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Abstract: The existing fault location methods for all-parallel autotransformer railway systems (AARS)
have limitations because they are generally designed for several given feeding conditions. In alternate
feeding conditions, the existing fault location methods do not work well and may have large errors.
To solve this problem, we have proposed a generalized fault location scheme for AARS in this
paper. After analyzing the fault characteristics of AARS, we classified the feeding conditions of the
faulted section of AARS into three types and introduced the corresponding fault location methods.
In order to identify the faulted section and its feeding condition, we first formed a switch state matrix
based on the adjacency matrix and mapped the fault current distribution into a current state matrix,
then we unified the two matrices into a fault state matrix to reflect the fault state of the AARS. Finally,
a generalized fault location scheme was proposed based on a fault state matrix. The proposed scheme
effectively eliminates the negative influence of feeding conditions on the fault location, and it can
identify the fault type and locate faults in different feeding conditions. Several simulation cases
verified the effectiveness of the proposed scheme.

Keywords: all-parallel AT railway system; feeding condition; fault state matrix; fault location

1. Introduction

Short-circuit faults occur very frequently and are often inevitable in all-parallel autotransformer
(AT) railway systems (AARS). Therefore, locating the fault is very important for reducing outage
time and loss of revenue. The current fault location methods are mainly designed for normal feeding
conditions of AARS and are highly accurate in engineering applications. However, due to user
operation or repairing equipment out of service, circuit breakers can open and the railway system is no
longer in a normal feeding condition, which means that the existing fault location methods no longer
work well.

In the past, various fault location algorithms for railway systems have been proposed whereby
impedance-based methods and current-ratio-based methods are widely used [1]. Impedance methods are
very attractive because of their simplicity and low implementation cost [2,3]. In practice, fault resistance
normally exists at a fault point. To avoid the influence of fault resistance on the fault location, measured
reactance is used to locate a fault; hence impedance methods are also called reactance methods [4-6].
Reactance methods are widely used for a single-line track return railway system, since the short-circuit
reactance value of faulted catenary wire increases linearly in proportion to the fault distance. Recently,
an improved reactance method was proposed to eliminate the influence of mutual reactance on the
fault location for a double-line railway system [7]. However, reactance methods are not suitable for
catenary-rail (C-R) faults and feeder-rail (F-R) faults in AT railway systems because the presence of
AT makes short-circuit impedance non-linear with the fault distance. The most used fault location
methods in AT railway systems are the neutral current ratio method [8] and the up and down current
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ratio method [9]. To compensate for the neutral currents circulating in adjacent autotransformers, a
revision algorithm with the neutral current ratio method has been proposed [10]. Recently, methods
derived from the neutral current ratio were also proposed in [11,12]. Many researchers have proposed
to use of traveling wave methods for the fault location scheme of AC electric railway systems [13-15].
However, traveling wave method have been well proven in high-voltage transmission systems but not
in railway systems.

In practice, the neutral current ratio method and up and down current ratio method are widely
used for fault location in AARS, because of their high accuracy and they are not influenced by fault
resistance. However, these methods are based on the fault current relationship of a specific railway
feeding scheme; therefore, they can be only adopted in the relevant feeding conditions. The neutral
current ratio method only works in the feeding condition with ATs in service. The up and down
current ratio method is only suitable for normal feeding condition in which all circuit breakers are
closed, i.e., all up and down lines are in parallel connection at the substation (SS) and the AT post
(ATP), and they do not work when some circuit breakers are open.

From the above discussion we know that the existing fault location methods are designed only
for certain feeding conditions. When some circuit breakers are open to meet the needs of the electric
railway system, the feeding condition is changed. Because the fault current distribution changes
with the feeding condition, the fault location method must change correspondingly. If we consider
the states of all circuit breakers for a railway system with 2n circuit breakers, theoretically there are
3 x 22(n~1) feeding conditions because the up and down line circuit breakers at the SS cannot both be
open. For example, for a AT railway system with eight circuit breakers, there are 192 feeding conditions.
Therefore, it is difficult to use exhaustive methods to identify each of feeding conditions and design a
corresponding fault location method.

To solve this problem, we proposed a generalized fault location method for AARS that considers the
relationship between the fault current distribution and feeding condition according to the characteristics
of the fault state matrix. Our main contributions can be summarized as follows.

e  To simplify the fault location scheme to match different feeding conditions, we classified the
feeding conditions of faulted sections into three types and introduced the corresponding fault
location methods, thus we improved the up and down current ratio method, neutral current ratio
method and reactance method for long-section feeding conditions.

e To identify the faulted section and its feeding condition, we first formed a switch state matrix
based on the adjacency matrix and mapped the fault current distribution into a current state
matrix, then we unified the two matrices into a fault state matrix to reflect the fault state of AARS.

e To achieve accurate fault location in each of the feeding conditions, we proposed a generalized
fault location scheme combining the fault location method and fault identification.

The remainder of this paper is organized as follows. Section 2 introduces the fault characteristics
of AARS. Section 3 classifies the feeding conditions and introduces the corresponding improved fault
location methods. Section 4 proposes a generalized fault location scheme for AARS. In Section 5,
the results of the simulation tests are discussed. The conclusions are presented in Section 6.

2. Fault Characteristics of AARS

The AARS is generally used to cope with peak power requirements and improve inductive
interference in high-speed railways; and it provides a 25-0-25 kV AC supply consisting of catenary (C)
wires and feeder (F) wires [16,17]. Moreover, ATs are connected to the busbars in the AT post where
up and down wires are in parallel to ensure a stable voltage. The system generally has two or three
AT sections in normal feeding conditions and four to six AT sections in over-zone feeding conditions.
In order to show the generality of our method, an AARS with 2# circuit breakers is shown in Figure 1.
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Figure 1. Schematic diagram of an all-parallel autotransformer railway system (AARS).

In Figure 1, SS denotes the substation and ATPi (i =2 ... n) denotes AT post. D; (i=1... n—1)
denotes the length of the AT section i between ATPi and ATPi+1, CBi (i =1 ... 2n) denotes two-pole
line circuit breaker, and the system forms many feeding conditions with CB1-CB2n open or close.
IC,- (i=1... 2n) denotes the catenary current of CBi and I ri (i=1... 2n) denotes the feeder current of
CBi. We used the C-R fault at point k as an example to analyze the characteristics of fault current, as it
is similar to F-R or C-F faults. The fault characteristics are as follows.

(1) Because the AT turns ratio is 1, based on Kirchhoff’s Current Law (KCL) we know that the
fault currents of each AT section before the fault point are equal. As shown in Figure 1, we can use the
following equation:

Lo 41T = ... = Ly 4 Tgicg = Lui 4 Lag )
where I,;;, I;; denote the fault currents, respectively flowing through section i of the up and down line,
Lui = Luci = Luri, Tai = laci — Lari-

(2) The first parallel connections before and after the fault point bypass the other ATP parallel
lines; therefore, the parallel currents flowing through non-first parallel lines are very small, and the
first parallel current after the fault point are close to the fault current flowing through the healthy line
of the faulted section. As shown in Figure 1, we can obtain that by

n
Iy = Z Ipj ~ Ipiy1 2)
=it

where pi (i=2... n) denotes the parallel current flowing through ATP;, I i1 — I i1 = I pi = I i — Iczzﬂ

(3) Because of the symmetry of AARS, the up and down currents of healthy wires in each parallel
ATP have the same magnitude and direction (both from the ATP to the line, or both from the line to the
ATP). For a C-R fault as shown in Figure 1, we can obtain that by

11:21'_1 Zjl:zl'(iz 1...71) (3)

3. Classification of Feeding Conditions of the Faulted Section and Fault Location Methods

The change in feeding conditions will affect the topology of the railway system and thus the
current distribution; therefore, different fault location methods need to be adopted. Considering the
state of all circuit breakers for a railway system with 2# circuit breakers, there are 3 x 2201 feeding
conditions. It is difficult to identify each of feeding conditions and apply corresponding fault location
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methods. However, if we focus on the faulted section we can observe that the fault current distribution
of the faulted section is only related to the feeding condition of the faulted section but not to the other
sections. Therefore, we can focus on the feeding conditions of the faulted section to find a fault location
scheme so as not to exhaust each of the feeding conditions of the AARS. According to our analysis,
the feeding conditions of the faulted section can be divided into three types as follows.

(1) “Up-down parallel” (UDP) feeding condition: the up and down lines are connected through
parallel lines on both ends of the faulted section. For example, if a fault occurs at point k with CB 2i-1
open as shown in Figure 1, the corresponding current distribution of the faulted long section between
ATPi-1 and ATPi+1 is as shown in Figure 2. Meanwhile, C, F and R of the up and down lines are
connected in parallel by the parallel lines of ATPi-1 and ATPi+1 to form three closed loops.

D, ‘ D;
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C »> <
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Fl S : >
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| |
< ATPi-1 L ATPi+1
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* l(12 io)_lc +_jNi *
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Figure 2. Current distribution in the up-down parallel (UDP) feeding condition.

Therefore, we can obtain the Equation of C1-C2 loop (red lines) based on Kirchhoff’s Voltage Law
(KVL) as follows

X(I - Ic)ZC - (D,‘_l + Di - x)chC - lezCR + (Di_l + Di - X)IzzCR - (Di—l + Di)IpZCp

Co . o . . ‘ @)
= (Dj1 + Di)[—(IZZIO —Ic)Zc —IoZcr - (12210 - IF)ZCF] + Di—l[_%INiZC +INiZcr — %INiZCF]

Similarly, the F1-F2 loop (blue lines) and R1-R2 loop (black lines) represent Equations (5) and (6),
respectively, as follows

x(I-1c)Zcg - (Diza +Di- X)IcZcR - leZR + (Di—y + D = x)l2Zg — (D1 + D;)IpZgr

iy : iy - - - )
= (Di-1 + Dz’)[—(lzzlo ~Ic)Zer ~IoZr — (252 - IF)ZRF] + Di—1[—%1NiZCR + INiZR - %INiZRF]
x(I-1Ic)Zcp — (D +Di— x)cZcr - thRP + (Di-1 + Di— x)bZgr — (Di_1 + D;)IpZp ©
1,-Iy

i . . . . . .
= (Dj1 + Di)[—( 252 —1Ic)Zcr —ToZrr — (3572 — IF)ZF] + Di—l[—%INiZcp + INiZRF — %INiZF]
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where Z¢, Zr, Zr denote the per-unit impedance of lines C, F and R, respectively; Zcr, Zcr, Zrr denote
the per-unit mutual impedance between the lines C, F and R, respectively; and I ni denotes the neutral
current of ATPi.

From Equations (4)—(6), we obtain the following

: = I D;_1lni
I — X I 210 i—1INi
C = 2D +Dy) T2 + 4(Di-1+D;) ?)
Jr = -l + _Dialni
F 4 4(Dj-1+D;)

The currents of the up and down section lines are as follows

: 7 ] 7 2(D;j_1+Dj)—x 3
i = 1= Ic +Ip == X500
N ®)
Liin=Ic—Ir = 55" 557
Therefore, the fault distance x has a unique solution as follows
Iy
x = L %X 2(Dj_1 + Dj) )
Iyi-1 +laia
By combining Equations (1) and (2), we obtain
Io:
x = | |x2(D;y + D)) (10)
L+ 1

When a C-F or F-R fault occurs in AARS, we can obtain the same fault location method as
Equation (10). If the faulted section is in the UDP feeding condition, the above fault distance can be
obtained regardless of the connection of the AT (such as ATPi in Figure 2). By extension, if a fault occurs
in a long section between ATPa and ATPb in the UDP feeding condition, we can obtain a generalized
up and down current ratio method as follows
= [P (D + D)) ()

Ln +1p

(2) “Single-line AT” (SLAT) feeding condition: ATs are connected on both ends of the faulted
section. For example, if a C-R or F-R fault occurs at point k in the section between ATPi and ATPi+1
with CB 2j(j =i+ 1...n) open, where the faulted section is in the SLAT feeding condition as shown in
Figure 3.

We can use the neutral current ratio method [7] to locate the fault as follows

INit1 Icoit1 + Ipit

X = X D; = X Dj (12)

Ini + Inita Iezi1 + kit + Icaist + Ir2iga
By extension, when a C-R or F-R fault occurs in a long section in SLAT feeding conditions between
ATPa and ATPb with CB 2j(j =a+1...n)and CB2j—-1(j =a+1...b—1) open, we can obtain a

generalized neutral current ratio method as follows

b-1
X Di (13)

i=a

Icop-1 + Ipop—1

Xy =

1C2a—1 + sza—l + ICZb—l =+ 1P2b—1

Because neutral currents are very small for a C-F fault, we use the reactance method to locate the
fault in SLAT feeding conditions.
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Figure 3. Current distribution in a single-line AT (SLAT) feeding condition.
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(3) “Single-line track return” (SLTR) feeding condition: the circuit breakers after the fault point in
the faulted line are all open. In this section, only running rails and earth are used to conduct return
currents. For example, if a fault occurs at point k on the up line after ATPi with CB 2i-1 closed and
CB2j-1(j =i+ 1...n) open, where the faulted section is in SLTR feeding condition as shown in
Figure 4. In this condition, the measured reactance at the SS is affected by the feeding condition of
the sections before ATPi. In contrast, the measured reactance at ATPi can be used to locate the fault
because the fault distance from the fault point to ATP7 is linear with the measured reactance. Figure 5
illustrates the typical measured reactance with the fault distance.
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Figure 4. Current distribution in a single-line track return (SLTR) feeding condition.
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Figure 5. Measured reactance with fault distance.

Therefore, we can use the measured reactance at CB 2i-1 to locate the fault by using the reactance
method [3] as follows

Xoi-
X3 = —il 1 (14)
a

where X»;_1 denotes the measured reactance at CB 2i — 1, x, denotes the per-unit reactance for the C-R,
F-R or C-F fault. The fault location method needs to identify the fault type and uses the corresponding
per-unit reactance.

4. Generalized Fault Location Scheme

4.1. Fault State Matrix

From Section 3, we know that for fault location it is important to identify the faulted section and
its feeding condition. Because the circuit breakers are two-pole, it is easier to use the sing-line diagram
to identify the feeding condition as shown in Figure 6.

4/(
*
% ri K% ¥
CB2i-3 CB2i-1 CB2i+1  |CB2i+3
@_ ss eeo  HOATP-IHATPE  HOATPi+IHQ)ATPi+200¢
AC Power
CB2i-2 CB2i CB2i+2 4 CB2i+4
X X §CB2A2 ¥ CB2i
CB2

Figure 6. Single-line diagram of AARS.

The feeding conditions of AARS are decided by the system topology, which is structured by
circuit breakers; therefore, we used an adjacency matrix [18,19] to describe the topological structure
and feeding conditions. In Figure 6, we regard the up and down lines as generalized nodes, ATPi as
intermediate nodes, and circuit breakers as branches that reflect the connection of nodes; therefore,
the connection diagram of AARS can be obtained as shown in Figure 7.
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Figure 7. AARS connection diagram. N1, N2, the generalized nodes.

M1,M2...Mn, the intermediate nodes; ¢; = 0/1(i = 1,2 - - - 2n), branch.
The corresponding adjacency matrix is A as follows

Nl N2 M1 M2 M3 --- Mn
L0 T Te e e, ]
0 1 Ile2 e, e - :
e e 1 0 0 ... 0
A=|e e, 0 1
e; e 0 0 1 0
€,y €, 0 0 0 0 1

! - (15)

It can be seen from the above-mentioned matrix that the correlation of the nodes depend on
the branches (i.e., the states of 2n circuit breakers) as shown by the red dotted box in Equation (15).
To simplify the analysis, the branches are selected to form a new matrix Ag called the switch state
matrix as follows

€1 €3 €5 ... €3y
Ao = e ey e ... ey (16)

Therefore, the characteristics of the topological structure of the above three types of feeding
conditions can be summarized as follows

(1) UDP: there are at least two pathways between N1 and N2, and they are distributed on both
ends of the faulted section. If a fault occurs at point k with CB 2i-1 open as shown in Figure 2,
the corresponding connection diagram is as shown in Figure 8a, where the nodes N1-Mi-1- N2-Mi+1
are connected in a closed loop as shown by the red dotted line.

(2) SLAT: the generalized nodes N1 and N2 are not connected on both ends of the faulted section,
but the ATs are. If a fault occurs at point k with CB 2j(j = i+ 1...n) open as shown in Figure 3,
the corresponding connection diagram is as shown in Figure 8b. The nodes on both ends of the faulted
section cannot be connected in a closed loop but the nodes Mi-1-N1-Mi+1 are connected in a half loop
as shown by the red dotted line.

(3) SLTR: the generalized nodes N1 and N2 are connected to the intermediate nodes on one end of
the faulted section. If a fault occurs at point k with CB 2j-1(j =i+ 1...n) open as shown in Figure 4,
the corresponding connection diagram is as shown in Figure 8c. In this condition, N1 is not connected
to the intermediate nodes Mi + 1 to Mn, therefore, there is no closed loop or half-closed loop distributed
on both ends of faulted section.
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(b)

Figure 8. Connection diagram in different feeding conditions (a) UDP (b) SLAT (c) SLTR.

The UDP feeding condition depends on whether the connection diagram form a closed loop.
Therefore, the switch state matrix Ag can be simplified to the parallel state matrix Ap as follows

AP:[elez TR TR €2n—1€2n] (17)

where ep;_169; = €p;_1 Neo;.
Besides, the distributed fault currents are used to find the faulted section. We define a fault current
matrix as follows

|1C1 - ICZ‘ e |jC2i—l - 1C2i| e |IC2n—1 - IC2n
I; =

=, . . . . . (18)
|1P1—1F2| ""IPZi—l_IF2i| |IF2n—1—IF2n

2Xn

Furthermore, we form a current state matrix by comparing each element of I; with a given
threshold I, as follows
Rei Res - R
Ig = [ 1 Rez Cn ] (19)
2Xn

Rrpt Rpp -+ Rpy

where R¢;(i = 1,2...n) or Rpi(i = 1,2...n) is set to 1 when greater than Iy, otherwise it is set to 0.
According to the simulation results, Is¢ can take 200 A.

From the analysis in Section 2, the element values in I are related to the state of the parallel circuit
breakers and the fault position.

(1) When the two circuit breakers of one parallel line are both closed, only elements corresponding
to the first parallel connections before and after the fault point have a value of 1.

(2) When one circuit breaker of one parallel line is closed, only the elements corresponding to the
first ATP before and after the fault point have a value of 1.

(3) When one circuit breaker at the SS is open, the two elements of the first column have a value of 1.

The indications of Ap and I are as shown in Table 1.

Table 1. Indication of two matrices.

Api =0 Api=1
Igij=0 Igij=1 Igijj =0 Igij=1
uncertain  uncertain no-fault fault

Thus, we formed a fault state matrix to reflect the fault state according to the parallel state matrix
and the current state matrix as follows

Qc1 Qc2 -+ Qcn

Io=ApQ®Ig =
QAR Qri Qr - QFn |y,

(20)
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where ® denotes IQlj = Ap]‘Ile(QCZ' =e1Ney; NRe)), IQZ]' = APjIRZj(QFi = e1 Nep N RE;). Therefore,
the value 1 element in the matrix means that the up and down lines are in parallel connection at the
ATP and the up and down currents are not equal.

4.2. Identification of Faulted Section and Fault Location Scheme

According to the discussion in Section 3, we need to identify the faulted section in three feeding
conditions, then we can use the corresponding fault location methods. After a fault occurs, the fault
data are acquired synchronously and then the ATP data are transmitted to the SS [8] to form the current
state matrix and fault state matrix. Finally, we use the following steps to obtain the fault distance.

(1) Check if the fault is in a UDP feeding section. In this condition, there are at least two columns
containing a value 1 element in Ig, i.e., ):n; Qci=2or i Qri = 2. We look up from column 7 to 1 to

i=1 i=1
find the first two columns containing value 1 element in Io. Suppose the first column is b and the

second column is g, this indicates the faulted section between ATPa and ATPb is in a UDP feeding
condition; therefore, we use Equation (11) to calculate the distance x; from the fault point to ATPag,
then we get the fault distance L, from the fault point to the SS as follows

a—1
Ly = Z Di+x (21)
i—1

(2) Check if the fault is a C-R or F-R fault in a SLAT feeding section. In this condition, there are at
n n

least two columns containing a value 1 element in I, ie., ), Rc;i = 2 and Y, Rp; > 2. In this condition,
i=1 i=1
we look up from column 7 to 1 to find the first two columns containing a value 1 element in Iz. Suppose

the first column is b and the second column is g, this indicates the faulted section between ATPa and
ATPD is in a SLAT feeding condition; therefore, we use Equation (13) to calculate the distance x; from
the fault point to the ATPa, then we get the fault distance L, from the fault point to the SS as follows

a-1
L, = Z Dj+xp (22)
i=1

(3) If the above two steps are not satisfied, we use the reactance method to locate the fault. We look
up from column # to 1 to find the first column containing a value 1 element in Ig. Suppose the first
column is g, this indicates that the faulted section begins from ATPa. Meanwhile, Re, = 1 and Rp, =1
indicate a C-F fault, only Rc, = 1indicates a C-R fault, and only Rp; = 1 indicates a F-R fault. Therefore,
we use Equation (14) to calculate the distance x3 from the fault point to the ATPa, then we get the fault
distance Ly from the fault point to the SS as follows

a-1
L, = Z Dj+x3 (23)
i=1

Figure 9 shows the flowchart of the proposed fault location scheme.
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Figure 9. Flowchart of the proposed fault location scheme.
5. Simulation and Analysis

We employed a railway system, as shown in Figure 1 to verify the effectiveness of the proposed
scheme. The simulated railway system was built in a RTDS simulator. The RTDS simulator consists
of the RSCAD software package and a proprietary hardware platform. RSCAD as used to create a
detailed model of the simulated railway system [20]. The RTDS simulator’s hardware platform was
used to perform simulation calculations. The simulated railway system parameters: n = 4 (three AT
sections: SS-ATP1 12 km, ATP1-ATP2 16 km, ATP2-ATP3 12 km), CB3 and CB8§ are open, as shown in
Figure 10.

CBI £k 2
* ¥ é

3 I !

CB3 CBS5 CB7

O=k H(O)atP1 KDATP2  HQ)ATP3
AC Power

CB4 CB6 NCBS

M. ¥BS 110 x
4

CB2

Figure 10. Simulated railway system.
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We used distance relay [21] to trigger synchronous acquisition of the fault data. If a fault occurs,
distance relay at the SS detects the fault and sends trigger signals to all fault location devices to obtain the
synchronous measurements. To obtain accurate data, the fault voltages and currents were first prefiltered
by second-order Butterworth digital filters (sampling frequency = 2400 Hz and cutoff frequency = 500 Hz),
and then calculated by the modified full-cycle Discrete Fourier Transform (DFT) [22].

5.1. Case Analysis

Example 1. Assume a F-R fault occurs at point k1 at 6 km from ATP1 as shown in Figure 10, the corresponding
switch state matrix can be obtained as follows

1011
AQl_|1 11 0] @)

Its parallel state matrix is
Ap=[1 01 0] (25)

The feeder current matrix is

0.224 0.394 0.120 0.059
In =

1312 0384 2833 0.052 ]kA (26)

By comparing each element of 15 with a given threshold of 200 A, we get the current state matrix:

1100
Iy = [ 111 0 ] (27)
Therefore, the fault state matrix is
1000
191[1 01 0] (28)

4
We can determine that the fault occurs in a UDP feeding section, because Y, Qp; = 2. It can be seen
i=1
from Equation (27) that the feeding conditions of the faulted section cannot be identified by only using the fault

current. However, we can derive the fault state matrix to identify the faulted section as shown in Equation (28).
The fault occurs between the SS and ATP2 because the value 1 elements are in the first and third columns.

Example 2. Assume a C-R fault occurs at point k2 at 8 km from ATP2 as shown in Figure 10. According to the
above-mentioned solution, the corresponding fault state matrix is

0010] (29)

I:
@ [0010

4 4
We can determine that the fault does not occur in a UDP feeding section, because ), Qri< 2and Y, Qp; < 2.
i=1 i=1
Meanwhile, the current state matrix is

Ine = [ : (30)

(@)
—_
d
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We can determine that the fault occurs in a SLAT feeding section, because Z Rei > 2, Z Rp; > 2.
i=1 =1

In addition, the fault occurs between ATP2 and ATP3 because the first two elements with values of 1 are in the
third and fourth columns.

Example 3. Assume a C-F fault occurs at point k3 at 10 km from ATP2 as shown in Figure 10. We can obtain
the current state matrix and fault state matrix as follows

0010

IR3_[0 01 0] GD)
0010

IQ3_[0 0 1 o] (32)

4 4
We can determine that it is a C-F fault in a SLTR feeding section, because Y, Qc; = Y, Qp = 1 and

i=1 i=1
4 4
Y. Rci = Y. Rpi = 1. Meanwhile, this indicates the fault occurs between ATP2 and ATP3 because the first

i=1 i=1
value 1 element is in the third column.

The above analysis strongly proves that the proposed scheme can effectively identify the
faulted section.

5.2. Results of Proposed Scheme

(a) Impact of Fault Distance

To analyze the impacts of fault distance on the proposed scheme, faults at different points were
simulated. The states of the circuit breakers are shown in Figure 10. The simulation results are shown
in Table 2 and Figure 11. We can see that the proposed scheme can achieve fault location accurately for
all types of faults at different positions.

Table 2. Results at different positions.

Fault Location/km

Fault
Distance/km Up line Down Line

C-R F-R C-F CR F-R C-F
1 1.03 1.01 1.02 0.99 0.99 0.99
5 5.00 5.00 5.00 4.98 497 4.98
9 8.97 9.00 8.99 8.97 8.96 8.97
13 1294 13.00 1297 1296 1294 1295
17 1692 1699 1698 1696 1691 16.94
21 20.89 2099 2094 2096 20.88 20.93
25 2486 2499 2493 2496 2486 2492
29 29.00 29.00 29.00 29.00 29.00 29.00
33 3290 3298 33.02 3291 3296 32.88

37 3703 3701 37.06 37.08 37.01 37.10




Energies 2020, 13, 4081 14 of 17

40
35 5
~—Up line C-R
30 =~Up line F-R
Up line C-F

—Down line C-R
~—Down line F-R
Down line C-F

N
(4]

Fault Location[km]
o 8
I
|

-—h
o

0 | 1
0 5 10 15 20 25 30 35 40
Fault Distance[km]

Figure 11. Fault location results vs. fault distance.
(b) Impact of the Feeding Condition

To investigate the impact of the feeding condition on the proposed scheme, we first opened or
closed the corresponding circuit breakers of the simulated railway system to form different feeding
conditions, and then simulated faults at different positions in order to examine the proposed scheme.
Table 3 shows the results of fault location in typical feeding condition. The positions of k1, k2, k3
are shown in Figure 10, and fault distance is 5 km from the previous ATP, i.e., 17 km, 33 km, 33 km,
respectively, from SS. In Table 3, the switch state matrices in column 2 reflect the states of all circuit
breakers, which form different feeding conditions in the AARS. The faulted sections in column 3, 5 and
7 are identified by using the methods in Section 4.2. Columns 4, 6 and 8 show the fault location results
for different feeding condition.
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Table 3. Results for typical feeding conditions.

k1 k2 k3
No Switch State
. Matrix Faulted Fault Faulted Fault Faulted Fault
Section Location/km Section Location/km Section Location/km
1 1 1 } } ATP1-ATP2 16.98 ATP2-ATP3 33.02 ATP2-ATP3 32.96
1 0 0 1]
2 10 0 1 SS-ATP3 16.94 SS-ATP3 32.85 SS-ATP3 32.96
11 1 1]
3 00 0 0 ATP1-ATP2 17.06 ATP2-ATP3 33.05 - -
1 0 0 0]
4 100 0 SS-ATP3 17.08 SS-ATP3 33.03 SS-ATP3 32.95
5 i i } (1) ATP1-ATP2 16.98 ATP2-ATP3 33.11 ATP2-ATP3 32.87
6 1 (1) } } SS-ATP2 17.00 ATP2-ATP3 33.02 ATP2-ATP3 33.01
7 1 i (1) g ATP1-ATP2 17.12 ATP2-ATP3 33.02 ATP1-ATP3 33.02
8 i (l) 1 (1) SS-ATP2 16.99 ATP2-ATP3 32.90 ATP2-ATP3 32.88
9 1 } } 8 ATP1-ATP2 16.97 ATP2-ATP3 33.02 ATP2-ATP3 32.87
10 1 i 8 } ATP1-ATP3 16.94 ATP1-ATP3 33.01 ATP1-ATP3 32.99
11 i (1) (1] (1) SS-ATP2 16.96 ATP2-ATP3 32.98 ATP1-ATP3 33.00
12 (1) } (1) (1) ATP1-ATP2 17.06 ATP2-ATP3 32.90 ATP1-ATP3 32.97
13 1 (1J (1J (1] SS-ATP3 17.01 SS-ATP3 32.92 ATP2-ATP3 32.87
14 i 1 (1) 8 ATP1-ATP3 16.98 ATP1-ATP3 32.92 ATP2-ATP3 32.89
15 1 (1) 8 (1) SS-ATP3 17.12 SS-ATP3 33.10 ATP1-ATP3 32.97

Table 3 shows the fault location results at different positions in 15 typical feeding conditions of the
AARS. Take the simulation results in row 8 as an example: in row 8§, k1 is in the faulted section from
SS to ATP2 with UDP feeding condition, k2 is in the faulted section from ATP2 to ATP3 with SLAT
feeding condition, k3 is in the faulted section from ATP2 to ATP3 with SLTR feeding condition. We can
see that the proposed scheme effectively identifies and locates all faults in different feeding conditions.
Thus, the proposed scheme locates faults by identifying the feeding conditions of faulted sections and
choosing the relative fault location methods, so as not to match each of feeding conditions of the whole
railway system, therefore, the scheme performs well regardless of the feeding conditions of the AARS.

6. Conclusions

To obtain accurate fault location in different conditions, this paper proposes a generalized fault
location scheme for AARS that considers the relationship between the fault current distribution and
feeding condition according to the characteristics of the fault state matrix. The proposed scheme
deals effectively with the negative influence of the feeding condition on fault location. Meanwhile,
the proposed scheme improves the up and down current ratio method, neutral current ratio method and
reactance method for long-section feeding conditions. The simulation results show the effectiveness of
the proposed scheme.
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