residual SPG fault current and
voltage during fault arc suppression.

21

A. No Uncertainty Considered
When the lumped uncertainty p(¢) of system voltage and
current is not considered, (21) can be expressed as
3, ()= dyu (1) + /08 (1) (23)
Accordingly, the CHMC modulation voltage u(t) provided
by the controller can be presented as

u(t)=dy, (3,(1) = fug (1)) (24)

However, the error term is actually contained in the steady
and transient state phases of the whole control process because
the uncertainty p(¢) is not considered; thus, the actual CHMC

modulation voltage u,, (¢) obtained from the controller can be
presented as

ty (1) = 3 (4 (1) = frag (1) + e ) (25)
where ae, is the error term of final modulation voltage u,, ().
Substituting (25) into (23), the following can be obtained.

5 () =dy [y (50 (1) = fug (1) + ae) [+ 1,8 (1)
=4 (1) = frug (1) + e+ 1,8 (1)

=X, (1) + e,

(26)

Therefore, the relationship between the error derivative ¢,
and the error term ae, of final modulation voltage u,,(¢) can
be represented as

& =x,(t)—%,4(1)=ae 27)

Furthermore, referring to [31], the objective of the ATSMC
in CHMC is to force the system state (x,(7)=i, ) to track the
reference output current (x,, =i, ) in case of the occurrence
of lumped uncertainty in system voltage and current. Thus, (27)
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is represented in matrix form as

i lo ol Jore e
dt|ée| |0 alle
where « is a nonzero positive constant, and
R M
dtle | |é 0 a e

Sliding surface: based on the sliding mode control method,

the sliding surface can be presented as
ocC
S(t)=C(E)-C(E,)- j o AEdT (30)

where E; is the initial value of E . The function C is used to
meet the condition of dC/E" =| 0 dp’” .

Initial Proof: Combining (30) with (28), the derivative of
the sliding surface with respect to time can be calculated that

oy 0C . oC oC
S(t)=—<E-——=AE=——(E-AE)=0
()= 3p7E o aET( )= Gl
Moreover,
0 8C
5(0)=C(E,)-C(E,)~ Ia ——AEdr=0 (32)

Consequently, S(z)=0 when 7>0 so that it is proven that
the system cannot be guaranteed to be absolutely stable. Thus,
an adaptive algorithm in the ATSMC is designed to estimate
the lumped uncertainty p(¢) of the system voltage and current,
and its bound should be considered, preventing the phenomena
of unstable dynamics or chattering.

B. Lumped Uncertainty p(t) Considered

When the lumped uncertainty p(¢) of system voltage and
current is considered, the ATSMC can be divided into three
main parts. The first part introduces performance design. The
object is to specify the desired performance according to the
nominal model, which is called baseline model design (u,, ).
Following the baseline model design, the second part is the
curbing controller design (u, ) to completely eliminate the
unpredictable perturbation effects of parameter variations and
external disturbances, therefore accurately guaranteeing the
baseline model design performance. Finally, the third part is
the adaptive observation design ( p) to estimate the upper
bound of the lumped uncertainty p(z) of system voltage and
current, thereby alleviating the chattering phenomenon caused
by improper selection of conservative constant control gain in
the curbing controller. The details are as follows.

Theorem: If the CHMC is controlled by the three parts of
ATSMC system, (25) is added with u,, and reconstructed as
(33), then the stability of the ATSMC system for the CHMC
can be guaranteed according to Lyapunov stability.

u(t) =y, ity = d;nl ()'cgd (t) — _f]'mg(t) + e, ) ity (33)
Substituting (33) into (23), the following state equation can
be obtained.

xg(t)zdpn[d; (% (t)—fpng(t)+aei)+ugCJ
+ /g (1) +p(1)
—xgd(t)—fpng( )+ae +dp“ugc+fpng( ) p(t)
zxgd(t)+ae +d u +p( )

pn-ge

(34)

Furthermore, it can be represented as

lello oo

:>E:AE+B‘ (u +dpnp( ))

Further Proof: Combining (30) with (35), the derivative of
the sliding surface with respect to time can be calculated that

(35)

$(1)= ;ECT E- ;EC AE
5EC (£+ B, (1, +dy.p(1))- ;ECT AE (36
— B, (o lp (1)
According to (30), the function C is used to meet
;CT =[0 d,] (37)

Substituting (37) into (36), the following consequences can

be presented.
6C 0
" n=l0 4 J{dn}l

P
: oC _
$() =B (i + (1) 0+ 4,00 1)

Constructing u,, to guarantee the stability of the ATSMC
system for the current output control of the CHMC, as

(3%)

(39)

u,=—pd, sgn(S(t)) (40)
A Lyapunov function is presented as
1
V(S(t))==58> 41
(5(1))=55"() C)

Therefore, the derivative of (41) with respect to time can be
expressed as

V(S(z)):S(t)S'(t)zs(t)(u +d,!p(t ))
==S(t)pd, sgn(S(t))+S(t)d,\p(t)
=—pd,|S(1)|+5(1)d,!p(1)
<—pdy, |S(0)| +[S (1) dy | (1

] S(t)|(|p(t)| —p) <0

where sgn(-) is sign function, and ‘ . ‘ is an absolute symbol.
Since the set of sgn(-) is [+1, 0, —1], S(¢)sgn(S(z)) = |S(t)|
Therefore, when |p(¢)|<p and p>0, S(r)S(r) will be semi-
negative, i.e., the system will be asymptotically stable based
on Lyapunov stability. Accordingly, the upper bound p of the
lumped uncertainty p(¢) in system voltage and current should
be considered, as follows.

C. Upper Bound of p Considered

Final Proof: Considering the upper bound p of the lumped
uncertainty p(¢) in system voltage and current, the Lyapunov
function can be further represented as

P(s(0).5(0)) =15 () +25()

where p(1)=p(t)—p is a parameter estimation error. p(r) is
the estimated value, and p is a theoretical value.

Therefore, the derivative of (43) with respect to time can be
expressed as

(42)

)

(43)
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P(S(0.5(0) =SS+ 4p(0A0) (@44

Since the upper bound p of the lumped uncertainty p(z) in

system voltage and current is unknown, it can be replaced by
the estimated value p. Thus, (40) can be represented as

u,.=—pd,, sgn(S(t)) (45)
Substituting (39) and (45) into (44), it can be redescribed as

V($(1).5(1)=S(e)(=dysen(S (1)) + dpup (1))
+A,(A(0)-p)(p(1)- )

=-pd,, S(t)|+.dp_np(t)S(t) 46)
+}°g ('b(t) - ,0),5(2‘)
=—pd,n[S(0) + AA(1) (1)
+dyp(1)S (1) 2,00(¢)
Constructing an adaptive observatlon as
p=—d|S(1)| (47)

)

g
where 4, is a positive constant. Thus, (46) can be represented
as

R
S(t)|+/lgp(t)/1—dp;

g

S ()
S()|

P(5(0).5(0)) = ~d;

- |
+d,!p(1)S (1)~ A,p - d!

g

=d 'p(t)S(t)-pd,, |S(2) (48)
OS] oI5 0)
—als0)(p-lp(e)) <0

Because of V(S(t),[)(t))éo, V(S(t).5()) is a negative
semidefinite function in the case of |p(7)<p and p>0, i,

V(5(:).5(0) <V (5(0),5(0)) - Accordingly, ¥(5().(1)) s
a bounded and non-increasing function. It implies that S(r)
and p(¢) are bounded functions.

Setting
(P=lp(@)f) ==V (S().5(1)) (49
Accordingly, the integral of ©(¢) with respect to time can
be presented as

[[e()dr <r(5(0),5(0)) -7 (S(2). 5(1)) (50)
Following the above, because ¥(5(0),5(0)) is a bounded

function and V(S(¢),p(¢)) is a bounded and non-increasing
function, the following result can be presented that

lim [ ©(r) dz <o0 (51)

Further, ©(¢) is also bounded. Consequently, according to
Barbalat's lemma, it can be deduced that lim, ,, ©(¢)=0. It is
implied that the sliding surface S(7) converges to zero when
i = . Moreover, the parameter estimation error () can be
guaranteed to be bounded. Therefore, the stable behavior for
the output current control system of the CHMC is guaranteed.

D. Summary

Through the above detailed presentation, the ATSMC with
stable behavior is proposed for the output current control of
the CHMC, considering the lumped uncertainty of the system

voltage and current and its bound. The final design results can
be summarized as follows.

When the lumped uncertainty p(¢) of system voltage and
current is considered, the ATSMC can be divided into three
main parts. The first part is the baseline model u,, to specify
the desired performance, which is designed as

ugb(t) =d;n' ()'cgd (t)—fpng(t)+aei) (52)

Following the baseline model design, the second part is the
curbing control u,, to completely eliminate the unpredictable
perturbation performance of parameter variations and external
disturbances, therefore accurately guaranteeing the baseline
model design performance, which is designed as

u,=—pd, sgn(S(t)) (53)

The third part is the adaptive observation 5(7) to estimate
the upper bound of the lumped uncertainty p(z) of system
voltage and current, so alleviating the chattering phenomenon
caused by improper selection of conservative constant control
gain in the curbing controller, which is designed as

Lo 4NG! (54)

Thus, the CHMC modulation voltage u(¢) obtained from
the ATSMC is expressed as
u= ugb + ugc

= d;;: (xgd ()= frng(1)+ aei)— pd, sgn(S(t))
L4t

Furthermore, according to the matrix differentiation, when

b

(55)

vector ¥ =[y, - yn:Tis an n-dimensional row vector and
vector X =(x, x,| is an m-dimensional column vector,
the differential equation is
B
Ox, Ox Ox,
o, 0 0
oy | G D
- ox, Ox, ox, (56)
KR
| Ox, Ox, ox,, |

In order for (38) to hold, ¥ should be C and X canbe E.
Therefore, C should be d'e

pn|’

a_czla(dpne,) 6(dpne,)]:[0 a']

57
OE" ol oe. 57)

Consequently, combined with (35), the sliding surface (30)
can be represented as
oC

S(;):C(E)—C(Eo)_.[;aET
=dyle,(1)-dye (0)-[ [0 dl:"l]B ﬂLﬂdT
=de(1)=d,e (0)-

=dp’“1 (ei(t)— —aj;ei dr)

= dA(1)

AEdr

t
-1
a’pnaz.[oei dr
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Accordingly, its discrete representation is

S(n)=dyle, (n)~dyle,(0)~d, aT.> e (k)
k=0

SRORIUREA Y]

=dy,A(n)
Thereby, the adaptive observation in the third part can be
finally represented as

1 1
—dS(=—d ' |d A(t) =—d | A(¢
ﬂ'g pn ( )| /1g pn [~ pn ( )| /1g pn ( )|

The final CHMC modulation voltage u(¢) obtained from
the ATSMC can be finally expressed as

U=uy +u, = dp'n1 ()'cgd (t)—fpng(t)+ aei)

(59)

_L

p (60)

~pd,sen(S(1))
=dy) (5 (1) = 18 (1) + ) (61)
1 . .
~—d A(t) dysgn(dA(t))
g
ny 1
= dpnl X (t) - fpng(t) tae — A_dptf A(t)|sgn(A(t))
g
where
A(t)=¢/(1)-¢(0)-af ¢ dz (62)
Then, substituting u(¢) = KpyVeon » Xpa (1) =l » Son ==Ly »

d, =1Ly, x,(t)=i, , and g(r)=u,, into (61) and (62), the
discretized functions of modulation voltage v, can be finally
described as

i ()=, (n)
L o
Veon (1) = KP:VM +0:(1LA (n)—iy (n)) (63)
- Bl @lsen(a()
A= (5, ()= (1) ~(0, 0)=1 (0))
(64)

-aT, ;(QA (k) =iy (k))

The schematic control diagram of the proposal is presented
in Fig. 6, with comparison to that of PI, BSC, and SMC. The
proposal follows ATSMC design process for power electronic
converters in [31], which represents a sufficient theoretical
demonstration and rigorous derivation.

Fig. 6. Schematic control diagram.

IV. SIMULATION STUDY

The proposed method is implemented through simulation
on MATLAB/Simulink. The distribution network with an SPG
fault and CHMC model is built based on Fig. 1. The main
parameters are shown in Table I.

Table I
Main Simulation Parameters

Symbol Parameters Value

E, Amp. of power supply voltage 8.165 [kV]
f Fundamental frequency 50 [Hz]
C, phase-to-ground capacitance 7 [uF ]
R, Phase-to-ground resistance 5684 [a]
N No. H-bridges per CHMC 10

v, DC voltage per H-bridge 1000 [V]
L, Filter inductance 0.005

K owu Gain of PWM 10000

a Control coefficient 100

A Control coefficient 1000000
T, Switching cycle 2¢”

A. Comparison of Fault Voltage and Current Suppression
Results Based on PI, BSC, SMC, and Proposal Under Low
Fault Resistances

Fig. 7 and Fig. 8 show the SPG fault current and voltage
suppression results based on the PI, BSC, SMC, and ATSMC
controllers under low fault resistance conditions, respectively.
The SPG fault occurs at # =0.03s, and the fault currents have
large impulses. The CHMC starts to suppress the fault current
and voltage at r=0.1s. When R, =0.1Q, these four controls
produce similar response results, i.e., the fault current and
voltage are gradually suppressed during a transient process of
one power frequency cycle. When R; increases to 10Q, the
duration of transient process reduces to less than one-quarter
of the power frequency cycle, and these four controls exhibit
slightly different transient response results. Whether R, is
0.1Q or 10Q2, the ATSMC shows the best steady-state results
for SPG fault current and voltage suppression, compared with
that of the PI, BSC, and SMC.
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Fig. 7. SPG fault current and voltage suppression results using PI, BSC, SMC,
and proposal under R; =0.1Q .

Pl  —BSC
SMC — ATSMC

-
Pl: 0.3017A

BSC: 1.060A 0
SMC: 0:1816A R

N 20

ATSMC: 0.1078A. _

Fault current / A

__PIE3 126V
,,,,, =7 BSC: 1075V w_
,,,,,,
~~SMC: 1842V
ATSMCT: 1053V

Pl —BSC
SMC — ATSMC

Fault voltage / kV
-

~0:
0.02 0.04 0.06 008 0.10 0.12 0.14 0.16 0.18 0.2 "0.09 0.095 0.10 0.105 0.11 0.115 0.12
tls

Fig. 8. SPG fault current and voltage suppression results using PI, BSC, SMC,
and proposal under R, =10Q .
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The reason why these four controls show similar transient
response results is that if the fault resistance is low, the fault
voltage u,, will be small after a SPG fault occurs. Therefore,
when the fault voltage and current are suppressed to close to
zero in the initial period of fault arc suppression, the voltage
change is actually small; accordingly the charge and discharge
behavior of the capacitors in Z,, does not show a significant
difference regardless of the controller used. Consequently, the
transient response results of SPG fault voltage and current are
similar whether using the PI, BSC, SMC, or the proposal.
However, the proposal shows the best steady-state results for
SPG fault voltage and current suppression because the lumped
uncertainty is considered to prevent unstable dynamics.

B. Comparison of Fault Current and Voltage Suppression
Results Based on PI, BSC, SMC, and Proposal Under Medium
Fault Resistances

Fig. 9 and Fig. 10 show the SPG fault current and voltage
suppression results based on the PI, BSC, SMC, and ATSMC
controllers under medium fault resistances, respectively. In the
case of R, =100Q2, the transient response results of ATSMC
are significantly different from those of the other controls, i.e.,
the fault current and voltage based on the PI, BSC, and SMC
have similar transient DC bias decay processes of half power
frequency cycle. Moreover, the duration of transient DC bias
decay processes increases to more than two power frequency
cycles when R, goes up to 1kQ. In contrast, the fault current
and voltage based on ATSMC cross zero many times during
their AC transient decay process and can be suppressed faster,
causing the fault arc to extinguish earlier. Furthermore, in the
cases of medium fault resistances, the ATSMC also shows the
best steady-state results for SPG fault current and voltage
suppression, compared with those of the PI, BSC, and SMC.
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Fig. 9. SPG fault current and voltage suppression results using PI, BSC, SMC,
and proposal under R, =100Q) .
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Fig. 10. SPG fault current and voltage suppression results based on PI, BSC,
SMC, and proposal under R; =1kQ .

C. Comparison of Fault Current and Voltage Suppression
Results Based on PI, BSC, SMC, and Proposal Under High
Fault Resistances

Fig. 11 and Fig. 12 show the SPG fault current and voltage

suppression results based on the PI, BSC, SMC, and ATSMC
controllers under high fault resistance conditions, respectively.
As R, increases to 8kQ) and 16kQ, the duration of transient
DC bias decay processes increases to more than three power
frequency cycles during fault current and voltage suppression.
Besides, the advantages of the ATSMC in suppressing fault
current and voltage faster become more significant. Similarly,
the ATSMC shows the best steady-state results for SPG fault
current and voltage suppression, compared with those of the
PI, BSC, and SMC, making residual fault current and voltage
closer to zero. To sum up, the proposed ATSMC has a better
adaptability to different fault resistances, a better elimination
capability for residual fault current and voltage, and a better
transient response process for fault arc suppression.
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Fig. 11. SPG fault current and voltage suppression results based on PI, BSC,
SMC, and proposal under R, =8kQ .

Y " ——
SMC: 0.02523A

|
1 sme 2 P —BSC
IATSMC: 0.0005977A | g 4|

I

SMC — ATSMC

YV S ——

SMC: 391.6V
ATSMC: 9.305V -3

Pl —BSC

Fault voltage / kV
-

SMC — ATSMC

70 002 004 006 008 0.10 0.12 0.14 0.16 01787027 0.09 0.095 0.10 0.105 0.11 0.115 0.12
tls tls

Fig. 12. SPG fault current and voltage suppression results based on PI, BSC,
SMC, and proposal under R, =16kQ .

For the medium and high fault resistances, the reason for
the significantly different transient response results of these
four controls can be attributed to the fact that, due to the high
or medium fault resistance, the fault voltage u,, will be very
close to the power supply voltage e, after a SPG fault occurs.
Therefore, when the fault voltage and current is suppressed to
close to zero in the initial period of fault arc suppression, the
voltage variation range is significantly large; accordingly, the
charge and discharge behavior of the capacitors in Z  will
span a long period of time. Due to the different parameters,
structures, and performance of different controllers, the four
controls show completely different transient response results
of fault voltage and current suppression. Among them, the PI,
BSC, and SMC do not take into account the uncertain fault
resistance, i.e., the uncertainty of charging and discharging of
capacitor in Z,, . Thereby, the sensitivity of controlled systems
to uncertainties of fault resistance r, and the charging and
discharging of capacitors in Z, exists in the transient state
during the initial period of the fault arc suppression, i.e., the
system dynamic performance at the beginning of fault current
and voltage suppression will be influenced by the uncertainties
of SPG fault resistance r, and charging and discharging of
capacitors in Z,, . These uncertainties are ultimately reflected
in the lumped uncertainty of system voltage and current that is
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not considered in the design process of the three controls. The
lumped uncertainty of system voltage and current caused by
these uncertainties is fully considered in the design process of
the ATSMC. Thus, the long-term transient DC bias processes
of fault current i, and voltage u,, are eliminated, and the best
steady-state results for fault voltage and current suppression
are obtained, compared with those of PI, BSC, and SMC.

V. EXPERIMENTAL VALIDATION

The results of the proposed method are further validated on
the 380V physical experimental platform, as shown in Fig. 13,
and the specifications are shown in Table II.

TABLE 1T
Specifications of Experimental Platform

Symbol Parameters Value
E, Amp. of power supply voltage 311 [V]
f Fundamental frequency 50 [Hz]
C, Phase to ground capacitance 8.8 [pF ]
R, Phase to ground resistance 800 [Q]
N No. H-bridges per CHMC 6

v, DC voltage per H-bridge 60 [V]
L, Filter inductance 0.05
Kown Gain of PWM 400

a Control coefficient 4

q Control coefficient 40000
T, Switching cycle 2

Dlstl ibution network experimental platform 7%

Fig. 13. Physical experimental platform.

A. Comparison of Experimental Results Based on PI, BSC,
SMC, and Proposal Under Different Fault Resistances

Fig. 14 and Fig. 15 show the SPG fault current and voltage
suppression results based on the PI, BSC, SMC, and ATSMC
under fault resistances of 100 Q and 500 Q, respectively.
When a SPG fault occurs, the fault voltage is greatly reduced
in the case of R =100Q, but it is slightly reduced in the case
of R, =500Q . In the initial period of fault arc suppression
based on the PI, BSC, and SMC, the fault voltage and current
show a slight transient DC bias decay component in the case
of R, =100Q, but they exhibit a more severe transient DC bias
decay component when R, =500Q . This is attributed to the
fact that the fault voltage variation range is small during fault
arc suppression when R, =100Q, because the fault voltage has

been reduced greatly after a SPG fault occurs. Therefore, the
charge and discharge behavior of the capacitors in Z, will not
last long, so that the system voltage and current will not have a
very long transient change process, which will have a small
impact on the three controls. However, when R =500Q, the
fault voltage variation range becomes larger during fault arc
suppression, from close to the supply voltage to zero, because
the fault voltage is almost close to the power supply voltage
after a SPG fault occurs. Therefore, the charge and discharge
behavior of the capacitors in Z, will span a long period of
time, causing a large transient component in system voltage
and current, which will have a great impact on the three
controls. Because the lumped uncertainty of system voltage
and current is not considered by the three controllers, the fault
voltage and current also have large transient component in the
initial period of fault arc suppression. The lumped uncertainty
of system voltage and current is fully considered in the design
process of the ATSMC. Thus, the severe transient component
of fault current i and voltage u,, are eliminated, and residual
fault voltage and current in steady-state are smaller than those
of PI, BSC, and SMC whether R, =100Q or R, =500Q.
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Fig. 14. Experimental results of fault current and Voltage suppression using PI,
BSC, SMC, and proposal in the case of R, =100Q .
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Fig. 16 and Fig. 17 show the SPG fault current and voltage
suppression results based on the PI, BSC, SMC, and ATSMC
under fault resistances of 1000 Q and 2000 Q, respectively. As
the fault resistance continues to increase, the fault voltage
decreases only slightly after a SPG fault occurs. Thence, the
fault voltage will have a large variation span during fault arc
suppression when R, =1000Q and R, =2000Q2. For PI, BSC,
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and SMC, the lumped uncertainty of the system voltage and
current is not considered in their design process. Accordingly,
the large span of fault voltage variation causes the capacitors'
charging and discharging behavior in Z, to directly affect the
suppression of fault voltage and current, resulting in more
severe transient components.

However, the ATSMC considers lumped uncertainty of the
system voltage and current in its design process, thus it has a
significantly short transient response time, i.e., the SPG fault
voltage and current have no transient component in the initial
period of fault arc suppression, and they can be suppressed
rapidly to cross zero many times after the CHMC starts to
output current, which helps the fault arc to extinguish earlier.
Meanwhile, the fault voltage and current are suppressed stably
with a smaller residual component based on the ATSMC
during the steady-state process.

PI

500 V/ div

I I

| |

| | 500‘//dn
- |

| I

|

I ey
! fe—— CHMC stars
b 500 V/ div 500 V/ div
“ Mﬁmw‘- o~ AN
\<—t— SPG fault occurs \4—0— SPG fault occurs
-——&———4 *'\ﬂ“.f\ﬂ'\,f’\.’\“. f\ﬂ"."‘u P r_n.__..ﬂf "‘f‘” AN f‘f\”\ h
VWA " ! VAW PATRVAVAVAVAVAY
i,l — Tm"mm component PYYVES ,.r’ }(\_ | -~ Transient component 0.5 A/div
ra Th W“’“"‘" Bt s s s
| ! 50 ms/ div | v ! 50 ms/ div
T T ATSMC
I I
500 V/ div u, | . 500 V/ div
|

500 V/ div 500 V/ div

-
le———+——— SPG fault occurs 5 A/ diy
|
“/‘“\’\’\M’\f\f'”\ﬂﬂ" AR Y AAARAR
v VYV | *\fv‘v‘v"wwv\u'v'ww‘uf‘
\hanslem compcnem YV i, ‘i’ Mh ‘l YV
;‘\’ I\i‘

50 ms/ div 50 ms/ div

Fig. 16. Experimental results of fault current and voltage suppression using PI,
BSC, SMC, and proposal in the case of R, =1000Q .
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Fig. 17. Experimental results of fault current and voltage suppression using PI,
BSC, SMC, and proposal in the case of R, =2000Q .

Fig. 18 and Fig. 19 show the SPG fault current and voltage
suppression results based on the PI, BSC, SMC, and ATSMC
in the case of fault resistances with 5000 Q and 10000 Q,
respectively. As the fault resistance further increases, the fault
voltage is closer to system power supply voltage after a SPG
fault occurs. Thus, the fault voltage variation span is still large
during fault arc suppression in the case of R, =5000Q and
R; =10000Q . During the process of the fault voltage being
suppressed from the power supply voltage to close to zero, the
capacitors in Z, has an obvious charging and discharging,
which will affect the transient change process of the system
voltage and current, resulting in a great impact on the PI, BSC,

10

and SMC, because the lumped uncertainty of system voltage
and current are not considered by the three controllers. Thus,
the fault voltage and current have a large transient component
in the initial period of fault arc suppression using the PI, BSC,
and SMC.

It can be witnessed that the ATSMC can still eliminate the
transient component of the fault current and voltage because
the lumped uncertainty of the system voltage and current is
considered in its design process, compared with PI, BSC, and
SMC. Moreover, the fault current and voltage can cross zero
rapidly after the CHMC outputs current to extinguish fault arc.
Furthermore, they remain stably suppressed in steady-state
with smaller residual component, preventing the fault arc from
reigniting. Thus, the proposed ATSMC can adapt to various
fault resistances, ensuring a fast response to low, medium and
high fault resistances and eliminating the transient component
in the initial period of fault current and voltage suppression.
The residual fault voltage and current are smaller to extinguish
the fault arc, compared with those of PI, BSC, and SMC.
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Fig. 18. Experimental results of fault current and voltage suppression using PI,
BSC, SMC, and proposal in the case of R, = 50000 .
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Fig. 19. Experimental results of fault current and voltage suppression using PI,
BSC, SMC, and proposal in the case of R, =100000 .

B. Summary of Results

Generally speaking, a desirable control method to suppress
SPG fault arc in distribution networks should have sufficiently
high adaptability, a short transient response process, and small
residual fault current and voltage. In this way, it can rapidly
and reliably suppress SPG fault arc under various conditions,
preventing repeated reignition of the arc. This part analyzes
the implementation results to clarify the performance of the
proposed method according to the above-desired needs. Table
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IIT summarizes the implementation results of fault current and
voltage suppression based on the proposed method and three
typical methods: PI, BSC, and SMC. The three typical control
methods are not adaptable to various fault resistances and will
cause long transient DC bias decay processes during SPG fault
current and voltage suppression, especially in the case of high
fault resistance. Because during the arc suppression process,
the fault voltage needs to be suppressed from close to power
supply voltage to zero, which will cause a significant capacitor
charge and discharge behavior in Z_ of the system, resulting
in transient components in the system voltage and current.
This lumped uncertainty of system voltage and current is not
considered in the design process of the three controllers.

The proposed method has sufficiently strong adaptability in
the full range of fault resistances and eliminates the transient
DC bias decay processes since the lumped uncertainty of the
system voltage and current is considered in its design process.
Furthermore, the table summarizes the suppression rate (SR)
of fault current or voltage in steady-state under different fault
resistances. It can be seen that the ATSMC has better results
than the other three typical control methods. Thus, not only
does the proposed method improve adaptability to various
fault resistances and eliminate severe transient components,
but it also effectively improves the residual fault current and
voltage steady-state suppression effect.

TABLE III
Summary of Implementation Results for Proposed and Typical Methods
R Items PI BSC SMC ATSMC
Transient
DC bias no no no no
L C i
oW rossTng short short short short
zero time
SR > 93% > 77% > 98% > 98%
T ient
rans'len medium | medium medium no
DC bias
Medi- -
Crossing . . .
um . medium | medium medium short
zero time
SR > 94% > 82% > 98% > 98%
Transient
. severe severe severe no
DC bias
High Crossin
& . & long long long short
zero time
SR > 95% > 80% > 88% > 98%

VI. CONCLUSION

This paper proposes a novel ATSMC for CHMC to improve
the adaptability, speed, and reliability of arc suppression in
distribution networks. This method can adapt to uncertain and
various fault resistances with a wide range, and eliminate the
long transient DC bias decay processes of residual SPG fault
current and voltage to reduce arc suppression time. Moreover,
the steady-state residual fault current and voltage can be better
suppressed. The simulation and experimental results in the
case of various fault resistances demonstrate that the proposed
method has a shorter zero-crossing time due to the absence of
transient DC bias and smaller residual SPG fault current and
voltage, compared with PI, BSC, and SMC. Thus, the fault arc
is suppressed rapidly and reliably under different conditions.

11

REFERENCES

[1] A. Nikander, “Development and testing of new equipment for faulty
phase earthing by applying RTDS,” I[EEE Trans. Power Del., vol. 32, no.
3, pp. 1295-1302, June 2017.

[2] K. E. Antoniadou-Plytaria, I. N. Kouveliotis-Lysikatos, P. S. Georgilakis,
and N. D. Hatziargyriou, “Distributed and decentralized voltage control of
smart distribution networks: models, methods, and future research,” IEEE
Trans. Smart Grid, vol. 8, no. 6, pp. 2999-3008, Nov. 2017.

[3] Z. Huang, Q Guo, C. Tu, K. Sun, L. Wang, F. Jiang, and Y. Hou, “A
multifunctional arc suppression device based on hybrid grid-connected
converters,” [EEE Trans. Ind. Electron., to be published, doi:
10.1109/TIE.2025.353148]1.

[4] X. Wei, X. Wang, J. Gao, D. Yang, K. Wei, and L. Guo, “Faulty feeder
detection for single-phase-to-ground fault in distribution networks based
on transient energy and cosine similarity,” IEEE Trans. Power Del., vol.
37, no. S, pp. 3968-3979, Oct. 2022.

[5] D. Paul, “Phase-ground fault current analysis and protection of a high-
resistance grounded power system,” /EEE Trans. Ind. Appl., vol. 56, no. 4,
pp. 3306-3314, July-Aug. 2020.

[6] M. -F. Guo, W. -L. Liu, J. -H. Gao, and D. -Y. Chen, “A data-enhanced
high impedance fault detection method under imbalanced sample
scenarios in distribution networks,” IEEE Trans. Ind. Appl., vol. 59, no. 4,
pp. 4720-4733, July-Aug. 2023.

[7] B. -L. Zhang, M. -F. Guo, M. Lak, C. -M. Lin, and Q. Hong, “Improved
fault arc suppression capability and minimized required power of Y-type
cascaded H-bridge converters without DC sources in active distribution
networks,” IEEE J. Emerg. Sel. Topics in Power Electron., early access,
doi: 10.1109/JESTPE.2025.3572045.

[8] B. -L. Zhang, M. -F. Guo, M. Lak, C. -M. Lin and Q. Hong, “Theory and
method of distributed virtual zero-sequence synchronous generators for
cooperative fault arc suppression in active distribution networks,” IEEE
Trans. Ind. Electron., early access, doi: 10.1109/TIE.2025.3591678.

[9] Z. Huang, Q. Guo, C. Tu, Y, Hou, F. Jiang, X. Wang, F. Xiao, and Z.
Xiao, “A non-neutral alternate arc suppression method for single phase
grounding fault in active distribution network,” Int. J. Electr. Power
Energy Syst., vol. 152, May 2023, Art. no. 109182.

[10]Y. Hou, Q. Guo, C. Tu, F. Xiao, L. Wang, F. Jiang, K. Yun, and X. Wang,
“A review of single-phase-to-ground fault regulation devices for
distribution networks,” Renew. Sustain. Energy Rev., vol. 200, Aug. 2024,
Art. no. 114602.

[11]K. Liu, W. Ding, J. Zhao, Y. Zhou, C. Jin, and Z. Wang, “Zero-sequence
voltage suppression and fault arc extinction considering three-phase
parameter asymmetry for hybrid grounding system,” /EEE Trans. Ind.
Appl., early access, doi: 10.1109/TIA.2025.3570312.

[12]W. S. P. Fernando, and M. A. Mahmud, “A nonlinear discrete-time
backstepping model predictive controller design for active arc suppression
coils in compensated power systems to mitigate powerline bushfire
hazards,” IEEE Trans. Ind. Electron., vol. 71, no. 11, pp. 15077-15088,
Nov. 2024.

[13]B. -L. Zhang, M. -F. Guo, M. Lak, C. -M. Lin, and Q. Hong, “Minimizing
required DC sources of cascaded H-bridge multilevel converter for fault
suppression in active distribution networks,” IEEE Trans. Ind. Electron.,
vol. 72, no. 6, pp. 5761-5770, June 2025.

[14]Z. Huang, Q. Guo, C. Tu, Y, Hou, F. Jiang, X. Wang, F. Xiao, and Z.
Xiao, “A non-neutral alternate arc suppression method for single phase
grounding fault in active distribution network,” Int. J. Electr. Power
Energy Syst., vol. 152, May 2023, Art. no. 109182.

[15]JA. Nikander, “Development of modern phase earthing system for
improving quality of supply in the MV network,” IEEE Trans. Power
Del., vol. 32, no. 3, pp. 1228-1235, June 2017.

[16]B. -L. Zhang, M. -F. Guo, Z. -Y. Zheng, and Q. Hong, “Fault current
limitation with energy recovery based on power electronics in hybrid ac—
dc active distribution networks,” IEEE Trans. Power Electron., vol. 38,
no. 10, pp. 12593-12606, Oct. 2023.

[17]Y. Hou, Q. Guo, C. Tu, F. Jiang, L. Wang, X. Wang, and F. Xiao,
“Adaptive active voltage-type arc suppression strategy considering the
influence of line parameters in active distribution network,” IEEE Trans.
Ind. Electron., vol. 70, no. 5, pp. 4799-4808, May 2023.

[18]B. -L. Zhang, M. -F. Guo, Z. -Y. Zheng, and C. -H. Guo, “A novel
method for simultaneous power compensation and ground fault
elimination in distribution networks,” CSEE J. Power Energy Syst., to be
published, doi: 10.17775/CSEEJPES.2022.03830.

[19]W. S. P Fernando, M. A Mahmud, S. N Islam, M. A. Barik, and N.
Hosseinzadeh, “A comprehensive review of control techniques for



IEEE TRANSACTIONS ON INDUSTRIAL APPLICATIONS

compensating the fault current in resonant grounded distribution networks:

from the perspective of mitigating powerline bushfires,” IET Gener.
Trans. Distrib., vol. 17, no. 1, pp. 1-16, Jan. 2023.

[20]Z. Wang, Z. Li, X. Zeng, K. Yu, S. He, J. Li, Y. Lan, and C. Zhuo,
“Flexible grounding control strategy based on proportional series inertial
control for distribution networks,” Electr. Power Syst. Res., vol. 225, Dec.
2023, Art. no. 109841.

[21]L. Li, X. Zeng, H. Bai, K. Yu, J. Li, H. Peng, Z. Wang, H. Luo, and F.
Wang, “Analysis and design of flexible arc suppression device based on
proportional series lagging control,” Int. J. Elect. Power Energy Syst., vol.
143, Dec. 2022, Art. no. 108478.

[22]M. Barzegar-Kalashani, and M. A. Mahmud, “A linear hybrid active
disturbance rejection controller design to extenuate powerline bushfires in
resonant grounded distribution power systems,” Int. J. Electr. Power
Energy Syst., vol. 142, Nov. 2022, Art. no. 108192.

[23]Z. -Y. Zheng, H. -Y. Qiu, B. -L. Zhang, M. -F. Guo, S. Lin, and W. -Q.
Cai, “A novel flexible fault eliminator with active disturbance rejection
and soft grid-connection in distribution networks,” Int. J. Electr. Power
Energy Syst., vol. 154, Dec. 2023, Art. no. 109425.

[24]T. K. Roy, M. A. Mahmud, M. A. Barik, A. B. M. Nasiruzzaman, and A.
M. T. Oo, “A nonlinear backstepping control scheme for rapid earth fault
current limiters in resonant grounded power distribution systems:
applications for mitigating powerline bushfires,” IEEE J. Emerg. Sel.
Topics in Ind. Electron., vol. 3, no. 2, pp. 362-371, April 2022.

[25]Z. -Y. Zheng, M. -F. Guo, N. C. Yang, and T. Jin, “Single-phase flexible
arc suppression device based on BSC-SOGI-PLL method for distribution
networks,” Int. J. Electr. Power Energy Syst., vol. 121, Oct. 2020, Art. no.
106100.

[26]M. Barzegar-Kalashani, M. A Mahmud, M. A Barik, and A. M. T. Oo,
“Control of arc suppression devices in compensated power distribution
systems using an integral sliding mode controller for mitigating powerline
bushfires,” Int. J. Elect. Power Energy Syst., vol. 134, Jan. 2022, Art. no.
107481.

[27]M. Barzegar-Kalashani, M. A Mahmud, M. A Barik, and A. M. T.
Nasiruzzaman, “A discrete sliding mode control scheme for arc
suppression devices in resonant grounded power distribution systems to
mitigate powerline bushfires,” Electr. Power Syst. Res., vol. 210, Sep.
2022, Art. no. 108126.

[28]M. -F. Guo, X. -B. Liu, J. -Z. You, Z. -Y. Zheng, and Z. -Y. Wang, “A
flexible compensation device for single-phase-to-ground fault in
distribution networks based on double-loop passivity-based control,” Int.
J. Electr. Power Energy Syst., vol. 157, Jun. 2024, Art. no. 109788.

[29]B. -L. Zhang, M. Lak, M. -F. Guo, and S. Solemanifard, “An Adaptive
Total Sliding Mode Control for Cascaded H-bridge Multilevel Converters
to Suppress Ground Fault in Active Distribution Networks,” 2024 IEEE
Energy Convers. Congr. Expo. (ECCE), Phoenix, AZ, USA, 2024, pp.
2796-2802, doi: 10.1109/ECCE55643.2024.10861346.

[30]K. Yu, S. Liu, X. Zeng, H. Peng, F. Liu, and Z. Wang, “A novel
insulation parameter online measuring technique based on two voltage
transformers for distribution networks,” IEEE Trans. Power Del., vol. 36,
no. 6, pp. 3383-3392, Dec. 2021.

[31]R. -J. Wai, C. -Y. Lin, Y. -C. Huang, and Y. -R. Chang, “Design of high-
performance stand-alone and grid-connected inverter for distributed
generation applications,” IEEE Trans. Ind. Electron., vol. 60, no. 4, pp.
1542-1555, April 2013.

Bin-Long Zhang (Graduate Student Member, IEEE)
received his B.S. degree in electrical engineering from
Fuzhou University, Fuzhou, China, in 2020. He is
currently working toward a Ph.D. degree in electrical
engineering at Fuzhou University, Fuzhou, China, and
toward another Ph.D. degree in electrical engineering at
Yuan Ze University, Taoyuan, Taiwan. His main research
interests are the protection and control of power systems
with high penetration of renewable energy resources, the
control and applications of power electronic converters, artificial intelligence.

Mou-Fa Guo (Senior Member, IEEE) was born in Fujian
province, China, in 1973. He received the B.S. and M.S.
degrees in electrical engineering from Fuzhou University,
Fuzhou, China, in 1996 and 1999, respectively, and the
Ph.D. degree in electrical engineering from the Yuan Ze
University, Taoyuan, Taiwan, in 2018.

12

Since 2000, he has been with the Fuzhou University, where he is currently a
Professor with the College of Electrical Engineering and Automation. His
research interests include the information processing, protection control and
flexible arc suppression of single-line-to-ground fault in distribution networks.

Mohammadreza Lak (Member, IEEE) obtained his B.S.
and M.S. degrees in power electrical engineering from
Bu-Ali Sina University, Hamedan, Iran, in 2015 and 2018,
respectively. In 2022, he completed his Ph.D. in power
electrical engineering at National Sun Yat-Sen University.
Currently, he is an assistant professor at Yuan Ze
University in Taoyuan, Taiwan. His research focuses on
multilevel converters and the power quality of microgrids.

Chih-Min Lin (M’87-SM’99-F’10) was born in
Changhua, Taiwan in 1959. He received the B.S. and
M.S. degrees from Department of Control Engineering in
1981 and 1983, respectively, and Ph.D. degree from
Institute of Electronics Engineering in 1986, all in
National Chiao Tung University, Hsinchu, Taiwan. He is
currently a Chair Professor of Yuan Ze University,
Taoyuan, Taiwan. He is an IEEE Fellow and also serves
as an Associate Editor of IEEE Transactions on
Cybernetics and IEEE Transactions on Fuzzy Systems. His research interests
include fuzzy neural network, cerebellar model articulation controller, brain
emotional learning controller, intelligent control system, adaptive signal
processing and prediction and classification problem.

Sahel Solemanifard received the B.S. degree from Razi
University, Kermanshah, Iran, in 2016. and the M.S.
degree from Bu-Ali Sina University, Hamedan, Iran, in
2019, both in electrical engineering power systems. She
received her Ph.D. from National Sun Yat-Sen University,
Kaohsiung, Taiwan. She is an assistant professor at Yuan
Ze University in Taoyuan, Taiwan, and was a postdoctoral
fellow with National Sun Yat-Sen University, Kaohsiung, Taiwan. Her
research interests include AC/AC and AC /DC converters and renewable
energy sources.

Qiteng Hong (Senior Member, IEEE) is currently a
Reader (Associate Professor) at the University of
Strathclyde, Glasgow, U.K. His main research interest is
on power system protection and control in future
networks with high penetration of renewables. He
received his B.Eng. (Hons) and Ph.D. degree in
Electronic and Electrical Engineering in 2011 and 2015
respectively, both from the University of Strathclyde. Dr
Hong is a member of IEEE Working Group P2004 and IEEE Task force on
Cloud-Based Control and Co-Simulation of Multi-Party Resources in Energy
Internet, and he also was a Regular Member of the completed CIGRE WG
B5.50.


https://webofscience.clarivate.cn/wos/author/record/29482732
https://webofscience.clarivate.cn/wos/author/record/29482732

