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Cross-circuit faults (CCFs) are atypical short-circuit faults occurring between two dissimilar phases
of the different circuits of double-circuit transmission lines with a high occurrence probability.
Circuit analysis of the asymmetrical double-circuit lines’ model in such fault cases is a sophisticated
one, particularly in the time domain, because all the mutually coupled six phases of the line circuits
are to be essentially incorporated. From analyzing the circuit model of asymmetrical double-circuit
lines with non-identical circuits on a time domain basis, this paper develops clear-cut formulas
governing the instantaneous fault-branch currents flowing from the faulty phases at the fault point
into the fault branches during CCFs. They are acquired in terms of the line one-end circuits’
phase currents and the fault location measured from the same end. The proposed formulas can
readily be employed in practical applications such as fault analysis, line relaying/protection, and
fault location/classification, particularly, those intended to be developed in the time domain in the
case of CCFs. The formulas are validated via the simulation studies in PSCAD/EMTDC with an
accurate time-domain model of the asymmetrical lines.
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1. Introduction

Power transmission lines are the essential components for a
stable operation of integrated power systems. The double-
circuit or parallel structure of transmission lines with both
of the circuits installed at a common tower is widely ap-
plied in power systems, due to its technical, environmental,
and economic advantages over the single-circuit structure.
Overhead lines comprise exposed phase conductors, leav-
ing them prone to the high incidence of short-circuit faults
during their operation [1, 2].

The fault analysis of double-circuit lines is challenging
compared to that of single-circuit lines due to the mutual
coupling existent between the line circuits [3]. The situation
would be more complicated when taking account of atypical
faults like cross-circuit ones [4]. Cross-circuit faults (CCFs)
are short circuits occurring between non-identical phases of

the different circuits of double-circuit lines at the same time
and location [5].

Referring to Fig. 1, CCFs take place in two distinct forms;
non-earthed cross-circuit fault (NECCF) and earthed cross-
circuit fault (ECCF). The NECCF is a flashover between
two dissimilar phases of the line circuits (a and ¢’ in Fig. 1)
without the ground being involved. The ECCF is a flashover
between two dissimilar phases of the line circuits and the
tower body, and hence the ground connection exists.

In fault conditions, the currents flowing from the faulty
phases at the fault points into the fault branches are, here,
referred to as fault-branch currents (FBCs). They are the
key fault parameters resulting from an in-depth fault anal-
ysis. If accessible, they would have practical applications
and ease dealing with practical subjects such as the line
relaying/ protection [5—10] and the fault location/classifica-
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Figure 1. The different types of CCFs; NECCF (right) and ECCF (left) .

tion [11-16]. As for the asymmetrical double-circuit lines
in the case of CCFs, the fault analysis, particularly in the
time domain, would be a sophisticated one, because all
the mutually-coupled six phases of the line circuits are to
be essentially incorporated. This might be the reason why
the research in the literature and reference books lacks the
analysis for obtaining the FBCs in the case of the CCFs on
asymmetrical double-circuit lines.

From time domain-based analysis of the circuit model of
asymmetrical double-circuit lines comprising, in a general
case, non-identical circuits, this paper develops clear-cut
formulas governing the instantaneous FBCs during NECCF
and ECCEF. They are attained in terms of the line one-end cir-
cuits’ phase currents and the fault location measured from
the same end. The proposed formulas can readily be em-
ployed in the subjects mentioned above, particularly, those
intended to be developed in the time domain in the case of
CCFs. The validity of the formulas derived are confirmed
through simulation studies in PSCAD/ EMTDC with an
accurate time-domain model of the asymmetrical lines.
From time domain-based analysis of the circuit model of
asymmetrical double-circuit lines comprising, in a general
case, non-identical circuits, this paper develops clear-cut
formulas governing the instantaneous FBCs during NECCF
and ECCF. They are attained in terms of the line one-end cir-
cuits’ phase currents and the fault location measured from
the same end. The proposed formulas can readily be em-
ployed in the subjects mentioned above, particularly, those
intended to be developed in the time domain in the case of
CCFs. The validity of the formulas derived are confirmed
through simulation studies in PSCAD/ EMTDC with an
accurate time-domain model of the asymmetrical lines.

2. The study line circuit model

The study double-circuit line is considered, in a more gen-
eral case, to be comprised of the non-identical circuits of
asymmetrical conductors on both circuits with the mutual
coupling existing, as in practice, between all its six phases.
Further, the line circuits are assumed to be terminated, as
in most practical cases, at common buses at the local and
remote ends.

For the formulation in the next section to be conducted in a
clear-cut manner, the line’s phases, parameters, and quan-

tities are represented by its circuits’ conductors numbers
1-3 on the circuit I and 4-6 on circuit I, as in Fig. 1. For
the study line characterized above, the following phase re-
sistance and inductance matrices are defined on the faulty
phases (1 and 6) and their parallel healthy phases (4 and 3).

i r2 ri3 ri4 ris re
r31 32 I3z 34 ris g
Rph = (D
T4l 42 T43 a4 T45  Tae
el Y62 Te3 Feda Tes T66

I Lo Lz ha bLis lis
Iy B 3 Ba s ke ?)
Iyl Iz lag las s
ler leo les loa lss les

Loy =

where the entries with the repetitive subscript numbers are
the phase series resistances and self-inductances, while the
other entries are the mutual resistances and inductances
between the circuits’ phases. Defining the parameters;

C1j=r|j+l]j><d/dt 3)
€3j=r3j+l3j><d/dt 4)
C4j:r4j+l4j><d/dt 5)
Goj = rej +16j x d/dt (6)

in terms of the entries in (1) and (2) forj=1,2,... and 6
with d/dt being the time derivative operator, Fig. 2 shows the
study line circuit model in the time domain during NECCF
and ECCF. In the model, the line distributed-parameter
effect [1] is safely neglected based on the fact that the asym-
metrical lines are mostly short or medium in length. The
CCFs are located at the per-unit distance of dr, as measured
from the local end. Hence, the parameters (3) - (6) appear in
the line model with the factors dr and (1-dFr), respectively,
on the left and right of the fault, as shown in Fig. 2.

3. Formulation of the fault-branch currents
(FBCs)

Regarding both the phase 1-phase 6 and phase 1-phase 6-
ground CCFs considered in Fig. 2, the instantaneous FBCs
i1r and igr flowing from the faulty phases 1 and 6 to the
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Figure 2. Time-domain circuit model of the study line in case of NECCF (sw=off) and ECCF (sw=on).

fault points F; and Fg can be accessible through an ana-
Iytical process, which is addressed in the present section.
Considering the faulty phases 1 and 6, the fault-point volt-
ages vir(t) and vgp(t) can be obtained in the time domain
in terms of the line circuits’ phase currents at the local end
by applying the KVL law in the path between the bus L and
the fault points | and Fg marked with the red dashed line
in Fig. 2 as follows.

VlF(t) e vlL(t)

6
—dpx Y (Gijxijp(t)) @)
j=1

6
—df Z(CstijL(f)) ®

J=1

ver (t) = vaL(t)

where v7(t) and v3(t) are the voltages of the faulty phases
at the local end (bus L) and i;z(?) denotes the local-end line
circuits’ current on the phase specified by j.

With the line circuits being terminated at common buses
at both ends as in Fig. 2, the faulty-phase voltages at the
remote bus (vig(?) and v3g(t) ) can be obtained through the
parallel healthy phases (4 and 3) by applying the KVL law
in the path between the buses L and R marked in green in
Fig. 2 as follows.

vir(t) =vie(t) = Y (Gaj < ije(1))+

Mo

Il
R

J

(1—dy) x (C1a ¥ i1p(t) + Goa X i6r (1)) ©)

Mo

var(£) = var(r) = ), (G3j < ije (1)) +

~.
I
-

(1—dy) x (Ge3 X ir (1) + 13 x i1r (1)) (10)

On the faulty phases 1 and 6, the following equations also
hold in the path between the fault points (F and Fg) and
bus R, which is marked in purple in Fig. 2.

V]F(t) —VlR(t) =

6
(1=dp) x (= (& xi1p (1) + G16 X d6r (1) Z Cijxijr(t)
=
(11)

ver(t) —vir(t) =

(=)}

(— (8o x i6r (1) + 61 X i1r (2

Z CGle]L )

(12)
Substituting (7) and (9) into (11) and (8) and (10) into (12),
the following equations in terms of the FBCs ij¢(?) and
igr (1) result.

(811 —Cia) x i1p(t) + (816 — Coa) X i6r (2)

(1—dy)x

C4j) XijL(l) (13)

e

= (1/(1=dp))x } (&1 =

—

\/\
Il

(Co1 + (Co6 — Co3) X igr (1)

—Ci3) xiip(t
6
( ]_df Z Cﬁ] §3j leL(t) (14)

From the equations above, the FBCs are obtained for the
NECCEF and ECCEF in the following sections.

3.1 Non-earthed cross-circuit fault (NECCF)

As for the NECCF in Fig. 2 with sw= off, the FBCs are equal
and in opposite directions. Hence, they can be obtained by
setting igr(t) = -i1F () in either (13) or (14). Doing this as
for (13), the following equation for the FBCs results.

6
i1p(t) = —igr(t) = (1/(1 —dy)) Z}/]xszt (15)
i

where y; for the phase number j=1, 2, ... and 6 is defined
as follows.
Y= (8= &j)/p (16)
where:
p = (&1 +8os) — (Gia+ Ci6) (17)

For the FBCs to be calculable via (15), (16) is to be de-
composed into the terms with and without the derivative
operator d/dt . According to the definitions made in (3) - (6),
(17) can be written as follows.

p=rp+lpxd/dt

(I +lea —lia —lig)d/dr (18)

Multiplying both the numerators and denominators of (16)
by p = rp - lp x d/dt and having d?/df* = -, for the

= (ri+res—ria—rie) +
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system sinusoidal quantities with the fundamental angular
frequency of wq , (16) are obtained as follows.

Yj = o+ Bd/dt (19)
where «; and 3 for the phase number j=1, 2, ... and 6 are
defined as follows.

o = px ((rij—raj)rp + @ (i —laj)lp) ~ (20)
Bj = x ((hj—laj)rp+ (rij—raj)lp) 21

where:
1=1/((rp)*+ (alp)?) (22)

As aresult, 15 can be summarized via (20) - (22) as follows.

ilF(I):—i(,[:(l)
6
=(1/(1—dy)) Z o x i (t)+ B xd/dtij(t)) (23)

3.2 Earthed cross-circuit fault (ECCF)

As for the ECCF in Fig. 2 with sw = on, (13) and (14) can
be considered mathematically as a set of two equations with
two unknowns of the FBCs as in (24).

A X ilp(t)—i-B X i6F(t)

= (1/(1=dp)) x ) (G1j—&aj) x ije(t)

e

A’ x ilp(l) +B' x iGF(t)

6
= (1/(1=dp)) x Y (Gej— Gj) xijn(t) (24

Jj=1

where

A= (i1 —Ca) (25)
B = (&6 — Ce4) (26)
A" = (L1 — C13) 27)
B' = (o6 — Ge3) (28)

As a result, the FBCs i;r(t) and i;r(t) are acquired by solv-
ing (24) , as in (29) and (30).

. B'C — BC’
)= A —as
6
(1/(1—dy)) x Za/xz ) (29)
=
AC' —A'C
or (1) = 5 aip
6
= (1/(0=dp)) x Y (V" X i) (30)
j=1
where
Yi=Mm;j—9;)/c 31)
Vi =(9,—,)/8 (32)

Abdollahzadeh et al.

with 1, §; , ¢; and being obtained for the phase number

Jj=1,2,... and 6 as follows.
= (o6 — C63)(C1; — Caj) (33)
= (816 — Co4)(Csj — C35) (34)
= (G11 — G14)(G6j — G3)) (35)
= (Co1 — C13) (81— &j) (36)
where

o = (811 — G14) (o6 — G63) — (Go1 — £13) (816 — Gea) (37)

For the FBCs in (29) and (30) to be calculable, (33) - (36)
and hence (31) and (32) are to be decomposed into the terms
with and without the derivative operator d/dt . From (3) - (6)
and having again d*/df* = -@} , (37) in the denominators
of (31) and (32) can be written as follows.

oc=0'+0"xd/dt;
o' = ((ri1 —r14)(res — re3) — (re1 — r13)(rie — rea) ) —
(@f x (i1 —ha)(los — le3) — (Ie1 — 113) (lie — lea))) (38)
0" = ((rin —ria)(les — le3) — (re1 — r13) (Lo — lea))+

((re6 —r63) (It — lia) — (r16 — rea) (le1 — 113))

likewise, (33) - (36) comprising the numerators of (31)
and (32) are written as follows.

nj=mn;+njd/de;
@5 (les — Is3) (hj — laj) (39)
N} = (res —re3) (11— laj) + (le — l63) (1) — 1)
5, = &)+ 8/d/dr;
@i (lis —lea)(lsj — 13;) (40)
rea)(loj —13;) 4 (L1 — lsa) (16 — 13)
¢j = ¢+ 9/d/dr;
@y (i —ha)(lej —13j) (41)
r3j) (I —lia)

M} = (re6 —r63) (r1j —raj) —

8; = (16— rea) (rej — 13;) —
8/ = (ri6—

¢ = (riu—r1a)(rej —r3j) —

7= (rin —r1a) (lsj — 1)

+ (r6j —

Wi = v+ yjd/dr;

Vi = (re1 — r13) (r1j — raj) — @ (lo1 — 113) (L — laj) (42)
v = (re1 — r13) (I — Laj) + (r1j — raj) (let — hi3)

Multiplying both the numerators and denominators of (31)
and (32) by c =0’ — 0" xd/dt , j/] and }/j' are obtained
as follows.
o /
Y=o+ Bjxd/dt

8j) x o'+ wj x (nj — &) x 6") (43)
Bi =2 x((nj = &]) x o' = (nj - §}) x 0")
Y=ol + B/ xd/dt

o = A x((nj—

of =4 x ((9;— —vy})xo") (44)
Bi = A x((¢] —yj) x o'~ (¢;—y}) x 6"

V) x o' + o x

2588-7335[https://dx.doi.org/10.57647/j.spre.2024.0804.21]


https://dx.doi.org/10.57647/j.spre.2024.0804.21

Abdollahzadeh et al.

where

A =1/((6")?+ (ag x 6")?) (45)

As aresult, (29) and (30) can be summarized as follows.

6

itp(t) = (1/(1—dy)) x Y (&) x ij(1) + B} x d /dtij (1))
j=1

(46)

((X XlJL()—Fﬁ]{,Xd/dl‘ijL(t))

(47
Thus, (23), (46) and (47) are the clear-cut formulas govern-
ing the FBCs in terms the fault distance and line circuits’
currents for the different types of CCFs. The validity of the
formulas would be assessed through simulation studies in
the following section.

.

Mo

(1/(1=dy)) x

ier (t) =

Il
-

J

4. Validity assessment

Fig. 3 shows a test system with its specifications, through
which the validity assessment of the proposed FBCs formu-
las is conducted via the simulations in PSCAD/EMTDC.
Referring to the double-circuit line’s phasing geometry and

SPRES (2024) -082421 5/8

of the matrices in (1) and (2) are obtained as follows.

Rpn(Q/km) =

0.24136  0.11403
0.10931  0.10380
0.10903 0.10368
0.11979 0.11349

0.10931
0.22037
0.09997
0.10903

0.10903
0.99970
0.27043
0.10931

0.11349
0.10368
0.10380
0.11403

0.11979
0.10903
0.10931
0.29142

Lph(H/km)Z

0.00204  0.00092
0.00079  0.00093
0.00072  0.00077 0.00080 0.00224 0.00093 0.00079
0.00077 0.00076 0.00072 0.00079 0.00092 0.00221

The CCFs of both types involve the conductors C; and Cg,
as shown in Fig. 3. They are assumed to be located at 5,
50, and 95% of the line length (100 km), each with Rarc
=5 Q and Ry =50 Q . Fig. 4 shows the low-pass filtered
line circuits’ phase currents at the local end (i;.(t)) for the
NECCEF and ECCF at 50%. The FBCs are calculated by
inserting these currents and their time derivatives at each
fault location beside the fault location value into (23) , (46)
, and (47). The currents’ phase derivatives are obtained in a
discrete manner via (48) with the sampling interval of At =
10 us, as follows

0.00079
0.00208

0.00072
0.00080

0.00076
0.00077

0.00077
0.00072

the conductor types detailed in Fig. 3, the numerical values d/dtiji(t) = (1/Ar) x (ij(t) —ijr(t — Ar)) (48)
/_VL 7z T ® <10 m] > ° R Tr Za /_V%
-~ = C1 ~ @Ch ra
(- \>—|:\ (( E s o ()
N | Tc2® v @cs |
s I, I_f'J
L L v ca® 10[m @ c4 ‘kg--_} |
Tu Tower: H-Frame-3H4 30 [m] -
® Sources—f= 60 Hz, V= Vg=230<0kV, 7,=73=0.2+2.0/ Q.

" Transformers— T,&Tg: 100 MVA, 230 A/132 Y KV, T;&T15: 50 MVA, 132
Yy /63 A KV.

® | pads L; &L;: P.= 50 MW and Q,= 30 MVAr.

® Parallel

line= length: 100 km, model:

frequency dependent, circuit-l

conductors type: ACSR (Hawk), circuit-1l conductors type: ACSR (Oriole).

Figure 4. Line circuits’ phase currents (i (t)) in case of the NECCF (upper) and ECCF (lower) at 50%.

Figure 3. The test system and specifications.
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Fig. 5 shows the FBCs obtained via (23) in the case of the
NECCEFs at the three fault locations Moreover, the FBCs
obtained via (46) and (47) are shown in Figs. 6 and 7 in
the case of the ECCFs at the three fault locations. All the
results are compared with the relevant FBCs measured in
the test system. These are regarded as valid reference FBCs
since the PSCAD exploits a valid double-circuit line time-
domain model in which the line distributed-parameter effect
is taken into account [17]. From the results, a very close
correlation is found between the measured and calculated
FBCs. pointing to the high accuracy of the proposed FBCs

Abdollahzadeh et al.

formulation. This accuracy can be viewed with respect
to the deviation of the magnitude and phase angle of the
calculated FBCs from those of the measured (reference)
ones. As for the phase angle, the FBCs are obtained with a
negligible phase lag equivalent to At, originating from the
discrete time derivatives in (48). As for the magnitude, with
the data given in the magnified portion of the waveforms
in Figs. 5 - 7, the error of the calculated FBCs is obtained
relative to the measured references, and the results are given
in Fig. 8. From the results, (23), (46) and (47) give the
FBCs with an insignificant error, respectively, within 0.032

— — —measured (reference) obtained via (23) X: 0.07466
9 T T —= T r T T Y: 6313 |
6 _ \ e ~ e
oL dF=sx /N 7 \ | ./.\\_‘,,w.\ ]
2f \ / \/ \ / o X: 0.07465
e | N VAAY, N7 v.ean
g _G X: 0.07459
=, ! ! ~ R - I
8 2 dF=50% ) \ F AN TA
20 N O A A o ST
a-2r = \ \ f X:0.07458 |
£ 2 ; ‘ | N~ / L NI Y4248 J
< 6 T T T X:007455 —
4} Y: 4512 x
2l dF=9s%  / \\ 7 f/ A N A
0 \ N AR
2 \/ \/ \/ \ £ o M
= ] ] . : ‘ . ;
0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1 0.11 0.12 ( Y:4507 0.18
Fault time Time (Sec)
Figure 5. The FBC iz (t)=-igr(t) in case of NECCFs at the three locations.
‘— — — measured (reference) obtained via (48) | X:0.07353
6 T T T .\\ T T T T T T Y: 4449
4 7/ \ YA 7~ ™ N 9
i - / / T 1
2p dF=s% \\ AR \ / w0\ ]
oF \/ \/ \ -/ \— X:0.07352
4 \ L I \'/ | \ / A Y4447 4
§ 4 [ T T T T T T T ?280679337 —Tr T
= N . T
[0 | / ~ ~ u . i
2 20 dr=s0% H\ 7 \ “m- 1/ \
= o \‘\ /A / \‘\ / X:0.0736 |
g2t N S N Nt voses
< X:0.07345
4 T T T . \l T _ T I,\ T " v:2885 ~,—/,\7
2r - / \ / ] 7
0 dF = 95% N/ —RNERY
\ / X:0.07344
2f I I i [~ W NS Y | Y2879
0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1 0.11 0.12 0.13 0.14 0.15
Fault time ~7 Time (Sec)

Figure 6. The FBC i;£(t) in case of ECCF at the three locations.

| measured (reference)

obtained via (47) |

X:0.0743

/

X: 0.0744
L Y:-4981

X:0.07463

Amplitude (kA)

Y:-3089 /
X:0.07464 |
I I I 1 . X _
X:0.07457 NERS000
T T T T T T y:-3236

0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.

Fault time

Time (Sec)

J I

X:0.07458
Y:-3243

/

0.11 0.12 0.13 0.14 0.15

Figure 7. The FBC igp(t) in case of ECCFs at the three locations.
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Faultlocation (%)

o

-0.05

1

-0.15 {[__|FBCs obained by (23)
0.2 [___]FBCs obained by (46)
' FBCs obained by (47)

Error (%)

1T 7

Figure 8. The computation error of the proposed FBCs formulas.

- 0.120%, 0.045 - 0.210%, and 0.040 - 0.220%, which is
attributed to the line distributed-parameter effect neglected
in developing the FBCs.

5. Conclusion

This paper has addressed the formulation of the instanta-
neous fault-branch currents in the case of both types of
cross-circuit faults on asymmetrical double-circuit transmis-
sion lines with non-identical circuits. From analyzing the
line circuit model on a time domain basis, valid formulas
describing the fault-branch currents in terms of the one-end
line circuits’ currents and the fault location have been de-
rived. The validity assessment through software simulations
has shown that the proposed formulas return the currents
with a high accuracy exceeding 99.7% with respect to the
measured currents.
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