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Abstract

Multi-storey buildings with occupied highly technological instruments have more
attraction possibilities of a lightning stroke than ordinary residential buildings. A protection
system against lightning is necessary for these buildings and the level the protection system
performance is an issue to be examined. In this study, a protection system for a three-storey
building is simulated in Alternative Transient Program-Electromagnetic Transients Program
(ATP-EMTP). Distributed-parameter line models are used for the conductors of the protective
system by modeling vertical conductors as nonuniform lines. The currents flowing in the
critical conductors and the voltages at some critical points resulting by a lightning stroke are
computed. The conventional lightning parameters required for structural protection such as
lightning peak current, current rise time and time interval for the current flowing are
determined. The effect of the radius of conductors in the protection system on the surge
response is investigated.

Keywords: Lightning, protection systems, Faraday cage, surge analysis.
PACS numbers: 92.60.Pw, 07.50.—¢, 52.80.Mg

Received: 30 April 2024 Accepted: 14 May 2024 Published: 30 May 2024

1. Introduction

Protection systems have a long history, and providing protection against lightning has
always been an important issue. In the past, the effectiveness of the lightning protection has
been demonstrated by theoretical calculations or experimentally [1-3]. In [1], using the
transmission line protection practice, an analytical study was introduced for the protective
effects of the basic lightning elements (vertical rods and horizontal wires) and a simplified
shielding determination procedure was presented. In [2], the lightning protection system was
modelled in laboratory to obtain the surge current distribution in conductive elements of
building constructions and a mathematical method of the theoretical analysis is introduced. In
[3], a lightning progression model is used for the lightning protection system. The
performance of the system was examined both in a laboratory-scale experimental sample
system and in the simulation of a real-sized protection system. In [4], the performance of the
lightning protection system for a full scale test house connected to a transformer station was
investigated. The current distribution in the protection system and connected power supply
installation was determined by injecting the simulated stroke current into the installation with
a current surge generator. In [5], the shielding performance of different buildings in presence
of indirect lightning return strokes were investigated directly in the time domain and a
sensitivity analysis is conducted by varying the channel geometrical characteristics and
considering three different building configurations.
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Later, with the increasing the availability of high capability simulation software, very
detailed analysis of the protective systems has been possible. By the development of the
simulation programs it is possible to determine the peak current in the conductor of lightning
protection system and analysis the magnitudes of voltages affecting the lightning protection
system, which are very important issues for protection requirements and safety. Recently, by
the help of development in the software, new simulation models for the analysis and design
purposes of building protection have been proposed [6-12]. In [6], the electromagnetic
behavior of control building and power system under lightning surge strike was introduced.
Surge responses of control building was analyzed using Electromagnetic Transient Program
(EMTP) and the accuracy of the method was shown to be satisfactory by the simulations
carried out on control building as reduced scale model using the Numerical Electromagnetic
Code (NEC-2). In [7], a full-scale building with layered reinforcing bars struck by lightning
was considered and the electromagnetic field inside computed using a GPGPU-based, three-
dimensional finite difference time-domain (FDTD) simulation code. In [8] and [9], alternative
transient program electromagnetic transients program (ATP-EMTP) was used for lightning
surge analysis of Faraday cage. In [10], electromagnetic model is employed on a steel
structure of a steel reinforced concrete building and numerical electromagnetic code 2 is used
for the numerical field computations to determine the induced currents due to a nearby
lightning strike to ground. In [11], the transient ground potential rise (GPR) in a commercial
building during direct lightning strokes was calculated using CDEGS software. The
influences of ground resistivity, the lightning stroke point, and wave shape of the lightning
surge on transient ground potential rise are investigated. In [12], it was indicated that the
performance of protection systems and methods used against direct lightning strikes varies
from system to system to be protected. In order to evaluate the effectiveness of protection
methods from lightning overvoltage and current, information of potential difference at the
stroke points and current transmitted to ground are required. Nevertheless, simulation models
related to the subject are still very limited and inadequate.

In this study, a lightning protection system for a three-storey building is simulated in
ATP-EMTP [13] software to obtain lightning surge response. Distributed parameter line
modelling is used for the conductors in the protection system and the change of height of the
vertical conductors is taken into account. Percentage change of the surge voltage due to
change in the radius of the conductors in the protection system is determined. The obtained
results are reported.

2. Description of lightning protection systems

A direct lightning strike to a building is dangerous and can cause damage to the
operation of electronic equipment inside the building or induced interference in devices and
even in a more critical situation can be threatening to human life. In order to decide on an
efficient and effective lightning protection system, it is very important to determine the
lightning current distribution and voltage levels at critical points as well as wave durations in
the protection system conductors. For the safety of the buildings, the instruments contained
and human life, the lightning protection systems are designed such that it is capable of
transmitting the lightning energy to the ground in a shorter way by the conductors with
requirement of minimal effects on the building and equipment occupied. If the instruments
contained and the structure to be protected is important and costly, a Faraday cage should be
considered to improve the effectiveness of protection system for a better and protection. The
Faraday cage distributes the electric field in the conductive material of the cage and
eliminates the damaging effects that may occur in the cage or out of cage. The function of
Faraday cage is to prevent internal from the external magnetic field in order to penetrate it and
to prevent external from the internal magnetic field. The cage is also used to protect people
and equipment against electrical currents, electric fields, electrostatic discharges and lightning
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as the electric current flows out of the closed area through the cage and does not pass to the
inside. Even if the fields of application change with time, this goal remains same, does not
change significantly. Lightning protection with Faraday cage is very efficient and effective;
however, it is costly and sometimes not compatible for structure of a building. Therefore, if
the requirement of the cage is not essential and vital, much simple protective systems can be
considered for the lightning protection of the buildings.

One of the purposes of the lightning protection design is to deflect and shield, which is
mostly for structural protection, and also to reduce lightning electrical and magnetic fields
within the building as much as possible [14-18]. Lightning protection systems provide a safe
way to relieve the lightning current in order to reduce the electrical and magnetic fields within
the building without disturbing the protected connection and a preferred connection point for
lightning. Such systems consist of three components mainly; air terminal, down conductor
and ground terminal as illustrated in figure 1.

_Air terminal

_ Down conductor

- Ground terminal

Figure 1. Traditional lightning protection system for houses. Adapted from Wiesinger and Zischank
[18]

The air terminals located at convenient locations, usually the highest point in the
building are used to attract the lightning. Down conductors are the connections between the
air terminal and grounding terminal, and are used to transmit the lightning current to ground
in the shortest way. Placement of conductors in protection systems is of particular importance.
Protection vertical conductors must be located remotely in low voltage network conductors.
Otherwise, in the event of any lightning strike, over voltages may be induced in the low-
voltage network through induction and the voltage may both damage the devices connected to
the network and pose a danger to human life. In order to minimize the electromagnetic
interaction with the environment, it is necessary to ensure that the vertical protection
conductors reach the grounding electrode in the shortest way.

Grounding is another important factor in protection systems. Protection system
grounding must be separate from Low Voltage (LV) ground system and there should be no
connection between them. Otherwise, the wave propagating from the protection system to the
grounding electrode can be distributed from the LV grounding network through the network
grounding electrode and instantaneous high voltages may occur in the device bodies
connected to the grounding network. It is possible that these voltages pose a danger to both
the device and human life.

Although a three-storey building is considered in this study, the simulation method in
this paper can be adopted to the other structures easily. The lightning protection system
considered for this building consists of four air terminals and 2x6 grounding rods and
50mm? stranded copper wire is used for the horizontal and vertical down conductors as in
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[8], where single storey building with Faraday cage was considered. Two grounding rods are
used at each grounding terminal and taking this publication as reference, the grounding
electrodes are 2.5m long copper rods that are 30mm in diameter. Multi-conductor model of
the lightning protection system is shown in figure 2.
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Figure 2. Multi-conductor model of protection system for three-storey building
3. ATP model of three-storey lightning protection system

ATPDraw simulation model of the protection system for a lightning stroke at point A is
shown in figure 3.

Figure 3. ATPDraw simulation models of multi-storey protection system for stroke point is A
46
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For the stroke at point B the current source and its internal impedance is connected to
point B. In the protection system, vertical conductors, called as down conductors, transfer the
lightning energy into the ground. As the capacitance and inductance of a vertical conductor
vary with height the surge impedance of the conductor changes with varying height [19].
Therefore, down conductors need to be characterized by nonuniform lines for a precise and
comprehensive analysis. Another important issue to be considered is the velocity of the wave
travelling on the line segments. Taking the measurements carried out in [20] as the reference,
the propagation velocity in both horizontal and vertical conductors is taken to be the velocity
of light (3 x 108 m/s). The third factor which is important I the simulations is the simulation
time step. The time step should be indicated considering the travel time of the shortest line in
the system. Taking the time step At for the simulations as 1/100 of travel time of the shortest
line in the system provides satisfactory results. In the simulations carried out in this paper,
The current source used to model the lightning current is a standard 1/50 double exponential
wave with 1.0 unit peak value which is represented as i(t) = 1.0177(e%* — ePt), where a =
—1.5 x 10*and f = —6 x 10° s — 1. All conductors in the protection system are represented
by lossless distributed lines.

For a horizontal line segment over ground the characteristic impedance is expressed as
[20, 21]:

Z, = —601n% (1)

where h represents the conductor height, and r is the radius of the conductor. This expression
is used to determine the characteristic impedance of how horizontal conductors in the
protection system. The characteristic impedance of a horizontal conductor is constant as h
and r is constant. However, in the case of a vertical conductor the height is not constant
longitudinally and hence characteristic impedance varies with respect to its height and for a
proper simulation this variation should be taken into consideration. Therefore, in the
simulations such configurations, the nonuniform line model with characteristic impedance
changing by a logarithmic function were used [20, 22, 23]. Considering measurements and
theoretical studies on characteristic impedance of nonuniform lines carried out in this
literature, the variation of the characteristic impedance of the vertical conductors for the
simulations carried out is expressed as [18, 20, 22]

Z(h) = 60 [In (221) - 2] 2)

where h is variable and represents the change of height from the ground level, and r is the
radius of the conductor. According to this equation, for a conductor with height 14.1m, the
characteristic impedance varies from 300.2Q at ground level to 432.060 at conductor top. In
the simulation, 3 uniform line sections are used for each storey to represent the nonuniform
characteristic impedance and hence nine uniform line sections connected in cascade are used
in total to simulate the nonuniform variation.

3.1. Lightning source and lightning path impedance

The lightning path impedance has been in concern in many studies related to the
lightning surge simulations and literature search shows that several values starting from 2500
up to 2.5kQ have been used. In one of the earliest studies the lightning-path impedance of
4000 was derived theoretically by assuming the lightning velocity is equal to the light
velocity in free space [24]. In publications [25-28], this impedance value was taken as
reference to obtain the tower surge response. In the work done by Menemenlis [29], the surge
impedance of lightning stroke was assumed to be 250, which was not based on any
measurement or calculation.
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Higher values of lightning surge impedance were in consideration and 10000 to 2000Q
were recommended by Diesendorf [30]. In the measurements done by Gorin and Shkilev [31]
current oscillograms were used to estimate the equivalent impedance of the lightning channel
and their estimates varied from 600Q to 2.5kQ. Recently, based on the concepts obtained in
previous studies 1000Q has been used in many publications [28, 32, 33], which can be taken
as reference and based on this investigation, 1000 resistance is considered as convenient for
the lightning path impedance.

3.2. Grounding resistance

The grounding impedance is affected from many parameters and physical conditions
such as the type of grounding electrode, its material, length of the electrode, number of
electrodes, depth etc. Copper-bonded, galvanized, and stainless-steel ground electrodes are
generally preferred for grounding purposes. High cost of stainless-steel rods prohibits wide
span use. Therefore, copper-bonded and galvanized steel grounding rods are most common.

In protective systems, the grounding resistance must be low as much as possible to
eliminate possible reflections. According to wave theory, if the termination impedance is
higher than the characteristic impedance of the line which the wave travelling, a positive
reflection will occur which causes an increase in the voltage. A grounding impedance of
smaller or equal to 2Q is proper value. To make grounding resistance smaller, grounding
electrode should be placed deep in the ground as much as possible. Length and thickness of
the electrode also effect grounding resistance. The grounding impedance can be further
reduced by using several electrodes in parallel. However, if a sufficiently low grounding
resistance cannot be achieved with the methods mentioned above, it is possible to obtain low
values by using various chemicals. It is also very important that the ground electrode and the
protective conductor are connected well. Otherwise, this will create a negative situation for
grounding, since oxidation and chemical interaction that will occur over time will make the
contact resistance very high.

In the multi-storey building considered, the grounding is realized by copper rods. The
electrode system is as described in [8]; however, it is also illustrated here also for
convenience. There are several expressions that can be used for grounding resistance
calculations. Strips, rods or plates are used as grounding electrodes and the expressions are
different for different electrode structures [34]. In high voltage protection systems however,
an electrode with a regular shape may not satisfy a proper grounding and in this case
grounding grids are used. If the grounding is done by a rod electrode the resistance of
grounding electrode is calculated by the expression [34]:

R=-"n (ﬂ) 3)

a

where p is the average earth resistivity (Ohm-m), L is the length of the rod (m), and d is the
diameter of the rod (m). To reduce the resistance and to improve the grounding quality
further, two grounding rods are used for each grounding terminal in the protection system
considered. The grounding resistance is determined as R, = Ry = (R, K)/N = 12Q for the
grounding electrodes with 2.5m length and 30mm diameter and for 40Q —m earth
resistivity, where K is the combining factor taking into consideration when more than one
electrode is used [35]. This factor is determined as K = 0.377527 In(N) + 0.89057 = 1.152
for N = 2, where N is the number of electrodes connected n parallel for each grounding point.
As there are 6 grounding points in the system, resulting equivalent grounding resistance is 2Q,
satisfying the requirements for grounding.
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4. Simulation results

In the simulation presented in the paper, the lightning wave is normalized such that its
amplitude to be 1.04 for simplification. The results can be easily converted to the real values
by considering the amplitude of the lightning wave by multiplying normalized values by real
amplitude. Several measurements have been carried out in real environment to identify the
peak values of the lightning currents in different places [36, 37]; and in these publications,
median peak currents for the first and subsequent strokes were measured as 39 — 45kA and
16kA, respectively. The injected lightning current and the current waveform at down
conductor at stroke point obtained by ATP-EMTP simulation are shown in figure 4.
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Changes of the currents at down conductor from third storey to first storey at stroke
point A, and stroke point B are shown in figure 5 when lightning-path impedance is Z; =
1kQ. Note that the values of the currents are for normalized lightning current with amplitude
1A.

Changes of the voltages at critical points for 12Q value of the grounding resistance are
given in figure 6 when lightning-path impedance is Z; = 1k. Note that the values of the
voltages are for normalized lightning current with amplitude 1A4.

The lightning-path impedance is taken to be Z; = 1kQ and peak values of the voltages
at critical points obtained from simulations are given in table 1. As seen from the table 1, the
maximum value of the voltages measured at stroke point A is 27.286V. For a lightning
current with 30kA amplitude it corresponds to the value 30x27.286 = 818.58kV for this
condition. The maximum value of the voltages is 23.867V at stroke point B and for a
lightning current with 30kA amplitude it corresponds to the value 30x23.867 = 716.01kV.
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Figure 6. (a),(b),(c),(d) Voltages at critical points, for stroke point is A, for stroke point is B

Stroke Point Vi, V Vo, V Vs, V Vi, V
A 27.286 21.127 23.340 19.689
B 23.867 23.867 22.265 22.265

Table 1. Maximum values for the voltages for normalized 1 A peak lightning current at points A and
B in time interval 0-0.5 ps.
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4.1. Investigation the effect of radius of conductors

The effect of radius of horizontal and down conductors on the surge response is
investigated for two different values of conductor radius. As a first case the cross section area
of the conductors is taken to be 50mm?, as in the previous section and the results are
tabulated in table 1. As a second case the cross section of the conductor is decreased by half
and 25mm? is used for the conductor cross section. Source impedance is Z; = 1kQ and each
grounding resistance is 12Q in all cases. The effect of the conductor radius on the resulting
voltages and currents is investigated and the voltages at critical points for stroke point A and
B are illustrated in figure 7. The recorded peak values of the voltages at critical points are
tabulated in table 2 and changes of the voltages at critical points for conductor cross section
by reducing from 50mm? to 25mm? are demonstrated in table 3. As it is seen from the figure
and tables when the conductor radius is increased multiply by two the voltage decreases %5,
averagely. However, the current flowing through the conductors remains almost same.
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Figure 7. (a),(b),(c),(d) Voltages at critical points, for stroke point is A, for stroke point is B,
and conductor cross section is 25mm?

Stroke Point Vi, V Vo, V Vs, V Vi, V
A 28.590 22.312 24.485 20.634
B 25.090 25.090 23.339 23.339

Table 2. Maximum value of the voltages (for normalised 1 A peak lightning current) at points A and
B for conductor cross section is 25mm?in time interval 0-0.5ps
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Stroke Point AV, % AV2, % AV3, % AV4, %
A +4.78 +5.61 +4.91 +4.80
B +5.13 +5.13 +4.83 +4.83

Table 3. Percentage changes of voltages at A and B when the conductor cross section area is reduced
from 50 mm?to 25 mm?

4.2. Investigation the effect of radius of conductors
The voltage waveforms at stroke point A for different values of the grounding resistance

(Ry = 12,48, and 964) are illustrated in figure 8.
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Figure 8. (a),(b),(c),(d) Voltages at critical points for different values of the grounding resistance Rg =
=12, 48 and 96 Q

The peak values of the voltages at critical points for 14 peak lightning current for all
values of the grounding resistance are given in table 4. As it can be seen from the figures, the
value of grounding resistance have small effect on the first peak of the voltage which is due to
much lower grounding resistance values compared with surge impedance of the vertical
conductor, which is 300.2€. However, voltage waves reduce more rapidly for small values of

the grounding resistance.
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Rg, Q Vi, V Vo, V Vs, V Vi, V
12 27.286 21.127 23.340 19.689
48 27.679 22.191 23.340 21.083
96 29.470 23.537 23.340 22.754

Table 4. Maximum value of voltages (for normalised 1 A peak lightning current) at critical points for

various grounding resistance values
5. Conclusion

In this study, a protection system for a three-storey building is modeled and simulated

using distributed line models for protection system conductors in ATP-EMTP. Distributed
line modeling is used for the protective system and the down conductors are modeled by
considering non-uniform variation of the characteristic impedance that varies with height. The
currents in some critical conductors and the voltages at some critical points following the
lightning stroke for various grounding resistances, and different conductor cross section are
obtained. The conventional lightning parameters required for structural protection such as
lightning peak current, current rise time and current duration are determined.
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