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Automated fault location plays a key role in improving the reliability of modern power grids—it helps to reduce
the power outage time and the number of affected customers. Earth faults in isolated systems are among
the fault types that are difficult to detect and locate with a reasonable accuracy, and there has therefore
not been a well-established method for detecting and locating such faults in isolated systems. This paper
presents two novel current-based methods for locating earth faults in unearthed closed-ring MV networks. The
methods are based on the utilisation of sequence components of standard current and voltage measurement
at a primary substation and they do not require new devices or measurements in the field. Both methods are
tested with a simulation of a network based on data provided by a Norwegian network operator and their
prediction performances were investigated considering different scenarios on fault resistance, load asymmetry
and measurement errors. Both methods performed well and showed good accuracy. The simulation results are
promising and strengthens the prospect of further testing of the methods in real networks and adoption of the
methods for a real-world implementation.

1. Introduction 1.1. Related work

Several fault location methods for single phase earth faults have
been proposed and studied. The methods often consider a radial op-
eration of the grid and they can be broadly divided into centralised

In modern power systems, self-healing and automation of the grid is
increasingly applied to distribution grid with the objective of perform-

ing automated fault location, isolation and service restoration. These
new applications aim to significantly improve the reliability of the grid
as less time will be needed to locate and resolve the faults in the grid.

Fault indication and location are key functionalities in the self-
healing and automation of the grid. There are many well established
methods for locating most short circuit faults (symmetrical or unsym-
metrical faults). However, among these fault types, there has not been
a commonly accepted, reliable and efficient method for single phase to
earth fault location in ungrounded or compensated networks. Locating
single phase earth faults is crucial as it is the most common fault type
in the distribution network, representing 50 to 90 % of faults in Nordic
countries [1].

* Corresponding author.

and decentralised methods. Centralised methods are mainly based on
measurements at a primary substations while distributed approaches
use measurements along feeders and a communication infrastructure
for collection, coordination and management of these measurements.
Some of the most commonly used centralised approaches are the
impedance based methods which are based on measuring the apparent
impedance seen from either end of a feeder when a fault occurs. Some
works such as [2-6] presented an impedance based fault location meth-
ods for distribution grids. The works in [5,6] presented an impedance
method for ungrounded distribution networks utilising current and
voltage measurements at a primary substation. Where as, the method
in [5], in addition to the voltage and current measurements of MV
primary substations, considered dynamic load models to achieve higher
accuracy. The work in [7] presented earth fault location methods that
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mainly utilise zero sequence voltage and current measurements on
feeders rearranged to ring structure after the occurrence of a fault. It
then calculates the distance to the earth fault from the phase to earth
admittance and distribution of the components of the zero sequence
current. The method apply, however, to radially operated networks.
The main challenge with the impedance based approaches is that the
fault current in isolated and compensated networks is often very small
to allow a satisfactory fault location accuracy.

Another method is the travelling-wave-based method such as in [8-
11] which, theoretically, can give accurate fault location. In this
method, by measuring the transient voltage and current waves and
their reflection and arrival times at either end of the line, the distance
to the fault point can be determined. However, due to the availability of
numerous branches and laterals in distribution network, the reflection
captured at the substation (beginning of the feeder) may come from
other sources in the network (noises and disturbances) and not neces-
sarily only from the fault point [12]. Travelling wave based methods
are often complex and incur high implementation cost as they often
require high sampling rate and sophisticated measurement equipment.
This makes it challenging to apply these methods in real distribution
networks.

Recently, there has been also the use of artificial intelligence based
methods such as [13-19] which use historical data and develop learn-
ing algorithms that can determine fault locations. The work in [18]
presented a fault location method for unearthed distribution network
using Support Vector Machine (SVM) and wavelet technique, however
the method assumes a radial operation and requires closing a switch
to form a ring after the occurrence of a fault. Other works such as
in [17,20] presented a hybrid method combining Discrete Wavelet
Transform (DWT) and artificial neural network (ANN) which only
use line currents available from substations. Although these type of
methods attracted some attention for some time as they often give
fairly accurate performance in simulation studies, the research into this
direction seems to be declining, and it is difficult to find evidence of
real-life implementations [12].

Decentralised fault location methods are realised by the recent
modernisation and automation of the grid with the introduction of
intelligent electronic devices (IEDs), smart meters, fault passage indi-
cators (FPI), etc. equipping secondary substations with monitoring and
communication capability. The utilisation of these components with
a communication infrastructure enabled the distributed fault location.
The fault location is carried out either locally by the IEDs or by higher
level controllers receiving measurements from the IEDs/ICT devices.

Distributed fault location methods in [21,22] used the measure-
ments from smart meters, though it only works for faults with low fault
resistance. Fault passage indicators, supported by advanced sensor and
communication technology are used for locating earth faults in [23,24].
A list of FPIs that has been used in real implementations and field tests
are presented in [25]. The major drawbacks in using FPI based methods
is the dependence on the communication infrastructure and the fact
that they are only capable of identifying the faulted section between
two FPIs.

Some works such as [26,27] used state estimation based methods
where sufficient data is provided to the fault location using recorded
data from a set of measurement points such as AMI, SCADA, or PMUs
that have been used in distribution grids recently. Other works in [28-
31] presented methods to locate earth faults which are solely based on
low voltage measurements from secondary substations of the distribu-
tion grid. A similar approach called ‘Vdip’ is presented in [32], but in
addition to the voltage monitors at LV side of the distribution grid, the
method uses current measurement at the primary MV substation.

Other works such as [33,34] presented decentralised methods that
are based solely on current measurements. These methods specifically
look into the changes in symmetrical components of currents during
fault, assuming that the negative sequence current from the feeding
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substation up to the fault location is relatively higher compared to the
negative sequence current after the fault point.

Recent works such as [35-38] presented decentralised methods to
locate faults in meshed distribution networks with distributed energy
resources (DERs) using information provided by distributed controllers,
Intelligent Electronic Devices (IEDs) and IoT devices such as Directional
Fault Passage Indicators (DFPI). In [39], an earth fault location method
utilising synchronous measurement from PMUs is proposed for an
active distribution grid with DERs. The authors in [37,38], presented
a multi agent system based fault location methods for distribution
systems in the presence of DERs.

Overall, the distributed fault location methods using sensors, IEDs,
FPIs, and IoT devices are becoming increasingly common and they are
especially promising for next generation distribution networks with
ring or meshed operation and high penetration of DERs. However,
compared with other approaches such as the impedance based method,
their implementation is often costly.

1.2. Aim and contribution

A reliable and efficient fault location method has to be simple,
accurate, cost effective, and shall be applicable in different types of
network topologies and configurations. Unlike most short circuit faults
which are relatively easy to detect and locate, locating earth faults
in unearthed systems is challenging. The various fault location meth-
ods presented above had their own strengths and drawbacks. The
impedance based methods being the most simple and cost effective
but highly dependant on estimation of the system parameters while
the distributed method with IEDs and FPIs utilise simple measurements
along feeders but with a relatively complex implementation requiring
field devices and advanced communication capabilities.

This paper aims to propose a simple and cost effective earth fault
location method for isolated systems utilising the readily available
measurements at MV primary substations. Considering the architectural
changes in a futuristic distribution networks, the method exploits the
possibilities arising from a ring operation of MV networks. Closed ring
operation is seldom used in medium voltage networks in Norway so far.
Historically the network is built as pure radials or as open ring network.
Radials and open ring network are easy to monitor and the protective
scheme is simple and straight forward. However, to improve the overall
reliability in the network, ring networks are getting more and more
common. Closed ring operation adds some complexity and may increase
vulnerability, but there are also benefits like lower losses and possibly
improved fault localisation. The paper presents two methods which are
mainly based on sequence components of current measurements and
neutral voltage measurements at a substation. Overall, the aim is to
develop a method that can:

+ locate earth faults with error margin of a few hundred meters.

« deal with different load situations (balanced/unbalanced)

+ deal with various fault resistances

» be less costly and easy to implement (with simple logic using
current and neutral voltage measurements at a substation)

This paper is limited to fault location of single phase to ground faults
considering unearthed MV distribution networks only.

1.3. Organisation of the paper

The paper is organised as follows. Section 2 gives a brief theoretical
background on the methods used for locating single phase to ground
faults using sequence components. Section 3 presents the proposed
methods. In Section 4, a brief description of the system considered for
illustration of the performance of the methods is presented. Section 5
presents and discusses the results obtained from the case study investi-
gation. Lastly, conclusive remarks and future works are summarised in
Section 6.
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Fig. 1. Healthy feeder.

2. Theory
2.1. Sequence currents in a ring topology

2.1.1. Healthy state

The equations describing the flow of currents on a single feeder is
used as the basis for developing a similar set of equations describing the
currents on two ring-connected feeders. Consider the feeder in Fig. 1,
with phase-ground admittances Y, Y + Yy, and Y + Y,. in phases a, b
and ¢, respectively. The feeder supplies a load with load currents T, Las
I L and I L. The phase currents flowing onto the feeder can be derived
from Fig. 1 and are given by (1).

I,=(W,+E)Y+1I,,
L=, +E)Y +Yy)+1,, €Y}
I=W,+E)Y +Y,)+1,,

Transforming the phase currents into symmetrical components [40],
the zero and negative sequence currents on the feeder are given by (2),

- (2)

V = hYyy, + h2Y,,
. - -
L=dp,+h I, +hlp,

have been introduced for more compact notation. The voltage E"a is the
phase-neutral voltage at the transformer terminal of phase a, V, is the
neutral-ground voltage, and h = ¢/120°,

Next, consider instead two feeders, feeders A and B. The phase-
ground admittances of feeder A are Y, Y, + Yy, 4 and Y, + Y, 4 as
illustrated in Fig. 2. Similarly for feeder B, the phase-ground admit-
tances of the three phases are Yp, Yp + Yy, p and Yp + Y, p. If the two
feeders are radially operated, the zero and negative sequence currents
on each feeder can be described by inserting the admittances and load
currents of each feeder into (2). If the two feeders are connected to
form a ring, however, the sequence currents measured on the terminals
of the two feeders are not straight forward to compute. To overcome
this problem, the two ring-connected feeders are treated as a single,
equivalent feeder by defining Y = Y, + Yp, Yy, = Y4 + Yy, 5 and
Y4 = Y4 4+ Yy p to maintain the notation used in (1) and (2), and the
sum of sequence currents on the two feeders are obtained by (2), here
re-written as (3).

ot
"<>

3

1

3y 4 +3lyp=V,¥ +E,
34 +3Lp=V,¥ +E,

I
"<1
+
=
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Fig. 2. Ring operating MV distribution network.
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Fig. 3. Earth fault in phase a on a single feeder.

The approach suggested in this paper is to express the sequence currents
measured on feeder A and B when connected in a ring as fractions of
the sum of sequence currents flowing onto the ring, as described by (4).

3y, =V, Y my+E,
3lpp = VY -mp+EY -np— L ring
3h,=V,Y- qA+EY sa+ Ity + Dping

3hp=V,Y qg+EY -sg+1, 15—

1

Il
"<|
"<>

Thyt IO,ring

1

~<

4

I 2,ring

In (4), all the factors my, mp, ny, ... € [0,1], and my + mp =n, + ng =
g4 +qp =S, +sp =1, +1tp = 1. These factors are used to describe the
general case where each component in the sequence currents may be
distributed differently among the two feeders, as will be the case when
the feeders’ admittances and impedances are not evenly distributed
around the ring. The currents fO,ring and fz,n-,,g are included to account
for any circulating sequence currents which may arise from asymmetry
in the network [41,42]. These currents will be opposite in polarity on
the two feeders, and hence they are not observed when considering the
sum of currents on the two feeders.

2.1.2. Sequence currents during fault

A ground fault is assumed to occur in phase a somewhere on the
feeder in Fig. 3. Eq. (2) is modified to account for the fault current,
and (5) is obtained.

3, =V,Y +E, ¥ + I -
3L=VY+EY+TI, +1p
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Fig. 4. The impedances Z,, and Zg.

Using the same approach to describe the currents measured on each
feeder in the ring as previously, (4) is rewritten as (6).

1

I
=~

3 g+ EY g+ I ying + Ip g

3

1

Iy 4
Iop

(98]

nY ~mp+ E)Y -ng— IO,ring + IF,B

©

1

3=V, Y - qa+EY -sp+ 1y 1+ D piug +Ip
312'3 = V"Y "4 +E‘IY ~sp+1p-tp— I2,ring + IF,B

The currents 7, r.4 and I r.p are the fault current components measured
on feeder A and B, respectively.

3. Proposed method
3.1. Estimating the impedance ratio

The per phase series impedances measured along feeders A and B to
the fault point are labelled Z, and Z g, respectively, as illustrated in
Fig. 4. Current division suggests that the ratio of these impedance are
the inverse of the ratio of the fault current components I r.4 and I F.B>
as expressed in (7).

z I
e a @)

Zar Ipg

If the components T r.4 and I r.p can be obtained from measure-
ments, and the impedances of the two lines are known in advance, the
distance to fault can easily be estimated. To obtain 7, F.4 and T F.p> the
change in zero and negative sequence currents before and after fault
inception are utilised as described by (8).

M3l =AV,Y -my+ Iy 4
ATy =AV,Y -mp+1Tpp
ML, =aV,¥ gy +1Ip,
Ml =4aV,Y -qg+1Ipp

(8

The A-notation introduced in (8) is used to described the change in a
current or voltage phasor compared to its value at some pre-fault time
?yre- The value of this change at any time ¢ is then AT )= T - T (T pre)-
From (8) the ratio of the fault current components can be found by
using either of the two sequence currents. In terms of change in zero
sequence current and change in neutral voltage, this ratio is given by
(9.
Tpy M3y, —AV,Y -my

= = S - (9)
Trp Mlyp—AV,Y -my

Similarly, if the term AZY is assumed negligible, then the same

ratio can be obtained by (10).

T AT
Fa _ Aloa 10)

IF,B AIZ,B
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Because ¥ < Y in any real network, omitting 4V,¥ in (10) is
assumed to be a valid simplification. The term AV, ¥ can however not be
omitted from (9). It is shown in Section 5 that the contribution from the
term AVHY is quite small in the test network considered in this paper,
where the theoretical value of this component is approximately 0.9A.
For comparison, the term AV,¥ has a theoretical value of 1684 in the
same network.

Both of the above approaches for estimating the ratio of the fault
current components can then be combined with (7). However, a note
on the correct impedances should be considered first. So far, the mutual
coupling between the phases has been neglected. When the mutual
coupling is assumed to be zero, no difference exists between the per
phase series reactance, positive sequence reactance or zero sequence
reactance of the line. However, as the mutual coupling will be present
in any real network, along with an earth return affecting the zero
sequence currents, the fault current component ratio as expressed by
(9) and (10) will not equal the ratio of the per phase series impedances.
Instead, when combining (7) with either (9) or (10), the corresponding
sequence impedance must be applied. Egs. (11) and (12) illustrate this,
where the subscripts “0” and “2” have been added to signify zero se-
quence and negative (and positive) sequence impedances, respectively.

|Zogp|l 14315 4 — AV, Y -m,|

0,BF _ _’O,A _’n _ A (11)
1Zoarl |43y 5 — AV,Y - mg|

z Al
| Z, Bl _ | _.2,A| 12)
|Z2.4Fl AL p|

In the following discussion, (11) is defined as the zero sequence
method, and (12) as the negative sequence method.

3.2. Estimating m, and myg

As the term AV,Y is significant, values for m,,mz and ¥ must
be available in order for the zero sequence method to be applied.
The factors m, and my represent the division of the part of the zero
sequence current which is driven by the neutral voltage, and they
depend on the topology and line parameters of the ring-connected
feeders and their laterals. In this paper, three methods for determining
m, and mp are considered.

3.2.1. From line parameters

The ring is divided into n zero-sequence Pl-equivalents, chosen so
that the magnitude of the zero-sequence series impedance for each PI-
section is the same, i.e. |z;| = |z,] = |z3] = - = |z,|. The total
capacitance of Pl-section k is labelled C,. Next, the parallel capaci-
tances of adjacent PI-equivalents are summed, and » + 1 capacitances
C, — C, are defined in (13).

- % x=0,n
G = Ci_1+C; =12 1 13)
> x=12,...,n

By assuming that all these capacitances experience the same volt-
age, V), and by applying the principle of current division, the expres-
sions below for m, and my can be derived:

Y G
my="20 L0 14
C.
i=0 “i
Y Gl
my = =l as)
Z,’:o Ci

Laterals on the feeders are simply accounted for by summing their
entire zero-sequence capacitance to the corresponding C;.
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Fig. 5. The proposed earth fault location method.

3.2.2. Ratio of zero sequence currents

This approach is based on cases, either from fault records or earth
fault tests, where an earth fault occurred either in the background
network or at the substation. In such cases the fault current will not
flow through the feeders forming the ring and the change in zero
sequence current in these feeders will be due to the change in neutral
voltage. Looking at (8), T, .4 and I r.p Will both be zero and hence the
fraction of zero sequence current flowing through each feeders due to
AV, can be obtained as described by (16).
Aly,  my,

— = (16)
Aly g 1—my

By recognising that the factors m, and mp are real numbers, (16)
can be further developed to produce (17).

| ALy 4 |

AT ——S S5 — a7
| ALy 4 | + | ALy p |

m

3.2.3. Ratio of zero sequence current and voltage

This approach considers a fault somewhere in the background net-
work, at the main busbar, or at the beginning of one of the two feeders.
For faults in the background network or at the main busbar I, F.4 and
T r.p Will be zero as established previously. If a fault occurs at the
beginning of one of the feeders, the fault current component on the

other feeder will be zero. Assume for instance that the fault occurred
on the beginning of feeder B. If the neutral voltage is available in the
fault records, the factor m, can be obtained as described by (18).

3 1431 4|

4= — (18)
AV, 7|

m
If the admittance Y is not known, or if it cannot be determined with
sufficient accuracy, earth fault tests can be performed to obtain it along
with m, and mg. By applying faults consecutively at the beginning of
each feeder, the factors Y - m, and Y - my can be obtained directly.

The flowchart of the proposed algorithm is shown in Fig. 5. Overall,
the method requires to define system level parameters (such as m4, mg,
Y) beforehand and to store the pre-fault current and voltage measure-
ments at the primary substation. When a fault occurs, Egs. (11) and (12)
are used to estimate ratio of fault currents in the two feeders forming
the ring. The ratio estimate is then compared with the ideal impedance
ratio and interpolation will be used to locate the earth fault.

4. System description and modelling

The test case network used for the evaluating the methods is based
on an existing 22 kV distribution network. Network data have been
provided by Norwegian network operator Elvia, and some changes have
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Fig. 6. Topology of ring-connected feeders A and B.

been made to the topology both to obtain the desired properties and to
be able to disclose the model used.

The network consists of a single main transformer with isolated
neutral supplying nine feeders connected at a main bus bar. The
supplying grid is modelled as an ideal 132 kV voltage source with a
source impedance modelled according IEC 60909 [43] to produce the
desired short circuit capacity in the network. The short circuit power
is expected to be in the range of 130-450 MVA, and the results are
obtained using a 250 MVA source unless otherwise specified.

Feeders A and B have been connected to form a ring, and all
faults are applied to these feeders. Fig. 6 shows the details of the
ring connected feeders. Feeder A and B are modelled in greater detail,
with five laterals included (A.1, A.2, B.1, B.2 and B.3), and with loads
distributed around the ring. Furthermore, feeders A and B are modelled
as series connected PI-segments of length 1 km to better represent the
distributed nature of the line parameters. All the loads in the network
are constant impedance loads with power factor 0.9 connected via
load transformers. As a simplification, the other seven feeders C-I are
modelled without laterals and with loads concentrated at the feeder
ends. Complete network data can be found in Table 1.

5. Simulation result and analysis

The methods are tested for earth faults at 30 different fault locations
evenly spaced around the ring, i.e. every km. The distance to fault is
measured from the beginning of feeder A for all cases. The parameters
my and mpy are set to m, = 0.5486 and mp = 0.4514, obtained by
applying a fault at the main bus bar and using (17). For comparison,
the estimation of m, and my from line parameters yielded m, = 0.5489
and mp = 0.4511.

The final estimates produced by each method are obtained as the
average estimates between 250 ms and 270 ms after fault inception

Table 1
Test network and model parameters.

Network data

OH-line 3-phase PI-section: 50 Hz, R=0.077 Q/km,

X=0.34 Q/km, C=10.806 nF/km, R, = 0.413 Q/km,
X, = 1.134 Q/km, C,=5.976 nF/km, G,=37.55 nS/km.
Asymmetry: 2% and 3% are added to C, in phases a

and b, respectively.

Cable 3-phase PI-section: 50 Hz, R=0.125 Q/km,
X=0.11 Q/km, C = C,=0.28 pF/km. Asymmetry: 1%

and 2% are added to C, in phases a and c, respectively.

100 MVA 132/22 kV Dyl transformer. X=6%,
R=0.25%. Modelled using the Hybrid transformer model
in ATPDraw with typical values for inductance and
resistance, no capacitance or core effects included.

Main transformer

Load 2 MVA 22/0.4 kV Dyl transformer grounded on the

transformers LV-side. X=5%, R=0.78%. Modelled using the Hybrid
transformer model in ATPDraw with typical values for
inductance and resistance, no capacitance or core
effects included.

Loads Grounded Y-connected constant impedance loads.

Simulation and data processing

Sample rate: 2 kHz. Matlab-designed equiripple FIR high-pass filter: f,,,, =45 Hz,
passband ripple = 0.1 dB. Software: ATPDraw version 7.2p11.

to allow for steady state conditions, whereas the pre-fault values are
obtained 150 ms before fault inception.

5.1. Fault resistance and load asymmetry

Both the fault resistance and the load symmetry is varied. The load
symmetry is varied by changing the load impedance in the individual



T.A. Zerihun et al.

100

0.01
10 20 10 20
km measured along feeder A
| Zo,ar| |A3f0,B_A‘7nYmB| \3-f(),B—‘7TLYmB|
1Zo,F] |A3L5 4— AV, Y m| 300 4—V, Yl
(a) Zero sequence method
100

0.1¢

0.01

10 20 0 10 20 0 10 20
km measured along feeder A

AL p| L,
|AT 4] [ T4

0.001

| Zs ar|
|Z2,5F|

(b) Negative sequence method

Fig. 7. Results for scenarios 1-4. Simplified versions not considering pre-fault values
are included for reference.
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Fig. 8. Zero sequence method and negative sequence method results when faults occur
on laterals.

phases of the load supplied by the ring, whereas the other loads in
the system remain balanced. During asymmetrical loading, the load
impedance of phases a, b, and ¢ are Z;, 1.1-Z; and 0.9-Z;, respec-
tively, where Z; is the per phase impedance corresponding to the
nominal loads S1-S8 in Fig. 6. The following four scenarios are then
considered:
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Fig. 10. Distance estimate errors for both methods in scenario 1-4.

. Ry =1 Q, symmetrical load
- R; =1kQ, symmetrical load
R; =1 Q, asymmetrical load

. R; =1kQ, asymmetrical load

The results are shown in Fig. 7. The results show that both methods
are resilient against load asymmetry and fault resistance. Fig. 7(a)
shows that applying the zero sequence method without considering
pre-fault values can provide reasonable accuracy for low impedance
faults, whereas the accuracy is drastically reduced for large fault re-
sistances. The zero sequence method is however unaffected by the load
asymmetry, even when pre-fault values are not considered. Fig. 7(b)
illustrates that the application of negative sequence currents directly
without subtracting their pre-fault values, as done in [44], is only a
viable option for low impedance faults. Unbalanced loads also have a
negative impact on this particular method, especially in conjunction
with a large fault resistance.
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Fig. 11. Distance estimate errors for negative sequence method for different source
impedances.

To investigate the effect of faults on laterals, faults are applied to
each of the five laterals in turn. The faults are applied at the intersection
of the cable and OH-lines on the laterals, and the results are shown
in Fig. 8. Both methods see these faults as if they occurred at the
connection point between the lateral and the ring itself. No variation
was observed across scenarios 1-4 in these fault cases.

Fig. 9 shows the percentage prediction error for the two methods
in the four scenarios considered above, where positive errors corre-
spond overestimating the impedance ratio. Fig. 10 shows the errors in
absolute distance. It can be seen that when mapped to this view, the
seemingly large errors towards the line ends are less pronounced. As the
slope of the impedance ratio is quite steep towards the ends, an error
in the estimate ratio translates to a relatively small error in distance
estimate compared to faults in the middle of the ring. This presentation
also shows the discontinuities in the graph more clearly, which occur
due to the different impedances of the cable sections and the OH-lines.

Figs. 9 and 10 suggest that the methods are complementary, and
that their simultaneous application may yield better results. In the
scenarios shown in the figures this would be the case, but as shown
later in the paper, the two methods will not be complementary in the
presence of measurement errors and other imperfections. Therefore,
an average of the two methods is not guaranteed to give any real
improvements.

The figures confirm that the zero sequence method and the nega-
tive sequence method have pretty similar performance in all the four
scenarios. Both methods show good accuracy for faults in the middle of
the line, whereas the accuracy tapers off towards the outer ends of the
ring. For the negative sequence method this is in part assumed to be
caused by the terms AV, Y -g, and 4V, - g, in (8), which were assumed
negligible when deriving (12). As the fault is moved closer to either end
of the ring, for instance at the beginning of feeder A, the fault current
component on feeder B should in theory approach 0. The terms 4V, ¥ -q,
and AI7,,}A’~q g are then no longer negligible. For instance, assuming that

AI7,, ~ %kV, the term AIZ,Y should be approximately 0.94, which is

close to the observed value of Afz’ s = 1.2A when the fault occurs close
to terminal A. A similar argument can be made to explain why the zero
sequence method shows poorer accuracy near the two ends of the ring,
although this method is sensitive to a variety of parameters as will be
discussed in later sections of this paper.

The main source of error for the negative sequence method is
however the source impedance of the network. If this is assumed to
be very large, the negative sequence method becomes less accurate.
Fig. 11 illustrates to impact of the source impedance as the short
circuit capacity is varied between 130 MVA and 450 MVA. When the
short circuit capacity increases and the source impedance decreases, the
estimation error is reduced. However, even with a stiff grid the error
does not reach zero, suggesting that the factors discussed above are
of some importance. The zero sequence method is not affected by this
parameter.
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Table 2
Phase current measurement errors.
Case K260
Feeder B Feeder A
Ph. a Ph. b Ph. ¢ Ph. a Ph. b Ph. ¢
0 120° 120° 12£0° 120° 120° 120°
1 1.052£0° 1.0520° 1.0520° 1.052£0° 1.0520° 1.0520°
2 12£5° 12£5° 1£5° 1£5° 125° 12£5°
3 120° 120° 120° 1.0545° 1.0545° 1.0525°
4 1.520° 1.0220° 0.96.20° 1.0120° 1.0320° 0.9920°
5 1£5° 12£2° 1z1° 12£-5° 12£-4° 12£2°
6 1.0525° 1.02£2° 0.96£1° 1.012-5° 1.032-4° 0.99.22°

Overall, the simulation analysis showed that the negative sequence
method can locate earth faults with a +250-meter margin for most
fault locations around the ring, and in the worst case, there is a +500-
meter error margin for fault locations close to the end of the lines. The
negative sequence method is unaffected by variations in fault resistance
and load symmetry. The short circuit capacity of the network does
however impact the results. The zero sequence method can locate earth
faults within a +150-meter margin for most fault locations, and is not
affected by fault resistance, load symmetry or the short circuit capacity
of the network.

5.2. Measurement errors

The performance of the two methods were investigated against mea-
surement inaccuracies. To emulate measurement errors, the measured
phasors are multiplied by some disturbance K 6.

5.2.1. Phase currents

Measurement errors are applied to each of the six phase currents
measured on feeders A and B, as described by Table 2. Scenario (1) is
considered, and the distance error for both methods with the various
combinations of measurement errors applied are showed in Figs. 12(a)
and 12(b).

The results show that symmetrical measurement errors, i.e. the
same measurement error in all the six current transformers (CTs),
have no visible effect on the negative sequence results, whereas the
zero sequence method is affected. This is as expected when inspecting
(12), in which symmetrical measurement errors applied to the negative
sequence measurements will cancel. Eq. (11) shows that this is not the
case for the zero sequence method, as the nominator and denominator
will not be equally affected.

The unsymmetrical measurement errors will as expected have a
negative effect on both methods, although it is less apparent how a
particular set of measurement errors will affect the accuracy at various
fault locations. It is noted that symmetrical measurement errors within
each set of measurements at terminal A and B, here represented by case
3, still gives a considerable negative effect on the results.

The measurement errors also accentuates the effect of the different
line segments. Faults occurring in the overhead line consistently pro-
duces lower distance estimate errors in the case of the zero sequence
methods, whereas the negative sequence method generally becomes
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less accurate for faults in the overhead line. However, the magnitude
of the errors are significantly larger for the zero sequence method,
whereas the negative sequence method accuracy is mostly kept within
+500m.

In a realistic implementation the zero sequence method could how-
ever utilise zero sequence current transformers to measure the zero se-
quence current directly, and thus achieve higher measurement accuracy
than the phase current measurements.

5.2.2. Neutral voltage

Measurement errors are applied to the neutral voltage measure-
ments in the same way as was done for the phase currents, and both
the cases and the results are shown in Fig. 13. Compared to the
effect of phase current measurement errors, the measurement error
in neutral voltage gives a similar reduction in precision for the zero
sequence method, with a reduced precision towards the ends of the
ring. The negative sequence method is obviously not impacted by this
measurement.

5.3. Other sensitivity analysis

The zero sequence method requires values for the ring admittance
to ground Y, as well as m, and m . These values are varied within +5%
of their correct values, and the resulting errors are shown in Fig. 14.
Note that the parameter ¥ also includes the admittance to ground of
the laterals connected to feeders A and B, not just the admittances of
A and B.

Both variation in m-values and Y result in a significant degradation
of the zero sequence method results. Variation in m, has a greater im-
pact on the results than variation in Y, as is expected when considering
(11). As mg = 1 — m,, variation in m, is necessarily accompanied by
variation in mp, which gives a larger impact than simply varying Y.

Eq. (11) also has the interesting property of becoming independent
of Y at the fault location corresponding to

ZO,BF _ my

Zoar Mmp
This effect is observed at approximately 13 km, where the zero se-
quence method produce the same result regardless of Y.

The methods have also been tested in a compensated network, as
well as a network without any background network, both of which
yielded good results. A reduction in accuracy was however observed,
particularly for the compensated network, suggesting that the fault
current level will have an impact on the methods.

The behaviour of the two methods during two phase and three phase
short circuit faults was investigated briefly. The negative sequence
method works for two-phase short circuits as well as some three-phase
faults, though it appears dependent on the short circuit capacity of the
network. The zero sequence method is only valid for single phase faults.

During testing of the methods it was observed that the zero se-
quence method was much more sensitive to large fault resistances
when unfiltered measurements were used. This occurred due to the
slow exponential decay which is observed in the neutral voltage and
the fault current for high impedance faults. Although this effect was
also observed for the negative sequence method, the effect on the dis-
tance estimates was much less pronounced. Including a high-pass filter
therefore becomes critical when applying the zero sequence method.

Lastly, the presence of DG in the network was investigated briefly.
A source rated at approximately 1 MVA was added to the network
in parallel with load S,, and scenario (1) from earlier was evaluated
with and without the presence of this DG. As expected, the presence
of the generator had a minor impact on the negative sequence method
as shown in Fig. 15. If the negative sequence current is measured at
the DG location, the effect of the DG can however be eliminated. The
negative sequence current measured at the DG will be observable in the
measurements at feeders A and B, and the magnitude of this current
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in these two locations can simply be estimated using current division
between the DG location and the main bus. The DG current can then be
eliminated from the measurements on feeders A and B, and the result
of compensating for the effect of the DG in this way is also shown in
Fig. 15. Using such an approach will however turn the method into a
wide-area method with added complexity, and given the small impact
of the DG on the results this may not be necessary. Finally, as the DG is
separated from the network via a load transformer, the zero sequence
method is not impacted by DG in the network.

6. Conclusion

This paper has presented two novel methods for locating earth
faults in a MV distribution network. The two methods are based on
utilising the ratio of change in zero and negative sequence current
during fault on ring-connected feeders, though one of the methods also
requires zero sequence voltage measurements. Compared to previous
work, the paper have made the following contributions: (1) improved
accuracy of earth fault location compared to methods not considering
pre-fault measurement; (2) provided equations describing sequence
currents in a ring network, particularly the division of zero sequence
currents among two ring-connected feeders. The paper also provides
experimental approaches for determining this division of zero sequence
currents.

The two methods developed in this paper show good accuracy
in fault location. The negative sequence method yielded maximum
distance estimate errors in the range of 0.3-1 km in the test network,
depending measurement errors and on the assumed source impedance
of the supplying network. The zero sequence method yielded errors less
than 200 m in the ideal cases, but the estimation error increased when
measurement errors were applied. Fault resistance and unbalanced
loads have little effect on either of the methods, whereas inaccurate
current and voltage measurements represent the largest sources of
error. The negative sequence method appears to be robust against most
sources of error. The measurement of negative sequence currents may
however not be readily available in most distribution networks, and the
method is affected by the source impedance of the supplying network.
The zero sequence method is likely easier to implement due to the
availability of measurements, but it is relatively less robust due to its
dependency on several uncertain parameters.

The size of the background network have been found to have little
effect on the method, although this has not been tested extensively. The
methods have also been verified in a resonance grounded system where
it yielded promising results, though further testing is required in order
to describe the performance properly in such networks.

Future work will mainly focus on further testing of the methods on
a laboratory setup and later on a real power grid network.
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