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Effects of Conductor Counter-Transposition on the Positive-Sequence
Impedance and Losses of Cross-Bonded Cables

Francisco de Leén, Senior Member, IEEE, Manuel L. Méarquez-Asensio, and Gabriel Alvarez-Cordero

Abstract—In this letter, we show that contrary to common belief,
counter-transposing the conductors when power cables are cross-
bonded can increase the positive-sequence resistance by close to
20%. This is very important because the losses of a power cable are
determined (for balanced operation) from the Joule loasses caused
by the positive-sequence resistance (3R I17).

Index Terms—Ampacity, cable parameters, cables, cross-
bonding, losses, positive-sequence impedance, resistance.

1. INTRODUCTION

ROSS bonding is often used in power cables to increase
C ampacity (by reducing circulating currents) and prevent
high induced voltages in sheaths (and/or concentric wires). Two
types of cross-bonding arrangements will be analyzed below:
1) when the sheaths (or concentric wires) are transposed and the
conductors are not transposed and 2) when the sheaths are trans-
posed and the conductors are counter-transposed. Fig. 1 shows
the arrangements under consideration. It is common belief that
the latter, transposing conductors, is better [1].

A typical 220-kV installation used in Red Eléctrica de
Espaiia (Spanish TSO) is selected for the analysis; see Fig. 2
for the installation details and Fig. 3 for the cable construc-
tion data. Our conclusion that counter-transposing conductors
increase the losses by close to 20% is based on this example.
Howeyver, similar results have been observed in several other
flat formation installations. The impedance of trefoils does not
seem to be affected by conductor transposition.

II. POSITIVE-SEQUENCE IMPEDANCE

In this letter, Z; (the positive-sequence impedance) is com-
puted from basic principles starting with the calculation of the
primitive impedance matrix including the self and mutual im-
pedances between all metallic components in the installation.
Then, the elements of the primitive matrix are permuted (and
counter-permuted when required) to account for the transposi-
tions (and counter transpositions). Next, Kron reduction is used
to eliminate the grounded wires from the matrix. Finally, the

Manuscript received July 19, 2010; revised January 17, 2011; accepted Feb-
ruary 22, 2011. Date of publication June 09, 2011; date of current version June
24, 2011. Paper no. PESL-00093-2010.

F. de Ledn is with the Polytechnic Institute of New York University,
Brooklyn, NY 11201 USA (e-mail: fdeleon@poly.edu).

M. L. Méarquez-Asensio is with the Normalization Department and Network
Study Department, Red Eléctrica de Espaiia (Spanish TSO), Paseo del Conde
de los Gaitanes, Alcobendas, Madrid 177, Spain (e-mail: mmarquez @ree.es).

G. Alvarez-Cordero is with the Network Study Department, Red Eléctrica de
Espaiia (Spanish TSO), Alcobendas, Madrid 177, Spain (e-mail: galvarez@ree.
es).

Color versions of one or more of the figures in this paper are available online
at http://ieeexplore.ieee.org.

Digital Object Identifier 10.1109/TPWRD.2011.2123473

i e e
b _ull b~

X
N
/

.
b b
B =l N B

b b
H N N R

(a) (®)

Fig. 1. Cross-bonding alternatives. (a) Conductors not transposed. (b) Conduc-
tors counter-transposed.
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Fig. 2. Installation configuration.

Conductor, Copper, 5 segments, D=56 mm
Conductor shield, Th=3.2 mm, D=62.4 mm
Insulation, XLPE, Th=22 mm, D=106.4 mm
Insulation screen, Th=1.87 mm, D=110.14 mm
Concetricwires, Copper, Th=2.03, D=114.2 mm

Jacket, Polyethilene, Th=5.9 mm, D=126 mm
Voltage = 220 kV, Area = 2000 mm2

Fig. 3. Cable construction details.

symmetrical components transformation is applied to compute
the sequence impedances.

The elements of the primitive matrix are computed by using
Carson’s equations as in [2], but the conductor resistance is
computed as per IEC Standard 60287-1-1 (to account for skin
and proximity effects) [3]. The geometrical mean radius (GMR)
is computed by using the IEC Standard 60287-1-3 to consider
the construction details of the conductor [4]. Thus, the self and
mutual impedances are computed from

k
Zii = (’l”i + klf) +Jk2f1n (a,.:;%q ?) W

o ; ks [p
Zij =kif + jkaf In <dij \/;) (2)

Zi;  self impedance of conductor (©2/km);

where

Z;;  mutual impedance between conductors (§2/km);

T resistance of the conductor at operating temp
(Q/km);
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R; radius of conductor (in meters);

d;;  distance between conductors I and j (in meters);
f frequency (in Hertz);

p electrical resistivity of earth = 100 [{2-1n]

k1 72 x 107% = 9.8696044 x 1074

ka  4m x 107* = 1.2566371 x 1073

ks 658.87165;

o conversion to GMR (from 0.678 to 0.779); see [4].

Concentric wires are treated as in [2]. The copper
conductor resistances at the operation temperatures are
r4(90°C) = 0.015842 Q/km, r,(86.9°C) = r.(86.9°C) =
0.015749 Q/km. The resistance of the concentric wires
is Twe(76.4°C) = 0.08759 Q/km, rwp(73.3°C) =
rw.(73.3°C) = 0.0867 2/km. For a frequency of 60 Hz,
the product k1 f = 0.059218; therefore, the primitive matrix
of resistances in {2 /km becomes the first equation shown at the
bottom of the page.
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The value of individual reactances very much depends on
the separation distances between conductors (d,, = d,. =
0.425 m; dp. = 0.95 m). The primitive reactance matrix in
Q/km is shown in the second equation at the bottom of the

page.

A. Conductors Nontransposed

For illustration purposes, we assume that the transpositions
take place exactly at one-third and two-thirds of the run; pro-
ducing three equal section lengths. When the concentric wires
are transposed, but the conductors are not [see Fig. 1(a)], the re-
sistance matrix (after bonding) only deviates from the primitive
resistance matrix in the self-resistances, corresponding to con-
centric wires. They are now equal for all three phases and ob-
tained as the average = (rw, + rwy, + rw,..)/3. Thus, we have
(note that only the highlighted elements change value), shown
in the first equation at the bottom of the next page.

With the exception of the elements in the submatrix corre-
sponding to the self conductor-conductor (highlighted below),
all other elements of the reactance matrix are averaged. Thus,

conductor concentric wires
phase a b c a b c
a 0.07506 | 0.05922 | 0.05922 | 0.05922 | 0.05922 | 0.05922
Roimitive = cond. 0.05922 | 0.07497 | 0.05922 | 0.05922 | 0.05922 | 0.05922
¢ 0.05922 | 0.05922 | 0.07497 | 0.05922 | 0.05922 | 0.05922
a 0.05922 | 0.05922 | 0.05922 | 0.14681 | 0.05922 | 0.05922
c. wires 0.05922 | 0.05922 | 0.05922 | 0.05922 | 0.14592 | 0.05922
¢ 0.05922 | 0.05922 | 0.05922 | 0.05922 | 0.05922 | 0.14592
conductor concentric wires
phase a c a b c
a 0.79705 | 0.57315 | 0.57315 | 0.72585 | 0.57315 | 0.57315
Xprimitve = cond. 0.57315 | 0.79705 | 0.52089 | 0.57315 | 0.72585 | 0.52089
¢ 0.57315 | 0.52089 | 0.79705 | 0.57315 | 0.52089 | 0.72585
a 0.72585 | 0.57315 | 0.57315 | 0.72576 | 0.57315 | 0.57315
c. wires 0.57315 | 0.72585 | 0.52089 | 0.57315 | 0.72576 | 0.52089
¢ 0.57315 | 0.52089 | 0.72585 | 0.57315 | 0.52089 | 0.72576
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after bonding, we have the reactance matrix as shown in the

second equation at the bottom of the page.

Applylng Kron reduCtion (Zabc = ch - Z{:w(wa)_lch)’ +'7 0.00012 0.24116 —0.03500 |-

we obtain
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0.07515 | 0.00012 0.00012

0.00012 | —0.03500 | 0.24116

0.04576 1 0.02906 | 0.02906 As expected from an 1mpeﬁect electromagnetlc. bal-
7 _ ancing process, the decoupling of the sequences is not
abe-NT = 1 0.02906 | 0.04403 | 0.02828 complete. The positive-sequence resistance (highlighted)
0.02906 | 0.02828 | 0.04403 is Ry = 0.0158 /km.
0.16265 0.04363 | —0.04363 B. Conductors Counter-Transposed
+i | —0.04363 | 0.19742 —0.07875 |- When the concentric wires are transposed and the conductors
are counter-transposed [see Fig. 1(b)], all of the elements of the
—0.04363 | —0.07875 0.19742 primitive matrices are averaged. This now includes the (high-

lighted) self resistances and reactances for conductors as shown

After the application of the symmetrical components trans-  in the equation at the bottom of the next page.
formation (Zg12 = T~ Z.T), we have

Using the Kron reduction, we obtain

0.10220 | 0.00084 | 0.00084 0.04652 | 0.02784 | 0.02784
Zo12_.NT = | 0.00084 [ 0.01580 | 0.00005 Zabe = | 0.02784 | 0.04652 | 0.02784
0.00084 | 0.00005 | 0.01580 0.02784 | 0.02784 | 0.04652
conductor concentric wires
phase a b c a b c
a | 0.07506 | 0.05922 | 0.05922 | 0.05922 | 0.05922 | 0.05922
Ruos wg = | cond. 0.05922 | 0.07497 | 0.05922 | 0.05922 | 0.05922 | 0.05922
c | 0.05922 | 0.05922 | 0.07497 | 0.05922 | 0.05922 | 0.05922
a | 0.05922 | 0.05922 | 0.05922 | 0.14621 | 0.05922 | 0.05922
c. wires 0.05922 | 0.05922 | 0.05922 | 0.05922 [ 0.14621 | 0.05922
¢ | 0.05922 | 0.05922 | 0.05922 | 0.05922 | 0.05922 [ 0.14621 |
conductor concentric wires
phase a b C a b ¢
a [ 0.79705 | 0.57315 | 0.57315 || 0.62405 | 0.62405 | 0.62405
KXoy g = | cond: b | 0.57315 | 0.79705 | 0.52089 || 0.60663 | 0.60663 | 0.60663
¢ | 0.57315 | 0.52089 | 0.79705 | 0.60663 | 0.60663 | 0.60663
a | 0.62405 | 0.60663 | 0.60663 | 0.72576 | 0.55573 | 0.55573
c.wires | b | 0.62405 | 0.60663 | 0.60663 | 0.55573 | 0.72576 | 0.55573
¢ | 0.62405 | 0.60663 | 0.60663 | 0.55573 | 0.55573 | 0.72576
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resistance is larger by almost 20% from the case where con-

) 0.18216 | —0.05351 | —0.05351 ductors are not transposed to a value of Ry = 0.01868 €2/km.
+7| —0.05351 0.18216 —0.05351 |-
0.05351 0.05351 0.18216 HI LOSSES
i i - We have computed the losses when a balanced current of
) . 1000 A circulates in the conductors. As expected, we found that
The sequence impedance matrix becomes Pross = Rape(Iape)? = 3Ro12(Io12)* = 3R11%. For the case
when the conductors are not transposed, we have Poss,, =
47.42' W /m; for the case when the conductors are counter-trans-
0.10220 0 0 posed, we have Poss.. = 56.04 W/m (i.e., 18.2% more loss).
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conductor concentric wires
phase a b c a b c
a | 0.07500 | 0.05922 | 0.05922 | 0.05922 | 0.05922 | 0.05922
R _ | cond. 0.05922 ’ 0.07500 ‘ 0.05922 | 0.05922 | 0.05922 | 0.05922
bond_CT —
¢ 0.05922 | 0.05922 ‘ 0.07500 || 0.05922 | 0.05922 | 0.05922
a 0.05922 | 0.05922 | 0.05922 | 0.14621 | 0.05922 | 0.05922
c. wires b 0.05922 | 0.05922 | 0.05922 | 0.05922 | 0.14621 | 0.05922
¢ 0.05922 | 0.05922 | 0.05922 | 0.05922 | 0.05922 | 0.14621
conductor concentric wires
phase a b c a b c
a 0.79705 | 0.55573 | 0.55573 | 0.58921 | 0.62405 | 0.62405
Xpond o7 = cond. b 0.55573 | 0.79705 | 0.55573 | 0.62405 | 0.62405 | 0.58921
) ¢ 0.55573 | 0.55573 | 0.79705 | 0.62405 | 0.58921 | 0.62405
a 0.58921 | 0.62405 | 0.62405 | 0.72576 | 0.55573 | 0.55573
c. wires b 0.62405 | 0.62405 | 0.58921 | 0.55573 | 0.72576 | 0.55573
c 0.62405 | 0.58921 | 0.62405 | 0.55573 | 0.55573 | 0.72576




