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Abstract:- Fault is a regular incidence on distribution
power system because distribution lines are always
exposed to the environment with high probability of fault
occurrence which when it happens, can cause hazardous
conditions, equipment failures, power instability, huge
financial loss and other forms of setback. In order to avoid
these setbacks, it is necessary to detect and locate the fault
on the network as fast as possible so as to prevent power
system damages and reduce system downtime. This
research study designed a smart fault location system
model that detected and located ground faults at the point
of occurrence using a developed 33 kV Ubulu-Uku radial
distribution system as a test feeder and then formulated
fault location equations which resulted into one single
equation for all ground fault types on the network. The
designed algorithm was evaluated on MATLAB 2023a
environment using different line impedances of 0.01 €,
0.15 ©, 0.35 @, 0.50 2, and 0.65 © which produced
various ground faults located along path 6 section 17, path
8 section 21, path 8 section 21, path 4 section 12 and path
8 section 21 with distance of fault from the main
substation obtained at 3.51 km, 3.93 km, 4.03 km, 4.81
km, and 4.21 km. The results presented show
performance of the designed algorithm and can be
encouraged for practical implementation with promising
result which will achieve some benefits like precise fault
location information analysis, reduce the overall response
time spent by maintenance crew to locate fault and reduce
cost of operational maintenance and supply interruptions.

Keywords:- Faults, Distribution Network, Fault Location,
Impedance-Based Method.

I INTRODUCTION

Faults refer to any abnormal conditions or malfunctions
in the distribution system that can disrupt the flow of
electricity. It results in the deviation of voltages and current
from normal values or state which allows excessively high
current to flow and causes damage to equipment and devices
[1]. Faults are classified as series faults and shunt faults, with
shunt fault affecting distribution system frequently and
severely, occurring as a result of the uneven linking of a lower
impedance between two points with different potentials and
are characterized by increase in current, and fall in both
voltages and frequency [2]. The distribution system, as part
of the electrical power system network, connects the bulk
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sources to the customer’s sources using overhead distribution
lines allowing the lines to be exposed to environmental
disturbances. Faults on distribution system can take various
forms and can be caused by factors like equipment failures,
weather events, physical damage to power lines such as
accidents, vandalism or other issues [3]. It occurs as a result
of failure of insulation between overhead conductors or
between phase conductors with ground or both and it is
evaluated that 80% of customer’s disturbances arise due to
the impact of faults in distribution system [4] and [5]. In three
phase power distribution system, shunt faults are categorized
into two (2) groups which are ground fault and phase fault

[4].

When faults occur on distribution line, the nature of the
fault must be determined and eliminated and this process can
be accelerated if fault location can be either determined
quickly or estimated with reasonable accuracy so as to
improve system and service reliability. Moreover, as the size
and complexity of power system grows, the probability of
fault occurrence becomes very high making it necessary to
recognize and locate such faults as soon as it occurs using
faster and more reliable accurate system [6]. An accurate
estimation of fault location in distribution system, at most
times, presents a huge and challenging task which are mostly
due to the topology and distance covered by the distribution
network, inadequate comprehensive real-time monitoring
devices, use of obsolete equipment and failure of overhead
wire joints and connections [7]. In some local areas in Nigeria
today, the fault location techniques associated with
distribution networks is still based on receiving trouble calls
from the affected customers, visual inspections, and field
assessment method [8]. To overcome these challenges, the
use of remote monitoring technology and fault location
algorithm need to be employed for fault detection and
location on distribution networks [9] using various suitable
fault location methods.

Various fault location methods, such as travelling wave
method, intelligence-based method, and State estimation
method exist [6] and a lot of research work have been carried
out on related literature on fault location. In [9-11], the use of
special properties of travelling wavelet transforms to
differentiate between faults occurring along different laterals
was presented but was focused on high voltage transmission
line with the use of discrete wavelet transform. This method
is mostly suitable for high voltage transmission lines and very
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long distribution networks but characterized by decreased
accuracy for network with smaller distances. In [12], the use
of high frequency components of currents and voltage was
presented using the generated harmonics from the
instantaneous values of phase current and voltage from the
two node ends of overhead power lines during short circuit to
determine and detect the relative value of the distance from
the main substation to the short circuit location and locate
faults in an automated distribution network. [13] also
presented a similar technique were harmonic distortion
waveform generated from voltage and current components
was used to determine the location and distance of fault. The
drawback of this method is that the harmonics generated from
the current and voltage were not filtered to reduce the effect
of noise and undesirable harmonic components thereby
affecting the accuracy of the fault location with considerable
error in its desired distance estimation. An algorithm was
designed to detect, identify and locate fault in inhomogeneous
radial distribution having limited laterals by [14] using one
terminal end and also by [15] using two terminal ends through
the use of generated signals of voltage and current. The
limitation was that the method did not consider a distribution
network with many laterals and sub-laterals. Also, the use of
voltage sag pattern in locating fault was researched into by
[16] with the use of phasor angle of faulted sections. This
method was used for large distribution lines of distance not
less than 70km (> 70 km) with multiple measurements
making it unsuitable for distribution system with smaller
distances and real-time limited measurement values thereby
reducing its accuracy in locating fault. Intelligence-based
methods such as Artificial Neural Network (ANN) by [7],
Genetic Algorithm by [17] and Hybrid classifier method by
[18] as proposed in their research were used to detect and
recognize fault which was simulated on various software
program such as MATLAB, and Electromagnetic Transient
Program (EMTP). These methods, which were used to
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analyze, detect and locate faults on active distribution
networks, made use of large information and data obtained
from past fault records of the network but its major drawback
is that it needs to be trained and retrained at any circumstance
of the network which increases complexity of the method,
and for distribution network with smaller distances and
limited real-time measurement, the method may not give
accurate result because the more the data obtained and
trained, the higher the level of accuracy. [19] proposed
algorithm which was developed to determine fault location
using deviations from pre-fault and post-fault voltage and
current using Electromagnetic Transient Program (EMTP)
for simulation and analysis with focus on the secondary (low
voltage side) distribution network. [6] also developed an
algorithm which was implemented on a Smart Feeder Meter
to locate fault using its equivalent load impedance which was
simulated on MATLAB. The method is not cost-effective
because it requires Smart Feeders Meters (SFM) to be
installed at every distribution substation point on the network.
However, impedance-based method of estimating fault
location and distance was utilized because it does not require
high resolution measurement which is a main advantage of
the method and it does not require specialized equipment in
its analysis but make use of standard voltage, current and line
impedance measurements that are readily available, thus
making it cost effective and practicable.

1. MATHEMATICAL MODEL DEVELOPMENT

In order to determine the location and distance of fault
from the substation, there is need to develop a mathematical
equation which will make use of voltage, current and
impedance measured from the main substation. A distribution
line can be represented by a line model section as seen in
Figure (1)
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Fig 1: Three-Phase Exact Line Segment Model [20]

Using Kirchoff’s voltage and current laws, the general
equation defining the output node m and input node n voltage
and current are given in Equation (1) expressed in matrix
form
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Where
a= d = I + 0.5 x2 Zabc Yabc (2)
b =X Zabc (3)
C=Xx Yabc +0.25 x3 Yabc Zabc Yabc (4)
Where

I is the third order identity matrix, Z,,, is the line series
impedance in (Q/km), Y, is the shunt admittance in (Q~1/
km), and x is the length of the line section in (m).

For a fault located in x kilometer from the beginning of
the line, the fault voltage V¢ can be written from Equation (1)
and expressed as seen in Equations (5).

Ve =dy Vo — by Iy ®)
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Fault that occurs on distribution line exist in two major
forms; ground fault and line fault. Fault location and distance
for ground faults can be determined through the development
of a mathematical model.

Ground fault in distribution system occurs when an
unintended electrical connection is made between an
energized conductor and the earth or ground [1]. This can
happen as a result of insulation breakdown, equipment failure
or accidental contact with a conductive surface. It is
potentially dangerous as it can lead to electrical shock,
equipment damage and even fire [21]. It can present itself as
single line — to -ground (SLG), double line — to — ground
(DLG) and three phase — to — ground faults.

Considering Figure (2) which presents the most general
ground fault.

Va Vi

T.”

Fig 2: Distribution Line Subjected to Ground Fault [20]

The voltage and current relation at the fault point for this model is given by Equation (6)

Via|  [Zra + Zsg Ztg Zrg Igq
Zpp +Zyg Zrg Igp
Zse + Zsg || e

Vin|=| Zsg
Vee Zsg Ztg

Where

Vi abe) IS the fault point voltage at phase a, b, ¢ (in volt),
It abe) is the fault current on phase a, b, ¢ (in amps), and Za p c-
¢ 1s fault impedance at phase a, b, ¢ and ground (in ohms).

ka 'Ifk + ng ) Ifk = 0.5x%- Zape " Yape Vnk — X Zapc* Ink
where
Zaa Zab Zac Yaa yab yac V"a
My =\Zpa Zob Zpc|" |Yoa Yoo Yoc|®|Ynp
an Zcb ch Yca ch ch Vnc
Zaa Zap Zac I"a
Ny =1Zpa Zpp Zpc|* Inb
an Zcb ch Inc
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From Equation (6), it will be seen that only the faulted
phase has fault current that is non-zero (I+ # 0). Replacing
Equation (6) into Equation (5), each faulted phase can be
written as seen in Equation (7)

k=0.5x2'Mk—X'Nk+V;lk (7)
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When expanding Equation (7), it will result in n
equations existing in their complex form where n represents
the total number of faulted phases and by conducting

x? [0-5 Zkeﬂk{Mk : Ifk}] - x[Zker{Nk : I;k}] + [Zkeﬂk{Vnk

Equation (10) becomes the Generalized Ground Fault
Location Equation (GFLE) which is used to estimate the
possible fault distance equation by using the 3-phase voltages
and current measured at the substation, the line parameters
and also the fault current. These variables are used to
calculate the coefficients M and N in Equation (10)
considering its computations obtained from Equations (8) and
(9). The fault location equation expressed in Equation (10) is
a second-order quadratic equation used in obtaining the
equation of fault distance x within a known faulty section.
Equation (10) can be further simplified and expressed as seen
in Equation (11)
axt+ax+a,=0 (11)

The fault distance, x, within a known faulty section,
whose simplified equation is expressed in Equation (11) is
obtained using Equation (12);

—ai+ya;2—4aza

" a; >0
x = 2 12
R 12
2ay 1
Where

Where ap, is a constant while a1, and oo, are the
coefficients of x and x2 respectively
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algebraic operations involving complex algebra, the fault
location equation for ground fault can finally be written as
expressed in Equation (11)
0 (10)
The evaluation of the physically correct fault distance
requires obtaining the fault distance of the fault point from
the main substation. This is possible because all the sections
in the radial distribution network are unique with their line
parameters and having different distances. Having
determined the fault point within a faulty section, the fault
distance (Fq) from the main substation can be determined as
expressed in Equation (14).

F,=D+x (14)

Where

Fq is the fault distance from the main substation, D is
the route length to the sending-end node of the faulty section,
x is the fault distance within the faulty section.

. IMPEDANCE-BASED METHOD

The methodology for this research study involved the
use of a 22-node, 33 kV Ubulu-Uku radial distribution feeder
in Ogwashi-Uku region of Delta State, Nigeria as a test feeder
as seen in Figure 3. The entire feeder network in Figure 3,
with a total length of 34.12 km with 6 main laterals, and a yet-
to-be energized substation point for a possibility of future
expansion, was sectionalized into 21 sections and 8 power
flow paths. The line length in each section, sections that made
up each path and their corresponding route length are
presented in Tables 1, 2 and Figure 4.
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Fig 3: One-Line Diagram of Ubulu — Uku Distribution Feeder Network
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Table 1: Network’s Sectional Span

Sections Bus Distance Sections Bus Distance
From To D (km) From To D (km)
1 1 2 0.65 12 17 18 0.85
2 2 8 0.35 13 17 19 2.50
3 8 9 0.75 14 19 20 0.70
4 1 3 1.60 15 4 5 0.85
5 3 10 1.05 16 5 13 0.77
6 3 11 0.65 17 13 14 0.35
7 11 12 0.85 18 5 6 1.10
8 3 4 0.25 19 6 21 0.45
9 4 15 0.50 20 21 22 0.80
10 15 16 0.60 21 6 7 1.20
11 16 17 1.40
Table 2: Different Sections in Each Power Flow Path
Path Sections
P1 Sectionl Section2 Section3
P2 Section4 Section5
P3 Section4 Section6 Section7
P4 Section4 Section8 Section9 Section10 Section11 Section12
P5 Section4 Section8 Section9 Section10 Section11 Section13 Section14
P6 Section4 Section8 Section15 Section16 Sectionl7
P7 Section4 Section8 Section15 Section18 Section19 Section20
P8 Section4 Section8 Section15 Section18 Section21 |
P8 5
P7 5.05
P6 3.82
=
& BS 7.55
8
=
P4 5.2
&
P3 3.1
} .
P2 2.65
|
P1 1.75
I
1 3 4 5 6 7 8
Route Lenght (KM)

Fig 4: Route Length from the Injection Station

» Fault Detection and Classification

Fault detection is an important step in the fault location
procedure and the task include the creation of fault
classification index, FI, which is used as the indicator and the
design of a decision rule to detect and classify the faulty type
[14]. The magnitude of the phase impedance a, b, ¢, the
average magnitude of phase impedance Za, and the

IJISRT24APR2483
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normalized phase impedance Z, were obtained as expressed
in Equations (17), (18) and (19)

Va 1%

Zo= 15 Z,,:I—:; Ze= (15)
Za+Zp+Zc

Zy= =7 (16)
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Zq
Za

Zc

Z
N Za

. _ |4n]. —
D Zy, = |Z’ Zyg =

17

A =
Similarly, the normalized phase current was also be

obtained by applying Equations 21.

Ig+Ip+Ic

Iy = —— (18)

3

Ie

Ia

Ia

I

(19)

Iy, =

1
X INB = |i|, INC =
Where Vap.c is Voltage phasor quantities in phase a, b,
C, lapc, IS current phasor quantities in phase a, b, ¢, Zap,, iS
phase impedances in phase a, b, ¢, Znap iS the normalized
impedances of phase a, b, ¢, and Inapc is the normalized
currents of phase a, b, c.

As a result of these, fault classification index, FI, was
formulated corresponding to the fault type as expressed in
Equations (20) to (26)

Flog=(1-2y,)+ 2y, +Zy, (20)
Flyg=(1-2Zy,) + 2y, + Zy, (21)
Fl.g=(1—-2y,)+ Zy, + Zy, (22)
Flapg =(1—2Zy,)+ (1= Zy,) + Zy, (23)
Floeeg = (1= 2Zy,)+ (1 —2Zy,) + Zy, (24)
Flpeeg = (1= Zy,) + (1 = Zy,) + Zy, (25)
Flopeg = (1= 2Zy,) + (1 — Zy,) + (1 - Zy) (26)

UISRT24APR2483
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As aresult of these, the fault classification index, Fl, and
decision rule was formulated with the following
classifications;

o IfFl <3and|lapc| < Iy, distribution feeder is normal

o If FI > 3, the fault is seen as a single line-to- ground fault
or double line-to-ground fault

o IfFI<3and|lapc]|> In, the fa+ult is seen as a three
phase-to- ground fault

» Fault Location Algorithm

A step-by-step fault location algorithm, which accounts
for both laterals and sub-lateral distribution system, was
designed to locate faults and fault distance in radial
distribution system and is presented as flowchart in Figure 5.

> Fault Distance Error

The percentage error of the fault distance was obtained
as the ratio of the difference between the estimated distance
and the simulated distance expressed as percentage of the
total length of the feeder as seen in Equation (29).

dest—dgi
est S'lm X 100
length of main feeder

29

% error =

Where

dest is the estimated line distance obtained from the main
substation to the mid-point of the faulty line section; and

dsim is the MATLAB simulated line distance from the
main substation to the faulty point of the faulty line section.
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Fig 5: Developed Flowchart of Ground Fault Location
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V. RESULTS AND DISCUSSIONS

The results presented in this study were obtained having
evaluated the designed algorithrm on MATLAB 2023a
environment with the real-time line and load parameters of
the 22-node 33 kV Ubulu-Uku distribution feeder which was
used as the test feeder. These results were obtained by varying
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the values of the line impedance across each of the 21 sections
that made up the distribution feeder. The various values of the
line impedance used for the test feeder were 0.01€Q2, 0.15Q,
0.35Q, 0.50Q2 and 0.65Q), with a total of 315 fault cases and
each of them produced different fault magnitude both in
ground fault and phase fault. The fault magnitude for each of
the 21 sections are presented from Figures 6 to 10.

1.6

14

0.8

FAULT MAGNITUDE

=—4=SLG DLG 3PG

1.46

ﬁ 119

1.32

1 2 5 6 7

0.6 /
o7 /\/\_\/—\/\/\ /

|
18 19 20 21

NETWORK SECTIONS

12 13 14 15 16 17

Fig 6: Fault Magnitudes when Z = 0.01 Q
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Fig 7: Fault Magnitude when Z =0.15 Q
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Fig 8: Fault Magnitude when Z = 0.35 Q
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Fig 9: Fault Magnitude when Z = 0.50 Q
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Fig 10: Fault Magnitude when Z = 0.65 Q
When the line impedance Z, was reduced to 0.01 Q, it 0.04 km, while the distance of the fault point from the main
produced a double line-to-ground fault in Section 17 along substation was found to be 3.51 km. This is presented in the
Path 6 with a fault magnitude of 1.46. The distance of the graph and fault analysis display in Figures 11 and 12.
fault point from the start of the faulty section was found to be
——SLG —l—DLG 3IPG
1.6
1.4 1.46
1.19

FAULT MAGNITUDE
o
(o]

= -
~

o] LA
SECTION 4 SECTION 8§ SECTION 15 SECTION 16 SEGTION 17

Fig 11: Fault Magnitudes in Faulty Path 6
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Command Window

>> Fault &Anaiysis Displavw

Faulcty Section:

distance of fault: =
Fault distance: FAa
Cpexrational Statcus:

e = |

>z

Section 17:

Sectional Span: S = 0O0.3Skm
Route ILenght: Pe = 3.8Z2Zkm
Fault current: TEf = 0O0.999S17A
Faunlt voltage: VE = 1 .3128WV

O . 038959 KkKm
S.50%9km frxrom the Main SS
Doulble i1ine—Cto—grxround fauitc

Blkvwwua SS to Ugbkbah SS

Fig 12: Fault Analysis Display for Faulty Section 17 in path 6

When the line impedance Z_ was increased to 0.15 Q, it
produced a three phase-to-ground fault in Section 21 along
Path 8 with a fault magnitude of 1.17. Within the faulty
section, the distance of the fault point from the start of the

section was found to be 0.13 km while the distance of the fault
point from the main substation was found to be 3.93 km. This
is presented in the graph and fault analysis display in Figures
13 and 14.
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FAULT MAGNITUDE

— SLG =l DL G IPG
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0 e— e

SECTION 4 SECTION 8

SECTION 13

SECTION 18 SECTION 21
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Fig 13: Fault Magnitude in Path 8

Command Window

>> Fault_Analysis Display

Faulty Section: Section 21:

Sectional Span: S = 1.Z2km

Route Lenght: P8 = S5km

Fault current: If = 0.71963A
Fault wvoltage: VE = 1.3639V
distance of fault: x = 0.13226km
Fault distance: Fd =

Cperational Status:

Fe >> |

Abuedo Phase 1 5SS to Abuedo Phase 2 5SS

3.9323km from the Main S5
Three Phase-to—ground fault

Fig 14: Fault Analysis Display for Faulty Section 21 in Path 8

A further increase in the line impedance Z, from 0.15 Q
to 0.35 Q produced a three phase-to ground fault also in
Section 21 along Path 8 with a reduced fault magnitude of
1.04. The distance of the fault point from the start of the faulty

UISRT24APR2483
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section was found to be 0.23 km while the distance from the
fault point to the main substation was found to be 4.03 km
This is presented in the graph and fault analysis display in
Figures 15 and 16.
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Fig 15: Fault Magnitude in Path 8
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Abuedo Phase 1 S5 to Abuedo Phase 2

Faulty Section: Section 21:
Sectional Span: S = 1.Z2km

Route Lenght: P8 = Skm

Fault current: If = 0.62834A4
Fault wvoltage: VI = 1.562V
distance of fault: x = 0.22996km

4.03km from the Main SS
Three Phase-to—ground fault

55

Fig 16: Fault Analysis Display for Faulty Section 21 in Path 8

When the line impedance Z, was increased from 0.35 Q
to 0.5 Q, it produced a three phase-to-ground fault in Section
12 along Path 4 with a reduced fault magnitude of 0.87 with

the distance of the fault point to the start of the section being
0.46 km and 4.81 km from the main substation. The graph
and fault analysis display are presented in Figures 17 and 18.

—+—SLG DLG 3PG
1
0.87
0.8
o7
E
205 0.55
=
EOA
=
0.2
o —
SECTION 4 SECTION 8 SECTION & SECTION 10 SECTION 11 SECTION 12
NETWORK SECTIONS

Fig 17: Fault Magnitude in Path 4
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Command Window

>> Fault Analysis Display
Section 12:
Sectional Span: S = 0.85km
Route Lenght: P4 = 5.2km
Fault current: ITf 0.50844n
Fault wvoltage: VE = 1.9374V

Faulty Section:

OCperational Status:

fx >> |

Isho Phase 1 SS to Isho Phase 2 5SS

distance of fault: x = 0.4580%km
Fault distance: Fd = 4.8081km from the Main SS
Three Phase—-to—-ground fault

Fig 18: Fault Analysis Display for Faulty Section 12 in Path 4

When the line impedance Z, was increased from 0.50 Q
t0 0.65 Q, it produced a three phase-to-ground fault in Section
21 along Path 8 with a reduced fault magnitude of 0.87. The

found to be 0.41 km and 4.21 km from the main substation.
The graph and fault analysis display are presented in Figures
19 and 20.

distance of the fault point from the start of the section was
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Fig 19: Fault Magnitude in Path 7

Command Window

>> Fault Analysis Display
Faulty Section: Section 21: Abuedo Phase 1 S5 to Abuedo Phase 2 5SS
Sectional Span: S = 1.Z2km
Route Lenght: P8 = S5km
Fault current: If 0.527%A
Fault wvoltage: VE = 1.8592V
distance of fault: x = 0.41106km
Fault distance: Fd = 4.2111km from the Main S5
Cperational Status: Three Phase-to-ground fault
7l ss |

Fig 20: Fault Analysis Display for Faulty Section 19 in Path 7

The percentage error of fault distance for the analyzed fault distance analysis from the main substation to the mid-point of each
of the faulty path is presented in Table 3.
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Table 3: Percentage Error of Analyzed Fault Distances

. Estimated Simulated Difference Percentage

Path Section Distance (km) Distance (km) 1d] (km) Error (%)
6 17 3.645 3.509 0.136 0.40
8 21 4.400 3.932 0.468 1.37
8 21 4.400 4.030 0.370 1.08
4 12 4,770 4.808 0.038 0.11
8 21 4.400 4211 0.189 0.55

The average percentage error for the simulated fault distances across the 21 sections for types of ground fault is presented in
Figure 21.
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Fig 21: Percentage Error of Fault Distances
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