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ABSTRACT Single-line-to-ground (SLG) fault arcs cause the intermittent over-voltages, leading to short
circuits within large-scale area. In this paper, a flexible arc suppression device is proposed, which adopts a
zigzag grounding transformer, multi-terminal breakers and an isolation transformer to regulate zero-sequence
voltage. Principle of zero-sequence voltage regulation (ZVR) and arc suppression method is presented.
By carefully choosing the secondary side voltages of grounding transformer as the input of isolation trans-
former, the zero-sequence voltage is nearly constrained to the opposite of faulty phase supply voltage, and
the ground-fault current is limited to a very small value. This device has high adaptability for low-resistance
ground fault as it doesn’t adopt any electronic apparatus. A 10kV prototypewas established andmultiple fault
conditions were experimented to verify the effectiveness of the proposed ZVR device and its arc suppression
principle.

INDEX TERMS Distribution networks, ground-fault, arc suppression, SLG fault, zero-sequence voltage
regulation.

I. INTRODUCTION
In power system distribution network, most of the reliability
problems originate from single-line-to-ground (SLG) fault.
If the capacitive current exceeds a certain range, the ground-
ing arc will not self-extinguish. The intermittent arc may
bring about phase over-voltage, line-to-line faults and insu-
lation failure [1]. Additionally, the grounded electrified wire
will threaten livestock and human-beings’ safety, or ignite
the shrubs, which may endanger public and personnel safety,
causing serious social impacts and economic losses [2].
To constrain the SLG fault current, resonant grounded sys-
tems have been adopted in China and Europe [3], [4], and
the ability of total fault current elimination is emphasized in
practice [5].

The associate editor coordinating the review of this manuscript and

approving it for publication was Ali Raza .

There are two major fault current elimination methods:
the current-controlled method and the voltage-controlled
method. The current-controlled methods, such as Peterson
coil and the current-controlled inverter, depend on the mea-
surement of the distributed parameters to compensate the
capacitive current [6]–[10]. The effect of current compensa-
tion lies on the measurement accuracy of distributed param-
eters [11], [12]. The voltage-controlled methods, such as the
voltage-controlled inverter, limit the fault current by forcing
the neutral-to-ground voltage to be the opposite of the faulty
phase supply voltage without the measurement of the dis-
tributed parameters [13]–[15]. However, the inverter-based
active arc suppression device (ASD) faces overload capabil-
ity, high cost, and reliability problems [16]–[20].

A passive voltage-controlled ASD to regulate the zero-
sequence voltage is proposed in this paper. It is composed of
a zigzag grounding transformer, multi-terminal breakers, and
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a single-phase isolation transformer. The zero-sequence volt-
age can be easily constrained to be the opposite of the faulty
phase supply voltage, only by switching the multi-terminal
breakers and adjusting the number of turns in transformers.

The rest of the paper is organized as follows. In Section II,
the principle of zero-sequence voltage regulation and arc
suppression method of the proposed arc suppression device
is presented. In Section III, a fault model of typical
non-effective neutral 10KV distribution network was estab-
lished and multiple fault conditions were simulated, followed
by the arc suppression flowchart. In Section IV and V, sim-
ulation and experimental results are presented to verify the
effectiveness of the proposed device.

II. PRINCIPLE OF THE PROPOSED ARC
SUPPRESSION DEVICE
A passive voltage-controlled ASD with a typical non-
effective grounded 10kV distribution network topology is
presented, as shown in Fig. 1.

FIGURE 1. Topology of distribution network.

A zigzag grounding transformer (T1) is adopted to form
the neutral point. It is of the connection type Zny11. A
single-phase isolated transformer (T2) is adopted to inject a
voltage to the neutral point for the purpose of arc suppression.
The secondary sides of both the transformers are connected
by six breakers (San, Sbn, Scn, Sap, Sbp, Scp) which are used to
choose suitable line-to-line voltages for the injected neutral
voltage.

The turns of primary (high-voltage side) winding of T2
are adjustable to change the injected voltage in case the bus
voltage changes. UAA′ , UBB′ and UCC′ are the voltages of
the primary main windings of T1. UA′N, UB′N and UC′N are
voltages of the primary side phase-shift windings of T1. ua,
ub and uc are voltages of the secondary side windings of T1.
EA,EB, and EC are the three-phase supply voltages. Both the
main and phase-shift windings have the turn number of Np1.
The secondary winding has the turn number of Ns1. The turn
number of the primary and secondary side of T2 are Np2 and
Ns2, respectively. Fig. 2 shows the voltage phasor diagram of
the transformer T1.

FIGURE 2. Voltage vector diagram of high-voltage side and low-voltage
side of zigzag grounding transformer.

The relationship between Ubc, and EC can be obtained as
follows.

Ubc

EC
=

∣∣∣∣Ubc

uc

uc
UCC′

UCC′

EC

∣∣∣∣ ejπ =√3Ns1

Np1

1
√
3
ejπ =

Ns1

Np1
ejπ (1)

Similarly, the line-to-line voltage uca is the opposite of the
phase-A supply voltage EA times Ns1/Np1. The line-to-line
voltage uab is the opposite of EB times Ns1/Np1. The ejπ

denotes (cos π + j sin π ). The relationship of the primary
and secondary winding voltages of T2 is

UN

uq
=
Np2

Ns2
(2)

When the SLG fault happens, (e.g., phase C) [21], ZVR
arc suppression device functions, then a set of breakers Sbn
and Scp are turned on to generate the line-to-line voltage ubc
as the input of the secondary-side in the single-phase isolated
transformer (T2), uq.

Therefore, the neutral voltage can be constrained to

UN =
Np2

Ns2

Ns1

Np1
ECejπ (3)

Therefore, if the turn ratio of T2 meets

Np2

Ns2
=
Np1

Ns1
(4)

UN would be the opposite of EC or

UN = ECejπ (5)

Therefore, the faulty phase voltage and the ground-fault
current would be zero, which derives the basic arc suppres-
sion principle of the proposed device.

Similarly, if the faulty phase is phase A, the breakers San,
Scp are turned on to force uq to be the line-to-line voltage uca.
If the faulty phase is phase B, the breakers Sbn, Sap are turned
on to force uq to be the line-to-line voltage uab. The switch
logic of multi-terminal breakers is listed in TABLE 1 and the
speed of multi-terminal breakers is tested as milliseconds’
level.

VOLUME 9, 2021 2383



B. Fan et al.: Principle of Flexible Ground-Fault Arc Suppression Device Based on ZVR

TABLE 1. True value of switch for line-to-line voltages.

III. ZERO-SEQUENCE VOLTAGE REGULATION METHOD
In the construction of the topology shown in Fig. 1, uab, ubc
and uca are the input of the secondary-side in the transformer
T2, which is equivalent as voltage uq, thus the simplified
distribution network is shown in Fig. 3. The line-to-line volt-
age uq is treated as an ideal voltage source supplying the
secondary-side of T2. The distributed parameters of the trans-
mission line are assumed to be symmetrical. C0 is the line-
to-ground capacitance and R0 is the line-to-ground leakage
resistance. The primary turns Np2 of T2 are changeable for
precise control of the neutral voltage. Np2-sum is the total num-
ber of turns in primary-side of T2. iip is the injected current
to the neutral point. Iq is the current from the secondary-side
of the single-phase isolation transformer T2.

FIGURE 3. Simplified distribution network.

Assuming the two transformers are completely under con-
trol, then the grounding system can be treated as an ideal
zero-sequence voltage source as shown in Fig. 4. With the
consideration of the leakage inductances in both transformers
T1 and T2, the distribution network can be simplified to a
voltage source in series with the leakage inductances.

We assume SLG fault happens in phase C, then the circuit
of the whole system of Fig. 1 can be simplified to Fig. 4,
where Z6 denotes the impedance of the distribution network
and is shown in (6), where YX is the phase-to-ground admit-
tance, i.e., YX = jω0CX + 1/RX(X = A, B or C) and ω0
denotes the fundamental angular frequency.

Z6 =
1
Y6
=

1
YA + YB + YC

(6)

llk−T1 and llk−T2 are the leakage inductances of T1 and T2,
respectively. From Fig. 4(b), the neutral voltage for suppress-
ing the fault arcs can be obtained by assuming that the fault
current is equal to zero.

UN = −EC(1+ j3ω0
llk−T1 + 3llk−T2

Z6
) (7)

FIGURE 4. Zero-sequence simplified distribution network.

FIGURE 5. Zero-sequence simplified distribution network for residual
fault current calculation.

As the distributed parameter G6 is far larger than the
leakage inductance of the transformers, the impedance of the
distribution network can be ignored. Then, (7) is identical
with (5). That is to say, by selecting uq to be ubc and setting
the transformer turn ratio with (4), the fault current can be
constrained to around zero. The residual current caused by
the difference between (5) and (7) can be obtained by the
equivalent circuit in Fig. 5, where UN_res is the residual
voltage of the neutral voltage subtracted by −EC. That is,

UN_res = −j3ω0
llk−T1 + 3llk−T2

Z6
EC (8)

Therefore, the residual fault current can be expressed as

I res =
−j9ECω0(llk−T1 + 3llk−T2)

jω0(llk−T1 + 3llk−T2)(Z6 + 9Rf)+ 3Z6Rf
(9)

Thus, when the residual fault current is constrained down
to near zero by the proposed arc suppression device and the
fault arc cannot be rekindled again. Then, the reliable SLG
fault arc suppression can be achieved.

IV. SIMULATION VERIFICATION
To confirm the feasibility of the ZVR arc-suppression device,
a simulation model in PSIM for the 10kV distribution net-
work in Fig. 1 is established.
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TABLE 2. Parameters of a typical distribution network.

The main parameters of the distribution network are listed
in TABLE 2. Notice that comparative situations are carried
out into two groups in order to validate the theoretical anal-
ysis. First group is low-resistance SLG fault (set as 10�)
happening to per-phase respectively, another group simu-
lates the high-resistance SLG fault (set as 10k�) occurring
in phase A. Note that the stability margin is presented as
it is easier to be observed for the permanent steady-state
of the low-resistance (10�) and high-resistance (10k�)
ground-fault, as well as ground-fault arc in distribution
network.

All the fault time points are set at t = 0.4s. To testify the
relationship of Uf = EX + Un, (X= A, B or C), simulation
results are shown in Fig. 6–9, containing faulty phase voltage
Uf, zero-sequence voltage Un and fault phase current Ixf,
(x = a, b or c).

FIGURE 6. Waveform of zero-sequence voltage and faulty phase voltage
when low-resistance grounding fault occurs in phase C.

In Fig. 6–8, the single-phase isolated transformer is
accessed by turning on the multi-terminal breakers (Scn, Sbp
for Fig. 6, San, Scp for Fig. 7 and Sbn, Sap for Fig. 8) at
0.4s, to inject line-to-line voltage ubc, uca and uab to the
neutral point, respectively. There is a short transient change
from 0.4s to 0.45s. After 0.45s, the fault-phase voltage Uf is
stably suppressed to 37.9V, and the residual fault current is
constrained down to 3.841A. Similar simulation results of A
phase and B phase grounding fault show in Fig. 7 and Fig. 8,
which demonstrates the principle mentioned in section II.

In the second group, the high-resistance (10k) SLG fault is
simulated for phaseA grounding fault, as shown in Fig. 9. The
SLG fault still occurs at 0.4s. The transient change lasts for
0.15s. After 0.55s, the faulty phase voltage and the residual

FIGURE 7. Waveform of zero-sequence voltage and faulty phase voltage
as well as ground-fault current when low-resistance grounding fault
occurs in phase A.

FIGURE 8. Waveform of zero-sequence voltage and faulty phase voltage
as well as ground-fault current when low-resistance grounding fault
occurs in phase B.

current are constrained down to 212.83V and 0.021A,
respectively.

FIGURE 9. Waveform of zero-sequence voltage and faulty phase voltage
as well as ground-fault current when high-resistance grounding fault
occurs in phase A.

Further, four simulation results of Peterson coil and the
proposed ZVR method are compared in Table 3, which indi-
cates that the proposed ZVR method has better performance
in capacitive current compensation.
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TABLE 3. Comparative method results.

TABLE 4. Experimental parameters.

The implementation flowchart of the proposed arc sup-
pression method is shown in Fig. 10. First, by measuring
all the parameter in need to detect the SLG fault, the faulty
phase can be identified [22]. Then turn on the corresponding
multi-terminal breakers (refers to TABLE 1) for generating
the line-to-line voltage uq to quickly control zero-sequence
voltage UN. With the precise adjustment in turn ratio of
Np2, (Np2 = Np1

∗ Ns2/ Ns1), zero-sequence voltage can be
altered to be the opposite of the faulty phase supply voltage.
After certain delay, if the UN is less than 5% of the nominal
phase voltage, then the device stays put for further instruction.
If not, the step should be backing-out to go through the whole
process of the arc suppression movement one more time.
Finally, the system realizes reliable arc suppression in SLG
fault.

V. EXPERIMENT VERIFICATION
To verify the proposed arc suppression system practically,
a 10 kVA prototype is developed in laboratory, where 10kVA
is converted by 380V power supply with a boosting trans-
former, shown in Fig. 11. The capacity of transformer
T2 is 100kVA. The experimental parameters are listed in
TABLE 4. Then, 30% of the phase-to-ground parameters in
TABLE 2 represents the value of load. Thus, experiment
analyses focus on the dynamic and permanent steady-state
performance, the operation and parameter design follow the
principle in section II.

The nominal phase-to-ground capacitance have been set
in the experiment. Single-phase on-load voltage regulator
(shown in Fig. 11) imitates the effect of the ZVR arc suppres-
sion device. Following the theoretical analyses in section II,
the experiments are carried out into three groups, with
ground-faults setting as 100�, 1k� and 10k�. Experiment
results demonstrate the adaptability of the ZVR method.

FIGURE 10. Implementation flowchart of ZVR device when SLG fault
occurs in distribution network.

FIGURE 11. Experimental system.

Fig. 12–14 give the neutral-to-ground voltage (UN), phase
A positive sequence voltage ( EA) and the fault phase voltage
(Uf) when the fault resistances are 100�, 1k� and 10k�
respectively. Again, the ZVR device is activated after the
SLG fault occurs in Fig. 12–14. As shown in Fig. 12, when
the 100� SLG fault occurs, the single-phase on-load voltage
regulator regulates the zero-sequence voltage at the neutral
point. Then, the fault phase voltage is constrained down to
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TABLE 5. Experimental peak value in permanent steady state.

FIGURE 12. Experiment result under a SLG fault on phase A (Rf = 100�).
CH1: Faulty phase voltage (1895 V/div, t:0.1s/div)
CH2: phase A supply voltage (1895 V/div, t:0.1s/div)
CH3: zero-sequence voltage (1895V/div, t:0.1 s/div).

FIGURE 13. Experiment result under a SLG fault on phase A (Rf = 1k�).
CH1: Faulty phase voltage (1895 V/div, t:0.1s/div)
CH2: phase A supply voltage (1895 V/div, t:0.1s/div)
CH3: zero-sequence voltage (1895V/div, t:0.1 s/div).

20.11 V. In Fig. 13, the whole progress of ZVR arc sup-
pression takes only 0.12s, with constrained faulty voltage
of 57.81V. The final experiment result shows that the faulty
voltage in Fig. 14 is constrained down to 214.8V.

TABLE 5 records the experimental peak values of three
experiment groups, and shows the adaptability of the ZVR
device in either low-resistance ground-fault (i.e.,100�),
or high-resistance ground-fault (1k–10k�). Thus, the pro-
posed device can realize reliable arc suppression in SLG fault.

The correctness in the proposed method is accurately veri-
fied by principal analysis, the simulation analysis graph, data
and the experimental verification.

FIGURE 14. Experiment result under a SLG fault on phase A (Rf = 10k�).
CH1: Faulty phase voltage (1895 V/div, t:0.1s/div)
CH2: phase A supply voltage (1895 V/div, t:0.1s/div)
CH3: zero-sequence voltage (1895V/div, t:0.1 s/div).

FIGURE 15. Magnitude trajectory of zero-sequence voltage adopting ZVR
device under different ground-faults.

The whole courses of zero-sequence voltage regula-
tion in three experiments are presented in Fig. 15, where
records three trajectories of the adjusted zero-sequence volt-
age. (100�, 1k� and 10k� ground-fault being suppressed,
respectively). Process times of ZVR device under different
ground-faults are presented. The ZVR magnitude trajectories
are clearly shows that three groups of zero-sequence volt-
age are eventually regulated to the same magnitude value
(8666V).

According to the principle in section II, if zero-sequence
voltage is regulated to the opposite of the faulty phase supply
voltage, (Uf = EX + Un), then the ground-fault voltage can
be constrained down to zero, and reliable arc suppression can
be achieved.

Meanwhile, different characteristics are recorded in
TABLE 6 to better present great performance of the proposed
ZVR device.

Through the comparison with conventional methods,
the proposed method has the advantages of low-cost and low
controlling complexity. Because the proposedmethod doesn’t
need to detect the ground parameters or capacitive current
for arc suppression, it is easy to operate in practice. There-
fore, the correctness of this proposed ZVR arc suppression
device is accurately verified by principal analysis, simulation
analysis graph, data, and the experimental verification. Thus,
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TABLE 6. Comparative characteristics in different arc suppression
methods.

the proposed method has great performance of reliability,
adaptability and accuracy.

VI. CONCLUSION
This paper, focusing on SLG fault problem, proposes a
zero-sequence regulation-based arc suppression device. The
proposed ZVR arc suppression device includes the zigzag
grounding transformer, multi-terminal breakers and the
single-phase isolation transformer. Rigorous researches on
neutral ungrounded system of distribution network and strict
principle of zero-sequence regulation method are analyzed.
Several ground-fault conditions are simulated and experi-
ments under same conditions are made, in order to demon-
strate the correctness of the proposed ZVR method.

Peterson coils, voltage-based ASD, fault-transfer switch
and the proposed ZVR method are comparatively analyzed
in detection complexity, reliability, controlling complexity
and cost. It illustrates that the proposed ZVR device is
cost-effective without the need of Peterson coil and using
fewer number of electronic components. It has excellent reli-
ability with reduced controlling complexity, realizing desired
arc suppression effectiveness.

Further study includes experiment in prototype of
ground-fault arc and field test on the sensibility of the
proposed method. In sum, the proposed ZVR device is
cost-effective and it is easy to operate.
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