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Abstract— The strike of lightning directly or even nearby an
electrical installation produces electromagnetic pulses and
consequently induces over voltages on equipment ports inside a
building structure. From an electromagnetic compatibility point
of view, knowledge of the magnetic fields in the internal
structures is essential for the development of protective systems
against surges. This paper presents an experimental evaluation of
the shielding efficiency provided by different LPS configurations,
to the magnetic field developed inside a structure hit by a direct
lightning. Three different LPS settings were tested by changing
the mesh sizes of the protection system. Measurements of the
magnetic fields were carried out with a loop antenna. The
building was made in a 1:20 scale wood structure. For the
simulation of the lightning, a surge generator was used located at
the top of the building. The measured values were compared with
the ones calculated according to IEC 62305-4 and are in very
good agreement.
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l. INTRODUCTION

Society is more and more dependent on services provided
by electric and electronic systems. These systems are vital for
data processing and storage, as for industrial control systems
and security process. They are also crucial for establishing
telecommunication services and for controlling the energy
supply's infrastructure [1]. Flaws in these systems, caused by
magnetic field effects from lightning strikes, may lead to
severe consequences and inestimable losses. This issue was
acknowledged by international institutes, which in turn
established some standards, like the IEC 62305-4 [2] which
addresses safety/protectives procedures in order to reduce the
risk of damages caused by Lightning Electromagnetic Pulses
(LEMP). Similarly, ITU-T K.20 [3] and ITU-T K.21 [4] deal
with recommendations for performing surge tests on
telecommunication electronic equipment. In Brazil, on June
22" of 2015, came into effect, the new Brazilian standard
NBR-5419 [5] concerning protection against lightning, whose
Part 4 details procedures designed for protecting electric and
electronic systems inside structures.

A magnetic field is generated in the internal structure of a
building when an lightning hits, directly or indirectly, the LPS
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of the structure [6]-[10]. Direct lightning current generate
greater magnetic fields, due to the distribution of the strike's
current through the conductors that make up the LPS. On the
other hand, indirect lightning strikes occur more frequently,
given a higher probability of hitting a larger area around the
structure, as opposed to hitting the structure itself. The internal
electric and electronic systems are usually connected through
wirings, which lead to the formation of induction loops. These
loops can be identified in the conductors responsible for
powering, grounding and for data transmission [11]. These
same loops, under time variant magnetic fields, induce voltages
responsible for causing interference or damages to the
equipment [12]-[15].

IEC 62305-4 recommends creating Lightning Protection
Zones (LPZ) against lightning strikes. These zones not only
mean to mitigate the transitory effects transferred to the
installation's wirings, but also to shield the same structure from
the effects of the magnetic fields caused by the lightning
current on the LPS. The metallic structural components of the
concrete walls can be used as the limit between LPZ0 and
LPZ1, and its configuration can reduce the inducing magnetic
field [16]-[18]. More sensitive equipment require additional
LPZs.

To determine the efficiency of the magnetic shielding
provided by a LPS, a four-story building model was created on
a scale factor of 1:20. The building was then equipped with a
Lightning Protection System (LPS) of a variety of
arrangements. The LPS was activated by an impulsive current
generator, whose characteristics are similar to that of a
lightning strike, within the proportionate scale. The
experiments were conducted in order to evaluate three aspects:

e The lightning current distribution along the LPS
conductors.

e The change in induced voltage strength in
different positions of the building.

e The internal magnetic field attenuation with the
use of a denser mesh provided by the horizontal
and vertical LPS conductors.

Results were compared to the ones predicted in the IEC
62305-4 standard.



Il.  GUIDELINES FOR TESTING ACCORDING TO IEC 62305- 4

The international standard IEC 62305-4 outlines the
procedures for experimental evaluation of the magnetic field
developed in the internal volume of the structure due to a direct
lightning strike. Following the procedures, initially an impulse
current generator with low amplitude and the shape of a typical
lightning current is connected to a LPS arrangement as shown
in Fig. 1.

A Multiple feeders

Simulation of the
~ close part of the
fightining channel (in
the range of 10m}

lightning
current

generator I t

Sheeld of
structure

;; Magnetic
fiedd probe

Earth conectores
interconnected 1o the shield

Fig. 1. LPS test arrangement with the injection of impulse current IEC 62305-
4.

The impulsive voltages coupled to the internal equipment
are evaluated by the time derivative of the magnetic flux
caused by the lightning currents in the LPS conductors that
pass through the loop area formed by the electrical wirings
connected to the equipment.  According to IEC 62305-4, for
evaluation purpose, the loop may be considered a rectangular
area with equivalent dimensions of a real loop, according to
Fig. 2
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Fig. 2. Loop arrangement for the purposes of evaluating induced voltage IEC
62305-4.

Ill.  TESTS PERFORMED

A. Reduced Scaled Structure

A 1:20 scale wooden model was used to represent a building
dotted with LPS (Fig. 3). The tested arrangement had the
dimensions of 50cm width, 50cm length, 60cm height,
corresponding to a 10m width, 10m length, 12m height real
building. The LPS was excited with a surge generator, with an
impulsive peak current of 8.2A and rise time of 250ns,

representing a real rise time of 5ps, according to the scale
factor.

Three types of LPS arrangements have been defined for the
structure showed in Fig. 4, by changing the number of down
and horizontal conductors, as described in TABLE |.

)
Fig. 3. Models in reduced scale (a) front side (b) back side

TABLE |. CHARACTERISTICS OF THREE ARRANGEMETS

Number of

Number of . Mesh
horizontal . .
Arrangement down dimensions
conductors oo
conductors - building
(rings)
1° 4 1 0.60m x 0.50m
20 8 2 0.30m x 0.25m
3° 16 4 0.15m x 0.125m

) ®) y
Fig. 4 Detail of the 3 LPS arrangements tested (a) 1st arrangement (b) 2nd
arrangement (c) 3rd arrangement.

B. The surge current generator
The schematic representation of the surge current
generator used in the tests is shown in Fig. 5.
SCR R,

it)

=
11
1
o
R
11
11
AY

Fig. 5 Current surge generator diagram used.

By adjusting the values of R1 and C2, the front wave time
is adjusted. The components C1 and R2 set the wave tail decay
time. The generator is powered by a 12VDC battery, supplying
a 250ns front time, 8.2A impulsive current wave.



C. Description of the measurements

The measurements were performed using the rectangular
loop sensor illustrated in Fig. 6(a) with dimensions of 9.5 cm
by 6.5 cm.

The voltages developed in the sensor were measured with
an oscilloscope Agilent - model 54615B, with 500MHz
bandwidth and input impedance of 50 ohms. The impulsive
current injected to the structure was measured using a Pearson
sensor - model 6595 with factor 0.5 V/A, see Fig. 6(b),
connected to the oscilloscope second channel. This channel
controlled the oscilloscope trigger, which resulted in
synchronized loop voltage and current injected oscillograms.

In
Fig. 6. (a)Loop sensor and (b)Current sensor.

The positions of the loop voltage sensor are showed in Fig.
7 for the first and third floors of the structure.

Injected signal
0 ,‘-‘-‘TTs -
Y 7% B
> X 0,14
. 0,14 : 7
A 160 S\ 0,46 m %
> 1, 8m A "‘( g
b 0,20\ Y25 L
; \ 7 0T e
). 22m \\_ ’/_/ (S
0,25n N V
o 1, 50m
G, _ :
> G25MeG 0,750 4d
028, ¥ad 227
0,18 m8c 0,20 m b
o 9\7 0‘.18‘m da
a"' 0,16 mAd
0,14
£ 0,14
< =¥

Fig. 7. Map of the sensor positions on the first and third floors.

IV. RESULTS

A. Assessment of current distribution in the arrangement

The current distribution through the LPS conductors is
important for the reduction of the magnetic fields generated
by the lightning current, and therefore, for the reduction of the
impulsive voltage applied to equipment inside the structure.

The peak current injected in the structure by the pulse
generator and the current distribution was measured in
arrangement 2, composed by 8 down conductors. Fig. 8
shows the current measurements points. The total injected
current was 8,2A, 250ns front time.

Fig. 9 shows the injected current oscilogram. The
measured value was approximately 4.1 Volts, showing,
according to the measurement factor, a peak current of 8.2A.
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Fig. 9. Injected signal.

The total injected current was 8.2A and current measured
in the vertical conductor below the injection point was 2.8A
(conductor "A1"), which is 34.4% lower, i.e.

2.8 .
—==-100=34.4% Q)

The current in the conductor "A2" was 1.76A, or 21.62%

lower than the total current injected, i.e.

1.76 .
~-100=21.62% @)

According to IEC 62305-3, the current distribution
coefficient for the last floor is given by 3:

K, (n)=i+0.1+0.2-3\/§ 3)
And for the one before the last floor is given by 4:
Ko (n)=ﬁ+0.1 )
where:

n = number of down conductors; ¢ = distance between down
wires; h = height of down conductors. This parameters for the
arrangement 2 are: n = 8; ¢ = 0.25 (m); h = 0.3 (m). And
therefore, K¢, = 0.35 (35%) and K, = 0.225 (22,5%).

The measured and calculated coefficients are presented in
Fig. 10. It can be observed, the measurements converged to
the calculations considering the deviations shown in TABLE
.



TABLE Il. CURRENT DISTRIBUTION IN PERCENTAGE LPS.

Calculated Measured Deviation
35.00% 34.40% 1.71%
22.50% 21.6% 4%
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Fig. 10. Distribution of calculated and measured currents.

B. Variation of voltage induced in the loop by changing its
position inside the structure

In case of a direct stroke in LPS, the magnetic field
developed inside the structure will decrease with the distance
from the down and captor conductors.

The analysis of the reduction of the magnetic field inside
the structure was done by measuring the induced voltage as
the loop is moved away from the LPS. The Fig. 11 present the
loop voltage oscillogram in one point of measurement. The

Fig. 11. Induced voltage in the loop.

following graphs represent the relative voltage attenuation
factor as the internal measurement points move away from
the down conductors. This factor was obtained by dividing the
difference between the voltages measured at the point and at
the reference point by the voltage measured at the reference
point.

Figures 12 and 13 represent for the three LPS
arrangements the attenuation factor for the first and third floor,
respectively. The points were located according to Fig. 7.

The following figures show the average attenuation factor
considering the three arrangements on the first floor (Fig.14)
and on the third floor (Fig.15) referred to points 5 and 8.
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Fig. 12. Attenuation factor on the first floor referred to point 5.
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Fig. 13. Attenuation factor on the third floor referred to point 5.
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Fig. 14. Average attenuation factor in refereed to points 5 and 8 on the first
floor.

We observe the increase of the attenuation factor by
moving the loop away from the LPS, as it is predicted in the
IEC 62305-4. This standard estimates the voltage induced in
the loop by a direct lightning strike according to 5:

=1L b- I e (22 - lormax
UocMax—uobln(HdL) k()= 9

w

Where:
Uoemax (V) is maximum induced voltage; Ho (H/m) is the
magnetic permeability of air equal to 4x107; b(m) is the width
of the loop; I(m) is the length of the loop; dy (M) is the
distance from the building wall to the loop; ki (1/+/m ) is the
configuration factor, k, = 0.01; w (m) is the width of the mesh
in the shield-shaped grid; d,, (m) is the average distance from



the building roof to 100p; iomax (A) is the maximum current of
lightning; T, (s) is the lightning wavefront time.
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Fig. 15. Average attenuation in refereed to points 5 and 8 on the third floor.

Fig. 16 shows the attenuation of the normalized induced
voltages for measured and calculated values in point 4 in the
second arrangement. The measured and calculated values
deviations are shown in Table IlI.
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Fig. 16. Measured and calculated factor attenuation referred to point 4a.

TABLE Ill. DEVIATIONS BETWEEN MEASURED AND CALCULATED

VALUES.

Calculated Measured Deviation
10.00% 9.4% 6%
18.30% 17.17% 6.17%
24.80% 24.50% 1.20%

It was then demonstrated that when the loop is moved away
from the LPS conductors, the attenuation of the induced
voltages is more pronounced, following the tendency estimated
in IEC 62305-4.

C. Induced Voltage Reduction by reducing the LPS mesh size

According to IEC 62305-4, more significant attenuation for
the internal magnetic fields is obtained with smaller mesh size
provided by a greater number of the LPS captors and down
conductors. To prove that it was calculated the induced voltage
attenuation factor from the measurements obtained in
arrangements 2 (mesh dimensions: 30 cm x 25) and 3 (mesh
dimensions: 15cm x 12.5cm), based on the induced voltage
obtained in arrangement 1 (mesh dimensions: 60cm x 50cm).
The attenuation factors are presented in Fig. 17 (first floor) and
Fig. 18 (third floor).
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Fig. 17. Attenuation factor of the 2nd and 3rd arrangement in relation to the 1st
arrangement on the first floor.
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Fig. 18. Attenuation factor of the 2nd and 3rd arrangement in relation to the 1st
arrangement on the third floor.

The IEC 62305-4 estimates the internal magnetic field inside
LPZ1 according to 6.

lekh'lo'ﬁgr (6)

where:

ks (1/4/m) is the configuration factor, k, = 0.01. I, (A) is the
current of the lightning discharge in the LPZ 0A; w (m) is the
mesh width hof LPS; d,, (m) is the distance from the loop to the
shield wall; d; (m) is the average distance from the loop to the
roof.

The above expression is valid for loops distant from the
LPS corresponding to at least one mesh size formed by captors
and down conductors. The field is proportional to the mesh
size "w" of the LPS. Considering that the voltage induced in
the loop is proportional to the magnetic field intensity, the
attenuation factors of 0.5 and 0.75, respectively, for the
arrangements 2 and 3, were obtained, as calculated below in 7.
See mesh size in TABLE I.
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Fig. 19 presents the average attenuation factors for the
measured and calculated internal magnetic field, for
arrangements 2 and 3, referred to arrangement 1, at points 5
and 8.
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Fig. 19. Average measured and calculated reduction factors of the arrangements
2 and 3 in relation to the arrangement 1.

A good attenuation factor of the fields in arrangement 3
compared with that obtained in arrangement 2 is observed,
proving the beneficial effect of using LPS with smaller mesh
dimension.

The measurements obtained in arrangement 3 showed
appreciable deviations compared to the calculated values. The
measured voltages in this arrangement had very low
amplitudes, due to the shielding influence, affecting the
measurement accuracy.

The measured and calculated values deviations are shown
in TABLE IV.

TABLE IV. MEASURED AND CALCULATED REDUCTION FACTORS OF THE
MAGNETIC FIELD FOR THE 2 AND 3 ARRANGEMENTS

Calculated Measured Deviation
50.00% 57.79% 13.48%
75.00% 61.33% 18.23%

V. CONCLUSION

The international standard IEC 62305 in Part 4 deals
specifically with the electric and electronic protection systems
of internal structures. This standard presents the formulae for
calculating the internal magnetic fields induced inside the
protected building, as well as the voltages and currents
coupled to the internal equipment. This work, using a scaled
model, asserts the calculations proposed by IEC 62305-4.
Through experimental results, the following benefits are
confirmed: the distribution of the lightning's current through
the LPS conductors; the reduction of the internal magnetic
field when the loop is moved away from the building's roof
and outer surface; as well as the magnetic field reductions
when the LPS's mesh size decreases.

Presently, the authors are working on computational
simulations of the scaled model used in the experiments. The
goal is to investigate other factors that might influence the
induced voltages caused by lightning strikes inside a structure.
The analysis will take in consideration the type of lightning
stroke (positive, negative and subsequent negative); the
location of the stroke incidence on the LPS (corner, center,
lateral); the LPS horizontal conductors; the propagation
velocity of the return stroke; double layer shielding; among
others.
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