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Abstract: This paper considers a fault location and
an analytical synchronisation of two-end measurements
functions as embedded into a current differential
protective relay. As a result of that, incomplete two-end
measurements, i.e. a three-phase current measured at
both line ends, while a three-phase voltage only from
one end are considered as the input signals. The fault
location and synchronisation formulae are derived with
considering a distributed-parameter model of a
transposed overhead line. The performed ATP-EMTP
based evaluation has proved the validity of the presented
algorithms and their high accuracy.
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1. Introduction

A number of concepts are utilised in protective
relaying of power systems, yet a unit protection is
considered as the most efficient one. Such the concept
results in the individual protection of sections of a power
system. A current differential relay [1]-[5] is the unit
protection system which is used most frequently. Its
principle is to sense the difference between the incoming
and outgoing terminal currents of the protected section.
This method is used for protecting power transformers,
generators, generator-transformer units, motors, bus-bars
and power lines.

The considerations of this paper are focused on
increasing the functionality of a current differential relay
designated for protecting long overhead transmission
lines (Fig. 1). In particular, equipping a relay with the
functions of:

o the fault location for an inspection-repair purpose [6],

o the synchronisation of two-end measurements [4].

Power transmission lines are distinctive from the
other power system components by their longitudinal
size. Because of long distances between line ends the
extra media for information interexchange is required
and sophisticated methods of two-end measurement data
alignment are applied. One of the most effective
solutions is a ‘ping-pong’ algorithm [1]. The transmitted

data are stamped locally with time tags which allow for
estimation of an actual delay in both directions even in
case of channel propagation time asymmetry. The most
precise method of delay compensation and sampling
synchronization is based on the satellite Global
Positioning System (GPS) [2]-[3]. However, reliance on
the system independent of the protection system owner is
not an optimal solution. Therefore, in this paper a fault
location function is considered to be performed while
utilising two-end unsynchronised measurements. This
makes a substantial difference in comparison to the
earlier approach presented in [5] where the
considerations were carried out under the assumption
that the measurements are perfectly synchronised.

This paper presents a new algorithm for locating
faults on a two-terminal power transmission line. It is
assumed here (Fig. 1) that a fault locator (FL) is
embedded into a current differential relay in the
terminal A. Besides the phasors of the three-phase
current (of the phases: a, b, ¢ — as denoted in the
subscripts) from the end A: {Ia}={laa; Lan, Iac} and
those from the end B: {lg}={lga, lsb, lsc}, Which are
utilised by the relay, the fault locator is additionally
supplied with the three-phase voltage {va}={Vaa, Vab,
Vact from the local line end (A). Thus, the fault
locator is designed to utilise the communication
infrastructure of the current differential relays, thus
not demanding additional communication links. As a
result, the current differential relay besides its main
feature, i.e. indicating whether a fault occurred within
a line or outside it, provides also the information on
the accurate position of the fault, which is required for
the inspection-repair purpose [6].

With the aim of providing high accuracy for locating
faults on long lines, the distributed-parameter line model
(Fig. 2) is strictly utilised in the presented algorithms. Both,
the voltage drop across the faulted line segment and also
across the fault path resistance are determined with strict
consideration of the distributed parameter line model.
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Fig. 1. Fault location (FL) and synchronisation (SYNCH.) associated with differential relays of power line
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Fig. 2. Distributed-parameter model of a faulted line for the i-th symmetrical components sequence

In this paper, use of incomplete two-end unsynchronised
measurements [6] is conddered. Due to insufficient
measurement data, instead of processing the signds of the
individua symmetrical components, the natural fault loops
are to be consdered. Accordingly to the identified fault type,
the single phase loop (for phase-to-ground faults) and inter-
phase loop (for faults involving two or three phases) have to
be considered. The fault loop contains the section of the line
from the measuring point (A) up to the fault point (F) and the
fault path resistance.

The paper starts with derivation of the fault location
algorithm. Then, the results for the example fault, using
the signals from ATP-EMTP simulation [7], are
presented and discussed.

2. Fault location algorithm

2.1. Generalised fault loop model

The generalised fault loop model [6], which in the
considered case describes the fault loop seen from the
lineend A is presented as follows:

\le(dA)_ Rel=0 1)

where: \le(dA) is a fault loop voltage between the

fault locator installation point (the bus A) and the fault
point F composed of its symmetrica components
accordingly to the fault type; da is an unknown relative
distanceto the fault (p.u.), Rr is afault path resistance;
Irisatotal fault current (fault path current).

2.2. Fault loop voltage at fault point

The original fault loop voltage between the bus A
and the fault point F can be represented using a weighted
sum of the respective symmetrical components:

Vep(da)=aVe +8,Ve, +8V e 2
where: subscripts denoting the component type are as
follows: 1 — positive-, 2 — negative-, 0 — zero-sequence,
&, &, & are weight coefficients dependent on a fault
type[6], as shown in Table 1.

Tablel
Weight coefficients for composing a fault loop
voltage (2)

Fault Type a aQ Ay
ag 1 1 1
b-g a’ a 1
cg a a’ 1

ab, abg 2 _

, 4 1-a 1-a 0
bebeg | a®-a | a-a® | O
c-a, cag a-1 gz -1 0

a=exp(j2n/3); j=+-1

Applying the distributed-parameter line model [6],
the symmetrical components of voltages from (2) are
determined as follows:
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Vs = [V 10081,/ ) - Zg oy ST/, 1EF (3)
Vi =[V a2 €ON(y, () = 2y L npSINN(y, (dln )1’ (@)
Vo =V a0 00sh(y fdp) = Z ol pgSinh(y (dp )Ie® (5)

where: e is a synchronisation operator (5 is an
unknown synchronisation angle) ensuring the
common time base of digital measurements from the
buses A and B [6], V 51, Vap: Vao @€ symmetrical
components of the side A voltage, |, , 1ap, Lap @€

symmetrical components of the side A current, 7 isthe
length of the line (km), L:J;'nx'ﬂ is the
propagation constant of the line for the positive-

(negative-) sequence, Yo = \ ;'OL \_('O,_ isthe propagation

constant of the line for the

Za=+v2Z '1L / \_('1L is the characteristic impedance of the
line for the positive-sequence (negative-sequence),

Zy=+Z ‘0|_ / \_('0,_ is the characteristic impedance of the

line for the zero-sequence, Z, =Ry + jwyLy is the

Zero-sequence,

impedance of the line for the positive-sequence

(negative-sequence) (Q/km), Zo =Ry +janly is
the impedance of the line for the zero-sequence (€0/km),

Y, =Gy +joCy is the admittance of the line for
the positive-sequence (negative-sequence) (Skm),
Yo =Go +j@Cq is the admittance of the line for

the zero-sequence (Skm), R, , Ly, , G, , C,, arethe
resstance, inductance, conductance, and capacitance of
the line for the positive-sequence (negative-sequence)
per kmlength, Ry, , Lo, , Gy ,» Co. arethe resistance,
inductance, conductance, and capacitance of the line for
the zero-sequence per km length.

The line parameters for the positive- and negative-

sequences are identical and therefore they are uniformly
denoted with ‘1’ in the subscripts for both sequences.

2.3. Total fault current

Summing phase currents (from phases. a, b, c) from
both line ends (A and B) appears to be the smplest way
to determine the fault current in the particular phases at
the fault point. However, this way does not take into
consideration the currents charging line shunt
capacitances. This is the explanation why this way to
determine the total fault current is not used here. Instead,
a detailed analysis of the flow of currents in the faulted
line is considered.
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Teking into account the share of individua
symmetrical components (denoted with the subscripts: 1 —
positive-, 2 — negative-, 0 — zero-sequence, respectively):

ey Leoy Lo, Oneobtains [5]-{6]:

Le=aplp +aplrp +aplrp (6)
where: a.;, a,, ag, are share coefficients, dependent

on a fault type and the assumed preference with respect
to using particular sequences (the recommended set is
delivered in Table 2).

Table 2
Shar e coefficients for composing a total fault
current (6)

Fault Type g 8 8o
ayg 0 3 0
b—g 0 3a 0
cg 0 3@2 0
ab 0 1-a 0
b—c 0 a-— gz 0
ca 0 gz -1 0
a-b-g 1- 92 l1-a 0
b-c-g a’-a | a-a’ 0
cag a-1 gz -1 0
ab-c, ab-cg 1- gz 1-a” 0

") _ there is no negative sequence component under these
faults and the coefficient can be assumed equal to zero

There is a posshility of applying different, dternaive
sts of the share coefficients [5]{6], however, the
coefficients for which the zero-sequence is diminated
(agp =0) —asin Table 2, have been recommended for the

congdered fault locetion agorithm. In this way, using of
zero-sequence line parameters (which are conddered to be
unreliable data) is avoided while determining the totd fault
current. This is advantageous for assuring the highest
possible accuracy of thefault location.

It isimportant that for the share coefficients proposed in
Table 2 the preference of using the negative-sequence over
the postive-sequence has been sat for single-phase and
phase-to-phase faults.

The accurate determination of symmetrical components
of a tota fault current can be performed with the drict
condderation of the distributed-parameter modd of a faulted
line (Fig. 2). Taking this modd into the consideration, one
derives the following formula for the i-th symmetrical
component of the total fault current [6]:
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| = M, (ejﬁ)
T Z g cosh(y ((1-d,))

()

where:
M;(°)=Zlg +Nye®
Nai =Zg Lai cosh(y, £) =V p; Sinn(y, £)

i=1: positive-sequence, i=2: negative-sequence and: i=0:
Zero-seguence.

The obtained formula (7) for the i-th symmetrical
component of the total fault current is compact and the
unknown distance to fault (ds) is involved in the
denominator, while the synchronisation operator
(exp(j0)) in the nominator of (7) only.

Substituting the positive- and negative-sequence
components of the total fault current, determined in [7],
into (6), and also taking into account that the zero-
sequence has been eliminated (Table 2), one obtains the
total fault current in the form:

_agM [(€P) +a,M,(eP)
T Zgcosh(y,((1-dy))

(8)

The substitution of the total fault current (8) into the
generalised fault loop model (1) yields:

agM 1(e )+aF2 2(eJ )
VFP(dA) RF lcom(y f(l dA)) _0 (9)

where \le(dA) has been defined in (2)—(5), with use of
the weight coefficients specified for different faults in
Table1, M,(e®), M,(e®®) have been defined in (7),
ar,, ap, are share coefficients dependent on the fault

type, as shown in Table 2.

The derived fault location formula (9) is compact
and covers different fault types, what requires setting the
appropriate fault type coefficients provided in Table 1
and Table 2.

There are three unknown variables in the fault
location formula (9): the distance to a fault (da), a fault
resistance (R:) and a synchronisation angle (O0). In order
to solve the equation with such number of unknowns, an
additional equation involving the synchronisation angle
has to be formulated. For this purpose the boundary
conditions of different fault types are considered.

After excluding the zero sequence components
(a=0in Table 2) the total fault current is equal:

le=aglp+agle (10)
There are two characteristic sets (among the other

possible) of the share coefficients for the phase-to-
ground and phase-to-phase faults, shown in Table 3.
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Table 3
Two sets of share coefficientsfor phase-to-ground
faults and phase-to-phase faults

I-SET 1I-SET
Feult Type aFISET ansEr a:ZIZL_ ST agz_ ST
ag 0 3 3 0
b-g 0 3a 3 0
c—g 0 3 3a 0
ab 0 1-a 1-& 0
b— 0 ad &-a 0
ca 0 a1 a1 0

Applying the sets from Table 3 one can express the
total fault current as follows:

ISl I-SET

le=ag Iptag g (11)
or aternatively:

H-SET 1-SET

le=ag ln+ta, g (12)

Comparing (11) with (12) and taking into account

(7) one gets the following formula for the
synchronisation operator for the faultsin Table 3:
I-SET I1-SET |
(€] c oo = Za@r lgo—8r lgd) (13)
ph-g, ph—p N—-SET I-SET
ar NAl ap N

In case of phase-to-phase-to-ground faults the
analysis of the boundary conditions yields the following
relation between the symmetrical components of the
total fault current [6]:

Lro =Prl g +0pl (14)

where b, b, arethe coefficients deliveredin Table 4.

Table 4
Coefficientsinvolved in the expression (14)
Fault Type Db, be,
E0g -a &
b—c—g -1 -1
a9 - -a

Substituting (7) into (14) resultsin:

Zeol g0+ N pol€lonpn_g
Z g cosh(y ((1-d,))

(15)

_ Z (bl gy + bl gp) + (B Npy + QFzﬂAz)[ejﬁ]ph—ph—g
Z, cosh(y (1))

For three-phase balanced faults one can derive for
the pre-fault state (superscript: pre) positive-sequence:

| Pre
j8
[eJ ]Sph -

Z
= = (9
sinh(y e)vf\1 +Z gy cosh(y, )1 Ry A
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The distance to the fault is not involved in the 3. ATP-EMTP based evaluation

determination of the synchronisation operator (16). The performance of the presented method has been

parts and taking one of the relations: either (13), or (15),
or (16), respectively, we can apply one of the known
numeric procedures for solving nonlinear equations. It

After decomposing (9) into its real and imaginay  angjysed using a digital model running on ATP-EMTP
simulation software program [7]. A single-circuit
transmission line has been used in the simulation. The

has been verified that the Newton-Raphson iterative Main parameters of the modelled transmission system
method is agood choice for that. are asfollows:
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Fig. 3. The sample fault example: a) three-phase voltage of side A, b) three-phase current of side A, c) three-phase current
of side B, d) calculated distance to fault, €) calculated fault resistance, f) calculated synchronization angle
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e rated voltage: 400kV

e linelength: 300km

e system frequency: 50 Hz

e phaseangle of EMFs of systems: A: 0°, B: (-30°)
e sequence impedances of equivalent systems:

Zisa=Z155=(1.307+j15) 0 Zosa=Zoss=(2.318+j26.5)0]
e lineimpedances:

Z1=(0.0267+j0.3151)Q2/km

Zo.=(0.275+j1.026)Q2/km
e line shunt capacitances:

C1.=0.013uF/km, Co_=0.0085pF/km.

Different scenarios of faults have been congdered in the
performed evauation study. A fault type, a fault resstance
and equivdent system impedances have been changed.
Ddliberatdly a de-synchronisation of measurements has been
introduced. The obtained results for the distance to afault, the
fault resistance and the synchronisation angle of al test cases
are correct and accurate,

Fig. 3 presents messured three-phase sgnds and
caculation results for a sample single phase a—g fault. The
following specifications for this fault have been taken: da_aqua
=0.9p.U., Re aua =25Q), 8a1a=5°. The measurements from the
bus A have been ddiberatdy delayed by 5° with respect to
the measurement of the current from the remoteline end (B).

In Fig. 3a-3c the three-phase measured sgnds are
shown. For the gpplied comparatively high fault resistance
(25Q) there are no visible d.c. components in phase currents.
The distance to the fault (Fig. 3d) and the fault resstance
(Fig. 3¢) have been obtained in the course of iterative
cdculations. The gtart of these calculations (iteration number
‘0') was given by trandferring the equations to the form
rdevant for a lumped-parameter line modd. Such
smplification has caused some errors in caculated results.
For example, the distance to the fault averaged within the
interva from 30 to 50 ms of the falt time

d330:50ms = 0.9182 p.u. differs by around 2% from the

actud result (0.9 p.u.). However, dfter performing two
iterations (superscript: ‘2nd iter’) a very accurae result:
At oms =0.8994p.u.  hes been obtained. The
gynchronisation angle determined for this fault type
according to (13): 8=5.014° is very close to the introduced
de-synchronisation (5.000°).

Different specifications of faults and pre-fault power
flows have been considered in the evaluation of the
accuracy of the developed fault location algorithm. For
the faults involving a fault resistance up to 25 Q,
maximum errors do not exceed: 0.25% for the case of
the instrument transformers with idea transformation
and 1.5% for the case with real instrument transformers
included.

Current Differential Relay with Fault Location And Synchronisation of Measurements. ..

4. Conclusions

A new fault location agorithm utilising
unsynchronised measurements of two-end currents and
one-end voltage is presented. It has been assumed that
such fault location algorithm has been incorporated into
a current differential relay. In this way, the
communication between the line ends of differentia
relays has been utilised. By embedding the fault location
and the analytic synchronisation of measurements
functions into the relay, an increase of the relay
functionality has been ssimply achieved.

Compact forms of the equations for the fault location
and the synchronisation angle determination have been
obtained. They are valid for different fault types and this is
reflected by setting appropriate fault type coefficients. The
high accuracy of the fault location is assured by drict
conddering of the digtributed-parameter line modd. The
solution of the derived equations has been obtained with the
Newton-Raphson iterative calculations.

The peformed evauaion with use of the fault data
obtained from versatile smulation of faults on the test
transmission network with a single-circuit long transmission
line has proved that the derived dgorithms can be effectively
applied to increase the functiondity of protective differential
rdays. The included fault example illustrates very good
performance of the developed dgorithms.
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Przeglad

CTPYMOBE JJU®EPEHIIMHE PEJE
13 BBYJIOBAHOIO ITPOLIETYPOIO
JOKAJIIBAILI HECITPABHOCTI
TA CHHXPOHI3AILIi BUMIPSTHUX
®YHKIN

E. Poconoscki, 5. I3ukoBcki,
M. M. Cara

VY crarTi po3rsIaEThCs MPOLeaypa JOKai3arlii HeCpaBHOCTI
Ta AHATITUYHOT CHHXPOHI3allil BUMIPSHUX Ha IBOX KIHIX (YHKIIiH,
BOy/I0BaHa y CTpyMoBe mudepeHiliiiHe perne 3axucty. B pesynbrari
IIbOT0 BHUKOPUCTOBYIOTHCSI HETIOBHI BHUMIPIOBAaHHsI, NIPOBEICHI Ha
JIBOX KIHIVIX JIiHil, HANpUKias, TpudasHuid CTpyM, BUMIpSHUNA Ha
000X KIHIUIX JiHil, Ta TpuasHa Hampyra, BUMIpsSHA JIMIIE HA
OIJHOMY KiHIIl, TOJAIOThCS SIK BXiJHI CHUTHAIM. AJTOPUTM
Jokaizamii Ta (OpMyITy CHHXpOHI3allii OTPMMaHO HA TiICTaBi
MOJIETIIOBAHHS  TPAHCIIOHOBAHO! ~TIOBITPSIHOT JIiHIT CXeMOK 3
po3moxminieHMu  TapaMeTpamu.  Po3paxyHKW, TIpoBeIeHi 3
noromororo ATP-EMTP, nmiareepauiy anekBaTHICTh 3alpoOriOHO-
BAHUX &ITOPUTMIB Ta IX TOYHICTb.
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