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For  the case  of  urban  overhead  lines,  the  presence  of  nearby  buildings  is  expected  to  affect  the  overvoltages
induced  by  nearby  cloud-to-ground  lightning  return  strokes.  So far,  this  effect  has  been  seldom  taken  into
account  in the  literature  on  the  subject.  The  paper  presents  a  3D  FEM  model  that  calculates  the  lightning
inite element method
ightning-induced voltages
verhead lines

electromagnetic  pulse  (LEMP)  taking  into  account  the  presence  of  a building  placed  in proximity  of  the
LEMP-coupled  overhead  line.  As  a first approximation,  all the  metallic  elements  are  assumed  as  perfect
conductors,  as  well  as  the  ground  plane.  The  calculated  fields  are  then  introduced  in the  Agrawal  et al.
coupling  model  for the  calculation  of the  induced  voltages.  The  results  of  a sensitivity  analysis  carried  by
varying  the  model  and  dimensions  of  the  building,  its distance  to  the  line  and  the position  of  the lightning
stroke  location  are  presented  and  discussed.
. Introduction

In many countries, urban distribution networks are composed
y overhead lines placed near taller buildings. Metallic beams and
ther conducting parts in the building may  substantially affect the
lectromagnetic field produced by nearby return stroke lightning
urrents [1].

Several studies have been carried out in order to analyze the
ightning induced electromagnetic fields inside struck buildings
e.g. [2–5]). Other studies, based on experimental tests and com-
uter models, have been carried out in order to investigate the
ffects of nearby buildings on the electric and magnetic fields radi-
ted by lightning (e.g. [6–8]). The results show that there is an
nhancement of the lightning electromagnetic pulse (LEMP) at the
uilding roof, particularly for the electric field, whereas, at the
round level, this quantity experiences a significant reduction.

The reduction of lightning-induced voltages on power distribu-
ion lines due to the shielding effects of nearby buildings is analyzed
n [9] by means of a reduced scale model. The network model,
laced above an aluminum plane simulating a perfectly conduc-
ive ground, is coupled with the electromagnetic pulse produced
y a simulated lightning channel composed by a copper conductor

ounded on an insulating rod. The current injected into the rod

s produced by a specifically developed current-pulse generation

∗ Corresponding author. Tel.: +39 051 209 3475; fax: +39 051 209 3470.
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system. The presence of nearby buildings is simulated by means of
aluminum structures connected to the ground.

In [10] the measured voltages on the scale model without build-
ings have been successfully reproduced by using the LIOV-EMTP
code [11–13] for the calculation of the voltages induced by light-
ning return strokes on multiconductor lossy overhead lines. The
LEMP-to-line coupling model adopted by the LIOV code is the one
proposed by Agrawal et al. [14]. For the case of a single conduc-
tor overhead ideal line, the model is represented by the following
equations:

∂vs(x, t)
∂x

+ L′ ∂i(x, t)
∂t

= Ee
x(x, h, t) (1)

∂i(x, t)
∂x

+ C ′ ∂vs(x, t)
∂t

= 0 (2)

v(x, t) = vs(x, t) −
∫ h

0

Ee
z (x, z, t)dz (3)

where v(x,t) is the total voltage at point x of the conductor and
at time t; vs represents the so-called scattered voltage and i the
current; L′ and C′ are per unit length parameters of the line of
height h; Ee

x and Ee
z are two components of the lightning-originated

exciting electric field, namely the component of the horizontal
electric field along the line direction and the vertical one, respec-

tively. The coupling model is numerically solved by applying a
second order Finite-Difference Time-Domain (FDTD) scheme [15].
The LIOV code calculates Ee

x and Ee
z by means of the dipole technique

and of the Master–Uman equations [16]. The Cooray–Rubinstein
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Fig. 1. Lateral cross-section of the model.

ormula [17–19] is adopted to take into account the effect of the
nite conductivity of the ground on the propagating field.

In this paper, the calculation of LEMP is carried out by a three
imensional (3D) finite element (FEM) model developed in order to
ake into account the presence of nearby buildings. The calculated
e
x and Ee

z are then provided as inputs to the LIOV code in order to
nalyze the effect of the buildings on the induced voltages along an

verhead line. As a first approximation, all the metallic structures
re assumed as perfect conductors, as well as the ground plane.

The remaining sections deal with the following contents. Section
 presents the implemented 3D FEM model. Section 3 illustrates

0

1

2

3

4

5

6a

b

876543210

h
o

ri
z
o

n
ta

le
le

c
tr

ic
 f

ie
ld

 (
k
V

/m
)

time  (µs)

LIOV

FEM

-25

-20

-15

-10

-5

0

876543210

v
e

rt
ic

a
l 
e
le

c
tr

ic
 f

ie
ld

 (
k
V

/m
)

time (µs)

LIOV

FEM

ig. 2. Comparison between the electric field components calculated without the
uilding by using FEM model with the corresponding results provided by the LIOV
ode: (a) horizontal component (xy plane) at 50 m from the channel and 10 m above
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Fig. 3. Line capacitances per unit length at different distances between the line and
a  building with height equal to 15 m.

the effects of the presence of a building on the LEMP waveforms.
Section 4 illustrates the effects of the presence of the building on
the induced voltages in a nearby overhead line and compares the
results obtained for different dimensions and positions of the build-
ing with respect to the line. Section 5 is devoted to the conclusions.

2. The finite element method model

The considered geometry is illustrated in Fig. 1. A 1-km long 10-
m high one-conductor overhead line is placed parallel to a longer
building, exceeding the line ends for 50 m,  so to study the rele-
vant shielding effect for all the length of the line. The cross-section
dimensions of the building are: Wb = 10 m and Hb. The analysis has
been repeated for two  values of Hb, namely 15 m and 25 m, and for
three values of distance d between the lightning channel and the
building, namely 25 m,  30 m and 35 m.
The 3D FEM model is used to calculate the LEMP in the absence
of the line by means of the RF Module of the Comsol Multiphysics
software [20], which implements a weak-form representation of

Fig. 4. Cross-sectional view of the distribution of the electric field lines at 6 �s after
the  return stroke inception: (a) case 1 and (b) case 2.
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Fig. 5. Top view of the horizontal components of the electric field components along
the  line at 6 �s after the return stroke inception: (a) without the building, (b) case
1  and (c) case 2.
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z calculated along the line at 6 �s after the

return stroke inception with and without the building.

the time-domain wave equation of the magnetic vector potential
[21].

For the source, the spatiotemporal distribution of the lightning
current is defined along a 1.5 km high straight vertical path that rep-
resents the lightning channel. The channel is placed 50 m from the
overhead line and equidistant to the line terminations. The instan-

taneous values of the lightning current are set by assuming the
transmission line (TL) return stroke engineering model [22], with
a return stroke wave-front velocity equal to 1.5 × 108 m/s  and a
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urrent waveform represented by the sum of two Heidler functions
23]

(0, t) = I0
�

(t/�1)m

(t/�1)m + 1
exp

(−t

�2

)
(4)

As in all the other numerical example reported in this
aper, the lightning current at the channel base is repre-
ented by two Heidler functions with the following parameters:
01 = 10.7 kA, �11 = 0.25 �s, �12 = 2.5 �s, n1 = 2, �1 = 0.6394, and
02 = 6.5 kA, �21 = 2.1 �s, �22 = 230 �s, n2 = 2, �2 = 0.9957.

The model includes a 3D domain large enough so to avoid the
ffects of reflections at the boundaries. Such a domain is a quarter of

 1.5 km radius sphere with the lightning channel as vertical edge.
Fig. 2 shows the comparison between the time waveforms of the

lectric fields at 50 m from the channel calculated by using the 3D
EM model and by the LIOV code, in the absence of both the building
nd the overhead line. Fig. 2a shows the comparison between the
rojections of the electric fields on a plane perpendicular to the
hannel (horizontal components) and Fig. 2b shows the comparison
etween the projections of the electric fields along the direction of
he channel (vertical components). This comparison demonstrates
hat, without the presence of buildings, the two approaches provide
he same results.

The two following models of the building have been imple-
ented and compared.
1) As a first approximation, the building is represented by a cuboid
with perfectly conducting surfaces. The internal volume of the
cuboid is excluded from the calculation domain.
Fig. 10. Comparison between the electric field in the middle point of the line for
different building heights: (a) vertical components and (b) horizontal components.

(2) An improved representation of the building consists in a mesh
of cubes with edges being constituted by 5 m long metallic
thin wires, since the shielding effect is attributed mainly to
the steel rebars embedded inside reinforced concrete. In this
second model, the LEMP is calculated also inside the building.

The same geometry of Fig. 1, without the lightning channel
but including both the overhead line and the building, has been
adopted for the calculation of the values of the line capacitance per
unit length by using the Comsol AC/DC module (electrostatic solver
[24]). Fig. 3 shows the line capacitance values calculated for differ-
ent distances between the line and the building assuming Hb = 15 m.
The values obtained by using the two different models of the build-
ing are very similar and for distances beyond 30 m they tend to the
capacitance value of the line without the building. Line inductances
are estimated from the corresponding capacitance values taking
into account that in a lossless line the propagation speed is equal to
the speed of light in vacuum. The obtained capacitance and induc-
tance values are adopted as line parameters for the calculation of
the induced voltages shown in Section 4.

3. Attenuation of lightning electromagnetic field by the
building

We make reference to two different configurations:
Case 1. The building is placed between the lightning channel and
the line (d = 30 m);
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ig. 11. Comparison between the electric field in the middle point of the line for
ifferent positions of the building: (a) vertical components and (b) horizontal com-
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ase 2. The building is placed at the opposite side of the line with
respect to the channel (d = 60 m).

For both cases, Fig. 4 shows the cross-sectional view of the elec-
ric field lines calculated at 6 �s after the return stroke inception,
ogether with the position of the line conductor, the profile of the
uilding and the position of the lightning channel. As shown in the
gure, the presence of the building has two effects:

 it hides the lowest part of the channel from the line when the
building is placed between the channel and the line;

 it causes a deviation of the electric field lines in the vicinity of the
building.

The second effect deserves some additional comments. Fig. 5
hows the top view of the horizontal electric field calculated at
everal points of the overhead line for the three configurations:
ithout building (Fig. 5a), case 1 (Fig. 5b), and case 2 (Fig. 5c). It can

e observed that the presence of the building increases the intensity
f this field in all the points along the line. Moreover, for case 1
he horizontal field exhibits an opposite direction with respect to
he other two configurations, consistently with the cross-sectional
iew of the electric field lines shown in Fig. 4.

For the problem of interest, according to the Agrawal et al.
odel, the calculation of the induced voltages is based on the two
omponents of the electric field (vertical and horizontal along the
ine direction) earlier defined in Section 1, namely Ee

z and Ee
x . Fig. 6

hows the value of Ee
x component along the line without and with

he building (case 1 and case 2) calculated at 6 �s. With respect to
Fig. 12. Comparison between the induced overvoltages with and without building
(case 1): (a) at one of the two line terminations and (b) in the middle point of the
line.

the situation when the building is not present, as the building is par-
allel to the line, the horizontal electric field shown in Fig. 5 assume
directions more perpendicular to the line and, therefore, the com-
ponent of the horizontal field along the line direction Ee

x decreases,
as clearly shown by Fig. 6 (this can be inferred also through a careful
observation of Fig. 5). Fig. 7, for completeness, compares the values
of Ee

z along the line calculated at 6 �s without and with the building
(case 1 and case 2).

Fig. 8 shows the waveshapes of the vertical field at the mid-
dle point of the line (50 m far from the lightning channel) both at
the height of the conductor (z = 10 m)  and at ground level (z = 0).
If the building is not present, the vertical electric field calculated
at z = 10 m exhibits almost the same value as at ground level. The
presence of the building reduces the vertical field, which at z = 10 m
differs significantly from the one at z = 0.

Fig. 9 compares the corresponding waveshapes of the horizontal
electric field, at the closest point of the line (where Ee

x = 0) without
and with the building (case 1 and case 2). Both Figs. 8 and 9 show
that, for the considered configurations, the two different represen-
tations of the building, cuboid or meshed, provide similar results.

By representing the building with a wire mesh, Fig. 10 com-
pares the vertical and horizontal electric fields at 50 m from the
lightning channel for two different heights of the building (namely,
Hb = 15 m and 25 m).  Likewise, Fig. 11 compares the electric field
waveshapes at 50 m from the lightning channel for three different

distances of the building from the channel (namely, d = 25 m, 30 m,
and 35 m),  being the building always placed in between the line and
the channel. The figures show that the waveshape of the horizon-
tal electric field is slightly affected by the increased height of the



A. Borghetti et al. / Electric Power Systems Research 94 (2013) 38– 45 43

-10

0

10

20

30

40

50

60

70a

b

876543210

o
v
e

rv
o

lt
a

g
e

 (
k
V

)

time (µs)

without building

with building (cuboid)

with building (mesh)

-20

0

20

40

60

80

100

876543210

o
v
e

rv
o

lt
a

g
e

 (
k
V

)

time (µs)

without building

with building (cuboid)

with building (mesh)

F
(
l

b
t
w

4

l
e

-5

0

5

10

15

20

25

30

35

40

45a

b

876543210

o
v
e

rv
o

lt
a

g
e
 (

k
V

)

time  (µs)

Hb = 15  m,  case 1
Hb = 25  m,  case 1
Hb = 15  m,  case 2
Hb = 25  m,  case 2

Hb m, case 1= 15
Hb m, case 1= 25
Hb m, case 2= 15
Hb m, case 2= 25

-10

0

10

20

30

40

50

60

70

876543210

o
v
e
rv

o
lt
a
g

e
 (

k
V

)

time (µs)

Hb = 15  m, case 1
Hb = 25  m, case 1
Hb = 15  m, case 2
Hb = 25  m, case 2

Hb m, case 1= 15
Hb m, case 1= 25
Hb m, case 2= 15
Hb m, case 2= 25

Fig. 14. Comparison between the induced overvoltages for different building

F

ig. 13. Comparison between the induced overvoltages with and without building
case 2): (a) at one of the two line terminations and (b) in the middle point of the
ine.

uilding, whilst it significantly increases as the building approaches
he observation point. The vertical electric field decreases either
hen Hb or d increase.

. Effect of the building on the induced overvoltages
This section compares the overvoltages induced in the overhead
ine with and without the building. The line is terminated at both
nds with the surge impedance.
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Fig. 12 compares between the case of absence of building
and case 1, while Fig. 13 refers to case 2. Figs. 12a and 13a
show the induced overvoltages at the middle section of the line,
Figs. 12b and 13b at the line terminations. The obtained results
show that the building reduces the lightning induced overvoltages
and this effect is also present, to a minor yet significant extent, if

the building is located at the opposite side of the line respect to the
lightning channel, in agreement with what previously illustrated
concerning the two  components of the exciting electric field. For
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ig. 16. Comparison between the induced overvoltages in a 500 m long line with an
nd  (b) at the near termination.

he calculation of the lightning induced overvoltages, the two  mod-
ls adopted for the building (cuboid and meshed) provide almost
he same results.

As done in the previous section, we present also the results
btained for different building heights Hb and positions d. For
hese comparisons, the adopted model of the building is the
hin wire mesh. Fig. 14 compares the induced voltages calcu-
ated for Hb = 15 m and 25 m,  being all the other model parameters
nchanged. Fig. 15 compares the induced voltages obtained for

 = 20 m,  30 m,  and 35 m.  As shown by Fig. 14,  the enhanced atten-
ation provided by the taller building is significant also when it is

ocated at the opposite side of the line. Figs. 14 and 15 show that
he attenuation effect is present in the induced voltages calculated
oth in the middle point of the line and at the terminations.

In order to illustrate the effect of a stroke location closer to a line
ermination, Fig. 16 shows the comparison between the induced
oltages calculated removing one half of the line, for the three con-
itions, namely without the building, with a 15 m high building

ocated in between the line and the channel (case 1), and with the
uilding located on the opposite side of the line (case 2). These
esults confirm that as far as the building faç ade is parallel to the
verhead line, the electric field component along the line direc-
ion is reduced, as well as the induced voltages, with respect to the
ondition in which the building is not present.

. Conclusions

The presence of nearby buildings may  cause a reduction of the
ightning induced voltage on an overhead line through two  effects:
he building hides the lower part of the channel and reduces the
mplitude of the exciting electric field components that are respon-
ible for the generation of lightning induced overvoltages in its
icinity. Interestingly, the second effect is also present – although
o a reduced extent – if the building is situated at the opposite side
f the line with respect to the lightning channel. Also, the results
btained by using the proposed procedure that involves both a 3D
EM model for the calculation of the LEMP and the solution of the
eld-to-line coupling equations appear to be consistent with the
easurements presented in [9,10] obtained using reduced scale
odel.
For the evaluation of the attenuation effect of the building, the
esults obtained by representing the building as a cuboid with per-
ectly conducting surfaces differ slightly from those obtained by a

ore realistic model that represent the meshed structure of the
teel rebars of the reinforced concrete.

[

out building (case 1 and case 2): (a) at the termination far from the stroke location
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