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Abstract

With the rapid development of modern distribution network and the access of distributed generation, the network
structure is becoming increasingly complex. Frequent single-phase break faults have seriously affected equipment
and personal safety and stable operation of the power system. However, with the development and application of
the composite neutral grounding modes, the protection of single-phase break fault is facing new challenges. This
paper proposes a protection method of single-phase break fault for distribution network considering the influence
of neutral grounding modes. The characteristics of neutral voltage and sequence current are analyzed under
normal operation and single-phase break fault with different grounding modes. Following this, the protection
criterion based on neutral voltage and sequence current variation is constructed. The protection method of single-
phase break fault for distribution network is proposed, which is applicable for various neutral grounding modes.
Theoretical analysis and simulation results show that the protection method is less affected by system asymmetry,
fault location and load distribution. The method has higher sensitivity, reliability and adaptability.

Keywords: Distribution network, Single-phase break fault, Protection, Neutral grounding

1 Introduction
With the expansion of modern distribution network, the
demand of power supply reliability is increasing.
However, the frequency of single-phase break fault is
also increasing because of the complex structure of dis-
tribution network, the interlacing of old and new lines,
and the influence of natural disasters, external mechan-
ical forces or other reasons. Single-phase break fault
causes unbalanced voltage between power supply side
and load side, seriously affecting the power quality.
Phase-deficient operation will also reduce equipment
service life and damage motors [1]. If the fault is not dis-
covered in time, it is very likely to develop into a short-
circuit fault, increasing the severity of the accident and
threatening personal safety [2, 3]. In addition, with the
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access of distributed generation and electric vehicles,
single-phase break fault will cause voltage to rise beyond
the tolerance threshold of sensitive power electronic de-
vices and damage it [4-6]. Therefore, the protection of
single-phase break fault is especially important.

For a long time, single-phase break fault has not been
paid enough attention because it will not cause high
current and voltage. Reference [7—10] deduced the voltage
and current characteristics of the ungrounded and
grounded break fault of small current grounding system.
Reference [11] used the positive sequence current modu-
lus maximum to realize the line selection and location of
the break fault, but did not consider the difference with
the short-circuit fault and the influence of the actual noise
on the signal processing. Reference [12] proposed a line
selection method based on negative sequence current en-
ergy measurement, but its accuracy is greatly affected by
the fault location and load distribution. Reference [13]
proposed a combined line selection criterion of phase
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current and phase voltage, but only for ungrounded sys-
tems. According to the variation law of break fault voltage
of ungrounded distribution network, the fault section lo-
cation method based on phase voltage and line voltage is
proposed in [14], but the influence of system asymmetry
is not considered. Reference [15] used load monitors to
collect negative sequence voltage to detect the break fault,
but the data processing capacity was large. Reference [16]
is based on the zero sequence voltage difference between
the power supply side and load side of the fault line, but
requires high communication and data synchronization.
On the one hand, the existing single-phase break fault
protection method is greatly affected by system parame-
ters and fault location, with limited accuracy and low reli-
ability. On the other hand, since small current grounding
mode is mostly adopted in distribution network, the exist-
ing methods are only applicable to the specific neutral
grounding mode, and the low resistance grounding mode
is not considered. However, with the acceleration of
urbanization and the widespread use of cables, capacitance
current is increasing, and the low resistance grounding
mode is widely used. Definitely, there is a certain gap in
the study of single-phase break fault in medium voltage
distribution networks. And the intelligent multi-mode
grounding, arc suppression coil with parallel resistance
grounding and other modes are gradually applied to the
distribution network [17-19], so that the neutral ground-
ing mode may change during actual operation. The break
fault protection methods under the specific neutral
grounding mode are difficult to meet the requirements.
This paper proposes a protection method of single-
phase break fault for distribution network considering the
influence of neutral grounding modes. The method is ba-
sically not affected by the change of system parameters,
fault location and load distribution, effectively improves
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the protection sensitivity, and is applicable to various
grounding modes. Firstly, considering the asymmetry of
line parameters, this paper respectively deduces the ex-
pressions of the neutral voltage and sequence current of
the normal operation and single-phase break fault under
various grounding modes, and the variation characteristics
before and after the fault are analyzed. On this basis, the
neutral voltage and sequence current variation are ex-
tracted as the protection characteristic parameter and the
protection criterion is constructed which is applicable for
various grounding modes. Finally, the accuracy of the pro-
tection criterion in typical grounding modes is verified by
simulation. The results show that the protection method
has high reliability and wide applicability.

2 Distribution network operation characteristics
considering three-phase asymmetry

The line parameters are related to not only the material, sec-
tional area and insulating medium, but also the arrange-
ment of conductors. In practice, the distribution
network lines are short, and most of them are
arranged horizontally or vertically, so that the
phenomenon of three-phase capacitance unbalance is
common [20]. The medium voltage distribution net-
work generally operates in a radial mode. And the
main transformer neutral point is mainly grounded in
four ways: ungrounded, arc suppression coil
grounded, low resistance grounded and arc suppres-
sion coil with parallel resistance grounded, as shown
in Fig. 1. C;s, Cis, Cic represent the three-phase ca-
pacitances to ground of the ith feeder. E5, Ep, Ec are
transformer three phase induced electromotive force.
Ia, I, Ic are three phase current flowing into the bus
from the upper-level grid. {/o is neutral voltage. I is

Fig. 1 Schematic diagram of distribution system
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neutral branch current. Ry is neutral grounding resist-
ance. L, is arc suppression coil inductance.

2.1 Neutral voltage
Ignoring line impedance and distributed conductance to
ground, there is

J
jw Z[CiAEA + CiBEB + CiCEC] +j0)C2UO +j0 =0

(1)

Where, Cs is the sum of the three phase capacitances
of the system.

Due to the asymmetry of the three-phase capacitance,
the unbalanced voltage of the neutral point to ground
U can be obtained as follow

Uy, = AEA (2)

Where, A is system asymmetry, depending on system
parameters and grounding modes.

When the neutral point is ungrounded, the system
asymmetry is

. CAZ + achZ + (XCCE
= CZ

A (3)

When the neutral point is grounded by the arc sup-
pression coil, the system asymmetry is

_ Caz +a’Cpr +aCcr
- a @)

2
Ly

A

Cs-

When the neutral point is grounded by the low resist-
ance, the system asymmetry is

. C 2C C
i= A T a le—i—oc cs (5)

Cs+

JoRq

Where, a = /' ; w is angular frequency; Cas, Cgs,
Ccs are each phase capacitance of the system.

2.2 Sequence current

Asymmetry of the capacitance to ground of system will
lead to the asymmetry of three-phase current. The
feeder phase current is equal to the sum of the capaci-
tance to ground current and load current. Consequently,
the positive, negative and zero sequence current on the
ith feeder are
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ioll(C: . 2C.
Iil :lw[A(CZA + aClB;_ il Clc) + CIZ] EA +jiload
j,‘z :]0)[(/1 + l)CiA —+ a(l + C[A.,)CZB + cr(/l —+ “)CiC]E
A
3
Iip = jo[d +1)Cia + (1 +a*)Cip + (1 + (X)CgC]E
A
3

(6)

Where, [j0aa is load current of the ith feeder; Cix =
Cia + Cig + Cic, where Cipa~ Cjp~ Cic are each phase
capacitance of the ith feeder.

Under the three-phase asymmetry of the distribution
network, the neutral voltage shifts. At the same time, the
negative and zero sequence current appear on feeders.
Since the asymmetry of the distribution network is usu-
ally quite small, which is about 0.5% to 1.5%, and the
cable has a smaller asymmetry than the overhead line.
Therefore, the neutral voltage, negative and zero se-
quence current generated by the asymmetry can be
ignored.

3 Single-phase break fault characteristics of
distribution network

3.1 Neutral voltage

Suppose the feeder i has a single-phase break fault at the
distance d from the bus. Compared with the normal op-
erating condition, the single-phase break fault further
deepens the asymmetry of the three-phase capacitor, so
the neutral voltage will further shift. According to
Kirchhoff’s law, the current flowing through the neutral
point satisfies

In+Ig+Ic+1o=0 (7)

Where,

j j
In=jo (xCiA + Z CnA) (EA + Uo) + Z IyAload
n=1 n=1

n#i j n#i
Iy = joCps (EB + Uo) + ZinBload
n=1

j
Ic = joCcx (Ec + Uo) + Zjncload
n=1

_UO
=7

Io
(8)

Where, I a10ad> InBloads Incload are three phase load cur-
rents of the nth feeder, n=1,2, ...,i, ...,y Zo is neutral
grounding branch impedance.

When the neutral point is ungrounded, Zg is infinity.
Substituting eq. (8) into eq. (7), the neutral voltage after
the single-phase break fault is
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B j3(1-%)*Z1;0Cip + 3(1-x)
 j3Z1i0Cia(1-x)[(x + 2) + 3(k-1)] + 6k

Uo EA

©)

Where, Z;; is the load impedance of the fault feeder;
x=d/L; is the ratio of the distance from the fault point
to the bus to the length of the fault feeder Li; k is the ra-

tio of total feeders capacitance to fault feeder
capacitance.
Cs
k=——"7"—— 10
Cia+C + Cic (10)

x reflects the degree of capacitance loss of the fault
feeder, which is related to the fault location. k measures
the degree of impact of a certain feeder single-phase
break fault on the system, determined by the line param-
eters. Since 0<x <1, the high order terms of (1-x) are
omitted, and eq. (9) can be simplified as:

X 1-x .
Uo|=— | E 11
|Uo =1 Ea| (1)

When neutral point is grounded by the arc suppres-
sion coil, Zp=jwL,, the neutral voltage after single-
phase break fault is

 —(1%)-j(1-%)*ZLeCi
- 2pk + joCinZ1;i(1-x) (3kp—x + 1)

o Eqs (12)

Similarly, eq. (12) can be simplified as
. 1-x .

Uo |=— | E 13

o |=5 ¢ 1 Eal (13

Where, p is the overcompensation degree of the arc
suppression coil.

When neutral point is grounded by the low resistance,
Zo =1/Ry, the neutral voltage after single-phase break
fault is

. —3(1—x)2ZL,»Rdw2C,»A2 + j3(1—x)RdwCiA .
Uo = . Ey
2—](OC,‘A[6de + ?)ZL,'(I—JC)]

(14)
Similarly, eq. (14) can be simplified as

3RdcoCiA(1—x)

| U ==

|Ea| (15)

It can be seen from eq. (11), (13) and (15) that the
neutral voltage is mainly affected by the single-phase
break fault location, the grounding mode and parameters
of neutral point, and the proportion of the line
capacitance.
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3.2 Sequence current

The single-phase break fault causes the fault phase
current at the fracture to be 0, and the non-fault phase
voltage is continuous at the front and back of the frac-
ture. When phase A is broken, using the symmetrical
component method [21], the boundary condition is

j;\1 jLIJAz +IJAo =0
Al = AU, = AU,

(16)

o

P . .
Where, 1,,, Iy, 1, are positive, negative and zero se-

quence current at the fracture; AU,,, AU ,,, AU,, are
positive, negative and zero sequence voltage difference
across the fracture.

The impedance of distribution line and system are
very small and can be ignored. The zero-sequence load
impedance can be approximated to infinity. According
to eq. (16), the composite sequence network in case of
phase-A break fault of feeder i can be established as
shown in Fig. 2(a). Ia1, [a2, [ao are positive, negative and
zero sequence current at the outlet of the fault feeder;
Zeq1, Zeqn are positive and negative sequence equivalent
impedance of all non-fault feeders; C.q is the equivalent
zero sequence capacitance for all non-fault feeders; C;a1,
Ciaz Ciao are positive, negative and zero sequence cap-
acitance of the fault feeder; Z;\1, Zivo are the positive
and negative sequence load impedance of the upstream
of the fault feeder respectively; Z1, Zino are the positive
and negative sequence load impedance of the down-
stream of the fault feeder.

Figure 2(b) is a simplified circuit of the composite se-
quence network. Where Z, is the equivalent impedance
of the negative sequence network; Zy;; and Zy; are the
positive sequence equivalent impedances of the fault
feeder at the front and back of the fracture.

Zwi = Zimn//(1/jwxCiar)
Za1 = Zn//[1/jo(1-x)Ciai]

Solving the simplified circuit, the sequence current at
the fracture is

, Zy+ Zy
I, = E4
VANVANR VAN VAR SVAYA

o -

I, = E
N2 ZZo + ZaaZa + ZaZo

, —

I= E
A 7 Zo + ZaaZa + ZaZo

(19)

And the sequence current at the outlet of the fault
feeder is
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Fig. 2 Composite sequence network of single-phase break fault (a) Composite sequence network (b) Equivalent circuit

fAlZ( 22+ Zo +L)EA
ZniZo + ZiZy + Z2Zy  Zwn

/ / —Zo .

Ipy=1,,= E

AN T 7 Zo + ZaiZo + ZaZo

Iag = |1- 8Z0// l/jwceqoj//(l/ijcmo) /

” (1/jwxCino) o

(20)

It can be seen from eq. (19) and (20) that the ampli-
tude and phase of the sequence current at the fracture is
affected by the single-phase break fault location, and
network parameters. And the sequence current at the
outlet of the fault feeder is also affected by load
distribution.

The deviation of neutral voltage is different under dif-
ferent grounding mode, no matter in normal operation
or single-phase break fault. According to eq. (3) to (5),
the system asymmetry is minimum when grounded by
low resistance, and is maximum when grounded by arc
suppression coil. Furthermore, the smaller the over-
compensation degree is, the larger the deviation is. The
amplitude of the feeder sequence current mainly de-
pends on the asymmetry under normal operation, and

depends on the system parameters under single-phase
break fault. As a result, the sequence current under dif-
ferent neutral grounding modes also shows a certain
difference. Therefore, in order to improve the applic-
ability of protection, it is necessary to consider the in-
fluence of the neutral grounding mode.

4 Single-phase break fault protection method for
distribution network
4.1 Protection characteristic parameter
From eq. (3) to (5) and eq. (9) to (15), it can be seen that
the neutral voltage and feeder sequence current under
normal operation and single-phase break fault of the dis-
tribution network are significant different when the
grounding mode is different. The neutral voltage is af-
fected by x and k after the single-phase break fault, and
has a maximum value.

When the neutral point is ungrounded, combined with
eq. (11), the maximum variation of the neutral voltage is

1
max — 21
uO 2k min U¢ ( )
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Fig. 3 Logic diagram of single-phase break fault protection

When the neutral point is arc suppression coil
grounded, combined with eq. (13), the maximum vari-
ation of the neutral voltage is

U 1 u (22)
Omax — Zpkmm ¢
When the neutral point is low resistance grounded,
combined with eq. (15), the variation maximum of the
neutral voltage is

uOmax = %utp (23)
Where, ki, is the ratio of system capacitance to max-
imum feeder capacitance; C,,x is maximum capacitance
to ground in all feeders; U, is normal operating phase
voltage.

Since the sequence current under normal operation is
very small, combined with the eq. (19), the positive and
negative sequence current changes at the outlet of the
fault feeder before and after the single-phase break fault
are

Al = [y -E0 — Zo E
A A ZaaZo + ZaaZa + ZaZo
, J Z ,

Aliyy =1,,-0 = 9 E4

ZaZo + ZaiZa + ZaZy
(24)

According to eq. (24), the changes of the positive and
negative sequence currents are equal before and after
the single-phase break fault. Moreover, since the differ-
ence in the grounding mode only affects the zero-
sequence impedance, the relationship of the positive and
negative sequence current variations is always

|
i Break Fault selection logic
|

established in various grounding modes, which is inde-
pendent of the zero sequence impedance.

Before and after the single-phase break fault, the non-
fault feeder positive sequence current change is 0, and
the negative sequence current change is

/ ZSZ

Aljpg =1,y ——"——
2 A2 Zeq2 + ZSZ

(25)

Where, Zs, is the system negative sequence equivalent
impedance.

The negative sequence current mostly flows from the
fault feeder to the upper grid since the negative se-
quence equivalent impedance of the medium voltage dis-
tribution network system is much smaller than the line
negative sequence impedance [11]. As a consequence,
the negative sequence current on the non-fault feeder is
much lower than that of the fault feeder. The ratio of
positive and negative sequence current change of the
non-fault feeder is less than 1.

Therefore, the neutral voltage and the sequence
current variation are selected as the protection charac-
teristic parameter, which can accurately reflect the oc-
currence of the single-phase break fault and distinguish
the fault feeder from the non-fault feeder.

4.2 Protection criterion

This paper proposes a protection method of single-
phase break fault for distribution network considering
the influence of neutral grounding modes. In view of the
significant change of the neutral voltage before and after
the fault, it is selected as the starting criterion, which
can quickly reflect the occurrence of the single-phase
break fault. The expression is
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Fig. 4 Neutral voltage under different grounding modes (a)

Ungrounded (b) Arc suppression coil grounded (c) Low
resistance grounded

KiegUuny < Uo < Krello max (26)

Where, K, is reliability coefficient.

Nonetheless, some short-circuit faults will also cause
the neutral voltage to shift. However, the single-phase
break fault does not cause a rise in current. Selecting the
bus phase current as the blocking criterion can effect-
ively distinguish the single-phase break fault from the

Time(s)

(c)

Fig. 5 Positive and negative sequence current under
different grounding modes (a) Ungrounded (b) Arc
suppression coil grounded (c) Low resistance grounded

short-circuit fault. Considering the light or no load of
the line, the expression is

1,(t)-1,(¢-T)<0

(27)

Where, I,(t) is the sample value of bus phase current

at the present moment;

I,(t-T) is the sample value of

bus phase current at the previous cycle.
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Table 2 Neutral voltage variation with fault location
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Fault Neutral voltage (V)

LE;?)UOH Ungrounded Arc suppression coil grounded Low resistance grounded
1 531.69 5176.02 64.96
2 475.16 4631.55 58.05
3 41864 4101.22 51.15
4 362.12 352846 44.24
5 305.61 2941.56 37.34
6 245.59 2390.02 30.00
7 189.92 1845.55 23.20
8 134.30 1311.68 16.40
9 78.79 76721 962

Based on the different variation characteristics, the ra-
tio of positive and negative sequence current variation is
used to construct the line selection criterion, which can
accurately distinguish the fault feeder from the non-fault
feeder. The expression is

1-Ker < 1; < 1+ Kt (28)

Where, n; is the ratio of the positive and negative se-
quence current amplitude variation at the outlet of the
feeder i; K is the margin, generally 0.1~0.2(It is re-
quired that the setting of K can clearly identify the
fault feeder. Taking the influence of asymmetry degree,
measurement error and noise into account, it is more
appropriate to take Ky = 0.1).

In addition, the blocking criterion is mainly used to
distinguish short-circuit faults and break faults. The pro-
tection of short-circuit fault is generally quick-acting.
Therefore, a certain time delay can be set, which can not

only cooperate with short circuit fault protection, but
also realize segment protection of the line.

According to the eq. (26) to (28), the single-phase
break fault protection method of the distribution net-
work is as shown in Fig. 3, including the starting compo-
nent, the line selection component, and the blocking
component.

The specific action logic is: when the neutral voltage is
higher than the normal unbalanced voltage and less than
the maximum voltage of the single-phase break fault, the
starting component acts; when the amplitude of the bus
phase current increases, the blocking component acts to
prevent misjudgment, otherwise, the blocking component
does not act, determining that the single-phase break fault
occurs; when a certain feeder i satisfies 1 — Kyop <n; <1+
K, the line selection component acts and sends the
warning or tripping signal, determining that the feeder
does have a single-phase break fault.

When the neutral point is grounded in different ways,
it is only necessary to adjust the minimum and

4000 r —— Phase A
— — Phase B
$ Phase C
=350 e Pre-fault Phase Current
g ____________________________________________________________
=)
@)
o 3000
w2
<
<=
(=W}
2 2500 F
m

1 2 3 -4

5 6 7 8 9

Distance(km)

Fig. 6 Bus phase current variation with fault location
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Table 1 Line parameters

i
Feeder Length Capacitance (uF/km) § 15
number (km) A B C 'éb —— Line | Line 4
g Line2 ---A---Line5
1 10 0.26 0.28 0.27 6 - ye35Y fiie 6
2 8 0.30 0.30 0.31 S 1 e e e = * * * s
=
3 9 0.27 0.27 027 =
g
4 7 0.32 0.31 033 <
5 6 029 029 028 IS PP S PSP NP SR
=1
[§ 5 0.30 0.30 0.30 &)
3
=
[}
Z 0 :
» 1 2 3 4 5 6 7 8 9

maximum values of the neutral voltage corresponding to Distance(km)

the starting criterion without changing the protection (a)
principle, while the blocking criterion and line selection
criterion are fixed. Therefore, this protection method is

applicable to any grounding modes. —%— Line 1 Line 4
For fault phase selection, it can be achieved in the fol- -yt A =

lowing two ways. First, since the fault phase voltage is
larger than the non-fault phase voltage [14, 16], phase
selection can be realized by comparing the phase volt-
ages. Second, the non-fault phase current is continuous
after the single-phase break fault, while the fault phase
current is discontinuous, which is equal to the upstream
load current and changes more significantly [13]. There-
fore, the fault phase selection can be realized by compar-

Sequence Current Amplitude Change Ratio

0 i

ing the change of the phase current. ! 2 3 43 6 7 8 9
Distance(km)

5 Simulation and results (b)

In order to verify the reliability of the proposed protection

method under the ungrounding, arc suppression coil 2

grounding and low resistance grounding modes, the 10 kV & 157 ,

. C . . & —%— Line | Line 4
typical structural distribution network model shown in g’ Line2 ---A--- Line §
Fig. 1 is built in Matlab/Simulink. There are 6 feeders in s | —E= Line:3 Line:6
the distribution network. The neutral low resistance Ry is '-: 1 % * * * * * *
10 Q, and the arc suppression coil is overcompensated by =
10%. The line parameters are shown in Table 1. E

From Table .1, a?cording to the numerical analys.is, when 'é, L PSPPSR PP
the neutral point is ungrounded, the asymmetry is 0.43%, a
the Uy, is 24.8V in normal operation, and the Up .y is g
600V in single-phase break fault. When the neutral point 5 5 ‘
is arc suppression coil grounded, the asymmetry is 4.3%, 3 i 2 3 4 5 6 7 8 9
the U, is 248.3V, and the Upmay is 5989 V. When the Distance(km)
neutral point is low resistance grounded, the asymmetry is (C)

0.05%, the U, is 2.9V, and the Ugpay is 76 V.
According to eq. (26) to (28), take K¢ = 1.1, K = 0.1, Fig. 7 Positive and negative sequence current amplitude
and the protection criterion when ungrounded is change ratio variation with fault location (a) Ungrounded (b)
Arc suppression coil grounded (c) Low resistance grounded
27 < Uop < 660
I,(t)-1,(t-T)<0 (29)
09<m<11

and when arc suppression coil grounded is
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Table 3 Influence of system asymmetry on neutral voltage and sequence current ratio
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Group Ungrounded Arc suppression coil grounded Low resistance grounded

A%) Uunb(V) Uo(V) m A%) Uunb(V) UoV) m A%) Uunb(V) Uo(V) m
1 0 0.28 410.55 1 0 226 401637 T 0 0 4831 1
2 0.29 16.05 41244 1 2.88 113.27 4058.79 1 0.03 1.97 50.10 1
3 043 23.86 41864 1 430 235.21 4101.22 1 0.05 291 51.15 1
4 0.83 4561 437.84 1 8.25 403.05 411536 1 0.09 559 5346 1
5 1.10 60.88 454.32 1 109 551.54 413193 1 0.12 742 55.15 1

273 < Up < 6588
1,(£)-1,(t-T) <0
09<m<1l1

(30)

and when low resistance grounded is

3 < U < 84
1,(£)~1,(¢-T) <0
09<m<11

(31)

The load of feeder 1 is set at 5km and 10 km. The
feeder 1 has a phase-A single-phase break fault at 3 km
and 7 km from the bus respectively when ¢=0.7s. The
neutral voltages at different fault locations are shown in
Fig. 4. The neutral voltage rises significantly after the
single-phase break fault. And the positive and negative
sequence currents are shown in Fig. 5. The drop ampli-
tude of the positive sequence current is similar to the
rise amplitude of the negative sequence current on fault
feeder, whereas the sequence current of the non-fault
feeder has little change.

Change the fault location from 1km to 9 km, and the
corresponding neutral voltage is shown in Table 2. It
can be seen that the neutral voltage is related to the fault
location and grounding mode. The closer the fault dis-
tance is to the bus, the higher the neutral voltage is. And
the voltage is the highest when arc suppression coil
grounded, and the lowest when low resistance grounded.
In contrast to eq. (29) to (31), the neutral voltage is

Table 4 Single-phase break fault with high resistance grounding

within the range of the criterion, and the protection can
be started reliably.

The change of bus phase current is shown in Fig. 6. It
can be seen that the current of each phase is influenced
by load distribution, and the closer the fault location is
to the bus, the more the phase current drops. But each
phase current is always lower than the normal running
phase current. Among them, the phase-A current is the
smallest, so it can be determined that the fault phase is
the phase A. The blocking criterion does not work.
Combined with the starting criterion, it can reliably
judge the occurrence of single-phase break fault.

The ratio of the positive and negative sequence
current amplitude changes of each feeder variation with
the fault location is shown in Fig. 7. In different ground-
ing modes, there are always n; =1 for the fault feeder,
and 7, < 0.5(i # 1) for non-fault feeders, which have obvi-
ous boundaries. Therefore, the line selection criterion is
not affected by the grounding modes and fault location,
and the fault line can be accurately and reliably selected.

At the same fault location(d = 3 km), the neutral volt-
age and the positive and negative sequence current amp-
litude change ratio of the fault feeder under different
system asymmetry can be obtained by changing the
three-phase capacitance to ground of feeders, as shown
in Table 3. With the increase of the system asymmetry,
the neutral voltage tends to increase whether in normal
operation or single-phase break fault state, but the
change of amplitude is small. All of them are within the

Grounding resistance(Q) Ungrounded Arc suppression coil grounded Low resistance grounded
Ny UoV) ny Uo(V) Ny UoV)
MG NG MG NG MG NG MG NG MG NG MG NG
Pure resistance 700 1.0 700.1 5272 1.0 50113 4916.5 1.0 837 63.8
1000 6138 476.2 4871.9 4687.9 745 57.7
1500 5134 4458 46513 44352 624 54.1
2000 4732 434.5 45396 41384 576 528
Arc resistance 700 1.0 656.2 4914 1.0 4702.3 4625.5 1.0 785 56.2
1000 5484 456.1 44689 43021 66.1 535
1500 480.8 4357 4256.8 41896 58.2 520
2000 4554 4285 4186.7 41259 552 51.6
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Table 5 Comparison of the line selection criterias
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Fault location (km)

Negative sequence current(A)

Sequence current changes ratio

450.6
3503
2535
163.2
789
10 746

o o b~ N O

range of the starting criterion, and the protection can be
reliably initiated. Moreover, the positive and negative se-
quence current amplitude change ratio of the fault
feeder is basically unaffected. The line selection criterion
can still accurately identify the single-phase break fault
feeder, which has high reliability.

The single-phase break fault may also be accompanied
by a grounding fault. In order to adapt to a variety of
complex break faults, the power supply side and the load
side are grounded by resistance and arc resistance re-
spectively at the break fault location (d = 3 km). The pro-
tection characteristic parameters are shown in Table 4,
where MG represents the terminal M (the power supply
side) is grounded, and NG represents the terminal N
(the load side) is grounded. It can be seen that the add-
itional grounding fault exacerbates the deviation of the
neutral voltage, the neutral voltage decreases with the
increase of the grounding resistance, and gradually ap-
proaches the value under the ungrounding break fault.
The ratio of the positive and negative sequence current
amplitude changes is always 1.0, which guarantees the
accuracy of the line selection criteria. Therefore, the pro-
tection method is also applicable to the break fault with
high resistance grounding.

The negative sequence current method is the most
commonly used existing method, and its setting value
needs to avoid the maximum negative sequence current
of the line when a single-phase break fault occurs on
other lines. However, the negative sequence current is
greatly affected by the fault location, the size and distri-
bution of the load, and the system impedance. The load
is evenly distributed on feeder 1. Make a comparison be-
tween the proposed criterion and the negative sequence
current criterion. It can be seen from Table 5 that as the

Table 6 Protection characteristic parameters in other cases

fault distance increases, the negative sequence current
decreases. When the fault occurs at the end of the
feeder, the negative sequence current is lower than the
setting value 77A, causing the negative sequence current
protection refuses to act. But n; is always about 1.0,
which is within the action range of the selection criter-
ion. Therefore, compared with the negative sequence
current criterion, the proposed protection criterion is
simpler to set, and can accurately distinguish short cir-
cuit fault from the break fault, which has higher reliabil-
ity and applicability.

When a single-phase grounding fault, two-phase short
circuit fault and the load disappearance occur on feeder
1 respectively, the change of protection characteristic pa-
rameters are shown in Table 6. Combining eq. (29) to
(31), it can be known that in the case of other fault types
or changes in operating conditions, the system neutral
voltage and the bus phase current changes cannot meet
the starting criterion and the blocking criterion at the
same time. The line selection criterion does not work.
Therefore, the protection method can accurately distin-
guish the single-phase break fault and other conditions.

6 Discussion

It can be seen from the above simulation results that the
proposed protection method has the following advan-
tages. This method can reliably identify the fault type,
accurately select the fault line, and is weakly affected by
the fault location and load changes. Compared with the
existing methods, it has higher reliability, and is suitable
for various neutral grounding modes, which is better
adapted to the development of modern distribution net-
work. However, this method also has some limitations.

Type Ungrounded Arc suppression coil grounded Low resistance grounded

Uo(V) Do(A) ny Uo(V) Aly(A) Ny UoV) Aly(A) N
Single phase grounding 55239 25.1 0.34 5482.7 52 0.86 53453 4545 093
Two-phase short circuit 163 21,607 1.04 1417 21,607 1.04 20 21,607 1.04
Load disappearance 238 —804.1 5426.7 2164 —804.1 5426.7 29 —804.1 5426.7
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Because the non-fault line has a very small negative se-
quence current, it requires a higher sensitivity to the
current acquisition device. The smaller the line capaci-
tance and the farther the fault location is, the weaker
characteristics of the neutral voltage change will be.
However, with the extensive application of cables, the
capacitance of distribution network becomes larger and
larger, so the neutral voltage characteristics of the
single-phase break fault are stronger. Therefore, the sen-
sitivity and applicability of the method can be
guaranteed.

7 Conclusion

In this paper, the neutral voltage and sequence current
variation characteristics of distribution network single-
phase break fault under typical grounding modes are stud-
ied, and a fault protection method of single-phase break
considering the influence of neutral grounding modes is
proposed. The protection principle is based on the fact
that the neutral voltage change is significant before and
after the fault and the positive and negative sequence
current amplitude changes of the fault feeder are equal,
which have a great difference from non-fault feeders. In
addition, the criterion of bus phase current is added to
distinguish single-phase break and short-circuit fault,
which can reliably identify the occurrence of single-phase
break fault and accurately select the fault line. This protec-
tion method is simple to set, and is basically not affected
by the fault location, load distribution and system asym-
metry, which has high sensitivity and reliability, and is ap-
plicable for various grounding modes.
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