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Abstract: This paper presents a fault-location technique for multi-terminal multi-section nonhomogeneous
transmission lines which combine overhead lines with underground power cables, by using voltage and
current synchrophasors obtained from phasor measurement units (PMUs). Firstly, a faulty line branch is
selected to narrow down the suspected faulty area. Then, the faulty section and the exact fault location can
be identified by calculating the normalized fault distance for each section on the selected faulty branch.
Computational burden of the proposed analytical scheme is very low because it avoids iterative
computations. Promising simulation results show that the proposed fault location technique can accurately
locate the fault regardless of the fault type, fault resistance, fault location, pre-fault loading and line

parameters inaccuracies.

Nomenclature
Some notations used in this paper are shown as follows:

i Index of transmission system nodes

m Index of line section

N Number of transmission system nodes

M Number of line sections for a specified line branch

wi, s;and e;  Number of line sections of the line branch lying to the west, south and east of tap node i respectively
L Length of line branch (km)

l Length of line section (km)

Zeand I Characteristic impedance and propagation constant

Zand Y Impedance per unit length (Ohm/km) and admittance per unit length (S/km)
Vand [ Voltage and current

T Phasor transformation matrix (PTM) for each line section

J Junction node

F Fault node

K A specified system node

X Fault distance (km)

A Normalized fault distance

Iy Fault current injection

TVE Total vector error

A Suspected fault area of the tap node i

0 Predefined threshold for TVE



1. Introduction
With the advent of global positioning system (GPS), Phasor Measurement Units (PMUs) have become

crucial elements of Wide-Area Situational Awareness (WASA) system, as they can significantly improve
the performance of power system monitoring and control by offering fast acquisitions of time-synchronized
phasor data [1, 2]. Applications of PMU as an accurate fault location technique have been widely developed
to accelerate restoration, reduce crew repair costs and enhance reliability of delivery in power systems [3-
5].

Initially, the development of fault-location technique mainly concentrated on two-terminal
transmission line system [6-9]. A time-domain approach for fault-location was proposed in [6] by using
synchronized voltage and current samples at two terminals, but the sampling rate required was up to 24 kHz.
A numerical algorithm for two-terminal fault-location was developed in [7], based on positive and zero
sequence components of post-fault voltages and currents. However, this work did not contain a long line
model. The Newton-Raphson iteration was used to identify the fault-location for multi-section underground
cables, but this method suffered from convergence and heavy computational burden issues [8]. To deal with
this, an innovative fault-location technique was proposed for two-terminal multi-section nonhomogeneous
transmission lines [9], which was suitable for any system and fault conditions. With the development of
modern power systems, fault-location techniques for three-terminal and multi-terminal transmission lines
have gradually been developed. A traveling-wave-based fault-location method for three-terminal
transmission systems was developed by using discrete wavelet transformation (DWT) and support vector
machines (SVMs) methods [10]. Meanwhile, incomplete three-terminal synchronized signals were used in
[11] for fault-location, through this involved high computational burden. Then, the authors of [12] extended
a two-terminal fault-location technique to an algorithm for three-terminal multi-section transmission lines.
However, very few fault-location techniques have been investigated for multi-terminal transmission lines.
A new scheme to locate a fault on a multi-terminal transmission line was developed in [13] by only using
synchronized voltage measurements at all terminals. This algorithm helps eliminate current-transformer
error in current measurements but the power source impedances have to be exactly known. A universal fault-
location method was proposed in [14] for N-terminal (N > 3) transmission lines by calculating (N-1) indices.
The nodal current unbalance was defined and used as a fault-location index to locate the fault on a multi-
terminal transmission line [15]. However, none of these techniques [3-15] are suitable for fault-location in
multi-terminal multi-section nonhomogeneous transmission lines that have been widely used in
contemporary transmission system, e.g. Taipower, to prettify the city environment [12]. Therefore, there is

a need to develop a new fault-location method.



The main difficulty of fault-location for multi-terminal transmission lines is to select the faulty branch
[15]. Therefore, based on the voltage and current synchrophasors at all terminals, a novel faulty branch
selector is first proposed in this paper to simplify the fault-location problem from multi-terminal multi-
section transmission lines to two-terminal multi-section compound transmission lines containing the faulty
section. Then, the faulty section can be identified and the fault can be exactly located by calculating the
normalized fault distance for each section on the selected faulty branch. The rest of the paper is organized
as follows. Section II describes the proposed fault-location technique. The performance of the proposed

algorithm is assessed and analysed under various scenarios in Section III. Section IV concludes the paper.

2. Fault Location Technique

2.1. Faulty Line Branch Identification for Multi-Terminal Multi-Section Nonhomogeneous Transmission
Lines

Considering a multi-terminal N-node nonhomogeneous transmission line (Fig. 1), all nodes are
classified into two types: terminal node p (p = 1,3,5,-**,N-3,N-1,N) and tap node ¢g (¢ = 2,4,6,***,N-6,N-4,N-
2). Suppose that every terminal node is equipped with a PMU. Thus, the voltage and current synchrophasors
at all terminal nodes can be obtained. For the sake of simplicity, the nonhomogeneous characteristic of the
transmission line and the PMUs installed at terminal nodes are not displayed in this figure. Here, the positive-
sequence quantities are used because they are applicable for all fault types. Each tap node directly connects
three nodes which lie to its west, south and east respectively, e.g. the nodes (i-2), (i+1) and (i+2) lie to the
west, south and east of tap node i, respectively. For tap node i, there are w;, s: and e; line sections on the line
branches Li-1, Li and Li+1 respectively; every line section length from nodes (i-2), (i+1) and (i+2) to tap node

PAs 0 0 181 1 and 1 L 1 respectively. Similarly, for tap node (i+2), there are wi+2, si+2

sky 577, w, 2
and ei+2 line sections on the line branches Li+1, Li+2 and Li+3 respectively; every line section length from
nodes i, (i+3) and (i+4) to tap node (i+2) is =, 1) o 10> 152 e e 152 and (52 17 152 respectively.

It is obvious that: e; = wir2 and 1% =", where m=12,---,¢,.
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Fig. 1. Multi-terminal nonhomogeneous transmission lines.

The proposed faulty line branch selector for multi-terminal nonhomogeneous transmission lines can
be developed into three steps as below:

Step1: Transfer the Measured Data From South to Tap Node:



In Fig. 2, the junction nodes, i.e. J",J)" - .0, J¥, g3, % ,and JF Jj ... .JF , and the tap nodes,

25"
i.e. nodes (i-2), i and (i+2), are selected as reference points of sending or receiving ends. For example, the

sending and receiving ends of the line section /¥ are junction node J*  and tap node i, respectively.

1

Fig. 2. Specific parameters of line branches L;.;, L; and L;+.

For line section * , the voltage and current at a distance of x km away from junction node J* can be
expressed as follows:

V. = Acosh(T"}" x) + Bsinh(T"}" x) (1)

I, = (Bcosh(I'} x) + Asinh(T'} x))/ Z? (2)

where Z° = W and I} = \/W signify the characteristic impedance and the propagation constant of

the line section /¥ , respectively; Z” and ¥ are its impedance and admittance, respectively. The constants

A and B can be derived from Egs. (3) and (4) respectively by using the boundary conditions of voltage and

current, (V,,,,1,,,), measured at terminal node (i+1).

A=V, cosh(T} 7)1, Z;; sinh(I"} 1) (3)
B=1,,75% cosh(T'}' [’ )=V, sinh(T"? ) 4)

The voltage and current at junction point J, (;%,1*), can be calculated by substituting x =0 into

Egs. (1) ~ (2).

VS =V, cosh(TY 1)~ 1,2 sinh(T 1Y) ®)
I =1, cosh(TS [5 )~V sinh(T$ 15/ 25 (6)

Since the line branch L; has s; line sections, voltage and current at tap node i, (V,°,1’), can be obtained

by a series of successive algebraic substitutions from the data sets (V,,,,1,,,) as shown in Eq. (7).

s v 5-1 v
R i o [ REER RS ™

i Ii+1 n= i+1



where 7;%,7;%...,1% are defined as Phasor Transformation Matrices (PTMs) of line branch L: which lies to

the south of tap node i. The subscript 1,2,---,s, denote utilization of parameters of line sections 7, ,---.1%,

respectively. The general form of T is expressed as Eq. (8), where m=1.2,--+,s,; Z> and T'? are the

cm

characteristic impedance and propagation constant for the line section /% .

s | cosh(TyI) -Z;, sinh(I'} 1) (8)
! —sinh(I'51%) /75 cosh(T"> 15

Step2: Transfer the Measured Data From West to Tap Node:

Based on the data processing in Step 1, data sets (7",I") can be obtained by transferring the measured

data from west to tap node i, as shown in Eq. (9), where (V°,,17,) can be obtained from Eq. (7).

w;—1 V
w Hz?/’—n'|:[l:|’i:2
n=0 '
" |- ! ©)
[W w; -1 VS
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The general form of 7 is expressed as Eq. (10), where m=1,2,---,w,. Z: and I'"" are the characteristic
impedance and propagation constant for the line section /).

. cosh(T"" 17 =Z" sinh(T" 1" (10)
—sinh(T% %) /Z" cosh(T ")

m“m m“m

Step3: Transfer the Measured Data From East to Tap Node:

The data sets (V*,1") can be calculated by transferring the measured data from east to tap node i, as

shown in Eq. (11), where (V?,,7,) can be obtained from Eq. (7).

-1 V.
[nr* { V} i=N-2
i ]N

|:VE:| N R
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The general form of 7 is expressed as Eq. (12), where m=1,2,---,e.. Z% and T'” are the characteristic
impedance and propagation constant for the line section /% .

TE cosh(TZ 15y Z% sinh(T515) (12)
sinh(T575) /75 cosh(T515)

m“m cm m“m

If no fault occurs in the transmission system as shown in Fig. 1, for each tap node i (i =2,4,---,N-2),
V.* obtained from Eq. (7), 7" derived from Eq. (9) and V/* calculated from Eq. (11) are equal to each other.

If a fault occurs on the transmission system, the data sets (/”,1"), (V*,I°) and (V/*,1") for each tap node



need to be modified. Here, we analyse the faulty line branch identification problem in the following two
cases: a fault occurs on the main line branch (L1, L3, Ls, etc.), and a fault occurs on the tapped line branch
(L2, L4, Ls, etc.).

1) Fault on the Main Line Branch

If a fault occurs on section //* of main line branch Lk-1 between tap nodes (K-2) and K (Fig. 3 (a)),

fault node F is treated as a fictitious node. The unknown variable x is defined as fault distance from fault

node F to junction node JJ* . For the sake of simplicity, the nonhomogeneous characteristic of the

transmission line is only displayed for branch Lk-1. It is obvious that: ex-> = wx and 1% =7"* where

wy +l=m >

Fig. 3. Fault occurring on (a) section I;VK of main line branch Lk.; and (b) section ljs’f of the trapped line branch L.

Due to the fault current injection, data sets (V1) need to be modified as Eq. (13), in which 7} and

cosh(l";VK ») —Zf/'.’“ sinh(l"i.VK ¥)

TV can be expressed as
2 p —sinh(I" y)/Z(Z.’K cosh(I"* y)

} by respectively substituting y=/'* —-x and y=x

into it. Because there is no fault on the tapped line section, the data sets (V*,1°) derived from Eq. (7) need

no modification.
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Similarly, the data sets (V/°,1") should be modified as Eq. (14), in which 7, and T/, can be defined

cosh(T7¥y)  Z* sinh(T"* y)

by respectively substituting y =x and y=/"* —x into it.
sinh(I"x y)/zijx cosh(I™* ) } Y Iesp Y gy=x y=1

{Vq: Tfl-exl_zl_]TEKfﬂ-{ Vi },izF (14)

-1 VS
77, | 7 | i=K 4K =62
n=0 ' X

Due to the large fault current 7, when a fault occurs on the line section IIWK of main line branch Lk-1,
for tap node i (i=K,K+2,***,N-2), there must be a substantial difference between the value Vl.W calculated
from Eq. (9) and its actual value as shown in Eq. (13). Meanwhile, for tap node i (i=2,4,**,K-2), there must
be a significant difference between the value V;* calculated from Eq. (11) and its actual value derived from

Eq. (14).
2) Fault on the Tapped Line Branch

As shown in Fig. 3 (b), if a fault occurs on the line section /;* of the tapped line branch Lk between

the tap node K and the terminal node (K+1), the fault node F is treated as a fictitious node. The unknown

variable x is defined as the fault distance from fault node F to the junction node J3* .
Due to the fault current injection, (V;,I;) for tap node K should be modified as Eq. (15), where
(V2,12 can be derived from Eq. (16); while (V/*,1°) for other tap nodes (i=2,4,***,K-2, K+2,***,N-2) can

also be derived from Eq. (7).

[ = s VFS

= T TS - 15
IR (s)
VFS s s Vicu

=75 11 T%, | * 16
|:];1:| F1 n=sg —j+1 S —n [K+| ( )

cosh(I"* y) ~Z3¥ sinh(I" p)

where 7T and 77, can be expressed as | |
Fl 2 —s1nh(l"§“ y)/ZjK cosh(Fﬁ“ »)

} by substituting y=/* —x and

y =x into it respectively.



Because of the large fault current 7, values of (V¢,I;) calculated from Eq. (7) must deviate far from
their actual value, as shown in Eq. (15). Besides, the actual value of data sets (V/",7) and (V/*,1") can also
be derived from Egs. (9) and (11) respectively, but (V;,7;) used in these equations should be calculated
from Eq. (15). Thus, the actual value of V" for tap nodes (K+2), (K+4),:*+, (N-2) and the actual value of V*
for tap nodes 2, 4,-++, (K-2) must respectively deviate far from the values derived from Egs. (9) and (11)
without using data set (V;,17) calculated from Eq. (15).

The suspected fault area for tap node K in a multi-terminal N-node nonhomogeneous transmission line
can be identified as Table 1. Ideally, the calculated values of ¥, ¥/ and V' for tap node K must equal to
each other if no fault occurs in the transmission line system. However, due to the uncertainty of measurement
and line parameters, there will be a slight deviation among these values. Here, total vector errors (TVE), i.e.

TVEY’, TVEY and TVEY", are defined as:

TVEY =7 =v| fmax(vd ||| (17)
TVEY =7 = V| fmax(v |72 )7 ) (18)
TVEY =7 —v¢ | /max(V¢ |, [VEL e D (19)

[fa fault occurs in the transmission line system, there is only one calculated voltage among (.7 .7 )

that deviates far from its actual value; the absolute value is much smaller than that of the others because the

large fault current 7,, shown in Egs. (13) ~ (15), has not been considered during its calculation. Thus, the

denominator in Eqs. (17) ~ (19), i.e. max([v[,|¢|.|r¢|) , must be the actual voltage of tap node K, which can

be an appropriate basis for TVE -calculation. In Table 1, TVE™ is the maximum value of
(TVER®, TVEY , TVE}" ). If this value is less than or equal to a predefined threshold d (Mode 1), the differences
between (v;,7 .7 ) are identified as the result of uncertainty of measurement and line parameters. Then,
we can conclude that no fault occurs in the transmission line system or a fault occurs at/near to tap node K.
Otherwise, one of the remaining three modes, i.e. Mode 2, 3 and 4, can be identified according to TVE}"

that is the minimum value of (TVE}*, TVEY , TVE}" ). For example, TVE" =TVE;® means that /' and 7

are the actual voltage of tap node K due to the negligible difference between them; the line branches lying

to the east of tap node K, i.e. Lk+1 ~ Ln-1, are recognized as the suspected faulty area due to the large values

of TVEY and TVEY". Similarly, the suspected faulty areas of Mode 3 and 4 can be identified by the same

logic. The threshold value 6 may vary for different transmission line systems, which should satisfy the

following two criteria simultaneously: no faulty line branch should be identified when the transmission line



system is in no-fault state, and any fault in the system should be successfully detected. Thus, Monte Carlo
simulations are performed with different system parameters (e.g. pre-fault loading) and fault conditions (e.g.
fault type and fault resistance) as illustrated in Figs. 12 and 13 to determine the appropriate threshold value

which meets the above two criteria simultaneously.

Table 1 Fault branch location for tap node K in a multi-terminal N-node
nonhomogeneous transmission line system

Mode Faulty Branch Indication Suspected Faulty Area
max No fault OR fault
TVE <
! k <90 at/near to tap node K
2 (TVE™ >5) &(TVE™ =TVE") L1~ La.s
3 (TVE‘,‘Qax > 5) &(TVEQ‘" = TVE” ) L) ~Lg,
4 (TVEQ"“ > 5) &(TVEE"‘ = TVE” ) Lx

The proposed fault line branch identification scheme for multi-terminal multi-section nonhomogeneous

transmission lines is summarized in Fig. 4.

Select tap nodes 2,4,6,...,N-2, junction points at
each line branch and section length as reference.
Calculate TVEL"'S, TVEfE, TVE,E”'as well as their
maximum and minimum values for each tap node .

v

Identify the suspected faulty area Al. for
tap node 7 according to the Table 1.

v

Faulty line branch identification logic

All tap nodes |Only one tap node, e.g. tap node X, is in| No tap node is in
are in Mode 1 | Mode 1, and others are in Mode 2 or 3. Mode 1

Fault on/near to the tap node + _
K which s in Mode | Fauly branch = 14,

Faulty line branch further identification logic

min ws min SE min EW
TVE," =TVE_, | TVE," =TVE, | TVE =TVE, Others
Fault on line Fault on line Fault on line Fault on
branch L branch L branch Ly tap node K

Fig. 4. Faulty line branch identification for multi-terminal multi-section nonhomogeneous transmission lines.

After calculating TVE!™ and TVE™ for each tap node i, the suspected faulty area 4 of each tap node

can be derived according to Table 1. If all tap nodes are in Mode 1, the transmission line system can be
identified in non-fault state. Otherwise if no tap node is in Mode 1, the faulty line branch can be selected by

getting an intersection of the suspected faulty area 4, for all tap nodes, in Mode 2, 3 or 4. Furthermore, if

only one tap node, e.g. tap node K, is in Mode 1 and others are in Mode 2 or 3, the fault can be located

at/near to this tap node K. For this situation, we need to narrow the suspected fault area further, in preparation



for the exact fault location (described in the next sub-section). As shown in Fig. 4, the faulty line branch can
be selected according to the value TVER" converges to, for example, if TVE;" converges to TVEL", the fault
can be identified on line branch Lx. However, if TVE}" does not converge to any value and fluctuates among

TVEY, TVEY and TVE}”, the fault can be located at tap node K.

2.2. Exact Fault Location

Once the faulty line branch is identified, we can locate the exact fault point based on the voltage and
current synchrophasors at both ends of the faulty line branch. For transmission lines shown in Fig. 1, there

are four types of faulty branches, which are depicted in Fig. 5. For type (a), (V;,1,) can be directly measured
by a PMU installed at terminal node 1; the voltage and current of node 2 can be derived as (V;',1; 1) . For
type (b), (Vy.1,) can be directly measured by a PMU installed at terminal node N; the voltage and current
of node (N-2) can be calculated as (V;_,,I,_, +1I,_,) . For type (c), the voltage and current of nodes (i-2) and
i can be obtained as (V°,,1",+1I’,) and (V°,I" —I’) respectively. For type (d), (V,,,1,,) can be directly
measured by a PMU installed at terminal node (i+1); the voltage and current of node i can be calculated as
V' -1y or V1P -1").

N-2

Ea vV,

Sy wpmea-= LO R —
IJVVV—Z E?IN*Z Iy N Faulty branch

' IA’7] I
Vyd N-1 Healthy branch

(b)
= T N
1, 1
W E
]L+l¢

Fig. 5. Four types of faulty branches: (a)~(c) a fault on the main line branch and (d) a fault on the tapped line branch.

Using the above analysis, the fault location for multi-terminal nonhomogeneous transmission lines
can be converted into fault location for two-terminal nonhomogeneous transmission lines (Fig. 6). Assume
that there are M line sections on the line branch H-R. Every line section length from node H to node R is

L,b,--+1,, and [, . A fault occurs on the line section /, and locates x km away from the junction node J, .

e—L 2  f———— Z/ —
v v [——x —>
H H

jIH VF,H VF,R I VJ,R

Jy Ji Ji I

Fig. 6. Equivalent two-terminal nonhomogeneous transmission lines.
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Since 4,1,,---,/,, and 1,,.l,,,,---,1,, are healthy line sections, voltage and current phasors (V, .1, ) at

7)1 J

junction node J,_, and (V,,./,,) at junction point J, can be likewise derived via a series of substitutions

from the data sets (/},,1,) and (V;,1;) respectively, as follows:

v, ,

LT:}:T’H"TfHZ""'TzH'TIH'Lﬂ (20)
v,
e ] @)

J:R R

where 7,7, I, 1" and T};,.T}

Jj+l2 /+29“

Ty, Ty are PTMs of nodes H and R respectively. Thus, the suspected

faulty area is further narrowed down to a two-terminal homogeneous transmission line. The voltage at fault

point F can be expressed in terms of the two data sets (V,.7,;) and (V,./,;) derived from Egs. (20) and
(21) respectively:
Viuw =V, -cosh(T',»)=Z-1, ; -sinh(T", y) (22)
Vig =V, -cosh(';x)+Z- 1, -sinh(I";x) (23)
where y=/,-x; ', and Z, are the propagation constant and characteristic impedance of line section /,
respectively. Using the relationship 7, =V, and equating Eqs. (22) and (23), the normalized distance

variable 4, can be solved as follows [9]:

In(P. /0.
s n(p,/0,) 24)
ST ar
P and Q, are given by:
Pj = (Vj,R - Zq‘ Ij,R)_ (VJH - ch Ij,H)eXp(rjlj) (25)
Qj = (V,H + Zz‘/ I/H ) exp(_rjlj) - (V/',R + ch I_/"R) (26)

Based on Eq. (24), we can derive M fault location indices 4, (j=1,2,***,M). From j=1 to M, if the

obtained 2, converges and falls within the interval [0,1], then /; is recognized as the correct fault line section.

3. Performance Evaluation
In order to evaluate the proposed fault-location algorithm, a 345-kV 50-Hz transposed 5-terminal

nonhomogeneous line system (Fig. 7), consisting of three types of transmission lines, i.e. underground cable
and two kinds of overhead lines with different parameters, was implemented in PSCAD software. Since the
main focus of this paper is on the fault-location technique, it is assumed that the fundamental phasors from
PMUs can be directly obtained without considering the decaying DC offset. The related parameters are
depicted in Table 2. The fault-location error is defined as Eq. (27).

11



Estimated location - Actual locati0n|

Error%= x100%

The length of faulty line section
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Fig. 7. Simulation system consists of a 5-terminal nonhomogeneous line.

Table 2 Parameters of a five-terminal nonhomogeneous line system

System voltage: 345kV System frequency: 50 Hz
Source Source impedance
E =1/30° Z, =0.232+j5.87 7, =1.784+8.18
E =1220 Z, = 0346+ j6.23 Z, =2.134+j7.58
E, =110 Z, =0.198+j6.19 7, =1.786 + j1.53
E, =120 Z, =0218+j5.95 Z, =1.592+j8.22

Every section length of transmission line (km):
1" =20, 10 =50, [ =30; [7 =1" =45,1" =1 =55; I =40,
I% =40; I =1" =60,1" =1 =40; I =25, [' =30, I" =25;

I’ =48, 1" =52, I =35, 1" =45

Parameters of underground cable (/" ,/* ,7* , 1" ):

1

Z, = 0.024 + j0.0804 (Q/km) Y = j143.768 107 (S/km)

Z, =0.036 + j0.1043 (Q/km) Y, = j143.768x10° (S/km)
Parameters of overhead line 1 (", ,/%or 1 ;I , % or L) 1" J 17 )2
Z =0.038+ j0.2815 (Q/km) Y = j4.083x10° (S/km)

Z, =0.248 + j0.8438 (Q/km) Y = j2_23gx10'6 (S/km)
Parameters of overhead line 2 (7", or/" ,1* ;" orl" , I )2

Z, =0.061+ j0.2837 (Q/km) Y = j3.936x10° (S/km)

Z, = 0362+ j1.0458 (Q/km) Y, = j2.119x10° (S/km)

27)

Firstly, some typical cases are analysed to illustrate the proposed faulty branch localization mechanism.
When an A-phase to ground fault (AG-fault) on the main line section /> occurs on the point which is 60%
away from tap node 4 with a fault resistance of 20 Q, Figs. 8 (a)~(c) depict the calculated indices
TVE”, TVEY and TVE/" for each tap node, in which negative values, zero and positive values in horizontal
axis denote pre-fault cycles, fault occurring time and post-fault cycles, respectively. According to Table 1,
it is obvious that tap node 2 is in Mode 2, while tap nodes 3 and 4 are in Mode 3. Besides, Fig. 8 (d) shows
the selected faulty line branch by getting an intersection of the suspected faulty areas for each tap node, in

which Li~L7 in vertical axis represent the seven line branches in Fig. 7, while 0 denotes no fault. Before

12



fault inception, the maximum TVE value of each tap node is smaller than the predefined threshold ¢ in Table
1 which is set as 0.2% in this paper. That means all the tap nodes are in Mode 1 and no fault is identified
during this period. Due to the overshoot of TVE}" caused by the fault, the selected faulty line branch
fluctuates between L3 and L4 in the first half-cycle after fault inception. However, the selected fault line
branch converges to L3 in the next 3.5-cycle, which can correctly identify the faulty branch. Furthermore,

the normalized distance variables, i.e. 4 and A , for each line section of faulty line branch L3 are
calculated to obtain the exact fault point by solving Eq. (24): 4>=0.5999, 1>=-0.4765. Line section / is

identified as the faulty section because 0< 4”<1, and the fault location error is 0.01%, which is negligible.
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Fig. 8. Faulty branch indices of (a) tap node 2, (b) tap node 4 and (c) tap node
6, and (d) the selected faulty branch for a fault on the main line section 1 .
Figs. 9 (a)~(c) show the calculated indices for each tap node when an AG-fault occurs on the tapped
line section 4* (30% away from junction node J5* with a fault resistance of 50 Q). With reference to Table

1, tap nodes 2, 4 and 6 are in Mode 2, 4 and 3 respectively. Thus, the faulty line branch (Fig. 9 (d)) can be
correctly identified as L4. Besides, we can obtain the exact fault point by solving Eq. (24): 4%*=-2.7326,

4+=0.3002, A4*=1.3514. Since 0< A" <1, the corresponding line section Z* is identified as the faulty section,

and the fault location error is 0.02%, which is pretty small.
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Fig. 9. Faulty branch indices of (a) tap node 2, (b) tap node 4 and (c) tap node
6, and (d) the selected faulty branch for a fault on the tapped line section L‘§4 .

A temporary arcing fault case [16, 17] (BG-fault fault on line section /* , 50% away from tap node 6

with a fault resistance of 10 Q) is implemented to further demonstrate the effectiveness of the proposed
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fault-location technique. Figs. 10 (a)~(c) describe the calculated indices for each tap node, which show that
tap nodes 2 and 3 are in Mode 2, and tap node 4 is in Mode 3 within three cycles after fault inception.
Therefore, the faulty line branch is identified as Ls as shown in Fig. 10 (d). Due to the index overshoots
resulted from the arcing fault and its clearance, the faulty line branches are wrongly selected as L and L4 at
the very beginning of the first cycle after fault inception and in the last half-cycle before the all tap nodes
return to Mode 1 respectively. However, the temporary arcing fault can be successfully identified at line

branch Ls, because the wrong identification just takes up a small proportion of the fault period.
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Fig. 10. Faulty branch indices of (a) tap node 2, (b) tap node 4 and (c) tap node 6, and (d)
the selected faulty branch for a temporary arcing fault on the tapped line section LIE4 .

To assess the accuracy of the proposed faulty branch selector, Fig. 11 shows the value of TVE]™
converges to when a three-phase short-circuit fault (ABC fault) occurs on the line section £ with a fault

resistance of 30 Q in four fault-point scenarios, i.e. 0.5%, 0.3%, 0.1% and 0.03% away from tap node 2. In
all the four scenarios, tap node 2 is recognized in Mode 1 while tap nodes 4 and 6 are identified in Mode 3
according to Table 1. Thus, the fault can be located on/near to the tap node 2 with reference to faulty line
branch identification logic summarized in Fig. 4. The suspected fault area is further narrowed down
according to the value TVE)" converges to. For the first three scenarios (Figs. 11 (a)~(c)), the fault can be
identified on the line branch L1 as the value of TVE)" converges to TVE}" after 2.1-cycle, 2.4-cycle and 3.8-
cycle when fault occurs. It can be seen that the proposed faulty branch selector needs more time to identify
the correct faulty line branch if a fault occurs closer to tap node. However, if a fault further approximates to
the tap node, the fault location can only be identified on the tap node instead of its actual point. For example,

the ABC fault occurs at a distance of 0.03% away from tap node 2 (Fig. 11 (d)), the value of TVE;"
fluctuates among TVE}®, TVE:" and TVE}", and the fault can only be located at tap node 2 by using the
proposed scheme. Besides, further simulation shows that when a fault occurs on the tap node 2, TVE)™

cannot converge to any value just like Fig. 11 (d).
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Fig. 11. Value of TVEY"™ converges to with an ABC fault (fault resistance = 30 Q) occurring on section

I3W2 for four fault-point scenarios: (a) 0.5%, (b) 0.3%, (c) 0.1% and (d) 0.03% away from tap node 2.

To validate the robustness of the proposed fault-location technique, 16 fault cases with various fault
types and fault resistances on different line sections are simulated, as shown in the first two columns of
Table 3. We can see from the third and fourth columns of Table 3, if a fault occurs on the tapped line branch,
only one tap node is in Mode 4; other tap nodes are in Mode 2 or 3. The faulty branch can be selected as the
suspected faulty area of the tap node in Mode 4. However, if a fault occurs on the main line branch Lk+1,
Mode 2 for tap node 2,4,:*,K and Mode 3 for tap node K+2, K+4,+-*,N-2 can be obtained. For example,
when an A and C-phase to ground fault (ACG fault) occurs on L3 (the seventh row of Table 3), tap node 2
is in Mode 2, while tap nodes 4 and 6 are in Mode 3. According to Table 1, faulty branch Lk+1 can be
identified by getting an intersection of the suspected faulty areas for each tap node. With reference to the
last two columns of Table 3, the exact fault point can be accurately located regardless of fault resistance,
fault type and combinations of multi-terminal multi-section transmission line parameters.

The effect of variation of fault resistance in the algorithm’s accuracy for four types of faults is shown

in Fig. 12 (a) with the assumption that the fault occurs on the line section 7 at a distance of 50% from
junction node J*. It can be easily seen that the proposed fault location algorithm is very accurate for all

kinds of faults when the fault resistance is less than or equal to 10 Q. However, fault-location errors for four
types of faults increase by different degrees with the growth of fault resistance (from 10 Q to 1000 Q).
Besides, a fault with more severe condition can be located with higher fault-location precision. For example,
the short circuit faults, i.e. BC and ABC faults, can be located more accurately than the ground faults, i.e.

AG and ACG faults.
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The effect of variation of fault location in the algorithm’s accuracy for four types of faults is shown in

Fig. 12 (b) with the assumption that the fault with 100 Q fault resistance occurs on the line section 7. It

can be observed that the fault location accuracy is very independent of the fault location.
Fig. 12 (c) illustrates the influence of the pre-fault loading on the algorithm’s accuracy for AG, ACG,

BC and ABC faults assuming that the fault with 100 Q fault resistance occurs on the line section /* at a
distance of 50% from junction node J"*. The pre-fault loading varies from 0.01 to 5 times its base case value

(300 MW + 200 MVA). With reference to Fig. 12 (¢), the fault-location errors for four types of faults present
an increasing tendency with the growth of pre-fault loading, but the maximum error under various pre-fault
loading conditions and different fault types is only 0.027%, which is pretty small.

The effect of variation of three-phase voltage unbalance factor caused ONLY by the un-transposed
transmission lines in the algorithm’s accuracy for four types of faults is shown in Fig. 12 (d), with the same
fault resistance and location assumption as Fig. 12 (c). For un-transposed transmission lines, the self-
impedance and mutual-impedance are obtained by averaging the diagonal and off-diagonal terms of the
phase impedance matrix respectively [12, 18]. Then, the approximate positive sequence parameters,
calculated through symmetrical components transformation, can be used to derive the fault location. As
shown in Fig. 12 (d), the fault-location errors for four kinds of faults increase in different degrees with the
growth of unbalance factor. For small unbalance factor, i.e. mildly un-transposed lines, the fault-location
error introduced is insignificant which can still be acceptable. For large unbalance factor, i.e. highly un-
transposed lines, however, the fault-location error can be up to 3% for ABC fault with 0.5% unbalance factor,

which needs further efforts in the future work.
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Fig. 12. Effect of (a) fault resistance, (b) fault location, (c) pre-fault loading and (d) three-phase voltage unbalance factor on
fault-location accuracy.
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Table 3 Performance evaluation for different fault conditions

Fault Fault Tap Node Faulty Fault location Error
Location TyP e & Mode Branch indices (p.u.) (%)
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) 01 31313 L A =1.00583 | 0.009
from Ji* ’ Al =2.63592
1" 12% . 4" == 65135
S B v I I T A AR (SO e Y Y
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P | ABC A" =-82110
R A 1333 L | A=—o4r04 | 0062
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' ; C;g 4133 L, T 0.014
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from J" A =135922
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Boosto | AC 1o ls ]3| 1 0.007
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I Algc 2143 L, A7 =0.63992 | 0.008
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1" :71% 2 v _
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v, 1 K
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T fault resistance; ! line-to-line fault; ? single-line-to-ground fault;
3 three-phase fault; * line-to-line-to-ground fault.

Fig. 13 shows the effect of line parameters inaccuracies on the algorithm’s precision; blue is for low

error and red is for high error. An AG fault occurs on a point of the line section /* which is 50% away from
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junction node J!" with resistance 10 Q. The maximum fault-location error (equals to 2.42% with -5% line

parameters inaccuracies in both line branches L2 and L3) demonstrates that the proposed method is not

sensitive to system parameters.
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Fig. 13. Effect of line parameters inaccuracies on fault-location accuracy.

4. Conclusions

A novel fault-location technique for multi-terminal multi-section nonhomogeneous transmission lines
is presented. Basic principles and details of formulation are proposed. By only the derived indices TVE™
and TVE™ for each tap node, the faulty line branch can be correctly identified and the considered fault-
location problem is simplified to the two-terminal nonhomogeneous transmission lines configuration.
Besides, by calculating normalized fault distance for each section on the selected faulty branch, the fault
section and the exact fault location can be correctly identified. Case studies verify the accuracy and
robustness of the proposed technique for different degrees of fault resistance, fault type, fault location, pre-

fault loading and line parameters inaccuracies.
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