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Fault Location for Incomplete-Journey Double-Circuit Transmission

Lines on Same Tower Based on Identification of Fault Branch

Shoupeng Wang', Dongmei Zhao* and Liqun Shang**

Abstract — This paper analyses the characteristics of incomplete-journey double-circuit transmission
lines on the same tower formed by single-circuit lines and double-circuit lines, and then presents a
fault location algorithm based on identification of fault branch. With the relationship between the
three-phase system and the double-circuit line system, a phase-mode transformation matrix for double-
circuit lines can be derived. Based on the derived matrix, the double-circuit lines with faults can be
decoupled, and then the fault location for an incomplete-journey double-circuit line is achieved by
using modal components in the mode domain. The algorithm is divided into two steps. Firstly, the fault
branch is identified by comparing the relationships of voltage amplitudes at the bonding point. Then
the fault location, on the basis of the identification result, is calculated by using a two-terminal method,
and only the fault distance of the actual fault branch can be obtained. There is no limit on
synchronization of each terminal sampling data. The results of ATP-EMTP simulation show that the
proposed algorithm can be applied within the entire line and can accurately locate faults in different
fault types, fault resistances, and fault distances.

Keywords: Power system, Double-circuit transmission line, Fault location, Phase-mode transformation,

Fault branch

1. Introduction

Double-circuit transmission lines on the same tower,
characterizing with a narrow corridor, a strong trans-
mission capacity, and remarkable investment benefits, can
greatly improve security, reliability, and economy of power
grid [1,2]. As double-circuit transmission lines are used
widely in engineering, various methods for locating faults
on double-circuit lines have been proposed [3-10]. The
algorithms based on electrical components can be divided
into two categories: one-terminal and two-terminal fault
location methods. The one-terminal methods [3-5] use only
one terminal data, which is severely affected by fault
resistances and system impedances. The two-terminal
methods [6-10] can eliminate the influence of fault
resistances and system impedances in principle as a result
of applying two-terminal data. As for decoupling methods,
the majority of the existing fault location algorithms use the
six-sequence component method. Especially, the differential
component net with zero of bus voltages of two terminals,
has attracted widely attention [8]. However, the differential
component net does not exist in the case of the symmetrical
cross line fault, thus the fault location cannot be achieved.
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At present, the above researches are mainly based on
complete-journey double-circuit lines with the common
bus, however, a variety of incomplete-journey double-
circuit lines on the same tower have been spawned in
engineering because of different transmission requirements
and geographical environments [11-14]. These incomplete-
journey lines partially adopt the same tower structure.
For instance, the outlet terminals of the line are set up on
the same tower and common bus, the middle part is divided
into two independent single-circuit lines, and the end part
is connected to two different substations; the front and
back parts of the line are divided into two separate single-
circuit lines, and the middle part is set up on the same
tower, etc. A fault location method for the incomplete-
journey line based on a lumped parameter model presented
in [13], cannot be used to localize symmetrical faults and
neglects the influence of the distributed capacitance. In
[14], the proposed algorithm based on a distributed
parameter model is described with the consideration of the
distributed capacitance. Although it shows high accuracy
for various fault conditions, the method has problem with
synchronization of sampling data.

Compared with the large number of fault location
methods for complete-journey double-circuit lines, the
research of incomplete-journey lines is rare. There are
various differences between the incomplete-journey and
the complete-journey lines not only in fault types but also
in line structures. Therefore, this paper describes a fault
location method for the incomplete-journey line consisting
of a double-circuit line and two single-circuit lines, so as to
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provide thoughts for methods based on different structures
of incomplete-journey lines.

With the relationship between the three-phase system and
the double-circuit line system, a phase-mode transformation
matrix for double-circuit lines can be derived. Based on the
derived matrix, the double-circuit lines with faults can be
decoupled, then the fault location is achieved by using
modal components in the mode domain. The algorithm is
divided into two steps. Firstly, the fault branch is identified
by comparing the relationships of voltage amplitudes at
combination. Then according to the result of the judgment,
the fault location is completed by using a two-terminal
iterative search method, and only the fault distance of the
actual fault branch can be obtained. As shown in a large
number of simulation results, the proposed algorithm is
feasible and effective.

2. Line Model and Decoupling Calculation for
Incomplete-Journey Double-Circuit lines

2.1 Line prototype

Compared with complete-journey transmission lines on
the same tower, incomplete-journey lines have differences
in fault types and in line structures. The incomplete-journey
line partially adopts the same tower structure and exists
two single-circuit lines. The terminals of two single-circuit
lines are connected to different substations respectively, so
the lengths of two single-circuit lines are not the same.
Therefore, the incomplete-journey line cannot be completely
regarded as a double-circuit line or two independent single-
circuit lines [14]. On the same tower section, voltages and
currents of the differential component net cannot be reacted
in the two single-circuit lines, and electrical components of
the single-circuit lines with faults are also quite difficult to
be reflected in the double-circuit line.

A simplified model of incomplete-journey double-circuit
lines is shown in Fig. 1, whose branches are perfectly
transposed. Side M of the model is set up with a double-
circuit line, whose outlet terminals have the same bus; the
middle part is divided into two single-circuit lines which
are connected to two different substations respectively.

As shown in Fig. 1, line I and II of side M are set up on
the common bus, and terminal T of line I and II are
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: Z, r:—@

E,

Fig. 1. Schematic of an incomplete-journey double-circuit
transmission line

connected to the substations of side N and P respectively.
Zuns Zn, and Z, indicate the system equivalent impedances
of side M, N and P individually, and £, , E,, and E,
indicate the equivalent sources for side M, N and P
separately.

2.2 Decoupling calculation

In the system shown in Fig. 1, the single-circuit line has
the interphase coupling, and the double-circuit line has
both interphase and line-to-line couplings. Therefore, the
decoupling calculation is required before fault analysis,
and the fault location can stay immune to fault types via
correctly choosing the modal electrical components.

The transmission line is completely under the condition
of transposition, its structure and parameters are sym-
metrical, and the parameter matrix is balanced. For the
three-phase system, the relationship between three-phase
voltages and currents can be expressed as:

UmnA ZS ZM ZM jmnA
UmnB = ZM ZS ZM ImnB (1)
UmnC ZM ZM ZS [mnC
namely, Umn A= Zimn A » the balance parameter matrix is Z,
1e.,
Zs Zy Zy
L=\2y Zs Zy |,
Iy 2y Zs

where, Zg indicates the self-impedance of the line, and Zy,
indicates the mutual-impedance. A coupling relationship
between phases can be seen from Z.

The phase-mode transformation matrices, commonly used
for the decoupling calculation, have symmetric component,
Karenbauer, Wedpohl, and Clarke transformations, etc
[15-16]. The symmetric component can employ positive
sequence components to locate various types of short-
circuit faults, but its matrix contains complex factors,
which increases the amount of calculation. Karenbauer’s,
Wedpohl’s and Clarke’s matrices are all the real numbers,
which feature with simple computation and less amount
of calculation. But at some fault situation, their modal
transformations cannot use a single modal component to
locate faults according to analysis in [17]. For example,
modulus 1 obtained by Clarke’s and Wedpohl’s matrices
cannot locate faults for the non-grounding fault between
phase A and C, so do modulus 2 for the grounding fault of
phase B; modulus 1 obtained by Karenbauer’s matrix
cannot locate faults for the grounding fault of phase C, so
do modulus 2 for the grounding fault of phase B.

The mathematical essence of decoupling is to seek a
phase-mode transformation matrix to make the balance
parameter matrix diagonalized. In [17], a single-circuit line
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Fig. 2. Schematic of a double-circuit transmission line

can be decoupled by using matrix T,

55 s
T=L1ls -1 —4|
s 4 1

The single-circuit line with mutual inductances can be
decoupled by using T, and modulus 0, 1, and 2 can then be
obtained. Modulus 1 and 2 exist whatever short-circuit
fault types occur [17], so modulus 1 or 2 can be used to
locate faults, which can overcome the shortcomings of
Karenbauer’s, Wedpohl’s, and Clarke’s matrices.

Compared with single-circuit lines, double-circuit lines
have not only the interphase coupling, but also the line-to-
line coupling.

A model of transposed double-circuit lines is shown in
Fig. 2. The interphase impedances of line I or II are the
same, namely, Z,,; the impedances between line I and II are
also the same, namely, Zy;; the self-impedance of each
line is Zg. The relationship between voltages and currents is
as follows:

U Zs Zng Zag Ziw Zig Z3 [ 11a
U | | Zy Zs Zy Ziy Zia Zia || 1
UIC ZM ZM ZS Zl(/l Zl(/l ZI(/I IIC
UIIA ZI’VI Zli’l ZI(/I ZS ZM ZM I
U | | ZmZuZuZu Zs Zy || |

Upe ) \Zm 2 Zsa Zu Zu Zs )\ .

2

When using the phase-mode transformation matrix in
[18] to perform decoupling calculation, the first step is to
decouple the interphase coupling, leading to only the 0
modulus coupling in the double-circuit line. Then the line-
to-line decoupling of the double-circuit line can be
achieved via decoupling the 0 modulus coupling. Since the
calculation of the line-to-line decoupling is only performed
for modulus 0, modulus 1 and 2 of each line are unrelated.
When a non-grounding fault occurs on line I or II, the fault
location cannot be realized by using electrical components
of the non-fault line. For example, when a non-grounding
fault occurs on line II, the fault point cannot be found by
using modulus 1 of the common component net. Therefore,
this paper deals with the above shortcomings successfully
by combining the line-to-line decoupling matrix P of the

1756 | J Electr Eng Technol.2017; 12(5): 1754-1763

six-sequence component method and the above interphase
decoupling matrix T.

Employing matrix P presented in [19], the voltage
phasor and the current phasor of the double-circuit line can
be decoupled into the common component and the
differential component. Eq. (3) can then be obtained as:

Uy =P 'ZPI; A3)
1001 0 0
0100 1 0
0010 0 1
where, P=1y 60 1 0 0
0100 -1 0
0010 0 -1

Eq. (3) is expanded to obtain Eq. (4),

Url) [Zs+2y 2y +Zy 2y + 23y i
U | | ZutZu Zs+Zy Zy+ 2y 0 Iy
U | | Zu+Zy Zy+2y Zs+Zy Ly
UFA Zs _ZI(/[ ZM _ZI(/I ZM _ZI:/I jFA
UFB 0 Zy '214 Zg _ZI:/I Zy _ZI:/I jFB
UFC ZM _ZI:/I ZM _Zr,w Zs _Zr'v[ j]?(j
“4)

Transform Eq. (4) into the common and the differential
components, that is,

U Z I
F F F
The common and the differential components can be
decoupled by using T to eliminate the coupling impedances
of Z; and Zy, which transforms the common and the

differential components into modulus 0, 1, and 2 of the
common component net and of the differential component

T
net. The phase-mode transformation matrix S = P( Tj

can be obtained via combining P and T, i.e.,

55 5 5 55
5-1 -4 5 -1 -4
g L[5 4 -15 41
155 5 5 -5 -5 -5
5-1-4-51 4
54 -1 -5 4 1

The double-circuit line with mutual inductances can be
transformed into six independent modal components with S.
Matrix P makes S not only retain the relevance between
line I and 11, but also have properties like the transformation
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matrix of six-sequence component method. For example,
when using modulus 1 of the common component net, the
fault location can stay immune to fault types. Combined
with properties of matrix T, modulus 1 and 2 of the
common component net decoupled by S always exist in
various types of short-circuit faults, and can be used to locate
various types of faults.

The incomplete-journey double-circuit line in Fig. 1 can
be decoupled by using T and S, and the operation factors
of T and S are all the real numbers. Compared with the
complex number operation, the real numbers feature with
relatively simple computation and less amount of calculation,
which can be applied to both steady and transient analysis.

3. Proposed Fault Location Algorithm

A fault schematic diagram of incomplete-journey double-
circuit lines on the same tower is shown in Fig. 3, and each
branch is fully transposed. Branch MT is a double-circuit
line, including line I and II; branch NT and PT are single-
circuit lines; line I and II are respectively connected with
NT and PT; MT, NT, and PT are connected together at
combination T. Voltages and currents measured from side
M, N, and P are Uy, Uy, U, and IIM, ™ > Iy, Ip.

U, indicates the voltage of T. Iyyr, Iyyr, Inr»and Ipp
indicate the injection currents of three branches flowing
into T individually, and their directions are shown in Fig. 3.
The lengths of MT, NT, and PT are /,, /,, and [, The
voltage of point F is Uy , and the distance from p01nt F to
side N is x. A short-circuit fault occurs on point F of NT.

In order to facilitate the following description, this paper
names the line consisting of line I of MT and NT as line A,
and line II of MT and PT as line B.

The incomplete-journey double-circuit line in Fig. 3
can be decoupled by using matrix T and S in Section 2.2.
Assume that modal voltage components of T calculated
from side M, N, and P are UT(M),, UT(N)I , and UT(p), .
Based on the equation of the uniform transmission line [20],
voltages of T in a non-fault state can be expressed as:

UT(M)i = UMi cosh 7milm Zcmlez sinh Vi lm (6)

Uy i
- —
M IN IIMT
— —
Ly e

Fig. 3. Fault schematic diagram of an incomplete-journey
double-circuit transmission line

UT(N)j = UNj coshy,.[, — cnle] sinhy, ./, (7

UT(P)/ = Upj coshy, [, —Z

P cp/ P/ sinh 7pjlp (®)
where, i and j indicate modal labels after the double-circuit
line and the single-circuit line decoupled separately, i=TO0,
T1, T2, FO, F1, F2,=0, 1, 2; Z_,,; and 7,, indicate the i
modulus characteristic impedance and propagation constant
of MT; Z,, Zy, and 7y, 7y indicate the j modulus
characteristic impedances and propagation constants of NT
and PT; Uy, and I, v indicate the i modulus voltage and
current of side M; Uy;, UP, and IN, , Ip; indicate the j
modulus voltages and currents of side N and P.

Calculate voltages of T from side M, N, and P
respectively. The relationships between the phase voltage
components and the modal voltage components at T can be
expressed as:

[UTA] _ S( UT(IM) ] _ P(T ]( ['JT(IM) j ©)
Upg UT(IIM) T UT(HM)
)
UTB T UT(P)
Wh@re, UT(IM)_ =( UT(M)T() > UT(M)TI > UT(M)TZ )T and UT(HM) =
( Urawro » Urowrr » Urouyra )" indicate modal  voltage
components of T calculated from side M; UT(N) (YUreno s
UT(N)I > UT(N)2 )" and UT(P) =( UT(P)O s Uy s Urep )"
indicate modal voltage components of T calculated from
side N and P; UTA (UTM,UTAb, TAC) and UTB
(Urgy »Uzgy »Uppe )" indicate phase voltage components of
line A and line B at T.

The modal voltage component amplitudes of T
calculated from the three sides are written as |UT(IM)| s
Ui UT(N)|, and UT(P)| respectively. In a non-fault
state, there is,

T U T \(|U
P( j |.T(IM)| :[ j | .T(N)| (11
T\ Uray | T)\|Ure, |
Getting rid of T, Eq. (11) is simplified as:
U U
P | .T(IM)| _ | 'T(N)‘ (12)
| Uran | | Urgp) |
Getting rid of P, the following relationship can be
obtained as:
| UT(IM) + UT(IIM) | | UT(N) ‘
| UT([M) _UT(llM) | | UT(P) ‘ ’
namely,
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| U',[(M)O | |U T(N)O |
‘U”}(M)l | |U T(N)I |
| U’;‘(M)Z | _ | U T(N)2 | (13)
| U'F(M)O | |U T(P)O |
‘U”F(M)l | |U T(P)1 |
|U¥(M)2 | |U T(P)2 |

Where, U’;‘(M)i = UT(M)Ti + UT(M)Fi ,1=0,1,2; U’I',(M)i = UT(M)Ti -
UT(M)FZ N l:0,1,2
Suppose,

SUy,; = abs (|U}(M)i | - |UT(N)i |)

: : (14)
O6Uypp; = abs (|U¥(M)i| - |UT(P)i |)
When a fault occurs on NT, since there is no fault on
line B, voltages of T calculated through Eq. (6) and (8)
are exactly the actual modal voltage components, and
voltages of T obtained via Eq. (7) are not true. Thus there
are oUyy; >0Uyp; and O0Uyp; =0 . From section 2.2,
modulus 1 and 2 of the common component net for the
double-circuit line decoupled by S always exist, so do
modulus 1 and 2 for the single-circuit line. Therefore, the
relationships between voltage amplitudes at T can be
determined by using modulus 1 and 2 of each line. Then
take the average value of the calculated results, in which
way the accuracy of identification can be improved. There
is,

mean(oU ;,0U ;) > mean(dUyp;, 0U yp, )
mean(SUyp;,0Uypy) 0 (15)
Uy

where, mean( ) indicates mean operation function; Uy
indicates rated voltage.
To facilitate simulation analysis, Eq. (15) is rewritten as:

mean(oU;,0U ;) > mean(dUyp;, 0U yp, )
mean(oU p;, U ypy ) e (16)
UB

where, €& is a quite small threshold wvalue and
approximately equal to 0.
Similarly, when a fault occurs on PT, there is,

mean(oUyp,,0Uypy ) > mean(dU ;> 0U s )
mean(dU ;> 0Uyna ) s (17)
Us

In like manner, when the fault on MT is a single-circuit
line fault, if the fault occurs on line I, the relationships
between voltage amplitudes at T is Eq. (16); if on line II, it
is Eq. (17).
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When the fault on MT is a cross-line fault, since there is
no fault on NT and PT, voltages of T calculated through Eq.
(7) and (8) are true, while through Eq. (6) they are not.
Therefore, there are OUyy; #0 and OUyy #0 . The
criterion can be expressed as:

min(mean(é'UMNl,é'UMNz) ’ mean(oU yp, ,5UMP2)) .-
Uy Uy
(18)

where, 7#0 and 7 is threshold value.

According to the superposition principle, the electrical
components of each terminal can be expressed with fault
components. Assume that

AUy, = abs <|AU";"(M)1' | _|AUT(N)i|)

>

AUyp; = abs(|AU{:(M)i| _|AUT(P)1' |)

where, izlaz;AU';'(M)is AU’F(M)M AU. T(vyi » and .AUT(P)l are
the fault components of Urpp , Uty » Ureei » and

Uzpy: - Therefore, the following criterion of identification
of fault branch is obtained:

mean(AU AUy, ) > mean(AU, ., , AUy, )

If mean(AUyp;, AUyp,y ) < , the fault
UB
occurs on line A.
mean(AU,p,, AU p, ) > mean(AU 1, AUy )
If mean(AU, AUy, ) <s , the fault
UB
occurs on line B.
It min(mean(AUMN],AUMNz) , mean(AUMpl,AUMpz)) 7. the

UB UB
fault occurs on MT, which is a cross-line fault.
The fault location can be performed with a two-terminal
method after determining the fault branch.
When a fault occurs on NT, the modal voltage
amplitudes of fault point F calculated from two terminals
of NT are equal, there is,

|AUNj coshy, x, — chjAij sinhy, .x,

|AU 1y cosh yy (1, = %,) = Zoyy Al sinh 7, (7, = x,)
(19)

where, x, is the distance from fault point to side N;
AUy and Al , calculated by using fault components
of side M, indicate the fault components of modal voltage
and current of T on line I; AUy; and Aly; are the fault
components of modal voltage and current of side N.

Similarly, when a fault occurs on branch PT or MT, there
are Eq. (20) and (21) correspondingly:
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|AUPj coshy,x, — Zcijl'Pj sinh 7pjxp| = 20
|AUHMTj cosh Vi —x,) = ZcijjHMTj sinh 7oy — xp)|

|AUMi cosh ymixm _ZcmiAjMi sinh }/mixm| =

. . 1)
|AUTi COSh ymi (lm _'xm) _Zcm[A[Ti Sinh ym[ (lm _xm)|

where, x, and x,, are the distances from fault point to side P
and M separately; AUy, and Al , calculated from
side M, indicate the fault components of modal voltage and
current of T on line II; AUp; and Aly; are the fault
components of side P; AUy, and Al; indicate the fault
components of T calculated from side N and P; AU, and
Al are the fault components of side M.

Assume that a fault occurs on line A and the fault branch
is NT. As for Eq. (19), since branch MT is not broken,
AUy, is the actual voltage fault component of T, and
Al is the exact current fault component of line I
injected into T. Thus the solution x, of Eq. (19) exists in
fault interval (0, /,), namely, x, is the fault distance from
fault point to side N.

As for Eq. (21), suppose that F is a fault point of MT
and x,, is the distance from F, to side M. Since voltages
and currents of side M are practically measured, the
voltage of F,, calculated through the left of Eq. (21) is
actual. When a fault occurs on NT, AUry, and 'AIT(W
of T calculated from side N are not true, so AUy, and
AI'T,- are unreal, which leads to the inauthenticity of the
calculated voltage of F,, through the right of Eq. (21).
Therefore the solution of Eq.(21) does not exist.

Therefore, when a fault occurs on line A, only Eq. (19)
has a solution of x,, which is the fault distance from side N
to fault point, and NT is the identified fault branch.

In like manner, when a fault occurs on line B, similar
conclusions can be obtained. When the fault on MT is a
cross-line fault, the fault distance can be solved via Eq.
(21) on the basis of parameters of the double-circuit line.
Due to limitations on space, the proof is omitted.

Eq. (19)-(21) are usually solved with the iterative search
method [21]. Choosing step Ax and calculating the modal
voltage amplitude curves along the whole line, the fault
point is the curve intersection. Modulus 1 of the common
component net for the double-circuit line and modulus 1
for the single-circuit line exist whatever fault types occur.
So Eq. (19)-(21) can be solved using modulus 1 of each
line, which can eliminate the impact of fault types.

Note that, when solving Eq. (19)-(21), since the
parameters of each branch as shown in Fig. 1 are different,
the modal voltages of T need to be performed phase-mode
inversion transformation. Namely, the modal voltage and
current of the upper branch end, calculated via phase-mode
inversion transformation, should be used as the phase
voltage and current of the beginning of the next branch.

As for the model in Fig. 1, the fault location method
described above needs to be divided into two steps.

Acquire simulation data

Calculate voltage and current fault
components,ayand Af

Acquire Phase-mode
transformations, T and S
v

Do decoupling calculation

v
Calculate modal voltages of T from
side M, N, and P respectively
v

Identify the fault branch on the basis of
the relationships between modal voltage
amplitudes of T

v
Calculate the modal voltage
amplitiude curves along the line
according to the judgment

The voltage amplitude
urves have a intersection

Identity the false root

.

Find the accurate fault
branch and fault point

Fig. 4. Procedure of the fault location algorithm

Step 1: Based on parameters of the single-circuit line and
of the double-circuit line, the modal voltages of T are
calculated. The fault branch can then be identified by
comparing the differences between modal voltage ampli-
tudes at T.

Step 2: According to the judgment result, the modal
voltage amplitude curves along the line are calculated with
the iterative search method. The intersection of curves is
namely the fault point, and the branch of locating fault
point is the correct identified fault branch.

The solving procedure of the proposed algorithm is
shown in Fig. 4.

Therefore, the proposed fault location method employs
fault components of modal voltage and current, which
can eliminate the influence of the load current. In theory,
the sampling data without synchronization only affect the
phase of the sinusoidal signal, instead of the amplitude.
This paper applies the voltage amplitude distribution to
calculate the fault distance, which can eliminate the
impact of non-synchronization. In addition, the solving
procedure does not involve fault resistances, which
makes the fault location stay immune to fault resistances
in principle. With the designed selection of electrical
components, which exist whatever fault types occur, the
proposed algorithm successfully excludes the effect of the
specific fault type.

http://www.jeet.orkr | 1759



Fault Location for Incomplete-Journey Double-Circuit Transmission Lines on Same Tower Based on Identification of Fault Branch

Table 1. Line parameters of the incomplete-journey double-circuit transmission line

Length Line impedance(2/km) Line admittance(uS/km) Mutual coupling
Branch (km) Positive Zero Positive Zero Impedance Admittance
sequence sequence sequence sequence (Q/km) (uS/km)
MT 250 0.0387+j0.3098 0.1866+j0.7316 j3.7639 j2.0374 0.1476+j0.4217 j0.5398
NT 180 0.0484+j0.3139 0.2067+j0.7193 j3.6143 j1.9222 0 0
PT 120 0.0480+j0.3887 0.1977+0.8373 j2.9074 j1.7082 0 0

4. Simulation Analysis

To evaluate the performance of the proposed method,
faults are simulated on a model of incomplete-journey
double-circuit lines on the same tower as shown in Fig. 1.
The digital model adopts the distributed parameter model
provided by ATP-EMTP, and the parameters are set
according to “220kV Overhead Transmission Line Design
Technical Regulation” of a Power Grid Corp. The simplified
simulation model is shown in Fig. 5.

The fault components of modal voltage and current are
used to locate faults, the second cycle after fault is sampled
with a sampling frequency of 100kHz, and the filtering
technique uses the full-wave Fourier algorithm. The
equivalent sources at side M, N, and P are 220.0°,
220.30°, and 220.,60°, and the parameters of the model
system are shown in Table 1 and 2.

In this paper, ¢ is a threshold value of the non-fault line
when faults of line A or B happen, and its value is
approximately equal to 0. # indicates a threshold value
when there is a cross-line fault on MT, and its value is
larger and not equal to 0. In the following simulation, # and
¢ are set to 0.1 and 0.03 respectively.

To assess the performance of the proposed phase-mode
transformation matrix S in section 2.2, locating results in
the case of some parts of faults are compared with [18],
which are shown in Table 3. The fault point is selected on
MT, and the interphase and the grounding fault resistances
are all 50Q. As shown in Table 3, the proposed method can
locate various types of short-circuit faults.

Locating results of various fault types are listed in Table
4. The interphase and the grounding fault resistances are
all 50Q, except for the short-circuit fault near combination
T which has a high resistance of 300Q. As for double-
circuit lines, the probability of the single-circuit line fault
is more than 80%, while the probability of the cross line
fault is relatively low. Therefore, only several typical
conditions of the cross line fault are presented, such as,
Igllc, Igllegs Iasllses Iasllpees Iallges 1allgegs Iallape and
LLasca:

Table 4 shows the satisfactory accuracy of the proposed
algorithm for different fault types on different branches.
What’s more, the algorithm stays unaffected by fault types
and fault branches. Even if the fault occurs on the vicinity
of T, the algorithm can locate faults.
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Table 2. System equivalent parameters of the incomplete-
journey double-circuit transmission line

System positive sequence System zero sequence

Side impedance(Q2) impedance(Q/km)
M 0.0387+j0.3098 0.1866+j0.7316
N 0.0484+j0.3139 0.2067+j0.7193
P 0.048+j0.3887 0.1977+j0.8373

Table 3. Comparison of location results among different

methods
Fault Result(km)
Fault type
P (km) In [18] This paper
90 90.1531 89.4522
Mlagg
160 159.3775 160.3075
90 NaN 90.0436
MIlagc
160 NaN 160.4799
90 90.0778 89.5006
MIglle
160 159.3755 159.7031
90 NaN 89.6721
Millgc
160 NaN 160.1877
MLl 90 90.5385 89.7356
ABTBCe 160 160.1294 159.8465

Zn En

LCC ‘_ P 23'2 Ef
E By @ ‘

Fig. 5. Simulation model of an incomplete-journey double-
circuit line
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These locating results of different types of short-circuit
faults with different fault resistances are shown in Table 5,
and fault points are selected on branch MT. Locating
results in Table 5 show that fault resistances have no
significant influence on the fault location.

After using non-synchronized data of two-terminal to
locate faults, locating results of a single phase-to-earth
fault with a fault resistance of 50Q2 are shown in Table 6.
The fault point is selected on branch NT, and non-
synchronized angles are set for —z/3, —7/60, 0, 7/6 and 7/3
respectively. Results in Table 6 show that this algorithm
can yield the accurate fault distances with different non-
synchronized angles.



Table 4. Locating results of different fault types
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Fault type Fault 'Fault' braqch Result Relative Fault type Fault .Fault. branph Result Relative
(km) identification (km) error(%) (km) identification (km) error(%)

70 NT 69.2910 1.0129 90 MT 89.4522 0.6087

Nlag 120 NT 119.9908 0.0077 Mlagc 160 MT 160.3075 0.1922

175 NT 174.9980 0.0011 245 MT 245.6035 0.2463

70 NT 69.7965 0.2907 90 MT 89.4484 0.6129

Nlas 120 NT 119.8011 0.1657 Mlagc 160 MT 159.3073 0.4329

175 NT 174.7789 0.1263 245 MT 245.6477 0.2644

70 NT 69.8802 0.1711 90 MT 89.7431 0.2854

Nlaga 120 NT 119.5806 0.3495 Mlgllcg 160 MT 159.8386 0.1009

175 NT 174.8863 0.0650 245 MT 245.7747 0.3162

70 NT 69.8342 0.2369 90 MT 89.5006 0.5549

Nlasc 120 NT 119.7592 0.2007 MIgllc 160 MT 159.7031 0.1856

175 NT 174.8048 0.1115 245 MT 245.7960 0.3249

40 PT 40.0527 0.1318 90 MT 89.5754 0.4718

Pllag 70 PT 69.8438 0.2231 MIaIlpcq 160 MT 160.0666 0.0416

115 PT 115.6699 0.5825 245 MT 245.1239 0.0506

40 PT 39.6975 0.7563 90 MT 89.5759 04712

Pl 70 PT 69.7631 0.3384 MIllsc 160 MT 160.1932 0.1207

115 PT 114.8789 0.1053 245 MT 245.1526 0.0623

40 PT 39.9273 0.1817 90 MT 89.7356 0.2938

Pllagc 70 PT 69.9001 0.1427 Mlagllsca 160 MT 159.8465 0.0959

115 PT 114.3632 0.5537 245 MT 245.0091 0.0037

40 PT 39.4530 1.3675 90 MT 89.3926 0.6749

Pllagc 70 PT 69.9511 0.0699 Mlgllpc 160 MT 159.5206 0.2996

115 PT 114.4160 0.5078 245 MT 245.1116 0.0456

90 MT 89.0756 1.0271 90 MT 89.6890 0.3456

Mlag 160 MT 160.3075 0.1922 MIallaBco 160 MT 160.2016 0.1260

245 MT 244.7871 0.0869 245 MT 245.1148 0.0469

90 MT 90.2962 0.3291 90 MT 89.5864 0.4596

Mlap 160 MT 160.1810 0.1131 MIallagc 160 MT 160.2799 0.1749

245 MT 244.6205 0.1549 245 MT 245.6291 0.2568

Table 5. Location results of different fault resistances
Fault Fault 0Q 50Q 100Q 300Q

type (km) Result Relative Result Relative Result Relative Result Relative
(km) error(%) (km) error(%) (km) error(%) (km) error(%)

Ml 90 89.8295 0.1894 89.0756 1.0271 89.3098 0.7669 89.8185 0.2017
160 159.0272 0.6080 160.3075 0.1922 160.1549 0.0968 160.0195 0.0122

Mg 90 90.4420 0.4911 89.4522 0.6087 89.5386 0.5127 89.7514 0.2762
160 160.3426 0.2141 160.3075 0.1922 160.2310 0.1444 160.7525 0.4703

Mgl e 90 90.6092 0.6769 89.7431 0.2854 89.8448 0.1724 89.8451 0.1721
i 160 160.8678 0.5424 159.8386 0.4718 159.8508 0.0933 159.9966 0.0021
MIaITns 90 90.7143 0.7937 89.5754 0.0416 89.6097 0.4337 89.4366 0.6260
160 160.5188 0.3242 160.0666 0.2938 159.9781 0.0137 159.9710 0.0181

Ml T 90 90.7354 0.8171 89.7356 0.0959 89.8362 0.1820 89.4795 0.5783
’ 160 160.8498 0.5311 159.8465 0.3456 159.6563 0.2148 159.8730 0.0794

Ml 90 90.6252 0.6947 89.6890 0.1260 89.6710 0.3656 89.4035 0.6628
G 160 160.8329 0.5206 160.2016 1.0271 160.1418 0.0886 160.1379 0.0862

Table 6. Location results of a single phase-to-earth fault with different non-synchronous angles

Non-synchronous angle Nlac fault(km) Result(km) Relative error(%)

80 79.8004 0.2495

3 160 159.6130 0.2419
80 79.3612 0.7985

o 160 159.1642 0.5224
80 79.8531 0.1836

160 159.7513 0.1554

6 30 79.5371 0.5786
160 159.5175 0.3016

B 80 79.6046 0.4942
160 159.5561 0.2774
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5. Conclusion

This paper presents a fault location algorithm for
incomplete-journey double-circuit transmission lines on the
same tower based on identification of fault branch. The
algorithm is divided into two steps. Firstly, the modal
voltages of combination T are calculated on the basis of
parameters of each branch, and then the fault branch is
identified by comparing the differences between modal
voltage amplitudes at T. Secondly, according to the prior
judgment, the fault location is achieved by using the
iterative search method, and only the fault distance of the
actual fault branch can be obtained.

The operation factors of the phase-mode transformation
matrix in the proposed algorithm are all the real numbers.
The real operation features with relatively simple com-
putation and less amount of calculation. Applying fault
components of modal voltage and current can eliminate
the influence of the load current caused by using the
power frequency electrical components. This method is
also independent of fault resistances which are not
involved in the algorithm principle. There is no need for
synchronization of sampling data via calculating voltage
amplitudes to find the fault point. The simulation results
show that the algorithm can be applied within the entire
line, and the accuracy of the fault location is high.
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