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Abstract— One of the methods that can be applied to improve the
lightning performance of overhead power distribution lines is the
use of shield wires. Although the effectiveness of this measure
against direct strokes is quite limited unless the shield wire is
grounded at every pole, the ground resistances are low, and the
line has sufficient CFO between the ground lead and the phase
conductors, the line performance against indirect strokes can be
improved. In this paper an analysis is presented of the
effectiveness of shield wires in reducing the magnitudes of
lightning-induced voltages on medium-voltage distribution lines
considering various realistic situations.
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I.

INTRODUCTION

Shield wires are used on transmission and subtransmission
lines in order to intercept lightning strokes with currents larger
than the critical current, i.e., the current that produces an
overvoltage equal to the critical impulse flashover voltage
(CFO). They are much less frequently used on distribution
lines, although some utilities have been using them with great
success [1].
The direct stroke performance of a distribution line is
usually not much affected by a shield wire because of the
ground potential rise caused by the flow of the stroke current
through the pole ground impedance, which generally causes
voltage differences between the ground lead and the phase
conductors larger than the line CFO. Therefore, grounding at
every pole, low values for the ground resistances, and a
sufficient CFO between the ground lead and the phase
conductors are required for the shield wire to be effective [1,
2].
On the other hand, due to its coupling with the phase
conductors, a periodically grounded wire reduces the
magnitude of surges induced by nearby strokes and may
improve the lightning performance of a distribution line. Its
effectiveness depends on the combination of the values of
several parameters as, for example, the relative position of the
shield wire with respect with the phase conductors, grounding
spacing, ground resistance, soil resistivity, stroke current
waveshape etc.

Various theoretical and experimental studies, involving
different assumptions and conditions, have been conducted on
the influence of shield wires on lightning-induced voltages.
Both in [3] and [4] the shield wire is assumed to be at zero
potential at any time and it is concluded that it reduces the
induced voltages on the phase conductors. The amount of
reduction is dependent on the position of the shield wire in
relation to the ungrounded conductors [3] and the adoption of
the shield wires is an effective means of reduction of the yearly
line outage rate [4]. In [5], assuming just one connection of the
shield wire to ground, an expression is derived for the
calculation of the ratio between the voltages induced on a
phase conductor with and without the presence of the shield
wire. However, it applies only for points situated close to the
grounding point.
The case of a multi-grounded shield wire has been treated,
e.g., in [2, 6-12]. The basis for the analysis carried out in [12]
was the Extended Rusck Model (ERM) [10, 13-15], a model
whose validity has been demonstrated from hundreds of
comparisons between measured and calculated induced
voltages under different conditions. In [12], however, the
evaluation of the shielding effect of the ground wire considered
only the case of a perfectly conducting ground. In this paper
the analysis is extended to the case of lines located in areas
with higher soil resistivity. The calculations are performed
using an improved version of the ERM, which is capable of
taking into account the effect of the finite ground conductivity.
The horizontal component of the electric field associated with
the stroke current is calculated according to the BarbosaPaulino equation [16].
II.

SIMULATION CONDITIONS

The line configuration adopted in the simulations is similar
to that considered in [12]. The line length is 3 km and the
height (h) of the three phase conductors is 10 m, with distance
of 0.75 m between adjacent phases. The shield wire is at the
height (hg) of 11 m, exactly above the middle phase. The
diameter of all the conductors is 1 cm, the grounding interval
(xg) is 300 m, and the inductance of the down conductor is
1 μH/m.
The stroke channel is vertical, 3 km long, without branches,
and the Transmission Line model [17] is assumed for the

calculation of the current distribution along the lightning
channel. The stroke current is represented by a triangular
waveshape with peak value (I) of 50 kA, time to half-value of
50 μs, and propagation velocity (vf) of 30 % of that of light in
free space (c). The induced voltages are calculated at the point
of the line closest to the stroke location, which is equidistant to
the line terminations. Two situations are considered regarding
the stroke location: either in front or equidistant from the
closest grounding points. The stroke current front time (tf), the
ground resistance (Rg), the soil resistivity (ρ), and the distance
between the line and the lightning strike point (d) vary from
case to case.
III.

RESULTS AND ANALYSIS

The influences of some of the most important parameters
on the effectiveness of the shield wire are analyzed in this
section. The results are presented in terms of two shield wire
factors, namely SWFsw and SWFg. The former is defined as
the ratio of the peak values of the voltage between the phase
conductor and the shield wire (Up-sw) and the voltage that
would be induced on the phase conductor in the absence of the
shield wire (Up') at the point of the line closest to the stroke
location. The latter is defined in a similar way, but with the
voltage Up-sw replaced with Up, which is the phase-to-ground
induced voltage in the presence of the shield wire.
SWFsw = Up-sw / Up'

(1)

SWFg = Up / Up'

(2)

Figure 1. Lightning-induced voltages at the point closest to the stroke
location. I = 50 kA; tf = 3 μs; vf = 0.3 c; d = 50 m; h = 10 m; hg = 11 m;
xg = 300 m; Rg = 50 Ω; ρ = 1000 Ωm; stroke location equidistant from the
closest grounding points. 1) phase-to-ground voltage which would be induced
in the absence of the shield wire (Up'); 2) phase-to-ground voltage (Up);
3) shield wire-to-ground voltage; 4) phase-to-shield wire voltage (Up-sw)

For illustration, Fig. 1 presents, for a specific case, the
induced voltage waveforms Up-sw, Up', and Up, as well as the
shield wire-to-ground voltage.
A. Soil Resistivity and Ground Resistance
The influence of the ground resistance (Rg) on the shield
wire factors SWFsw and SWFg can be visualized in Fig. 2a for
hg = 9 m, xg = 300 m, tf =3 μs, d = 50 m, and soil resistivities
of 100 Ωm and 1000 Ωm. The results corresponding to
d = 200 m are presented in Fig. 2b.

(a)

According to the definitions shown in (1) and (2), a lower
factor indicates a more significant voltage reduction in relation
to Up' and, consequently, a higher effectiveness of the shield
wire.
Fig. 2 shows that the shield wire factors SWFg and SWFsw
have opposite behaviors with respect to the ground resistance;
the former increases and the latter decreases as Rg increases.
This means that the effectiveness of the shield wire in reducing
the phase-to-ground voltages is lower for high values of Rg. On
the other hand, the higher the value of Rg, the higher the
effectiveness of the shield wire in reducing the phase-to-shield
wire induced voltage.

(b)
Figure 2. Shield wire factors SWFg and SWFsw at the point of the line
closest to the stroke location as function of the ground resistance Rg for two
values of the soil resistivity. I = 50 kA; tf = 3 μs; vf = 0.3 c; h = 10 m;
hg = 11 m; xg = 300 m; Rg = 50 Ω; stroke location equidistant from the
closest grounding points.
a) d = 50 m
b) d = 200 m

This can be explained as follows: an increase in the ground
resistance leads to an increase in the phase-to-ground voltages
Up, since higher values of Rg correspond to lower currents to
ground and, consequently, to lower amplitudes of the voltage
component responsible for the reduction of the induced
voltages [12]. On the other hand, as the shield wire-to-ground
voltage is more sensitive to the variation of Rg, the increase of
this voltage is more significant than the decrease of Up, and
therefore the net result is a decrease of the voltage between
phase and shield wire (Up-sw) as Rg increases.
Fig. 2 also shows that an increase in the soil resistivity
causes an increase in SWFg and a decrease in SWFsw as Rg
increases. In other words, the reduction on the phase-to-shield
wire induced voltages with the increase of the ground
resistance is more significant in the case of a high value for the
soil resistivity. As shown in Fig.2a, the variation of SWFsw for
d = 50 m and ρ = 100 Ωm was from 0.60 to 0.30 for Rg in the
range 10 Ω – 400 Ω, while for ρ = 1000 Ωm and the same
ground resistance range the variation was from 0.44 to 0.19.
The corresponding variation of SWFg was from 0.80 to 0.87
for ρ = 100 Ωm and from 0.84 to 0.90 for ρ = 1000 Ωm.

A comparison between Fig. 3a and Fig. 3b shows that, for
the situations considered, the influence of the position of the
lightning strike point on SWFg tends to be less important in the
case of larger distances to the line. For d = 200 m, SWFg is
about the same for the two relative positions considered. On
the other hand, the differences between the SWFsw curves
corresponding to the two stroke locations decrease with Rg for
d = 50 m and increase with Rg for d = 200 m.
In order to better illustrate the behaviors of SWFsw and SWFg,
Fig. 4a presents the induced voltages Up and Up-sw
corresponding to Rg = 50 Ω; ρ = 1000 Ωm, d = 50 m, and the
two positions considered for the lightning strike point. For
comparison, the voltage Up' is also shown. In Fig. 4b the
calculations refer to the same conditions, except that
Rg = 300 Ω.

The distance between the line and the lightning strike point
also affects SWFg and SWFsw. The closer the distance, the
greater the reduction of the phase-to-shield wire voltages and
the lower the reduction of the phase-to-ground voltages. For
ρ = 1000 Ωm and Rg in the range 10 Ω – 400 Ω, the variation
of SWFsw was from 0.44 to 0.19 for d = 50 m and from 0.57 to
0.34 for d = 200 m. The corresponding variation of SWFg was
from 0.84 to 0.90 for d = 50 m and from 0.70 to 0.82 for
d = 200 m.
B. Relative Position of the Stroke Location and Grounding
Points
The shield wire factors depend also on the relative position
of the stroke location and the closest grounding point. In Fig. 3
the variations of SWFg and SWFsw with the ground resistance
are compared for ρ = 1000 Ωm and two different cases: stroke
location in front of a grounding point and equidistant from two
grounding points.
When lightning strikes in front of a grounding point, the
effectiveness of the shield wire increases or decreases in
relation to the previous case (stroke location equidistant
between the closest grounding points), depending on whether
the voltage of interest is that between the phase and the shield
wire (Up-sw) or between the phase and ground (Up). As the
observation point approaches a grounding point, both Up-sw
and Up decrease, as the delay of the effect of the grounding
point becomes shorter. However, as the variation of the shield
wire-to-ground voltage is greater than that of Up, the voltage
Up-sw and the factor SWFsw increase and thus the
effectiveness is reduced. On the other hand, the reduction of
Up causes a reduction of SWFg, so that a higher effectiveness
is observed if Up is the voltage of interest.
As expected, larger variations of the shield wire factors
with Rg are observed when the stroke location is in front of a
grounding point.

(a)

(b)
Figure 3. Shield wire factors at the point of the line closest to the stroke
location as function of the ground resistance Rg, for two different positions of
the stroke location in relation to the closest grounding point. I = 50 kA;
tf = 3 μs; vf = 0.3 c; h = 10 m; hg = 11 m; xg = 300 m; Rg = 50 Ω;
ρ = 1000 Ωm.
a) d = 50 m
b) d = 200 m

It can be observed that, both for the phase-to-ground (Up)
and phase-to-shield wire (Up-sw) voltages, the differences
corresponding to the two positions of the stroke location in
relation to the grounding points decrease with Rg. The absolute

values of the differences in the values of SWFg, taking the
stroke location in front of a grounding point as the reference,
are approximately 19 % for Rg = 50 Ω and 7 % for
Rg = 300 Ω, while for SWFsw the corresponding differences
are about 20 % for Rg = 50 Ω and only 3 % for Rg = 300 Ω.

induced voltages may not be significant in the case of high
values of soil resistivity or ground resistance, as far as phaseto-shield wire voltages are concerned, the effectiveness of the
shield wire actually tends to increase under such unfavorable
conditions.
REFERENCES
[1]
[2]

[3]

[4]

[5]

(a)

[6]

[7]

[8]

[9]

[10]
(b)
Figure 4. Lightning-induced voltages Up', Up, and Up-sw at the point closest
to the stroke location. I = 50 kA; tf = 3 μs; vf = 0.3 c; d = 50 m; h = 10 m;
hg = 11 m; xg = 300 m; ρ = 1000 Ωm.
1) stroke location equidistant from the closest grounding points
2) stroke location in front of a grounding point
a) Rg = 50 Ω
b) Rg = 300 Ω

IV.

CONCLUSIONS

An analysis of the effect of a multi-grounded shield wire in
mitigating lightning-induced voltages on overhead distribution
lines has been carried out. The effectiveness of this protection
measure depends on the combination of the values of various
parameters, and the influences of some of the most important
ones have been discussed in this paper.
The results indicate that the use of a shield wire can
substantially reduce the magnitudes of lightning-induced
voltages between the terminals of power equipment such as
distribution transformers (i.e., the phase-to-shield wire
voltages). Although the decrease of the phase-to-ground

[11]

[12]

[13]

[14]

[15]

[16]

[17]

IEEE Guide for Improving the Lightning Performance of Electric Power
Overhead Distribution Lines, IEEE Std. 1410, 2010.
A. Piantini, "Lightning protection of overhead power distribution lines,"
29th International Conference on Lightning Protection (ICLP), (invited
lecture – 4), Uppsala, Sweden, pp. 1-29, 2008.
P. Chowdhuri, "Lightning-induced voltages on multiconductor overhead
lines," IEEE Trans. Power Delivery, vol. 5, no. 2, pp. 658-667, April
1990.
E. Cinieri and F. Muzi, "Lightning Induced Overvoltages. Improvement
in Quality of Service in MVDistribution Lines by Addition of Shield
Wires," IEEE Trans. Power Delivery, vol. 11, no. 1, pp. 361-372, Jan.
1996.
S. Rusck, "Induced lightning over-voltages on power-transmission lines
with special reference to the over-voltage protection of low-voltage
networks," Trans. Royal Institute of Technology, no. 120, 1958.
S. Yokoyama, “Calculation of lightning-induced voltages on overhead
multiconductor systems,” IEEE Trans. Power App. Syst., no. 1, pp. 100–
108, Jan. 1984.
A. Piantini and J. M. Janiszewski, "Lightning induced voltages on
overhead lines, the effect of ground wires", Proceedings of the 22nd
International Conference on Lightning Protection (ICLP), Budapest, pp.
R3b/1-R3b/5, Sep. 1994.
M. Paolone, C. A. Nucci, E. Petrache, and F. Rachidi, "Mitigation of
lightning-induced overvoltages in medium voltage distribution lines by
means of periodical grounding of shielding wires and of surge arresters,
modeling and experimental validation," IEEE Trans. Power Delivery,
vol. 19, no. 1, pp. 423-431, Jan. 2004.
S. Yokoyama, "Designing concept on lightning protection of overhead
power distribution line," Proceedings of the IX International Symposium
on Lightning Protection (SIPDA), Foz do Iguaçu, Brazil, pp. 647-662,
Nov. 2007.
A. Piantini and J. M. Janiszewski, “Lightning-induced voltages on
overhead lines - Application of the Extended Rusck Model,” IEEE
Trans. Electromagnetic Compatibility, vol. 51, no. 3, pp. 548–558, Aug.
2009.
F. H. Silveira, A. De Conti, A., and S. Visacro, "Voltages induced in
single-phase overhead lines by first and subsequent negative lightning
strokes: influence of the periodically grounded neutral conductor and the
ground resistivity," IEEE Trans. Electromagnetic Compatibility, vol. 53,
no. 2, pp. 414-420, May 2011.
A. Piantini and J. M. Janiszewski, "The use of shield wires for reducing
induced voltages from lightning electromagnetic fields," Electric Power
Systems Research, vol. 94, pp. 46-53, Jan. 2013.
A. Piantini and J. M. Janiszewski, “Induced voltages on distribution
lines due to lightning discharges on nearby metallic structures”, IEEE
Trans. Magnetics, vol. 34, no. 5, pp. 2799-2802, Sep. 1998.
A. Piantini and J. M. Janiszewski, "An improved model for lightning
induced voltages calculations," in Proceedings of IEEE/PES
Transmission & Distribution Conference and Exposition, Latin America,
São Paulo, pp. 554-559, 2004.
A. Piantini, "Lightning protection of low-voltage networks," in: V.
Cooray (Ed.), Lightning Protection, The Institution of Engineering and
Technology UK, 2010, pp. 553-634.
C. F. Barbosa and J. O. S. Paulino, "A time-domain formula for the
horizontal electric field at the earth surface in the vicinity of lightning,"
IEEE Trans. Electromagnetic Compatibility, vol. 52, no. 3, pp. 640-645,
Aug. 2010.
M. A. Uman and D. K. McLain, "Magnetic field of the lightning return
stroke," J. Geophysical Research, vol. 74, pp. 6899-6910, 1969.

