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Abstract. Existing voltage-type arc suppression method compensates fault cur-
rent without considering line impedance. When metallic single line-to-ground
(SLG) fault occurs, residual current of fault location rises instead of falling with
conventional method, resulting in the failure of arc suppression. To solve this prob-
lem, combined current-type and voltage-type arc suppression method, a hybrid
method is proposed in this paper. The distribution network is analyzed when
considering line impedance and load. According to this, the current and voltage
references for active arc suppression device (ASD) are derived for accurate arc
suppression. The grounding resistance is estimated by zero-sequence current and
voltage of the system. When it is larger than a setting threshold, voltage-type arc
suppression method is adopted. Otherwise, current-type method is adopted. The
proposed method can reduce fault current to almost zero. The correctness of the
proposed method is validated and comparison is presented by simulation in the
MATLAB/Simulink environment.

Keywords: Distribution Network - Single-phase-to-ground Fault - Arc
Suppression

1 Introduction

SLG (single line-to-ground) faults are the most common fault type and shound be paid
attention to [ 1, 2]. With the the extensive use of power cables, the fault current increases
sharply. The resulted ground-fault arc is difficult to extinguish itself, which may cause
overvoltage and interphase short circuit 3, 4].

The passive method adopts Petersen coil to acchive capacitive current compensation
[5-7]. The active method uses power electronics converters to inject a specific zero-
sequence current for full ground-fault current compensation. Z. Zheng [8] presented a
three-phase arc suppression device and backstepping control. However, the accuracy
of the ground-fault current limits its arc suppression performance. The conventional
method [4] achieve arc suppression by setting neutral voltage to the inverse of supply
voltage of faulty phase.

However, line impedance is ignored. To address this problem, [9, 10] proposed an arc
suppression method by limiting the neutral voltage to a regulated reference. The effect
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of line impedance and load are taken into account [10]. However, the simulation was
performed when grounding resistance is set to 30,50 and 100€2. It ignores the conditions
of low grounding resistance and metallic SLG faults. When low-resistance SLG fault
occurs at the beginning of faulty feeder, the actual value of neutral voltage is close to
the reference, which may leads to the failure of arc suppression.

In this paper, a hybrid method is proposed in Sect. 2. In Sect. 3, the limitations of
conventional method and the impact factors of residual current are analyzed. Then, the
injection current reference and neutral voltage reference are presented along with the
related parameters calculation. The complete implementation process of the hybrid arc
suppression method is presented. Finally, simulation results are provided in Sect. 4 to
study arc suppression performance.

2 Performance Analysis of Conventional Arc Suppression Method

Conventional arc suppression method works by regulating the neutral voltage to the
supply voltage of faulty phase. However, conventional arc suppression method ignores
line impedance and load, which leads to an issue that the voltage of fault location is the
same as bus. The residual voltage cannot be restricted to zero even bus voltage maintains
ZEero.

2.1 Residual Current Calculation at Fault Location

Figure 1 shows a 10kV distribution network including line impedance and load. The
feeder lines length is m km long and the fault feeder is 1 km long. « is the fault location
ratio, i.e., the division of the length from the busbar to the fault point over the total
length of the fault feeder. Zix and Zjy,q are the line impedance and load impedance,
respectively. The load is in triangular connection.
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Fig. 1. 10kV distribution network considering line impedance.

The boundary conditions is

{Uf1+[?f2+Uf0={jf (1)

Ipy = lp> = Iyo = 51
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Fig. 2. The sequence networks considering line impedance.

From (1) and Fig. 2, the simplified circuit is shown as Fig. 3, where Z;p = Zjpqq +
(I —a)Z.

Fig. 3. The simplified composite sequence network.

Eeq and Z,, are the equivalent voltage source and impedance, shown as (2) and (3).

r — Zjpad+1—=a)Z1 1 g
Eeq = gl T—odll Zdll+Zloud “EA + Un (2)
_ 20Z11(Zjpaa +(1—0)Z)1]
Zog = =4 Z[llizloada L+ aZy (3
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Therefore, the ground-fault current if is

. 3E,
S S
Assume if is equal to zero, from (2) - (4), we can get the reference neutral voltage
of the ASD for ground-fault arc suppression, which is shown in (5).
0 = gz ©
According to (1) and (2)-(4), the residual current with conventional voltage-type arc
suppression method can be obtained by (6).

I' 0= 730{2115;, (6)
" (aZjo+3Ry ) (Zi1+Zioaa) +20Z11  Zipaa +(1—a) Z1 ]

Obviously, the residual current mainly relates to o, Ry and Zjy.q. Typical power
system parameters are shown in Table 1.

150 160
N a=0.1;5 =2MV4 —Residual current;a =18 = 4MVA
140 —Fault current;a =1;S = 4MVA

100 X == =a=05S5=1MV4
---- Threshold 100

Ir/O(A)

50

0
10° 10’ i 10* t:n" 10 10* 10°
R,(Q) R(Q)
(a) (b)
Fig. 4. The residual currents when parameters vary (a) and comparison fault current before and
after conventional arc suppression (b).

According to (6), the relationship between fault location, grounding resistance and
residual currents are shown in Fig. 4(a). From the operation code, the maximum residual
current to ensure fault arc self-extinction is 10 A, which is set as the threshold in Fig. 4(a).

Itis shown that when the load power is fixed, the residual current increases as the fault
gets close to the end of the fault feeder. It can be also observed that with the decrease of
grounding resistance, the residual current increases. Only when the grounding resistance
is larger than about 200 €2, the arc can be suppressed.

Figure 4(b) shows the comparison fault currents before and after conventional arc
suppression when o = 1 and § = 4MVA. The red curve is the residual current after arc
suppression. The blue curve is the fault current before arc suppression. We can see that
the residual current is even larger than the fault current before SLG fault. In the worst
case, the fault current reaches 130% of the capacitive current when grounding resistance
is zero.
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Table 1. System parameters.

Parameters Value
Positive-sequence impedances Z;; 0.27 +j0.07 Q/km
Positive-sequence impedances Z .1 9.4e3 Q/km
Zero-sequence impedances Z; 2.7 +j0.32 Q/km
Zero-sequence impedances Z . 1.14e4 Q/km
Nominal power 1 MVA

Line voltage Ex 10 kV

Total length of feeder lines m 100 km

Total length of fault line / 20 km

3 Hybrid Arc Suppression Method

Current-type arc suppression method needs the distributed parameters. Their detection
may be affected by the fluctuation and asymmetry of the distribution network. These
factors will lead to measurement errors of grounding parameters, so that the reference
injected current is not accurate enough, and it is difficult to restrict fault current to zero.
Voltage-type method needs no measurement of grounding parameters, but it has poor
performance when low resistance SLG fault occurs. To solve this problem, a hybrid arc
suppression method is proposed.

3.1 Principle of Hybrid Arc Suppression Method

The proposed method is shown as follows. When the estimated grounding resistance is
larger than a set threshold, voltage-type arc suppression method is adopted. Otherwise,
the current-type method will be adopted. Through the complementary advantages of the
two methods, the arc suppression performance is maximized.

According to (6), the critical resistance of voltage-type arc suppression failure R,
can be obtained from (7).

R. — 0371 Ex =200 7)1 [Zjoaa+(1—)Z1]1 _ aZio (7)
cr 30(Zi+Zioad) 3

Thus, the switching conditions of voltage-type and current-type arc suppression
methods are as follow:

1) When Ry > R.,, voltage-type arc suppression method is adopted.
2) When Ry < R, current-type arc suppression method is adopted.
3.2 Neutral Voltage and Injected Current for Arc Suppression

From circuit theory, the composite sequence network considering the line impedance,
fault location and the load impedance can be deduced from Fig. 3 as shown in
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Fig. 5, where Z, is the equivalent impedance, i.e., Z, = aZ;1//Zip = aZ;1[Zipaa +
(I —a)Znl/(Zin + Zioad)-

If the current-type ASD is used, the equivalent voltage source and impedance can
be obtained from Fig. 5(a), as shown in (8) and (9).

Eoy = o OB, Zeoh (8)
20711 Zipaa + (1 — a)Zj1]
Loy = +aZjp + Zco 9
Zn + Zipad
o |
T
aZ,, 27, aZ, 27,
%il o + o
—— Z,kE, . I ZpE,
T@ T aZy+Zy, @ UN T al,+Zy,
Zeo + _ Zey +

+ +
U, 3R, U, Il 3R,

(2 (b)

Fig. 5. Simplified composite sequence network when the line impedance is considered (a: with
current-type ASD; b: with voltage-type ASD).

Assume if is equal to zero, from (8) and (9), we can get the reference injected current
of the ASD for arc suppression,

px _ _ 3 Zpag+(1=0)Zp1] 7.
Ii* - (lelizload)zcél Ea (10)

If the reference current ii* is injected to the neutral, the ground fault current can be
restricted to zero. Take notice that (10) is related to fault location, line impedance, load
impedance and phase-to-ground impedance. Both of fault location and load impedance
need to be measured in real-time, and the distributed capacitance should be estimated in
advance.

For the voltage-type ASD, the reference neutral voltage of the ASD can be deduced
by setting Uy = 0 in Fig. 5(b),

: Zioad+(1-)Z) 7
Ui = gy v

Voltage-type arc suppression method brings the advantage that it needs no measure-
ment distributed parameters of the feeder line. To implement the proposed method, the
grounding resistance should be know.
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Assume Yy is the phase-to-ground admittance. Iy is the zero-sequence current of
after SLG fault, which can be expressed as (12)

iOIUO(YA‘}‘YB‘i‘YC‘i‘%) (12)

where Uy is the zero-sequence voltage. The expression of ground-fault resistance is as
follow:
= UO
Rr = —temavsrro a3
There are many methods for fault location H4-1171 it is not discussed in this paper.
The load impedance to the distribution network transformer is equivalent to Y-type
impedance Zj,q4. It is assumed that load current is basically unchanged before and after
the fault. During normal operation, the load impedance meets (14).
o B\ _ PLtiOL
Ea( ) =15 (14)

where Py and Qy are the active and reactive power of fault feeder, respectively. Thus the
expression of Zj,,q is (15).

3E2
Zioad = —pL,;‘QL (15)

Therefore, the injection current reference and neutral voltage reference can be
expressed as follows, respectively, according to (9), (10) and (15).

j =3 .‘YZII(PL—]QL) -1 E_A 16
ref |:3|EA|2+ZII(PL—jQL) Zco (16)
0o = | —ezneimjon 1};5 17

of |:3|EA|2+ZII(PL—jQL) A 17)

3.3 Implementation

Figure 6 shows the implementation of the proposed method. When SLG fault occurs.
The fault phase and feeder will be identified immediately. The grounding resistance, load
impedance and fault location can be calculated according to (13), (15), respectively. If
Ry > Ry, the voltage-type method is chosen and the ASD controls the neutral voltage
to the reference value according to (17). Otherwise, the current-type method is chosen
to inject reference current to the neutral point according to (16).

After a delay, we reduce the injected current and judge whether the zero-sequence
voltage changes in proportion to make sure the fault status. When the neutral voltage
decreases with the decrease of injection current, it means the fault disappears and remove
the injected current. Otherwise, it will be judged as permanent fault and line selection
and protection device should be triggered.
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3.4 Arc Suppression Accuracy of the Proposed Hybrid Method

By controlling the injected current as (9) or neutral voltage as (10), the residual current
can be reduced to zero. According to (9) and (10), the fault location must be known in
advance. However, the fault location is very difficult to measure accurately. It is necessary
to further analyze the residual current when estimated fault location varies.

It is assumed that the estimated fault location ratio is «s. The existing fault location
method can limit |o.s — «| to less than 10%. According to (7)-(9), the residual current
with current-type arc suppression method can be obtained from (17).

i = 3(013.?*0‘)211514. (18)
¢ (aZig+Zco+3Rr ) (Zn+Zioad) 2021 [ Zipaa +(1—) Z1]

Measure three-phase voltages,
neutral voltage and currents
No

Obtain Z . and ¢ according
10 (17) and [14]

Calculate reference injected
current according to (18)

Calculate regulated neutral
voltage according to (19)

educe injected current, if neutral
voltage reduces proportionally?
No
Yes

|

Detect and isolate

Remove injected
current the faulty feeder

e

Fig. 6. Implementation of proposed hybrid arc suppression method.

Set |aes — | = 10% , the relationships between fault location, grounding resistance
and residual current with proposed current-type arc suppression are shown in Fig. 7. The
residual current decreases with the increase of grounding resistance. With the proposed
current-type arc suppression method, the residual current can be limited to a low value
within 7A, which has better performance than conventional method.
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a=0.1;8=2MVA

0
10° 10 R(Q)  10? 10

Fig. 7. The residual current with proposed current-type arc suppression.

According to (10) and Fig. 6(b), the residual current with voltage arc suppression
method is shown as (19).

i — 3((1&?70()2[11;,4 (19)
™ (@Zio+3Rr ) (Zin+Zioad) 20 Z11 [ Zipaa +(1—)Zy1]

60

50

40 -—— a=055=1MVA

= == Threshold

1,(4)

R(@)

Fig. 8. The residual current with proposed voltage-type arc suppression.

When the proposed method is adopted, the relationships between fault location,
grounding resistance and residual current are shown in Fig. 8. With the decrease of
grounding resistance and «, the residual current increase. When grounding resistance is
low, the residual current is over 10A and arc suppression fails. The failure in case of low
resistance SLG fault with voltage-type method should be considered (Fig. 9).

4 Simulation Results

MATLAB/Simulink is used to testify the arc suppression performance of hybrid method
and conventional method. A 10kV distribution network is built, as shown in Fig. 10.
C1, C2 and C3 are cables, the other feeders are overhead lines with the parameters in
Table 2. In the simulation, the SLG fault occurs at phase A. K1, K2, K3 and K4 are the
fault locations. The error of fault location method is assumed as 10%. The comparative
performance waveforms with conventional and proposed method under different a, Ry
and Zj,,q are as shown in Figs. 10, 11, 12 and 13.
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The arc suppression rate 7 is used, which is defined by

I
n=1-¢ (20)
Table 2. Line parameters.
Types Positive-sequence parameters Zero-sequence parameters
Ry Qlkm | Ly (mH/km) | C1 (uF/km) | Ry QUkm | Ly (mH/km) | Cy (wF/lkm)
Overhead | 0.17 1.21 0.011 0.23 5.48 0.008
line
Cable 0.27 0.255 0.339 2.7 1.019 0.28

Table 3. Simulation results for Arc suppression methods in different grounding resistance.

Fault Ry () Iy (A) | Conventional Proposed Proposed
location method voltage-type current-type
method method
Fault n(%) Fault n(%) | Fault (%)
residual residual residual
current /, current current /,
(A) 1-(A) (A)
K3 0(Rr < 85.1 150.8 —77.2 39 95.4
RCV)
K3 27 Ry = 78.3 43.1 45.0 10.2 87.0 3.6 95.4
RCV)
K3 100 (Rf > 1 50.8 14.7 71.1 3.7 92.7
Rer)
Table 4. Simulation results for Arc suppression methods in different load.
Fault Rr (2) | ljpaa (A) | Iy (A) | Conventional method | Proposed method
location Fault 7(%) | Fault 1(%)
residual residual
current /, current /,
(A) (A)
K2 100 112.5 46.7 5.79 87.6 2.0 95.7
K3 100 248.4 50.8 14.7 71.1 3.7 92.7
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Table S. Simulation results for Arc suppression methods in different fault location.

Fault location Ry (2) I (A) Conventional method Proposed method
Fault residual n(%) Fault residual n(%)
current I, (A) current I, (A)
K1 100 54.1 12.2 77.4 4.5 91.7
K3 100 50.8 14.7 71.1 3.7 92.7
K4 100 40.4 23.8 41.1 3.9 90.3
10kV bus
0
gl #la
T 12
]
0.45MW
0.07Mvar K1 (())(?6511\\/[/[3);
K2 / K3
7 Ikm 6 4km 4km 4 1km 5
1
IMW 0.45MW
0-15Mvar 0.66MW 021Mvarg.66MW  2.52MW
0.27Mvar ;,S 0.27Mvar 0.45Mvar
0.57MW
0.24Mvar
9 2 0.63MW
1km 8  2km 0.33Mvar
0.4MW? § éﬂ Q
0.15Mvar 10 , p »
0.48MW ? 3.5MW
0.33Mvar 1.1Mvar

Fig. 9. Modified IEEE 13-node test system.

4.1 Casel

To compare the arc suppression performance in different grounding resistance, the fault
location is set at K3 with the grounding resistances 0€2, 272 and 100€2. When SLG
fault occurs at K3, R, is 272 which is calculated by (13). The comparative fault current
waveforms are shown in Fig. 10 and the simulation results are shown in Table 3.

As shown in Fig. 10(a), when metallic SLG fault occurs, the fault current after
conventional arc suppression is even larger than before, which has no arc suppression
performance. When grounding resistance increases, the fault current will decrease. When
the fault location is K3 and Ry is 100€2, the fault current is 14.7A, which is higher than
the threshold 10A and is affected by grounding resistance.

However, proposed method can reduce the residual current to a lower value and is not
affected by grounding resistance. When metallic SLG fault occurs, the arc suppression
rate is 95.4%.
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(a) Fault current waveforms adopting the conventional method when Ry varies.
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(b)  Fault current waveforms adopting the proposed method when Ry varies.

Fig. 10. Comparative fault current waveforms adopting the proposed method and the conventional
one when Ry varies.

To explain the influence of grounding resistance for proposed arc suppression
method, Ry is set as R, = 27€2, the comparative curves are shown in Fig. 11. Obvi-
ously, when low resistance SLG fault occurs, the fault current can be reduced to 3.6A
with current-type method. However, when voltage-type method is adopted, the fault
current is over 10A, which will lead to arc suppression failure. This is mainly because
voltage-type arc suppression has its dead zone. That is to say, when the grounding resis-
tance is lower than R, voltage-type method fails. It is also consistent with the previous
analysis. When the detected grounding resistance is smaller than R.., the current-type
arc suppression strategy is adopted in proposed hybrid method. The proposed hybrid
method can solve this problem.

100

Voltage-type method; Rf=Rer
Current-type method; Rf=Rer

Fault Current (A)
=

-100 L I L L L
0 001 002 0063 004 005 006 007 008 009 0.1

Time (sec)

Fig. 11. Comparative fault current waveforms adopting the proposed voltage-type and current-
type methods.
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4.2 Case 2

The performance comparison of different load is performed, and the comparative wave-
forms are shown in Fig. 12 and the simulation results are shown in Table 4. It is obvious
that conventional method has a large residual current, which may lead to the failure of
arc suppression and is affected by load. Moreover, according to the black curve and blue
curve, with the increase of load power, the residual current with conventional method
will increase too. This is mainly because the line impedance and load impedance are
parallel and when load impedance is smaller, the influence of line impedance is relatively
obvious. We can also see that proposed method always performs better than conventional
method, the residual current is < 4A.

2
=

Conventional method; K2
Conventional method; K3| -
Proposed method; K2
Proposed method; K3

A6
)

007 0.08 009

[ 0.01 0.02 003 0.04 0.05 006  0.07 0.08  0.09 0.1
Time (sec)

'S
5
T

[
S
T

Fault Current (A)
S =

&
=

-60

Fig. 12. Comparative fault current waveforms adopting the proposed voltage-type and current-
type meth-ods when load varies.

4.3 Case3

Figure 16 shows the comparative waveforms adopting the proposed method and con-
ventional method when fault distance varies. Table 5 shows the simulation dates. K1 is
close to the busbar. K3 is adjacent to the end of fault feeder. According to Fig. 13(a),
conventional method can hardly reduce fault current less than 10A. We can see that the
residual current at K3 is higher than at K1. This is mainly because when o is small, the
series inductive line impedance partly compensates the phase-to-ground capacitance.

Figure 13(b) indicates that the residual currents of proposed method are < 5A and
is not influenced by fault location. In addition, when SLG fault occurs at K4, the fault
feeder is a mixture of overhead lines and cables. The proposed method still works, and
which is also not affected by line structure.
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(a) Fault current waveforms adopting the conventional method when fault distance varies.
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(b) Fault current waveforms adopting the proposed method when fault distance varies.

Fig. 13. Comparative fault current waveforms when fault distance varies.

5 Conclusions

The conventional voltage-type arc suppression method cannot effectively extinguish arc
especially when low resistance SLG fault occurs. To solve the issue, this paper proposes
a hybrid arc suppression method. Combine with voltage-type method, which need no
measurement grounding parameters, and a current-type method, which is effective for
low resistance SLG fault, and the residual current can be almost restricted to zero. Com-
pare to conventional method, the proposed ones can effectively achieve arc suppression
rate over 90% in spite of influence of line impedances, grounding resistances and loads.
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