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Abstract: Due to the demand for temporary rapid grid connection in renewable energy power plants,
the topology structure of T-connected power lines has been widely used in the power grid. In
this three-terminal system, fault localization is difficult because of traditional impedance-based or
traveling wave-based fault localization methods; the three-terminal data should be synchronized and
communicated. Since different terminal assets belong to different enterprises, it is actually difficult to
maintain good synchronization between them. Therefore, in practical applications, the fault location
of T-connected power lines often fails. This article proposes a single terminal fault location method
for a T-connection power line to address this issue. It is based on the fact that the local topology of the
T-connected power line in the healthy phase remains unchanged during the fault-clearing process.
It utilizes the sequential current and voltage data changes generated by the sequential tripping
ping emitted by the circuit breaker from different terminals to describe the constant topology of the
healthy phase as an equation and calculates the accurate fault location after solving the equation. The
Levenberg–Marquardt algorithm was used to calculate fault distance and transition resistance, and
the effectiveness of this method was verified through simulation.

Keywords: T connection; fault location; sequential data; circuit breaker tripping

1. Introduction

Due to the demand for temporary fast grid connection in renewable power plants (such
as wind farms or photovoltaic power stations), the topology structure of T-connected power
lines has been widely used in the power grid [1,2]. Even though it is planned and operated
as a temporary grid connection mode, it often exists for a long time due to negotiation
or other reasons. In this three-terminal system, fault localization is difficult because, for
traditional impedance-based or traveling wave-based fault localization methods, the three-
terminal fault data should be synchronized and communicated between them [3,4].

However, different terminal assets typically belong to different enterprises and have
different maintenance capabilities. For example, after a relatively long operation, the
condition of wind farm terminal equipment is usually worse than that of utility terminal
equipment. Therefore, due to unstable clock synchronization or other reasons, it is actually
difficult to maintain good synchronization between them [5,6]. The traditional fault location
method based on three-terminal information sharing cannot be applied.

The fault location method based on single-ended impedance utilizes the linear rela-
tionship between fault distance and impedance [7,8]. This method describes and calculates
the voltage equation between the meter point and the fault point, thereby obtaining the
fault distance. Due to the fact that the number of variables is greater than the number of
voltage equations, even on a dual-ended power line, solving the equation is required. We
must assume that the equivalent system impedance at the opposite end is known or assume

Energies 2024, 17, 2975. https://doi.org/10.3390/en17122975 https://www.mdpi.com/journal/energies

https://doi.org/10.3390/en17122975
https://doi.org/10.3390/en17122975
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/energies
https://www.mdpi.com
https://orcid.org/0000-0003-3213-5199
https://doi.org/10.3390/en17122975
https://www.mdpi.com/journal/energies
https://www.mdpi.com/article/10.3390/en17122975?type=check_update&version=1


Energies 2024, 17, 2975 2 of 13

that the phase between the zero-sequence current at the meter point and the zero-sequence
current at the fault branch is the same [9,10]. Therefore, the fault location method based on
a single impedance cannot theoretically obtain accurate fault distance.

Fortunately, circuit breakers exhibit the ability to trip on a single line in high-voltage
power lines. Each trip of any circuit breaker produces voltage and current changes, which
can be measured by the relay at the terminal when the last circuit breaker trips [11,12].
Therefore, relays can collect sequential current and voltage data generated by the occurrence
of faults and the tripping of circuit breakers in opposite-phase faults. By using sequence
data, more equations describing healthy phase lines can be written, and accurate fault
distances can be calculated because the number of equations will exceed the number
of variables.

Based on the above basic ideas, this article is organized as follows. The section
analyzed the sequential voltage and current variation characteristics of all time stages
during the entire fault clearance process in Section 2. The simplification of complex equation
systems proposed in Section 2 and related solving algorithms can be found in Section 3. The
case simulation proves the precise fault localization accuracy in Section 4. The conclusion
can be found in Section 5.

2. Sequential Characteristic Analysis of Single-Line-to-Ground Fault in a T-Connection
Power Line

Figure 1 shows the topology of a T-shaped connected power system. Assuming a
single-line-to-ground fault occurs with resistance R at point F in phase A. The distance
between T-connection point P and fault point F is xlN. lM, lN, and lK are the lengths of
transmission line sections between bus M and T-connection point P, between bus N and
T-connection point P, and between bus K and T-connection point P, respectively. The faulty
phase circuit breakers of terminals N and K trip in sequence.
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Then, measuring the voltage at point M can collect several sequential data, and the
voltage and current at point P can be calculated, as shown in (1) [13].Us

P1
Us

P2
Us

P0

 =

Us
M1

Us
M2

Us
M0

−

Zc1lM
Zc1lM

Zc0lM

Is
M1

Is
M2

Is
M0

 (1)

where Us
pφ is voltage phasor; the subscript p presents the location and denotes terminal M,

N, K, or T point P or fault point F with value M, N, K, P, or F, respectively. The subscript
φ denotes phases A, B, or C with value a, b, or c, and it also can denote positive, negative,
or zero sequences with value 1, 2, and 0, respectively. Zc0 and Zc1 are zero sequence
and positive sequence wave impedance. Is

pφ is current phasor; the superscript s denotes
different fault stages. Four stages were defined throughout the entire troubleshooting
process. The superscript s is n during normal system operation; f during fault occurrence,
without any circuit breaker tripping; and then t after one of the opposite circuit breakers in
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the fault phase trips. And finally, it takes value i in the stage of the second pair of circuit
breakers tripping.

The sequential fault characteristics in three stages after fault occurrence are analyzed
as follows.

2.1. The Stage after Fault Occurrence

First, analyze the KP branch; it hasU f
P1

U f
P2

U f
P0

 =

U f
K1

U f
K2

U f
K0

−

Zc1lK
Zc1lK

Zc0lK


I f

K1
I f

K2
I f

K0

 (2)

And the boundary condition at point K is presented as follows:

EK
0
0

 =

U f
K1

U f
K2

U f
K0

+

ZK1
ZK1

ZK0


I f

K1
I f

K2
I f

K0

 (3)

where ZK1 and ZK0 are the positive and zero sequence equivalent system impedances
at terminal K. Take (3) into (2); the voltage equations between terminal K and point P
are shown 

U f
P1 = EK − (ZK1 + Zc1lK)I

f
K1

U f
P2 = −(ZK1 + Zc1lK)I

f
K2

U f
P0 = −(ZK0 + Zc0lK)I

f
K0

(4)

And then analyze the fault branch NP; it hasU f
F1

U f
F2

U f
F0

 =

U f
N1

U f
N2

U f
N0

+ lN(1 − x)

Zc1
Zc1

Zc0


I f

N1
I f

N2
I f

N0

 (5)

At fault point F, it has the following boundary conditions:I f
PN1

I f
PN2

I f
PN0

 =
1
3

1 ααα ααα2

1 ααα2 ααα
1 1 1


I f

Na +
U f

Fa
R

I f
Nb

I f
Nc

 =

I f
N1 + U f

Fa/(3R)
I f

N2 + U f
Fa/(3R)

I f
N0 + U f

Fa/(3R)

 (6)

U f
Fa = U f

F1 + U f
F2 + U f

F0 (7)

Therefore, combine (5)–(7); it can present as (8) in branch NP:I f
PN1

I f
PN2

I f
PN0

 = C

I f
N1

I f
N2

I f
N0

+ D

U f
N1

U f
N2

U f
N0

 (8)

where D = 1/(3R).

C =
lN(1 − x)

3R

Zc1 +
3R

lN(1−x) Zc1 Zc0

Zc1 Zc1 +
3R

lN(1−x) Zc0

Zc1 Zc1 Zc0 +
3R

lN(1−x)

 (9)
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The voltage equation between point F and point P on branch NP is shown as follows:U f
P1

U f
P2

U f
P0

 =

U f
F1

U f
F2

U f
F0

+ lN x

Zc1
Zc1

Zc0


I f

PN1
I f

PN2
I f

PN0

 (10)

Take (5) and (8) into (10); it hasU f
P1

U f
P2

U f
P0

 = A

U f
N1

U f
N2

U f
N0

+ B

I f
N1

I f
N2

I f
N0

 (11)

where

A =


Zc1lN x

3R + 1 Zc1lN x
3R

Zc1lN x
3R

Zc1lN x
3R

Zc1lN x
3R + 1 Zc1lN x

3R
Zc0lN x

3R
Zc0lN x

3R
Zc0lN x

3R + 1

 (12)

B = Zc1lN(x − x2)/(3R)·
3R

x−x2 + Zc1lN Zc1lN Zc0lN

Zc1lN
3R

x−x2 + Zc1lN Zc0lN

Zc0lN Zc0lN
Zc03R

(x−x2)Zc1
+

Z2
c0lN
Zc1

 (13)

Similarly, the boundary conditions at terminal N are as follows:

EN
0
0

 =

U f
N1

U f
N2

U f
N0

+

ZN1
ZN1

ZN0


I f

N1
I f

N2
I f

N0

 (14)

Take (14) into (11); the functions between the current on terminal N and the voltage at
point P are shown as U f

P1
U f

P2
U f

P0

 = A

EN − ZN1I f
N1

−ZN1I f
N2

−ZN0I f
N0

+ B

I f
N1

I f
N2

I f
N0

 (15)

Take (14) into (8); the function among three currents in all three T branches in Figure 1
is shown as I f

M1
I f

M2
I f

M0

 = −

I f
K1

I f
K2

I f
K0

+ C

I f
N1

I f
N2

I f
N0

+ D

EN − ZN1I f
N1

−ZN1I f
N2

−ZN0I f
N0

 (16)

Therefore, the scenario in the stage after fault occurrence can be fully described with
Equations (1), (4), (15) and (16). It includes four equations and can generate nine complex
equations involving 14 unknown quantities (12 unknown complex quantities EN, ZN1, ZN0,
EK, ZK1, ZK0, I f

N1, I f
N2, I f

N0, I f
K1, I f

K2, I f
K0, and 2 unknown real quantities R, x).

2.2. The Stage after One Opposite Terminal (Suppose N Terminal) Circuit Breaker Tripping

The derivation process in this section is similar to the process in section A. Because
the topology of branch KP did not change during this stage, the equation in branch KP is
the same as in (4), except that the superscript f should be replaced with t, as shown in (17).

Ut
P1 = EK − (ZK1 + Zc1lK)It

K1
Ut

P2 = −(ZK1 + Zc1lK)It
K2

Ut
P0 = −(ZK0 + Zc0lK)It

K0

(17)
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Since the phase A circuit breaker on terminal N was tripped, the voltage in branch NP
can be described as 

Ut
Pa = (It

Ma + It
K1 + It

K2 + It
K0)R + [Zls(It

Ma+
It

K1 + It
K2 + It

K0) + Zlm(It
Nb + It

Nc)]lN x
Ut

Pb = Zlm(It
Ma + It

K1 + It
K2 + It

K0)lN x+
(ZlsIt

Nb + ZlmIt
Nc)lN + Ut

Nb
Ut

Pc = Zlm(It
Ma + It

K1 + It
K2 + It

K0)lN x+
(ZlmIt

Nb + ZlsIt
Nc)lN + Ut

Nc

(18)

And the boundary conditions at terminal N is shown as EN
ααα2EN
αααEN

 = −

Zns Znm Znm
Znm Zns Znm
Znm Znm Zns

 0
It

Nb
It

Nc

+

Ut′
Na

Ut
Nb

Ut
Nc

 (19)

Please note that Ut′
Na is the fault phase voltage on the bus at N terminal rather than the

voltage on the power line.
Take (19) into (18); it has

Ut
Pa = (It

Ma + It
K1 + It

K2 + It
K0)R + [Zls(It

Ma+
It

K1 + It
K2 + It

K0) + Zlm(It
Nb + It

Nc)]lN x
Ut

Pb = Zlm(It
Ma + It

K1 + It
K2 + It

K0)lN x + (ZlsIt
Nb+

ZlmIt
Nc)lN + ααα2EN + ZnsIt

Nb + ZnmIt
Nc

Ut
Pc = Zlm(It

Ma + It
K1 + It

K2 + It
K0)lN x + (ZlmIt

Nb+
ZlsIt

Nc)lN + αααEN + ZnmIt
Nb + ZnsIt

Nc

(20)

Consider Kirchhoff’s current law; it has{
It

Mb + It
Kb = It

Nb
It

Mc + It
Kc = It

Nc
(21)

Therefore, Equations (17), (20) and (21) can fully present this stage. It includes eight
complex equations and adds five additional complex quantities: It

K1, It
K2, It

K0, It
Nb and It

Nc.

2.3. The Stage after the Second Opposite Terminal (K Terminal) Circuit Breaker Tripping

Using phasors to represent can simplify the equation for this stage, as the fault phase
is completely isolated from the power grid. It is in the branch KP{

Ui
Pb = Ui

Kb − (ZlsIi
Kb + ZlmIi

Kc)lK
Ui

Pc = Ui
Kc − (ZlmIi

Kb + ZlsIi
Kc)lK

(22)

The boundary conditions at terminal K are as follows EK
ααα2EK
αααEK

 =

Zks Zkm Zkm
Zkm Zks Zkm
Zkm Zkm Zks

 0
Ii

Kb
Ii

Kc

+

 Ui′
ka

Ui
Kb

Ui
Kc

 (23)

Take (23) into (22); it derives to{
Ui

Pb = ααα2EK − ZksIi
Kb − ZkmIi

Kc − (ZlsIt
Kb + ZlmIt

Kc)lK
Ui

Pc = αααEK − ZkmIi
Kb − ZksIi

Kc − (ZlmIi
Kb + ZlsIi

Kc)lK
(24)

So, the voltages in branch NP are shown as
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
Ui

Pa = [ZlsIi
Ma + Zlm(Ii

Nb + Ii
Nc)]lN x + Ii

MaR
Ui

Pb = ZlmIi
MalN x + (ZlsIi

Nb + ZlmIi
Nc)lN + Ui

Nb
Ui

Pc = ZlmIi
MalN x + (ZlmIi

Nb + ZlsIi
Nc)lN + Ui

Nc

(25)

Consider the boundary conditions at terminal N: EN
ααα2EN
αααEN

 =

 Ui′
Na

Ui
Nb

Ui
Nc

−

Zns Znm Znm
Znm Zns Znm
Znm Znm Zns

 0
Ii

Nb
Ii

Nc

 (26)

Take (26) into (25); it has the following equation group:
Ui

Pa = [ZlsIi
Ma + Zlm(Ii

Nb + Ii
Nc)]lN x+Ii

MaR
Ui

Pb = ZlmIi
MalN x + (ZlsIi

Nb + ZlmIi
Nc)lN+

ααα2EN + ZnsIi
Nb + ZnmIi

Nc
Ui

Pc = ZlmIi
MalN x + (ZlmIi

Nb + ZlsIi
Nc)lN+

αααEN + ZnmIi
Nb + ZnsIi

Nc

(27)

and consider Kirchhoff’s current law; it has{
Ii

Mb + Ii
Kb = Ii

Nb
Ii

Mc + Ii
Kc = Ii

Nc
(28)

Therefore, Equations (24), (27) and (28) can fully present this stage. It includes seven
complex equations and adds four additional complex quantities: Ii

Kb, Ii
Kc, Ii

Nb, and Ii
Nc.

3. Applying Sequential Data for Fault Location

As mentioned above, Equations (4), (15)–(17), (20), (21), (24), (27) and (28) can fully
describe the entire topology change during the entire process of fault occurrence and
clearing. It includes 24 complex equations involving 21 unknown complex variables and
2 unknown real numbers. If we can solve these 24 equations, then the fault distance can
be obtained.

In order to reduce computational complexity, the partial equations in the above equa-
tion system will be merged and simplified.

3.1. The Simplification of Fault Location Equations

The sequence current vectors can be derived from (4) and (16), and then they can be
taken into (15). By this process, it can eliminate unknown variables I f

N1, I f
N2, I f

N0, I f
K1, I f

K2,

and I f
K0 and produce three new complex equations: (29)–(31) in following.

EN = U f
P1 − U f

P2 − (ZN1 + Zc1lN)[I
f
M1 − I f

M2 + (EK − U f
P1 + U f

P2)/(ZK1 + Zc1lK)] (29)

U f
P0 = [Zc0 lN x

3R ZN0 + ZN0 +
Z2

c0 l2
N x(1−x)

3R + Zc0lN ][I f
M0 − I f

M1 −
U f

p0
ZK0+Zc0 lK

+
U f

p1−EK

ZK1+Zc1 lK
]+

[Zc0 lN x
3R ZN1 +

Zc1Zc0 l2
N x(1−x)
3R ](I f

M2 − I f
M1 −

U f
p2−U f

p1+EK

ZK1+Zc1 lK
)Zc0 lN x

3R · EN+

[Zc0 lN x
3R (2ZN1 + ZN0) + ZN0 +

2Zc1Zc0 l2
N x(1−x)

3R +
Z2

c0 l2
N x(1−x)

3R + Zc0lN ] · Coe f f

(30)
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where 

Coe f f =

{
3R(I f

M1 −
U f

p1−EK

ZK1+Zc1lK
)− EN − [Zc1lN(1 − x)+

ZN1](I
f
M2 − I f

M1 −
U f

p2−U f
p1+EK

ZK1+Zc1lK
)− [Zc0lN(1 − x)+

ZN0](I
f
M0 − I f

M1 −
U f

p0
ZK0+Zc0lK

+
U f

p1−EK

ZK1+Zc1lK
)

}
/

[2Zc1lN(1 − x) + Zc0lN(1 − x) + 2ZN1 + ZN0 + 3R]

U f
P2 = Zc1lN(I

f
M2 − I f

M0 −
U f

p2
ZK1+Zc1lK

+
U f

p0
ZK0+Zc0lK

)+

ZN1(I
f
M2 − I f

M1 −
U f

p2−U f
p1+EK

ZK1+Zc1lK
)− Zc1

Zc0
ZN0(I

f
M0−

I f
M1 −

U f
p0

ZK0+Zc0lK
+

U f
p1−EK

ZK1+Zc1lK
) + Zc1

Zc0
U f

P0 + [ZN1 − Zc1
Zc0

ZN0] · Coe f f

(31)

Similarly, using (17) and (21) to represent the current vector and then substituting it
into (20) can eliminate unknown variables It

K1, It
K2, It

K0, It
Nb, and It

Nc and generate three
new compound equations:

Ut
Pa = (ZlslN x + R)

{
It

Ma − [
Ut

P1+Ut
P2−EK

ZK1+Zc1lK
+ Ut

P0/(ZK0 + Zc0lK)]
}
+

ZlmlN x(It
Mb + It

Mc −
2Ut

P0
ZK0+Zc0lK

+
Ut

P1+Ut
P2−EK

ZK1+Zc1lK
)

(32)

Ut
Pb + Ut

Pc = [It
Ma − (

Ut
P1+Ut

P2−EK
ZK1+Zc1lK

+
Ut

P0
ZK0+Zc0lK

)] · 2ZlmlN x − EN+

[(Zls + Zlm)lN + (Zns + Znm)] · [It
Mb + It

Mc −
2Ut

P0
ZK0+Zc0lK

+
Ut

P1+Ut
P2−EK

ZK1+Zc1lK
]

(33)

Ut
Pb − Ut

Pc = [(Zls − Zlm)lN + (Zns − Znm)][It
Mb − It

Mc + (ααα2 − ααα)
Ut

P2 − Ut
P1 + EK

ZK1 + Zc1lK
]− (ααα − ααα2)EN (34)

Similarly, combine (24), (27) and (28) to eliminate Ii
Kb, Ii

Kc, Ii
Nb, and Ii

Nc; three new
equations are shown as

Ui
Pa = Ii

MaR + lN x ·
{

ZlsI
i
Ma + Zlm[I

i
Mb + Ii

Mc −
Ui

Pb + Ui
Pc + EK

Zkm + Zks + (Zls + Zlm)lK
]

}
(35)

Ui
Pb + Ui

Pc = −EN + [(Zls + Zlm)lN + (Zns + Znm)] · [Ii
Mb + Ii

Mc −
Ui

Pb+Ui
Pc+EK

Zkm+Zks+(Zls+Zlm)lK
]

+2ZlmlN xIi
Ma

(36)

Ui
Pb − Ui

Pc = [(Zls − Zlm)lN + (Zns − Znm)][Ii
Mb − Ii

Mc −
Ui

Pb − Ui
Pc + (ααα − ααα2)EK

Zks − Zkm + (Zls − Zlm)lK
]− (ααα − ααα2)EN (37)

After the above simplifications, 24 complex equations can be merged into nine complex
equations with eight unknown quantities: EN, ZN1, ZN0, EK, ZK1, ZK0, R, and x.

However, these nine complex equations are not completely independent. For example,
by combining (4) and (16) into (15), we obtained three new equations, Equations (29)–(31),
which represent the positive, negative, and zero sequence voltages for a stage of time after
a fault occurred. As is well known, any sequence voltage vector (such as negative sequence
one in (31)) can be derived from other sequence vectors (sequence vectors in (29) and (30)).
Therefore, only (29) and (30) can be considered independent, while (31) is redundant.

Similarly, during a stage of time after the fault phase of all branch trips, the two healthy
phases exhibit a symmetrical power line state. Therefore, the two equations describing
two symmetric phases are also not independent. Therefore, Equations (34) and (37) are
both redundant.

Thereafter, there are only six independent compound equations left, which include six
unknown complex variables and two unknown real variables.
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To successfully calculate the above equation system, we need to provide an inde-
pendent compound equation or assume two known real variables. Due to the fact that
the high-voltage side in the grid-connected branch is usually effectively grounded with
a neutral point, its equivalent zero sequence impedances ZN0 and ZK0 remain constant
at any stage [13]. Therefore, the zero-sequence impedance value of one terminal before
the fault can be used to set ZN0 and ZK0 as a known quantity. Then, decompose the real
and imaginary parts of the equation to obtain 12 real number equations corresponding to
12 unknown real numbers. Therefore, these equations can be completely solved.

3.2. The Algorithm of Equation Solving

There are various numerical solutions for this problem, such as the classical Newton
method and Gaussian Newton method. However, these algorithms are all locally conver-
gent iterative algorithms and require their function model coefficient matrix to always
maintain full rank during the iteration process. Due to the existence of redundant equations,
these methods cannot be effectively solved. For this purpose, this article transforms the
equation-solving problem into a curve-fitting problem with the nonlinear least squares
method, using the improved Gauss Newton Levenberg–Marquardt method, also known as
the damping least squares method, for a solution. The damping least squares method is a
combination of the gradient descent method and the Gaussian Newton method, which has
both the local convergence of the Gaussian Newton method and the global characteristics
of the gradient descent method. Moreover, this algorithm does not strongly rely on initial
values, expands the convergence range of the algorithm, has high computational accuracy,
and can effectively handle redundant parameter problems while avoiding the problem of
the objective function getting stuck in local minima [14].

Therefore, by assuming ZK0 is known and labeling 12 unknown quantities (i.e., the
real and imaginary parts of EN, ZN1, ZN0, EK, and ZK1, as well as R and x) as x1–x12, the
proposed single terminal fault location algorithm utilizing sequential data can be modified
to solve the following nonlinear system of equations:

f1(x1, . . . , x12) = 0
· · ·
f18(x1, . . . , x12) = 0

(38)

Define x = (x1, . . . , x12)
T , f(x) = [ f1(x), . . . , f18(x)]T , and S(x) = f(x)Tf(x) =∥f(x)∥2

2,
then Equation (16) equals to f(x) = 0, and the calculation to (36) equals to solve x* to make
f(x∗) = 0, while it also solves x* to make S(x∗) = min

x∈Rn
S(x) and S(x*) = 0 [15]. The whole

flow chart of employing the Levenberg–Marquardt algorithm to solve (38) is illustrated in
Figure 2. And then the whole flow chart of the proposed fault location algorithm is shown
in Figure 3.
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4. Case Simulations

Case simulations are tested to prove the validity of the proposed method. The model
is the same as that in Figure 1. The lengths of branches MP, NP, and KP are set to 50, 50,
and 40 km, respectively. The electric potentials at terminals M, N, and K are 220 ∠ 0◦,
220 ∠ 30◦, and 220 ∠ 60◦, respectively. A list of parameters for the simulation model (i.e.,
the power system and line sequence impedance) is displayed in Table 1.

Table 1. Parameters for simulation system.

Sequence Line
(ohm/km)

M Side System
(ohm)

N Side System
(ohm)

K Side System
(ohm)

Positive Seq. 0.02 + j 0.28 28.3 ∠ 90◦ 32 ∠ 78.4◦ 43.2 ∠ 88.6◦

Zero Seq. 0.172 + j 0.84 26.3 ∠ 90◦ 28.14 ∠ 86.7◦ 29.09 ∠ 90◦

4.1. The Impacts of Fault Distance

The fault distance from point P has increased from 5 km to 45 km in steps of 5 km.
The fault resistance is 100 Ω. The fault localization results are listed in Table 2. It shows
excellent fault location accuracy.

Table 2. Fault location results under different fault distances.

Fault Distance
(km)

Calculated
Distance (km)

Absolute Error
(km)

Relative Error
(%)

Calculated R
(ohm)

5 4.97 −0.03 −0.06 100.03
10 10.02 0.02 0.04 99.99
15 14.96 −0.04 −0.08 99.99
20 20.15 0.15 0.30 99.99
25 24.79 −0.21 −0.42 100.06
30 30.32 0.32 0.64 99.92
35 34.60 −0.40 −0.80 100.13
40 39.80 −0.20 −0.40 100.07
45 45.32 0.32 0.64 99.90

4.2. The Impacts of Fault Resistance

The fault resistance values are 5, 50, 100, 200, and 300, respectively, to test the error of
the fault location algorithm. The results are shown in Table 3.

Table 3. Fault location results under different fault resistances.

Grounding
Resistance (ohm)

Fault Distance
(km)

Calculated
Distance (km)

Absolute Error
(km) Relative Error (%)

5
10 10.27 0.27 0.54
25 24.93 −0.07 −0.14
40 39.90 −0.10 −0.20

50
10 10.01 0.01 0.02
25 24.92 −0.08 −0.16
40 40.24 0.24 0.48

100
10 10.02 0.02 0.04
25 24.79 −0.21 −0.42
40 39.80 −0.20 −0.40

200
10 9.93 −0.07 −0.14
25 24.68 −0.32 −0.64
40 40.59 0.59 1.18

300
10 10.12 0.12 0.24
25 24.73 −0.27 −0.54
40 40.89 0.89 1.78

Figure 4 shows the fault localization error curves under different fault distances and
fault resistances. The results indicate that the relative error of most fault location results is
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less than 1%. The maximum error is 1.78%, which occurs at fault distances of 40 km and
high fault resistance of 300 Ω. The fault location error is affected by multiple parameters
in the fault location equations, mainly due to the insignificant voltage drop between the
fault point voltage and the branch point when the fault point is close to the N-side busbar
and grounding through the large fault resistance. This can lead to the numerical solution
algorithm of the fault location equations getting stuck in local optima and becoming unable
to accurately identify the true fault point, resulting in significant fault location errors.
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4.3. The Impacts of the Hypothetical Error of Equivalent Impedance of a Branch

In order to fully solve the fault location equations, it is assumed that the zero-sequence
impedance of the branch is known, and therefore, the fault location error caused by the
assumption error of the equivalent impedance of the branch should be evaluated.

In the simulated case of a fault resistance of 50 Ω, the exact zero sequence impedance
in branch K is 29.09 ∠ 90◦. The fault location results are shown in Table 4 by changing the
size and angle of the assumed value of the K-terminal zero sequence impedance used in
the algorithm calculation.

Table 4. Fault location results under equivalent impedance estimation of branch with error.

Assumed Zero Sequence
Impedance at K Terminal

Fault Distance (km)

5 15 25 30 35 45

29.09 ∠ 90◦ 4.99 15.03 24.92 30.11 34.86 44.66
39.82 ∠ 90◦ 5.27 15.49 25.58 30.88 35.71 45.69
20.36 ∠ 90◦ 4.71 14.5 24.11 29.18 33.8 43.37
29.09 ∠ 80◦ 5.10 15.21 25.16 30.40 35.18 45.05
29.09 ∠ 70◦ 5.22 15.39 25.42 30.68 35.49 45.44

It shows that the hypothetical error of equivalent impedance of the branch can affect
the fault location accuracy. In the case wherein the hypothetical amplitude varies by 30%,
the maximum relative fault location error will reach 3.26%, and if the hypothetical angle
varies by 20◦, the maximum relative fault location error is 1.92%. Since the value of zero
sequence equivalent system impedance is mainly decided by the grounding mode at the
transformer neutral point, the grounding mode of the transformer usually keeps constant.
So, the range of variation of zero sequence system impedance is limited, and then even if
the hypothetical error of equivalent impedance of branch will decrease the fault location
accuracy, the proposed method in the paper still can provide satisfactory applications in
the field.

Through the above simulations, the following results can be obtained: The fault
location algorithm for T-connected transmission lines proposed in the paper can achieve
accurate fault location based solely on measuring voltage and current at one end. The
essence of achieving this good fault location accuracy is to utilize the multiple stages of
information before and after the tripping of the fault phase circuit breaker, construct a
complete fault distance equation, and, thus, achieve accurate calculation of fault distance.
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Even in the most severe cases, the fault location error is not more than 3% in simulations,
which can fully meet the application requirements of practical engineering.

5. Conclusions

In T-connection transmission lines, fault localization is a difficult problem because
traditional fault localization requires synchronization and the communication of data from
three terminals, and in practice, it is difficult to ensure good synchronization among them.
A new single-ended fault location method has been proposed. It is based on the fact that
the local topology of the T-connected power line in the healthy phases remains unchanged
during the fault-clearing process. It utilizes the sequential current and voltage data changes
generated by fault phase circuit breakers tripping sequentially from different terminals
to describe the constant topology of the healthy phases as equations and calculates the
accurate fault location after solving the equations. The Levenberg–Marquardt algorithm
was used to calculate the fault distance and transition resistance, and the effectiveness of
this method was verified through simulation. However, this paper focuses on traditional
voltage source-dominated transmission systems, and in the future, this method can be
further extended to wind power grid-connected transmission systems based on inverters.
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