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In this paper, an accurate and efficient method is proposed for fault section estimation and fault distance
calculation in distribution systems, based on frequency spectrum components of fault generated travel-
ing waves. Fault occurrence in a radial distribution system generates high frequency traveling waves that
can be divided into two parts. Part of them travels between fault location and substation and the other
part is reflected between network junctions and substation. By identification of these two parts, the pro-
posed algorithm determines faulted section and exact distance of fault from substation uniquely. Conse-
quently, the main drawback of the impedance based methods which is the multiple-estimation problem
is removed. In the proposed method, it is assumed that just one voltage recorder is installed at the dis-
tribution substation and additional equipments such as, fault indicators and PQ monitoring devices are
also not needed to be installed in the distribution system. The simulations are carried out using ATP soft-
ware and the results are processed by MATLAB software. Simulation results of various types of faults on a
typical distribution system demonstrate high efficiency and accuracy of the proposed method. Effect of
different influential parameters such as fault inception angle, fault resistance and load variations has also

been taken into account.

© 2012 Elsevier Ltd. All rights reserved.

1. Introduction

Fault location in distribution systems has always been of great
importance to utilities for reliable power supply. It is a challenging
task due to its complex nature such as having several laterals, non-
symmetrical lines, highly unbalanced operation, and time-varying
loads. In addition, typically in distribution systems, fault generated
signals are recorded solely at the feeding substation and the loca-
tion of the fault should be estimated based on these recorded data.
Due to mentioned difficulties and differences the presented fault
location method for transmission lines cannot be directly used
for distribution systems. Thus, various methods have been exclu-
sively proposed for fault location in distribution systems. Gener-
ally, these fault location methods can be divided into two main
categories: impedance-based methods [1-7] and traveling wave-
based methods [8-19]. Most of the impedance-based methods
estimate the distance of the faulted point from the distribution
substation based on the impedance estimation as seen from the
fault locator point. In as much as the feeders of distribution system
have some laterals, sub laterals and load taps, the impedance based
fault location methods usually estimate several locations for a fault
and cannot determine the exact fault point. It is the main common
drawback of the impedance-based methods, which named
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multiple-estimation problem. To overcome this drawback, it is pro-
posed to install additional apparatus such as fault indicators and
PQ monitoring components in the distribution system. In the
developed methods based on the traveling waves, time domain
information has been usually used for determining the location
of fault. Applying signal processing techniques, the high frequency
components of fault generated transients are extracted and used
for fault locating. In [15-17] detail coefficients of wavelet trans-
form has been used to determine the faulted section and location.
The presented method in [18] determines the location of fault
based on the frequency domain analysis of the fault generated
transients on branch terminals. Another method has been pro-
posed based on the cross-correlation technique for fault location
in distribution systems in [19].

In this paper an accurate fault location algorithm based on the
fault generated transient is proposed. Using only one recorder de-
vice at the beginning of the main feeder to record fault generated
transients in faulted phase voltage is one of the advantages of pro-
posed method. In this method using Clark transformation, the volt-
age signals are first transformed from phase domain into modal
domain and then frequency analysis is performed on aerial mode
voltage (V;) and ground mode voltage (Vy). Comparing the results
obtained from analysis with ones on the earlier generated data-
base, the proposed algorithm determines faulted section and dis-
tance of fault uniquely. Furthermore, the accuracy of the result
can be improved to desired level by increasing the recorded data
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in the database. In order to validate the accuracy of the proposed
method, a sample distribution system with several sections and
laterals is simulated under ATP software and the results are pro-
cessed in MATLAB. The obtained results show the accuracy and
precision of the proposed method in determining the section and
the location of fault.

2. Proposed fault location algorithm for radial distribution
systems

When a fault happens in a distribution feeder, it causes to pro-
duce traveling waves (TWs) that travel between fault location and
substation. Hence, frequency of the TW measured at the substation
is directly related to the fault distance from substation. By increas-
ing fault distance, period of TW increase and so their frequency
goes down. However, for a distribution system that comprise of a
main feeder and many laterals, in addition to the reflected waves
from the fault location (the main components), some reflected
waves from junctions also reach to substation (measuring point).
These waves (which contain less energy in compared to the main
components) also generate components in frequency spectrum of
faulted voltages that in this paper are called subordinate compo-
nents. Using Clark transformation, the faulted voltages are first
transformed from phase domain into modal domain. Then fre-
quency analysis is performed on aerial mode voltage (V;) and
ground mode voltage (Vp) to identify both main and subordinate
components. Comparing the results obtained from analysis with
earlier generated database, the proposed algorithm determines
faulted section and distance of fault uniquely.

Because of delta connection of the secondary winding of distri-
bution transformers, amplitude of single line to ground (SLG) fault
current with respect to other fault types is lower. Hence, the ampli-
tude of TW produced by SLG faults in comparison to other fault
types is smaller considerably. In this circumstance distinction be-
tween the main and the subordinate components cannot be done
precisely. Accordingly, faults are divided into two groups in this
paper. The SLG faults and the other fault types. Two individual
algorithms are developed for detecting the section and location
of each group of fault.

2.1. Proposed technique for locating all types of fault except SLG

The proposed method is described using a sample distribution
system shown in Fig. 1. This system includes a main feeder and
several laterals with different lengths. The 3-phase voltages are re-
corded only in the substation. Fig. 2 shows the frequency spectrum
of the first aerial mode of the voltage (V;), generated by simulation
of 3-phase symmetrical faults on the main feeder, locate at differ-
ent distances of 6, 7, 9, and 10 km from the substation. All fre-
quency components of the voltages in Fig. 2 are generated by

reflections of high frequency transients between the fault location
and the substation (main components). Fig. 2 indicates that by
increasing the fault distance, frequency of the main components
in voltage V, decreases. For instance, frequency of the first compo-
nent of TW (component with maximum amplitude named domi-
nant main component (DMC) in this paper) for 3-phase faults
located at 6, 7, 9, and 10km form the substation is 14,450,
12,720, 10,020, and 9058 Hz, respectively. Simulation results for
3-phase faults in different locations of the test system, confirm
the decreasing trend of the frequency versus the increase of the
fault distance. Hence this criterion can be used to calculate the ex-
act location of the fault. Fig. 3 illustrates the dominant main com-
ponent frequency (DMCF) versus distance, obtained from
simulation of the 3-phase faults with 1 km distance step. Simula-
tions of the 3-phase faults in different locations of the laterals for
each path in the distribution system of Fig. 1 yield to a curve sim-
ilar to Fig. 3.

Thus, by using recorded curves related to each path in a data-
base and calculating the DMCF of V;, exact distance of the fault
can be calculated. It should be noted that in order to reach a higher
accuracy for fault distance calculation, the distance step between
simulated faults can be chosen as small as needed.

In addition to determination the location of fault, the faulted
section in the distribution system should be identified. Analysis
of various faults shows that when a fault happens on a branch,
there will be one or more subordinate components in addition to
the main components. As shown in Fig. 4, when a fault happens
on a branch, fault-generated transients travel toward the substa-
tion. Parts of these transients are reflected from substation toward
fault point (Rm waves) and the other part propagates away from
substation toward the main feeder (R waves). Part of transients
which are traveling between fault point and substation, generates
main components in frequency spectrum (similar to Fig. 2), while
the other part which are reflected between junctions and substa-
tion, produces subordinate components. As shown in Fig. 4, by
closing the faulted section to the substation, number of nodes be-
tween fault point and substation decreases. The amplitude of TW
reduces by passing through nodes. So, when the number of nodes
between fault location and substation increases, traveling wave
amplitude decreases more at the substation [17].

In Fig. 4 all of TW from Rm1-Rm6 that reaches to substation,
can generate reflections R1-R5 which induce subordinate compo-
nents in frequency spectrum of V;. Researches in this field show
that usually the first subordinate component has considerable
amplitude in comparison to the main components in frequency
spectrum of Vj. In this paper, the first subordinate component is
called dominant subordinate component (DSC).

The more amplitude of TW at substation produces R waves
which pass more distance over the main feeder and therefore re-
flect from a farther node. The farther node means increasing the
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Fig. 1. Typical radial distribution system.
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Fig. 2. Frequency spectrum of the first aerial mode of voltage V; at substation for 3-phase faults on the main feeder at distance of (a) 6, (b) 7, (c) 9, and (d) 10 km from

substation.
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Fig. 3. Dominant main component frequency of V; versus different 3-phase
symmetrical fault locations on the main feeder.

oscillation period and decreasing the frequency of DSC, and vice
versa. Hence, it is concluded that when fault happens on farther
branch regarding to substation, frequency of generated DSC
increases.

Based on the above discussions, difference between the fre-
quencies of the DSC and DMC of TW can be used to determine
faulted branch. Thus DF is defined as follows:

DF =fo - fi M

where f; is the frequency of DMC and f; is the frequency of DSC, if it
is existed, otherwise f, is chosen as the frequency of the second
main component. It should be noted that faults on the main feeder
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Fig. 4. Main paths of propagation of fault-generated traveling waves.
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do not generate subordinate component with considerable

amplitude.

To observe the trend of subordinate component, 3-phase faults

are simulated on bran
the frequency spectru

ches 1-6 in distribution system of Fig. 1, and
m of V; are shown for each fault in Fig. 5. As

shown in this figure, in addition to DMCs, DSCs are also generated.

Frequencies of DSCs
14,520 Hz respective
Fig. 5a-f respectively.

In Fig. 5a there are
erable amplitude for

are 4993, 6571, 7191, 10,940, 12,200, and
ly. Table 1 shows the values of DF for

three subordinate components with consid-
faults occurred on the first branch. So first

Table 1
Increasing trend of DF versus increase of branch distance
from the substation.

Branch DF (Hz)

First branch —22,337
Second branch —6619
Third branch —4499
Fourth branch +2191
Fifth branch +4222
Sixth branch +7739

x10° frequency spectrum of V1 x 10 frequency spectrum of V1
9 25
- Al Y 1 1.957+007 |
Tr X:2.733e+004 1 -
Y : 7.344e+006
6 ]
1.5f E
5 ]
4t l 1l -
3r ]
2} X 14993 i X:6571
Y: 1.428e+006 0.5} Y : 3.74e+006 T
CJ -
! AT *
o LMY A ok
0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5 0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5
frequency x10* frequency x10*
(a) (b)
x10° frequency spectrum of V1 S X 107 frequency spectrum of V1
20 m
. . Faulton fourth branch
Y:1.589e+007
16 - E 5
141 1
12 4 4 4
10 ¥ 87504006 1 3 |
8 4
6 i 2 i
4 b 1H X :1.094e+004 4
Y : 4.226e+006
2 ] L_ o, u
A ot A
0t 0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5
0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5 10
frequency x10* frequency X
(c) (d)
X107 frequency spectrum of V1 5 x10 frequency spectrum of V1
8
Fault on fifth branch 45 ]
Y:7.127e+007 47 X 6781 T
6r B 3.5H Y : 4.116e+007 i
51 b 3H i
4+ 4 25} 1
3H i 2f 4
151 1
2y 1 1l X : 1.4526+004 |
1 X : 1.026+004 Y : 5.899e+006
r Y : 3.707+006 1 0.5 T 1
0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5 0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5
frequency x10°* frequency x10*

(e)

(f)

Fig. 5. Frequency spectrum of aerial mode voltage V; at substation for 3-phase faults on first to sixth branches with distance of (a) 3.5 km, (b) 6.75 km, (c) 8 km
(e) 11 km, and (f) 13.5 km from substation respectively.
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subordinate component with lower frequency is picked up to cal-
culate DF in Eq. (1). Table 1 indicates that by increasing the number
of nodes between faulted branch and substation, the value of DF in-
creases regularly.

Simulating faults in different points shows that value of DF
along each branch is almost constant. Considering increasing trend
of DF versus increasing the distance of faulted branch from substa-
tion, DF can be used as a criterion to identify faulted branch in dis-
tribution systems. So, the proposed algorithm for identification of
faulted section and calculation of fault distance from substation
in a distribution system can be summarized as follows:

Step 1: DMC and DSC (if any) of the TW in V; are identified and
DF is calculated using Eq. (1).

Step 2: Using generated database, branches whose frequency
curves contain DMCF are identified and DF is calculated for each
branch.

Step 3: The faulted branch is identified by comparing the DF
value for fault with the DF value associated with identified
branches in the previous step.

Step 4: Fault distance is calculated based on the DMCF using fre-
quency-distance curve associated with faulted branch.

Although the above mentioned results are presented for 3-
phase faults, simulation results show that the frequency compo-
nents in frequency spectrum of Vi, for all types of faults except
SLG happened at the same positions, are identical. Hence, the ex-
tracted curves for the 3-phase faults can be used for identification
of the faulted section and fault distance of all fault types except
SLG.

2.2. Proposed technique for locating SLG faults

The proposed algorithm in the previous section cannot be ap-
plied to locating the SLG faults. Although grounding transformers
is placed at the secondary side of sub-transmission power trans-
former, but due to delta connection of secondary winding, ampli-
tude of current for SLG faults decreases significantly in
comparison to the other types of fault. So, the amplitude of SLG
fault generated TW, is less than the other fault types considerably
and distinguishing DMCs and DSCs cannot be done precisely.

Phase voltages of fault measured at substation, for 3-phase and
SLG faults at 6 km on the main feeder of Fig. 1 are shown in Fig. 6.
Simulating of SLG faults in different points shows that frequency
spectrum of the first aerial mode voltage (V;) and the ground mode

x10* Three phase voltage - ABC fault
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voltage (Vp) are the same, but amplitude of frequency components
of Vj is higher than V;. So, in this paper, application of ground
mode voltage (Vp) is proposed for locating SLG faults. Fig. 7 shows
frequency spectrum of V; and V; for a SLG fault at 6 km on the main
feeder. Results of simulations show that frequency spectrum of
modal voltages are identical for SLG faults on the branches and
the main feeder. It should be noted that decrement in frequency
versus increasing in the fault distance from substation is still a va-
lid fact for all paths of the distribution system, but rate of the fre-
quency decrease for faults on a branch is faster than that of faults
on the main feeder. So, frequencies for the faults on the branches or
on the main feeder with the same distance from substation are not
equal. Therefore, if two SLG faults are occurred at point Al on a
branch and point B1 on the main feeder with the same distance
from the substation, frequency components of V; for fault at Al
is less than that of fault at B1. On the other hand, if two SLG faults
are happened at points A2 and B2, equally distant from the substa-
tion, but A2 is located on a branch farther than B2, frequency com-
ponents of V, for fault at A2 is less than that of fault at B2. So the
frequency difference (DF) in the frequency spectrum of Vg can also
be used as a criterion for identification of faulted section. Based on
the proposed criterion, by increasing the distance of the faulted
branch from substation, DF values are decreased for fault locations
with the same DMC frequencies.

Therefore, the proposed algorithm for identifying the faulted
section and calculation of the SLG fault distance from substation
is summarized as follows:

Step 1: The value of DF in frequency spectrum of Vj is calculated.
Step 2: Using generated database, branches whose frequency
curves contain DMC frequency of Vj is identified.

Step 3: DF values due to fault and identified branches in step 2
are compared to identify faulted section.

Step 4: Fault distance is calculated based on the DMC frequency
using frequency-distance curve of associated faulted section.

3. Simulation results

In order to evaluate the accuracy of the proposed algorithm, dis-
tribution system of Fig. 1 is simulated using ATP software. Fre-
quency dependent parameter model is used for modeling the
lines. The conductor of main feeder is Lynx and the branch ones
are Mink. Sampling frequency is chosen to be 300 kHz. The studied
system is simulated under various types of faults along different
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Fig. 6. 3-phase voltages for (a) 3-phase fault and (b) single phase fault on the main feeder at 6 km.
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line segments and the results are presented in the following
subsections.

3.1. Simulation of all types of fault except SLG

To investigate the performance of the proposed algorithm, six
multiple-phase faults have been simulated on sample system of
Fig. 1. These are as follows:

e Fault 1: ABCG fault on the main feeder, 2.1 km far from
substation.

e Fault 2: ABG fault on the first branch, 3.75km far
from substation.

e Fault 3: AB fault on the second branch, 7.1 km far from
substation.

e Fault 4: ABCG fault on the third branch, 7.27 km far
from substation.

e Fault 5: ACG fault on the fourth branch, 10.24 km far from
substation.

e Fault 6: AC fault on the fifth branch, 10.6 km far from substation.

The obtained results from simulation of these faults are shown
in Table 2. The error of the fault location is calculated by the fol-
lowing equation:

Error — ‘Dest _Dreal|
L

x 100 (2)
where D and D, represent the estimated and actual fault loca-
tion, respectively, and L denotes the total line length. In this table,
the result of fault section identification and distance calculation
using the proposed algorithm in Section 2.1 are presented. As

shown in this table, the section of all considered faults is deter-
mined correctly and the precision of the proposed fault locating
algorithm is high in such a way that the error is kept below 0.6%.

3.2. Simulation of SLG faults

To investigate the accuracy of the proposed algorithm, six single
phase faults have been simulated on the sample system of Fig. 1.
The fault positions are as follows:

e Fault 1: SLG fault (AG) on the main feeder, 9.75 km far from
substation.

e Fault 2: SLG fault (AG) on the first branch, 3.75km far
from substation.

e Fault 3: SLG fault (AG) on the second branch, 6.8 km far from
substation.

e Fault 4: SLG fault (AG) on the third branch, 7.27 km far
from substation.

e Fault 5: SLG fault (AG) on the fourth branch, 9.9 km far from
substation.

e Fault 6: SLG fault (AG) on the fifth branch, 10.75 km far
from substation.

The results presented in Table 3 indicate that the proposed
algorithm has an acceptable performance with maximum percent-
age error of 0.25%.

3.3. Effect of fault resistance

Amplitude of frequency component on V; and V, decreases
when fault resistance exists. In other words, peak value of

Table 2
Results of fault section estimation and location for multiple phase faults.
Fault  DMCF DSCF DF (Hz) DF value for branches in distribution system which have Estimated Estimated fault location  Error
no. (Hz) (Hz) the same DMCF as fault point section (km) (%)
Main Branches
feeder First Second Third Fourth Fifth
1 42,650 109,300 66,650 66,750 - - 3325 4241 - Main feeder 2.092 0.067
2 26,240 4853 -21387 43,920 -21,380 - - - First branch 3.822 0.60
3 12,760 6299 —6461 16,780 - —6415 - - Second branch 7.108 0.067
4 12,330 8044 —4286 15,330 - - —4207 - - Third branch 7.266 0.03
5 7990 10,820 2830 8200 - - 2860 7220 Fourth branch 10.23 0.083
6 8413 12,800 4387 8507 - - 2477 4407 Fifth branch 10.61 0.083
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Table 3
Results of fault section estimation and location for single line to ground (SLG) faults.
Fault  First component’s DF DF value for locations in distribution system which Estimated Estimated fault  Actual fault Error
no. frequency in Vo (Hz)  (Hz) have the same first component’s frequency as fault section location (km) location (km) (%)
point
Main feeder  Branches
First Second Third Fourth  Fifth
1 2403 4107 4084 - = 3325 4241 - Main feeder 9.78 9.75 0.25
2 2567 6455 6209 6426 - - - - First branch 3.78 3.75 0.25
3 2496 5632 5249 - 5648 - - - Second branch 6.81 6.80 0.05
4 2497 5391 5331 6342 5655 5415 - - Third branch 7.29 7.27 0.16
5 2383 4068 3877 - - 3172 4045 - Fourth branch 9.88 9.90 0.17
6 2354 3739 3616 - - - 3677 3744  Fifth branch 10.74 10.75 0.08
Table 4 simulation of faults 1 and 2 with different fault inception angles
Results of fault location when the fault resistance is 15 Q. are summarized. The maximum error for these conditions is 0.55%.
Fault  First component’s DF Estimated fault Error
no. frequency in V, (Hz) (Hz)  location (km) (%) load L
1 2390 4121 979 033 3.5. Effect of load variations
2 2558 6466  3.85 0.83 ) ) ) o
3 2497 5630  6.815 0.13 To investigate the performance of the proposed algorithm in sit-
4 2497 5390  7.34 0.58 uation of load variations, load impedance for each branch is chan-
5 2380 4073 988 0.67 ged by 30%. Table 6 shows results of simulations using the
6 2362 3731  10.65 0.83 .
proposed algorithm.
The presented results in Tables 2-6 are obtained based on the
recorded data in database for simulation faults located with step
Table 5 distance of 1 km on the main feeder and 0.5 km on the branches.
able . . .
Fault location results for different fault inception angles. ObVIOUSIy’ reducmg these dlSt,ance steps would result to better
accuracy of the proposed algorithm.
Fault  Fault First component’s Estimated fault Error
no. inception frequency in V, (Hz) location (km) (%)
angle (°) 3.6. Comparing the proposed method accuracy to recent presented
1 90 2403 9.78 0.25 methods
45 2402 9.76 0.08
30 2402 982 055 In order to demonstrate the accuracy of the proposed fault loca-
2 90 2567 3.78 0.25 tion method, some of presented papers in this topic are examined
45 2590 3.69 0.50 . . .
30 3585 3.81 0.48 in respect to the claimed percentage of error. The maximum re-
ported errors are 2.76% in [2], 7.3% in [3], 10.97% in [4], 1.58% in
[5],3.17% in [9], and 10.65% in [13]. However, the maximum error
Table 6 in the proposed method is kept below 1%. Comparing the reported
able .
Results of fault location in case of 30% load variations. errors and that of the Pmpqsed method, l,t can be COHC]Ud.ed t.hat
the presented method in this paper has high accuracy, which is a
Fault  First component’s DF Estimated fault Error salient advantage of the proposed method.
no. frequency in V, (Hz) (Hz)  location (km) (%)
1 2393 4117 979 033
2 2563 6461  3.83 0.67 4. Conclusion
3 2489 5639  6.78 0.17
4 2490 5398  7.36 0.75 . e .
5 2375 4076 987 0.25 A new technique for fault location in distribution systems is
6 2344 3748 10.86 0.92 proposed based on the frequency spectrum components of fault-

frequency components attenuates. As the proposed algorithm is
developed based on the frequency, not based on the amplitude,
changes in amplitude of frequency component do not affect perfor-
mance of the proposed algorithm considerably. Results for six SLG
faults in the previous section with fault resistance of 15 Q which
are shown in Table 4, confirm this fact. The maximum percentage
of error in these conditions is 0.83%.

3.4. Effect of fault inception angle

Because proposed algorithm works based on the frequency
components of traveling waves, changes in voltage angle, which
lead to frequency spectrum amplitude changes, have no consider-
able effect on the algorithm performance. In Table 5 the results of

generated traveling waves. In the proposed method, by construct-
ing an offline database and comparing the obtained data from
analyzing the fault generated voltage with the data gathered in
the database, it can determine the section and the distance of fault
accurately. It is worth noting that the proposed method does not
need any data from the additional equipments in the distribution
system and just use from voltage signal at the beginning of the fee-
der. Additionally, using voltage signal has some advantages over
current one. Using the current signals may be associated with a de-
crease in fault locating accuracy level caused by existence of signif-
icant DC component and saturation of current transformer (CT).
Simplicity and possibility of improving the accuracy of the results
by extending the offline database are the main advantages of the
proposed method. Performance of the proposed algorithm is eval-
uated by simulation of various types of faults on a sample distribu-
tion system with several branches. Analyzing various fault types
under different conditions such as load variations, fault inception
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angle and fault resistance confirms the high accuracy of the pro-
posed method.
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