1' frontiers

in Energy Research

ORIGINAL RESEARCH
published: 08 December 2021
doi: 10.3389/fenrg.2021.772345

OPEN ACCESS

Edited by:

Muhammad Wakil Shahzad,
Northumbria University,
United Kingdom

Reviewed by:

Mai Chan Lau,

Institute of Molecular and Cell Biology
(A+STAR), Singapore

Muhammad Ahmad Jamil,
Northumbria University,

United Kingdom

*Correspondence:
Weijie Wen
weijjie.wen@tju.edu.cn

Specialty section:

This article was submitted to
Process and Energy Systems
Engineering,

a section of the journal
Frontiers in Energy Research

Received: 08 September 2021
Accepted: 03 November 2021
Published: 08 December 2021

Citation:

Li B, Shi L, Wen W, Li B, Chen X and
SuJ (2021) Research on a New Single-
End Fault Location Method for Single-
Phase Grounding Faults of
Transmission Lines Through
Transition Resistance.

Front. Energy Res. 9:772345.

doi: 10.3389/fenrg.2021.772345

®

Check for
updates

Research on a New Single-End Fault
Location Method for Single-Phase
Grounding Faults of Transmission
Lines Through Transition Resistance

Botong Li, Lin Shi, Weijie Wen* Bin Li, Xiaolong Chen and Jiang Su

The Key Laboratory of Smart Grid of Ministry of Education, Tianjin University, Tianjin, China

A single-end fault location method for single-phase nonmetallic grounding faults of
transmission lines in a double terminal system is studied and proposed. First, the
reason for the poor accuracy of the single-end fault location method in case of single-
phase nonmetallic grounding faults is analyzed theoretically, and the necessary conditions
for the single-end accurate fault location are put forward. Second, under the necessary
conditions of the single-end accurate fault location, according to the topology of fault
component networks, the calculation method of the single-end accurate fault location of
transmission lines in a double terminal system is studied. Moreover, the influence of line
capacitance is considered in this fault location method, and a simple expression for
calculating the fault distance is obtained. Finally, the transmission line with a single-phase
nonmetallic grounding fault is modeled in PSCAD; therefore, the correctness and the ability
against transition resistance of the new single-end fault location method are verified by
simulation.

Keywords: double terminal system, transition resistance, single-phase grounding fault, single-ended fault location,
extreme high voltage

INTRODUCTION

In the operation of power systems, most faults occur in transmission lines; therefore, timely repair after
line faults is the key to ensure the reliability of power supply. Accurate fault location can quickly locate
the fault point, effectively reduce the burden of line inspection, and speed up the restoration of power
supply. According to the source of fault information, the existing fault location methods for
transmission line can be classified into two main types: the double-end fault location and the
single-end fault location. In principle, the double-end fault location can eliminate the influence of
transition resistance, which results in the advantages of a simple algorithm and high positioning
accuracy; however, there also exist limitations such as data transmission depends on
communication and some algorithms need data synchronization. However, the single-end
fault location has the advantages of no communication impact and no need of data
synchronization, which means the single-end fault location is of irreplaceable value in certain
cases of power grids. According to the principle of fault location, the single-end fault location can
be divided into the traveling wave method and the impedance method. The single-end fault
location method using line impedance to calculate fault distance is widely used in power systems.
However, in case of a fault with the existence of transition resistance, the single-end fault location
method using the impedance method cannot directly calculate the fault distance in principle,
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which causes the poor accuracy of the single-end fault location
in a nonmetallic fault; thus, the existence of transition resistance
has become the biggest problem affecting the accuracy of the
single-end fault location method. Therefore, it is of great
practical value to theoretically analyze the reasons for the
poor accuracy of the single-end fault location in the presence
of transition resistance, find the necessary conditions for the
single-end accurate fault location, and study and propose a new
single-end accurate fault location method (Apostolopoulos and
Korres, 2011; Bains and Zadeh, 2015; Fei et al., 2015; Ghorbani
and Mehrjerdi, 2020; Kawady and Stenzel, 2003; Li et al., 2020;
Wang and Chen, 2021; Wang et al., 2021; Xu and Zhang, 2015).

Experts around the world have done some research on the
single-end fault location method in case of nonmetallic
grounding faults in transmission lines. He et al. (2018)
proposed an improved single-end fault location method which
makes use of the electrical quantity at one end and the single-end
fault location results at the other end so as to improve the
accuracy of the fault location. However, this method depends
on communication technology and needs to compare the location
information at both ends of the line. Aboshady et al. (2019)
proposed a fault location method based on single-end impedance
and broadband frequency analysis. In this method, the fault is
regarded as a high-frequency component voltage source injected
into the system so as to solve the influence of transition resistance.
Moreover, using the third-order Taylor expansion of the
transmission line equation, a third-order polynomial about the
fault distance x is obtained at the fault point, and the fault
distance x is calculated by iterative solution. However, when
the fault distance x is solved by iteration, it is not proved that the
iterative algorithm must be convergent from the mathematical
principle. Jia et al. (2013) proposed a single-end fault location
method based on impedance measurement, which includes
iterative estimation of voltage before a fault and the least
square curve fitting. The algorithm provides fast and accurate
fault location by comparing the calculated line reactance between
the fault point and the measurement point with the known line
reactance. However, the algorithm does not consider the
influence of line capacitance on fault location and thus cannot
be applied to the lines with large capacitance parameters.
Patynowski et al. (2015) proposed a fault location method
based on synchronized phasor. The solution includes three
algorithms for different fault types. These algorithms calculate
by using synchronized information to solve the problem of the
large ranging error for fault location when there exists transition
resistance. However, due to the use of synchronized phasor,
additional clock synchronization of data through Ethernet or
radio is required; that is, the fault location algorithm will depend
on communication. Bains et al. (2017) proposed an improved
fault location algorithm based on the impedance method for
double circuit transmission lines. The algorithm eliminates the
transition resistance by constructing the KVL equation of double
circuit lines in a fault negative-sequence network and obtains the
equation containing the fault distance. However, the algorithm
cannot eliminate the influence of the negative-sequence internal
impedance of the opposite system. When the negative-sequence
internal impedance of the opposite system changes greatly, the
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accuracy of the algorithm will be reduced. Taheri et al. (2020)
proposed a fault location algorithm based on a fault sequence
component network for series capacitor-compensated
transmission lines. The algorithm reads the data at the speed
of 1kHz, uses the formula to solve 61 fault distances in the
generated 61 data windows, then eliminates the fault location
results with low probability of occurrence, and takes the
harmonic average of the remaining ranging results as the final
fault location results. However, when the algorithm produces the
final fault location results, it depends on the selection of
eliminated data and cannot directly calculate the fault location
results accurately.

The above references do not indicate the fundamental reason why
the single-end fault location method cannot calculate the accurate
fault distance when there exists transition resistance. Therefore,
based on the analysis of existing methods, this work first studies
the necessary conditions for the single-end accurate fault location
method in case of the single-phase grounding fault through
transition resistance of transmission lines. Second, based on the
necessary conditions of the single-end accurate fault location and the
equivalent circuit structure of the fault component network, a new
method is studied in order to realize the single-end accurate fault
location in the presence of transition resistance, and the influence of
line capacitance on fault location is also considered. Finally, the
correctness and the ability against transition resistance of the
proposed new method are verified by simulation.

THE PRINCIPLE OF SINGLE-END FAULT
LOCATION AND THE NECESSARY
CONDITIONS FOR ACCURATE RANGING

The schematic diagram of single-phase nonmetallic grounding
fault of the double terminal system transmission line studied in
this work is shown in Supplementary Figure S1. There are an
M-side equivalent system and an N-side equivalent system on
both sides of the transmission line. Take the electrical quantity
at the M-side as an example for single-end fault location, and the
set point m as the electrical quantity measurement point. The
total length of the line is [ km, and A-phase grounding fault
passing through the transition resistance Ry occurs on the line at
the point that is x km away from the M-side system.

Among them, Zis the unit self-impedance per kilometer of
the line. There is a coupling relationship between lines, which is
represented by the coupled wave line in the figure, and the unit
mutual impedance per kilometer of lines is set as Zy,.

Unma, Ums, Umc and Una, Ungs, Unc are the voltages of the
three phases A, B, and C, respectively, of the M-side and N-side
systems. Zypand Zy; are the respective positive-sequence
internal impedance of the M-side and N-side systems, and the
zero-sequence internal impedance of the M-side and N-side
systems is, respectively, set as Zy and Zyo. If the neutral
point equivalent ground impedance Zyg and Zyg of the
M-side and N-side systems shown in Supplementary Figure
S1 are used to reflect the zero-sequence impedance of the M-side
and N-side systems, the calculation method will be as shown in
(Eq. 1) and (Eq. 2).
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= 1

Zno — Zni

ZNg = 3

2

In order to eliminate the influence of load currents under
fault conditions, the fault component is used to study the fault
location method (Zhang et al., 2006). The fault component
network in the additional fault state in case of A-phase
nonmetallic grounding faults is established by fault state
decomposition, as shown in Supplementary Figure S2.Here,
AUand Al (i = A, B, C) are, respectively, the voltage change
and the current change at the measuring point after faults.
According to the superposition theorem satisfied by the linear
circuit, the expressions are shown in (Eq. 3) and (Eq. 4),
respectively.

A(.]mA = UmAf - UmA

AUg = Upgs = Upp > 3)

A(-.]mC = Ume - UmC
AI’mA = imAf - ij
AI.mB = I_me - I.mB > (4)
Alc = Incr — Inmc

where Upyeand U,y are the measured voltages of phase i at the
measuring point m, respectively, after and before the fault;
Inifand I,; are the measured currents of phase i at the
measuring point m, respectively, after and before the fault (i =
A, B, C). Since the electrical quantity at the point m before and
after the fault can be measured, the voltage change and current
change are known. At the same time, it can be found from
Supplementary Figure S2 that the B-phase line is connected in
parallel with the C-phase line, so the voltage at both ends of the
B-phase line and the C-phase line is equal. Since the parameters of
the B-phase line and the C-phase line are the same, the current
flowing through the B-phase and C-phase lines should also
be equal, that is, the current and voltage relationships shown
in (Eq. 5) and (Eq. 6) should be satisfied.

Aij = AI‘mCa (5)
A[.]mB = AUmC (6)

In this study, only the steady-state fault component is applied
in the calculation process. Therefore, the grounding fault
branch with transition resistance can be equivalent to a
power frequency constant current source Iy, with its current
direction being from the fault grounding point to the fault
component network, and Uy is the voltage on both sides of the
constant current source. By combining the three grounding
points in Supplementary Figure S2 into one grounding point,
the equivalent circuit of the fault component network can be
obtained, as shown in Supplementary Figure S3. Here, Iy, is
the A-phase current from the fault point to the system on side
N, and Iy is the current flowing through the equivalent ground
impedance of the neutral point of the N-side system. It can be
seen from Supplementary Figure S3 that there are four meshes
in the equivalent simplified circuit. According to the mesh
current law, four independent loop current equations can be
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listed in theory. Therefore, four independent circuits I; = b,b3bs,
I, = bybsb, I3 = bybg, and 1, = bsbg are selected as follows to write
the loop current equation, as shown in (Eq. 7).

U = I.ZJ = (It Z, + M Z + Mg Zon + Alinc Zn )x
+ (I} + AimA)ZN1 + (I} + Al a + Alg + AimC)ZNg
+ (AI'mAZS + AL Zm + AImCZm)l ®
AUna = 112, (1= x) + (I + Al a ) Zna
+(I} + Algp + Alg + AimC)ZNg
J + (Al waZ + Mg Zon + Al ryc Zy )1 ®
AUng = 1;Z (1 = X) + Al mp Znt
+ (Tg + Alpa + Al + Allnc ) Zg
+ (Al Zu + MlypZy + Al e Zon )1 ®
AUnc = It Zm (1= %) + My Zna
+ (It + Alypa + Al + Al i) Zng
+(AlppZm + Al g Z o + Al Zs. @

™)

By observing the equations shown in (Eq. 7) and combining
the current voltage relationship between phase B and phase C
shown in (Eq. 5) and (Eq. 6), it can be found that Eq. 3 is linearly
related to Eq. 4. This shows that although the equivalent circuit
diagram contains four meshes, due to the particularity of
parameters, it can only write three independent loop current
equations. The equations contain five unknown quantities: Uy is
the voltage on both sides of the constant current source; I is the
current of the constant current source; Zy; is the positive-
sequence internal impedance of the system on side N; Zy, is
the equivalent ground impedance of the neutral point of the
system on side N; and x is the fault distance.

According to the theory of solving equations in mathematics,
the fault distance x cannot be solved because the number of
unknown quantities is more than the number of independent
equations, which is the fundamental reason why the single-end
fault location method cannot achieve accurate fault location in
the case of single-phase nonmetallic grounding faults.

It can be seen that if you want to use the single terminal
quantity for accurate calculation of fault distances in case of
single-phase nonmetallic grounding faults, you also need to know
two of the four unknown quantities U, If, Zn1, and Zyg- This is
not only a necessary condition for solving the equation group
(Eq. 7) but also a necessary condition for the single-end accurate
fault location. Since the unknown quantities Uy and Iy are related
to the fault type and fault location, they cannot be estimated.
Therefore, only when the positive-sequence internal impedance
Zxn1 and the neutral point equivalent ground impedance Zyg of
the N-side system are obtained, the accurate solution of the fault
distance x can be realized theoretically.

According to the operation knowledge of power systems, the
positive-sequence internal impedance Zy; of the N-side system is
related to the operation mode of the system, and the neutral point
equivalent ground impedance Zyg of the N-side system is related
to the grounding of transformer neutral points under different
operation modes of the system. In the actual operation process,
the operation state of the system will not change frequently, so the
method of obtaining the impedance values of variables Zy; and
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Zxg according to the system operation state before a fault is
feasible. That is, when the normal operation and operation
mode of the system change, the internal impedance of the
N-side system can be sent to the ranging device to
participate in the calculation of the fault distance x as a
known parameter. Through the above analysis, from the
theoretical level, the necessary condition for the single-end
accurate fault location is to know the positive-sequence
internal impedance Zy; and the neutral point equivalent
ground impedance Zy, of the N-side system.

SINGLE-END ACCURATE FAULT
LOCATION METHOD

Single-End Accurate Fault Location Method

Without Considering Line Capacitance

It can be seen from the analysis in Section 1 that when the
necessary conditions for the single-end accurate fault location
are met, that is, when the positive-sequence internal impedance
Zy and the neutral point equivalent ground impedance Zyg of
the N-side system are known, the fault distance x can be
accurately solved by the single-end fault location method.
Therefore, this section will deduce the single-end fault
location formula on the premise of knowing the internal
impedance of the N-side system.

Eqs 2-4 in the equation group shown in (Eq. 7) constitute the
phasor equation of the three-phase ABC. Therefore, the phasor
equation can be converted into a sequence equation by using the
phase sequence transformation formula (Yi et al., 2005) shown in

(Eq. 8).
F1 1 1 a a FA
1%“2 =3 1 a a I:JB , (8)
E, 1 1 1J[Fc

where F), F,, and Fy, respectively, represent the positive-
sequence, negative-sequence, and zero-sequence components,
and F,, Fp, and Fc, respectively, represent phasor
components of phase A, phase B, and phase C, and a = -0.5 +
0.866i.

Through the processing of phase sequence transformation
formulas, the equation group composed of a positive-sequence
equation and a zero-sequence equation can be obtained, as shown
in (Eq. 9).

AUy = At Zd + Al Zool = T (1 = %) (Zg = Zow)
~Zna(Is + Al ) = 0

AU o — Al yoZl = 2A1 1002l = I1 (1 = %) (Zs + 2Z,)
—ZNo(jf + AImO) =0.

©

Meanwhile, the relationship between the unit positive-
sequence impedance Zj; or the unit zero-sequence impedance
Zjp of the line and the unit self-impedance as well as the mutual
impedance of the line satisfies the equation shown in (Eq. 10):

{ Zn=Z,~Zn

Zio=Zo+27m" (10)

Single-End Fault Location Method

By introducing (Eq. 10) into (Eq. 9), the equations shown in
(Eq. 11) can be obtained:

AUml - Aiml (Znl+Zx1) — I:f (Znl+ Zy) + I:flex =0
AU g = Alo (Zigl + Zng) = It (Ziol + Zo) + 11 Zjpx = 0°
(11)
The expression of I can be obtained from the positive order
equation in (Eq. 11), as shown in (Eq. 12):

_ AUy = Al (Znl + Zy1)

Ir = 12
f Za+Zn(l-x) (12)

Next, (Eq. 12) is brought into the zero-sequence equation in
(Eq. 11) and simplified to obtain the expression of the fault
distance x, as shown in (Eq. 13):

ki -k,
X = 5
k3—k4

(13)

where the expression of the parameters k;-k, is shown in
(Eq. 14):

ki = (Za + lel)(AUmO = Ao Zil - AimOZNO)
ky = (Zyo + ZZOZ)(AUml — Al Znl - Aimlle)
ks = Zi1 (AU mp = AlyoZiol = Ao Zio )
ki = Zio( AU — My Znl = Al Zy )

(14)

It can be seen from (Eq. 13) that the voltage and current of the
positive sequence and zero sequence in the equation can be
obtained by the phase sequence transformation from the voltage
and current variations of each phase measured at the measuring
point. The total length I of the line, the positive-sequence
impedance Zj;, and the zero-sequence impedance Zj, per
unit length of the line can be measured when the
transmission line is put into operation. As a necessary
condition for solving the fault distance, the variables Zy;
and Zyo need to be sent to the ranging device by the N-side
system.

Through the above analysis, it can be seen that under
different fault conditions, the parameters k;-k, in (Eq. 13)
are known quantities in the plural form; thus, the solution of the
fault distance x is actually the ratio obtained by dividing two
known plural numbers. Due to certain measurement and
calculation errors, the fault distance x obtained by plural
division is generally in the plural form. Therefore, the
modulus of the fault distance x in the plural form is taken as
the final ranging result, as shown in (Eq. 15).

kl_kZ
k3—k4

. (15)

In the fault distance calculation formula (Eq. 15) obtained
according to the above derivation processes, the capacitance
parameters of the transmission line are not considered. When
the capacitance parameters of the transmission line are small, the
ranging error is very slight, and the above equation can be
established. However, when the capacitance parameters of the
transmission line are large in case of selecting the cable as the
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transmission line, the accuracy of the fault distance calculated by
(Eq. 15) may be poor. Therefore, the single-end fault location
method considering the transmission line capacitance parameters
is studied as follows.

Single-End Accurate Fault Location Method
Considering Line Capacitance

Since the capacitance parameters of overhead lines are small, it is
not necessary to consider the line capacitance for overhead
transmission lines; however, for cable lines, the phase-to-
ground capacitance parameters are large and contain no
phase-to-phase capacitance. Therefore, only when the cable is
used as the transmission line, the influence of the phase-to-
ground capacitance for the single-end fault location method
needs to be considered.

The transmission system equivalent model consistent with
Supplementary Figure S1 is adopted. When considering the
phase-to-ground capacitance of the cable transmission line, the
n-type equivalent model of the transmission line is adopted, and
the equivalent circuit diagram in case of the A-phase
nonmetallic grounding fault is shown in Supplementary
Figure S4.

As shown in Supplementary Figure S4, C; represents the
phase-to-ground capacitance per unit length of the cable
transmission line, and the value of the phase-to-ground
capacitance of the line after m-type equivalence is shown in
the figure, and the definitions of other physical quantities in
Supplementary Figure S1 remain unchanged. The current
generated on the equivalent phase-to-ground capacitance of
the cable transmission line is shown in equation (Eq. 16),
where w is the angular frequency.

Iema = %Al'JmAiwCﬂ
foxn = % (AU p — (Bla — Ten ) Zex
~(ALa + It = Iowa ) Zo (1 - %) |iwCil
1 icws = %AUmBiwCll (16)
o = 5 [8U = (Al ~ ) Z0JiwCl

. 1 .
ICMC = EAUmcla)Cll

jCNC = % [AUmC - (Aij - jCMc)Zsl]ia)Cll.

As shown in (Eq. 16), it can be seen that the cable transmission
line will generate six phase-to-ground capacitive currents after
T-type equivalence. Except the capacitive current Icya on the
A-phase cable transmission line on the N-side, the other phase-
to-ground capacitive currents can be calculated by using the line
parameters and measured quantities in (Eq. 16). Since the phase-
to-ground capacitive current Icna contains variables If and x, it
cannot be obtained only by cable line parameters and
measurements. Therefore, it is necessary to use (Eq. 12) and

Single-End Fault Location Method

(Eq. 15) in Section 2.1 to solve the values of It and x when the line
capacitance is not considered and bring them into (Eq. 16) as
approximate accurate values to obtain the value of the phase-to-
ground capacitive current Icna. Through the above solution
process, the 6 phase-to-ground capacitive current values thus
can be obtained.

According to the circuit equivalence method in Section 1, the
equivalent circuit of fault component network when considering
the phase-to-ground capacitance of the cable transmission line is
shown in Supplementary Figure S5.

According to the experience in writing equations in Section 1,
the circuits [, = byb3be, I, = bybg, and I3 = bsbg are selected to write
the loop current equation in the form of the three-phase ABC
phasor, as shown in (Eq. 17).

AUn = (Ala = Toua ) Zox + (Alma + I = Towa ) Zo (1 - x)
+ (Al = Tomp) Zunl + (Al = Tonc ) Ziml
+ (Aij + 1= Ioma - jCNA)ZNl
+ (Alma + Aoy + Alle + I = ) Ic) Zng 0)
AU = (Ados — Iows ) Zl + (Alpa = Iouia ) Zimx
+ (Ala + It = Toma ) Zn (1= %) + (Al = Tomc ) Zunl
+ (AimB —Iews - jCNB)ZNl
+ (Ala + Al + Alle + I = ) Ic) Zng ®
AUnc = (Almc = Iowe) Zod + (Alma = Ioua) Zmx
+ (Alpp + I¢ = Topa ) Zon (1= ) + (Al g — Tons ) Ziml
+ (Ajmc —Ieme - jCNC)ZNl
+(Ala + Al + Ale + It = Y Ic) Zng ®
(17)

where Y Ic is the sum of the 6 phase-to-ground capacitive
currents generated after m-type equivalence of the cable
transmission line, as shown in (Eq. 18).

ch = Toma + Tona + Toms + Tons + Towe + Tonc. (18)

Similarly, according to the phase sequence transformation
formula shown in (Eq. 8) and the line impedance relationship
shown in (Eq. 10), the equations composed of the positive-
sequence and zero-sequence equations can be obtained from
(Eq. 17), as shown in (Eq. 19).

AU, - Al (ZZ}Z +2Zn1) + Iow (Znl + Zyy)
HonZa — I (Zn (1= x) + Zy1) =0
AU g - Al (Zlql + Zno) + Iemo (Ziol + Zo)’
+enoZno = I (Zip (I = %) + Zno) = 0

(19)

where Iy and Iy as well as Ioyng and Iy are the positive-
sequence and zero-sequence phase-to-ground capacitive
currents, respectively, at the M-side as well as at the N-side,
and their expressions are shown in (Eq. 20):

I.CMI = I.CMA + {IICMB + QZICMC

Iemo = Iema + Ioms + Iomc (20)
I.CNl = I'CNA + @ICNB + a*lene

Icno = Iena + Iens + Ienc
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TABLE 1 | Power parameters of the M-side and N-side.

A-phase voltage B-phase voltage

C-phase voltage

Single-End Fault Location Method

Positive-sequence internal Zero-sequence internal

(kV) (kV) (kV) impedance () impedance (Q)
M-side 520,0° 520,-120° 520,-240° 3.93 + 49.34i 2.52 + 46.03i
N-side 5002-25° 500,-145° 5002-265° 2.76 + 41.34i 1.57 + 52.36/

TABLE 2 | Error table for calculation of overhead line fault distance.

Ry(Q) Xa/km Xc/km e,/km er
100 50 53.98 3.98 1.33%
150 148.44 -1.56 -0.52%
250 249.52 -0.48 -0.16%
200 50 54.06 4.06 1.35%
150 150.55 0.55 0.18%
250 249.53 -0.47 0.16%
300 50 53.93 3.93 1.31%
150 148.52 -1.48 -0.49%
250 249.52 -0.48 -0.16%

The expression of It can be obtained from the positive order
equation in (Eq. 19), as shown in (Eq. 21):

o= AUy = Al (Znl + Zyy) + Iewn (Znl + Zy1) + TexiZyi
f= .
(Zn (I = x) + Zy1)
@1

Next, (Eq. 21) is brought into the zero-sequence equation in
(Eq. 19) and then simplified to obtain the expression of the fault
distance x, as shown in (Eq. 22).

hi —h,

"y —hy (22

X

where the expression of parameters h-h, is shown in (Eq. 23):

hy = (Zni + ZuD) [AUmo = (Ao = Iewo) (Ziol + Zo) + IenoZno |
hy = (Zno + Zil) [AUml - (Ajml - iCMl) (Znl+ Zy1) + jCNIZNl]
hs = Zn [AUmO - (Aimo - iCMO) (Ziol + Zxo) + jCNOZNO] '
hy=Zy [AUml - (Ajml - j(?Ml) (Znl+ Zn1) + iCNIZNl]
(23)

It can be seen that all variables in the equation are known
quantities through (Eq. 22) and the analysis in Section 2.1; thus,
the known quantities with all of the parameters h;-h, being in
plural forms can be obtained under different fault conditions.
Similarly, the fault distance x can be obtained after taking the
modulus value, as shown in (Eq. 24):

hy = hy
h3—h4

. (24)

When calculating the phase-to-ground capacitive current
Icna, there is an error in theory since the values of It and x
are used in the case that the line capacitance is not considered in
Section 2.1; therefore, the method of multiple iterations should be
used to reduce the error. However, the method of only correcting
once is adopted instead of multiple iterative calculations in order

to reduce the amount of calculation and improve the ranging
speed, and the calculation method of only correcting once can
fully meet the accuracy requirements of ranging results according
to the subsequent simulation results.

SIMULATION VERIFICATION OF
SINGLE-END FAULT LOCATION METHOD

In this study, the PSCAD simulation software is used to verify the
fault location method, and the respective power parameters of the
M-side and N-side of the three-phase symmetrical system are set,
as shown in Table 1.

A double terminal system, as shown in Supplementary Figure
S1, is built in PSCAD, and the overhead line model and cable
model are, respectively, selected as the transmission lines so as to
verify the proposed single-end accurate fault location method.

First, the transmission line is set as an overhead line with a
total length of 300 km, the Bergeron model is adopted, and the
line parameters are input by geometric parameters. The
parameter values of the unit positive-sequence impedance Zj;,
the unit zero-sequence impedance Zj, and the unit phase-to-
ground capacitance C; of the overhead line generated at 50 Hz by
the line constant program are shown in (Eq. 25):

Zy = 0.00601 + 0.16445i (Q/kM)
Zip = 0.11221 + 0.53648i (Q/kM) . (25)
C; = 5.78949 x 10 (F/kM)

Next, the transmission line is replaced with a cable, the total
length of the line is set as 50 km, the Bergeron model is adopted,
and the line parameters with geometric parameters are input. The
respective parameter values of the unit positive-sequence
impedance Z;;, the unit zero-sequence impedance Zj, and the
unit phase-to-ground capacitance of the cable line at 50 Hz
generated by the line constant program are shown in (Eq. 26):

Zp = 0.01952 + 0.074656i (Q/kM)
Zip = 0.01949 + 0.074671i (Q/kM). (26)
C; = 1.60984 x 1077 (E/kM)

The A-phase nonmetallic grounding faults are set at distances
of 50, 150, and 250 km from the overhead transmission line to the
M-side system and at distances of 10, 25, and 40 km from the
cable transmission line to the M-side system, with transition
resistances of 100€2, 2000}, and 3004}, respectively.

According to the measured data of the measuring point, the
three-phase voltage and current variations of the M-side can be
obtained under different fault distances and transition
resistances. Combined with the line parameters of overhead
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TABLE 3 | Error table for calculation of cable line fault distance.

Rg(Q) Xa/km Xc/km ez/km er
100 10 24.99 14.99 29.97%
25 39.46 14.46 28.92%
40 53.97 13.97 28.18%
200 10 24.42 14.42 28.84%
25 39.23 14.23 28.45%
40 54.04 14.04 28.08%
300 10 24.73 14.73 29.47%
25 39.43 14.43 28.86%
40 53.75 13.75 27.50%

TABLE 4 | Error table for calculation of cable line fault distance.

Ry(Q) Xa/km Xc/km ez/km er
100 10 9.70 -0.30 -0.60%
25 24.93 -0.07 -0.14%
40 40.19 0.19 0.38%
200 10 9.19 -0.81 -1.62%
25 24,72 -0.28 -0.56%
40 40.27 0.27 0.54%
300 10 9.48 -0.52 -1.04%
25 24.93 -0.07 -0.14%
40 39.93 -0.07 -0.14%

lines and cables, the fault distance x is calculated by, respectively,
using the ranging formula (Eq. 15) without considering the
capacitance and the ranging (Eq. 24) considering the
capacitance to verify the correctness of the single-end accurate
fault location method. The calculation formulas for defining the
absolute error e, and the relative error e, are shown in (Eq. 29):

€y = Xc — Xy

e, > 29
e = 7 x 100% 29)

where x. is the calculated fault distance solved by the ranging
formula, x, is the actual fault distance, and [ is the total length of
the transmission line.

For overhead transmission lines, the fault distances and error
rates obtained under different transition resistances and different
actual fault positions can be calculated by using the ranging
formula (Eq. 15) without considering the capacitance of the
overhead lines, as shown in Table 2.

It can be seen from Table 2 that the maximum relative error of
the ranging results is 1.33% because the capacitance parameters of
the overhead line model are small; thus, the ranging results calculated
by using the ranging formula (Eq. 15) without considering the
capacitance of the overhead line can be of great accuracy. This shows
that the ranging formula (Eq. 15) is correct and of great accuracy
with a strong ability against transition resistances when the
transmission line capacitance is small.

We also simulate overhead transmission lines with different line
lengths from 200 to 500 km. According to the simulation results, the
fault location formula (Eq. 15) without considering the line
capacitance parameters can achieve accurate location within the

Single-End Fault Location Method

range of line length not exceeding 400 km. Although the fault
location accuracy decreases with the increase in the line length,
the relative errors of all fault location results are within 2%. The
correction effect of the fault location (Eq. 24) considering line
capacitance is not obvious when the length of the overhead line
exceeds 200 km, and with the increase in the line length, the accuracy
of the location result of (Eq. 24) is even lower than that of (Eq. 15).
Because the line model is the n-type equivalent lumped parameter
model, the distribution parameter effect is more obvious when the
line length is long, and that is the reason why the fault location error
of (Eq. 24) grows larger and larger with the increase in the line length.

For cable transmission lines, the fault distances and error rates
are calculated by using the ranging formula (Eq. 15) without
considering the cable line capacitance. The fault distances and
error rates are shown in Table 3 under different transition
resistances and different actual fault positions.

It can be seen from Table 3 that the maximum relative error of
the ranging results is 29.97%, which is due to the large phase-to-
ground capacitance parameters of the cable line model and the
calculation by using the ranging formula (Eq. 15) without
considering the cable line capacitance parameters. Therefore, the
influence of the capacitance current must be considered when the
capacitance parameter of the transmission line is large. In this case,
the error of the ranging formula (Eq. 15) is significant.

For cable transmission lines, the fault distances and error rates
are calculated by using the ranging formula (Eq. 24) considering
the phase-to-ground capacitance of cable lines. The fault
distances and error rates are shown in Table 4 under different
transition resistances and different actual fault positions.

It can be seen from Table 4 that the maximum relative error of
ranging results is reduced from 29.97% to —1.62%; that is, the
accuracy of ranging results has been greatly improved after
considering the phase-to-ground capacitance of the cable line.
This shows that when the phase-to-ground capacitance of the
transmission line itself is large, the fault distance needs to be
calculated by using the ranging formula (Eq. 24) considering the
phase-to-ground capacitance, which can effectively improve the
ranging accuracy with a strong ability against transition resistances.

We also simulate cable lines with different line lengths from 50
to 100 km. According to the simulation results, the fault location
results of (Eq. 15) without considering the line capacitance
parameters have large fault location errors for the cable line
under the above length range. The fault location results of (Eq.
24) considering the line capacitance can accurately locate the fault
when the cable line is no more than 100 km. The relative errors of
all fault location results are within 2%.

CONCLUSION

This work studies a new method of the single-end fault location
for single-phase grounding faults of the transmission lines
passing through transition resistances, puts forward the
necessary conditions and the accurate location method of the
single-end accurate fault location, and solves the problem of poor
accuracy of the single-end fault location in principle. The
simulation results show that the single-end accurate fault
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location method proposed in this study really has sufficient
accuracy and a strong ability against transition resistances, and
the advantages are as follows:

1) This study deeply analyzes the single-end fault location method
as well as the reasons for the low accuracy of the single-end fault
location from the principle level and creatively puts forward the
necessary conditions for the single-end accurate fault location
method. That is, the positive-sequence internal impedance Zy;
and the neutral point equivalent impedance to ground Zyg of
the N-side system shall be known.

2) By using the n-type equivalent model of the transmission line,
the ranging formula without considering the line capacitance
parameters is modified, the influence of the transmission line
capacitance parameters on the ranging results is effectively
solved, and the ranging accuracy of the single-end fault
location method for the cable lines is improved.

3) The phasor equations are transformed into positive-sequence
and zero-sequence equations using the phase sequence
transformation formula. A simple single-end accurate fault
location formula with certain duality law is obtained with the
use of the simplified calculation, which improves the
practicability of this ranging method.

4) The fault location formula (Eq. 15) without considering the
line capacitance parameters should be used for overhead line
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