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Abstract: In order to improve the performance of an arc suppression coil grounding system in
handling cross-line two-point successive grounding faults (CTSGs), the applicability of the transient
quantity method and the steady-state quantity method for assessing CTSGs is analyzed. Then, a
novel method for line selection for CTSGs was proposed, which comprehensively utilizes transient
and steady-state information. Specifically, this method adopts a continuous line selection process,
with priority given to the transient quantity method, and a supplementary line selection process,
with priority given to the steady-state quantity method. After accurately selecting some faulty lines,
such lines are tripped, and then, the process proceeds with continuous line selection again. When the
number of cycles exceeds the set value, and the fault line cannot be completely cut off, they are tripped
one by one according to the degree to which they are approaching the steady-state method criterion,
from large to small. Furthermore, in response to the dramatic increase in computing volume that is
caused by the continuous application of the transient method in on-site applications and the impact
of current transformer accuracy on the steady-state method, this paper proposes corresponding
solutions. PSCAD simulation, full-scale tests, and field recording data tests verify that this paper’s
method can accurately detect a CTSG.

Keywords: cross-line two-point successive grounding faults (CTSGs); same-phase cross-line two-
point successive grounding faults (SP-CTSGs); different-phase cross-line two-point successive ground-
ing faults (DP-CTSGs); transient quantity method; steady-state quantity method

1. Introduction

In recent years, scholars have achieved many research results on grounding fault
line selection, and the accuracy of line selection has also reached a high level in practice.
However, more research must be carried out on cross-line two-point successive grounding
faults (CTSGs) in distribution networks. For distribution networks with high cable rates,
it is not uncommon for cable trench fires to occur due to the failure to completely cut off
the grounding fault lines after a CTSG occurs. Among the 427 grounding faults that were
continuously tracked and recorded by the authors, there were 12 CTSGs, accounting for
about 2.81%. The authors dealt with two cable trench fires caused by CTSGs within one
month, and although the line selection device correctly removed the first grounding line in
both cases, the cable trench fires were caused by the second grounding faults that were not
removed in time. Therefore, CTSG detection in distribution networks is very valuable and
meaningful [1].

A CTSG contains same-phase cross-line two-point successive grounding faults (SP-
CTSGs) and different-phase cross-line two-point successive grounding faults (DP-CTSGs).
Reasons why existing devices cannot handle successive faults: When a traditional ground-
ing line selection device of a small-current grounding system is put into the tripping
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function, it generally uses the bus’s zero-sequence voltage to start. After starting, it carries
out the grounding line selection once. After selecting the fault line, it enters the delay and
monitors the bus’s zero-sequence voltage. If the zero-sequence voltage drops below the
return value, it will return; otherwise, the outlet will trip when the delay time is reached.
Due to the absence of line selection during the delayed waiting process, the line selection
device cannot select the two faulty lines of the CTSG and can only cut off the first selected
grounding line. Due to the presence of subsequent grounding faults, the zero-sequence
voltage of the bus is still high, causing the line selection device to be unable to return
and restart the line selection process, further losing the opportunity to detect subsequent
grounding faults.

Although there is little research on CTSGs, the results on grounding fault line selection
can be used as the basis for solving CTSGs. In recent years, according to this principle, the
research on ground fault line selection can be divided into active and passive methods:

(1) The active method is identified by injecting signals or artificially creating disturbances,
which requires additional devices for implementation and increases the workload
of the operation and maintenance. Hence, the application of this method in the
field is relatively limited. Ref. [2] uses the transient measurement information after
arc extinction to determine the operating state of the distribution network. Ref. [3]
proposes to regulate the arc suppression coil to obtain the trajectory matrix, for which
a gray correlation analysis is used to identify faults. Ref. [4] identifies faulty lines
based on the voltage and current variations under multiple disturbances. Ref. [5]
uses a single-phase flexible arc elimination device to detect fault phases, providing
a new method for detecting faulty lines. Ref. [6] uses the injected characteristic
signal to detect the fault location. Ref. [7] uses the transient voltage and current
variations that are generated by the regulation of the arc suppression coil to achieve
fault line selection.

(2) The passive method is divided into the steady-state quantity method and the transient
quantity method, which only uses the electrical quantity of the fault process itself.
The amount of equipment renovation is small, but it has been widely used in the
field. Steady-state quantity method: Ref. [8] calculates the power factor of each
line to detect the faulty line. Ref. [9] uses three fault characteristics to detect the
fault location. Ref. [10] uses the complete residual current magnitude after the fault
has occurred to detect the faulty line. Transient quantity method: Ref. [11] makes
full use of the transient component after the grounding fault and distinguishes the
faulty line from the healthy line by comparing the magnitude and polarity of the
projected component of the transient current. Ref. [12] uses the cumulative generation
operator to preprocess the transient currents while identifying the faulty lines by
improving the cosine similarity. Ref. [13] uses the fault characteristics of the third
harmonic amplitude and phase angle to detect faulty lines. Ref. [14] extracts voltage
and current information in the characteristic frequency band range after a grounding
fault occurrence to construct a dynamic trajectory of voltage—current characteristics
to carry out fault line selection. Ref. [15] combines the instantaneous energy of the
transient signal with the cosine similarity to achieve fault line selection. Ref. [16]
distinguishes the fault from the healthy section based on the third harmonic phase
difference. Ref. [17] uses the zero-crossing time difference of the transient currents to
detect the faulty line. In [18], the inner product is calculated for the transient current
of each line, and the fault location is distinguished based on the symbol of the inner
product. Ref. [19] uses the magnitude and sign of the integrated inner product’s
value to distinguish between faulty and healthy lines, and the method is adapted
to various extreme conditions. Ref. [20] detects faulty lines based on the integrated
harmonic energy and correlation of transient signals. In [21], the cosine similarity
between the bus voltage and line current is calculated for the fault’s initial phase
to distinguish the faulty line. Ref. [22] detects the fault location by comparing the
amplitude characteristics of the transient components. Ref. [23] uses mathematical
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morphology to extract the fault characteristics and adopts correlation analysis to
achieve fault detection. Ref. [24] proposes advanced distortion detection techniques
for waveform analysis to distinguish and detect high-impedance faults. Ref. [25]
combines three typical transient fault characteristics with D-S evidence fusion theory
to achieve fault line selection. In [26], a multi-terminal traveling wave location network
is developed. Ref. [27] uses the complete ensemble empirical mode decomposition
with adaptive noise (CEEMDAN) algorithm to extract transient signals and develops
three complementary fault line selection methods. Ref. [28] identifies the fault location
based on the fault characteristics of voltage and current in the characteristic frequency
band. Ref. [29] uses the voltage traveling wave after the fault occurs to measure
the fault location. Ref. [30] uses the transient energy difference between the faulty
and healthy lines in the characteristic frequency band. Ref. [31] combines clustering
methods with similarity analysis, thus detecting faulty lines with a high degree of
sensitivity. Ref. [32] uses the variational mode decomposition (VMD) algorithm to
extract transient characteristics after the occurrence of faults. Ref. [33] uses stochastic
resonance to extract transient signals under strong noise. Ref. [34] uses transient
voltage and current features and combines these with neural networks to achieve
detection of the fault location. Ref. [35] uses the disturbance generated by the small
resistance input of a flexible grounding system to achieve fault location detection.

This paper analyzes the problems of using transient and steady-state quantity methods
to detect CTSGs and proposes a novel faulty line selection method for CTSGs. This method
is verified by PSCAD simulation. In addition, the selection device of a substation in a city in
China has been upgraded using this method, and the upgraded substation has successfully
detected CTSGs three times.

2. Adaptation Analysis of Transient and Steady-State State Quantity Methods for CTSGs
2.1. Transient Quantity Method

The transient quantity method applies to both stable and intermittent arcing ground
faults and does not require high precision for zero-sequence current transformers. Although
the transient characteristics have a short duration, this also means that, as long as the
interval of the CTSG is long enough, subsequent faults are not affected by previous faults,
and continuous detection measures are taken to detect subsequent ground faults.

When two successive ground faults occur close together, the transient zero-sequence
current of the faulty and healthy lines can be analyzed from the CTSG topology. Figure 1
shows the topology of the distribution network when the CTSG occurs. We assume that the
first ground fault occurs on line n — 1 and the second ground fault occurs on line n. The
zero-sequence equivalent network for the successive fault is shown in Figure 2.

Main Line 1 Low voltage transformer
transformer —> /A
110kV/10 kV —> I \
-> L 1L L . Load 1
| 4 Line 2 YG,1:|=: :|=: :|=: Admittance =
> {,
> | &
Arc —> . v 1 1 1 Load 2
suppression | Line n-1 . G’z:|=: :|=: -|=: -
coil -~
> {
=
—> J { \ § )
> ?/i Yo 1_L L L 1Load n-1
Line n ' :I=: :I=: =-E B
—> (,
> 7 T = i
—> £ 1 Load n
/2 Yo,/ =
abe “T T T

Figure 1. Cross-line two-point successive grounding faults.
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Figure 2. Transient equivalent circuit of CTSG under significant line impedance.

In Figure 2, L, is the inductance of the arc suppression coil, Ljx and Ry are the zero-
sequence inductance and resistance of the healthy line, respectively, Cyy is the zero-sequence
capacitance of the healthy line to ground, and Cyy- is the sum of the zero-sequence capaci-
tance of all lines to ground, wherek=1,2,...,n — 2. Lip and Rjp are the first fault line’s
zero-sequence inductance and resistance; Cor; and Ryy are the first fault line’s line-to-ground
capacitance and ground resistance; L and Ryp, are the second fault line’s zero-sequence in-
ductance and resistance. Cy, and Rp, are the second fault line’s line-to-ground capacitance
and ground resistance; Up, is the second fault point’s virtual power. As shown in Figure 2,
the equivalent circuit is a fourth-order circuit. The voltage and current expressions cannot
be obtained directly through the analytical method, so the circuit needs to be simplified
due to the small value of the line resistance and inductance, ignoring their impact. The
specific simplified results are shown in Figure 3.

i1
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lor2

l g l |
Rj‘z - T
" N
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Figure 3. Transient equivalent circuit of CTSG.

In Figure 3, igs) is the zero-sequence current of the first fault line outlet, iy is the
zero-sequence current of the second fault line outlet, iy is the zero-sequence current of the
healthy line, ig, is the zero-sequence current flowing through the arc suppression coil, iy, is
the zero-sequence current flowing through the first grounding resistor, and u is the bus’s
zero-sequence voltage. Further, the circuit of Figure 3 is simplified, as shown in Figure 4,
and i is the zero-sequence current flowing through Coy-.

|
| I jjo Iy
R ‘ uo p C /d
/2 Lp COZ Rf 1
Z 1
¢ — — —

Figure 4. Simplified transient equivalent circuit for CTSG.
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According to the equivalent circuit of Figure 4, the second-order differential equation
can be obtained as follows:

d2iy RpL dig ,
LpCOZRfZ di’2p + < IJ;flp + LP TtP + Rf210p = Ug (1)

Solving the second-order differential equation yields the characteristic roots as:

2
P — szLp + Lprl n szLp + Lprl 1 2
P e A e o e v £
2L,CosRpaR s 2L,CosRp2R s L,Cox
2
P _szLp + Lprl B szLp + Lprl B 1 (3)
> 7 2L,CsRpRp 2L,CsRpRp L,Cs

When the first and second ground resistances satisfy Equation (4), the transient equiv-
alent circuit of Figure 4 is in an overdamped state. Set ug = U;,sin(wyt + 0), where U, and
6 are the phase voltage and initial phase angle before the fault at the second fault point,
respectively, and wy is the angular frequency.

2
(R oLy + Lprl) > 4R%,R2 L, Cox 4)
The flow through the neutral arc suppression coil current ig, is as follows:

iOp =B sin(wot + (p) + Aleplt + Azepzt (5)

The first-order and second-order differences in ip, can be derived from Equation (5),
and the specific results are Equations (6) and (7).

di

% = woB cos(wot + @) + p1 APt + pr Agel?! (6)
d%i

dtg” — —wiBsin(wot + @) + prA1eP!t + p3 Ayel?! )

As the second ground fault is in the first ground fault on the basis of the occurrence of
a fault, that is, the second ground fault is in the first ground fault when the arc suppression
coil has begun to compensate for the ground’s current, the initial conditions of iy, is
Equation (8). At the same time, since the arc suppression coil only compensates the
fundamental wave current, assume that G = Bsingsin(wyt), which is assumed for the sake
of convenience in achieving a solution.

iop(0-) = iop(04) =G (8)

Ay — —GP, + BP,sing — wyBcos ¢
1= P—P

Ay = woBcos ¢ + P{G—BP; sin ¢

B =

P -D
Uy

©)

2
RppLp + LpRpy w2
T Rp 0

. 2
\/(—LVCO):RJQ(U(Z] — sz Sln(th) + sz) —+ <

(RpoLp + LyRpy )
Rfl(—LpCOZsz(d(z] — sz sin(wot) + R]rz)

@ = 0 — arctan

Furthermore, it can be demonstrated that the zero-sequence voltage uj of the bus is

di
Uy = LP% = woLpB cos(wot + @) + p1A1Lyet't + pyAyLyet! (10)
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From this, it can be demonstrated that the zero-sequence current ig; of a healthy line is

) du .
ik = de—to = —CrwiLyBsin(wot + @) + L,Cypi ArePt! + L,Cyp3 Agel! (11)

Furthermore, the line’s zero-sequence current iy for the first ground fault is

igf1 = Cfl T+ g~ = —CpwiLyBsin(wot + @) + inB cos(wot + ¢) 1)
+(chr+ & )AlL,,eW (Crd+#%) AsLper
The line’s zero-sequence current iy for second ground fault is
[1 — (CZ — sz)wo }B sin(wot + ¢)
L,B
' P -l-w%ff cos(wot + @)
10f2 = — |:<CZ - sz) + Rfl + l()p:| = — (13)

n [1 n (Cz - cfz)p%L,, + RL;LP} Aqebrt

n [1 n (cZ - cfz) PAL, + RL;IL,,} AgeP2t

An analysis of Equations (11)—(13) can derive the transient zero-sequence current for
the healthy line, the first fault line, and the second fault line as follows:
The healthy line’s transient zero-sequence current is

ik + = LpCxptA1ePrt + L,Cyp3 Apel?! (14)

The first fault line’s transient zero-sequence current is

o1 1 = (cf1p1 + pf)AlL ePit 4 (cf P2+ pf )AzL obat (15)
The second fault line’s transient zero-sequence current is

14 (Co = Cp) P2Ly + Ry Ly Arett!

+ {1 + (Cz - sz) p3Ly + RL;LP} Ayeb2! (16)

lofo t = —

The ground capacitance current of the distribution network is generally not greater
than 200 A. Moreover, a single line’s maximum ground capacitance current does not exceed
50 A. Therefore, Equations (14)—-(16) are analyzed based on the actual parameters. The
specific settings are as follows: t = 0.2's, Cpy- = 3.68 X 10°F, L, =0.25H, Uy, = 3000V,
6 =45°, Cor =1.20 x 107> F, Copy =1.20 x 107> E and Cypp = 1.20 x 10> F. We focus on the
analysis of Ry and Rp, on the line’s transient current impact, as shown in Figure 5.

When R; is greater than Ry, each line’s transient current is as shown in Figure 5a. It
can be observed that the second fault line’s transient current polarity is opposite to those of
healthy lines. But the second fault line’s transient current amplitude will be lower than that
of the first fault line, and the second fault line’s transient current polarity and the first fault
line’s transient current are the same. Therefore, the transient amount method may miss the
second ground fault.

Based on the above analysis, it can be concluded that when a CTSG occurs, the
transient quantity method may detect two grounding faults. However, there is also a
possibility of missing the second ground fault. Once missed, the steady-state quantity
method must be used to select the faulty line. In addition, for intermittent arc grounding,
each arc is accompanied by a transient process; that is, the transient quantity method
provides an opportunity to detect faults.
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The recording data of an SP-CTSG and DP-CTSG are shown in Appendix A.

2.2. Steady-State Quantity Method

Based on the direction of the zero-sequence active power, the steady-state method
has a clear physical significance. When a ground fault occurs, the zero-sequence active
power of the line flows to the bus, while the healthy line flows out of the bus. However,
the performance of the steady-state method could be better in field applications, mainly
because the accuracy of the current transformers often needs to meet the requirements of
the method. As shown in Figure 6, the equivalent circuit is widely used for analyzing the
steady-state zero-sequence characteristics. Since the zero-sequence impedance of the line is
much smaller than the capacitive impedance, it is generally approximated to be neglected.
At the same time, the zero-sequence active power direction of the faulty line is from the
line to the bus, and the direction of the healthy line is from the bus to the line.

_ U,
I 0N I
R Lo
Cor—— +[J Cops——
E, R
—

Figure 6. Steady-state equivalent circuit in case of ground fault.

In Figure 6, Eg is the equivalent zero-sequence voltage source at the grounding point.
Uy is the bus’s zero-sequence voltage. L is the arc suppression coil inductance. Ry is the
resistance of the arc suppression coil. R is the grounding resistance. I 7 is the zero-sequence
current of the faulty line, and Cyy is the ground capacitance of the faulty line. Copy is the
sum of grounding capacitances of the healthy line. Further, we obtained the steady-state
equivalent circuit for a CTSG, as shown in Figure 7.

Uy J
I A ih |
Lo,
o [J Cor~ Rzu Cons——
+ o+ R
Ey, Lo t
— 1 — |

Figure 7. Steady-state equivalent circuit for CTSG.

In Figure 7, Eo; and Eg, are equivalent zero-sequence voltage sources for the two
grounding points. R; and R; are the grounding resistances corresponding to the first and

second faults, respectively. Iy and I, are the zero-sequence currents of the two faulty

lines, respectively. Ipy. is the total zero-sequence current, except for the two fault lines. Cg;
and C; are the capacitance to ground of the first and second grounding lines, respectively.
Cony 1s the sum of ground capacitances of all healthy lines, except for two faulty lines.

In Figure 7, the phase of the current flowing through the faulty line is 90° ahead of
the zero-sequence voltage, and it does not generate active power. Therefore, in analyzing
the zero-sequence active power direction of the two faulty lines, the capacitance of the
faulty line to the ground can be ignored. Therefore, Figure 7 is further simplified, and the
branch of the arc suppression coil and the branch of the system-to-ground capacitance
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are combined equivalently to the form of R + jX, and the equivalent circuit is shown in
Figure 8.

Uy | Jox
IOl 102 I
R, R, R+jX[]
+ _+
E E,

01 2
- — |

Figure 8. Simplified steady-state equivalent circuit at CTSG.

From the superposition theorem, it follows that

_ Eq[Ro//(R+jX)] | Eg[Ri//(R+jX)]

Uy = : : 17
"= Ryt Ro//(R+jX) T Ry + Ry// (R +)X) 17)
. Eg-U
I = == (18)
. Ep-U
IozzozTo (19)

(1) Analysis of steady-state fault characteristics and the adaptability of the steady-state
quantity method for SP-CTSGs

Based on Equations (18) and (19), it can be obtained that 101 and 102 satisfy the
relationship shown in Equation (20):
Em - .101R1 = Egz — In2Ro (20)
Io1 + Iz = Iox

For an SP-CTSG, Eg; and Egy can be approximated as equal, which can be obtained
from Equation (20):

101 = LIOZ
{ . Rl;Rz . (21)
Inp = g7z Toxz

According to Equation (21), it can be further demonstrated that the zero-sequence
active power Py and Py, of the two faulty lines will satisfy Equation (22).

Py = Pos e
R, (22)
P2 = Pozgy7r;

Equation (22) shows that after the occurrence of an SP-CTSG, the zero-sequence active
power direction of both fault lines flows from the line to the bus, and the active power value
is inversely proportional to the ground fault resistance of this line. In theory, a steady-state
method based on the direction of the zero-sequence active power can simultaneously detect
two faulty lines. But in the case of low-impedance grounding followed by high-impedance
grounding, the zero-sequence active power of the high-impedance grounding line may be
minimal. If the line itself is considered conductive, its active power direction may be the
same as that of the healthy line.

(2) Analysis of steady-state fault characteristics and the adaptability of the steady-state
quantity method for DP-CTSGs
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When a DP-CTSG and the Em and E02 amplitudes are the same, and the phase is

related to the two ground phases, set Egy to be EZ0°, and Eg; to overrun Eg, by 120°; at
this time, the bus’s zero-sequence voltage is shown in Equation (23).

E [RlR — 1RoR — LRyX +j<R1X — 1Ry X + @RZR)]

Uy = , 23
0 RiRz 4+ RiR + RoR + jX(R; + Ry) @)
where I 01 and I o2 are shown in Equations (24) and (25), respectively:
I ( ]f> E-t 24
0= R (24)
: E - Uy

Ipp = 2

02 R (25)

(1) When both groundings have low resistance:
That is when R; < 0.11R +jX | and Ry < 0.11R + jX|; at this time, in Figure 8, the
system is approximately equivalent to disconnecting the R + jX branch. Therefore, we

have that
uo - E02 - Riergl Ry 26
_ V3 E (26)
- (Rl 2R2 +]TR2> Ri+Rp
: 3 V3 E
Ip=[—-—=+j-— 1 27
01 ( 2+]2>R1+R 02 (27)

According to Equatlons (26) and (27) the phase angles ¢ and ¢, of the bus’s zero-
sequence voltage UO are ahead of [ 01 and I 02, and the following applies:

1 /3 .
¢1 = <P<R1 — 7R +]\2fRz> —150 (28)
¢2 = @1 — 180° (29)

According to Equations (28) and (29), it can be concluded that when R; > R, then
—150° < @1 < —90° and 30° < ¢, < 90°; when R; < Ry, then —90° < ¢1 < —30° and 90° < ¢,
< 150°. That is, whether Ry > R; or R, > Ry, the two fault lines’ zero-sequence active power
directions are always opposite, and lines with less grounding resistance flow towards lines
with higher grounding resistance, so based on the zero-sequence active power direction,
the steady-state method can only detect the smaller grounding resistance of lines.

(2) When one-time grounding with low impedance and one-time grounding with high
impedance occurs, the equivalence of the two faulty voltage source branches in Figure 8
yields the equivalent circuit that is shown in Figure 9.

UO I >]OZ

R+jX[

| S|

Figure 9. The circuit of DP-CTSG after equivalence.
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In Figure 9, the voltage E. of the equivalent voltage source is as follows:
L (30)
The equivalent resistance R is
R. = % (31)

When R; < 0.1R;, Figure 9 includes E. ~ Em and R, ~ Rj, which are equivalent to
the second fault line in the approximate disconnected state for Figure 8; that is, only the
first fault line exists, and at this time, the first fault line’s active power flows from the line
to the bus, while the second fault line that flows through the active power is very small.
When R; < 0.1R;, the second fault line’s active power flows from the line to the bus, and
the active power that flows through the first fault line is very small.

Therefore, under the condition of multiple groundings coexisting, the steady-state
quantity method, based on the direction of the zero-sequence active power, can only detect
fault lines with small grounding resistances.

(3) Both faults are caused by high-impedance grounding when IR +jX | < 0.1R; and

IR +jX| < 0.1Ry; at this time, the system is approximately equivalent to shortening the
R +jX branch. Therefore, it can be concluded that

. _Eqy

Iog1 = — 32
0~ T (32)

. _Ep

Ip ~ — 33
2~ g (33)

The approximate equivalent of the two equivalent power supplies to the R + jX branch
supply is a smaller current with less power exchange between the two supplies, and
the zero-sequence active power direction is pointed to the bus. Theoretically, under the
condition of multiple groundings coexisting, the steady-state quantity method, based on
the direction of the zero-sequence active power, can simultaneously detect the two ground
fault lines. However, the detection is more difficult, because the zero-sequence active power
is small.

3. New Method of Line Selection for CTSGs

Based on the analysis in Section 2, it can be concluded that using transient and steady-
state quantity methods alone cannot ensure that all fault lines are detected. However,
they need to make up for each other. Considering that the transient method does not
require high accuracy of the transformer and applies to both continuous grounding and
intermittent arc grounding, in the integrated application, we use the strategy of giving
priority to the transient quantity method, and only if the transient quantity method cannot
select all fault lines is the steady-state quantity method used to supplement.

Therefore, a CTSG selection method that integrates the use of transient and steady-state
information is proposed, and its flow is shown in Figure 10. The core idea of this detection
method is to use the steady-state quantity method as the backup of the transient quantity
method and the wheel cut method as the backup of the steady-state quantity method.

First, the selection device is activated when the bus’s zero-sequence voltage exceeds
the threshold Uy st, and continuous detection is performed before the trip delay occurs.
In the process of continuous detection, the transient method is preferred. Only when the
transient method cannot select any faulty lines, and I is greater than the threshold I ¢ that
ensures the accuracy of the transformer, the steady-state method is applied for detection.
The detected faulty lines are stored in a queue, Q.
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Figure 10. CTSG selection method.

Second, when the pre-set trip delay time is reached, if the zero-sequence voltage still
does not meet the return condition, indicating a non-instantaneous fault, all lines in queue
Q will be removed.

Then, after tripping, if the monitored zero-sequence voltage still does not meet the
return condition, after an appropriate delay of At, additional processing is carried out, and
continuous detection and tripping are carried out again, and so on, until the zero-sequence
voltage meets the return condition.

Finally, when the number of consecutive detections that are performed, i, exceeds the
set upper limit imax, and the zero-sequence voltage still does not return to normal, the line
is tripped in order of the degree of proximity to the fault criterion (zero-sequence active
direction method) from largest to smallest.

The key to the engineering implementation of the above method lies in two aspects:
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(1) The calculation of the continuous detection of the transient quantity method (when
upgrading the selection device using the detection principle in Figure 10, it is necessary to
consider whether the hardware platform can handle the increase in calculation quantity).

(2) The accuracy of the detection of the steady-state quantity method (reasonable
configuration of the zero-sequence current transformer to meet the accuracy requirements
of the steady-state quantity method).

3.1. Analysis of Calculation Amount for Continuous Detection in Transient Quantity Method

The main factor affecting the use of the transient method for continuous detection is
the increase in the calculation amount. The existing selection device for transient detection
generally takes about 60 to 100 ms; in continuous detection, to perform the process several
times, the amount of calculations must be analyzed.

Since the data buffer requires dynamic storage, and the transient quantity method
must be based on the information at the moment of the sudden change in zero-sequence
voltage or zero-sequence current in order to perform selection, if a CTSG occurs intensively,
when the subsequent fault information has been cleared out of the buffer after completing
the analysis several times, the analysis of the subsequent ground fault cannot be completed,
and missed detection occurs.

Let the total duration of data that are stored in the buffer be T. CTSG occurs intensively
at intervals At;, and the time required for each analysis process is At,. If N analysis
processes are completed without leakage, the following needs to be satisfied:

NAt; < T+ NAt (34)

Then, when At; < Aty, Equation (34) always holds, meaning that no leakage occurs,
no matter how often the analysis is performed.

When At; > At;, the maximum number of analysis processes that can be completed
without missing a check is satisfied:

T

N<—
Aty — Aty

(35)

Strictly speaking, the time required for one analysis process At, is 100 ms, when
performed with this parameter. For one successive ground fault, only the moment of
its occurrence causes a sudden change in the zero-sequence voltage or zero-sequence
current, which triggers an analysis process. If the interval between two adjacent faults
Aty is greater than 100 ms, then theoretically, they can be detected no matter how many
successive ground faults occur during the waiting delay. For intermittent arc grounding,
the extreme case may be that every half-cycle (At; = 10 ms), there is an arc reignition process
to generate the required amount of mutation; if there is another intermittent arc grounding
of a different phase at the same time, the half-cycle may have more than one arc process
for generating the required amount of mutation to start the analysis process. With the
current processing power of the selection device, it cannot deal effectively with such a large
amount of calculations.

Considering the above factors, limiting the number of analysis processes that start
within 20 cycles (400 ms) is adopted in the continuous detection process, limiting the
number of starts of each analysis process to four when the CPU processing power still
leaves enough margin. Considering that a CTSG has a certain time dispersion, this response
strategy can meet the requirements of line selection for most CTSGs. However, in the
extreme case, if the CTSG occurs in a very short time interval (such as 2~5 ms), it will fall
into the same analysis process. The transient processes of two ground faults are intertwined,
because the transient characteristics of the two ground faults weaken each other, which will
increase the detection difficulty of the transient quantity method and may lead to missed
detection, which needs to be supplemented by the steady-state quantity method.
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3.2. Analysis of the Accuracy of the Steady-State Quantity Method of Detection

The smaller zero-sequence current is the main factor affecting the steady-state quantity
method (zero-sequence active power direction method). The current selection device’s
zero-sequence voltage starting condition is generally set at a minimum of 10% rated
voltage. The arc suppression coil’s start voltage is 20% to 35% of the rated voltage, and
the site is generally set to 25%; that is, the separation voltage of the damping resistor of
the pre-conditioned arc extinguishing coil can be considered to be 25%. Therefore, the
zero-sequence voltage in 10% to 25% of the rated voltage, corresponding to the higher
grounding resistance case’s damping resistance, does not separate; the zero-sequence active
power direction method is beneficial.

The cable line’s resistance current (active power loss) and system’s capacitive current
ratio B is about 2% to 4%; insulation aging can be increased to 10%; the overhead line B is
about 3% to 5%, and insulation accumulation of dirt and moisture can also be increased to
10%. Considering that the neutral point via the arc suppression coil’s grounding system’s
cable rate is high and strict, § takes 3%. The damping rate 7y of the damping resistance of
the arc suppression coil is generally 5%, while the arc suppression coil’s over-compensation
degree A is generally 5~10%; strictly speaking, A takes 10%. Cable lines in the rated voltage
capacitive current are generally not less than 5 A; strictly speaking, this paper assumes
5 A. For the fault line, although the requirement of overcompensation does not exceed 10%
of the system’s full capacitive current, because the capacitive current downstream of the
grounding location does not flow through the first end of the fault line, the actual level of
the residual current is also higher than a few amps; that is, the size of the zero-sequence
current of the healthy line is the key to affect the accuracy of the zero-sequence active
power direction method of detection. In general, the fault line is a capacitive current, which
accounts for the system’s capacitive current ratio k, which does not exceed 10%.

According to the above parameters, the phase angle ¢y, o of the healthy line’s zero-
sequence current ahead of the zero-sequence voltage can be obtained as follows:

¢no = 90° — arctgp = 88.3° (36)

When the line selection device is started and the damping resistance of the arc suppres-
sion coil has not exited, the healthy line capacitance current I, 0 =5 A x 10% = 0.5 A. When
the arc suppression coil is overcompensated by 10%, the phase angle ¢y of the grounding
line’s zero-sequence current ahead of the zero-sequence voltage is

Pr1= 90° + arctg(%) =111.8° (37)

In the selection device, the starting resistance and the damping resistance are separated

in case of the most unfavorable situation (corresponding to the zero-sequence voltage of

25% of the rated value); the healthy line’s capacitance current I, o =5 A x 25% = 1.25 A,

@, 0 is still as shown in Equation (36). When the arc suppression coil is overcompensated

by 10%, the phase angle ¢y of the grounded line’s zero-sequence current ahead of the
zero-sequence voltage is

@52 =90° + arctg(pf_k> =98.5° (38)

The steady-state zero-sequence current and the zero-sequence voltage phase relation-
ship of the line are shown in Figure 11. As seen in Figure 11, with UO as the reference
direction, the non-fault line’s steady-state zero-sequence current Iy, is in the first quadrant,
and the zero-sequence current I, 7 is in the second quadrant when it is overcompensated.
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Figure 11. Current and voltage phase’s relationship.

The phase angle determination threshold @set can be as close as possible to the bound-
ary of the faulty line. At the same time, a margin of about 5° needs to be set aside to
cope with the data errors and leave a large fault tolerance space for healthy lines. Ac-
cording to Up’s adaptive fixed value, pget1 = 106.8° can be taken when Uy < 25%, and
Pset2 = 93.5° when Uy > 25%. If it is impossible to distinguish whether the damping
resistance is separated according to Uy, ¢set = 93.5° must be used. According to the Uy
adaptive threshold, the allowed angular difference of the zero-sequence current transformer
is (106.8° — 88.3° = 18.5°) and (93.5° — 88.3° = 5.2°) when the zero-sequence current is in
the range of 0.5 to 1.25 A and the zero-sequence current is greater than 1.25 A, respec-
tively. If not based on the U, adaptive threshold, the allowed angular difference of the
zero-sequence current transformer is (93.5° — 88.3° = 5.2°) when the zero-sequence current
is 0.5 A and above.

Through the rational configuration of the zero-sequence current transformer, the
detection requirements of the zero-sequence active power direction method can be met. For
example, if a 50/10.5 S grade zero-sequence current transformer can be used, then the ratio
difference is less than 1.5% and the angle difference is less than 90’ (1.5°) in the range of
1~120% times the rated current (0.5 A~60 A), and then, the accuracy of the zero-sequence
active power direction method can be ensured.

It is not easy to fully replace the zero-sequence current transformer in the substation
in the field. If the existing zero-sequence current transformer is to be used, the impact
of its accuracy on the line selection performance needs to be evaluated. According to
the actual accuracy of the existing zero-sequence current transformer, the lower limit of
the zero-sequence voltage Ugp can be deduced to meet the detection requirements. The
relationship between the bus’s zero-sequence voltage Uy and the grounding resistance Ry is
shown in Equation (39) (See Appendix A for the derivation):

2
4
(39)

Uo| = —— 2
\/ ('E‘ +dIcsRy) + A2y R

where E is the rated phase voltage, Ics is the system’s capacitance current at the rated
voltage, A is the overcompensation degree, and d is the damping ratio, which is 0 when the
damping resistor is separated.

According to Equation (39), the grounding resistance corresponding to UOD can be
obtained. If it meets the requirements of not being less than 1000 (2, it can continue to use
these zero-sequence current transformers and postpone the transformation and upgrade. In
very few of the most unfavorable conditions, limited by the accuracy of the zero-sequence
current transformer, the zero-sequence active power direction method is likely to fail. At
this time, the non-tripped line can be close to the degree of the zero-sequence active power
direction criteria, from large to small differences and tripped one by one; this strategy
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is equivalent to a judgment of the possibility of grounding from large to small types of
automatic push—pull selection operations, which still meet the requirements of the selection
device, which is that they must reliably remove all fault lines.

4. Simulation Testing

PSCAD was used for the simulation analysis of the 10 kV distribution system, as
shown in Figure 12, where the sampling rate is 10 kHz.

Cable line Overhead line

i i Current transformer

s L11=15km  L12=15km
—_— 1
O 0 ep-

N L21=15km

L22 = 14 km
v L1

N L3=6km
T’_‘ 1
L \/ (:§;| ;) I

L4 =25km

7

Sedav

Figure 12. Typical distribution network simulation model.

In the simulation system, L3 denotes the cable lines, and L4 denotes the overhead

lines. Line parameters are listed in Table 1.

Table 1. Line parameters.

Line Phase Sequence R (Q/km) L (mH/km) C (uF/km)
, Positive 0.2700 0.2550 0.3390
Cable line sequence
Zero-sequence 2.7000 1.0190 0.2800
Overhead Positive 0.1700 1.2100 0.0097
line sequence
! Zero-sequence 0.2300 5.4780 0.0080

@ The first grounding is a continuous stable grounding, and the second grounding is
a continuous stable grounding. (@ The first grounding is an intermittent arc grounding,
and the second is an intermittent arc grounding. (3 The first grounding is an intermittent
arc grounding, and the second is a continuous stable grounding. (@ The first grounding
is a continuously stable grounding, and the second is an intermittent arc-light grounding.
Among them, the intermittent arc grounding parameters are shown in Figure 13 and

Table 2 [36].

Figure 13. Emanuel arc model.
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Table 2. High-impedance fault parameters.
Arc Types Vp Vp Ry Ry
Cement 4.5 +10% kV 2.0 +20% kV 800 O 750 Q)
Dry grass 3.8 £10% kV 3.6 £ 10% kV 400 O 350 Q)
Wet grass 1.2 +10% kV 1.0 + 10% kV 1200 O 1100 O

(1) Condition @:

The first fault feeder was L4, which experienced an A-phase ground fault at 0.2 s
with a ground resistance of 3000 (). The second fault feeder was L1, which experienced an
A-phase ground fault at 0.26s with a ground resistance of 2000 (). Assuming 0.32 s excision
has been detected in the fault line, each line’s current waveform is shown in Figure 14.

15¢
10f
5_
<o
= O
_10_
-15 '
0.2 026 s 0.32 0.38
3 10 15 15

ilA
o
ilA
o

_15 _1r-

-3 -10 S
0.2 022 025026 0.28 0.310.320.33 0.33 0.34

Figure 14. Zero-sequence current of each line under condition (D.

Figure 14A-D represent: first fault, second fault, cut the first fault, cut the second fault.
From Figure 14A, we can observe that after the first grounding, L4’s current amplitude
is more significant than those of L1~L3, and the phase is opposite to L1~L3. This feature
satisfies the transient quantity method so that L4 can be detected as a fault line. From
Figure 14B, we can observe that after the second grounding, L4’s current phase is opposite
to the other lines, a feature that consistently lasted until 0.32 s, but the L4 current amplitude
is not the maximum, while L1’s amplitude is not the maximum. Using the transient amount
method, this is not detected in the fault line. From Figure 14C, we can observe that after
removing the detected faulty line L4, the remaining line’s current did not undergo a sudden
significant change, and the remaining line’s current did not meet the transient quantity
method. Observing Figure 14D, it can be seen that the current of feeder L1 crosses zero
first. From this, it can be calculated that the leading voltage phase angles of the current
from L2 to L3 are 97.37°, 89.23°, and 90.24°, respectively. When @get = 93.5°, the use of the
steady-state amount method to detect the fault line for L1 for the successive fault that is
shown in Figure 14 results in two grounding fault lines being visible.

(2) Condition @:

The first fault occurred in the intermittent arc grounding (Cement) for the A phase
of L4 at 0.2 s, and the second fault occurred in the intermittent arc grounding (Dry grass)
for the A phase of L1 at 0.26 s; assuming a 0.32 excision has been detected in the fault
line, each current’s waveform is shown in Figure 15. Figure 15A-D represent: first fault,
second fault, cut the first fault, cut the second fault. Observing Figure 15 indicates that the
current has undergone a significant distortion with an over-zero phenomenon. Observing
Figure 15A, the L4 current’s characteristics meet the fault characteristics of the transient
quantity method, so L4 is detected as a faulty line. Observing Figure 15B, the fault line
is not seen using the transient method, and the same characteristics as Figure 14B can be
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seen. Observing a part of Figure 15C, the remaining line’s current after removing the faulty
line L5 does not satisfy the transient quantity method. Observing Figure 15D, L1’s current
is initially over zero, and the calculated L1~L3 present phase angles ahead of the voltage
of 103.58°, 88.47°, and 89.29°, respectively; the same is true when @set = 93.5°, when the
steady-state method can detect a fault line for L1.
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151 AFlrst BSeconé' Cutthe c Cutthe
10 fault figst fa second faylt
: AN
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B VvV V \
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0.2 0.26 t/s 0.32 0.38
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Figure 15. Zero-sequence current of each line under condition .

For conditions @), @), ®), and (@ of various verified working conditions, the specific
results are shown in Tables 3—6. In the tables, it can be seen that the use of the transient
quantity method can detect two grounding fault lines; the tables also introduce the use of
the transient quantity method and the steady-state quantity method, with the detection
of two grounding fault lines, while the use of the wheel cut with the transient quantity
method and the steady-state quantity method with the detection of two grounding fault
lines is also included, indicating that the method proposed in this paper has a high accuracy
and reliability.

Table 3. Simulation verification under condition (D).

Initial Transient Current Transient Current Transient Phase Ahead Steady-State Wheel
Phase 1st Fault 2nd Fault at 1st Fault/A at 2nd Fault/A Method at Steady-State Method C ete
Angle [L1 L2 L3 L4] [L1 L2 L3 L4] Results [L1 L2 L3 L4] Results u
0° L31500QB  L21000Q A [3.58 1.99 —5.18 0.43] [-12.60 —6.00 —5.88 —0.70] L3 [85.38° 105.36° /86.41°] L2 /
0° L2200000 A  L11000 QA [-1.111.53 —1.3 —0.21] [-8.83 —7.3 —3.7 —0.43] L2 [98.05°/88.56° 89.43°] L1 /
0° 132000 ) A 125000 C [—0.43 —1.851.33—0.16] [-11.37 —7.72 —4.87 —0.73] L3 [83.33° 99.85° /84.78°] L2 /
30° L31500 QA 123000 2B [—0.94 —3.66 4.75 —0.36] [—8.99 —10.952.21 —0.25] L3 [92.61° 93.12° /91.82°] / L2
30° 121000 QB L1500 A [-0.115.31 —5.03 —0.41] [-0.21 —22.31 —5.88 —0.7] L2 [94.37° /91.51°92.92°] L1 /
30° L4100 C L2500 0 A [12.52 10.79 4.09 —37.54] [42.31 33.33 5.89 —9.19] L4 [88.34° 100.4° 89.67°/] L2 /
60° L4500 OB L21000 QB [0.39 4.49 4.5 —10.25] [—14.28 —13.61 —5.42 —1.71] L4 [89.64° 94.99° 91.17° /] L2 /
60° L320000QC  L21000 0 A [0.44 1.056 —2.34 0.17] [9.41 15.37 —3.68 0.035] L3 [88.11° 102° /89.65°] L2 /
60° L3300 0 A L21300 Q) A [-5.11 —20.1 25.84 —1.91] [-1.81 —0.98 4.4 —0.06] L3 [88.56° 92.03° /89.91°] / L2
90° 141500 QO B L3100 A [-0.1 —0.55 —0.19 0.86] [—44.76 —21.63 48.54 —2.69] 14,13 / /
90° L4100 A 121000 A [—-5.03 —44.33 —27.81 63.48] [13.514.545.14 2.17] L4 [88.26° 100.88° 89.59° /] L2 /
Table 4. Simulation verification under condition ).
Initial Transient Current Transient Current Transient Phase Ahead Steady-State Wheel
Phase 1st Fault 2nd Fault at 1st Fault/A at 2nd Fault/A Method at Steady-State Method Cut
Angle [L1L2L314] [L1L2 13 L4] Results [L1 L2 L3 L4] Results u
0° L2 Cement C L3 Wet grass A [-0.21 —2.99 5.27 —0.43] [0.23 4.36 9.87 0.55] L3 [90.59° 127.49° /88.42°] L2 /
30° L2 Cement B L3 Dry grass C [0.36 —5.52 4.73 0.70] [-0.17 —13.93 —3.29 —0.39] L2 [89.62°/93.99° 90.06°] L3 /
60° L2 Dry grass A L3 Wet grass A [-0.04 7.33 —6.26 —1.01] [0.59 11.22 7.48 0.10] L2 [76.47° /94.30° 76.54°] L3 /
90° L2 Dry grass B L3 Wet grass C [-0.055.88 —1.55 —0.32] [0.42 5.43 —8.95 1.08] 12,13 / / /
0° L1 Cement A L4 Cement B [3.94 —3.98 —1.95 —0.27] [1.96 16.29 8.01 —14.5] L1, L4 / / /
30° L1 Cement A L4 Dry grass C [8.85 —7.34 —4.00 —0.37] [6.519.26 3.99 —2.64] L1, L4 / / /
60° L1 Cement B L4 Wet grass C [—3.851.751.90 0.14] [—3.98 —1.41 —2.92 —6.03] L1 [/81.58° 89.03° 91.19°] L4 /
90° L1Dry grass C L4 Wet grass C [-7.544.211.820.33] [-1.22 —6.91 —2.45 —1.06] L1 [/99.87° 80.70° 100.88°] L4 /
0° L2 Cement A L4 Cement B [-0.16 2.29 —1.94 —0.14] [0.10 6.84 2.14 1.26] L2 [85.27°/89.88° 188.85°] L4 /
30° L2 Cement A L4 Dry grass C [-0.131.90 —1.61 —0.12] [0.04 4.30 0.97 1.44] L2 [85.39°/89.76° 193.70°] L4 /
60° L2 Cement B L4 Wet grass C [0.46 —6.39 5.48 0.85] [-0.38 —18.13 —5.14 4.58] L2, 14 / / /
90° L2 Dry grassC L4 Wet grass C [—0.01 4.27 —0.60 —0.21] [0.46 6.14 3.43 —11.18] 12,14 / / /
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Table 5. Simulation verification under condition (3).
Initial Transient Current Transient Current Transient Phase Ahead Steady-State Wheel
Phase 1st Fault 2nd Fault at 1st Fault/A at 2nd Fault/A Method at Steady-State Method Cut
Angle [L1 L2 L3 L4] [L1 L2 L3 L4] Results [L1 L2 L3 L4] Results u
90° L2 Wet grass A L2750 O C [0.28 —4.44 0.61 0.27] [0.20 6.78 8.39 0.28] L2 [61.57° /94.61° 60.04°] L3 /
0° L1 Dry grass A L21000 QB [9.74 —5.12 —1.86 —0.35] [12.23 1.61 3.06 0.78] L1 [/105.85° 86.32° 86.38°] L2 /
30° L2 Dry grass B 132000 Q A [0.42 —6.40 5.39 0.43] [-0.16 —17.01 0.90 —0.73] 12,13 / / /
60° L3 Dry grass C L1500 QB [0.31 5.67 —7.24 0.14] [23.16 —18.76 —9.91 —2.16] L3, L1 / / /
90° L4 Dry grass A L1750 QC [0.10 3.26 1.57 —3.08] [—9.7112.28 4.27 7.79] L4, L1 / / /
0° L1 Cement A L22500 Q) B [7.42 —3.57 —1.42 —0.33] [7.21 5.38 2.66 0.54] L1 [/91.37° 78.29° 79.92°] / L2
30° L2 Cement B L31500Q C [0.35 —5.25 4.50 0.66] [-0.22 —11.19 —3.77 —0.12] L2 [82.74° /109.72° 82.14°] L3 /
60° L3 Cement C L420000 A [0.133.22 —3.39 0.28] [—0.37 —8.06 —6.48 6.92] 13,14 / / /
90° L4 Cement A L1750 QB [—0.33 —3.78 —4.20 8.39] [11.72 —2.65 —0.83 —0.25] 14,11 / / /
o L1 Wet grass A 131000 Q B [4.39 —2.03 —2.20 —0.17] [2.03 11.6 —7.84 0.98] L1,L3 / / /
30° L2 Wet grass B L1750 QB [0.29 —4.51 3.83 0.29] [-10.21 —5.11 —1.11 —1.12] L1 [95.73°/80.45° 83.73°] L1 /
60° L3 Wet grass C L21500 ) B [0.232.66 —3.17 0.23] [-0.61 —11.00 —0.01 —0.77] L3 [83.73° 92.72° /82.78°] / L2
Table 6. Simulation verification under condition (®.
Initial Transient Current Transient Current Transient Phase Ahead Steady-State Wheel
Phase 1st Fault 2nd Fault at 1st Fault/A at 2nd Fault/A Method at Steady-State Method Cut
Angle [L1L2 L3 14] [L1L2 13 L4] Results [L1 L2 13 L4] Results
0° L1750 Q C L2 Wet grass A [8.36 —4.44 —2.11 —0.55] [3.19 2.49 0.73 0.06] L1 [80.08° 96.83° /87.07°] L2 /
0° L11000 Q2B L4 Dry grass A [—11.00 4.71 4.13 0.41] [—8.32 —10.05 —4.61 11.60] L1, L4 / / /
0° 1120000 C 12DrygrassB  [3.11 —1.45 —1.54 —0.12] [2.89 —4.47 6.69 0.55] L1, L2 / / /
30° L2500 QO A L3 Dry grass C [—0.06 4.46 —2.83 —1.37] [0.20 16.73 3.44 0.33] L2 [65.92°/96.17° 62.19°] L3 /
30° L2750 QB L4 Dry grass A [0.46 —7.50 5.56 0.89] [—0.48 —20.23 —6.21 30.97] L2, 14 / / /
30° 1210000 C L1 Cement A [0.03 —0.14 0.14 0.01] [6.42 —2.23 —5.44 —0.37] 12,L1 / / /
60° L31000 Q) A L2 Cement B [—0.52 —6.13 7.23 —0.66] [0.45 5.86 13.82 0.62] L3 [46.27° 93.30 © /47.49°] / L2
60° L3 1500 QO B L1 Cement C [0.051.92 —2.30 0.17] [—6.84 —0.74 —1.10 7.29] L3, L4 / / /
60° L32000 0 C L4 Cement A [0.16 1.90 —2.17 0.21] [—0.54 —7.92 —2.02 10.11] 13,14 / / /
90° L4500 QO A L1 Wet grass A [—0.26 —6.20 —1.69 8.05] [0.62 —3.72 —1.58 —1.37] 14,11 / / /
90° L41000 QB L2 Wet grass B [0.42 4.34 1.56 —5.22] [-12.1513.11 —2.90 —6.59] 14,12 / / /
90° 141500 Q2 C L3 Wet grass C [0.255.42 2.88 —6.47] [0.15 —8.03 1.68 —3.47] L4 [90.66° 85.75° 94.45° /] L3 /

5. Full-Scale Test Field Testing

For the 10 kV full-scale test field, we set up three lines, L1~L3. The line lengths and
model are shown in Figure 16. The bus offers additional access to a three-phase capacitor
cabinet (parameters of 2.5 uF), the rest of the alternative line-to-ground capacitance is
simulated, the total capacitance of the system current is 19A, and the arc suppression coil’s
overcompensation degree is set to 5%.

In the test, the L2 end grounding (14-D) is set first, and the L3 end grounding (F2) is
set after about 2 s. Among them, for the same phase and different phase grounding faults,
two scenarios are set:

(@ The second grounding before the first grounding line trip corresponds to the test
scenarios of serial numbers 1 to 6 in Table 7.

@ The second grounding occurs after the first grounding line trips, but the zero-
sequence voltage does not return to normal, corresponding to the test scenarios in Table 7
with serial numbers 7 to 12. The test scenarios are shown in Table 7.

The test method shown in Figure 10 was used to upgrade the protection selection
device for small-current grounding systems, and the upgraded selection device was tested
using the 12 scenarios shown in Table 7. In the 12 test scenarios, the device correctly
detected both grounding lines, including 4 scenarios where the transient quantity method
did not see the second fault line but relied on the steady-state quantity method to select the
fault line successfully.

In this section, two typical scenarios are selected for specific illustration.

In scenario 4, L2 and L3 are set to experience single-phase ground faults successively,
with ground resistances of 60 (2 and 2000 (), respectively. The recording data near the two
grounding moments are shown in Figure 17a,b. The waveforms are all on the secondary
side, where the TV ratio is 60:1, and the TA ratio is 50:5.

As shown in Figure 17a, L2 experiences a single-phase ground fault at 0.28 s, with the
maximum transient zero-sequence current amplitude and opposite polarity. Therefore, it
can be determined that L2 is a faulty feeder. In the delay waiting to trip, zero-sequence volt-
age is always present, about 1.15 s. In the L3 grounding, the selection device again detects a
transient process, as seen in Figure 17b, and the transient zero-sequence current amplitude
of L3 is the largest; the polarity is opposite to other lines, meaning that L3 grounding occurs.
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At the end of the tripping delay, the line selection device trips L2 and L3 (in the experiment,
tripping the grounding branch instead of the line switch), and the system voltage returns

to normal.
L1 YJV-3x50 1km
10kV  10kV

I_@ L2 YIV-3x501.5km
Fli_
} L3 YIV-3x50 2km
2

gus 3X2.54F

(a) 10 kV full-scale test topology

)

(b) Successive fault equipment

Figure 16. The 10 kV full-scale test field wiring.

Table 7. The 10 kV full-scale test scenario.

No. Test Project F1/Q) F2/Q
1 The 2nd grounding occurs 60 60
2 before the 1st grounding line 60 3000
3 trips (same phase) 3000 60
4 The 2nd grounding occurs 60 2000
5 before the 1st grounding line 60 3000
6 trips (different phase) 3000 60
7 The 2nd grounding occurs after 60 60
8 the 1st grounding line trips 60 3000
9 (same phase) 3000 60

10 The 2nd grounding occurs after 60 2000
11 the 1st grounding line trips 60 3000
12 (different phase) 3000 60
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Figure 17. Scenario 4’s recorded waveform data.

In scenario 8, the L2 feeder first experiences a ground fault with a ground resistance of
60 (; after the L2 fault is eliminated, L3 experiences a ground fault with a ground resistance
of 3000 (), indicating an abnormal zero-sequence voltage. The data recorded for the first
grounding are very similar to Figure 17a, needing no further elaboration, and the data
recorded during the second grounding are shown in Figure 18.
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Figure 18. Scenario 8’s recorded waveform data.
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As seen in Figure 18, after L3 grounding, its fault characteristics are relatively weak,
and the application of the continuous detection method did not lead to the detection of the
second grounding fault. However, after the L2 grounding branch trips, the phase angles
of L1~L3’s zero-sequence current ahead of the zero-sequence voltage are calculated to
be 98.13°, 96.95°, and 104.72°. L3 is the most consistent within the fault criterion, and
the second grounding line is successfully identified as L3 by the zero-sequence active
power method.

6. Field Recording Test

The detection method shown in Figure 10 was used to upgrade and renovate some
substations in certain cities in China. The existing standards only specify the accuracy
requirements for P-level current transformers at the rated current and maximum limit
current, and there are no relevant regulations for accuracy at low currents. Through the test
of a batch of 100/5 10P10 level zero-sequence current transformers, the maximum value
of the angular difference was shown to be 4.6° and 11.4°, respectively, when the primary
current was 1 A and 0.5 A. At this time, it is necessary to identify the state of damping
resistance according to Uy and adjust the fixed value automatically to ensure the accuracy
of the detection of the zero-sequence active power direction method. Considering the large
number of substations that are involved, the dispersion of the zero-sequence voltage values
of their configured arc’s extinguishing coil separation damping resistors is large, and it
is difficult to adopt an adaptive fixing strategy; therefore, it can only meet the accuracy
requirement of an allowed angular difference of no more than 5.2 when the primary current
is greater than 1 A.

The capacitance current of each line of these substations at a rated voltage is greater
than 5 A, so the configured zero-sequence current transformer can only ensure the accuracy
of line selection at a zero-sequence voltage that is higher than 20% of the rated voltage.

The maximum capacitance current (Icy) of each bus of these substations does not
exceed 150 A, and the overcompensation degree A of the arc suppression coil is less than
10%; in addition, the corresponding grounding resistance Ry is 1979 (3 and 1212 () when Uy
is 20% of the rated voltage in the case of damping resistance separation and non-separation,
which both meet the requirement of not being under 1000 (). Therefore, these zero-sequence
current transformers can be used temporarily. Three CTSGs have been successfully detected
in the substation, completed by the upgrade, including the following: at 16:03:10 on a
certain day, a CTSG occurred between the A phase of line 171 and the A phase of line 167 in
I'bus of a 110 kV ZB substation; at 15:23:05 on a certain day, a CTSG occurred between the
B phase of line 114 and the B phase of line 188 in III bus of a 110 kV WT substation; and
at 15:01:40 on a certain day, a CTSG occurred between the C phase of line 146 and the A
phase of line 145 in a 110 kV ZB substation II bus. In the three CTSGs, two grounding lines
were detected continuously by applying the transient quantity method, and the recording
wave data are shown in Figure 19a,c, respectively. The moment in black corresponds to
the first ground fault, and the moment in red corresponds to the second ground fault. The
recording wave data are excluded during the two grounding intervals, so the waveform is
shown as a horizontal line segment during this period.
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Figure 19. Field recording wave data. Among them, the transient zero-sequence current of each line,
when two groundings occur in the I bus of the ZB substation, is shown in Table 8.

It can be seen that when the first grounding occurs, line 171’s transient zero-sequence
current amplitude is the most significant and exhibits polarity with other lines; when the
second grounding occurs, line 167’s transient zero-sequence current amplitude is the largest
and exhibits polarity with other lines; the transient quantity method correctly elected the
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two grounding lines. Another two successive grounding fault calculation results are similar
to this, but are no longer repeated; the specific results are shown in Tables 9 and 10.

Table 8. Transient zero-sequence current of each line in case of a fault in the I bus of ZB substation.

Transient Zero-Sequence Transient Zero-Sequence
Line No. Current for Each Line of Current for Each Line of
the 1st Ground Fault/A the 2nd Ground Fault/A
163 0.876 —0.272
122 2.408 —0.69
165 1.553 —0.388
124 0.639 —0.162
125 0.589 —0.224
126 0.576 —-0.271
171 —14.16 —13.04
128 1.923 —0.51
141 1.055 —0.328
134 2.238 —0.65
167 2.207 14.15

Table 9. Transient zero-sequence current of each line in case of a fault in the III bus of WT substation.

Transient Zero-Sequence Transient Zero-Sequence

r Current for Each Line of Current for Each Line of

the 1st Ground Fault/A the 2nd Ground Fault/A
179 0.119 0.353

114 0.761 —14.16

115 0.380 0.967
189 0.496 1.671
193 0.494 1.472
178 0.507 1.22
180 0.147 0.521
188 —9.252 12.49
190 0.289 0.68

Table 10. Transient zero-sequence current of each line in case of a fault in the II bus of ZB substation.

Transient Zero-Sequence Transient Zero-Sequence

Line No. Current for Each Line of Current for Each Line of

the 1st Ground Fault/A the 2nd Ground Fault/A
188 —0.94 1.398
139 —0.415 0.835
158 —0.616 1.124
161 —0.924 1.496
166 —0.162 0.322
146 14.15 1.339
152 —1.234 1.684
173 —0.863 1.642
180 —0.438 0.709
184 —0.687 1.165
186 —0.294 0.544

145 —0.703 —13.93

172 —0.575 1.127

7. Conclusions

The transient quantity method can detect most of the CTSGs. However, it cannot
handle the occurrence of intensive successive faults, and the presence of previous ground
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faults may weaken the transient characteristics of subsequent grounded lines, so the steady-
state quantity method is needed to supplement it. The steady-state quantity method can be
detected after the line has tripped again, but not for intermittent arcing ground faults, and
zero-sequence current transformer accuracy has specific requirements.

The CTSG detection method prioritizes the transient quantity method and is supple-
mented by the steady-state quantity method. Some lines are tripped and then continuously
detected again. For cycle numbers exceeding the set value and still unable to remove all
the faulty lines, they are tripped one by one from the largest to the smallest according to
their degree of closeness to the steady-state quantity method criterion. The method has
been verified by PSCAD simulation and a full-scale test and successfully detected three
occurrences of CTSGs in the actual distribution network.
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Appendix A
Appendix A.1. Recording Data of SP-CTSGs and DP-CTSGs
As shown in Figure A1, which presents the full-scale teat field testing data, the

occurrence of an SP-CTSG, the two faults” grounding resistances at 100 (), and the phase
angle at grounding are the same.

21000 [ Bus voltage
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5 100[ Bus voltage derivative
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Figure A1. Recording of SP-CTSG.

It can be seen that the second grounding line’s transient zero-sequence voltage deriva-
tive and transient zero-sequence current polarity are opposite, in line with the fault line
characteristics, and the first grounding line’s and non-fault line’s transient zero-sequence
voltage derivative and transient zero-sequence current polarity are the same. Ideally, under
the first ground fault, the transient quantity method can allow the subsequent fault lines to
be selected in sequence.

As shown in Figure A2 of the full-scale teat field testing data, the occurrence of a
DP-CTSG, the two faults” grounding resistance at 100 (), and the phase angle at grounding
is the same; it can be seen that the second grounding line’s transient zero-sequence voltage
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derivative and transient zero-sequence current polarity are opposite, which is in line with
the fault line characteristics; and the first grounding line’s and non-fault line’s transient
zero-sequence voltage derivative and transient zero-sequence current polarity is the same.
Ideally, under the first ground fault, the transient quantity method can allow the subsequent

fault lines to be selected in sequence.
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Figure A2. Recording of DP-CTSG.

Appendix A.2. Process for Deriving the Relationship between Bus’s Zero-Sequence Voltage and

Grounding Resistance Rf

The steady-state zero-sequence equivalent circuit of the system, when single-phase
grounding occurs, is shown in Figure A3. L is the arc suppression coil inductance, Cy, is the
total system capacitance to ground, L’ is the equivalent inductance in the dashed box, R

is the equivalent parallel damping resistance, and R is the grounding resistance. E is the
equivalent zero-sequence voltage source. Uy is the bus’s zero-sequence voltage. I is the

residual flow of the fault point.

L

(a) Gold property grounding

R,

(b) Damping resistor not separated

Figure A3. Zero-sequence steady-state equivalent circuit in the event of single-phase grounding.

| B} 1 1 1 1
012 0.14 0.16 0.18 0.2
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Figure A3a shows the steady-state equivalent circuit with metallic grounding, where
the damping resistors have been separated; Figure A3b shows the steady-state equivalent
circuit under the condition that the damping resistors are not separated.

In the case of metallic grounding, let the arc suppression coil compensate the residual
current so that it is no more significant than the overcompensation degree A, so for the
most unfavorable, the following applies:

£
I

L' =
YT Aes

(AT)
where Icy, is the system capacitance’s current amplitude at the rated zero-sequence voltage.

Let the damping rate at the rated zero-sequence voltage be d; then, the damping
resistance R; is

i
R, = A2
e T (A2)
The zero-sequence voltage under the condition that the damping resistor is not sepa-
rated is
2
- i
o] = (A3)

. 2 5 5
(‘E’ +dlcgRy) + 2125 R2
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