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ABSTRACT To meet the requirements of quickness and accuracy for fault location in smart distribution
networks with high penetration of distributed generations, we propose an integrated fault section location
method based on multiple timescales. On the millisecond timescale, we present a distributed fault section
location method based on fault current polarity value comparison (PVC) using the first half-cycle fault
current signal after the fault inception. On the cycle timescale, we implement a distributed fault section
location method based on fault current waveform similarity comparison (WSC) using the first one-cycle fault
current signal after the fault inception. On the second timescale, we adopt a fault section location method
based on a genetic algorithm (GA) using the steady-state fault current signal. Three timescale fault section
location methods thus coordinate with each other through constructed reliability functions of the fault section
location methods based on PVC and WSC. The simulation results show that the multi-timescale-based fault
section location method achieves a fast and accurate fault section location.

INDEX TERMS Smart distribution network, multi-timescale, integrated fault location, distributed fault

section location, polarity value comparison, waveform similarity comparison, reliability function.

I. INTRODUCTION

With growing concerns about environmental issues and a
looming energy crisis, the world has entered the era of
sustainable energy, which is based mainly on renewable
energy [1], [2]. Distributed generation (DG) is one of the main
ways for renewable energy to be connected to distribution
networks [3]. The modern smart distribution network, with
high penetration of DG methods, is quite different from tra-
ditional distribution networks in power flow distribution, fault
current amplitude, direction and distribution, which increases
the complexity of fault detection and control in smart distri-
bution networks [4]. Determining how to achieve fast fault
detection, fault location, fault isolation, and fault service
restoration after distribution network failure is an urgent
requirement for smart distribution network self-healing
[5]-[7]. Fault location is an important prerequisite and foun-
dation of the self-healing, and determining how to achieve
fault location quickly and reliably is particularly important.
The fault location methods for distribution networks with DG
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mainly can be classified into five categories: the impedance-
based method [8], [9], the traveling wave-based method
[10]-[12], the signal injection-based method [13], [14], the
matrix-based method [15], [16], and the artificial intel-
ligence method [17]-[20]. The impedance-based method
works based on calculating the fault loop impedance using
measured currents and voltages. The method is simple and
economical, but it is easily affected by an unbalanced system,
nonhomogeneous conductors, and branches. The traveling-
wave based method works based on the principle of trans-
mission and reflection of the voltage (or current) traveling
waves which are generated at the fault location. The main
drawbacks of traveling-wave based methods are the difficulty
in wave-head detection and the effect of time synchronization
on the fault location accuracy. The signal injection-based
method works based on the principle that the injected signal
is detectable only in the section of the faulted feeder from the
signal injection point to the fault point. This method requires
specially designed equipment to inject a characteristic signal
into the distribution systems, and the strength of the injected
signal is difficult to detect. The matrix-based method works
based on the current state matrix, which is constructed from
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the fault current state of each measuring point along the
feeders. This method needs a synchronization signal to syn-
chronize a measured current signal for distribution networks
with DG. It is necessary to add a voltage transformer or
global positioning system (GPS) device at each measuring
point, which is cost-prohibitive. The artificial intelligence-
based methods include genetic algorithms (GAs), artificial
neural networks, support vector machines, fuzzy logic, and
a variety of other techniques. This type of method has better
fault tolerance and can be used in complex situations of mul-
tiple faults. This kind of method also has poor adaptability,
however. When the power grid structure changes, it needs to
update the fault location model, and the fault location time is
long. The noted fault section location methods are centralized
fault location methods, and their fault location strategies are
formulated by the master station.

With the application of advanced technologies such as
energy Internet [21] and big data in distribution networks,
the master station needs to deal with a large amount of infor-
mation, and the traditional centralized fault location methods
are no longer suitable for smart distribution networks. At the
same time, these advanced technologies make it possible
to realize distributed control by the smart distribution unit
(SDU), such as feeder terminal unit (FTU) and distribution
terminal unit. The smart distribution network requires the
SDU not only to have the function of data acquisition, but
also to have the functions of fault detection, fault location,
fault isolation, and fault service restoration. It is urgent to
study the distributed fault location method based on the smart
distribution terminal. Sun et al. [22] proposed the fault section
location based on FTU in the distribution network with DGs
by means of time coordination between the current quick-
break protection and the time-limited overcurrent protection
set at the upstream and downstream measuring points of the
DG. This method needed to calculate only the amplitude
of the fault currents, without distinguishing their directions,
but the relay protection configuration was complex, the fault
section location time was long, and the adaptability to var-
ious grid structures was poor, which could not meet the
requirements of smart distribution networks. To meet the
requirements of smart distribution networks for the rapidity of
fault location, we proposed two fast distributed fault section
location methods: the fault section location method based on
fault current polarity value comparison (PVC) using the first
half-cycle fault current signal and the fault section location
method based on fault current waveform similarity compar-
ison (WSC) using the first one-cycle fault current signal.
Although these two distributed fault section location methods
could achieve fast fault location, fault location errors would
occur when fault characteristics were not significant, and
their fault tolerance was weak. To meet the requirements of
smart distribution networks for the accuracy of fault location,
we fused a fault section location method based on GAs with
the two distributed fault location methods and proposed an
integrated fault section location method for smart distribution
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networks based on millisecond timescale, cycle timescale,
and second timescale.

The contribution of this work is summarized as follows:

o« We proposed the distributed fault section location
method based on fault current PVC. The method is
implemented by SDUs through information interaction
with their adjacent smart distribution terminals and only
uses the first half-cycle fault current signal after the fault
inception. This fault section location method can provide
ultrafast fault location.

o We proposed the distributed fault section location
method based on fault current WSC. This method is also
implemented by SDUs and uses the first one-cycle fault
current signal after the fault inception. This fault section
location method can realize fast fault location.

o To complement the PVC-based method, the WSC-based
method, and the GA based method, we established the
reliability functions of the PVC- and WSC-based fault
section location methods. These fault section location
methods can coordinate with each other by means of
these reliability functions to realize fast and accuracy
fault section location.

« We verified the proposed integrated fault section loca-
tion using simulation and field fault current data. The
results verified the proposed integrated fault section
location method can provide fast and accurate fault
section location for short-circuit faults.

The remainder of this paper is organized as follows.
Section II proposes the millisecond timescale fault section
location method based on PVC. Section III introduces the
cycle timescale fault section location based on WSC.
Section IV analyzes the problems of the distributed fault
locations based on PVC and WSC. Section V reports the
integrated fault section location method based on multiple
timescales. Section VI and section VII discusses the simula-
tion and field results, respectively. Section VIII presents the
conclusion and future work.

Il. PVC-BASED MILLISECOND TIMESCALE FAULT
SECTION LOCATION METHOD

A. DISTRIBUTED FEEDER AUTOMATION SYSTEM

The simple structure of distributed feeder automation (FA)
suitable for smart distribution networks is shown in Fig. 1.
Under normal operation, the section switch is closed and
the tie switch is open. The master station and SDU interact
with each other through the communication network. Each
SDU carries out distributed control according to the collected
local information and the interaction information with other
devices, so as to achieve fault location, fault isolation, and
fault service restoration.

B. PRINCIPLE OF FAULT SECTION LOCATION

The principle of fault section location based on PVC is that
the polarities of the measured fault currents on both sides
of fault section are opposite, whereas those on each side
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of the sound section are the same. The traditional current
polarity comparison methods need to collect a cycle of the
fault current signal, then use fast Fourier transformation to
calculate the phase of the fault current signal, and then com-
pare with the fault current phase of other nodes to achieve the
fault section location. These methods are complex in calcula-
tion, time-consuming, and require accurate synchronization
of data, so they are not applicable to fault section location in
distributed FA with SDU.
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FIGURE 1. Slmple diagram of distributed feeder automation.

Because the inception information of the fault current sig-
nal can accurately reflect the fault characteristics, to simplify
the fault location algorithm and achieve fast fault location,
the polarity of the fault current is judged by calculating the
polarity value of the half-cycle fault current signal after
the fault inception time. If there is a zero-crossing point
in the half-cycle fault current, the data between the fault
inception time and the zero-crossing point are taken as the
half-cycle fault current signal. The polarity value is defined
as the number of samples with positive or negative values in
the specified data window. The polarity value of fault current
at a detection point is defined as follows:

Msign(i(1)),  sign(i(M) - i(M + 1)) <0,
M e€[1, N)
PN =10, non — fault
Nsign(i(1)),  sign(i(m) -i(m+ 1)) =1,
Vm € [1, N),
(H
1, x>0
sign(x) = { 0, x=0 2)
-1, x<O0,

where PN is the polarity value of fault current at the detection
point; PN > 0 indicates that the polarity of fault current
is positive, otherwise it is negative; sign(x) is a symbolic
function; i(m) is the m™ sampling value of the fault current
at the detection point; M is the sequence number at which
the fault current sampling data first crosses the zero point
in the half-cycle; and N is the number of sampling points in
half-cycle.

The SDU judges whether the section is a fault section
according to the polarity value difference and the polarity
value sum of fault currents between the upstream and down-
stream detection points. The fault section location criterion is
that the polarity value of fault current between two adjacent
detection points meets the following formula; if so, then the
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section between two detection points is a fault section:

|PND| - kres |PNS| = kreDlh
PND = PN, — PNq (3)
PNS = PNy + PNy,

where PND is the difference of fault current polarity values
between upstream and downstream detection points; PNS is
the sum of fault current polarity values between upstream
and downstream detection points; Dy, is the threshold, Dy, =
min(|PN,|, |PN4l); ke is the reliability coefficient, which
is generally taken as 0.1 < ke < 0.3; ks is the restraint
coefficient, which is generally taken as 0.8 < ks < 1.2; and
PN, and PNy are the polarity values at upstream detection
point u and downstream detection point d respectively. When
there is no downstream detection point or the polarity value at
the downstream detection point is 0, if the following formula
is satisfied, the section after the detection point is a fault
section:

|PND| = kreDth~ (4)

C. STARTING CRITERION OF FAULT SECTION LOCATION
The traditional starting criterion of the fault section location
is that the effective value of the fault current exceeds a
threshold. However, it takes tens of milliseconds to calculate
the effective value of the fault current, which leads to the slow
speed of fault section location. To increase the speed of fault
location, we took the current sudden changes as the starting
criterion.

The SDU detects the phase current at each detection point
in real time. To avoid a false start caused by interference,
the variations of three consecutive current sampling values
are calculated to judge whether the distribution network
has failed. When the changes of three consecutive sampling
values of a line current meet the following formula, the
short-circuit fault location is started:

|ip(k) — ip(k — 2N)| = kepl»

. . , o)
|ip(k) — ip(k — 2N)| = kip |ip(k — 2N)|,

where i,(k) is the k™ sampling value of phase current;
ip(k — 2N) is the sampling value of phase current of the
previous cycle at the k™ sampling point, and the number of
one-cycle sampling points is 2N; ksp is the constraint factor
of phase current, which is generally taken as 0.2 < ks, < 0.4;
kip is the scale factor of phase current, which is generally
taken as 2 < kijp < 4; and I, is the effective value of the
normal load current at the detection point.

When the starting criterion of formula (5) is met, each
SDU takes the k™ sampling point as the fault inception point,
and records the first half-cycle fault current signal after the
fault. Then, each SDU calculates the fault current polarity
value of the local detection point using formulas (1) and (2),
and receives the fault current polarity value of its down-
stream detection point through the downstream SDU. Thus,
each SDU can judge whether the section between the local
detection point and the downstream detection point is a fault
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section based on formula (3) or (4). When a section fails, the
fault current polarity values at the two ends of the downstream
section with a DG will meet the criteria put forward in
formula (4), and the downstream section will be misjudged
as a failed section. Therefore, when the upstream section has
been confirmed as the fault section, all the downstream fault
section location results are canceled.

1Il. WSC-BASED CYCLE TIMESCALE FAULT

SECTION LOCATION

A. PRINCIPLE OF FAULT SECTION LOCATION

The principle of fault section location based on WSC is
that the fault current waveforms on both sides of the fault
section are quite different, whereas those on each side of the
sound section are quite similar. The correlation coefficient
method is the simplest and most effective method to compare
the similarity between the two waveforms. The similarity is
judged by calculating the correlation coefficient between the
fault currents of two adjacent detection points. The formula
for calculating the fault current correlation coefficient pyqg
between upstream and downstream detection points u and d
is as follows:

2N

> iu(k)ia(k)

k=1

Pud = ,
2N 2N
NI
k=1 k=1

where iy(k) and iq(k) are the k™ sampling values of the
fault currents of upstream and downstream detection points
u and d, respectively, and 2N is the number of sampling
points during one power cycle.

The fault section location criterion is that the section
between two adjacent detection points is the fault section
if the similarity of their fault currents meets the following
formula.

(6)

Pud < Pset, )

where pset 1S the correlation coefficient threshold, which
generally is taken as 0.6-0.8.

Formula (5) is still used as the starting criterion for fault
section location. When the starting criterion is met, each SDU
stores the first cycle fault current signal, and informs the
downstream SDU to upload its first cycle fault current sig-
nal. Each SDU calculates the correlation coefficient of fault
currents between the local detection point and its downstream
detection point according to formula (6), and judges whether
the section between the adjacent detection points is a fault
section according to formula (7). When a section fails, the
current waveforms at the two ends of the downstream section
with a DG will meet the formula (7), and the downstream
section will be misjudged as a failed section. Therefore, when
the upstream section has been confirmed as the fault section,
all the downstream fault section location results are canceled.
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B. FAULT STARTING TIME CORRECTION

When using formula (6) to calculate the correlation coeffi-
cient, if the two fault inception times judged by the upstream
and downstream SDU are the same, the fault currents detected
at the adjacent detection points are completely synchronized,
and the calculated correlation coefficient can accurately
express the similarity of the two fault current waveforms.
Because of limited sampling accuracy, the difference of cur-
rent amplitude, and the influence of interference factors,
the judged fault inception times at adjacent detection points
are not consistent, resulting in two asynchronous fault cur-
rents detected at adjacent detection points. As a result, the
calculated correlation coefficient will be inaccurate and the
result of fault section location will be wrong. Therefore,
it is necessary to correct the fault inception sampling data
of adjacent detection points. If the SDU is equipped with
a GPS synchronous clock, the fault current signal at the
detection point can be added with a time stamp, and the fault
inception point can be corrected according to the time stamp.
If the SDU is not equipped with a GPS synchronous clock,
the correlation coefficient is calculated as follows. The fault
current data window of the local detection point is taken as a
benchmark, the fault current data window of the downstream
detection point is shifted to the left and right of each sampling
point, and the maximum shifting data length is 1/16 power
cycle (i.e., 1.25 ms). The correlation coefficient between two
adjacent detection points after each shift is calculated, and the
maximum and minimum values of all correlation coefficients
are recorded. If the correlation coefficient is relatively large
(i.e., greater than (.5), the maximum correlation coefficient is
taken as the final correlation coefficient of the two adjacent
detection points, namely:

2N
> w(k)iatk +j)
N/8 ) N/8 =1
Pudmax = MaX, Pud(/) = max :

2N 2N
> i2(k) Y Ak + )
k=1 k=1

(8)

where iy(k) is the k™ fault current sampling value of the
local detection point u; ig(k + j) is the (k + j)th fault current
sampling value of the downstream detection point d; 2N is
the number of sampling points of one power cycle; and j is
the data shifting length.

If the correlation coefficient is relatively small (i.e., less
than 0.5), the minimum correlation coefficient is taken as
the final correlation coefficient of the two adjacent detection
points, namely:

2N

N/8 . N/8 k; W)
Pudmin = .:rE}\I/]/S pud(f) = j:rf}\r/]/g 2N 2N .
Y 2(k) Y i3k +j)
k=1 k=1
©)
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IV. PROBLEM OF DISTRIBUTED FAULT

SECTION LOCATION

These fault section location methods based on PVC and
WSC are implemented by the distributed SDU, which belong
to the distributed fault location method and has fast fault
location speed. The PVC-based fault section location method
uses only half-cycle transient fault current data, and the fault
section location time is less than 20 ms. The WSC-based fault
section location method uses only the one-cycle transient
fault current data, and the fault section location time is less
than two cycles (i.e., 40 ms). If, however, the fault current
signals are disturbed or out of synchronization, the fault
section location results may be wrong.

A feeder with four detection points is shown in Fig. 2, and
the short-circuit currents at these detection points are i1, i2, i3,
and i4. We assumed a phase-phase short-circuit fault occurred
at k in section II. The short-circuit current waveforms of
A-phase at the detection points 1, 2, and 3 are shown in
Fig. 3. Using formulas (3) and (6), PND, PNS, and p could be
calculated. The coefficients were set as following: ks = 1,
ke = 0.2, pset = 0.7. Using the formula (3) and (7), the
fault section location results based on PVC and WSC could
be achieved, as shown in Table 1. Table 1 shows that the fault
section was in section II and the fault section location results
based on PVC and WSC were correct.

| AT AR
| I 211 11

FIGURE 2. Simple diagram of distributed feeder automation.
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FIGURE 3. Waveform of A-phase fault currents.

TABLE 1. Fault section location results.

PVC WSC
Section  Current PND PNS Dy Fau}t Faullt
location location
1 i1ay i2a 0 128 64 Sound 0.9932 Sound
I [ 128 0 64 Fault -0.9693 Fault

Figure 4 shows the system assuming that the short-circuit
current i3, had an interference signal. The fault section loca-
tion results based on PVC and WSC are given in Table 2.
Table 2 shows that the fault section location result based on
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PVC was incorrect. Thus, when the fault current signals are
disturbed, the fault section location results based on PVC may
be invalid.
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FIGURE 4. Waveform of A-phase fault currents with interference.

TABLE 2. Fault section location results with interference.

PVC WSC
Section  Current PND PNS Dy Fau_lt » Fau}t
location location
I T1ay D22 0 128 64 Sound 0.9932 Sound
I i3, i3 61 -67 3 Sound  -0.9136 Fault
111 130, I4a 3 3 0 Fault 0 Sound
6000
iia
— In
4000} B
<
~
2000F
0
—2000¢
—4000 . . .
0.02 0.04 0.06 0.08 0.1

Time (s)

FIGURE 5. Waveform of A-phase fault currents with time lag.

Figure 5 shows the system assuming that the short-
circuit current i3, was lagged for some time. We used the
fault section location methods based on PVC and WSC,
and the fault section location results are given in Table 3.
Table 3 shows that the fault section location result based
on WSC was incorrect. Thus, when the fault current sig-
nals between adjacent detection points are not synchronized,
the fault section location results based on WSC may be
invalid.

V. MULTI-TIMESCALE-BASED FAULT SECTION

LOCATION METHOD

The timescales of these three fault section location meth-
ods are different: the fault section location speed of the
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TABLE 3. Fault section location results with time lag.

PVC WSC
Section  Current PND PNS Dy Fal{lt Faqlt
location location
1 i1ay i2a 0 128 64 Sound 0.9932 Sound
I i2a, i3 97 31 33 Fault 0.3222 Sound
11 i30, ida -33 -33 0 Sound 0 Fault

PVC-based method is the fastest and that of the GA-based
method is the slowest. To achieve fast fault location, the
PVC-based fault location method is preferred. Because of the
difference of the fault location, fault impedance, fault time,
and fault duration, the collected fault currents are different,
the fault features collected by different fault location methods
are different, and the reliabilities of fault location results
based on different fault location methods are also different.
To achieve an accurate and fast fault location result, we
analyzed the reliability of each fault location method and
defined the reliability functions for distributed fault location
methods to make them cooperate closely.

A. RELIABILITY ANALYSIS OF PVC-BASED METHOD

When calculating the polarity value of fault current using
formula (1), the larger the amplitude of the detected fault
current is, the higher the reliability of the fault current polarity
value is. Therefore, the reliability function 7pn of fault phase
current polarity value is defined as follows:

0, L Lp < kskplp
Ikp - skap
Tpnp = 4 — 00— P pooly < Ly < kaoly  (10)
P (kstkp - kskp)lp PP P “p
1, Ikp = kstkplp,

where I, is the effective value of fault phase current; I, is the
effective value of sound phase current; kgp is the constraint
coefficient of fault phase current, which is generally taken
as 1.5-2; and kg, is the reliability coefficient of fault phase
current polarity value, which is generally taken as 5-7.

The larger the polarity value difference between adjacent
detection points is, the higher the reliability of the fault
section location result is. Thus, the reliability function Tpr
of the current PVC is defined as follows:

Tpr
0, |PND| — kies |PNS| < kreDin
_ |PND| ;Cres |PNS]| , kD < |PND| — kyes |PNS|
<B
" |PND| — kies |PNS| > B,
(11)

where B = max(|PN,|, |PNj|).

When the fault current duration is less than a half-
cycle, the reliability of fault location result will be reduced.
Therefore, the fault current reliability function 7Tpy is defined
as follows:

Txend — fkstart

Tpy = 0.01
1, Ikend — Ikstart = 0.01

> 0 < fkend — fistart < 0.01 (12)
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where fygare 1S the fault inception time; and #xeng is the fault
end time.

According to the reliability function of the current polarity
value, the reliability function of the PVC, and the reliability
function of fault current, the PVC-based fault section location
reliability function 7p is defined as follows:

Tp = Tp1(Tpn + TPR)/2, (13)

where Tpy is the reliability function of the current polarity
values of detection points; TpR is the reliability function of
the PVC of detection points; and Tpy is the reliability function
of fault current of detection points.

If there is no downstream detection point or the polarity
value at the downstream detection point is 0, the PVC-based
fault section location reliability function 7p is defined as
follows:

Tp = TpiTpN. (14

B. RELIABILITY ANALYSIS OF PVC-BASED METHOD

When calculating the fault current similarity between two
adjacent detection points using formula (6), the larger the
fault current amplitude is, the higher the reliability of the cal-
culated similarity is. The defined similarity reliability func-
tion Twsp is the same as the fault current polarity reliability
function Tpnp (i.e., Twsp = Tpnp). At the same time, when
judging the fault location using formula (7), the smaller p,q
is, the higher the reliability of the fault location result is. Thus,
the reliability function Twr of the WSC is defined as follows:

0, Pud > Pset
Pset — Pud
TWR = u, 0< Pud = Pset (15)
Pset
1, pud < 0.

When the fault current duration is less than one cycle, the
reliability of fault location result will be reduced. Therefore,
the fault current reliability function T is defined as follows:

Tkend — Ikstart

Twr = 0.02
1, Iend — fkstart > 0.02,

s 0 < txend — tkstart < 0.02 (16)

where fygare 1S the fault inception time; and fxeng is the fault
end time.

According to the reliability function of fault phase current
similarity, the reliability function of the WSC, and the relia-
bility function of fault current, the WSC-based fault section
location reliability function Tyy is defined as follows:

Tw = Twi(Tws + Twr)/2, (17

where Tws is the similarity reliability function of detection
points; Twr is the reliability function of WSC of detection
points; and T is the reliability function of fault current.

If there is no downstream detection point or fault cur-
rents are not detected at the downstream detection point, the
WSC-based fault section location reliability function Ty is
defined as follows:

Tw = TwiTws. (18)
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C. MULTI-TIMESCALE-BASED FAULT SECTION LOCATION
To meet the requirements of quickness and accuracy for
fault location in smart distribution networks, it is nec-
essary to effectively coordinate the three fault location
methods. Following the principle of three-stage current pro-
tection, we defined the multi-timescale-based fault section
location method as follows: the millisecond timescale
PVC-based fault section location method is regarded as the
first-stage fault section location method, the cycle timescale
WSC-based fault section location method is taken as the
second-stage fault section location method, and the second
timescale GA-based fault section location is seen as the
third-stage fault section location method.

The reliability of the fault section location result is related
to the richness of fault information obtained by fault location
methods. In general, the third-stage fault section location
results had the highest results, followed by the second-stage
fault section location. The first-stage fault section location
had the lowest results. The first-stage fault section location
was the fastest, followed by the second-stage fault section
location, and the third-stage fault section location was the
slowest. Thus, the three fault section location methods were
coordinated in the following ways: first, start the first-stage
fault location. If the Tp calculated by formula (13) or (14)
satisfies Tp > Tpw, where Tpy, is the fault reliability threshold
for the PVC-based method, the reliability of the first-stage
fault location result is higher, and the first-stage location
outputs the fault location result. In this case, other fault
section locations will not be started. If 7p > Tpy, is not
satisfied, the second-stage location is started, and if the Tw
calculated by formula (17) or (18) satisfies 7wy > Twih,
where Twy, is the fault reliability threshold for WSC-based
method, the reliability of the second-stage location result is
higher. In this case, the second stage location outputs the fault
location result, and the third-stage location will not be started.
Finally, when the reliability of the first-stage and second-
stage location results are both low, the third-stage location
is started.

The flowchart of the multi-timescale-based fault location
is shown in Fig. 6. Following are the steps of the new fault
section location method:

1. The distributed SDUs in distribution networks acquire
the three phase currents in real time. When the starting
criterion is met by formula (5), start the PVC-based fault
section location process.

2. The SDU collects the half-cycle fault phase current
and calculates PN by formula (1). Obtain PN of the
downstream detection point and calculate PND and PNS
by formula (3). If the PVC-based fault section location
criterion is met by formula (3) or formula (4) and the
fault section location reliability function 7p is greater
than its threshold, output the fault section location
results. Otherwise, perform the SWC-based fault section
location process.

3. The SDU collects the one-cycle fault phase current
and obtains the one-cycle fault phase current of the
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downstream detection point. Calculate pyg by formula
(6) and update pyq by formula (8) or formula (9). If the
SWC-based fault section location criterion is met by
formula (7) and the fault section location reliability
function Tyw is greater than its threshold, output the
fault section location results. Otherwise, perform the
GA-based fault section location process.

4. The master station performs the GA-based fault section
location process.

Fault Dectection

Real-time acquisition of
three phase currents

Yes
Collect the one-cycle
fault current

E : WSC based Fault location

PVC based Fault location

Obtain the one-cycle fault
current of the downstream
detection point

Calculate pu. by (6)
pdate pu by (8) or (9

Collect the half-cycle
fault current

Calculate PN by (1)

Obtain PN of the
downsteam point

Calculate PND

Calculate Twsp, Twr, Twi and Tw by
(10), (15), (16), (17) and (18)

|PND)|-kies\ PNS|>ki-D?
or |PND[>kwDu?

Calculate Trny, Ter, Tei and Trby |
(10), (11), (12), (13) and (14)

; GA based Fault location
' Fault location steps

based on GA

and PNS by (3)

| Output fault location resu]ts|

End

FIGURE 6. Flowchart of the multi-timescale-based fault location.

VI. SIMULATION ANALYSIS

A. SIMULATION MODEL

The simulation model for a typical 10 kV distribution sys-
tem based on EMTP/ATP is shown in Fig. 7. The system
has six feeders, and the feeders are hybrid lines containing
overhead lines and cable lines. D1, D,, D3, and D4 are the
four detection points of feeder Ly. I, II, III, and IV are the
sections between D and D,, D, and D3, D3 and D4, and
D4 and the end, respectively; ijq, ijp, and e G = 1,2,3,4)
are the three phase currents in the detection point D;. The
parameters of overhead lines and cable lines are shown in
Table 4. The loads are all connected in a triangle, and the
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impedance Z;, = (67 + j50) Q. The DG can be regarded as a
constant current source with the rated current of 300 A during
the normal operation of distribution networks. When a fault
occurs, itis a controlled current source whose current changes
with the positive sequence voltage of the access point, and its
constraint current multiple is set to 2.

Overhead line ; Cable line
1km 1km | 1km lkm L
Overhead line ; Cable line
0.6km 24km | 2.4km 0.6km  L»
Overhead line ; Cable line
Ikm 3km . 3km Ikm Ls
Overhead line i Cable line
lkm 4km : 4km lkm Ls
Overhead line i Cable line
2km 4km i 4km 2km  Ls
i . Overheadline i Cable line
Iib Iy '3 i
i 3km  h 1.5km 1.5km |ie 3km i 6km L

D 1 D 211 D: 11 Di IV

FIGURE 7. Simulation model of distribution network.

TABLE 4. Feeder parameters.

Line type Phase-sequence R L ¢
(Q/km) (Q/km) (1S/km)
Overhead  Positive-sequence 0.17 0.38 3.099
line Zero-sequence 0.23 1.72 2.477
Cable Positive-sequence 0.28 0.083 106.76
line Zero-sequence 2.8 0.32 91.06

B. SIMULATION VERIFICATION FOR THE PVC- AND
WSC-BASED FAULT SECTION LOCATION METHOD
We verified this fault location method by a three-phase short-
circuit fault and a phase-phase short-circuit fault (A-B phase)
at k point in section II of the Lg. The sampling frequency was
set to 6.4 kHz in the system (i.e., 128 sampling points were
collected per power cycle). In the PVC-based fault location
method, 64 sampling points from the fault inception time
were collected; 128 sampling points from the fault inception
time were collected in the WSC-based fault location method;
and 128 sampling points during 641-768 after the fault were
collected in the GA-based fault location method. In the pro-
cess of fault section location, kres = 1, ke = 0.2, pget = 0.7,
kskp = 1.8, kskp = 6, and Tpsn = Twn = 0.6. The simulations
were carried out on the following cases:

o Fault type: three-phase short-circuit fault and phase-

phase short-circuit fault
o Fault position: 1.5 km, 4.5 km, 7.5 km, 10.5 km from
fault point to bus in the feeder Lg

o Fault resistance: 0, 0.1, 0.2, 1, 5, 10

« Fault inception angle: 0°, 10°, 30°, 45°, 90°
Thus, we obtained 240 sets of fault data.

1) THREE-PHASE SHORT-CIRCUIT FAULT
The fault currents and voltage of the A-phase for the three-
phase short-circuit fault with fault inception angle (¢r) of 10°,
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fault resistance (Ry) of 0.1 € and fault position of 4.5 km
are shown in Fig. 8. Using formula (5), we judged that
three-phase short-circuit faults occurred and the fault section
location process was started. Using formulas (3) and (6), the
fault location parameters PND, PNS, and p for the PVC-based
and WSC-based fault section location could be calculated,
and their fault section location results were achieved using
formulas (3) and (7). Some calculation results of A-phase for
fault position of 4.5 km are shown in Table 5, where i1y, iz,
i34, and i4y were the A-phase fault currents of the detection
points Dy, D>, D3, and D4, respectively. All fault section
location results were correct, and the fault location results
based on PVC and WSC were not affected by DG.

12000 : 12000
10000} o 110000
8000}

< 6000}
™ 4000}
2000

0
-2000}
—4000}
~6000}

—8000+

—10000 . . .
0.02 0.04 0.06 0.08 0.1
Time (s)

FIGURE 8. Fault currents and voltage of A-phase for three-phase short
circuit.

Using formulas (13) and (17), the PVC-based and WSC-
based fault section location reliability could be calculated,
as shown in Table 5, where “—"" indicates that the section
was not the fault section and, correspondingly, its fault section
location reliability need not be calculated. Table 5 shows
that the PVC-based and WSC-based fault section location
reliabilities of all fault types were greater than 0.6: the fault
section location reliability for all kinds of faults was high.

2) PHASE-PHASE SHORT-CIRCUIT FAULT

After a phase-phase short-circuit fault occurred, the fault
section location process was started using formula (5). Using
formulas (3) and (6), the fault location parameters PND, PNS,
and p for the PVC-based and WSC-based fault section loca-
tion were calculated, and their fault section location results
were achieved using formulas (3) and (7). Some calculation
results of A-phase with fault position of 4.5 km are shown
in Table 6. In Table 6, all fault section location results were
correct except for the fault with fault resistance of 10 €2 and
fault inception angle of 90°. The accuracy of fault section
location was 96.67% for the PVC-based and WSC-based fault
section location methods in the 120 fault cases corresponding
to a phase-phase short-circuit fault. The fault section location
results could be achieved using GA for the short-circuit faults,
whereas the fault location results are incorrect using the PVC
and WSC methods.
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TABLE 5. PVC-based and WSC-based fault section location results for three-phase short-circuit fault.

Fault type PVC WSC
Fault incep- Fault re- Section  Current Fault Fault
tion angle ¢y sistance R¢ PND PNS Dy, location Tv P location Tw
(©) Q) result result
1 i1as Ia 0 128 64 Sound — 0.9823 Sound —
0.1 11 i2a 133 128 0 64 Fault 1 -0.9544 Fault 1
10 111 130, I4a -64 -64 0 Sound — 0 Sound —
1 i1as I2a 0 128 64 Sound — 0.9955 Sound —
10 11 i2a, I3a 118 10 54 Fault 0.7149  -0.8133 Fault 0.7125
11T 134, [4a -54 -54 0 Sound — 0 Sound —
1 i1as Ia 0 128 64 Sound — 0.9927 Sound —
0.1 11 14, I3a 128 0 64 Fault 1 -0.9487 Fault 1
45 111 134, [4a -64 -64 0 Sound — 0 Sound —
1 T1ay D24 0 120 60 Sound — 0.9996 Sound —
10 1I I2a) I3 108 12 48 Fault 0.6889  -0.8152 Fault 0.6997
11T 134, I4a -47 -48 0 Sound — 0 Sound —
1 T1ay 124 -2 116 57 Sound — 0.9950 Sound —
0.1 11 14, 132 110 8 51 Fault 1 -0.9087 Fault 1
90 111 134, l4a -51 -51 0 Sound — 0 Sound —
1 T1ay D22 -1 89 44 Sound — 0.9926 Sound —
10 1T i2a I3a 77 13 32 Fault 0.6151 -0.7724 Fault 0.6660
111 134, l4a -32 -32 0 Sound — 0 Sound —
45 (with I l:l“’ 1:22. 67 61 3 Fault 0.5469 0.9925 Sound —
interference) 0.1 11 i2a I3a 61 -67 3 Sound — -0.9479 Fault 1
111 134, l4a -64 -64 0 Sound — 1 Sound —
TABLE 6. PVC-based and WSC-based fault section location results for phase-phase short-circuit fault.
Fault type PVC WSC
Fault incep- Fault re- Section Current Fault Fault
tion angle ¢y sistance R¢ PND PNS Dy, location Tv P location Tw
©) Q) result result
1 i1as I2a 0 128 64 Sound — 0.9949 Sound —
0.1 11 i2a 133 122 6 58 Fault 1 -0.9332 Fault 1
45 111 i30, I4a -58 -58 0 Sound — 0 Sound —
1 i1as I2a 1 103 51 Sound — 0.9967 Sound —
10 I i2a 132 89 13 38 Fault 0.5775  -0.7523 Fault 0.6059
111 i30, I4a -38 -38 0 Sound — 0 Sound —
1 T1ay D24 -1 85 42 Sound — 0.9935 Sound —
0.1 I i2a 132 76 10 33 Fault 0.8749  -0.8597 Fault 1
90 111 130, I4a -33 -33 0 Sound — 0 Sound —
1 T1ay D24 -3 65 31 Sound — 0.9770 Sound —
10 I D24, I3a -13 81 34 Sound — 0.7472 Sound —
111 130, I4a 47 47 0 Fault 0 0 Fault 0

Using formulas (13) and (17), the PVC-based and
WSC-based fault section location reliability was calculated,
as shown in Table 6. Table 6 shows that the PVC-based and
WSC-based fault section location reliabilities were greater
than 0.6, except for the following two cases: when the fault
resistance was 10 2 and the fault inception angle was 45°,
and when the fault resistance was 10 €2 and the fault inception
angle was 90°.

C. SIMULATION VERIFICATION FOR
MULTI-TIMESCALE-BASED FAULT SECTION

LOCATION METHOD

After a short-circuit fault occurred, the PVC-based first-stage
fault section location was started. Using formula (3), the
fault section location result was achieved. Then the fault
section location reliability of the PVC-based fault location
was calculated using formula (13). If 7p > Tpy,, such as in the
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case of the three-phase short-circuit fault with fault resistance
of 0.1 € and fault inception angle of 10° in Table 5, the PVC-
based fault location result was the final fault section location,
and the WSC-based and GA-based fault section location were
not started. Otherwise, the second-stage fault section location
based on WSC was started, such as in the case of the phase-
phase short-circuit fault with fault resistance of 10 €2 and fault
inception angle of 45° in Table 6. Using formula (7), the fault
section location result was obtained. Then the fault section
location reliability of the WSC-based fault location was cal-
culated using formula (17). If Tw > Twm, the WSC-based
fault location result was the final fault section location,
and the GA-based fault section location was not started.
Otherwise, such as in the case of the three-phase short-circuit
fault with fault resistance of 10 2 and fault inception angle
of 90° in Table 5, the final fault section location result was
provided by the third-stage GA-based fault section location.
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FIGURE 9. Fault currents and voltage of A-phase for phase-phase short
circuit with interference.

Thus, the fast and accurate fault section location was
achieved.

D. SIMULATION VERIFICATION FOR SHORT-CIRCUIT
FAULT WITH INTERFERENCE OR

ASYNCHRONIZATION DATA

In the case in which the fault current i», was disturbed, the
fault currents and voltage of the A-phase for three-phase
short-circuit fault with fault inception angle (¢r) of 45°, fault
resistance (Ry) of 0.1 €2, and fault position of 4.5 km are
shown in Fig. 9. After the fault occurred, the first-stage
fault section location based on PVC was put into operation.
Using formula (3), the fault location parameters PND and
PNS for the PVC-based fault section location could be cal-
culated and the fault section location result was achieved,
as shown in Table 5. Table 5 shows that the fault section was
in section I, and the result was incorrect. Using formula (13),
the PVC-based fault section location reliability was 0.5469
(less than 0.6), and the result of fault location was unreliable.
Then the WSC-based fault section location was started. Using
formula (6), we calculated the similarities and obtained the
fault section location result using formula (7), as shown in
Table 5. The fault section location result was correct. Using
formula (17), the WSC-based fault section location reliability
was 1 which was larger than 0.6, the result of fault section
location was reliable. Thus, the fault section location result
based on WSC was the final fault section location result
(i.e., the fault section was in section II).

When the fault currents of upstream and downstream
detection points were not synchronized, the reliability of fault
section location was reduced, and the fault section location
was incorrect. For example, Fig. 10 shows the initial fault
currents and voltage of the A-phase when the phase-phase
short-circuit fault with fault inception angle (¢f) of 90°, fault
resistance (Ry) of 10 €2, and fault position of 4.5 km occurred.
Because the fault current amplitude of the detection point
D3 was small, some inception fault current data were lost,
resulting in data that were not synchronized, as shown in
Fig. 11. First, the first-stage fault section location based
on PVC was started. Using formula (3), the fault location
parameters PND and PNS could be calculated, and the fault
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FIGURE 10. Fault currents and voltage of A-phase for phase-phase short
circuit.
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FIGURE 11. Fault currents with time lag of A-phase for ph phase short
circuit.

location was judged to be in section III, as shown in Table 6.
The fault location result was incorrect. Using formula (13),
the fault section location reliability of the PVC-based fault
location was 0, and the result of fault location was unreliable.
Then the second-stage fault section location based on WSC
was started. Using formula (6), the fault location parameter
o could be calculated, and the fault location was judged to
be in section III, as shown in Table 6. The fault location
result was incorrect. Using formula (17), the fault section
location reliability of the WSC-based fault location was 0,
and the result of fault location was unreliable. Finally, the
third-stage fault section location was started. The fault section
was judged to be in section II, which was the correct result.

To verify the advantage of rapidity of the multi-timescale-
based fault section location, we conducted time-consuming
tests of three fault section location methods. All of the
simulations were performed in MATLAB2014a. The com-
puter configuration was as follows: System: Windows 10
64-bit; CPU: Core 17-5500U @ 2.40 GHz; Memory: 8 GB.
We wrote the corresponding the fault location programs of the
three-stage fault location algorithms on the computer. After
many tests, the average time consumption of the three fault
section location methods was calculated, as shown in Table 7.
Table 7 shows that the distributed fault location methods
could realize fast fault location.
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TABLE 7. Average time-consumption of the three fault section location
methods.

Fault section location method PVC WSC GA
Average time consumption (s) 0.0125 0.0232 1.652
Deo Du  /k D Do Do
L . T . . >
I =11 11 v A\
FIGURE 12. Structure of the feeder Ly,p,.
3000 . . : : .
i{yIUu i‘H la i‘HEA i‘)ELl i‘)ZJu
2000 } /\ a ]

2 /
1000} \\ | \ ]
\\‘ / \ /
-2000} \/ \
-3000 - - - - -
0.02 0.03 0.04 0.05 0.06 0.07 0.08
Time (s)

FIGURE 13. Fault currents of A-phase for field three-phase short circuit.

TABLE 8. PVC-based fault section location results for field three-phase
short-circuit fault.

Fault location

Section Current PND  PNS Dy
result
i1a, I2a 0 128 64
1 i[b, izb 1 -89 44 Sound
Tic, Dae -2 34 16
iha, 13a 114 14 50
11 i2b, i;b -74 -16 29 Fault
iy, U3¢ 32 4 14
i3a, [43 -50 —_ 0
111 i3b7 i4b 29 —_ 0 Sound
U3¢, lac -14 — 0
i4a, isﬂ —_ —_ —_
VI i4b, i5b —_ —_ —_ Sound
i4c, iSc —_ _— —_
isa - - =
v isp — — — Sound

is; — — —

The simulation results show that the multi-timescale-
based fault section location has higher speed when the incep-
tion fault characteristics are significant and slower speed
when the fault characteristics are weak. It can, however,
ensure higher fault location accuracy.

VII. FIELD VERIFICATION

An actual feeder Lapp, of a substation is shown in Fig. 12.
The feeder starting detection point Dgjo used the line selec-
tion device to detect the current, and other detection points
Do11, D912, Dg>1, and Dgr4 used SDU to detect the current.
A three-phase short circuit fault between Dgjp and Doy
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occurred in July 2015. The A-phase fault currents all detec-
tion points are shown in Fig. 13. Table 8 shows the differ-
ence and sum of polarity values of fault current calculated
at each detection point. According to the data in Table 8§,
using formula (3), SDUgj, judged that three-phase short
circuit fault occurred between D9y and Dgj1, and the fault
location result was correct. According to formula (13), the
reliability of first-stage location was 7p = 1, which was high,
so the second-stage and third-stage fault location would not
be started. We used another 120 groups of short-circuit fault
data to verify the multi-timescale-based fault section location
method. All fault section location results were correct. The
PVC-based fault location results of 93 groups of data had high
reliability, and the WSC-based fault location results of other
27 groups of data had high reliability. Therefore, the proposed
fault location method based on multi-timescale was fast and
effective.

VIIl. CONCLUSION

In this study, we proposed a novel multi-timescale-based
fault section location method for distribution networks. The
proposed method can be applied to distribution lines with DG
access. The following conclusions were obtained:

1. To meet the requirements of smart distribution net-
works for rapidity of fault location, we proposed two
distributed fault section location methods: fault section
location based on PVC and fault section location based
on WSC. These fault location methods could be imple-
mented by smart distributed units in parallel.

2. To achieve high-accuracy fault location, we constructed
reliability functions of the distributed fault section loca-
tion methods based on PVC and WSC. With the help
of these fault location reliability functions, three kinds
of fault section location based on PVC, WSC, and GA
cooperated closely to realize fault section location based
on multiple timescales.

3. The simulation results showed that the multi-timescale-
based fault section location method could realize fast
and accurate fault location in a distribution network
with DG.

A single-phase-to-ground fault is always a difficult prob-
lem in fault section location because of its small amplitude of
fault current and susceptibility to environmental conditions.
The next step is to study single-phase-to-ground fault section
location based on multiple timescales.
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