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ABSTRACT

Impedance based fault location algorithms utilizing
Sfundamental frequency phasors have become an industry
standard in modern microprocessor-based protection
relays. Their performance has proven to be satisfactory in
locating short-circuit faults, but locating earth faults in
unearthed distribution systems has been a challenge until
now. This paper studies some of the key factors decreasing
the earth-fault location accuracy of the traditional distance
relay type of algorithms. The influence of the following
parameters is investigated: zero sequence charging current
and load of the feeder, fault resistance and fault current
magnitude. Computer simulations and field test recordings
from a real utility network are used to illustrate the
influence. The study is based on two network models with
symmetrical components. Finally, a new algorithm is
introduced as a solution to the problem described above.

INTRODUCTION

It is a well-known fact that the most common fault type in
electrical distribution networks is a single phase-to-earth
fault. According to earlier studies, for instance, in
the Nordic countries, about 50-80 % of the faults are
of this type [1]. As utilities today focus on continuity,
dependability and reliability of their networks, fault location
has become an important supplementary function of relay
terminals. In the past many attempts have been made and
numerous methods have been suggested to find a practically
applicable algorithm for earth-fault distance calculation in
unearthed distribution systems, e.g. [2], but so far, no such
algorithms have been introduced commercially. This paper
explains the problems of locating earth faults in unearthed
distribution networks by using fundamental frequency
phasors, and proposes a new algorithm as a solution to this
problem.

BACKGROUND AND THEORY

The analysis is based on the theory of symmetrical
components. Two different network models based on
symmetrical components are used in the study:

1. A model, where the fault is located in front of the
equivalent load tap.

2. A model, where the fault is located behind the
equivalent load tap.

These network models are illustrated in Fig. 1 and 2.
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Figure 1. Symmetrical component equivalent circuit for a single

phase-to-earth fault located in front of the equivalent load tap.
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Figure 2. Symmetrical component equivalent circuit for a single

phase-to-earth fault located behind the equivalent load tap.

The following notations are used in Fig. 1 and 2:
d = Per unit fault distance (d = 0...1).

s = Per unit distance of the equivalent load tap (s =0...1).
Z;s = Positive sequence source impedance.

Z,1 = Positive sequence impedance of the main transformer.
Zira = Positive sequence impedance of the protected feeder.
Z1.4 = Positive sequence impedance of the load.

Z»s = Negative sequence source impedance.

Z>r = Negative sequence impedance of the main transformer.
Zora = Negative sequence impedance of the protected feeder.
Z»14 = Negative sequence impedance of the load.

Zor = Zero sequence impedance of the main transformer.
Zora = Zero sequence impedance of the protected feeder.

Yos, = Phase-to-earth admittance of the background network per phase.
Yora = Phase-to-earth admittance of the protected feeder per phase.
Ry = Fault resistance.

I, = Positive sequence current measured at relay location.

Ii1.q = Positive sequence load current.

L, = Negative sequence current measured at relay location.
Liq = Negative sequence load current.

Iy = Zero sequence current measured at relay location.

Iora = Zero sequence charging current of the feeder.

Ir = Fault component current at fault location.

U, = Positive sequence voltage measured at relay location.
U, = Negative sequence voltage measured at relay location.
Uy = Zero sequence voltage measured at relay location.
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The equivalent load tap and its distance introduced in Fig. 2
represents a fictional load tap at a per unit distance s from
the substation. The derivation and meaning of this
parameter are illustrated in Fig. 3, where the load is
assumed to be evenly distributed along the feeder. The
maximum value of the voltage drop, denoted Ugopgrears
appears in the end of the line. Parameter s is the distance at
which a single load tap corresponding to the total load of
the feeder would result in a voltage drop equal to Ugrop(rear)-
The dashed curve in Fig. 3 shows the voltage drop profile in

this case.
Line length =1 p.u.
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Figure 3. Description of the equivalent load distance.

The value of s can be estimated based on load flow and
voltage drop calculations using Eq. 1:

§= Udrup(rea[) / Udrop(s:]) (1)
where

Ulrop(reary = the actual maximum voltage drop of the feeder
Ulrop(s=1) = the fictional voltage drop if the entire load would
be tapped at the end of the feeder.

Alternatively, parameter s can be calculated based on
the voltages and currents measured by conducting a
single-phase earth-fault test (R = 0 ohm) at that point of the
feeder where the maximum actual voltage drop takes place.
The equation for parameter s can be derived from Fig. 2 by
inserting d equal to the per unit distance corresponding to
the actual location of the earth-fault test.

Based on the equivalent circuit diagrams of Fig. 1 and 2, the
following equations can be written. If the fault is located in
front of the equivalent load tap (d <s), then Eq. 2 applies
(refer to Fig. 1):

Up+U+ U, = Uppa+Ujpg+ Uspg+ Ugr =...
dZipal) + d-Zopalo+ d-Zopa (Io+ dlopa/2) + 3Rpdp  (2)

If the fault is located behind the equivalent load tap (d = s),
then Eq. 3 applies (refer to Fig. 2):

Uo+ U+ Us= Uppg+Ujpat Uspat+ Urr =...
sZLipali+ (d-5) Zipalp+ s Lopalo+ (d-5) Zopalr +...
d Zoga (lo+ d-lopa/2) + 3 -Rplr 3)
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The voltage and current terms in the equations correspond
to the notations used in Fig. 1 and 2 and are selected as
follows: Uy =U;, Uz =U,, Up=Uyp, I =1, L = AL, 1, = Al,,
Ir = Aly = Aly+Alyry Lopa = Alyrg, Where A indicates a
change from pre-fault to fault conditions.

The key terms in Eq. 2 and 3 are the currents flowing

through the fault resistance and the zero sequence

impedance of the feeder. Considering the latter current term,

it is composed of two parts:

1. One part, which does not depend on the location of the
fault, only on the background network (Zy).

2. A second part, which depends on the location of the
fault and on the parameters of the faulted feeder itself

(ddora)-

The term d yp, is neglected in the traditional distance relay
type of algorithms, as it cannot be directly measured. This
term is dependent on the fault location and on the
phase-to-earth admittance of the feeder. It increases linearly,
if Yyr4 is assumed to be evenly distributed along the feeder.
This is illustrated in Fig. 4.
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Figure 4. Zero sequence current distribution of the faulted feeder and its
modeling.

The approximation used in the modeling is that half of the
total zero-sequence charging current from the substation to
the fault point flows through the zero sequence impedance
and therefore the term d dyp, is divided by 2 in Eq. 2 and 3.
The magnitude of Iyr; can be calculated from the
phase-to-earth capacitance of the feeder or it can be
measured when an earth fault occurs on another feeder.

The per unit fault distance d can be obtained from
Eq.2 and 3 by splitting them into real and imaginary parts.
The resulting equation is a second order polynomial.
The root, the value of which is between 0...1 is the valid
fault distance. The logic for selecting between the results
from Eq. 2 and 3 is based on calculated fault distance
estimates: if d of Eq. 2 is less than s, then this is the valid
fault distance estimate, otherwise the distance estimate is
taken from Eq. 3.

EARTH-FAULT SIMULATIONS

The performance of Eq. 2 and 3 is tested with simulated
data from the PSCAD/EMTDC transient simulation
program. The simulated network represents a rural power
system with a 110/20 kV, 50 Hz substation. The faulty
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feeder is a radial 20 km long OH-feeder consisting of a
Raven conductor (Al/Fe 54/9). Earth faults are placed along
the feeder from the substation at steps of 0.1 per unit (0.1,
0.2, ..., 1.0 pu).

First the influence of the zero sequence charging current of
the feeder is studied in no-load condition. The importance
of considering this current term is clearly shown by Fig. 5.
If the charging current is excluded, the error is significant,
especially with higher fault resistances.

ERROR (P.U.)

FAULT LOCATION (P.U.)

—=— Charging current included, RF =0 ohm  —=— Charging current excluded, RF = 0 ohm
—o— Charging current included, RF = 500 ohm —o— Charging current excluded, RF = 500 ohm

Figure 5. Influence of current term selection in Eq. 2 and 3.

Next, the influence of the load distribution is analyzed.
A simulation where 1 MVA load (cos(¢@) = 0.9) is either
tapped at the midpoint or evenly distributed along the 20 km
feeder is made. As shown in Fig. 6 both Eq.2 and Eq. 3 are
needed to minimize the errors at distributed load, which is
the most realistic assumption in the case of a real
distribution feeder.

0.2 7
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0.1 7

ERROR (P.U.)

0.05

-0.05 -

FAULT LOCATION (P.U.)

—=— Eq. 3, Tapped load at mid point —&— Eq. 2, Tapped load at mid point|
—-o- - Eq. 3, Evenly distributed load --= - Eq. 2, Evenly distributed load

Figure 6. Influence of load distribution in Eq. 2 and 3.

The influence of the fault current (at fault point with
R = 0 ohm) versus load current magnitude is studied in
Fig. 7. The fault current variations are 23 A, 33 Aand 62 A,
the load current being 29 A. Then the ratio lIi/I; 544l is 0.8,
1.1 and 2.1. As shown in Fig. 7, the fault distance
estimation error is related to the ratio of magnitudes of the
fault current and the load current. According to the
simulations made, the fault current should exceed the load
current in order to minimize errors in fault location.
Especially this applies to Eq.2 (d<’s). Unless met in normal
operation, this condition can be achieved by means of some
manual or automatic switching operations in the background
network e.g. during the dead time of the delayed
auto-reclosing sequence.
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Figure 7. Influence of fault current vs. load current magnitude.

The error related to the fault current and the load current
magnitude can be practically eliminated, if Eq. 2 or 3 are
used with the pre-change and post-change voltage and
current values during the fault itself. This change either
reduces or increases the fault current and it may be caused
e.g. by an automatic switching operation in the background
network during the fault. In this case, the voltage and
current terms are preferably selected as follows: U; = AU,
U, =40, Uy=AUy I = AL, I, = AL, 1 = Al Ir = Al
Iyrq = Alyrg, where A indicates a change from pre-change to
post-change conditions during the fault. The notations
correspond to the notations used in Fig. 1 and 2. In Fig. 7
the simulation result of this method is marked “Delta
method”.

Based on the above analysis, the main reasons why the
traditional distance relay type of algorithms cannot be used
for earth-fault location in unearthed networks are the
shortages in the primary circuit modeling that form the basis
for the algorithm design: ignorance of the zero sequence
charging current and mismatch of the modeled and actual
load distribution. Due to these shortages in modeling, the
fault current in unearthed distribution networks will be too
small to allow a satisfactory fault location accuracy.

FIELD TESTING AND EXPERIENCE

Inrecent years, ABB Oy, Distribution Automation, Finland
has made intensive field tests in co-operation with some
Finnish power utilities in order to test and develop new
earth-fault location algorithms and gather data from
distribution networks. Since 2004 almost 800 earth-fault
tests have been recorded and evaluated. Below, one field
test series is studied. These tests were made in the 20 kV,
50 Hz rural distribution network of the utility of Savon
Voima Oy, near the city of Nilsid in Finland. The test feeder
configuration is illustrated in Fig. 8. A special feature of this
110/20 kV substation is that the 20 kV voltages and currents
are measured with sensors, the currents with Rogowski coils
and the voltages with resistive dividers. The high linearity
and wide dynamics of sensors are optimal, when
low-amplitude fault quantities are measured. Thanks to the
high linearity of sensors, also phase and amplitude error
corrections can be easily implemented in a relay terminal.
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Feeder parameters: 6
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« Total length: 84 km

* Length of the main line: 29 km

» Number of distribution transformers: 81
» Peak load: 1.2 MW
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Figure 8. Test feeder configuration.

A summary of the test results is shown in Table 1. The
results are from five different fault locations with two
different fault resistance values, 0 and 500 ohms. The fault
resistance is purely resistive and it is composed of ceramic
resistor disks assembled on a rod and earthed to the low
voltage (LV) side system earthing electrode with an
impedance of a few ohms as illustrated in Fig. 9b.

Table 1. Field test results.

Fault | Fault | Estimated | Error Re [Loadl | IF/lioadl
location| dist. dist. (p.u.) | (ohm) (A)
# (p.u.) (p-u.)
5 1.00 0.99 -0.01 0 25 1.5
4 0.72 0.75 0.03 0 34 1.0
3 0.45 0.47 0.02 0 24 1.8
2 0.22 0.23 0.01 0 19 2.2
1 0.06 0.11 0.05 0 19 2.2
Fault | Fault | Estimated | Error Re [loadl | IF/loadl
location| dist. dist. (p.u.) | (ohm) (A)
# (p.u.) (p.u.)
5 1.00 0.98 -0.02 500 26 1.5
4 0.72 0.76 0.04 500 34 1.0
3 0.45 0.44 -0.01 500 24 1.5
2 0.22 0.14 -0.08 500 20 2.0
1 0.06 0.04 -0.02 500 19 2.2

As shown in the table 1, the results are in line with the
simulations.

An interesting, unexpected and earlier undocumented
observation was made during the tests: When an earth
fault was alternatively conducted through medium voltage
(MV) equipment earthing electrode (refer to Fig. 9a), the
fault distance measured at the substation was highly
affected. A deeper study showed that the earthing
impedance of this electrode was in the order of a few
hundred ohms and it was not purely resistive, but included a
small reactive component. This term affects the fault loop
reactance calculation and is an additional error source for
the location algorithm.
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Figure 9. Schematic presentation of fault impedance configurations.

CONCLUSIONS

The performance of impedance based fault location
algorithms has proven to be satisfactory in localizing
short-circuit faults, but earth fault localization has remained
a challenge in unearthed distribution systems. The main
reason why the traditional distance relay type of algorithms
cannot be used is the fact that the zero sequence charging
current of the feeder is not considered and the assumption
that the total load is tapped at the end of the feeder is not
correct. The new algorithm introduced in this paper
provides a solution to these problems under the conditions
that the fault current exceeds the load current and that the
fault resistance is purely resistive and not more than a few
hundred ohms. However, the first limitation can be avoided,
if the “Delta method” is used instead. The behavior of the
algorithm was validated through actual field test recordings.
Based on these field tests, the fault impedance can in certain
cases include a small reactive term, which is an additional
error source in the fault distance calculation unless taken
into account in the algorithm design.
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