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Abstract—This paper presents a new method for locating faults
on three-terminal power lines. Estimation of a distance to fault
and indication of a faulted section is performed using three-phase
current from all three terminals and additionally three-phase
voltage from the terminal at which a fault locator is installed.
Such a set of synchronized measurements has been taken into con-
sideration with the aim of developing a fault-location algorithm
for applications with current differential relays of three-terminal
lines. The delivered fault-location algorithm consists of three
subroutines designated for locating faults within particular line
sections and a procedure for indicating the faulted line section.
Testing and evaluation of the algorithm has been performed
with fault data obtained from versatile Alternate Transients
Program-Electromagnetic Transients Program simulations. The
sample results of the evaluation are reported and discussed.

Index Terms—Alternate Transients Program (ATP)-Electro-
magnetic Transients Program (EMTP), current differential relay,
fault location, simulation, synchronized phasor measurement,
three-terminal line.

I. INTRODUCTION

CCURATE location of faults on overhead power lines for

inspection-repair purposes [1]-[12] is of vital importance
for operators and the utility staff for expediting service restora-
tion and, thus, to reduce outage time, operating costs, and cus-
tomer complains.

An impedance principle, making use of the fundamental fre-
quency voltages and currents [3]-[9], and traveling-wave ap-
proach [10] have been developed so far for applications to three-
terminal lines.

In [3], the use of synchronized measurements of currents
and voltages from all three terminals has been considered.
Distributed parameter models of the line sections have been
utilized there. This ensures high accuracy of fault location and
the faulted line section is also reliably indicated [3].

Use of three-end unsynchronized measurements of current
and voltage has been considered in [4]. The lumped models of
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the line sections were applied there and it was also implied that
the error resulting from such simplification is minimized due
to the redundancy of the fault-location equations. Yet another
utilization of three-end unsynchronized measurements has been
proposed in [5], where exchanging the minimal amount of in-
formation between the line terminals over a protection channel
was considered.

In turn, the demand and importance of developing fault-loca-
tion algorithms for three-terminal lines utilizing only two-end
synchronized measurements of voltages and currents has been
stated in [6]. This is required since the measurement infrastruc-
ture of the tapping line could be poor or there is no available
communication channel for sending measurements from the far
end of the tapping line.

Limited availability of measurements for fault location on
three-terminal lines was considered in [7]-[9]. In particular, the
approaches introduced in [7] and [8] ensure complete immunity
to saturation of current transformers (CTs), since only voltage
signals are utilized for fault location. The other method, deliv-
ered in [9], is based on using minimal measurements (i.e., the
one-end measurement of three-phase voltage and current), sup-
plemented with additional information on amplitudes of prefault
currents in a three-terminal line.

Use of yet another set of the fault-locator input signals, which
differs from those applied in the cited approaches [3]-[9] is pro-
posed in this paper. Three-phase current from all three line ter-
minals and additionally three-phase voltage, acquired at the ter-
minal at which the fault locator is installed, are taken into con-
sideration. Such specific availability of measurements for lo-
cating faults has been assumed with the aim of simply adding the
fault-location function to current differential relays protecting
three-terminal lines [13].

After derivation of the complete fault-location algorithm, the
results of its evaluation with the use of the ATP-EMTP [14]
simulation data are delivered and discussed.

II. FAULT-LOCATION TECHNIQUE

Modern microprocessor-based current differential relays
exchange the digital forms of the locally measured current
phasors even over long distances. For this purpose, different
forms of communication means are utilized. The current differ-
ential protection principle requires synchronization of digital
measurements performed at different line terminals. This is
accomplished using the well-known global positioning system
(GPS) or the other techniques [13].

It is considered further that the fault-location (FL) function is
supplemented to the current differential relay from substation A

0885-8977/$25.00 © 2007 IEEE
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Fig. 1. Fault location on a three-terminal line associated with current differen-
tial relays.

(Fig. 1). For this purpose, phasors of three-phase current from
all line terminals I, I, I—exchanged by the current differ-
ential relays A, B, and C, together with the locally measured
three-phase voltage phasor (V , ), are taken as the fault-locator
input signals. In a natural way, these measurements are further
considered as being synchronized.

The proposed fault-location technique is based on using three
subroutines, denoted further as SUB_A, SUB_B, and SUB_C.
They are designated for locating faults FA, FB, and FC at hypo-
thetical fault spots within particular line sections: AT, TB, TC,
respectively. It is worth realizing that the position of a fault is
a random factor and, thus, the faulted line section is not known
in advance. Therefore, the valid subroutine will be chosen by
using a special selection procedure.

A. Fault-Location Algorithm—Subroutine SUB_A

The subroutine SUB_A, designed for locating faults (FA)
within the line section AT (Fig. 2), is based on the following
generalized fault-loop model [12]:

Vap —daZypadys, — Bralp =0 (1)
where
da unknown distance to fault on section AT (p.u.);
Rpa unknown fault resistance;
Vap»Ls,  fault-loop voltage and current;
Zia positive-sequence impedance of the section
AT;
Ip total fault current (fault path current).

Fault-loop voltage and current are composed accordingly to
the fault type, as the following weighted sums of the respective
symmetrical components of the measured signals:

Viap=aiVar + a3V a0+ 0V pg (2

YA
Ly, =a1lp +a0lps + EO—Lile 3)
Zy,
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Fig. 2. Circuit diagram of the three-terminal line under fault at section AT, for
the 7th symmetrical component.

TABLE 1
'WEIGHTING COEFFICIENTS FOR COMPOSING FAULT-LOOP SIGNALS (2), (3)
FAULT a 4 4y
a-g 1 1 1
b-g —05-053 | 0.5+j0.5¢3 1
c-g 0.5+j0.5d3 | —0.5-j0.543 1
a-b, a-b-g . .
abeo, a-booeg 15+j0.5¢3 | 15-j05/3 0
b-c, b-c-g - jﬁ jJ3_ 0
c-a, c-a-g 154053 | —1.5-j0.5/3 0
where
aq, Ay, Qg weighting coefficients;
Va1 Va2, Vo  symmetrical components of side A

voltages;

symmetrical components of side A
currents;

lAl’ lAQ’ lAO

zero-sequence impedance of the line
section AT.

ZOLA

Fault-loop signals (2) and (3), and also those used in the re-
maining subroutines, are expressed in terms of the respective
symmetrical components. Use of such notation is convenient for
introducing the compensation for line shunt capacitances; how-
ever, it is fully equivalent to the description traditionally used
for distance protection [12]. The natural sequence of phases: a,
b, and ¢ was assumed for determining the weighting coefficients
(Table I) as well as in all further symmetrical components cal-
culations.

Itis proposed to calculate the total fault current from (1) using
the following generalized fault model:

Iy = apilpy + apolps + apolpg 4)
where

ap1, Apas Apg share coefficients (Table II).

The +th sequence component of the total fault current is de-
termined as a sum of the ith sequence components of currents
from all line terminals (A, B, C)

Ip, =1y, +1Ip; + L, Q)
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TABLE II
SHARE COEFFICIENTS USED IN FAULT MODEL (4)

FAULT ar 92 Zro
a-g 0 3 0
b-g 0 15+i1.5V3 0
c-g 0 —15-i1.543 0
a-b 0 1.5-j0.5¢3 0
b-c 0 W3 0
ca 0 ~1.5-j0.5/3 0

a-b-g 0 3-i3 3
b-c-g 0 243 3
cag 0 -3-i3 W3

a‘_‘t'f_’;fg 15+j0.5¢3 | 1.5-j0.5¢3 " 0

“a e # 0, however, negative sequence component is not present
under three-phase balanced faults.

where

subscript “2” denotes the component type:
1 = l—positive, © = 2—negative,

and ¢+ = 0—zero sequence.

The share coefficients from (4) can be determined by per-
forming an analysis of the boundary conditions for particular
fault types [12]. Different sets of those coefficients are obtained.
They can be used alternatively, however, in order to ensure high
accuracy of fault location and the following priority for the use
of particular sequence components of measured currents is pro-
posed (Table II):

 for phase-to-ground and phase-to-phase faults: use of neg-

ative-sequence components;

 for phase-to-phase-to-ground faults: use of negative- and

Zero-sequence components;

» for three-phase symmetrical faults: use of superimposed

positive-sequence components.

Excluding the positive-sequence components (ap; = 0) from
the total fault current (4) for all faults, except three-phase bal-
anced faults, is characteristic for the share coefficients from
Table II. In case of three-phase balanced faults, only positive-se-
quence components are contained in the signals. The positive
sequence of the total fault current can be calculated as the sum
of postfault positive-sequence components from all line termi-
nals. However, it is proposed to calculate it as the following sum
of the superimposed (denoted with “A”) positive-sequence cur-
rents from the line ends A, B, and C, respectively:

Ipy = ALy + Algy + Al (6)

Finally, negative-, zero- and superimposed positive-sequence
components of the measured currents are used in the calculation
of the total fault current (4). This ensures accurate calculation of
the fault current flowing through the fault path resistance. This is
s0, since the positive-sequence components, for which the shunt
capacitance effect is the most distinct, are excluded.
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Fig. 3. Circuit diagram of three-terminal line under fault at the section TB, for
the ¢th symmetrical component.

After resolving (1) into the real and imaginary parts, and elim-
inating the unknown fault resistance ( Rga ), the sought fault dis-
tance (da ) is determined as
real(V ,,)imag(ly) — imag(V 5, )real(If)

dy =

real(Zy L ap)imag(Ly) — imag(zlLAlAp)real(ng '

7

Having the fault distance calculated (7), the fault resistance

Rpa can also be determined as, for example, from the real part
of (1) as

real(V5,) — dareal(Zypala,)
real(Iy) ’

®)

FA =

B. Fault-Location Algorithm—Subroutine SUB_B

An analytic transfer of three-phase measurements V ,, I,,
and I to the beginning of the section LB, while strictly taking
into account the distributed parameter line model, is performed.
The superscript “transf.” is used to distinguish the analytically
transferred signals from the measured signals. Certainly, such
transfer has to be performed separately for each 4th type of sym-
metrical component of three-phase voltage and current. Fig. 3
presents an equivalent circuit diagram of the line for the :th
symmetrical component. Again, the subscript “z” is used for de-
noting the respective ¢ = 1 is positive, ¢« = 2 is negative, and
1 = 0 the zero sequence components.

Transferring of voltage from the bus A to the tap point T re-
sults in

Zfrrfmf' = COSh(liLAKLA) Vai—Zera Sinh(liLAfLA) L
©))

where

ZciLA =V Z;ZLA/X'IL'LA

surge impedance of the
line section AT for the ith
sequence;

propagation constant of the
line section AT for the th
sequence;

Yita =V ZizaYira

impedance of the line section
AT for the ¢th sequence
(Q/km);

!
LA
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_QLA admittance of the line section
AT for the ¢th sequence
(S/km);

A total length of the section AT
(km).

The transfer of the sth symmetrical sequence current from the
beginning of the line section LA (bus A) to the end of the section
(tap point T) gives

Itransf. T Sinh(liLAKLA) : KAi
L Aq -

Zo tcos(,; ,lua)-Ly;. (10)

Transfer of the current for the line section TC, performed
analogously as in (10), gives I tcr,?ns’c' (Fig. 3).

The transferred ith symmetrical sequence current of the
faulted line section TB (Fig. 3), flowing from the tap point T
toward the fault point FB (I532) is calculated as the sum of
the currents transferred from the terminals: According to (10)]
and from C [analogously as in (10)]

ltTr]%?Sf- — l‘ziansf. + l‘g?nsf. ) (1 1)

Then, using the determined transferred signals (9), (11), the
fault-loop voltage V.1, and current I, are composed, anal-
ogously as in (2) and (3). In order to determine the distance to
fault on the section TB, the following fault-loop model is used:

Vi,- (1 ~ds)Zy1plrp, — Rralp =0 (12)
where

dp unknown distance to fault on section TB
(p.u.) counted from bus B toward fault
point FB;

Rrp unknown fault resistance;

Vorps Ly fault-loop voltage and current for the
subroutine SUB_B;

Zi1p positive-sequence impedance of the section
TB;

I total fault current (formula: (4), (5),
Table II).

After resolving (12) into the real and imaginary parts and
eliminating the unknown fault resistance (Rpp), the sought
fault distance (dp) is determined as shown in (13) at the bottom
of the page.

Similarly, as in the case of the subroutine SUB_A (8), the
fault resistance Rpa can be determined as

real(KTp> - (1= dB)real(ZmBlTBp)

Rpp = real(ly) - 314
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C. Fault-Location Algorithm—Subroutine SUB_C

The subroutine SUB_C, designated for locating faults on the
line section TC, is derived analogously to the subroutine SUB_B
(Section II-B) and, therefore, is not presented.

D. Improvement of Fault-Location Accuracy

The subroutine SUB_A (presented in Section II-A) is formu-
lated using the lumped model of the line section AT with ne-
glecting shunt capacitances. The subroutine SUB_B (presented
in Section II-B) applies the distributed parameter line model
only for transferring the signals to the tap point T [(9) and (10)],
while the fault-loop model itself (12) is of the lumped character.
Analogously, it is for the subroutine SUB_C.

It is important for ensuring high accuracy of fault location
that the total fault current in all three subroutines be calculated
in such a way that the shunt capacitance effect, which is the most
distinct in case of the positive sequence, is minimized.

In view of the aforementioned features of the subroutines, the
delivered fault-location algorithm is capable of locating accu-
rate faults if, however, the line sections are not too long.

In case of the length of the line sections above 150 km, sim-
ilarly as for one-end fault locators [12], a need for improving
fault-location accuracy appears.

First, a voltage drop on the faulted segment of the respective
line section (Fig. 1: A-FA segment—for subroutine SUB_A;
T-FB segment—for subroutine SUB_B; T-FC segment—for
subroutine SUB_C) has to be determined by taking into account
the distributed parameter line model. This can be accomplished
by performing iterative calculations, analogously as in the
fault-location algorithm from [12].

Second, further improvement of fault-location accuracy can
also be achieved if the total fault current is determined by con-
sidering the long line model. For example, considering the flow
of currents in the path T-FB-B (Fig. 3), after tedious manipu-
lations on hyperbolic functions, one obtains the following com-
pact formula for the 7th symmetrical component of the total fault
current:

I _QTLB sinh(y,;; pfrs)-Vori+cosh(y,; nfu)-Lrp;+1p;
iFi = .

COSh(liLBZLBdB)
(15)
Then, this current (15) has to be substituted into (4) and next
to the fault-loop model (12). As a result, a nonlinear complex
formula is obtained, which can be solved iteratively, using, for
example, the Newton—Raphson method.

E. Selection of Valid Subroutine

The presented fault-location algorithm consists of three sub-
routines and only one of them—the valid subroutine—yields the

ilnag(KTp - Z1LB£TBp)real(lF) - real(ZTp - Z1LB£TBp)imag(lF)

B =

real(ZmBlTBp)hnag(lF) - ilna’g(ZILBlTBp)real(lF)

(13)
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results, which correspond to the actual fault. The remaining two
subroutines give false results. The multicriteria selection proce-
dure has been developed for selecting the valid subroutine (i.e.,
for indicating the faulted line section).

In the first step of the selection procedure, the results of the
fault distance and resistance calculations are utilized. The sub-
routine, which yields the distance to fault indicating the con-
sidered fault as occurring outside the section range (outside the
range: 0 to 1.0 p.u.) and/or the calculated fault resistance of the
negative value is surely rejected.

The second step of the selection is used when the first step is
not sufficient. In this second step, the remote source impedances
(behind the terminals B and C—if it is considered that the fault
locator is installed at the station A (Fig. 1), are calculated for
different subroutines. For example, in case of considering the
subroutine SUB_B (Fig. 3, Section II-B) for locating faults on
the line section TB, the source impedance behind the bus B for
the positive (negative) sequence is calculated as

7SUB.B _ ,SUB.B _ —KSBgB_B (16)
£ 1SB — £2SB - IB2

where the estimated voltage at the bus B is equal to

Vi P = VISt — (1 - dp) Zy 1 IT85" + deZy1plps-
a7

In the calculations (16) and (17), the negative-sequence com-
ponents are used. This can be applied for all faults except three-
phase balanced faults, for which the incremental positive-se-
quence components have to be used.

The source impedance behind the bus C is calculated anal-
ogously to (16) and (17). Similarly, the source impedances are
calculated according to the subroutine SUB_C.

Having calculated the impedances of the sources behind the
remote buses B and C—according to both subroutines (SUB_B,
SUB_C), first it is checked in which quadrant of the complex
plane they are placed. The actual equivalent source impedance
is of the form of R-L branch (i.e., it is considered as being
placed in the Ist quadrant of the impedance plane. If the source
impedance, calculated according to the considered subroutine,
lays outside the Ist quadrant, then this subroutine is false and
has to be rejected. Otherwise, if there are still at least two sub-
routines (out of three) remaining, then the selection has to be
continued. The particular subroutine can be rejected also if the
calculated value of the remote source differs from the actual
impedance. For this purpose, certain knowledge about the actual
equivalent sources behind the line terminals has to be possessed.

The presented multicriteria selection procedure will be ex-
plained in relation to fault-location results presented further in
Section III.

III. ATP-EMTP-BASED EVALUATION

A. ATP-EMTP Model

An ATP-EMTP software program [14] was applied to
evaluate the performance of the developed fault-location al-
gorithm. The modeled 110-kV test network includes the line

2103
TABLE III
FAULT-LOCATION RESULTS: A-G FAULT ON SECTION AT, Rpa = 10
da_actual SUB_A SUB _B SUB _C
(p.u) da Rea dp Rrp dc Rrc
(p.w) () (p.u) ((9) (p.u.) ()
0.1 0.1001 9.99 2.0542 10.22 2.8415 12.17
0.2 0.2001 9.98 1.8939 10.44 2.6016 13.01
0.3 0.3001 9.96 1.7428 10.65 2.3631 13.42
04 0.4002 9.96 1.6015 10.81 2.1285 13.47
0.5 0.5003 9.95 1.4702 10.91 1.9008 13.22
0.6 0.6005 9.96 1.3499 10.92 1.6833 12.74
0.7 0.7008 9.97 1.2413 10.82 1.4799 12.10
0.8 0.8012 9.98 1.1458 10.62 1.2949 11.38
0.9 0.9018 10.00 1.0649 10.33 1.1333 10.65
For all fault cases the subroutines SUB_B, SUB_C are rejected, while the sub-
routine SUB_A is selected as the valid one.

sections—AT: 100 km, BT: 80 km, TC: 50 km, having the
positive- (negative) and zero-sequence impedances

241 =(0.02764+j0.3151), Zi,=(0.275+4j1.0265); (Q/km).

The equivalent sources Z;q, = (0.65125 + j3.693)<2,
Zosa = (1.159 4 j6.5735)Q2, Zisp = 2Z;sa» Zisc = 3Zisa
were also included.

Existence of the prefault load flow in the modeled network is
determined by the assumed phase shift of side B source equal
to —30° and side C source —15°, with respect to the equivalent
source behind bus A (0 °).

B. Evaluation of the Fault-Location Algorithm

In order to evaluate the derived fault-location algorithm itself,
the errorless current and voltage transformers were modeled.
Analog antialiasing filters with the cutoff frequency of 350 Hz
were included, and 1-kHz sampling frequency was used. Full-
cycle Fourier orthogonal filters were applied to determine pha-
sors of the processed signals. The obtained continuous fault-lo-
cation results were singled by averaging within the postfault in-
terval: from 30 up to 50 ms, after the fault inception.

Different specifications of faults have been considered in
the study. However, due to the limited space, only the results
for the a—g faults, applied through 10-Q2 fault resistance at
different locations (0.1 to 0.9 p.u.) on particular line sections
(Tables II-VII) are presented here. The performance of the
developed fault-location algorithm for the other faults is satis-
factory and the fault-location errors are also very low.

For the a-g faults on the line section AT (Table III), only
the subroutine SUB_A yields correct results—with the maximal
fault location error: 0.0018 p.u. (or: 0.18%), while the other two
subroutines are surely rejected as indicating the fault outside
their sections range dg and d¢c > 1.0 p.u.

In case of the a-g faults on the line sections TB (Table IV)
and TC (Table V), the subroutine SUB_A yields invalid results
(da > 1.0 p.u.) and, therefore, it is rejected. The other two
subroutines (SUB_B, SUB_C) give the fault-location results,
which could be accepted 0 < dp and d¢ < 1.0 p.u., and positive
fault resistances Rrp and Rpc > 0 €.

In order to judge which subroutine: SUB_B or SUB_C is
valid, the selection has to be continued (Table VI and VII). In
Table VI, the placement of the calculated impedances of the
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TABLE IV
FAULT-LOCATION RESULTS: A-G FAULT ON SECTION TB, Rrp = 10 Q
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TABLE VII
SELECTION OF VALID SUBROUTINE: A-G FAULT ON SECTION TC,
Rpc = 10 € (FAULT -LOCATION RESULTS IN TABLE V)

dp_actual SUB_A SUB B SUB _C
(p-u) da Rga dg Rep dc Rgc Quadrant of complex plane in which
(p.u.) (Q) (p.u.) (Q) (p.u.) (Q) dc_acuual calculated source impedances is placed: SELECT.
0.1 2.4997 13.69 | 0.0979 | 10.02 | 0.6549 6.23 (p-u) U8B | ,suBB [ suBc | ,suBc
0.2 2.3796 14.12 0.1982 10.01 0.5878 6.15 =1SB =1sC =1SB =1sC
03 22315 | 1421 | 02985 | 10.00 | 05392 | 628 0.1 IZ IH': Iz Iz SUB_C
T
04 20690 | 1402 | 03988 | 9.99 | 05118 6.60 0.2 e IHI d L L SUB_C
05 18985 | 1359 | 0.4991 998 | 05087 | 7.07 03 I Ll I I SUB_C
0.4 I 1d ™ ™ SUB_C
0.6 1.7234 13.00 0.5994 9.98 0.5334 7.64 : =
0.5 It 1rd I & SUB_C
0.7 1.5457 12.30 0.6997 9.98 0.5898 8.26 : =
0.6 It 1ird & & SUB _C
0.8 1.3660 11.53 0.8000 9.97 0.6827 8.90 : =
0.7 IS 1rd & & SUB_C
0.9 1.1850 10.76 0.9003 9.98 0.8175 9.49 : =
- - - - 0.8 I 1d & It SUB_C
For all fault cases the subroutine SUB_A is rejected, while the subroutines IS IS = = SUB O
SUB_B, SUB_C undergo further selection (see Table VI). 0.9 =

") Selected after applying additional comparison of the calculated source imped-
ances with the actual impedances:

TABLE V | legl?ﬁ ‘ ] [ ]Schﬁ | )
FAULT-LOCATION RESULTS: A-G FAULT ON SECTION TC, Ry = 10 = =173 — =0.59 > SUB_B rejected,
‘ZISBiaclua.l ‘ ‘ zlSCfactual |
dc actual SUB A SUB B SUB C | Z8UBC| | Z3UBC |
(pu.) R Ren s Ren dc Rec Z1SB =1.07: =18C =1.01 = SUB_C selected.
(p.u) Q) () Q) (p.u) @ | Z155_actuat | 1 Z1s¢_actuat |
0.1 1.6406 1278 | 0.8723 9.88 0.0996 | 10.02
0.2 1.5935 1288 | 0.8625 1005 | 0.1999 | 10.01
03 15368 | 1284 | 08577 | 1020 | 0.3001 | 10.00 for these impedances is shown in Table VII. Based on this place-
04 14731 12.67 0.8583 1031 0.4002 10.00 ment, the subroutine SUB_C was selected as the valid for faults
0.5 1.4038 1239 | 0.8646 1037 | 0.5004 9.99 . the 1i tion TC at locati d — 01
06 13302 | 1202 | 08772 | 1040 | 0.6005 | 9.99 occurring on the line section 1L at locations d¢_actual = 0-
07 1.2528 11.58 0.8964 1037 0.7006 9.99 to 0.8 p.u. For the fault at dC_actual = 0.9 p.u., the subrou-
0.8 1.1721 11.09 0.9229 1029 0.8007 9.98 tine SUB_C was also selected as the valid, just, only after com-
0.9 10886 | 1056 | 09573 | 10.16 [ 0.9007 | 9.99 paring the calculated source impedances with the actual ones
(used in modeling). This comparison has shown that the magni-
TABLE VI tudes of the source impedances calculated according to the sub-

SELECTION OF VALID SUBROUTINE: A-G FAULT ON SECTION TB,
Rypp = 10 £ (FAULT-LOCATION RESULTS IN TABLE IV)

Quadrant of complex plane in which
d(B].';Tl:“)ml calculated source impedances is placed: SELECT.
e [ zes | 2w | e
0.1 I ™ 1 ™ SUB_B
0.2 It 15t 11 & SUB_B
03 It It g I SUB_B
0.4 I It 1 S SUB_B
0.5 I It 1 S SUB_B
0.6 It It 1 15 SUB_B
0.7 I 15t g S SUB_B
0.8 It It 1t It SUB_B
0.9 I It 1 S SUB_B

equivalent sources behind buses B and C (denoted at the last
position of subscripts), according to the subroutines SUB_B,
SUB_C (denoted by superscripts), is shown. For all fault
cases, both source impedances are calculated according to the
subroutine SUB_B Z §g§—B ngég‘B lay in the Ist quadrant

of the complex plane, while this is not satisfied (Illrd and Ist
quadrant, respectively) for the source impedances Z fgg -C,
Z f’gg -°calculated according to the subroutine SUB_C. As a
result, the subroutine SUB_B is selected as the valid, what is
consistent with reality (results in Table IV).

Continuing the selection for the faults on the line section LC
(fault location results in Table V), the placement of the respec-
tive calculated source impedances on the complex plane has

been determined. Specification of the complex plane quadrants

routine SUB_B are the multipliers: 1.73, 0.59 of magnitudes of
the actual impedances. Since these multipliers differ quite dis-
tinctly from unity, the subroutine SUB_B was rejected and the
subroutine SUB_C remained as the valid. The applied compar-
ison of the calculated source impedances with the actual ones
requires knowing the latter. If the utility staff is not able to pro-
vide the actual source impedances, then both results still need
to be considered to utilize and expedite the line service restora-
tion. For the described fault case (a-g fault on the line section
TC at dc_actual = 0.9 p.u.), the following two alternative loca-
tions of the fault remain for considering: on the line section TB
at dg = 0.9573 p.u. and on the section TC at d¢c = 0.9007 p.u.
Both suppositions indicate the fault as occurring very close to
the tap point which is favorable for making the line inspection.

Fault-location results yielded by the subroutines, which
were selected as the valid (the results marked in Tables III-V
in bold type), are very accurate. The calculated distance to
fault (da,dp, dc) is very close to the actual value of the fault
distance (da _actual, dB_actuals C_actual)- The fault-location
error does not exceed 0.002 p.u. (0.2%).

C. Comparison of the New Fault-Location Algorithm With
the Other Known Algorithm

In order to reveal the superiority of the developed new fault-
location algorithm to the others, a quantitative comparison has
to be performed. It was taken into account for this comparison
that, in principle, the fault-location algorithms belonging to the
same category could be taken for comparison. Therefore, the



IZYKOWSKI et al.: FAULT-LOCATION METHOD FOR APPLICATION WITH CURRENT DIFFERENTIAL RELAYS

% =
Lisc
C
L
A ) ) B
Zisa AL, FA_/ Al )\ Aly | Ziss
> ' o=
d,(pu.) (1-d,) (p.u.)
AV, AZ'QITT"“ AV,
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Fig. 4. Illustration for the subroutine SUB_A of the fault-location algorithm
from [6].

presented new algorithm was compared to the fault-location al-
gorithm from [6], which also belongs to the category of algo-
rithms utilizing incomplete three-end measurements and using
three subroutines and the procedure for selecting the valid sub-
routine.

Fig. 4 is the illustration for the subroutine SUB_A of the al-
gorithm derived in [6]. The scheme of the network for the super-
imposed positive sequence (incremental positive sequence), by
considering the distributed parameter model of all the line sec-
tions is taken into account. From bus A, the superimposed posi-
tive-sequence current (A7 ;) and voltage (AV ;) are taken di-
rectly as the subroutine SUB_A input signals. Then, the voltage
(AVEnsty and current (AIS355E) at the tap point T, obtained
after the analytic transfer of the measurements acquired at the
bus B

AV = cosh(y,, fB)AV g,

— Zapsinh(y,, o lue)Alg, (18)

ALY = (AL, AV, Y Ve
Zarss Zave: s e, Zisc).  (19)
The function (f) determining the current A3 is derived

by using a current division theory [6].

Next, using the input signals AV ,;, Al,;, and AV Fanst:
(18), AL Eﬁi‘ff' (19), the distance to fault on the section AT is
determined according to a simple formula, as in [3].

One can notice that the function (f), determining the
current AI525% (19), involves the positive-sequence source
impedance behind bus C Z ;4. The inaccuracy in providing this
impedance data (mismatch with respect to the source impedance
data) is a source of certain fault-location errors. Table VIII
gathers the distance to fault results calculated according to the
subroutine SUB_A of the fault-location algorithm from [6]
under different mismatch ratios. In case of no mismatch (0%
mismatch), the results are very accurate (maximal and average
fault-location errors are 0.09% and 0.07%, respectively). How-
ever, introducing a certain mismatch with respect to the source
impedance Z,qc, higher fault location errors appear. For ex-
ample, for the 50% mismatch (the assumed source impedance
is 50% higher than the actual one, with the same phase angle),
the maximal and average fault-location errors are: 1.58% and
1.22%, respectively. Even higher fault-location errors appear
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TABLE VIII
COMPARISON OF FAULT-LOCATION ALGORITHMS: a-g FAULT
ON SECTION AT, Rpa = 10 Q
SUB_A: dj (p.u.)
. N New FL
dA_actual FL Algorithm from [6] Algorithm
(p-u) Mismatch Rate: *)
0% 50% 20% -20% -50%
0.1 0.1006 0.0912 0.0965 0.1052 0.1135 0.1001
0.2 0.2008 0.1879 0.1952 0.2071 02182 0.2001
0.3 0.3009 0.2857 0.2943 0.3083 0.3213 0.3001
0.4 0.4009 0.3844 0.3938 0.4089 0.4228 0.4002
0.5 0.5009 0.4842 0.4937 0.5089 0.5227 0.5003
0.6 0.6008 0.5852 0.5941 0.6083 0.6211 0.6005
0.7 0.7007 0.6872 0.6949 0.7071 0.7180 0.7008
0.8 0.8005 0.7903 0.7962 0.8053 0.8134 0.8012
0.9 0.9003 0.8945 0.8978 0.9029 0.9074 0.9018
eITOTmax || 0.09% 1.58% 0.63% 0.89% 2.28% 0.18 %
ermolayer | 0.07% 1.22% 0.48% 0.69% 1.76% 0.06%
*) There is no mismatch effect

for the mismatch rate of —50%. If the mismatch rate is within
the range (—20%, 20%), then the fault-location errors are kept
below 1%, which was also evaluated in [6].

To distinct the fault-location algorithm from [6], the calcu-
lation of the distance to fault according to the presented new
fault-location algorithm is not dependent on the source imped-
ances and, thus, there is no mismatch effect. The distance to
fault is calculated accurately and the fault-location errors are at
the level achieved with the fault location from [6] under precise
setting of the source impedance value (0% mismatch).

IV. CONCLUSION

In this work, the new algorithm designed for locating faults
on a three-terminal line has been presented. The specific set of
the fault-locator input signals has been assumed with the aim
of developing the fault-location algorithm for applying current
differential relays protecting a three-terminal line. It has been
shown that it can be accomplished using phasors of three-phase
current from all line terminals—exchanged by the current differ-
ential relays, and additionally, the locally measured three-phase
voltage phasor.

The developed fault-location algorithm consists of three sub-
routines, designated for locating faults within the respective line
sections, and a multicriteria procedure for selecting the valid
subroutine. The subroutines are formulated with the use of gen-
eralized fault-loop models. For this purpose, information on the
fault type is required. It has been shown that the applied set of
the fault-locator input signals allows for accurate determination
of the total fault current, flowing through a fault path resistance.
Direct summing of currents from all line terminals for particular
phases, which is a natural way of determining the total fault cur-
rent, has not been used in the proposed approach. This is so be-
cause since performing direct summing, the positive-sequence
currents, for which the shunt capacitances effect is the most dis-
tinct, are contained in the summed phase currents. As a result,
the accuracy of the total fault current determination deteriorates.
Therefore, it has been proposed to determine the total fault cur-
rent as the weighted sum of particular sequence components, by
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applying such a set of the weighted coefficients so that the use of
postfault positive-sequence components of currents is avoided.

Three subroutines of the fault-location algorithm have been
formulated using the lumped model of the fault loop while
neglecting shunt capacitances. The distributed parameter line
model was utilized only for the analytical transfer of signals
across the healthy line sections toward the tap point. In order to
ensure high accuracy of the fault location in case of consider-
able length of the line sections, the distributed parameter line
model has to be fully incorporated to the algorithm. This paper
describes how it can be accomplished.

A multicriteria procedure for selecting the valid subroutine
has been introduced. First, the subroutine, which yields the dis-
tance to fault indicating the considered fault as occurring out-
side the section range, and/or the calculated fault resistance of
a negative value, is rejected. Second, the impedances of the re-
mote sources are calculated according to different subroutines.
The placement of a given calculated source impedance outside
the Ist quadrant on the impedance plane results in rejecting the
considered subroutine. In case this is not sufficient, the compar-
ison of the calculated source impedances with the actual values
has to be performed. For this purpose, knowledge with respect
to the actual equivalent sources is required. The presented eval-
uation results show the effectiveness of the proposed selection
procedure.

The ATP-EMTP software package was used to demonstrate
the performance and advantages of the developed fault-loca-
tion algorithm. The simulation results show that the accuracy of
fault location is very high under various fault types, fault resis-
tances, fault locations, prefault loading conditions, and source
impedances. For the presented results for single-phase faults,
the achieved accuracy is very high—the fault-location error is
less than 0.2% under the assumption of ideal transformation
of instrument transformers. Incorporating real models of instru-
ment transformers into the ATP-EMTP model results in certain
worsening of fault-location accuracy. However, the delivered
fault-location algorithm ensures definitely better accuracy than
the one-end approach. This is so since in the presented method,
the total fault current is not estimated—for which knowledge of
source impedances is required in case of the one-end approach,
but is accurately calculated from the measured signals.
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