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Abstract — Covered conductors are adopted for medium and
high voltage overhead lines to limit the line right-of-way and
the occurrence of faults to ground caused by external agents.
The insulating layer of the phase aerial cables allows to diminish
maintenance pruning in rural or remote areas and increase the
resilience of these compact lines with respect to extreme weather
events. This paper assesses the modeling of the line and the
analysis of the results related to direct lightning of the messenger
wire, i.e., the upper bare conductor installed for mechanical
support. Indeed, in case of direct lightning, the messenger wire
may act as an unintentional shield wire. Travelling voltages due
to direct lightning of a compact distribution line are calculated,
while investigating also the insulation withstand capability.

Keywords — chain matrix analysis, compact overhead line,
covered conductors, direct lightning, lightning transients,
periodical grounding.

I. INTRODUCTION

Climate change and extreme weather events have raised
the interest for alternative, more robust technical solutions for
the installation of overhead distribution and transmission lines.

Lines with covered conductors represent a technology
adopted in several countries (e.g., Thailand, Vietnam,
Myanmar, US) at different voltage levels. Covered conductors
typically consist of stranded conductors. Depending on the
voltage rating, these are coated with up to three extruded
layers. This technology is often chosen for its robustness. The
phase conductor additional insulation prevents faults to ground
in case of direct contact with vegetation. Additionally, it
allows reduced clearance distances and right-of-way, enabling
installation also within urban areas. The technology allows
to improve the distribution quality indexes, i.e., the system
average interruption frequency index and the system average
interruption duration index, defined in the IEEE Std. 1366 [1].

As a drawback, unlike typical bare-wire systems with
self-restoring insulation, the formation of pinholes may
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Fig. 1. (a) Four compact distribution lines installed in parallel, with covered
conductors, messenger wire, and spacers; (b) Covered conductor line with
15 kV rated voltage, Massachusetts, US; (c) Covered conductor line with
26.7 kV rated voltage, Canada (courtesy of Hendrix [5]).

permanently impair the performance of the external insulating
layer of aerial cables. Several experimental studies have been
performed on aerial cables with punctured insulation [2],
highlighting a decreased insulation impulse withstand voltage
[3].

Multiple three-phase lines with covered conductors may
be installed in parallel at the same poles, either with the
same rated voltage (see Fig. 1(a)) or underneath traditional
overhead transmission lines at higher voltage level [4]. In
the former configuration, the upmost messenger wires (MWs),
whose position is established based on the desired insulation
level, safety distance from ground (street level, buildings, etc.)
defined by local regulations, and structural considerations, may
intercept lightning and contribute in minimizing the incidence
of direct strokes to the phase conductors; in other words,
the MW may act as an “unintentional” shield wire, leading
the current to ground at poles where it is connected to the
grounding system. Furthermore, the MW may serve as a
neutral conductor for grounded-wye systems, according to the
distribution practice of some countries.

Several studies have investigated traveling voltages induced
by indirect lightning [6], [7], or transients related to hybrid
lines [8]. The aim of this paper is to investigate the
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Fig. 2. Geometrical characteristics of the simulated aerial cable line. (a)
Compact line above the ground. (b) Details of the arrangement of aerial cables
and messenger wire.

characteristics of traveling voltage waves when the MW is
hit by a direct lightning strike and grounded periodically. The
purpose is to provide elements useful to consider the feasibility
of employing covered conductors with the presence of the
periodically grounded MW as a solution for improving the
lightning performance of power overhead distribution lines.

The paper is organized as follows: Section II describes
the distribution line under study and the modeling of its
components; in Section III, the methodology adopted for
the analysis is recalled, that is, the chain matrix analysis
developed in the frequency domain for transmission lines
characterized by a periodical structure; in Section IV voltages
are analysed considering different grounding intervals and
computing the effect of the distance between successive
grounding points on the values of currents causing breakdown
of the insulation. Conclusions and elements requiring further
research are assessed in Section V.

II. OVERHEAD LINE MODELING

The chosen line configuration is displayed in Fig. 2.
It consists of four conductors: three aerial cables (phases)
and one bare conductor, that is, the messenger conductor.
The phase conductors hang from the messenger by means
of dielectric spacing devices (spacers), which also guarantee
minimum variations in mutual distances between the aerial
conductors along the span [2]. Installation guides of aerial
cable systems suggest installing the spacers not only at the
poles, but also along the span for mechanical support, at
intervals approximately equal to 10 m.

The spacer and the covered conductors suitable for a
medium voltage distribution line with rated voltage 20 kV were
selected. The details of the system of conductors are found in
Table 1. Operational practice requires the MW to be grounded
at intervals shorter than 150 m through a grounding system
offering a ground resistance rg less then 30 Ω [9].

Table 1. Main modeling details of the aerial cable line.

Conductor Phase Phase Phase MW
Denomination 1 2 3 4
Conductor radius [mm] 7.11 7.11 7.11 6.15
Ins. thickness [mm] 6.74 6.74 6.74 -
Average height [m] 9.7 9.7 9.5 10.0
Resistance [mΩ/km] 194.5 194.5 194.5 590
Estimated BIL [kV] 513
Reduction coefficient [7] 0.8
DE (µs base) 56.25
V0 [kV] 347

The matrix of per-unit-length (p.u.l.) inductances for
the system of conductors in Fig. 2 was computed through
standard transmission line analysis [10]; the elements of the
matrix of p.u.l. capacitances were computed by means of
the software Ansys 2D Extractor to account for the phase
conductor insulation (with an assumed typical relative electric
permittivity 2.25 for polyethylene).

It should be noted that volt-time curves for the line under
study are not made available by the constructor, and that the
impulse withstand voltage depends on the combined effect of
the selected spacer (ensuring specific distances between the
covered phase conductors and the MW) and the thickness
and electrical properties of the insulating layer of the covered
phase conductors. For the analyzed configuration, the Basic
Insulation Level (BIL) is the only parameter estimated and
made available by the constructor, relevant to assess the
insulation withstand in a preliminary investigation. Following
the common practice for overhead line insulation studies
[11], the breakdown voltage is assumed to follow a Gaussian
distribution with dispersion equal to 7%, leading to an
estimated Critical Flashover Voltage VCFO ≈ 564 kV.

However, since the BIL was evaluated as the algebraic sum
of the BILs associated with the cable insulation and the air gap
[12], a reduction coefficient equal to 0.8 is considered for the
CFO of the system, in accordance with the indication in [7],
raising from experimental tests on cable-insulator systems (i.e.,
combined-insulation systems similar to that considered). This
CFO value (VCFO, expressed in volt) is used to compute the
parameters in (1), V0 and DE, required for the application of
the integration method to assess the insulation withstand to
transient overvoltages [8], [11]:

V0 = 0.77 · VCFO (1a)

DE = 1.1506 · V 1.36
CFO (1b)

The values of the used parameters are listed in Table 1.
It should be recalled that these values were selected and
computed based on some assumptions adopting an engineering
approach, since only measurements of the impulse withstand
voltage of the combined insulation (including the aerial
cable insulation and the dielectric spacer for the line chosen
arrangement and rated voltage) would allow the more accurate
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Fig. 3. Representation of the periodical structure of the aerial cable line
under study, including the messenger wire, the covered phase conductors and
periodical grounding at the poles with ground resistance rg.

evaluation of the cumulative distribution function of the
impulse breakdown voltages [4], [8].

III. METHODOLOGY OF ANALYSIS

The analysis is conducted by means of inverse Fourier
transform of travelling voltages computed in the frequency
domain by applying the chain matrix analysis for lines with
periodical structure [13], [14]. The tool was first developed for
typical overhead lines with bare conductors, but its application
can be easily extended to study transverse electromagnetic
propagation along any multiconductor transmission line,
provided its periodicity and input of the necessary geometrical
and electrical data. In the present study, this is ensured by
the simulation of a uniform line with periodical grounding,
that is, periodical connection of the MW to the line poles and
grounding system, which are reasonably assumed to display
unaltered geometric dimensions and electric properties along
the line. Data regarding the p.u.l. capacitance and inductance
matrix are passed as input.

With reference to the approach developed in [15], the
propagation of traveling waves along the line span is described
by the transmission matrix [Ts] (accounting for the span length
ℓ); the transmission matrix [Tg] accounts for propagation
along the half of the structure formed by the pole and the
grounding system at its footing. Herein, a ground resistance
rg = 30Ω is considered. The base cell, which represents the
main line section repeating periodically, consists of one line
span, enclosed by two half-poles, shaded by the light grey area
in Fig. 3. The total transmission matrix [T] of the base cell is
computed consequently as follows:

[T] = [Tg] [Ts] [Tg] =

[
[A] [B]
[C] [D]

]
(2)

where the following matrices are introduced:

[Tg] =

[
[1] [0]
[Yg] [1]

]
(3)

[Yg] =
1

2

[
[0] [0]
0 Yin

]
(4)

In (2), [A] , [B] , [C] , [D] are submatrices of order 4,
following the standard transmission matrix notation. In (3)

and (4), [1] and [0], are the identity and the zero matrix,
respectively; [Yg] is a submatrix of order 4, accounting for
half-a-pole; the pole is modeled as a lossless transmission
line with characteristic resistance Rt = 177Ω [16] and
propagation velocity equal to the speed of light in vacuum c0.
Indeed, expression (4) includes Yin, which represents the input
admittance seen at the top of the pole, with ground resistance
rg.

The diagonalization of the submatrix [A] by means of the
transformation matrix [M] produces a set of eigenvalues that
allow for the computation of the set of propagation constants
γ (at the right-hand side of (5), under the argument of the
hyperbolic cosine function). Matrix [M], whose columns are
the eigenvectors associated with those eigenvalues, is used in
(6) to simply derive the matrix of characteristic admittances
[Yw] of the line with periodical grounding:

[M]
−1

[A] [M] = [cosh (γℓ)] (5)

[Yw] = [B]
−1

[M] [sinh (γℓ)] [M]
−1 (6)

The novelty of the method consists in eliminating the need
to describe backward and forward propagation through two
different matrices of characteristic admittances; moreover, the
matrix [Yw] allows to implement the condition of matched
line terminations accurately, avoiding to insert long line
lateral sections with the only purpose of eliminating unwanted
reflections from the terminations.

The frequency-domain voltages and currents at the input
and output ports of the base cells of the periodical structure in
Fig. 3 are computed using the transmission matrix [T] in (2)
as: [

[Vin]
[Iin]

]
=

[
[A] [B]
[C] [D]

]
[Vout]
[Iout]

(7)

where, in our case (longitudinally symmetric cells), the
submatrices of [T] satisfy the following properties: [A] =
[D]

T , [B] = [B]
T , and [C] = [C]

T , where superscript T
stands for matrix transposition. The reader interested in the
transmission matrix formalism and its application to multiport
structures and multimodal propagation may, for instance, refer
to [17] and [18].

IV. SIMULATION RESULTS

Results aim at assessing the influence of the span length on
the minimum current causing the insulation breakdown, with
the modeling approach and assumptions presented in Section
II. The CIGRE waveform is considered to simulate negative
first stroke lightning currents [19], with channel impedance
200 Ω (the influence of the adopted channel impedance is
investigated in [20]).

Two span lengths, ℓ = 50 m and ℓ = 75 m, are simulated.
For each span length, simulations are conducted to account
for the grounding of the MW at each pole (i.e., periodical
grounding at distances equal to ℓ), or at alternate poles (i.e.,
periodical grounding at distances equal to 2ℓ). It should be
noted that when the distance between successive grounding
points is set to 150 m, results are valid also for describing
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Fig. 4. Voltage differences between the messenger wire (MW) and the covered
phase conductors at the pole stricken by the lightning current with peak value
30 kA, not accounting for the normal operation voltages of the line with span
length ℓ = 75 m. Overvoltages with the messenger wire grounded periodically
at distances (a) 75 m and (b) 150 m.

voltages along the line with ℓ = 50 m, if the distance between
two consecutive grounding points of the messenger is set to
3ℓ.

VMW and Vp,k denote the voltage-to-ground of the MW
and of the k-th aerial cable (with k = 1, 2, 3), respectively;
Figure 4 displays the voltages (VMW − Vp,k) computed for
the case ℓ = 75 m. Figure 4(a) refers to the configuration
with the MW grounded at all poles, while Fig. 4(b) refers
to the grounding of the MW at two-spans interval; for both
grounding schemes, the lightning is assumed to strike a pole
with grounded MW. Results are computed for a lightning
current with peak value equal to 30 kA (median value for
negative first stroke lightning currents [21]). No difference is
found in the overvoltages associated with conductors 1 and 2,
due to their symmetrical position with respect to the MW (as
in Fig. 2).

A lower propagation velocity of travelling waves can be
deduced from the period of reflections observed in Fig. 4 (e.g.,
1.1µs > 4ℓ/c0 in Fig. 4(b)), as an expected consequence of
the increased p.u.l. capacitances of the covered conductors, due
to the outer insulation layer [22].

It is clear that grounding the MW at very short distances
leads to the reduction of the overvoltage differences between
the phase conductors and the MW. Performing the grounding
of the MW at alternate poles, that is, doubling the distance
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Fig. 5. Variation of the critical current peak value with the phase angle of
the line operating voltage, different span lengths (ℓ = 50 m, ℓ = 75 m), and
grounding intervals of the messenger wire (i.e., at all poles or at alternate
poles). The lightning current is injected at the top of a pole where the
messenger wire is grounded.

between subsequent grounding points, produces overvoltage
peak values approximately equal to 1.16 p.u. with respect
to those displayed in Fig. 4(a). In particular, reflected
overvoltages, which are produced at the poles with grounded
MW closest to the stricken pole where overvoltages are
computed, travel back in times shorter than the time-to-peak
of the impressed lightning overvoltage, affecting its rate of rise
and peak value. When the MW is grounded at alternate poles,
i.e., every 150 m, a smaller number of reflected waves travels
back to the stricken pole, travelling longer distances, subject to
bigger attenuation linked to the ground and conductor internal
impedance.

Figure 5 shows the peak values of the critical currents
causing insulation breakdown for different phase angles of
the operating voltage (referring to conductor 1) and grounding
distances, considering ℓ = 50 m and ℓ = 75 m as possible span
lengths, and with the lightning striking a pole with grounded
MW. The values of the critical current can be approximated
by a sinusoidal function of the voltage phase angle; for each
grounding scheme, the maximum deviation of the computed
critical peak current with respect to the corresponding mean
value is approximately 6%. Instead, grounding the MW at
distances 2ℓ affects considerably the computed mean values
of the critical currents, which are reduced to approximately
0.8 p.u. of the corresponding value computed when the MW
is grounded at all poles.

Simulations are performed considering also the frequency
response of the grounding system, which is assumed to consist
of two vertical rods with radius 3 cm and length 1.2 m in
order to get a low-frequency ground resistance rg ≃ 30Ω.
Values of the frequency-dependent ground impedance zg are
computed through the GEA simulator for different frequency
values [23]. Due to the improved grounding performance of
the two-rod system at high frequency, resulting essentially
in a resistive-capacitive behavior of zg, the computed critical
currents are larger by approximately 1%.
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Figure 6 compares the average value of the critical currents
computed for the 12 operating voltage phase angles, simulating
that the lightning current strikes the MW in correspondence
of a pole where either it is grounded (considering grounding
intervals ℓ and 2ℓ), or it is not connected to the pole grounding
system (i.e., between two grounding points, considering the
grounding interval 2ℓ). The average critical currents in the
latter case are approximately 0.39 p.u. and 0.33 p.u. of the
peak values computed with the lightning current being injected
at a pole with grounded MW, with ℓ = 50 m and ℓ = 75 m,
respectively, and grounding interval 2ℓ. This is caused by the
larger impedance seen by the lightning current at the striking
point, due to the lack of a direct connection of the MW to the
pole grounding system.

Figure 6 also includes results for the direct lightning of
the MW at midspan, and MW grounding at all poles. With
both span lengths ℓ = 50, 75 m, the computed average peak
values of the critical current are bounded by those found
with grounding interval 2ℓ. Current values associated with the
direct lightning of the MW at a pole where it is not grounded
represent the lower bound, due to the longer distance to be
traveled by the voltage/current waves to reach a grounding
point; instead, the upper bound is represented by current values
computed with the lightning striking the MW at a grounding
point, since a fraction of the injected current can be directly
dispersed through the pole grounding system.

Lower average critical current peak values are found with
ℓ = 75 m, since the closest MW grounding points are
located at further distance, i.e., 75 m > 50 m, affecting
the effectiveness of the MW grounding (associated with the
physical mechanisms detailed previously).

It should be noted that a single set of parameters of
the integral method is adopted to assess insulation withstand,
referring to the expected BIL of the system. In this respect,
since all critical current peak values were determined by
the voltage difference VMW−Vp,3, the computed results are
expected to be precautionary, due to the larger insulating

distances and the position of the aerial cable 3 and the MW
with respect to the dielectric spacer. Rigourously, different sets
of parameters linked to the different phase aerial cables should
be used to asses the occurrence of phase-to-MW insulation
breakdown.

V. CONCLUSION

The paper presents an analysis of a compact distribution
line with covered phase conductors and a messenger wire.
The advantages of applying a methodology based on the chain
matrix approach are described, showing that the definition of
a single matrix of characteristic admittances is convenient for
the analysis of lines with periodical grounding.

The grounding scheme and the chosen span length have
been shown to hold predominant effect, compared to the
operating voltage phase angle, on the computed critical current
peak values for which the impulse withstand of the line
insulation is not guaranteed. As to the computation of the
actual peak value of the critical currents, a more accurate
analysis should firstly exploit the cumulative distribution
function of the impulse breakdown voltages obtained from
measured data for the line configuration under study.
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