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a  b  s  t  r  a  c  t

The  phase  sequence  arrangements  of  multi-circuit  overhead  lines  on the same  tower,  commonly  used  in
extremely  high  voltage/ultra-high  voltage  (EHV/UHV)  transmission  lines,  directly  affects  the  symmetry
of  power  transmission  systems,  which  influence  the operation  of  power  grid  and  relay  protection.  It
is difficult  to  achieve  complete  transposition  of  four-circuit  overhead  lines  on  the  same  tower  because
of their  complex  structure,  and  it is a practical  and  effective  way  to select  a proper  phase  sequence
arrangement  to improve  the  symmetry  of  the line  parameters.  This  paper  presents  an  evaluation  index
based  method  for evaluating  the symmetry  of  four-circuit  overhead  lines  on the  same  tower  and  selecting
the  optimal  phase  sequence  arrangement.  First,  the  unbalance  degrees  of  the  single-sequence  component
and  composite-sequence  component  are  defined  as  the  basic  evaluation  index  of  the  symmetry  of  the
parameters  and  obtained  by the  calculation  of  the line  sequence  parameters.  Furthermore,  the  unbalance
degree  comprehensive  evaluation  index  is  constructed  by  the weighted  sum  based  on  the  ranking  of
basic  evaluation  indexes.  The  weight  distribution  factors  of  various  unbalance  degrees  are  calculated
according  to  the  exponential  (0,2)  scale  algorithm.  The  unbalance  degree  comprehensive  evaluation  index
is  used  to  evaluate  the  symmetry  of  transmission  line  parameters  and select  the  optimal  phase  sequence
arrangements  of  four-circuit  overhead  lines  on  the  same  tower.  Finally,  the  optimal  phase  sequence
arrangements  for the  different  towers  with  typical  structures,  such  as  vertical,  horizontal,  d-type  and  e-
type towers  are obtained  by using  the  above  analysis  method  and  verified  by simulation  of  PSCAD/EMTDC.

©  2017  Elsevier  B.V.  All  rights  reserved.

1. Introduction

Rapid economic development and the growth of power loads
is necessitating improvement to the transmission capacity of
power grids. The technology of parallel transmission lines on
the same tower has recently been widely applied to extremely
high voltage/ultra-high voltage (EHV/UHV) transmission systems
because of its many advantages, including a large transmission
capacity and transmission corridor economization [1,2]. Mean-
while, to meet the needs of different transmission corridors, other
complex tower structures bearing advanced designs and manufac-
turing technology, such as different voltage multi-circuit lines on
the same tower, have been derived from engineering applications,
except the double circuit lines on the same tower [3–9]. Four-circuit
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overhead lines on the same tower have gradually become the rep-
resentative format for multi-circuit lines on the same tower.

For multi-circuit overhead lines on the same tower, the circuits
of the overhead lines are in electrical parallel [10]. The relationship
of electromagnetic and electrostatic coupling between the wires
is complex due to the reduced distance between the lines [11,12].
It is difficult to achieve full transposition for the same tower lines
[13–18]. This configuration affects the symmetry of the line param-
eters which directly affects the power system operation and the
validity of conventional protection actions. For multi-circuit over-
head lines on the same tower, the phase sequence arrangement
is an important factor affecting the symmetry of the line parame-
ters. Thus, choosing the optimal phase sequence arrangement that
improves the symmetry of the line parameters is critical for the
design, operation, and analysis of the power system [19–24]. There-
fore the unbalance degree is one of the most important indexes for
evaluating the performance of the transmission lines.

Several studies have considered a phase sequence arrangement
with four-circuit overhead lines on the same tower has been stud-
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ied. However, the majority of research has focused on the unbalance
degree of several typical phase sequence arrangements and has
not adequately considered other variations of phase sequence
arrangements. Therefore, the scope of these studies has not been
comprehensive [19,20].

Additionally, regarding four-circuit overhead lines on the same
tower, although the tower structures vary, previous studies have
focused only on certain typical tower structures [19–21]. Mea-
suring the symmetry of the line parameters, involves multiple
unbalance factors. However, regarding the optimization of the
phase sequence, the studies lacked a comprehensive comparison
of multiple unbalance degree indexes, and required a rational eval-
uation system [22–25].

The analytic hierarchy process (AHP) is a decision-making
approach [26–28]. Using this approach, one presents the alter-
natives, criteria, and trade-off evaluations, and then performs a
synthesis before making a final decision. The AHP is particularly
appropriate for cases that involve both qualitative and quantitative
analyses.

This paper is based on the Carson model and deduces the
sequence impedance parameter calculation method of four-circuit
overhead lines on the same tower to define multiple unbalance
factors. According to the typical tower structures for four-circuit
overhead lines on the same tower, this study calculates unbalance
degree of all of the phase sequence arrangements, and obtains a
comprehensive evaluation index using exponential (0,2) scale algo-
rithm [28] to assign a reasonable weighting factor for the unbalance
factors. Therefore the optimum phase sequence arrangement can
be obtained by sorting this index.

2. Unbalance degree factors of four-circuit overhead lines
on the same tower

In principle, the off-diagonal elements of the sequence
impedance matrix should be zero when the parameters are sym-
metrical. However, it cannot be zero for four-circuit overhead lines
on the same tower due to the coupling between circuits. Moreover,
it is difficult to evaluate the symmetry of the parameters directly
using the non-zero sequence impedance. Considering these factors,
if line parameters are symmetrical, the sequence components are
completely independent after the symmetrical component is trans-
formed. Therefore, the symmetry of the line parameters can be
assessed by considering the independence of the various sequence
components.

2.1. Calculation of the sequence impedance parameters of
four-circuit overhead lines on the same tower

Parameter calculation of multi-circuit lines on the same tower
is based on self-impedance and mutual-impedance, which is the
same basis as that for traditional circuit. Based on the Carson model,
the impedance matrix dimension of four-circuit overhead lines on
the same tower increases and is extended from the single line [24].
The self-impedance and mutual-impedance are calculated as fol-
lows:

zs = rs + re + j0.1445lg
De
Ds

(1)

zm = re + j0.1445lg
De
D

(2)

where zs is the self-impedance, rs is the resistance of the line, re
is the equivalent resistance of Earth, De is equivalent to the virtual
wire depth, which is the function of Earth’s resistivity �e(  ̋ · m) and
frequency f(Hz). That is, De = 660

√
�e/f . Ds is the self geometric

mean distance of the wire, which is related to the wire materials
and structures (i.e., shares). zm is the mutual-impedance. D is the

mutual geometric mean distance of the wire, which is related to
the distance between wires.

Self impedance and mutual impedances together constitute the
phase impedance matrix, but the sequence impedance param-
eters are the primary concern in practical applications [24,29].
The sequence impedance matrix can be obtained by converting
the phase impedance matrix using the symmetrical component
method, as follows:

Z120 = SZABCS−1
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where Z120 is the sequence impedance matrix and the diagonal ele-
ments of the matrix are the positive-sequence, negative-sequence
and zero-sequence impedance, Zijmn(i = 1 · · · 4, j = 1 · · · 4, m = 0, 1, 2,
n = 0, 1, 2), i, j are the numbers of wires and m,  n are sequence com-
ponents. Among the off-diagonal elements, when m = n = 0, Zij00
represents the zero sequence mutual impedance between lines i
and j. The remaining elements are zero if the line parameters are
symmetrical. ZABC is the phase impedance matrix [24], S is the sym-
metrical component transforming matrix applied to four-circuit
overhead lines, and  ̨ = ej120

◦
[16,30]. S is defined as:

S = 1
3
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(4)

The sequence admittance matrix Y can be obtained by invert-
ing the sequence impedance matrix. The relationship between the
branch current and line voltage difference is as follows:
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where Yijmn(i = 1· · ·4, j = 1· · ·4, m = 0, 1, 2, n = 0, 1, 2), i, j are the
numbers of circuits; m,  n are the sequence components; İim(i =
1· · ·4, m = 0, 1, 2) is the sequence current component of circuits,
and U̇im(i = 1· · ·4, m = 0, 1, 2) is the sequence component of the
voltage difference of circuits.

The unbalance degree can be divided into two categories to
characterize the symmetry of the line parameters: the unbalance
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