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Abstract: Among the possible fault types in the distribution networks, single-line-to-ground (SLG) fault has the highest 10 

probability. The SLG fault current and arc can easily cause personal injury and death. This study proposed a flexible fault 11 

eliminator (FFE) based on a cascaded H-bridge topology to limit the SLG fault current and extinguish fault arc in the medium 12 

voltage distribution networks. An active disturbance rejection controller for the FFE was designed to improve the current limiting 13 

performance of FFE in the presence of insulation parameter measurement errors and sampling errors from potential/current 14 

transformers. The controller with good robustness adapts to different ground fault resistances. In addition, a soft grid-connection 15 

control scheme based on bistable smooth switching was proposed to avoid the injected current impulse of FFE at the moment of 16 

grid connection. Simulation and experimental results showed that the fault current was limited to a small enough value and the 17 

fault arc was extinguished effectively. The output current and voltage of FFE at the time of grid connection were in a smooth 18 

transition, avoiding the impulse on the power grid system. The FFE can eliminate the SLG fault flexibly and stably. 19 

Keywords: Flexible fault eliminator; active disturbance rejection control; soft grid connection; single-phase-to-ground fault arc 20 

suppression; distribution networks. 21 

1. INTRODUCTION22 
The ground fault in distribution networks poses significant safety hazards and is unpredictable. Typically, single-line-to-ground 23 

(SLG) faults are the most common and can be caused by various issues [1], such as arrester breakdown, contact with foreign 24 

objects, line-to-crossbar discharge, insulator flashover, etc. In China, a distribution network with an isolated neutral point can 25 

continue to operate for up to two hours in the event of an SLG fault. However, it may lead to a temporary overvoltage during the 26 

operation of the SLG fault, which may exceed 2.3 p.u. in distribution networks. In certain situations, SLG faults would even evolve 27 

into cross-phase faults or multiple phase-to-ground faults [2]. In addition, long-time operations with SLG faults may increase the 28 

risk of life-threatening situations. 29 

The installation of a Petersen coil at the neutral point is a widely used solution to reduce the SLG fault current and mitigate 30 

overvoltage and intermittent arcs [3]. The implementation of a resonant grounding system in distribution networks can 31 

significantly decrease SLG fault power by a factor of 10,000, thereby reducing the incidence of fires caused by tree branches in 32 

contact with overhead lines by over 90% [4]. However, the growing prevalence of cables in distribution networks can lead to an 33 
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increase in the SLG fault current [5], resulting in a fast-growing demand to expand the capacity of the Petersen coil. Moreover, 34 

the current flowing through the Petersen coil cannot change abruptly. The residual overvoltage which exceeds 2 times the phase-35 

to-ground voltage cannot be ignored [2]. The overturned Petersen coil designed to prevent resonance overvoltage may generate 36 

residual current, resulting in arc extinguishing failure. Furthermore, the ground fault current induced by the line-to-ground leakage 37 

resistances cannot be decreased by the Petersen coil. 38 

Consequently, it is essential to install a reliable and flexible single-line-to-ground (SLG) fault current limiter. In [6]-[8], a 39 

flexible fault eliminator (FFE) based on a power electronic converter was connected to the neutral point in parallel with the 40 

Petersen coil to decrease the residual ground fault current. The Peterson coil compensates for most of the capacitive component 41 

of the SLG fault current and the FFE compensates for the residual capacitive and resistive components, achieving the full 42 

compensation of the ground fault current. However, the resonance overvoltage raised by the Peterson coil still cannot be avoided 43 

completely. With the development of power electronics technology, a high-capacity FFE based on a cascaded H-bridge (CHB) 44 

topology has been developed to replace the Petersen coil and limit the SLG fault current, so that the capacitive and resistive 45 

components of SLG fault current are compensated by the CHB converter, without the Peterson coil, thereby avoiding the resonant 46 

overvoltage [9]. However, due to the sub-accurate controller and modulation strategy, the FFE cannot track the reference current 47 

value accurately and promptly. Therefore, to minimize the error between reference and feedback signals in the discrete FFE control 48 

system, an improved distributed commutations modulation (IDCM) method that can adapt to the FFE operation characteristics 49 

was proposed, and successfully applied in the experimental prototype, with desired performance [10]. It is worth noting that the 50 

robustness of the FFE is crucial due to the variable ground fault resistance and changing operating conditions of distribution 51 

networks. The FFE should not only limit the ground fault current and prevent arc combustion but also ensure its stable operation 52 

without being affected by disturbances. 53 

The proportional integral differential (PID) control method is widely used in industrial applications because of its simplicity 54 

and robustness [11]-[13]. However, the PID controller may not provide satisfactory tracking performance for fast-varying AC 55 

signals. Thus, an improved model predictive control method was employed to enhance the AC signal tracking performance [14]. 56 

Nevertheless, considering the non-linear characteristics of the SLG fault arc, the back-stepping control (BSC) can further improve 57 

the robustness of the FFE [9, 15]. However, measurement errors in insulation parameters and sampling errors from 58 

potential/current transformers may lead to poor fault current limiting performance and arc extinguishing failure. These cannot be 59 

addressed by the above control methods. Consequently, a disturbance rejection control technology needs to be explored to address 60 

these disturbances. 61 

Active disturbance rejection control (ADRC) has been demonstrated as an effective alternative to PID control [16]. ADRC 62 

utilizes an error-driven control law inherited from PID control and a state observer obtained from modern control theory. It 63 
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employs a simple differential equation as the transient profile generator and incorporates a noise-tolerant tracking differentiator 64 

and nonlinear feedback control to estimate and eliminate the impact of disturbances. Hence, the ADRC has emerged as a widely 65 

accepted technique in industrial applications. In addition, linear ADRC is a two-degree-of-freedom control that can be analyzed 66 

through the internal model control framework [17]. 67 

In [18], the ADRC was applied to the CHB rectifier to enhance its anti-interference performance as a superior alternative to the 68 

PID controller. In [19], the grid disturbance rejection controller and uncertainty rejection controller were designed to optimize the 69 

performance of the system under grid disturbances and parameter uncertainties. These controllers offer theoretical support to 70 

handle various disturbance scenarios, including SLG fault resistance variation, insulation parameter measurement deviations, and 71 

sampling errors from potential/current transformers. Moreover, ADRC has shown the potential to improve the damping 72 

performance of the grid-connected system, whose stability factor can be assessed by establishing the impedance models [20]. If 73 

the SLG fault resistance is considered part of the damping of grid-connected FFE, the variation of the SLG fault resistance can be 74 

regarded as a damping change. In this way, the disturbances caused by the arc variation during the SLG fault may be solved. In 75 

[21], the plant information and external disturbances were modeled as generalized disturbances and estimated using a linear 76 

extended state observer, which was incorporated into the linear state feedback control law for rapid rejection. The linear finite-77 

dimensional controller can be implemented via the linear ADRC structure. In this paper, we design a linear ADRC system to resist 78 

generalized disturbances, including SLG fault resistance variation, insulation parameter measurement errors, and sampling errors 79 

from potential/current transformers. 80 

Furthermore, it is important to consider the transient dynamics during the grid connection of FFE. At present, the research on 81 

the grid connection via power electronic converter focuses mainly on the synchronous operation with the power grid [22]-[25]. 82 

Especially in the case of power grid failure, the converter needs to keep synchronous operation with the power grid [26]. However, 83 

the power electronic converter can generate transient impulses during grid connection, which makes studying soft grid-connection 84 

technologies important but often overlooked. In [27], a flexible grid connection technique based on direct power control for 85 

unbalanced grids was proposed. In [28], a soft grid-connection technique was proposed that relied on zero-crossing detection, but 86 

this method is susceptible to harmonic disturbances. To address this issue, we propose a novel soft grid-connection control scheme 87 

based on bistable smooth switching and compare its effectiveness with that of the zero-crossing detection method. Our approach 88 

effectively reduces the current impulse of FFE on the power grid system during grid connection. 89 

This paper was organized as follows: the principle of flexible fault elimination for distribution networks was introduced in 90 

Section II. The ADRC system design and soft grid-connection scheme for FFE were presented in Section III. The performance of 91 

FFE with ADRC and soft grid connection was verified by simulation in Section IV. The experimental results of the FFE industrial 92 

prototype were displayed in Section V. The conclusions were summarized in Section VI. 93 
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2. PRINCIPLE OF FLEXIBLE SINGLE-PHASE-TO-GROUND FAULT ARC SUPPRESSION 94 

2.1 Distribution network with FFE 95 

The distribution network with an FFE is shown in Fig. 1. G is the 110kV ideal power supply. The distribution network voltage 96 

is 10.5 kV converted from 110 kV via a transformer ydT . Au , Bu , and Cu  are the line-to-ground voltages, respectively. 0Ar , 97 

0Br , and 0Cr  are the line-to-ground leakage resistances, respectively. 0Ac , 0Bc , and 0Cc  are the line-to-ground capacitances, 98 

respectively. The line-to-ground currents are Ai Σ , Bi Σ , and Ci Σ , respectively. It is assumed that the SLG fault occurs in phase A. 99 

The faulty phase voltage is f Au u= . The ground fault resistance is fR , and the ground fault current is fi . FFE consists of a CHB 100 

converter and filter inductor HNL , and it is connected between the neutral-point N structured by the zigzag transformer ztT  and 101 

ground. The neutral-point voltage is 0u . The injected current and output voltage of FFE are HNi  and HNu , respectively. The 102 

potential transformer (PT) is connected to the bus for sampling. 103 

G

BΣi AΣiCΣi fi
fR0Ar0Br0Cr 0Ac0Bc0Cc

fu
Au

Bu

Cu

ydT Su

ztT

HNu

HNL

+
−

PK +
−

1z

01 b

1 s

1 s 2β

1β

2z

+
+

+
1z

1z

2z

−

+ HNi

HNu

2e

1e ++
0u

refig
refi

r
refi

+−
0u

Au

Ae−

  

 104 

Fig. 1.  Distribution network with FFE. 105 

2.2 Principle of flexible fault elimination 106 

Assuming that the three-phase power supply and the line-to-ground parameters are symmetrical. The line-to-ground leakage 107 

conductance and capacitance can be described as 0 0 0A 0B 0C1 1 1 1G R r r r= = + +  and 0 0A 0B 0CC c c c= + + , respectively. From 108 

Fig. 1, it can be presented that 109 

 C CA A B B A
HN 0A 0B 0C

0A 0B 0C f

dd d .
d d d

u uu u u u ui c c c
r t r t r t R

= + + + + + +  (1) 110 

The line-to-neutral voltages are denoted as Ae , Be , and Ce , respectively. The line-to-ground voltage can be expressed by the 111 



5 
line-to-neutral voltage and neutral-point voltage as 112 

 0 , A, B,C.X Xu u e X= + =  (2) 113 

Replacing (2) into (1), it can be rewritten as 114 

 

0 0 A
HN 0

0 f

A A A A A
0 0

0 0 f

d
d

d d .
d d

u u ui C
R t R
u u e e uC C
R t R t R

= + +

 
= + − + + 

 

 (3) 115 

If the injected current HNi  is controlled as 116 

 A A
HN 0

0

d .
d

e ei C
R t

 
= − + 

 
 (4) 117 

From (3), the ground fault current fi  and the faulty phase voltage Au  will be limited to zero simultaneously. Therefore, the 118 

SLG fault arc can be extinguished, and the distribution network returns to normal operation.  119 

It is worth noticing that the current arc suppression method used in this paper has strong adaptability to low-resistance grounding 120 

faults. Compared with the voltage arc suppression method, which controls the faulty phase voltage of 10 kV bus to zero, the 121 

control target of the current arc suppression method is the compensation of the total ground leakage current. Therefore, as long as 122 

the total ground leakage current of the distribution network is compensated, the ground fault current can be effectively suppressed 123 

even in the case of a metallic ground fault, thereby reducing the damage to other electrical equipment caused by the large residual 124 

current of the ground fault. 125 

3. CONTROL METHOD FOR FFE 126 

3.1 Design for active disturbance rejection control 127 

According to the mentioned above, the equivalent circuit of the distribution network with FFE can be drawn, as shown in Fig. 128 

2. Ri  and Ci  are the currents flowing through leakage resistance 0R  and capacitance 0C , respectively. 129 

Ri

0R fR

HNL
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HNi
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 130 

Fig. 2.  The equivalent circuit of the distribution network with FFE. 131 

From Fig. 2, the voltage across the filter inductor HNL  can be written as L HN 0u u u= − . Consequently, the injected current HNi  132 

can be described by the differential equation as 133 
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 HN L HN 0
HN HN HN

1 1 1 .i u u u
L L L

= = −  (5) 134 

According to Kirchhoff's current law (KCL), Ci  can be expressed as 135 

 C 0 0 HN R fi C u i i i= = − −  (6) 136 

Where the current flowing through the leakage resistance 0R  and fault resistance fR  can be expressed as R 0 0i u R=  and 137 

( )f 0 A fi u e R= + , respectively. Therefore, the neutral-point voltage 0u  can be presented by the differential equation as 138 

 0 C HN 0 A
0 0 0 0 f 0 f

1 1 1 1 1 1 .u i i u e
C C C R R C R

 
= = − + − 

 
  (7) 139 

The state-space representation [20] is written as 140 

 .
= +

 = +

x Ax Bu
y Cx Du

 (8) 141 

From (5) and (7), the plant model can be rewritten as a state-space representation. Where the state variable x , the input variable 142 

u , and the output variable y  can be described respectively as 143 

 

[ ] [ ]
[ ] [ ]
[ ]

T T
1 2 HN 0

T T
1 2 HN A

HN .

x x i u

u u u e

i

= =

= =

=

x

u

y

 (9) 144 

Moreover, the matrix can be derived as 145 

 

[ ] [ ]

HN HN

0 f0 0 0 f

1 10 0

11 1 1 1 0

1 0 0 0 .

L L

C RC C R R

   −   
   =    

−− +    
     

= =

，

，

A = , B

C D

 (10) 146 

Let HN1 Lα = − , HN1 Lβ α= = − , ( )0 f 01 / 1/ /g R R C= − + , 01 Cγ = , ( )0 f1b C R= − , the state-space representation of the 147 

plant model can be restated as 148 

 

1 2 1

2 1 2 2

1

.

x x u

x x gx bu

y x

α β

γ

= +
 = + +


=



 (11) 149 

Because the fault resistance fR  is unknown and changes with time, the value of g  and b  are unknown. The certain 150 

intermediate value 0b  within the range of ( )b t  is adopted, and let 151 
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( )

( ) ( )

1 2 0 0
0 0 f

0 1 2 1 1 2

0 0
0 0 0 f

1 1 1, ,

, , , ,
1 1 .

f x x t gu u
C R R

f x x t f x x t

u u
C R C R

 
= = − + 

 
= +

= − −

 (12) 152 

Consequently, (11) can be represented as 153 

 ( ) ( )
1 2 1

2 1 1 2 0 2 0 2

1

, , .

x x u

x x f x x t b b u b u

y x

α β

γ

= +
 = + + − +

 =



 (13) 154 

Where the disturbance ( ) ( )0 1 2 0 0 0, ,f x x t u C R= −  is known and the disturbance ( ) ( )1 1 2 0 0 f, ,f x x t u C R= −  is unknown for the 155 

plant. If the insulation parameter measurement errors are considered, let 0 0n 0nC C C= + ∆ , 0 0n 0nR R R= + ∆ . Where 0C  and 0R  156 

are the actual capacitance and resistance, respectively. 0nC  and 0nR  are the measured capacitance and resistance, respectively. 157 

0nC∆  and 0nR∆  are the errors between the actual value and the measured value for capacitance and resistance, respectively. The 158 

disturbances are ubiquitous in the system due to the unknown fault resistance and insulation parameter measurement errors. In 159 

addition, the sampling errors from potential/current transformers can also be considered disturbances. Hence, the γ , g , and b  160 

contain unknown disturbance factors. 161 

The schematic diagram of the first-order linear ADRC is shown in Fig. 3. It contains a linear state error feedback (LSEF) control, 162 

a linear extended state observer (LESO), and a disturbance compensation term (DCT). refi  is the reference value of the injected 163 

current. HNi  is the measured value of the injected current. 2e  is the error between the feedback value HNi  and the estimated 164 

value 1z . 1e  is the error between the reference value refi  and the estimated value 1z . 165 
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Fig. 3.  Schematic diagram of first-order linear ADRC. 167 

Design a linear expansion state observer (LESO) for first-order linear ADRC to reject the disturbances mentioned above, as 168 

follows 169 

 
( )

( )
1 2 01 1

2 02 1

.
z z z y bu

z z y

β

β

= − − +


= − −




 (14) 170 
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Where 1z  is the estimated value of the injected current HNi , and 2z  is the estimated value of the disturbance. As shown in Fig. 171 

3, the state variable can be observed via the output and input of LESO. When the 2e  approaches zero, the feedback HNi  can be 172 

tracked by 1z  of LESO, and 1 ref 1e i z= −  approaches to ref HNi i− . The disturbance of the plant can be estimated accurately by 173 

the observed value 2z . Therefore, the state variable and disturbance can be observed well by LESO, and the disturbance signal 174 

can be rejected. 175 

3.2 Soft grid-connection scheme 176 

At the initial time of the SLG fault, FFE tracks the voltage at the junction point in an open-loop manner. Then, the FFE starts to 177 

inject current into the distribution network. The two operation modes of FFE are different completely, so the injected current 178 

impulse may occur during the transient dynamics. Thus, the amplitude and phase of the voltage at the junction point (neutral point) 179 

should be changed regularly. 180 

During FFE tracking the voltage at the junction point in an open-loop manner, the amplitude and phase of the output voltage 181 

HNu  are the same as that of neutral-point voltage 0u . Accordingly, the injected current HNi  is equal to zero according to Fig. 3. 182 

Later, the error ie  between the reference current and injected current is calculated to determine whether it is less than the 183 

threshold th
ie . If not, FFE continues to track the neutral-point voltage until th

i ie e> . Then, the amplitude and phase of the faulty 184 

phase to ground voltage and neutral-point voltage are calculated. In this way, the target trajectory based on the polynomial can be 185 

designed using steady-state constraints for the switching of the two operation modes. It can be designed as 186 

 
( ) ( ) ( ) ( ) ( )

( ) ( ) ( ) ( ) ( )

amp amp amp amp
ref 0 f 0

ref 0 f 0

1
.

1

p k
U k U k E k U k

n
p k

k k k k
n

θ θ θ θ


 + = + −  


 + = + −  

 (15) 187 

Where ( )p k k= , and 1,2,...,k n= . The neutral-point voltage amplitude amp
0U  is changed linearly to the amplitude of the faulty 188 

phase to ground voltage amp
fE , and the neutral-point voltage phase 0θ  is changed linearly to the phase of faulty phase to ground 189 

voltage fθ . The bistable smooth switching method can avoid the injected current impulse of FFE, and the FFE can realize a soft 190 

grid connection. The flow chart of the soft grid connection is shown in Fig. 4. 191 
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Fig. 4.  Flow chart for soft grid connection. 193 

4. SIMULATION AND DISCUSSION 194 

4.1 Simulation parameters 195 

A 10kV distribution network simulation model with an FFE was built according to Fig. 1. The damping rate in the distribution 196 

network is 8%. The FFE is a cascade H-bridge with 10 cascades, and the IDCM, the designed ADRC, and a soft grid-connection 197 

scheme based on bistable smooth switching are applied to it. The simulation step is set as 10 μs. The network specifications and 198 

control parameters in simulations are shown in Table I. The reference current error rate caused by the insulation parameter 199 

measurement errors and the sampling errors from potential/current transformers is 0.4%. 200 

Table I  Network specifications and control parameters in simulations. 201 
Parameters Value 

Line-to-ground leakage resistance 5684 [Ω] 

Line-to-ground capacitance 7 [μF] 

Filter inductance 0.01 [H] 

DC-link voltage of H-bridge cell 900 [V] 

Switching frequency 10 [kHz] 

ADRC 1β  100,000 

ADRC 2β  1,000 

ADRC 1 b  10 

ADRC PK  250 

4.2 Simulation results 202 

The SLG fault occurs in phase A at 0.025 st = . Fig. 5, Fig. 6, and Fig. 7 show the control performances of the PID, BSC, and 203 

ADRC with different fault resistances (10 Ω, 100 Ω, and 1000 Ω, respectively). The waveforms of injected current HNi , SLG 204 
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fault current fi , and faulty phase voltage Au  are provided, and their transient dynamics at the moment of grid connection are 205 

highlighted. The soft grid connection using the zero-crossing detection method is adopted in the PID and BSC for comparison 206 

with using a bistable smooth switching scheme. In this way, the grid-connection time can be automatically identified. 207 
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Fig. 5.  Comparison between PID, BSC, and ADRC for 10 Ω SLG fault. (a) Waveforms of injected current; (b) Waveforms of 214 
ground fault current; (c) Waveforms of faulty phase voltage. 215 

0 0.05 0.1 0.15 0.2

t  / s

-50

0

50

i H
N

 / 
A

Injected current at R
f
=100 Ω

0.05 0.06 0.07 0.08 0.09 0.1

t  / s

-50

0

50

i H
N

 / 
A

PID

BSC

LADRC-SGCADRC

 216 
(a) 217 

0 0.05 0.1 0.15 0.2

t  / s

-50

0

50

i f / 
A

Ground current at R
f
=100 Ω

0.05 0.06 0.07 0.08 0.09 0.1

t  / s

-50

0

50

i f / 
A

PID

BSC

LADRC-SGCADRC

Ground fault

 218 
(b) 219 

0 0.05 0.1 0.15 0.2
t  / s

-5000

0

5000

10000

u A
 / V

Faulty phase voltage at Rf =100 Ω

0.05 0.06 0.07 0.08 0.09 0.1
t  / s

-5000

0

5000

u A
 / V

PID
BSC
ADRC

 220 
(c) 221 

Fig. 6.  Comparison between PID, BSC, and ADRC for 100 Ω SLG fault. (a) Waveforms of injected current; (b) Waveforms of 222 
ground fault current; (c) Waveforms of faulty phase voltage. 223 
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Fig. 7.  Comparison between PID, BSC, and ADRC for 1000 Ω SLG fault. (a) Waveforms of injected current; (b) Waveforms of 230 
ground fault current; (c) Waveforms of faulty phase voltage. 231 

Compared with the PID and BSC methods, the ADRC provides better performances in the case of variation of fault resistance. 232 

Because the insulation parameter measurement errors and the sampling errors from potential/current transformers can be properly 233 
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corrected. Accordingly, the residual ground fault current based on the ADRC is minimal. Moreover, the grid-connection scheme 234 

based on bistable smooth switching can limit the injected current impulse well at the moment of grid connection in comparison to 235 

the zero-crossing detection method, which distinguishes its superiority with a large increase in fault resistance. Although the 236 

transient dynamics of soft grid connection may affect the speed of fault elimination, the FFE can start operation directly without 237 

waiting for the zero-crossing moment which may be delayed due to some factors such as harmonics. Therefore, according to the 238 

comprehensive evaluation, the proposed grid-connection scheme provides a faster response than the other methods. 239 

Fig. 8 shows the residual ground fault current and residual faulty phase voltage controlled by the PID, BSC, and ADRC in the 240 

scenarios of different fault resistances. In this figure, the ADRC shows the best performance with the smallest residual ground 241 

fault current and faulty phase voltage. Hence, with the application of ADRC, the fault arc is of a great chance to get extinguished 242 

and the fault can be eliminated. The detailed simulation results of ADRC are shown in Table II. The root mean square (RMS) of 243 

the ground fault current is denoted as RMS
fI , and the RMS of the residual ground fault current is defined as RMS

resI . The rate of 244 

suppression of ground fault current is described as ( )RMS RMS RMS
f res f 100%I I Iη = − × . 245 

Table II  Simulation results. 246 

[ ]fR Ω  [ ]RMS
f AI  [ ]RMS

res AI  [ ]%η  

10 39.90 0.67 98.32 

50 37.27 0.62 98.33 

100 32.32 0.54 98.33 

500 11.31 0.19 98.32 

1000 5.90 0.10 98.33 

5000 1.21 0.02 98.30 

10000 0.61 0.01 98.25 
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Fig. 8.  Comparison of residual ground fault current (histogram) and faulty phase voltage (line chart) between PID, BSC, and 249 
ADRC under different SLG fault resistances. 250 

Fig. 9 shows the injected current and zero-sequence voltage controlled by PID, BSC, and ADRC in the scenarios of different 251 

fault resistances. In comparison with the PID and BSC, the injected current based on ADRC is higher and closer to the actual 252 
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value, thus, the reference current error caused by the insulation parameter measurement errors and the sampling errors from 253 

potential/current transformers can be properly corrected. And the zero-sequence voltage based on ADRC is more stable when the 254 

fault resistance varies. Thus, the disturbance impacts brought by the parameter measurement deviations and the sampling errors 255 

can be rejected. 256 
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Fig. 9.  Comparison of injected current (histogram) and zero-sequence voltage (line chart) between PID, BSC, and ADRC under 258 
different SLG fault resistances. 259 

It is worth noticing that the generator current is almost not affected by the integration of the FFE into the distribution network. 260 

As shown in Fig. 2, the neutral point of distribution networks is not grounded. The connection between G and the 10 kV distribution 261 

network is isolated through a transformer ydT . Consequently, the zero-sequence current cannot flow into the high-voltage side of 262 

the transformer, i.e., the 110 kV power grid, and can only circulate on the low-voltage side, i.e., the 10 kV distribution network. 263 

Similarly, the zero-sequence current cannot flow into the low-voltage side of the distribution transformer, i.e., the 0.4 kV power 264 

grid, and can only circulate on the high-voltage side of the distribution transformer, i.e., the 10 kV distribution network. Thus, the 265 

load current is almost not influenced by the integration of the FFE into the distribution network. 266 

5. EXPERIMENT AND DISCUSSION 267 

5.1 Experimental parameters 268 

As shown in Fig. 10, the SLG fault elimination is implemented by a prototype of the FFE on the 380V distribution network 269 

experimental platform. The prototype of FFE includes a CHB, a three-phase multi-winding isolation transformer for the DC power 270 

supply of H-bridge modules, a filter inductor, a contactor, and a three-phase adjustable transformer. The 380V distribution network 271 

experimental platform contains an SLG fault generator, and the detailed specifications of the platform are described in [6]. The 272 

network specifications and control parameters in this SLG fault elimination experiment are presented in Table III. 273 
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 274 

Fig. 10.  Photograph of the prototype of FFE on the 380V distribution network experimental platform. 275 

Table III  Network specifications and control parameters in experiments. 276 

Parameters Value 

Line-ground leakage resistance 800 [Ω] 

Line-to-ground capacitance 12.893 [μF] 

Number of H-bridge cells 12 

Filter inductance 58.33 [mH] 

DC-link voltage of H-bridge cell 50 [V] 

Switching frequency 6 [kHz] 

Control parameters of ADRC 1β  12,000 

Control parameters of ADRC 2β  120 

Control parameters of ADRC 1 b  1.5 

Control parameters of ADRC PK  120 

5.2 Experimental results 277 
The SLG fault occurs in phase A. The performances of SLG fault elimination in the case of different ground fault resistance are 278 

shown in Fig. 11-Fig. 15. At the initial time, FFE tracks the voltage at the junction point in an open-loop manner. After the two 279 

gird cycles, the FFE starts to inject current into the distribution network. In these figures, HNu  is the output voltage of the FFE, 280 

and 0u  is the zero-sequence voltage of the distribution network, and fi  is the SLG fault current, and HNi  is the injected current 281 

of the FFE. 282 
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Fig. 11.  SLG fault elimination in the case of 10 Ω fault resistance. 284 
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Fig. 12.  SLG fault elimination in the case of 50 Ω fault resistance. 286 
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Fig. 13.  SLG fault elimination in the case of 100 Ω fault resistance. 288 
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Fig. 14.  SLG fault elimination in the case of 500 Ω fault resistance. 290 
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Fig. 15.  SLG fault elimination in the case of 1000 Ω fault resistance. 292 

The detailed experimental data are shown in Table IV. The ground fault current and faulty phase voltage are limited to small 293 

enough values to extinguish the fault arc in various ground fault conditions. 294 

Table IV  Experimental results. 295 
[ ]fR Ω  [ ]RMS

0 VU  [ ]RMS
f VU  [ ]RMS

res mAI  [ ]RMS
HN AI  

10 222.6 3.36 336.0 2.712 

50 226.4 10.70 214.0 2.704 

100 225.1 14.42 144.2 2.679 

200 222.4 16.50 82.5 2.670 

500 221.0 18.85 37.7 2.686 

1000 219.1 18.95 18.95 2.677 

2000 215.1 19.48 9.74 2.651 

3000 215.0 21.21 7.07 2.652 

5000 215.2 22.60 4.52 2.654 

10000 215.0 28.40 2.84 2.654 

According to the experimental results, the injected current HNi  increases smoothly from zero to the reference current value, 296 

proving that the soft grid-connection scheme based on bistable smooth switching can avoid the injected current impulse. The fault 297 

current fi  is limited as the injected current increases. Then, the injected current is adjusted continuously and slightly by the 298 
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ADRC, so the reference current error caused by the insulation parameter measurement errors and the sampling errors from 299 

potential/current transformers are properly corrected and the fault current is further limited to a lower value. Consequently, the 300 

FFE can flexibly and stably eliminate the SLG fault in the distribution networks with great robustness. 301 

6. CONCLUSION 302 
To avoid the hazards of the single-line-to-ground (SLG) fault and to ensure the safe and reliable operation of the distribution 303 

networks, this paper proposed a flexible fault eliminator (FFE) based on a cascaded H-bridge topology to limit the SLG fault 304 

current and extinguish fault arc in the medium voltage distribution networks. Moreover, an active disturbance rejection control 305 

(ADRC) for FFE was designed to correct the reference current errors caused by the insulation parameter measurement errors and 306 

the sampling errors from potential/current transformers. Furthermore, a soft grid-connection scheme based on bistable smooth 307 

switching was proposed to avoid the injected current impulse of FFE at the moment of grid connection. Simulation and 308 

experimental results showed that the ADRC with great robustness applies to different ground fault resistances. The output current 309 

and voltage of FFE at the time of grid connection were in a smooth transition, avoiding the impulse on the power grid system. 310 

With the increasing penetration rate of renewable energy, there are more disturbances in the distribution networks. The proposed 311 

method in this paper has enhanced resilience capabilities for realizing the reliable suppression of ground fault current, which will 312 

better adapt to future changes in the distribution networks.  313 
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