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Abstract

To improve location speed, accuracy and reliability, this paper proposes a fault location method for distribution
networks based on the time matrix of fault traveling waves. First, an inherent time matrix is established according to
the normalized topology of the target distribution network, and a post-fault time matrix is obtained by extracting the
head data of initial waves from traveling wave detection devices. A time determination matrix is then obtained using
the difference operation between the two matrices. The features of the time determination matrix are used for fault
section identification and fault distance calculation, to accurately locate faults. The method is modified by considering
economic benefits, through the optimal configuration of detection devices of traveling waves when calculating fault
distances. Simulation results show that the proposed method has good adaptation with higher fault location accu-
racy than two other typical ones. It can deal with faults on invalid branches, and the error rate is under 0.5% even with

connected DGs.
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1 Introduction

Electrical power distribution systems are the key connec-
tion between power transmission systems and users. A
fast and effective fault diagnosis method plays an impor-
tant role in improving system reliability and ensuring the
power quality of users [1]. It is also one of the important
foundations for fault isolation and power supply recovery
[2].

Therefore when a fault occurs in a distribution net-
work, to restore the power supply in the shortest time a
diagnosis method is required to quickly and accurately
locate fault points. This can effectively reduce the scope
of power line inspection and improve the efficiency of
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emergency repair [3]. However, since the distribution
network usually has a complex topology with numer-
ous branches and large quantities of equipment over an
extensive area, it is difficult to accurately identify fault
branches and locate fault points [4, 5].

Consequently, much work has been done on the fault
location of distribution networks. Many methods have
been proposed, such as methods based on impedances
[6, 7], fault indicators [8], signal injection [9, 10], trave-
ling waves [11, 12], matrix algorithms [13, 14] and arti-
ficial intelligence algorithms [15, 16]. Among them, the
traveling wave-based methods are widely used to diag-
nose faults because of their advantages of high accuracy
and fast diagnosis speed. The integration of numerous
distributed generators (DGs) leads to variable power flow
directions. As a result, it is difficult to effectively iden-
tify wave heads at nodes under refraction and reflection
of traveling waves by traditional traveling wave-based
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methods [17, 18]. Consequently, much attention has
been paid to improving the existing traveling wave-based
methods to increase their handling ability with DGs.

For example, to effectively identify the wave heads of
traveling waves, references [19-21] propose identification
methods based on the discrete wavelet, continuous wave-
let and Hilbert-Huang transforms, respectively, where the
high frequency component of single-terminal traveling
wave signals is used to locate faults. In [22], a fault loca-
tion algorithm based on multi-terminal time information
is proposed, one which combines single- and double-ter-
minal traveling wave methods. However, it does not con-
sider the fault location of distribution systems with large
numbers of branches. In [23], fault branches are located
by the differences between the elements of the search-
ing matrix while accurate fault points are determined via
a double-terminal traveling wave method. A fault loca-
tion method for distribution networks is proposed in
[24] based on distance matrix and branch coefficient. In
this work, the determination matrix for fault branches is
established based on the difference between the inher-
ent distance matrix (IDM) before faults and the distance
matrix after faults, hence realizing the fault location of
branches.

Although above methods effectively promote the devel-
opment of fault location technology for distribution net-
works, they require almost all nodes to be installed with
traveling wave detection devices. This reduces the eco-
nomic benefits and is also too idealistic for current engi-
neering practice. Consequently, reference [25] proposes
a distributed fault section location method based on the
time characteristics of fault transient signals. It consid-
ers the optimal configuration of detection devices for
travelling waves. The method can accurately locate faulty
feeder branches in distribution networks with a limited
number of detection devices. Considering the economic
efficiency, reference [12] locates faults by the topological
information of distribution networks and the traveling
wave information generated by returning currents of cir-
cuit breakers. The fault distance of distributed feeders is
calculated based on the time difference between the coin-
cidence and arrival moment of reflected traveling waves.
In [26], wavelet energy entropy is used for fault detection
and classification while the wavelet modulus maxima of
the line mode component is employed for the accurate
location of faults. This work also improves the configu-
ration method of detection devices of traveling waves, so
as to effectively and accurately locate faults in networks
with multi-branches.

The background of the above methods is quite close
closer to real, although they do not fully consider the dif-
ferent wave velocities in overhead lines and cables. Since
many distribution networks have overhead line-cable
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hybrid structures, it is necessary to carefully distinguish
the wave velocities in different kinds of lines to further
improve the accuracy of fault location. This paper pro-
poses a fault location method based on the time matrix
of fault traveling waves for distribution networks. The
method has the following features:

+ The proposed novel traveling wave-based fault loca-
tion method of distribution network via the time
determination matrix (TDM) has the advantages of
simplified computational steps and improved com-
putational efficiency based on the characteristics of
matrix elements for different fault types. Both fault
locations under the ideal installation and optimal
configuration of the detection devices of traveling
waves are considered, and therefore the method has
good economy and engineering practicability.

+ To solve the calculation errors caused by the incon-
sistent transmission speed of traveling waves in cable
and overhead lines, the proposed time determina-
tion matrix is calculated and constructed using the
normalized traveling wave velocity of overhead lines
according to their inherent line parameters. Conse-
quently, the proposed method is well adapted to dis-
tribution networks with overhead lines and cables,
reducing the online computational complexity while
improving computational efficiency and accuracy.

+ To improve the accuracy in the identification of faulty
invalid branches, an important parameter called the
error correction coefficient is introduced. It makes
the determination characteristics of the time deter-
mination matrix even more obvious. This is critical
in determining the valid faulty sections and invalid
branches. The elements in the time determination
matrix can be used not only for the fault location of
sections, but also for the calculation of fault distance.
Accordingly, the method is simple and reliable with
high robustness.

The remainder of this paper is organized as follows:
Sect. 2 proposes an ideal fault location method based on
the time matrix of travelling waves. Considering the eco-
nomic efficiency, a fault location method considering the
optimal configuration of detection devices of traveling
waves is proposed in Sect. 3. Simulation studies are car-
ried out and the results are provided in Sect. 4. Conclu-
sions are drawn in Sect. 5.

2 Fault location method based on time matrix

of fault traveling waves
This section proposes a fault location method based
on the time matrix of fault traveling waves in the ideal
configuration of detection devices, i.e., all nodes are
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equipped with detection devices for traveling waves. Its
flowchart is shown in Fig. 1, and the detailed steps are:

Step 1: Normalize the distribution network topol-
ogy and establish an inherent distance matrix (IDM)
before the fault.

Step 2: Establish a pre-fault inherent time matrix
(ITM) from the relationship between the IDM and
traveling wave velocity.

Step 3: Build a post-fault time matrix by extracting
the initial wave head data in the detection devices of
traveling waves, hence generating a time determi-
nation matrix by the difference operation with the
ITM.

Step 4: Use the characteristics of the time determi-
nation matrix to identify fault sections, and then the
arriving time (i.e., Zr) of wave heads to the ends of
fault sections is used to determine whether the fault
occurs in the section or at its end.

Step 5: If either ¢ or #; equals 0, then the fault
occurs at the section end. If and only if #;, and #;, are
both greater than 0, then the fault occurs in the sec-
tion.

Step 6: Calculate the fault distance based on the
matrix data to obtain the accurate results of fault
location.

Normalized network
topology pre-fault

Establish IDM
Using the relationship between
traveling wave velocity and distance

Establish ITM
Extracting the initial
wave head data post-fault
Establish TDMr)
«———] Error correction |

’ Determine fault located on

section mn

Y

Calculate the fault distance by
the arriving time of traveling

: Fault located at
|| waves to the 3 valid nodes.

| [

|

|

Fault located at |
the node m [
|

|

the node n

Accurate fault location |

Fig. 1 Flowchart of fault location method under ideal detection
device configuration
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2.1 Inherent time matrix

In this section, a distribution network with simple topol-
ogy, shown in Fig. 2, is used to illustrate how to establish
an inherent time matrix. In Fig. 2, the nodes marked with
symbols a4, b, . . ., g are called valid nodes and are installed
with the detection devices of traveling waves. Any two
valid nodes make up a valid section, and the distances
between them are obtained based on system data, which
are represented by dp, duc, . . ., dag, respectively.

If a fault occurs in section m,n (m,n € {a,b,...,g}
and m # n), the corresponding fault traveling waves will
propagate along the line to both valid nodes m and n.
Set the arrival times of initial wave heads detected at the
valid nodes as bty oo b respectively. If the line mode
velocity of a traveling wave propagating along the line is
Vo, the inherent distance d,,,;; between nodes m and 7 is:

dn = dy, + d, (1)
where dy and dy, satisfy:

dfmzl/o*tfm
{dfnz"o*tfn @)

Consequently, d,,,, can also be calculated by:
dom = o % (8, + 8,) = v * 3)

In general, the distribution networks consist of overhead
lines and cables. Because of the different transmission speeds
of traveling waves in the two types of lines, large calculation
errors can be generated if two different velocities are used
in one calculation process. Therefore, to improve compu-
tational efficiency and accuracy, we normalize the different
speeds to obtain a normalized intrinsic time matrix, which
produces a time-determination matrix to locate faults.

The speed parameter expression of a traveling wave is

V=1/\/LC, where L and C represent distributed

inductance and capacitance in line mode components,
respectively. L and C are largely unaffected by the exter-
nal environment. Accordingly, the wave velocity v can
be regarded as a constant value, and the transmission
speeds of traveling waves in overhead lines and cables
are expressed as v1 and v, respectively as follows:

e

ae ® (

7

Fig. 2 Simple distribution network topology
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{ v = 1/«/L1C1 @)
va = 1/JVL2Cy

where L; and Ly represent distributed inductances of
overhead lines and cables, respectively, and C; and C;
represent distributed capacitances in the two types of
lines, respectively.

Then, the length of a cable in a distribution network
can be equivalent to one of an overhead line using their
actual physical parameters, as:

d Ly C
d;knnzﬂ*l/lziz Z*dmn (5)

12 VL1Ch
where d,,, represents the original length of the cable and

dy,, represents the equivalent length.
Based on the equivalent distribution network topol-
ogy, the inherent distance matrix D* is given as:
di, - di

D" = ©)

i, - d,

Finally, the normalized inherent time matrix T,; can
be obtained by D* and vy, as:

dax a;
vioa“' T(f laa - tag
D*
Td = — = . .. . = : .. . (7)
Vo " " ’ ’
@ . dﬁ tga e tgg
V0 Vo
where t,,,,, = d‘f(“)”, T, = %*. It is worth noting that T}, is

established before the fault and can be modified accord-
ing to the change of distribution network topology.

2.2 Time determination matrix
Detailed steps for generating a time determination
matrix are:

Step 1: Add the time #;, and #;, detected at two valid
nodes after a fault, hence getting the post-fault time
matrix Ty, where Z;,  represents the sum of ¢, and
Ir,, as:

Yafu == Yo

=1t ®)
Yefo = Uk

Step 2: Take difference calculation between the

inherent time matrix and post-failure time matrix,
hence getting the time determination matrix AT, as:
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Fig. 3 Failure schematic diagram of simple distribution grid

Yoo = taa -+~ Yofy — lag

AT=T; — Ty =

g~ e s,

9)
Step 3: Determine the fault sections based on the
relationship between #; » and tyu. If 7,7, = tin, the
fault f occurs in the section mn; otherwise, it occurs
outside mmn. It is worth noting that fault sections are
decided by off-diagonal zero elements in the time
determination matrix and the diagonal elements will
not be used. However, a zero element may become
a non-zero element because of external factors in
the distribution network, such as line length, elec-
trical parameters and temperatures. In this case, the
identification results of fault sections may be wrong.
Therefore, Eq. (10) is used to correct the error:

0, |xl| SE
{xi: lxi] > & (10)
where & represents the error correction coefficient,
whose value is usually set as 0.005 [27]. x; is an element
in the time determination matrix.

To improve the understandability, two types of faults
are employed in the distribution network in Fig. 3,
where f] occurs in the section ab and f; occurs on the
valid node c, respectively. Fault sections are identified
by the characteristics of elements in the time deter-
mination matrix. Based on the detection data of fault
traveling waves, the time determination matrix AT7 and
AT, for the fault f; and f; are obtained respectively, as:

ab ¢ d e f ¢

00 0 0 0 0 0
00 x1 % x3 X4 X5
0 X1 0 X6 X7 Xg§ X9
0x2 x6 0 x10 %11 X12
0x3 x7 x10 0 w13 %14
0 x4 xg x11 %13 0 x15

| 0 x5 w9 x12 ¥14 %15 0 |

ATy =

0N Ao >
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abcdef g

a[0x1 0 0x2 0 0]

b x1000x300

c | 0 0 0 x4 0 x5 x¢ 12)
ATy = d | 0 0 x4 0 0 w7 xg

e x2x300000

f 10 0x5x 0 0 x

g_O 0x6x80x90_

If a fault occurs in section ab, according to Egs. (3) and
(9), the values of elements in AT, referred to section ab
are equal to 0, and the remaining ones (i.e., x1,x3, .. .,X5)
are greater than 0. Here, the related sections include
ab, ac, ad, ae, af and ag. From the criterion rule, it is
found that the fault section is the common section of
related sections. Since t,=tr,+t5(tr, # 0, tp #0), it
determines that the fault f; occurs in section ab.

If the fault occurs at node ¢, according to the same equa-
tions and criterion rule, it follows that f; occurs in the com-
mon sections of ac, ad, af, ag, bc, bd, bf, bgce, de, ef
and eg, i.e., section bc. Since . =t7, +t7, (tp.=ty,, t;,=0), the
fault f> occurs on the node c in section bc.

2.3 Fault point location

In this section, accurate fault points are located, with the
fault f; in Fig. 3 taken as an example to illustrate the com-
putational process.

First, the arrival times (i.e., 7, and ;) are obtained when
the heads of fault traveling waves reach terminals of the
fault section ab. The arrival time #, is also extracted, where
¢ is the valid node of fault traveling waves arriving third.
According to ¢, t7, and ¢, it determines that there are two

sections (i.e., #b and ac) containing the fault section ab.

Secondly, setting a as the reference node, the distance
(i.e., the accurate fault location result) from the fault f; to
node a is calculated according to:

t
di =2 xd
P by, R
— _Ja
b = gy * dac (13)
% _ dit+ds
d* = 2

where d; and dj represent the distance from the fault
point to the reference node a, respectively. d* represents
the mean value of di and dy. Consequently, the accurate
fault position is d* from node 4 in section ab. It is worth
stating that the average value is taken to improve the
accuracy of calculation and reduce error interference.
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3 Fault location method under optimal
configuration of detection devices

The method proposed in Sect. 2 requires all nodes in
a distribution network to be equipped with detec-
tion devices, which is neither economical nor realis-
tic in practice. Consequently, a method is required to
accurately locate faults while considering the optimal
configuration of detection devices. A corresponding
method is thus proposed based on the theory in Sect. 2,
and its flowchart is shown in Fig. 4. First, the optimal
configuration principle of detection devices in distri-
bution networks with an overhead line-cable hybrid
structure is presented. The way to locate faults under
an optimal device configuration is then introduced.

3.1 Optimal configuration principle of detection devices

Considering economic efficiency, difficulty of line
reconstruction and importance of line branches, the

Start

| Establish IDM (AT ") |

l

Determine fault located
on section mn

Fault locate on

—*{the branch within
N the section mn

a Calculate the distance

from the fault section mn

by AToin
N
N-
Y
Fault within
section mn Y

! | Y

calculate the fault Fault located at Fault located at
distance by 3 VNs the node n the node m

End

Fig. 4 Flowchart of fault location method considering optimal
configuration of detective devices
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method in [28] is employed, whose installation princi-
ples are:

(a) Terminal nodes of all main feeders should be
installed with detection units.

(b) If a node has n adjacent nodes, where more than
two are installed with detection units, then the
node cannot be configured.

(c) If a node with more than two branches is adjacent
to a terminal node, then the node should be config-
ured with detection units.

(d) A connected node of an overhead line and a cable
should be installed with detection units.

The above principle is used to optimize the device
configuration of the distribution network shown in
Fig. 2. The results are shown in Fig. 5, where the dot-
ted and solid lines represent cables and overhead lines
respectively. The hollow and solid circles express inva-
lid and valid nodes respectively, and ff, gg1 and hh; are
sub-branches without detection units. The length of
cables is normalized as:

Ape VLG

—v = —=d
V2 N/
where dp, represents the equivalent length of section
be to be normalized while dj;, indicates the length after
normalization.

dpe = (14)

3.2 Fault location under optimal configuration

In the optimal configuration, it is easy to produce inva-
lid nodes and branches, which are unconfigured detec-
tion devices. Therefore, this section makes an adaptive
modification of the method proposed in Sect. 2. The
basis of the modification is the time determination
matrix and the difference lies in the matrix elements.
The fault section determination rule under the optimal
configuration of devices is:

(@) If AT’ obtained in the optimal configuration is still
composed of 0 and positive elements, the decision

d

Fig. 5 Schematic diagram of a simple distribution network with
overhead line-cable hybrid structure after optimal configuration
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rule for fault sections presented in Sect. 2 can still
be adopted. In this case, faults still occur on valid
nodes or valid sections.

(b) If all elements in AT’ are greater than 0, a fault
occurs on an invalid branch. In this case, a fault
occurs in a common section of those represented
by the same elements with the smallest value in
rows and columns of AT".

In particular, if there is more than one invalid branch
in a section, the rule (b) cannot determine the exact
invalid branches.

Assuming that faults f" and f” occur in the distribu-
tion network shown in Fig. 5, the corresponding time
distance matrices AT" and AT” are:

ab ¢ de

AT (15)

o Lo S

AT (16)

o AU S

x3 x5 xg O

where " and x” represent the smallest positive numbers
in AT’ and AT”, respectively. x1,...,xs represent posi-
tive numbers greater than x’ and x”.From the fault sec-
tion determination rules in the optimal configuration of
devices, it is found that the fault occurs in the common
section of sections ab, ac, ad, ae, i.e., section ab. Figure 5
shows that the two faults f’ and f” occur in section ab.
However, in this section, there are two invalid branches,
i.e., gg1 and hh;. Therefore, it is unable to accurately
determine that a fault f’ or f” occurs in gg; or hh;.
Consequently, for the above special situation, the
determination rule is further presented as follows:

(a) The minimum value ATmin of elements in matrix
AT’ is obtained by analyzing element characteris-
ticsof AT’

(b) It determines the common section where A Tpin is
located as a fault section. Then, the value of A Tpin
is used to judge whether the fault occurs in the valid
section or on its invalid branch. If ATy equals 0,
the fault occurs in the valid section and the rules
described in Sect. 3.1 are also effective; otherwise,
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the fault occurs on the invalid branch of the valid
section.

(c) Finally, fault positions are located. If the fault
occurs in the valid section, the fault point is calcu-
lated according to the accurate location method in
Sect. 2. If the fault occurs on an invalid branch, the
distance from the fault point to the valid section is
first calculated according to Eq. (17) shown below.
Then, one valid node of the fault section is taken as
the reference node, and the distance from the fault
point to the reference node is calculated. Conse-
quently, invalid branches are identified by the cal-
culation results compared with the corresponding
section length in the inherent distance matrix.

dszTmin * V1 17)

where dy represents the distance from the fault
point to the valid section, i.e., the fault length of the
overhead line. If the invalid branch is a cable, the
actual electric cable line length is obtained by re-
normalizing the length, as:
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vy
where dj’f is the actual length of the cable.

4 Simulation analysis
In this section, to demonstrate the feasibility and effec-
tiveness of the proposed method, a simulation model
is built in the PSCAD environment. A standard IEEE
33 node 10 kV distribution network consisting of over-
head line-cable hybrid structures is used for simulation,
as shown in Fig. 6a. A simplified diagram is shown in
Fig. 6b. Two types of DGs are connected to node b and
d, respectively. Section lengths are shown in Table 1,
where section bc is the equivalent length of a normal-
ized cable. “Typical’ parameters of an overhead line-cable
hybrid structure are set by [29]. The velocities of traveling
waves in an overhead line and in a cable are calculated
as v = 2.9979 x 10°(km/s) and v» = 1.7209 x 10°(km/s),
respectively.

First, a pre-fault inherent distance matrix D is built
between any two nodes according to the section length

13 14 15 16 17 18

O—0—0—=0—0—e—)
DG2
Ja
31 32 33
o0—oO O
@ ¢ PMU Node O Without uPMU
(a)
h
f 25kM
1
20kM 10kM C 40kM f‘z g 20kM
a e . ——eod
€ iskim !
f /i/ 30kM 30kM ]F4
3 4
b v

(b)

Fig.6 The 10 kV overhead line-cable hybrid structure of distribution network topology: a standard IEEE 33 node 10 kV distribution network; b

simplified diagram of simulation model
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Table 1 Section lengths %104
Ty
Section ae eh ec bc cg gf gd = x=130,y=9852
Lo (WA AR
Length/ 20 40 10 30 40 30 20 1 ) . ) )
km 0 500 1000 1500 2000 2500 3000
1000 T T
x=200,y=800.4
@ 0 MV\"A’ ‘A'A'A W A
Table 2 Section lengths
-1000 : : : : :
Fault type f, f fs fa 500 1000 1500 2000 2500 3000
300 . .
Fault distance/km 15 20 25 15 X;1f0wy=1 94.8
Reference node e d c d ORY I Aoy
-300 : : - : :
0 500 1000 1500 2000 2500 3000
50 f =310.y=46. ‘ ' ' -
data in Table 1. Then, the inherent time matrix (7;) is x3710y=46.18
calculated between valid nodes by v1. To
-50 : ’ : : :

a b c d e [ g h 0 500 1000 1500 2000 2500 3000
al 0 60 30 80 20 100 70 60 | Fig. 7 The simulation results of traveling wave heads arriving at valid
b| 60 0 30 80 40 100 70 60 nodes
c| 30 30 0 50 10 70 40 50

D= d| 8 80 50 0 60 40 10 100 (19)
e | 20 40 10 60 0 80 50 40 Establish Ty according to the arriving time when the
f | 100 100 70 40 80 O 30 120 fault traveling waves reach to each detection devices, as:
g| 70 70 40 10 50 30 0 90
h| 60 60 5010040 120 90 0 | @« b ¢ 4
a 0 3.007 2.005 4.009
b |3.007 0 26734677 —4 (21)
a b c d Tr=¢|20052673 0 5011|110
a 0 2.004 1.002 3.006 d | 4.009 4.677 5.011 0
T, — D b 2004 0 1.002 3.006 104
4= 5 7 ¢[10021.002 0 2.004 x Then, based on T; and Ty, the time determination
d | 3.006 3.006 2.004 0 matrix AT; of the fault section is calculated according
(20)  to:

4.1 Fault simulation

Different types of fault simulations are carried out to verify
the effectiveness and reliability of the proposed method.
Faults f; to f; are set in the distribution network to rep-
resent the faults in the invalid branch, the valid section,
the proportion with inverter-based distributed generation
(IBDG) and the one with a doubly fed induction generator
(DFIG), respectively. The initializing fault distances are set
as shown in Table 2. The fault occurs at 0.035 s, the sim-
ulation time is 0.1 s, and the sampling frequency is set as
1 MHz. The simulation results are as follows.

Case 1: Faults on invalid branches between valid nodes
A fault fj occurs on the branch eh. First, the simulation
data are imported from PSCAD into MATLAB, and the
B spline wavelet is used to obtain the modulus maximum
of the wavelet transform at the 6th scale. The simulation
results are shown in Fig. 7, where the red dots are used to
calibrate the arrival time of the traveling wave heads.

ATy =Tr — Ty

a b c d
a 0 1.003 1.003 1.003 (22)
b |1.003 0 1.670 1.670

AT = x 1074

¢ | 1.003 1.670 0 3.006
d | 1.003 1.670 3.006 O

As shown in AT in Eq. (22), all elements are greater than
0 except the diagonal ones. Thus, the fault occurs on
an invalid branch in the valid section. The smallest and
equal values of elements in AT} are referred to section ac.
Therefore, the fault f] occurs on the branch e/ of section
ac. Finally, the accurate fault position is calculated via
Eq. (23), and the error rate e of fault location is calcu-
lated by Eq. (24).
1

dr = 3 s ATmin * v = 0.5 x 0.1003 x 2.9939 x 10?

= 15.0144 (km)
(23)
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dy |15 — 15.0144
F—=—  —=-——-——-
7= a 15
= 0.096%

0,
x 100% (24)

Case 2: Faults at valid sections A fault f; occurs on
node g at valid section cd. Based on the simulation data,
the wave head arrival times are obtained while T, and

AT, are calculated by:
a b c d
a 0 4.676 3.674 3.006

;b |4676 0 36743006| .4 (25)
f= ¢ |36743674 0 2004
d | 3.006 3.006 2.004 0
ATy =Ty — Ty
a b c d
al 0 267226720 (26)
b |2672 0 26720 4
ATy = 196722672 0 ol *10
dl o 0o 0 0

Equation (26) shows that values of elements in AT
referring to section cd are 0, and the remaining ones are
greater than 0. Therefore, it detects that the fault occurs
within section cd because of the non-zero value of #; and
b, From the times i b, and t the accurate fault loca-
tion is calculated by Eq. (27), while d is the reference
node.

7
=gty e
__
dy = iy * dpa (27)
% _ di+dy
dr = 2

According to the calculation results, it detects that the
fault occurs at section cd, which is located 20.0285 km
from the reference node d. Compared with preset con-
ditions, the fault section identification is accurate,
and the error of fault distance is 0.0285 km and error
rate is 0.1425%. This satisfies the calculation accuracy
requirements.

Case 3: Faults at DG sections A 3 MW IBDG and
a 3 MW DIFG are set on node b and d, respectively.
Assuming the faults f3 and f3 occur in section bc and gd,
respectively, the specific simulation results based on the
proposed method are shown in Table 3. Table 3 shows
that the fault section identification results are accurate
with different types of DGs. The errors of fault distances
are 0.0716 km with IBDG and 0.0240 km with DIFG,
respectively, i.e., with respective error rates of 0.286% and
0.160%. The results show that the proposed method can
be adapted to different types of DG.
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Table 3 Simulation results of fault location with DG
Faulttype DGtype Fault Results/ Error/km  Error
section km rate/%
f3 IBDG bc 25.0716 0.0716 0.286
fa DIFG gd 14.9760 0.0240 0.160

4.2 Analysis of simulation results

Further studies have been carried out to verify the
effectiveness of the proposed method under different
conditions.

(a) Different transition resistance The simulation results
of fault location with different transition resist-
ances, shown in Table 4, indicate that when the
transition resistance increases from 10 to 500, their
influence on the accuracy of fault location increases
linearly. For sections cd and eh, their fault location
errors increase 0.834% and 1.424%, respectively.
Similarly, for sections bc and gd with different types
of DG, their fault location errors increase 0.969%
and 1.078%, respectively. Considering that the short
circuit fault in the actual power system is mainly the
transient grounding fault with low transition resist-
ance, the proposed method still has good engineer-
ing application value.

(b) Comparisons with other two methods To show the
high efficiency and practicality of the proposed
method, we carry out comparisons between the
proposed method and two other traveling wave-
based methods in [27] and [30]. The single-phase-
to-earth faults f3and f3 with 10 Q fault impedance
and 15° fault inception angle are simulated based
on the IEEE 33-node system. An IBDG and a DIFG
is set at nodes b and d, while the detection devices
are set at nodes a, b, ¢ and d. Table 5 shows that all
three methods have good location accuracy. The
method in [27] has good accuracy of fault location,
but it cannot deal with the fault f; without a detec-
tion device on the invalid branch eh. The method
in [30] can effectively locate faults in the optimal
configuration of detection devices, although it can-
not adapt to the proportion of DGs, and the loca-
tion error rates of faults f3 and f; are higher than
2%. The results show that compared with the other
two methods, the proposed method can locate the
faults accurately under different conditions. When
the proposed method considers the different types
of DG and the optimal configuration of detection
devices, the location error rates are all lower than
0.5%.
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Table 4 Simulation results of fault location with different transition resistances
DG type Transition resistance/Q Fault section Results/km Error/km Error rate
increased/%
- 10 cd 20.0285 0.0285 0.834
50 cd 20.0399 0.0399
100 cd 20.1025 0.1025
500 cd 20.1952 0.1952
- 10 eh 15.0144 0.0144 1424
50 eh 15.1221 0.1221
100 eh 14.8954 0.1046
500 eh 15.2280 0.2280
IBDG 10 bc 25.0716 0.0716 0.969
50 bc 25.0827 0.0827
100 bc 251102 0.0902
500 bc 253139 03139
DIFG 10 gd 14.9760 0.0240 1.078
50 gd 15.0219 0.0219
100 gd 15.0941 0.1102
500 gd 15.1838 0.1838

Table 5 Comparison results of fault location

Methods Fault type Error rate/%

f‘l f2 f3 f4
[27] Ag - 0159 0227 0303
[30] Ag 0.115 0.172 2.390 2272
Proposed method Ag 0.096 0.143 0.286 0.160

Table 6 Simulation results with time error

Faulttype Timeerror(us) Results’lkm Error/km  Error rate
increased
(%)
fi 0 20.0285 0.0285 0.057
0.2 20.0399 0.0399
> 0 15.0144 0.0144 0432
0.2 15.0799 0.0792
f3 0 25.0716 0.0716 0.106
0.2 25.0981 0.0981
fa 0 14.9760 0.0240 0.087
0.2 14.9627 0.0373

(c) Time detection error There are various disturbances
in practice, such as time sampling error, which may
lead to a certain deviation of the time of collection.
To improve the simulation accuracy, 0.2 ps time
error is added to the data collected, and the simu-
lation results with different fault types with time
errors are shown in Table 6.

As seen, the proposed method can achieve fast and
effective fault location for the faults occurring on valid
and invalid branches. In the optimal configuration of
detection devices of traveling waves with the time error
of 0.2 ps, the fault location error rates only increase
0.057% and 0.380% for faults fj and f5, respectively. The
error rates increase 0.106% and 0.087% for fault types
f3 and f3 under the proportion of DGs, respectively,
which still satisfies engineering requirements. There-
fore, the proposed method is robust to a certain amount
of time errors and can effectively improve engineering
practicability.

5 Conclusion

To achieve accurate location of faults in distribution net-
works at low cost, this paper proposes a novel method
based on the time matrix of traveling waves in an opti-
mal device configuration. It is effective for both ideal
and optimal configuration conditions. The initial wave
head data of traveling waves are extracted to establish
the time determination matrix, and this realizes fault
section identification and fault distance calculation. The
good robustness of the proposed method to DGs, tran-
sition resistance and time detection error are also veri-
fied. Simulation results demonstrate that the proposed
method is effective with high accuracy for fault location
under different fault conditions. To meet the needs of
new power grids, fault location of distribution networks
with a high proportion of DGs will be the subject of
future work.
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