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Abstract: This paper proposes a novel fault location method for
active distribution networks. The voltage and current phasor
measurements at each terminal of the network are typically required.
The overall model of the active distribution network with fault is
established with the distribution line model of each section. The
three phase matrix representation of physical laws of the distribution
line is utilized to consider the asymmetrical distribution circuit.
Moreover, the line shunt admittance can be considered in the
proposed method to obtain more accurate fault location results. The
proposed fault location algorithm first identifies the faulted line
section and afterwards adopts state estimation method to identify the
fault location. The benefits of considering line shunt admittances
are also discussed. Numerical experiments verify that the proposed
method can work for the unbalanced distribution system and
asymmetrical lines. It is also shown that the consideration of line
shunt admittances yields better fault location results.
Key words: Active distribution network, systematic network model,
line shunt admittance, unbalanced system, state estimation
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I. INTRODUCTION

fault location is of vital significance for safety,
reliable and high power quality of the distribution system.
Active distribution networks with distributed generations (DGs)
enable a high penetration of renewables as well as optimized
operation and control of distribution systems. Nevertheless, the
fault location in active distribution networks could be
challenging due to bi-directional power flow and complex fault
characteristics. Owing to the specific topological and
operational characteristics, fault location in distribution
network is often performed through visual inspection and field
investigation [1]. These methods are not feasible for
underground systems and usually require long time to obtain
accurate location results. Existing fault location methods in
distribution system mainly include impedance based and
traveling wave based methods. Moreover, the power quality
monitoring data based and artificial intelligence based methods
are also applied in the distribution system [2].
Specifically，impedance based fault location methods utilize
the proportional relationship between the fault location and the
line impedance (between one terminal of the circuit and the
fault). An impedance based single ended method considering
load characteristic is proposed in [3]. The fault location is
estimated by equating the imaginary part of the fault impedance
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to zero. However, the shunt capacitance of the distribution line
is not considered. This issue is addressed in [4]. The fault
location is obtained by solving the fault location equation.
However, they treat the lines as geometrically symmetrical by
using sequence domain networks. This assumption may
generate fault location errors. Moreover, researchers also
proposed direct circuit analysis based fault location methods in
[5-6]. The matrix inverse lemma is utilized and a quadratic
polynomial with respect to the fault location is derived.
Although this method can work for the unbalanced distribution
system, there will be multiple candidate locations and the
identification among these locations is still challenging. In
addition, the method does not consider line to ground
capacitive currents, which may generate fault location errors.
For the traveling wave based fault location method, the time
difference of the arrival time of traveling wave fronts is utilized
to determine the fault location. For single ended traveling wave
based fault location methods [7], the fault location is
determined via the arrival time of the traveling wave reflections
at the local end of the line and the propagation velocity. For
multi ended traveling wave based fault location methods [8],
the fault location is determined via the first arrival time of the
traveling waves generated by the fault. Traveling wave based
fault location methods in distribution networks could still be
challenging due to the following reasons. First, the traveling
wave propagation could be extreme complicated due to the
existence of large number of branches in the distribution system,
and the calculated electrical distance at the measurement units
may correspond to several fault locations [9]. Second, the
accuracy of this method is dependent on the reliable detection
of wavefronts, which might be problematic during faults with
high impedances or zero inception angles. Third, measurement
devices with high sampling rates are typically required.
To ensure the reliable and stable operation of the distribution
system, distribution automation has been widely applied in
distribution system, including real-time monitoring,
coordination and operation equipment. Therefore, the fault
location methods based on the power quality monitoring data
have been investigated. In [10], the fault indicator is utilized for
the fault location algorithm. In [11], the power line
communication devices are leveraged to achieve location of the
high impedance faults. In [12], the voltage sag characteristic is
used for the fault location via installed power quality meters.
These methods are usually dependent on the installation of
additional measurement devices with specific functions.
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Moreover, the reliable data at all devices should be
appropriately managed for the accurate fault location results.
Artificial intelligence based fault location methods are
emerging in distribution networks. The intelligent fault
diagnosis algorithm is applied to identify the fault location
among multiple candidate locations using current pattern
information of the protective device and interrupted load
information [13]. In [14], the learning algorithm for
multivariable data analysis is utilized to locate faults. The
massive voltage and current waveforms during the fault events
are trained to obtain a set of descriptors. However, the artificial
intelligence based methods require a large amount of
high-quality data which is difficult to acquire.
In this paper, a novel fault location method for active
distribution networks is proposed. Three phase voltage and
current phasor measurements at each terminal of the network
are assumed. The method first establishes an overall model of
the active distribution network with fault, where the location of
the fault is introduced as a state of the system. Afterwards, state
estimation approach is adopted to identify the fault location.
This method can systematically consider the network
configuration, the shunt admittance, and the asymmetry of the
distribution line. The effectiveness of the method is not affected
by system imbalance, varying loads, and different operating
conditions of DGs. The rest of the paper is arranged as follows.
Section II introduces the systematic modeling procedure of the
distribution network. Section III proposes the state estimation
based fault location algorithm. Section IV demonstrates the
numerical simulation results of the proposed method. Section V
draws the conclusion.
II. MODELING OF DISTRIBUTION NETWORK
The overall distribution network model is composed of the
line model of each section. In this section, the line model of
each section with and without considering the shunt admittance
is firstly developed. Afterwards, the systematic modeling
procedure of the overall network is derived.
A. Line model of each section
Assume the terminal three phase voltage measurements at S
end and R end are US and UR respectively, and the terminal
three phase current measurements flowing into S end and R end
are IS and I R respectively. The impedance and admittance
matrices of the per unit length line are Z and Y. The length of
the line section is d and the distance from the fault to the S end
is d1. The equivalent circuits of a distribution line section
(normal operating condition or fault condition; with or without
shunt admittance) are shown in Figure 1. Note that the
following models adopt three phase matrix representation of
physical laws instead of sequence networks, and therefore can
be utilized in asymmetrical distribution circuits.
(1) Normal operating condition model without admittance
From Figure 1(a), the line section can be represented as,



 d   Z





U R Re  US Re  d  Z  Re I L Re  Z  Im I L Im
U R Im  US Im

 Re 

IS

 Re 

Im 

I L Re   Z  Re  I L Im

 Im 

 IL , IS

 Im 

 IL

(1)

where IL is the three phase current flowing through the line
from S end to R end. Superscript (Re) represents real part and
(Im) represents imaginary part of the variable.
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Figure 1. Equivalent circuit of a line section: (a) normal operating
condition without admittance; (b) normal operating condition
with admittance; (c) fault condition without admittance; (d) fault
condition with admittance

(2) Normal operating condition model with admittance
From Figure 1(b), the line can be represented as,
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where the definitions are the same as the model in (1).
(3) Fault condition model without admittance
From Figure 1(c), the line can be represented as,


 d  Z


 U

U S  Re   d1  Z  Re I Ls Re  Z  Im I Ls Im  U fRe 
US

 Im 

1

Im 

I Ls

 Re 


 d  d   Z

Z

 Re 

I Ls

 Im 

f

Im 


  U

U R Re   d  d1   Z  Re I Lr Re  Z  Im  I Lr Im   U fRe 
UR

 Im 

 Re 

IS

1

 Re 

 Im 

 ILs ，
IS

Im 

I Lr

 Im 

 Re 
 Re 

 ILs , I R

Z

 Re 

I Lr

 Re 

 Im 

 Im 

 I Lr ，
IR

f

(3)

Im 

 Im 

 I Lr

where I Ls is the three phase current flowing through S end to
fault location, and I Lr is the three phase current flowing
through R end to fault location. U f is the voltage at the fault
location.
(4) Fault condition model with admittance
From Figure 1(d), the line can be represented as,
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where the definitions are the same as the model in (3).
B. Systematic Modeling procedure for the overall network
According to equations (1-4), the model of the network can
be generated using following systematic methodology:
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Step 1:
Step 2:

Write the model of each line section.
Add the Kirchhoff’s Current Law (KCL) at nodes
connecting different sections.
Consider the same voltages at nodes connecting
different sections.

Step 3:
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III. STATE ESTIMATION BASED FAULT LOCATION METHOD
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Figure 2. An example active distribution network

Next, the overall model of an example distribution network
shown in Figure 2. It describes all the physical laws that the
network should obey and is represented as the following
general form,
(5)
z  f  x
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Function f is a set of algebraic equations, which contains the
model of each section, KCLs at nodes connection different
sections and actual measured state value. Detailed physical
meaning of the function f is shown in Table 1.
Table 1 Physical meaning of the network model

Row index

Note that the overall line model of each section in equation (5)
can be classified into two types: the overall model without
shunt admittance and the overall model with shunt admittance.
The overall model without shunt admittance utilizes equations
(1) and (3) for the model of each section. By contrast, the
overall model with shunt admittance utilizes equations (2) and
(4) for the model of each section.

Physical meaning
Normal operation line model of Line
1 to 108
L1 to L9
Normal operation line model of Line
109 to 156
L10 and L12 to L14
157 to 180
Line with fault model of Line L11
181 to 198
KCLs at node 10 to node 15
199 to 252
Actual measured state value
z is the measurement vector, including actual measurements
zactual , virtual zero measurements 0 and actual measured state
values. Actual measurements include real and imaginary parts
of voltage measurements at end M1~M9 and current
measurements flowing into end M1~M9. Virtual zero
measurements represent the quantities from the physical laws
of the line without terminal measurements, such as KVLs of the
line L11 or KCLs at the node 11. Actual state values include the
real part and imaginary part of the terminal voltages. The state
vector includes: real and imaginary parts of voltages at ends
M1~M9 and nodes 10~15, real and imaginary parts of currents
flowing into the terminals through L1~L9, real and imaginary
parts of currents flowing from node 10 to 11, 11 to 13, 12 to 11,
13 to 11, 14 to 13, 15 to 14; real and imaginary parts of voltages
at the fault location, and the distance between node 11 and the
fault location.

The proposed fault location method contains two steps. The
first step is to identify the line section with fault. The second
step is to find the exact location of the fault.
A. Faulted line identification
The main idea of faulted line identification is to check
whether the line obeys the physical laws of the line model
during normal operating conditions. Here we assume that the
network is only with one fault. Specifically, the faulted line
identification procedure contains the following steps:
Step (a) Initialization of normal nodes
Set all terminal nodes (eg. terminal M1 to M9) to be “normal
nodes”. The meaning of normal nodes is that the given (or
calculated) voltages at this node and currents flowing out of this
node should be consistent with the actual voltages and currents
of this node in the distribution network.
Step (b) Searching of questionable nodes
Calculate the voltages at next nodes and currents flowing
into the next nodes from all normal nodes (with known voltages
and currents) using normal operating condition model of the
line sections. The node can be considered as a questionable
node when two of the calculated voltages at this node are not
consistent (with the absolute difference exceeding a certain
user-defined threshold). In this case, the line section which
leads to a different voltage compared to the results from other
line sections (at least two other line sections) is considered as
the line with fault. Then, the faulted line identification is paused.
The node can be considered as a normal node when the
calculated N-1 section at this node are approximately equal
(where N is the number of line sections connecting to any node,
at least 3). In this case, the (N-1) currents flowing into this node
can also be calculated. Therefore, from KCLs of this node, the
current flowing into the last line section connecting to this node
can also be calculated (if necessary). This current will be
utilized in the next iteration. Step (b) will be repeated until all
nodes are checked.
For Figure 2, the fault occurs in line section L11. In the first
iteration, node 10 will be considered as a normal node, since the
voltages at node 10 calculated from M1, M2 and M3 are the
same. In the second iteration, since the voltage at node 10 and
the current flowing from node 10 to node 11 have been
calculated in the last iteration (as this current can be calculated
from the KCLs at node 10), the voltage at node 11 can also be
calculated. After several iterations, one can find that the
voltages at node 13 are not consistent: the voltage calculated
through line section L11 (using voltages and currents from
node 11) is not consistent with voltages calculated through the
other two line sections L13 and L6. Therefore, the faulted line
section is determined as L11.
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B. Fault location algorithm
The overall line model in (5) can be generated with known
faulted section. The state estimation algorithm is applied to
solve the state vector x in (5), i.e., the fault location. Here the
weighted least square method is utilized, that is,

min J   f  x   z  W  f  x   z 
T

where W  diag{1  1 

 i  i  1, 2,

2
1

2
2

(6)

} is the weight matrix and

 is the standard deviation of the ith measurement.

result at the first 1.665 cycles is due to the transients of the
system and inaccuracy of phasor representation of the system
during transients. The results could be improved if advanced
phasor calculation method (eg. with DC offset removal) is
applied instead of IEEE C37.118 standard. However, this result
is acceptable in practice especially for distribution networks.
With the faulted line identification result, fault location can be
obtained via the next step.

The estimated state vector x̂ is given by the following
Newton’s iterative method until convergence:



x n 1  x n   H T WH  H T W f  x n   z
1



(7)

where the Jacobian matrix is H  f  x  x x  xn .
IV. SIMULATION RESULTS
The proposed fault location method is verified via the
example active distribution network, as shown in Figure 1.
Rated voltage and capacity of this system are 35kV and
10MVA respectively. Three phase sources S1, S2 and S3 are
connected to the active distribution network, with source S1 as
the main power grid and source S2 and source S3 as DGs. The
rated frequency of this system is 50 Hz. The length of the lines
L1~L14 are: 10, 9, 8, 11, 12, 10, 9, 8, 8, 10, 20, 10, 10 and 8 km
respectively. The distribution system works with the
unbalanced condition and the distribution lines are asymmetry.
The voltage and current phasor measurements are installed at
terminal M1~M9. The phasors are calculated according to
IEEE C37.118 standard (the sampling rate of the raw data is 80
samples per cycle). The distribution lines are simulated using
the Bergeron line model in PSCAD/EMTDC.
In order to verify the performance of the proposed fault
location method, numerous fault events with different fault
locations, fault types and fault impedances are simulated. Due
to space limitations, four groups of events with different fault
types are studied, including phase A to ground faults, phase B
to C faults, phase B and phase C to ground faults and
three-phase faults. Four groups of events with different fault
impedances are studied, including 2 ohm, 5 ohm, 8 ohm and 20
ohm. The user-defined threshold for the faulted line
identification is 0.4 kV. Detailed results of faulted line
identification and fault location are shown as follows. The
absolute error of the fault location is defined as,
Estimated location-Actual location
Abs error  %  =
100%
Length of the line L11

(8)

A. Faulted line identification
Here a phase A to ground fault is taken as an example. A
phase A to ground fault occurs at time 0.3s and 15 km away
from the node 11 of the line L11 with 0.01ohm fault impedance.
The detailed performance of faulted line identification is
depicted in Figure 3. The line index 1-14 represents line L1 to
line L14.
From Figure 3, the identification result varies during 0.3s to
0.333s and converged to line L11 at 0.333s. This result shows
that the faulted line identification method is reliable after the
transient period of 1.665 cycles. The varying identification

Figure 3. Faulted line identification result: Phase A to ground
fault at line L11

B. Fault location
The detailed results of the proposed fault location method
with different groups of fault events are demonstrated next.
Note that the overall line model in (5) can be classified into the
overall model without shunt admittance (denoted as method 1)
and the overall model with shunt admittance (denoted as
method 2).
(1) Performance with different fault types

Figure 4. Fault location results of two methods with different fault
types and 0.01ohm fault impedance
Table 2. Summary of the fault location results with different fault
types and 0.01 ohm fault impedance
Fault
type
A-N
B-C
BC-N
ABC

Method
index

1
2
1
2
1
2
1
2

Max absolute
error(%)

1.00
0.63
1.10
0.37
0.90
0.75
1.05
0.62

Average absolute
errors(%)

0.65
0.41
0.82
0.27
0.67
0.59
0.78
0.56
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To further validate the effectiveness of the proposed method,
the events at different fault locations (every 1km, through the
line) with different fault types (phase A to ground fault, phase B
to phase C fault, phase B and phase C to ground fault and
three-phase fault) and 0.01 ohm fault impedance are tested. The
fault location results of two methods are depicted in Figure 4.
The summary of the fault location results of two methods are
shown in Table 2.
(2) Performance with different fault impedances
To further validate the effectiveness of the proposed method,
the events at different fault locations (every 1km, through the
line) with phase A to ground fault and different fault
impedances (2 ohm, 5 ohm, 8 ohm, 20 ohm) are tested. The
fault location results of two methods are depicted in Figure 5.
The summary of the fault location results of two methods are
shown in Table 3.

distribution network with fault is established by combining the
distribution line model of each section. The three phase matrix
representation of physical laws of the distribution line is
utilized. This method can systematically consider the network
configuration, the shunt admittance and the asymmetry of the
distribution line. The fault location algorithm contains two
steps: faulted line section identification and accurate fault
location inside the specific faulted line section. The methods
with and without shunt admittance are verified via the
numerical experiments. The results demonstrate that both two
methods perform relatively well and yield accepted results in
active distribution systems with DGs, with different fault types,
fault impedances, unbalanced distribution systems, and
asymmetrical distribution lines. It is shown that the method
considering shunt admittance can obtain more accurate fault
location results.
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