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Abstract: A new fault location algorithm for double-circuit transmission lines with availability of complete
measurements from two anti-parallel end of the line is presented. Sequence voltage and current phasors from
these ends are taken as inputs and no synchronisation between them is needed. Using the pre-fault data, the
synchronisation angles between measurements at the reference and the anti-parallel ends are obtained. Using
the fault data, the faulted circuit is determined and the sequence voltages and currents at the fault point are
calculated as a function of the fault distance. Finally, using the fault boundary conditions that exist for a given
fault type, the fault location is derived and solved by an iterative method. Owing to zero-sequence mutual
coupling, it is not straightforward to express the zero-sequence voltage and current at the fault point as a
function of the zero-sequence voltages and currents at the two measuring ends and the distance to fault. To
overcome this problem, a modal transformation matrix is introduced to obtain the modal networks, which are
decoupled and can be analysed independently. Based on distributed parameter line model, the proposed
algorithm fully considers the effects of shunt capacitances and thus achieves superior locating accuracy,
especially for long lines. Mutual coupling between circuits, source impedances and fault resistance do not
influence the locating accuracy of the algorithm. The simulation results using ATP-EMTP and MATLAB
demonstrate the effectiveness and accuracy of the proposed algorithm.

1 Introduction

Double-circuit transmission lines have been extensively
utilised in modern power systems to enhance the
reliability and security for the transmission of electrical
energy. They are usually spreading over few hundreds

on either one-terminal [1-7] or two-terminal data
[8-11]. Although less precise than two-terminal
algorithms, one-terminal algorithms appear more attractive
since they rely only on voltage and current measurements
at one common terminal, and hence no communication
links have to be provided between both terminals of the

of kilometres and are vital links between the energy
production and consumption centres. The different
topologies of double-circuit lines combined with the
mutual coupling effect create a large number of possible
fault types that may occur on double-circuit lines. This
feature makes their protection and fault location
determination a very challenging problem.

Many fault location algorithms for double-circuit lines

have been developed [1-11]. These algorithms are based

line. One-terminal data algorithms [1-6] are based on
lumped parameter line model. While different in their
implementation issues, these algorithms attempt to
estimate the fault current contribution from the other
terminal by solving the Kirchhoff’s voltage law (KVL)
equations around parallel lines loops. Since they are based
on lumped parameter line model, these algorithms do not
fully consider the shunt capacitance effect. This may lead
to significant errors in fault location estimation, especially
for long lines where the magnitude of the capacitive
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charging current can be comparable to the fault current,
particularly under high impedance fault conditions.
Moreover, none of these algorithms deals effectively with
inter-circuit faults which are more likely to occur on
double-circuit lines located on the same tower structure.
Recently, a one-terminal algorithm based on distributed
parameter line model has been developed [7], having high
locating accuracy and treating satisfactorily most of the
asymmetrical fault types that can be encountered in
double-circuit lines. However, it cannot be used to locate
symmetrical faults between circuits, for example, a fault
involving phases A and B in both circuits of the line at
the same instant.

Contrary to one-terminal algorithms, there are few two-
terminal algorithms for double-circuit lines [8-11].
Voltage and current measurements from all four measuring
ends of a double-circuit line are considered in [8].
Although the algorithm is based on distributed parameter
line model and is capable of locating inter-circuit faults, it
requires a great amount of data to be transferred from all
line ends. There is also one two/multi-terminal algorithm
based on lumped parameter line model [9] and two other
algorithms based on distributed parameter line model
[10, 11]. These last two algorithms utilise only current
measurements from all four ends of the line, which
adversely affects their accuracy due to current transformers’

(CTs) errors.

This paper presents a new fault location algorithm for
double-circuit transmission lines that is based only on
voltage and current measurements at two anti-parallel ends
of the line. Using a limited number of measurements, the
proposed algorithm manages to reduce the amount of
information needed to be exchanged between the line
terminals to estimate the distance to fault. Furthermore,
comparing to [10, 11] the algorithm is more secure since it
is not so highly affected by CT errors. Finally, although the
proposed algorithm does not require synchronisation
between measurements at the two measuring ends, it can
also be applied in a fault location scheme with utilisation of
synchronised phasor measurement units (PMUs). In such a
scheme, the proposed algorithm offers minimal PMU
placement for locating faults in double-circuit lines, which
is considered as a very useful add-on in an attempt to
achieve transmission network fault location observability

with minimum number of PMUs [12].

The rest of the paper is organised as follows. Section 2
presents a modal transformation to decouple the six-phase
system of a double-circuit transmission line into positive,
negative and zero-sequence networks [13]. Assuming that
the line is well transposed, the equivalent PI circuit of
positive and negative sequence networks, based on
distributed parameter line model, can be readily
accomplished. Owing to mutual coupling, it is not
straightforward to obtain the equivalent PI circuit for zero-
sequence networks. However, using the proposed modal
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transformation matrix, the zero-sequence networks can be
decoupled into common and differential component
networks [7], which can be analysed independently.
Section 3 presents the basic background of the proposed
algorithm, comprising the following critical tasks: phasor
computation, synchronisation error determination, fault-
type detection, faulted circuit selection and fault location
estimation. Using the fundamental sequence voltage and
current phasors from the two measuring ends, in
combination with the equivalent PI circuits of the sequence
networks derived in Section 2, the sequence voltages and
currents at the fault location can be expressed as a function
of the fault distance only. Thereafter, applying the fault
boundary conditions that exist for each fault type, the fault
location can be determined by using a numerical method.
In Section 4, detailed alternative transient program (ATP)
and MATLAB simulation results are presented to
demonstrate the effectiveness and accuracy of the proposed
method.

2 Derivation of equivalent Pl
circuit for sequence networks of a
double-circuit line

The objective is to derive an equivalent PI circuit
for positive, negative and zero-sequence networks of a
double-circuit line, accounting for distributed parameter
effects. This will ensure precision of the results obtained
by the proposed fault location algorithm. Double-circuit
transmission lines involve two parallel circuits. Fig. 1
shows a typical tower and conductor configuration of a
double-circuit line. Considering the coupling between
conductors and assuming that the two circuits of the line
have identical parameters and are well-transposed, the
voltages and currents along the line satisty the following
equation [14]

d[V hase]
# = [thase][Iphase] (1)
d[Iphase]
dx = [thase][Vphase]
where [V phase] =V W Ven Vi Voas Vc_H]T and
[Iphase] = [Ia,I; Ib,I; IC,I; Ia,H; Ib,H; IC,H]T are the Phase

b %Ic %)_J\ % IIb

IIe
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Figure 1 Structure of a double-circuit transmission line

IET Gener. Transm. Distrib., 2010, Vol. 4, Iss. 7, pp. 824—835
doi: 10.1049/iet-gtd.2009.0533

825

© The Institution of Engineering and Technology 2010



www.ietdl.org

voltage and current vectors of circuits I and II at considered 1/3) (1/3)a (1/3)a> 0 0 0
point, respectively; [Zyhase] and [Yphase] are the phase series 1/3) (1/3)@ (1/3)a 0 0 0
impedance and shunt admittance matrices given as 0 0 0 1/3) (1/3)a (1/3)d*
| o 0 0 (1/3) (1/3)a* (1/3)a
“1/6 -1/6 —1/6 1/6 1/6  1/6
Z Z. Z., Z, Z 6 Z
s 4m P 16 1/6 1/6 1/6 1/6  1/6
Z, Z, Z, Z, Z, Z, @
Z, Z, Z, Z, Z, Z,
[thaSC] = Z, Z, Z, Z, Zn Zn where a = ¢1%°.
Zy Ly Ly Zn Ly Iy In (3), [Ziod.) and [Ypnoa.] are the modal series impedance
Z, Z, Z, Z, Z, Z and shunt admittance matrices that are equal to
o ¥n Yo Y, Y, Z 0 0 0 0 O
Yo Yo Yu Y Y % 0 zZ 0 0 0 0
Y, Y, Y Y Y Y
Vol =y v v v v v @ zd=| 0 2 A2 00
I T I B N mese 0 0 0 2z 0 ©0
Y, Y, Y, Y, Y Y, 0 0 0 0 Z; O
v, Y, Y, Y, Y, Y 0 0 0 0 0 Z
y, 0 0 0 0 O
where Z;, Z,, and Y, Y,, are the self and mutual coupling 0y 0 0 O 0
impedances and admittances, respectively, associated with 0 0y, 0 0 0
either one circuit taken separately; Z, and Y, is the mutual [Vioaol = 00 0 Y 0 0 )
coupling impedance and admittance between any one of !
three conductors of one circuit and any one of the three 00 0 0 ¥ O
conductors of the other circuit. 0 0 0 0 0 Yg

Using eigenvalue theory [15], the line parameter matrices where Zy=Z,— Z,, Zo=Z,+2Zy, Zno=3Z, and
[Zhase] and [Yphaee] can be decoupled into diagonal Y1 =Y, - Y, Yo=Y, +2Y,, Ymo = 3Y, are the positive,

matrices. The modal transformation matrices for voltage zero and mutual  zero-sequence 1mpedances and
and current [7,] and [73] can be used for diagonalisation. admittances of the line, respectively; Zi1, = Zo — Zpmo,
Then, (1) can be written as Zg = Zo+ Znmo and Yy, = Yy — Yo, Yo = Yo + Yo are

the inter-circuit and ground mode impedances and
admittances of the line, respectively [16].

AV od.] -1
— e — [T Z T.]1 =|Z 1
d[Idx : P 1 Z ppase I T il noe] = [Z o ] o ] In the mode domain, define
Sl mod el -1
= [Tl] [thase][Tv][Vmode] = [Ymode][Vmode]
dx Za=vVL4/Y, Ya=vVi4h (6)

3)
Zoa = VZL/Y1iL,  Yeod = vV Z1iLY1L (7)

where [V, 4.1 =[T,]" [V hase] ZRRZRE V1_11»V211y

12y 1~ Vo120V s + Vol and [poa ] = [T Zoe =V Za/Yor Yo =V ZoYo ®)
L phase] = 5 Loy L Lo 1/ 2o — Lo ) 1/2(L 5 +
I, 11)]" are the modal voltage and current vectors expressed Voa = E(V(LH — Vo), Ig= E(IOJI -Iy) )

with respect to the sequence voltages and currents of
circuits I and II at considered point and

1 1
Vo = E(VO_I + Vo) Joe = 5(10_1 + 1o (10)

12 100 -11 where Z4 and vy are the characteristic impedance and
a a 0 0 -11 propagation constant of positive and negative sequence
a &4 0 0 —-11 . . networks for each line circuit, respectively; Zo4, Yeod and Zgc,
T,=T = 0011 1101 T, =T, Yoo are the characteristic impedances and propagation
5 constants of the differential and the common sequence
0 0 a2 a 1 1
) network, that the mutually coupled zero-sequence networks of
00 a4 11 the double-circuit line are decoupled into, respectively; Vo, Joa
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and ¥, lo. are the differential and common sequence voltages
and currents, respectively.

Based on (3) and Fig. 2, the mode voltages and currents
along the line at considered point x are written as

Vi j = Va_; cosh(ygx) — Iy ;Zy sinh(yqx) (11)
L ;=1 cosh(yqx) — Va_ sinh(y4%)/Z4 (12)
Vo= Vaj cosh(vax) = I jZy sinh(yyx)  (13)
L ; =I,_; cosh(yyx) — V,_; sinh(y4x)/Zy (14)
Vop = Vigp cosh(yep%) — L, Zegp sinh(yeg,x) (15)
Io;a = ISOP cosh(ycopx) - Vso;a sinh('ycopx)/ZCOP (16)

where Vg ;, Vo, Veop and I j, L ;, Loy are the modal
voltages and currents at terminal s; respectively; 7 =1, 1II,
representing the circuits I and II of the line; p = d, ¢, standing
for the differential and common sequence component.
Combining (11)-(16), enables the development of the
equivalent PI circuit for particular sequence networks of a
double-circuit line, which is the basis for analysing the
proposed fault location algorithm. This analysis is given in the

following section.

3  Fault location algorithm

Fig. 3 shows the proposed measuring arrangement for
locating faults in a double-circuit transmission line.
Voltages and currents from two anti-parallel ends of the
line are used. We assume that the fault locator (FL) is
installed at the line end s; and is supplied directly with
signals from the voltage and current transformers VT g
and CT g1, respectively. In turn, the signals from the
instrument transformers VT ryr and CT gy at the anti-
parallel end r;; are recorded by a digital fault recorder
(DFR) and sent via a communication link to the FL. The
CTs are connected on the line side of each breaker, thus
enabling the algorithm to operate additionally for ground
faults that occur while one circuit is in operation and the
other is out of service with its ends grounded.

Se i Tl G4y ULy hed s led Ry
e kil — —
T T
o Ll —L
Va1 Vi, Vied o Vo Ve, Vied
{¥y, Y}
= x
sy Wanlanted @46 halinhd Uand:nlodry
1 L I ! o L Il
L] — 1

. L . . L N
{Vn, Vi, Voo Vo Vo, Viod
1

th, ¥g}

Figure 2 Modal sequence networks of a double-circuit line
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Figure 3 Schematic diagram of the fault location scheme
for double-circuit lines

It is to be mentioned that there is no global positioning
system (GPS) control of digital measurements performed at
the two line ends, and thus, a more general case of
unsynchronised measurements, similarly as in [17], is
considered. Moreover, fully transposed lines and identical
parameters between the circuits of the double-circuit line
are assumed, which allows using the theory presented in
the previous section.

The proposed fault location algorithm for double-circuit
lines comprises the following tasks:

1. phasor estimation, fault-type detection, fault recording
segmentation and data alignment;

2. synchronisation error determination, using pre-fault data;
3. faulted circuit selection, using fault data;
4. fault location estimation.

The above-mentioned tasks and their implementation
issues are discussed in the following paragraphs.

3.1 Phasor estimation, fault-type
detection, fault recording segmentation
and data alignment

The proposed algorithm uses only the sequence voltage and
current phasors. Thus, the phase voltage and current
waveforms captured by the two DFRs must be converted
into sequence fundamental frequency phasors. This is
accomplished using a three-stage approach. Initially, the
phase voltage and current signals are filtered by a low-pass
filter to remove possible noise and higher harmonics.
Afterwards, the phase voltage and current phasors are
calculated with the use of DFT algorithm. Finally, the
symmetrical component transformation is applied to obtain
the sequence voltages and currents. When fault recordings
do not originate from DFRs but are products of digital
relays with already calculated signal phasors, the algorithm
is still capable of manipulating them via the Comtrade data
format [18].

The next step is to identify the fault type and determine
the phase(s) involved in the fault. Numerous types of faults

IET Gener. Transm. Distrib., 2010, Vol. 4, Iss. 7, pp. 824—835
doi: 10.1049/iet-gtd.2009.0533

827

© The Institution of Engineering and Technology 2010



www.ietdl.org

can be encountered in double-circuit lines. Therefore we have
implemented a highly secure algorithm [19] for fault-type
identification. This algorithm is capable of dealing with
both challenging issues of phase selection in double-circuit
lines, weak-infeed conditions and inter-circuit faults.
Moreover, within the fault-type selection process, we can
estimate the individual fault inception timings of the
unsynchronised recordings captured at the two measuring
ends. Using this information, we can (a) divide the fault
recordings into pre-fault and fault segments, (b) time-align
the fault recordings, by equating their fault inception times;
that is, we choose the recording with the minimum fault
inception time as the reference one, and then we left-shift
the other recording, until its fault inception time becomes
equal to the reference one.

3.2 Synchronisation error determination

The fault-type detection algorithm is used to synchronise the
signals from both line ends. However, there is still a need to
refine synchronisation of phasors, because error with the
maximum of one sampling interval is possible after the data
alignment phase. For example, if we have one sampling
interval shift between two signals and we use 1kHz
sampling frequency, then there will be 18° phase angle
difference between the phasors obtained from these signals.
The fault location estimation algorithm is sensitive to such
phase angle difference and additional effort should be made
to achieve better synchronisation. To solve this problem, we
can assume balanced operation of the power system
preceding the fault and, by employing the positive sequence
equivalent PI circuit of the double-circuit line depicted in
Fig. 4, we can calculate the phase angle difference between
two voltage and current positive sequence phasors at the
anti-parallel sides.

In Fig. 4, the following notations are adopted:
7

a1 La1 and Vg, Iyt pre-fault positive sequence
voltage and current at measuring ends sy and ryy, respectively;

S I!l] RI

—> v
rl_l
24

s1I1 Van
Su Ry
Yorn

Figure 4 Positive sequence equivalent PI circuit of a double-
circuit line

1
1l

Va1 Iq1 and V4 q, Iq it pre-fault positive sequence

voltage and current at ends ry and sy, respectively;
Z1 1, Zy 11t equivalent positive sequence series impedance
of the line circuits I and II;

Y1 1 Y.q m: equivalent positive sequence shunt admittance

of the line circuits I and II.

The equivalent line parameters are expressed based on the
distributed parameter model, considering (11) and (12)
Z

s 1 = Zsr_H = ch sinh (‘YCIZ)

szr_H = (2/Zc1) tanh (YCll/z)

17)

Y, = (18)

ST

where / is the length of the line in miles or kilometres.

Based on Fig. 4 and taking measurements at the line end s;
as reference, we derive the following equations

Vaa= Va1l + Y 1/2)Zg1 1) — Ly 1211 (19)
Vau = Vand™Q+ Vo 1/2)Ze 1) — Liud® Zoy 11
(20)

where 8, and §; are synchronisation angles between the two
voltage and current phasors at ends sy and ryj, respectively,
which represent any possible synchronisation error.

The two circuits of the line in Fig. 4 have the same voltage
at both terminals s and r. Thus

Vai= Vr1_H€j6Va Van="Vaa 1)

Combining (19)—(21), we compute the synchronisation
angles 8, and &; as follows

8, = arg (V11 + (Y1 1/2) 21 1) — Lq1Zg1 D)/ Vi)

(22)
8, = arg (Vg 1€’ (1 + (Vg 11/2) Zesr.11) — Vi 1)/ Ty 11 Zess 11))
(23)

3.3 Faulted circuit selection

The selection of the faulted line circuit can be made by
substituting in (19) and (20) the positive sequence voltage
and current phasors preceding the fault with those existing
during the fault as follows

Vi 1e = Vi a(l + Vi 1/2) Z1 1) — (24)

Vir e = Vier 1> (14 Yoy 1/2)Zo 1) — Ly 1€’ Zo 1t
(25)

sfl IZsrl 1

where Vi1, Iy 1 and Vi qp, Lep qp are the positive
sequence voltage and current during the fault at measuring
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ends sy and ryy, respectively; Vg 11, Ve 1, are the calculated
positive sequence voltages during the fault at ends sy and ry.,

respectively.

For the voltages at terminals s and r, we have

— J8, —
Vrfl_I,m = V11 stl_II,m = Vsf11 (26)
where Vg 11, Vig1m are the positive sequence voltages
during the fault at the unmeasured ends sy and rj.

Using (24)—(26), we define the following differentials
AVipa =11 1m — Vier 1l 27)

AVfl I — =1V sf1_ILm — stII,c' (28)

If we assume that the fault lays in circuit I, we obtain

AV 1> 0 and AV =0 (29)
Thus, the criterion for minimum differential, min(A¥V;q 1,
AV 11), indicates the ‘sound’ circuit of the line. It is also
clear that when AV 13> 0 and AV 1> 0, an inter-
circuit fault has occurred.

3.4 Fault location estimation

Based on the analysis of Section 2 and Fig. 5, the fault
distance can be estimated in two steps. At first, the voltage
and current at the fault point in all sequence networks,
shown in Fig. 5, are expressed in terms of those at the two
measuring ends and the distance to fault. Afterwards, the
fault location is calculated based on the fault boundary
condition, which corresponds to the existing fault type, by
an iterative method.

In Fig. 5, the following nomenclature is adopted for
convenience:

Ver v Lt Vi a1 and Vi Lev s Vi o Lo 10
positive and negative sequence voltages and currents during

the fault at measuring ends sy and ryy, respectively;

SIl

I_r’xl EI_r’; !ﬁud! lI;JI I, Iﬁ Iﬁu.u

Verm Ler o Vi Lo and Vi Lo Vipp o Lo v
positive and negative sequence voltages and currents during

the fault at ends sy and 1y, respectively;

Vitoes Lsoer Vitoe, Irfoc: common zero-sequence voltages and
currents during the fault at terminals s and r, respectively;

Virods Isods Vima, Lipa: differential zero-sequence voltages and
currents during the fault at terminals s and r, respectively;
Zg1 1, Zgq 1 equivalent positive sequence series impedance
of the line section sf for circuits I and II, respectively;
Ze1 1 Ze1 qr- equivalent positive sequence series impedance
of the line section rf for circuits I and II, respectively;

Zsoer Zspa: equivalent common and differential zero-
sequence series impedance of the line section sf, respectively;

Zioes Zuoa: equivalent common and differential zero-
sequence series impedance of the line section rf, respectively;

Y1 1, Yo 11t equivalent positive sequence shunt admittance

of the line section sf for circuits I and II, respectively;

Y1 1, Y1 1t equivalent positive sequence shunt admittance

of the line section rf for circuits I and II, respectively;

Yioe, Yea: equivalent common and differential zero-
sequence shunt admittance of the line section sf, respectively;

Yoo, Yipa: equivalent common and differential zero-
sequence shunt admittance of the line section rf, respectively;

The equivalent line parameters are expressed based on the
distributed parameter model, considering (11)—(16)

Zygy ;= Zq sinh(yxl) (30)
Y= (2/Zy) tanh(yx//2) (31)
Zig1_; = Zy sinh(yy(1 — x)/) (32)
Yie1 = (2/Z) tanh(y4 (1 — x)//2) (33)

LI sf‘ 1504 Ty dpod Ry
—> «— 1
]
Vi1 ';f* 1Viroad sfl lzrfﬂﬂ“ , ’I I Z'.Fﬂﬂ' ViV Vipoad
Vi, 'r* L Viedh
;fn \.m ;,rl! \.joa
————————————————————————— R
‘nt l‘rsfi iz IIIiJ'Drl T, f_r, 1, fm 3 s _ ufﬁ ndp0d \f;,rl wdip2 ndigocd Ry
o s— |

Y u’;f 1, ,IMQ

|
{Zsfl 2 y0e) lzrj"l .2 f0c) 8 S LB LN
V. "II T WiV Vied
| ,_r], EI ‘Sfﬂr | rfl 11, ‘a_,ri]

Figure 5 Equivalent PI circuit of decoupled sequence networks
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Zg0p = Zegp sinh(yeqpx/) (34)
Yieo,= (2/ Zep,) tanh(yg,27/2) (35)
erOp = ZcOp Sinh(‘YCOP(l - x)l) (36>

rfOp (2/ cOp) tanh(’chp(]- - x)l/Z) (37>

where x is the per-unit distance to fault from reference
terminal s; j =1, II, representing the circuits I and II of
the line and p=d, ¢, standing for the differential and

common sequence COITlpOI'leIlt.

3.4.1 Sequence voltage and currents at fault
point F: The objective is to express the sequence voltages
and currents at the fault point with respect to the known
sequence voltages and currents at ends s; and ryy and the
unknown distance to fault. The sequence voltages and
currents at ends sy and r; are unknown variables, which, if
needed, can be easily solved as a function of the known
ones and the distance to fault via basic network equations
which are valid for the double-circuit line during the fault.

Based on Fig. 5, we can derive the following equations for

the positive and negative sequence voltages and currents at
fault point F in circuits I and II of the line

Vaa = Vira(U+ Vi 1/2DZig1 1) — LpaZir s (38)
ka,I)/Zsfl,I -
ka,I)/erl,I -

Ty 1 = Ly 1+ Ly (41)

Iy 1= Vg — Va1 1/2)  (39)

Ty 1= Vigpq — VaaYie 1/2)  (40)

8
Ve = Virne’™ A + Vg 1/2)Zegy 1) — Lee €’ Zigr
(42)

Vo Zgin — VanYern/2)  (43)

Ifsk_ﬂ - (Vf/z_II

Varn(Yier 1/2) (44)

Liwni = V€™ = Vo) Zogy 1 —

Iy = Iep i+ L (45)

where £ =1, 2, denoting the positive and negative sequence
component, respectively.

Equations (40) and (43) contain the unknown variables

Vig 1 and Vg 11 which, however, can be calculated via the
measurements at ends ryy and sy, respectively, and are given by

Viera = Vigre”™ (46)
stul = stu (47)

The differential and common sequence voltages and currents

at fault point F are acquired as

Viop = Veop(1 + (Yeg0,/2) Zego) — Ligop Zisop

(48)

= rfOp(l + (KfOp/2>erOp) - IrfOpzrfOp
Trop = Ligop (1 + (Yeg05/2) Zosop) — Veop(Ygop + Zgop (Yegop/ 2)°)
(49)

Vieop(Yeop + Zisop Yacop/ 2)%)
(50)

T0p = Lisop (1 + (Yigop /2) Zigy) —

where p=d, c.

Employing (48)—(50) and (9), (10), we obtain the zero-
sequence voltages and currents at fault point F for circuits I
and II of the line as

VfSO 1= stO_IAst st IBst + stO HCfO - ISfO_HDsfo

(51)
Ist_I = Ist_IAst - stO_IEst + Ist_H Cst - V;fO_HstO
(52)
5
Vioa = Veeo 1o — Lo 1Bero + Vigo1e”™ Cigo
— Lo 116’ Dygg (53)
s
Iio 1 = Lo 1450 — Vico 1Exs0 + Lo 1€ Cigo
Vieond™ Figo (54)
Ieo 1= Ino 1+ Lno 1 (55)
Vot = Vieo1Cs0 — Lo 1Dss0 + Vigo_11dsro — Ligo_1Bsso
(56)
Iio 11 = Lo 1Cs0 — Viso 1850 + Lo 11dse0 — Viro Lo
(57)
s
Veo1 = Viro1Coro — Liro 1Ds0 + Vigo 1€ " igo
— Lo 1" Bygo (58)
s
Iio 11 = Lo 1Cir0 — Vieo1Fro + Lo e’ " Aigo
— Vigo11e’™ Exo (59)
Ito 1 = Igo 1 + Lo (60)

where Asﬁ)’ Bst) Csﬁ)) Dsf07 Esﬁ)’ stO andf4rf0, Brﬁ); CrfO, DrfO’
E.p, Fipp are the equivalent parameters of the zero-sequence
network defined in Appendix.

Moreover, the two circuits have the same zero-sequence
voltage at both line terminals s and r, thus

Vieos = Vigoue’™ (61)

stOJI = stO,I (62)
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From (38)—(47), it is clear that the positive and negative
sequence voltages and currents at fault point F can be
obtained as a straightforward function of the unknown fault
distance x and the known voltages Vi1, Vign and
currents Lg 1, Ly 11 at ends sp and rp, respectively. The
same does not hold true for zero-sequence voltages and
currents, which are also dependent on the unknown
variables L 11 and Ig 1. To eliminate the two unknown
variables from (51)—(60), we can solve the following 2 x 2
linear system which reflects the zero-sequence network
constraint equations that exist in the double-circuit line
during a fault involving ground

[6 ﬂ}[l ] {/] [l } [6 ﬂ} {/]
rf0_1 rf0_1

where 4, 4, ¢, d, ¢, f are the coefficients dependent on the
ground fault condition, given in Table 4 of the Appendix.

Substituting the solution of (63) in (51)—(54) and (56)-
(59), respectively, yields the zero-sequence voltages and
currents at fault point F of circuits I and II, as a function
of the known zero-sequence variables at ends sy and ry; and
the fault distance.

3.4.2 Theory of fault location: In the fault state,
different fault types give rise to different boundary
conditions. The fault boundary conditions can be expressed
in terms of the fault voltage V%, the fault current I and the
fault resistance R¢
Ve = Rel; (64)

In (64), fault resistance Ry is unknown. Fault voltage V; can
be calculated by the six-sequence voltages Vg 1, Vi 1,
where 2= 0, 1, 2, corresponding to (38), (42), (51) and
(56), which themselves can be expressed by the known
voltages Vi 1, Vi 11 and currents Lg 1, Ly 11 at ends sy
and 1y, respectively. Thus, the fault voltage V; can be
written as

Vi) = fVigr v Viern Ler s Lz o %) (65)
In (65), only the fault distance x is unknown. Similarly to
(65), the fault current I can be written as

L(x) = 8 Vigr 1 Vrf,é_H,Isf,é_I’ L1, %) (66)
According to (64)—(66), V;= Ry can be transformed into

fault locating equation

Flx) = Im{ Vf(x)} —1Im If (stu’ Vrfk,II,Isf/z,D Lep s x)}

I (%) 8 Vieas Vrfk_II,Isf,é_I: L1, %)
(67)

where Im denotes the imaginary part.

www.ietdl.org

Since the fault location equation is non-linear, a numerical
method is needed to obtain the solution of x. The well-
known Netwon—Raphson method, which computes the
correction Ax,, at each iteration, can be employed

Fx,)

Axw = — F’(xw)

(68)

where v =0, 1, 2, ... is the iteration count, Ax, = x,,1 — x,
and F'(x,) = dF(x,)/dx is the derivative of F(x) at the vth
The iterative process converges when the
correction update becomes less than a specified tolerance.

iteration.

3.4.3 Performance equations for various fault
types: The proposed algorithm can deal with all possible
fault types encountered on double-circuit lines. These fault
types can be divided into two categories. One is faults
within a single circuit, which includes IAG, IBC, IIBCG,
ITIABC, and so on. The other is faults between circuits,
called inter-circuit or cross-country faults, which includes
TIAIIBG, IAIIBCG, IBCIICG, IABIIBC, IABCIIAB,
and so on. The stars of fault resistances shown in Fig. 6
allows to represent any type of fault eliminating, when
necessary, those legs that are not involved in the fault type
considered [20]. For instance, the inter-circuit fault
IAIIBG is reflected when the legs containing the
resistances Rgy, Rpr and R, are maintained and the rest
are neglected.

The performance equations for an IAG and an IAIIBG
fault, which have the most probability among single-circuit
and inter-circuit faults, are developed below and the
equations for other fault types can be deduced from these
two basic types.

Performance equations for faults within a single-circuit: The
boundary condition for a single phase-to-ground fault IAG
can be derived from Fig. 6. It is

Vfa_I = Ifa_IRf (69)
where Vg, 1=Va 1+ Vo 1+ Vo1 is the fault voltage,
I1=In 1+ Ip1+1In1 is the fault current and
R¢= Ry, 1+ R, is the total fault resistance. This fault type
involves a ground fault condition in circuit I. Thus, we

use the values of 4, 4, ¢, d, ¢, f in the first column of
Table 4 in order to determine the unknown variables I ¢, 1

Circuit IT

— )
s —
Bus § — ——
—
— Bus R
—
—
Circuit 1

Figure 6 Fault resistances at the fault point
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and I, . Afterwards, using (38)—(41), (46), (51)—(55), (61)
and (62), the fault location equation in (67) is written as

(see (70))

Then, (70) can be solved for the fault distance, which is the
only unknown parameter. In a similar manner, we can derive
the fault locating equations for other types of faults occurring
within a single circuit.

Performance equations for faults between circuits: The boundary
conditions for an inter-circuit fault IATIIBG can also be
derived from Fig. 6. They are

Veax = Ira 1Reo 1 = Upo 1 + Iy 1R, (71)

Vfa_l - Ifzz_IRfu_I = Vfb_H - If/i_HRfé_H (72)
where Vg =aVon+aVpu+Von and Iyy=a
Ity 1+ alpy yp + g 1y are the fault voltage and current at
circuit II. Using the real and imaginary parts of (72),
the unknown resistance Ry, | can be expressed in
terms of the fault voltages and currents in both circuits,
as follows

— Re{l, ) Im{Ve, 1 — Vi3 — Im{Zp, 13 Re{ Ve, 1 — Vi)
Re{ly, }Im{Z;, 13 — Im{Z;, }Re{Z;, 1}

Rf al
(73)

Moreover, since this type of fault involves a ground fault
condition in both circuits of the double-circuit line, we
use the values of 4, 4, ¢, d, ¢, f in the third column of
Table 4 in order to obtain the unknown variables Iz, yf
and Ig ;. Afterwards, using (38)-(47), (51)—(62) and
(73), the fault location in (67) is written as (see (74))

Then, (74) can be solved for the fault distance, which is
the only unknown parameter. In similar manner, the fault
locating equations for other types of faults occurring
between circuits can be readily derived.

4  Fault location performance
evaluation studies

This section presents test results based on ATP-EMTP
simulations to verify the accuracy of the proposed

algorithm. A 400-kV power network (Fig. 3) including a
double-circuit transmission line has been used. Network
and line parameters are given in Table 1. The double-
circuit line is represented by Clarke’s distributed parameter
line model. The ATP network model includes both the
voltage and current transformers, VI's and CTs, at the two
measuring ends of the line, which have been intentionally
modelled as errorless transforming devices in order to show
the errors of the presented algorithm itself.

The fault location algorithm has been developed in
MATLAB. The analogue filters, needed for removing
noise from the voltage and current signals obtained by
ATP-EMTP, are implemented using a fourth-order
Butterworth filter with cut-off frequency equal to 500 Hz.
Then, the phase voltage and phasors

current are

Table 1 Parameters of the 400 kV transmission network

Components Parameters
transmission L 300 km
line data Z 0.0276 -+ j0.3151 Q/km
B, 4.0841 p.S/km
Z 0.2680 + j1.0371 O/km
Bo 2.7018 wS/km
Zom 0.2300 + j0.6308 )/km
Bowm 1.6242 wS/km
equivalent Z 1.312 +,/15.0 Q
system at Zeo 2334+ j26.6 Q
terminal s
magnitude 1 (p.u.)
of Eg
angle of E 0°
equivalent Z1 27¢4
system at
terminal r Zro 2250
magnitude 0.99 (p.u.)
of E,
angle of E, —30°

stZ_I’

Ve(x)\ Veax\ Vi1 1 Vier 1 dse1 oo
Im =1Im =Im
Ie(x) L, Vi1 1 Vier nder 1

stz_l’

7

Vier i dser 15 Viso 1> Vieo o Lgo 1> Lo 1o ¥\ 0 (70)
215621 Vigo 1 Vieo 1 Lgo 1> Lo 11> %)

Im<lff(x)> — Im<Vfa_I B Ifa_IRfa_I>
I (%) L, 1+ Iy
1m F V1 1 Vier e o Ler o Vieo v Vi Lz 1 Lo Vero 1> Vieo 1o Lro 15 Lo 115 %) 0 (74
g( stl_IJ Vrfl_H,Isfl_I, Irfl_Ha stZ_Ir Ver_H,Isz_D Ier_Ha st()_D VrfO_Ha Isf0_17 IrfO_Hr x)
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extracted using the DFT algorithm working with 20 samples
per cycle. Finally, the symmetrical component transformation
is applied to calculate the positive, negative and zero-
sequence voltage and current phasors at the two measuring
ends.

After the phasor estimation process, the fault-type
detection algorithm is applied to determine the phases
involved in the fault. Within this process, the fault data
generated by ATP-EMTP simulations are divided into
pre-fault and fault segments for further manipulation. The
part of the algorithm that is assigned with data alignment
is not executed, since the data obtained from ATP-EMTDP
already time-aligned. Next, the algorithms
synchronisation error determination and faulted circuit
selection are executed using pre-fault and fault data,
respectively. At last, the results of fault location estimation
algorithm are provided.

are for

A large number of simulations for different fault types have
been carried out for various fault resistances and fault
distances. To simulate synchronisation errors, the calculated
voltage and current phasors at line end ryy have been
rotated by 18° and 9°, respectively, in all test cases. To
estimate the distance to fault x, the iteration process is

www.ietdl.org

terminated when its update becomes less than 107 The
initial value xo adopted for the fault location estimation is
0.5 p.u.

In all test cases, the proposed algorithm shows an
excellent performance, making correct decisions for the
fault type and the faulted circuit and giving highly precise
estimates for the synchronisation angles. Moreover, the
fault location estimation algorithm reached convergence
within six iterations for most cases. Table 2 presents
the fault location results for four different types of
single-circuit faults and six different types of inter-circuit
faults. The fault location errors given in the table are
calculated from

|actual fault distance — calculated fault distance|

or = x 100%

total line length

(75)

It is clear that the maximum error in Table 2 is less than
0.2%, which confirms that the fault location algorithm has
very high accuracy. Table 2 also shows that the fault
resistance and fault distance have little influence on the
fault location accuracy. To further investigate the influence
by fault resistances and coupling effects, more simulation

Table 2 Fault locating results of a 400 kV double-circuit transmission line (source s leading source r by 30°)

Fault Fault resistance, ) 50, km 100, km 150, km 200, km 250, km
types Rfal Ri Riat | Rean | Reon | Reen | Re Result, Error, Result, Error, Result, Error, Result, Error, Result, Error,
km % km % km % km % km %

IAG 0 10 | 49.987 | 0.0043 | 100.027 0.0089 | 150.059 | 0.0197 | 200.079 | 0.0264 | 250.305 | 0.1015
1IBC 1 1 49.966 | 0.0113 | 100.033 0.0111 | 150.053 | 0.0176 | 200.040 | 0.0133 | 250.046 | 0.0153
IBCG 05 | 05 4| 49.986 | 0.0047 99.914 0.0286 | 149.873 | 0.0425 | 199.787 | 0.0712 | 249.797 | 0.0678
IIABC 05| 05 ] 05 49.451 | 0.1829 99.548 0.1507 | 149.906 | 0.0312 | 199.915 | 0.0283 | 250.053 | 0.0178
IAIIBCG 1 05 | 05 10 | 50.078 | 0.0260 99.9553 | 0.0149 | 149.997 | 0.0009 | 199.992 | 0.0028 | 250.008 | 0.0026
IAIIBG 0.5 1 10 | 50.047 | 0.0157 | 100.125 0.0418 | 150.089 | 0.0297 | 200.335 | 0.1118 | 249.903 | 0.0325
IBCIIBG 05 | 05 1 10 | 50.041 | 0.0047 | 100.020 0.0067 | 150.033 | 0.0111 | 200.055 | 0.0185 | 250.067 | 0.0224
ICAIICA 0.5 0.5 0.5 0.5 50.000 | 0.0001 99.906 0.0314 | 149.910 | 0.0300 | 200.015 | 0.0050 | 250.088 | 0.0293
IABCIIBCG | 0.25 | 0.25 | 0.25 05 | 0.5 10 | 49.995 | 0.0017 99.994 0.0019 | 149.985 | 0.0051 | 199.963 | 0.0123 | 250.007 | 0.0025
IABIICAG 05 | 05 1 1 10 | 50.004 | 0.0013 99.998 0.0006 | 150.005 | 0.0018 | 200.004 | 0.0014 | 249.976 | 0.0081
IAG 0 100 | 49.904 | 0.0320 99.919 0.0271 | 150.052 | 0.0173 | 200.450 | 0.1501 | 250.556 | 0.1854
1IBC 25| 25 49.946 | 0.0180 99.972 0.0095 | 149.987 | 0.0042 | 199.998 | 0.0007 | 250.016 | 0.0052
IBCG 25 |25 35 | 49.936 | 0.0021 99.989 0.0034 | 149.998 | 0.0005 | 199.996 | 0.0015 | 250.091 | 0.0302
IIABC 1 1 1 49.546 | 0.1512 99.548 0.1507 | 149.899 | 0.0337 | 199.928 | 0.0283 | 250.039 | 0.0131
IAIIBCG 2 1 1 100 | 50.387 | 0.1290 | 100.593 0.1978 | 150.007 | 0.0002 | 200.497 | 0.1655 | 250.344 | 0.1145
IAIIBG 1 2 100 | 50.050 | 0.0168 | 100.079 0.0263 | 150.051 | 0.0170 | 200.118 | 0.0392 | 249.962 | 0.0126
IBCIIBG 1 1 2 100 | 50.007 | 0.0023 | 100.019 0.0063 | 150.026 | 0.0087 | 200.049 | 0.0166 | 250.268 | 0.0889
ICAIICA 1 1 1 1 49.999 | 0.0002 99.965 0.0116 | 149.942 | 0.0192 | 200.009 | 0.0030 | 250.067 | 0.0223
IABCIIBCG | 0.5 | 05 | 05 1 1 100 | 50.032 | 0.0105 | 100.003 0.0011 | 150.008 | 0.0027 | 200.011 | 0.0036 | 249.935 | 0.0215
IABIICAG 1 1 2 2 100 | 49.994 | 0.0019 99.994 0.0019 | 150.005 | 0.0015 | 200.013 | 0.0043 | 249.980 | 0.0069
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Table 3 Fault locating results of a 400 kV double-circuit transmission line (source s leading source r by 45°)

Fault Fault resistance, () 50, km 100, km 150, km 200, km 250, km

types Reai | Rior | Reci | Rean | Reon | Reen | Rg | Result, | Error, Result, Error, Result, Error, Result, Error, Result, Error,
km % km % km % km % km %

IAG 0 0 | 49.987 | 0.0042 | 100.027 | 0.0090 | 150.033 | 0.0109 | 200.069 | 0.0231 | 250.057 | 0.0189
0 100 | 49.932 | 0.0227 | 99.933 | 0.0222 | 150.050 | 0.0167 | 200.397 | 0.1322 | 250.632 | 0.2107
0 250 | 49.936 | 0.0222 | 99.921 | 0.0264 | 150.137 | 0.0457 | 200.728 | 0.2426 | 248.967 | 0.3445
0 500 | 50.040 | 0.0134 | 99.989 | 0.0036 | 150.313 | 0.1042 | 201.138 | 0.3793 | 251.417 | 0.4724
IBIICG 0.5 0.5 0 | 50.055 | 0.0018 | 100.046 | 0.0153 | 150.265 | 0.0882 | 200.750 | 0.2501 | 249.856 | 0.0479
0.5 0.5 | 100 | 50.043 | 0.0144 | 100.041 | 0.0137 | 150.116 | 0.0386 | 200.171 | 0.0570 | 250.144 | 0.0479
1 1 250 | 50.035 | 0.0012 | 100.043 | 0.0108 | 150.131 | 0.0436 | 200.848 | 0.2875 | 249.479 | 0.1737
1 1 500 | 50.039 | 0.0131 | 100.039 | 0.0130 | 150.175 | 0.0582 | 198.837 | 0.3867 | 250.935 | 0.3115

cases are given in Table 3. In this table, simulated fault
types are IAG and IBIICG, which are the most possible
to occur among single-circuit and inter-circuit faults,
respectively. The fault resistances are assumed from O to
500 ), and the coupling effects are considered through
the pre-fault load current by making the phase angle of
source s leading source r by 45°. Table 3 shows that the
fault resistance and coupling effects have very little
influence on the fault location accuracy.

5 Conclusion

A new algorithm for locating faults in double-circuit lines
utilising a limited number of unsynchronised voltage and
current measurements at two anti-parallel ends of the line
has been presented. The algorithm is based on distributed
parameter line model with use of a modal transformation
matrix, which decouples the mutually coupled zero-
sequence networks. Thus, it achieves superior accuracy
especially for long transmission lines. The algorithm can
deal effectively with all possible fault types encountered in
double-circuit line arrangements, including both single-
circuit and inter-circuit faults. Moreover, the algorithm is
insensitive to fault resistances, load currents and
source impedances. The validity of the algorithm has been
verified by extended EMTP simulations. All applied tests
reveal a high accuracy and promising performance for all
situations.
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7 Appendix

The equivalent zero-sequence parameters defined in
deducing (51)—(60) are shown as follows

1

AqfO = i (2 + (quOc/z)quOc + (quOd/z)quOd) (76)

1
quO = E(quOc + quOd) (77)

1

Coio = 5 Vysoe/ 2D Zyg0c = Vyr0a/ D Zyg0a) - (78)

1
Dng = 5 (quOC - quOd) (79)

1
quO = 5((qu0(: + quOc(qu()c/z)z) + (quOd + quOd(quOd/2)2))
(80)

1
Foo= 5((Y9f0c + Z g0 (Yygoo/ 2)) - (Ysoa + Zgrod (YVyr0a/ 2))

(81)

where ¢ =, r, representing the sending s and receiving r
terminal of the line, respectively.

The coefficients defined in deducing (63) with respect to
the ground fault conditions in the double-circuit line are
shown in Table 4.

Table 4 Coefficients used to determine the two unknown currents /s y and /it |

Faulted circuit |
(Visoun = Vionand gy = 0)

Faulted circuit Il
(Vo = Vioand gy, = 0)

Faulted circuit | and Il
(Visor = Vo and Vigg y = Vo 1)

jd, i5;
Vito_i€”™ (Ao + Crgo) — Iso_u€”" Bigo

- stO_I (Ast + Cst) + lst_I Dst

a —Bsto —Dsto —Dsto
b Dro Bito Bro
c Aso Csto —Bsto
d Cito Arfo Dro
e

-5v ‘Bi
Viroie”(Arto + Crro) — hfo_n€”" Drro
— Vit (Asto + Csro) + Ls01Bsro

j& iS5
Vio_n€’™(Aro + Crro) — liio_ne’" Do

- stO_I (Asf() + Cst) + lst_I Bst

f stO_I(Est + stO) - Ist_I Cst

stO_I(Est + stO) - lst_IAst

jdy j5;
VrfO_IIe] (ArfO + CrfO) - lrfO_IIe] BrfO

s, s,
+ Vito_n€’ ™ (Evo + Fiso) — hto i€’ Avo

j & iS5
+ Vigone” (Evo + Firo) — hio_n€”’"Crgo

- stO_I(Ast + Cst) + lst_I Dst
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