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Introduction

A lightning strike to an industrial facility carries great risk to its operation. The
dangerous amount of energy involved in a single hit might damage equipments,
interrupt operations, or even hurt the personnel. Therefore, it is required to adopt
measures to protect from the consequences of this unavoidable phenomenon.

In order to conceive protection measures, the consequences of a lightning impact
must be assessed, i.e., the phenomenon must be studied with detail: from the nature
of the formation of the lightning discharge, to the effects of different type of impacts,
and the interactions of all the components exposed to the lightning energy.

In this work, the object of study are industrial sites in general, and particularly of
the type of Power Generation Center (PGC). When lightning strikes a building inside
an industrial site, currents propagates through the building and all the components
connected to it: underground facilities, external and internal cables, and buried conductors.

Among all the consequences of this type of strike, the focus is made in the possible
damage or malfunctioning of one of the most susceptible elements of an installation:
the sensitive electronic equipment used in the Instrumentation & Measurement (IM)
System. In general, these are integrated circuits that might have a relative low voltage
withstand, and are usually connected to cable routes that are susceptible of carrying
EM disturbances related to lightning.

In this work, the focus will be the transient surges in IM cables connected to a
building directly hit by lightning. To do that, a numerical simulation approach is
adopted. In a manner that, the whole industrial facility, is modeled and translated
into equivalent and validated EM models.

The numerical solution of the models is based on the FDTD algorithm, and a
method to consider wired structures: the thin wire formalism of Holland. This
formalism is used to account for all the grid-like structures of an industrial site: the
building steel grids of the walls and its foundations, the grounding systems, and the
isolated or coaxial cables.

The FDTD numerical solution was implemented in the numerical code: Transient
ElectroMagnetic SImulator - Finite Difference (TEMSI-FD), since it allows the use of
an implementation of a versatile thin wire model based on Holland’s formalism, with
a fast computational time, and permits to perform even faster simulations using a
Message Passing Interface (MPI) protocol to manage parallel computations.
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Nevertheless, a complete EM model for a lightning impact in FDTD takes time
to solve, even a couple of hours. This, although efficient in results, is not a practical
application. Therefore, exist also the necessity to expand the validated results obtained
with the FDTD simulations, to a more pragmatic and direct solution.

The proposal of this work is to elaborate a meta-model that describes the voltages
developed in the IM cables when a lightning strikes a building. This meta-model
is a mathematical expression that directly correlates the peak voltage at the cable
terminations, with all the parameters that interact and drive the phenomenon.

In a manner that, an easy-to-implement tool, based on accurate FDTD simulation
scenarios, serves to compute one of the most important variables to evaluate the
lightning response of a IM cable: its maximum voltage.

To construct the meta-model, a wide set of scenarios of simulation are proposed
using the technique of Design of Experiments (DoE). This technique also contributes
to the analysis of the voltage response of the cable, since it correlates and weights the
input parameters and their influence. This is, a frame of analysis of a complex system,
is given in parallel with a response prediction expression.

The work is organized as follows:

• In chapter 1, the problem of lightning surges in cables of an industrial site is
depicted, a standardized and simplified procedure of computation is analyzed,
and different numerical strategies to assess the problem are briefly described.
At the end of the chapter, the main proposal of the work is outlined.

• In chapter 2, the validation of the EMs models developed for each component of
the industrial site is shown, including an implementation of all the components
assembled.

• In chapter 3, a parameter variation is performed over a common reference case.
In a manner that, the influence of each parameter is observed, evaluated and
justified; in all the magnitudes affecting the response at the terminations of the
cable duct.

• Finally, in chapter 4, the implementation of the DoE technique is described,
with all the implications that a complex EM problem involves. At the end of the
chapter the evaluation of the prediction of the meta-models is presented, and an
application on a realistic case study is shown.
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Chapter 1

Lightning transients in Power
Production Centers

1.1 Introduction

Lightning is a natural phenomenon characterized by the rapid flow of high amounts
of electrical charge in the atmosphere [1, 2]. It is a direct consequence of the inherent
distribution of electrical charge in the planet, and it is though to be an important
component in keeping the balance of the global electric field.

Been an unavoidable phenomenon, it has an impact on human activity, mostly
with deleterious effects. Take for example the map depicted in figure 1.1, which
depicts a direct correlation between lightning occurrences and Outages of Electric
Service [3].

This kind of atmospheric discharge affects cities and villages, ground structures or
aerospace vehicles, industrial or health facilities. In this work; the structure of interest
is an industrial building, particularly; a Power Generation Center (PGC).

A lightning might affect the functioning of a PGC in a wide variety of ways, here
only the effects over sensitive electronic equipment connected to Instrumentation
& Measurement (IM) cables is treated. To do that, this chapter starts with a brief
description of the lightning discharge, assessing the parameters useful to conceive
and design protective measures.

Afterwards, some general aspects relating the consequences of a lightning strike
to a building are assessed, in order to give a frame to the problem over electronic
equipment, and the current propagation in IM cables.

Also, an important part of the chapter is dedicated to the analysis of the current
methodology used to study the lightning effects on IM cables in a PGC. Finally, a
proposal to assess this problem with a different approach is made alongside with the
objectives of this work.
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Figure 1.1: Relation between lightning aggressions in French territory and electrical service
outages during 2014. Adapted from [3]

1.2 The lightning discharge

The uneven charge distribution in the clouds of a thunderstorm might give rise to
atmospheric discharges. These discharges might be: intra-cloud, between different
clouds, cloud to ground or cloud to ionosphere [1]. Among them, the cloud-to ground
discharges are of special interest to the activity of a PGC.

A lightning strike to ground occurs when a particular charge density is reached
in a section of the cloud; positive or negative, a process of electrical breakdown is
initiated in the air, giving rise to a stepped leader. In figure 1.2, a negative descending
leader is illustrated.
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Figure 1.2: General process of a cloud to ground lightning discharge. Adopted from [1]

This leader descends to ground inducing opposite charge in its immediate vicinity,
and when is sufficiently close to a grounded structure such as a soil, a tree, or a
building; an opposite polarity leader rises, attaches, and forms the lightning channel.

Once the channel is formed, electric charge from the ground propagates to the
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cloud in a current propagation phenomena known as a first return stroke. Finally, it
is usual that subsequents return strokes continue to propagate through the lightning
channel.

Upward discharges might also occur, they typically strike structures taller than
100 m, a size of no interest for this work [2].

Depending on the polarity of the downward leader, the return strokes might be
positive or negative. Typical observations for these discharges are depicted in figure
1.3. In general, the behavior of both type of strokes have been characterized according
to several measurements [4]:
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Figure 1.3: Characteristic behavior of return strokes currents. Adopted from [Berger]

• Regarding the current magnitude: Both polarities of first strokes impulses
might have amplitudes of tens of kilo-amperes, being the positive stroke usually
higher, with recorded values over 100 kA.

• Regarding the rise-time: First strokes have been measured with rising times
from hundreds of nano-seconds to more than 10 µs.

• Regarding the decay time: Both pulses decay slower than they rise, being the
negative first stroke the faster to fall; around 100 µs. While, the positive first
stroke might have a decay time of around 2 ms.

Regardless of the general behavior between strokes, the characteristics of lightning
strikes varies from one impact to another, from geographic region to another, and
between different seasons. Due to this diversity, arises the necessity to establish a
common base behavior to characterize a lightning strike.

Therefore, the most important normalization committees along the world have
adopted results from different sets of measurement campaigns carried along decades,
to compile a data base sufficiently as robust as to establish a confident statistical
behavior for the lightning impulse current.
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1.2.1 Parameters of a lightning strike useful to conceive protection
measures

As previously stated, a statistical approach is often used to characterize the behavior
of the return strokes in general. This approach is based on several measurements
performed during tens of years, usually the observations of Berger et al. [4] are the
reference adopted by the most relevant scientific committees: CIGRE [5], IEC [6] and
IEEE [7].

It is important to note that, even with the technology limitations at the moment of
Berger’s observations (1975), its data continues to be valid. Although, modern efforts
to complement it with new observations have been made [8].

In order to evaluate the effects of a lightning strike, four main parameters have
been extracted from the observations:

• The peak current: accounts for the conduction effects, particularly of the
potential rise of the grounded structures, and grounding system.

• The average rate of change: also known as the current time derivative, or
front steepness. Accounts for the induction effects of the transient propagating
through the structure, particularly of the magnetic fields coupling through
closed loops.

• The transfered charge: accounts for the melting effects at the attachment points.

• The specific energy: accounts for the heating and mechanical forces of
conductors through which the current propagates.

Each one of these parameters has its own statistical behavior according to the kind
of strike and its polarity: first strike or subsequent strike, positive or negative. As an
example, figure 1.4 indicates the cumulative probability for the peak of the currents
according to Berger’s data [4].

Figure 1.4 is a representation of a standardized and globally extended statistical
behavior of the peak current of the return stroke. Depending on the engineering
application, this behavior is adopted from a different perspective. For example, for
installations with the highest importance to human activity and personnel security,
the standard of lightning protections IEC 62305-1 [6]; fixes current parameters that
helps to conceive a Lightning Protections System (LPS) able to withstand 99 % of the
feasible lightning strikes.

Rigorously, when performing lightning transient studies, all the waveforms of the
strikes shall be considered, since each one of them accounts for different consequences
of a lightning discharge. Nevertheless, in order to represent all the effects, it is
common practice recommended in several lightning protection standards to deal only
with two of these strikes:
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62305-1 [6]

• The positive first stroke: has the maximum transfered charge, current peak, and
specific energy. According to the measurements of Berger, these parameters have
a strong correlation [9]. Therefore this kind of impulse is useful for assessing the
energy withstand of protection elements, as well as potential rise of grounded
components.

• The negative subsequent stroke: has the highest rate of change, which makes
it useful to study inductive effects of a lightning impact.

In order to describe both type of pulses, perform lightning transient studies, and
account for all the consequences of a lightning impact, a standard impulse waveform
is required. It is common practice, and widely recommended to use the Heidler
function [10] to describe a lightning pulse, such as the one depicted in figure 1.5. In
a manner that , selecting the peak, the rise and decay time of the function, the pulse
emulates the effects of a first or subsequent stroke.

The table 1.1, shows the parameters of the Heidler function [10] that best describe
the behavior of the worst case scenarios for the 99 % of feasible lightning strikes to
ground. This is, for a first stroke; the maximum amount of transfered charge, and
energy. And for a subsequent stroke the highest rate of change, and peak current.

Up until now, the parameters of interest to assess the effects of a lightning
discharge have been mentioned: the transfered charge, the specific energy, the peak
current and its rate of change. These parameters are conceived to model the effects of
a lightning impact over a structure.

In the next section, more detail of the consequences of an impact are going to be
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presented, alongside with a brief description the problem of interest of this work: a
lightning strike to a PGC.

Figure 1.5: Transient behavior of a Heidler pulse. T1 and T2 stand for the rise and decay
time. (Adapted from [6])

Positive First Negative Subsequent
Parameter Units Stroke Stroke

Peak kA 200 50

Rise time µs 10 0.25

Decay time µs 350 100

Transfered charge C 100 –
Specific energy MJ/Ω 10 –

Average front steepness kA/µs – 200

Table 1.1: Maximum values of the current parameters. Adapted from [9]

1.3 Consequences of a lightning impact on a building

The consequences of lightning impact on a building can be classified following the
striking position, this is: a strike near the building or directly into its structure [6].

If the lightning strike in the building it might cause:

• Damage to humans and living stock due to dangerous potentials of conductive
elements, mainly of the reference conductors: the grounding system, or the
carcass of the equipment. This is also known as touch and step potentials.

• Physical damages tied to fire, and explosions due to possible sparks close
to flammable material. Also mechanical degradation might occur due to
electromechanical efforts between close parallel conductors

30



• Failure of sensitive equipment due to the ElectroMagnetic Interference (EMI),
mainly radiation from the lightning current propagating through the structure,
which induce currents and charges in the conductive elements of the facility.

If the lightning strikes near the building, the principal effect of lightning is the
EMI on the equipment inside.

Figure 1.6 synthesizes the effects of a lightning strike to a building. Here, the
interest is to observe the effects over sensitive electronic equipment, particularly; the
equipment connected to IM cables leaving an impacted building.
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Figure 1.6: Damages caused by a lightning strike to a building in an industrial site

Figure 1.7 presents a synthesis of the problem of interest: A lightning strikes a
building, its currents flow from the impact point through the building structure, to
the cable leaving the building and the grounding system at the foundations.

To inquire on the EMI at the extremities of a IM cable, it is necessary to consider
the current circulating through the cable shield, the potential rise at its connection
point, and the induction coming from the coupling of the cable to the building and
the grounding system.

The interactions of these phenomena depend on the type of building: its geometry,
materials, configurations, type of conductors, its canalizations etc. As that, different
approaches can be adopted to assess the lightning interference. At this point, is
mandatory to specify the type of facility to examine in this work.
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Figure 1.7: Problem of interest: Induced voltages at the termination of a buried IM cable
leaving a building stroke by lightning.

Up until this moment, the considerations of the lightning effects have been made
over a case of a generic site. Nevertheless, it has been previously stated that the frame
of this study are the PGC.

In the next section, the current guidance to assess the lightning induced voltages
in IM cables in this type of sites is going to be discussed.

1.4 Lightning induced voltages in IM cables in NPPs

From the point of view of a LPS designer, an standardized procedure is usually
followed, to estimate the level of threat to electronic equipment inside a Nuclear
Power Plant (NPP). This procedure counts with the approval of national and
international experts, academics and manufacturers. The methodology proposed in
this procedure is not complex, since it comes from previously observations, tests,
measurements, and exhaustive analysis.

In France, one of the procedures followed to assess the LPSs was the guidelines
established in the safety standard of the Kerntechnischer Ausschuss (KTA) 2206

(Nuclear Safety Standards Commission) [11], which originally is a German standard
focused in the particularities of its own national NPPs. This procedure includes:

• The general requirements an NPP must follow in order to be protected from
lightning damages.

• The design recommendations for the LPSs outside and inside the buildings.

• A calculation procedure for Lightning Induced Voltage (LIV) at the terminations
of IM cables leaving the building.
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• The test procedures to follow for the compliance of the safety of the site.

In this section, the procedure suggested by the standard KTA-2206 to obtain
the induced voltages of a IM cable is going to be detailed. Afterwards, the legal
framework that challenges this traditional method is going to be presented. And
finally, the foundations of the new proposal to obtain the lightning response of IM
cables will be laid out.

1.4.1 Procedure recommended in the standard KTA-2206 to compute
the Lightning Induced Voltages

The KTA-2206 [11], is a safety standard that specifies the requirements a NPP should
fulfill to be protected against lightning. Among its recommendations, there is a
general procedure to estimate the level of threat given by a lightning, to the equipment
connected to the IM cables leaving an impacted building.

v

i

Figure 1.8: General scope of the problem treated in the standard KTA 2206

The general scope of the problem as treated in the KTA standard is depicted in
figure 1.8: a lightning impacts a building, its current propagates to the ground and to
the conductors leaving the building, and a transient voltage appears at the termination
of these conductors. This voltage is referred to as the ”axial voltage´´, but is also
commonly known as the common mode voltage [12, 13].

The standard allows the computation of the peak value of the transient voltage
for IM cables located in two types of routes: Inside a concrete cable duct, or directly
in contact with the ground. In this work, the focus is made on cables placed inside
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a concrete duct, which might be divided into several segments, joined by metallic
bridges at the expansion joints, as depicted in figure 1.9.

The calculation for the transient of cables inside a concrete cable duct depends
on three main components: The portion of the lightning current that flows through
the duct, the duct length, and an equivalent coupling impedance from the duct to the
cable under study. in a manner that, the whole system: lightning-building-grounding-
cable is reduced to a simple lumped impedance relationship.

In the following section, the overall procedure to obtain the LIV according to the
KTA standard is described. Afterwards, the implications and assumptions behind the
methodology are discussed.

Ground

Air
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CableVinduced

Grounding
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Junction
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Concrete

Duct
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Figure 1.9: Geometry to calculate the induced voltage in a cable duct.

Computation of peak lightning induced voltages in a cable inside a concrete cable
duct according to the KTA-2206

To compute the peak voltage a lightning induces in a cable inside a concrete duct,
first; a type of current at the base of the lightning channel must be selected. And, in
agreement to the statement in section 1.2.1, representative impulses that account for
the worst case scenarios of the feasible lightning discharges are suggested.

Table 1.2 shows the variables that describe the transient characteristics of the three
impulses suggested by the KTA standard: the peak magnitudes, rise-times (t f ront),
and decay-times (ttail)

These impulses are depicted in figure 1.10, they are characterized with the Heidler
function [10] depicted in (1.1). The value of the parameters to describe either type of
current are detailed in table 1.3.

iB =
IB

η

(t/τ1)
10

1 + (t/τ1)
10 exp (t/τ2) (1.1)
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Type of current at the base Nomenclature Magnitude t f ront ttail

Positive first stroke +FS 200 kA 10 µs 350 µs
Negative first stroke -FS 100 kA 1 µs 200 µs

Negative subsequent stroke -SS 50 kA 0.25 µs 100 µs

Table 1.2: Transient characteristics of the return stroke current as suggested by the KTA-
2206.
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Figure 1.10: Channel base currents as considered in the KTA-2206

Where: iB → Transient current at the base of the lightning channel - [A]
IB → Peak value of the lightning current
η → Correction factor of the peak.

τ1 → Rise time constant - [µs]
τ2 → Decay time constant - [µs]

Type of lightning current
Parameter +FS -FS SS

IB - [kA] 200 100 50

η 0.93 0.986 0.993

τ1 - [µs] 19 1.82 0.454

τ2 - [µs] 485 285 143

Table 1.3: Parameters that characterize the current at the base of the lightning channel IB.
according to expression (1.1)

Then, the next three steps must be followed, with no regards to the order:

1. Calculation of the fraction of the lightning current that propagates to the cable
duct of interest, according to the amount of conductors leaving the building,
and their nature: Grounding conductors, pipelines, cable ducts, etc.

The portion of current flowing through the cable duct of interest is obtained by
the weighting expression (1.2), with relatives weights depicted in table 1.4.
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Ik =
2
3

IB
pkk

∑
n
v=1pkv

(1.2)

Where:

Ik → Peak value of the fraction of the lightning current
through the cable duct

IB → Peak value of the lightning current according to
table 1.3

pkk → Relative weight of the cable duct
∑

n
v=1pkv → Sum of relative weights

n → Number of conductors in contact with the soil.
v → index of considered conductor

Type of cable duct or soil contacting table Weighting factor pk

Cable duct (approx. 2×2 m) 3

Threefold or fourfold cable duct (each approx. 2×2 m) 6

Soil contacting cable Ø< 0.1 m (e.g., ground cable) 1

Soil contacting cable 0.1 m ≤ Ø≤ 1 m (e.g., pipe line) 2

Soil contacting cable Ø> 1 m (e.g., pipe line) 3

Table 1.4: Weighting factors pk to use in (1.2)

2. Calculation of the fictive distance of the cable duct l f using expression (1.3). This
variable is defined as the distance along the cable duct in which the peak of the
lightning current does not decreases, after traveling l f , the peak of the current
starts to diminish.

l f = K
√

ρe (1.3)

Where: l f → Fictive distance of the cable duct (m)
K → Lightning type factor given in table 1.5 ((Ωm)

1/2)
ρe → Resistivity of the soil (Ωm)

Type of lightning Lightning type factor K

Positive First Stroke (+FS) 3

Negative First Stroke (-FS) 1

Negative Subsequent Stroke (SS) 0.5

Table 1.5: Lightning type factor K to use in (1.3)

Since l f is an artifice, it is subjected to the real design conditions of the cable duct
of interest: its actual length lk, and the amount of bridges in each expansion joint:
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• The distance to be used is the smaller value between the fictive distance l f

and the actual cable duct length lk.

• The influence of the expansion joints is considered only in case the value of
the fictive distance l f covers one or several joints. To do so, an additional
distance is appended following the expression (1.4). These additions
depends on the type of lightning currents considered at the beginning, and
on the amount of bridges used in each joint. As depicted in table 1.6.

l = l f +
N

∑
v=1

lDFv (1.4)

Where: l → Equivalent cable duct length (m)
lDFv → Fictive extension for the expansion joint v (m), according to table 1.6

N → Amount of cable ducts within l f

Amount of bridges per joint
Type of lightning 16 8 4 2

Positive First Stroke (+FS) 15 30 50 70

Negative First Stroke (-FS) 10 20 35 55

Negative Subsequent Stroke (SS) 5 10 20 30

Table 1.6: Fictive extension of the expansion joints lDFv (m)

3. Selection of the value of the coupling impedance per unit of length between the
duct and the cable shield. This value depends only on the type of lightning
current selected at the beginning, as indicated in table 1.7.

Type of lightning Z′

M (V/kAm)

Positive First Stroke (+FS) 0.5
Negative First Stroke (-FS) 0.3
Negative Subsequent Stroke (SS) 0.08

Table 1.7: Coupling impedance to use in (1.5).

Finally, the peak induced voltage UL can be computed following the expression
(1.5).

UL = Z′
M · Ik · l (1.5)

Where: UL → Peak induced voltage (V)
Z′M → Coupling impedance (V/kAm), according to table 1.7

The diagram 1.11 summarizes the procedure to compute the peak induced voltage
in a cable inside a concrete duct, according to the standard KTA-2206.
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Figure 1.11: Work-flow to compute the peak voltage at the terminations of a cable inside a
cable duct according to the standard KTA-2206
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Assumptions and hypotheses considered in the standard KTA-2206

The philosophy behind the calculation proposed in the standard is simple: a lightning
strikes a building, a fraction of its current flows through the cable duct of interest, and
as results a voltage is induced in a cable inside the concrete duct. Nevertheless, this
procedure includes several aspects to be presented and discussed.

Main cause of the induced voltages The main assumption behind the methodology
states that the coupling between the concrete duct and the inner cable is of inductive
nature, which implies that is dependent on the time derivative of the current impulse
flowing through the cable duct (diduct/dt).

Moreover, since the rise time of the current decays along its position through the
duct, most of the induction is caused by the section of the duct connected to the
building. [14].

The reasons to ignore the conduction effect in the voltages at the inner conductor
of the cable, lays in the considerations of the connection of the cable to the reference
potential at its termination [14]:

• When the cable shield is connected (figure 1.12a): the induction is measured
only in the inner conductor.

• When the cable shield is not connected (figure 1.12b): the induction measured
in the shield and in the inner conductors is approximately the same.

Concrete

Duct

Reference

point

Aluminium foil shield

Inner

conductors

V1

V1: Voltage induced in one inner conductor

(a) Shield connected to the reference

Concrete

Duct

Reference

point

Aluminium foil shield

Inner

conductors

V1

V2

V2: Voltage induced in the shield
V1: Voltage induced in one inner conductor

(b) Shield not connected to the reference

Figure 1.12: Connections of terminations of cable used in [14].
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On the definition of the fictive distance l f The above points are the foundations
to the concept of the fictive length l f . Instead of determining the total induction
observing the contribution at each distance from the building, until the value of the
contribution is negligible, it is assumed that the induced voltage is proportional to a
constant current along a fictive distance. Beyond this distance, the induction is not
important to determine the peak voltage.

According to the authors, the calculation of the fictive distance corresponds exactly
with the penetration depth of a wave in the soil [14, 15], given in expression (1.6). This
is, in the KTA-2206, the distance along the cable duct in which the current keeps its
value constant, is treated in a similar manner to the distance to which a low frequency
wave penetrates in the soil.

δ =

√
1

πµ0 f

√
ρe (1.6)

Type of lightning Equivalent frequency - [kHz]

Positive First Stroke (+FS) 25

Negative First Stroke (-FS) 250

Negative Subsequent Stroke (SS) 1000

Table 1.8: Equivalent frequency of the impulses considered in the KTA-2206 [14]

To illustrate the previous point, observe the expression of the penetration depth
given in (1.6), it behaves exactly as expression (1.3). When the values of the frequency
f correspond with the equivalent frequency of the lightning impulse. 1 of each of the
lightning impulses, given in table 1.8 [13, 14], we obtain the values of K suggested in
table 1.5.

The proposed values of the coupling impedance Z′

M The values of Z′
M in table

1.7, were obtained with measurements performed in a section of a real 2 m×2 m
concrete cable duct. In here, the ratio between the peak voltage and the peak current is
taken as the coupling impedance, disregarding the time delay between both measured
transients.

This implies, that the peak voltage computed occurs at the same instant that the
peak current. This approximation to the behavior of the transients is in disagreement
with the previous assumptions regarding the nature of the phenomenon, merely
inductive: A transient voltage proportional to the time derivative of the inducing
current does not reach its peak at the same time.

1The equivalent frequency as defined here, is the frequency of a sinusoidal wave of a quarter of a
period equal to the rise time of the lightning impulse T/4 = t f ront
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On the influence of the expansion joints Regarding the expansion joints, it has
been observed that while less bridges are used, the higher the induced voltages were
[16]. Therefore, taking advantage of the definition of the impedance per unit of length
Z′

M; the effect of the expansion joints is translated into a contribution to the concept
of the fictive distance l f , which indirectly is, a recognition of an impedance variation.

The premise of the fictive distance is that the induction occurs only during a
fraction of the length of the duct, which; applied to the effect of the expansion joints
means that only the expansion joints within the range of l f are considered to affect
the induced voltage. This, although logical; rest as a simplification of the problem,
since implicates that the presence of the expansion joints does not modifies the ratio
of decay of the current rise time, as a first instance.

Implications and limits of the procedure stated in the KTA-2206

All the previous assumptions have implications regarding the application, validity
and precision of the standard. Identifying these, is a crucial part on determining
whether or not the standard would be suitable for the requirements and particularities
of the French NPPs.

First, it was stated that the induced voltage obtained with the procedure of the
KTA-2206, corresponds with the potential rise of a cable with respect to the cable
duct, as suggested in figure 1.9. This means, that for a single coaxial cable inside the
duct, this voltage corresponds with the elevation of the potential of its core. Which
implies a rise of potential of all the electronic equipment connected to that core.

Moreover, the main assumption of the problem is that the potential rise is caused
only by induction from the current flowing through the cable duct, this neglects
directly the contribution from the potential rise from the grounding system to which
the screen might also connected. This implies that, the contribution to the shield
voltage, that comes from the galvanic connection of the shield to the grounding
system is not considered. Simultaneously, is worth noting that this shield-grounding
connection , is usually close to the wielding points of the cable duct to the building
structure.

In the KTA standard, no particularities concerning the type of cables are denoted,
mainly: its configuration, geometry, materials, and number of inner conductors.
Instead, the recommended values for the induction are obtained from the highest
value among a variety of cable types and configurations [16]. This is a measure to
simplify the procedure of computation without losing assurance, but ceding detail on
the cable of interest.

In the other hand, when treating the current flowing through the cable duct, it is
assumed that its waveform is invariant from the original lightning current at the base
of the channel, this is; of course, an approximation, only valid for small buildings.
When treating larger structures, the total inductance of the building and the nature
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of its grounding systems might cause a delay in the current entering the cable duct.
This, according to [14] is in agreement with the particularities of the German NPP.

Although the methodology is conceived to estimate the peak induced voltage,
along all its procedure exist premises that consider the waveform of the input current:
the factor K, the coupling impedance Z′

M, the influence of the expansion joints lDFv.
All this components consider that the current flowing through the duct has the
original waveform of the channel at the base of the lightning channel.

On the same subject, although the structure of the building has relative low losses,
and therefore the current along the cable duct comes mainly from the connection to
the building, it is worth noting that some induction from the magnetic field coming
from the current flowing through the building is been neglected.

Finally, even if the conductive component is considered to estimate the current
flowing through the ducts, the procedure to estimate the fraction of the current that
will reach the duct, is based in the assumption that the cable duct is an equivalent
Transmission Line (TL) [13], with no resistive part, and no relative coupling to the rest
of the conductors leaving the building, like the cable pipes and the bare grounding
conductors. Both simplifications are sustained on:

• The type of impulse current depicted in figure 1.10, involves frequencies high
enough to consider that the inductive response of the cable ducts and buried
conductors is always higher than the resistive response.

• The standard is only interested in the peak induced voltage, mainly caused by
the rise time of the injected current, this part of the transient is more depending
on the inductive response of the cable duct than on its resistive response. This
component will affect mostly the decay part of the current.

Summarizing, the main implications and limits of the procedure established in the
standard KTA-2206 are:

• The KTA-2206 gives an estimation of the potential difference between the shield
of a coaxial cable and its concrete cable duct.

• The voltage is not subject of contribution of a conductive component, given
mostly by the connection of the shield to the grounding system.

• The delay of the current at the base of the lightning channel is not considered.

• Only the conductive component of the current flowing through the cable duct
is considered, the inductive component coming from the building radiated
magnetic field is neglected.

• The model to estimate the current division among all the buried conductors is
based on the approximation of inductive and uncoupled TLs.
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The above considerations imply that although coherent, and with a range of
validity, is needed to test the weight of the standard hypotheses on the final LIV
calculations.

Additionally, it was estated the missing considerations of more complex
phenomena. Therefore, in order to estimate with more precision the LIV of electronic
equipment connected to a IM cable, a more comprehensive tool to assess the response
is needed.

In this section, the philosophy behind the methodology proposed in the KTA
standard has been revised, along with some of its main assumptions and technical
limitations. In the next section, another consideration that stimulates the development
of a more comprehensive tool of computation is going to be addressed.

1.4.2 Introduction of a new regulation for the lightning protection
of Power Generation Centers in France

Given the nature of the Power Generation in France, in which 77 % is produced in NPP
[3], it is a matter of national interest to guarantee the continued and secure operation
of the facilities. Considering this, a current legislation; the mandate INB of February
2012 [17], makes an effort to outline the guidelines that these facilities must follow,
mainly three aspects are indicated:

• The lightning is advised to be always considered as an external aggression to
the site. Therefore all the protection means available to the present must be
considered to avoid damages caused by an impact.

• When evaluating the performance against an external aggression to the site,
such as the lightning; the state-of-the-art methods and tools are encouraged to
be used, in order to give the best protection with the available technology.

• The methods and tools must be validated, and its limits and margins of error
well estimated, in order to know its accuracy and pertinence.

Up until now, to evaluate the performance of IM cables against a lightning strike,
the guidelines of the standard KTA 2206 (2009-11) [11] have been used. As estated
in the previous section, this is a standard developed for German NPPs, therefore not
conceived for the particularities of the French NPPs. As a consequence, is needed to
test the validity of its hypothesis and assumptions.

A robust conception of the French NPP has led them to operate safely and
continuously. Nevertheless, with regards to the new requirements by law, the
methodology to evaluate the lightning performance of IM cables needs to be revised,
the uncertainties to be assessed, and with a better understanding of the phenomena,
contribute to an optimal canalization of the investments in protection means.
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Therefore, the NPPs administrators are concerned in developing a new tool that
allows for the study of the lightning performance of IM cables, in a manner more
adapted to the reality of the present and future NPPs. This tool should:

• Include state-of-the-art methods.

• Have known hypothesis, assumptions, and margin of errors.

• Lead to more efficient investments in the conception of the protection systems.

In the previous section we have commented all the approximations and limits
of the actual methodology used to compute the induced voltages in cables, and; as
estated in this section, a more comprehensive approach must be considered. In the
following, some strategies to assess this problem are going to be discussed, as well as
the final proposition of this work.

1.4.3 Numerical strategies to assess the lightning induced voltages
in cables

It has been discussed that the voltage developed at the terminations of IM cable
depends on the interaction of several phenomena: the current conduction and
induction coming from the building, the induction from the concrete cable duct, the
potential rise of the grounding system, among others. The interaction of all these
effects is hardly reachable by analytics methods, therefore needs the implementation
of numerical methods.

Among the numerical methods available to the present to solve for this problem,
three main types can be distinguished:

• Methods based on the equivalent TL theory, or the solution of the so-called
telegraphist equations [18]

• Methods based on the solution of the Maxwell equations, also called full wave
approach. [19]

• Hybrid methods, that try to combine the precision of the solution of the Maxwell
equations, with the practicality of the TL approximation.

In the following sections, these methods are going to be briefly discussed, along
with its implications and limits.
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Transmission Line Theory Methods

The TL theory methods allow for the computation of the induced voltages and
currents in electrically large components, i.e., components in the system that have sizes
large enough to as to be compared with the wavelength of its excitation [12]. This
components might be grounding conductors, aerial lines, buried cables, pipe lines,
among other.

A component modeled as a TL is described as a distribution of circuit parameters,
usually in a π-distribution, as suggested by figure 1.13. The value of these RLCG
parameters depends on the materials of the component of study, its geometry, and its
excitation [12].

R'dx L'dx

C'dx G'dx C'dx G'dx

TL segment - dx

Metallic Pipe Bare

conductor

Coaxial

conductor

R'dx L'dx

Figure 1.13: Circuit distribution of electrical parameters in the TL model.

In order to model a component with the TL theory, it must fulfill two
characteristics:

• Its cross sectional area must be electrically small, this is, smaller than one tenth
of the minimum significant wavelength of its excitation.

• The separation distance from the reference conductor must be smaller than its
total length.

With the previous conditions, the main simplifications of the model are:

• The propagation mode of currents and charges occurs only in the axial direction,
therefore, producing fields that are transversal to the conductor, as indicated in
figure 1.14. This is also known as Transverse ElectroMagnetic (TEM).

• The “common-mode” currents are neglected [12], and only the “differential-
mode” currents are considered. As suggested by figure 1.15
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+

Vsource

-

ZLoad 1 ZLoad 2

+
0.5Vsource

-

ZLoad 1 ZLoad 2

+

0.5Vsource

-

Idiff 1

Idiff 2

+
0.5Vsource

-

ZLoad 1 ZLoad 2

+

0.5Vsource

-

Icommon 1

Icommon 2

Common mode Differential mode

Figure 1.15: Excitation in common mode and differential mode. Adapted from [12]
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These simplifications have their limitations:

• The TEM response of the line is only valid up to a specific frequency, above this
frequency, higher order Transverse Electric (TE) and Transverse Magnetic (TM)
propagation modes appear [18].

• Even for lines with electrically small cross sectional areas, the “differential-
mode” has an influence in determining the currents along the line. Nevertheless,
at the extremities of the line, the influence is severely reduced [12, 20], which
makes the TL models suitable to study the response of the loads at the
terminations.

It has also been stated that for lines of finite length, even if the line has a small
section, in the presence of lossy ground, the TL model fails to predict all the resonance
frequencies of the component, particularly for excitations of high frequencies [21].

The TL model has been extensible used to solve for lightning transients in a wide
variety of applications, because of its simplicity and the fast computational times of its
solution. Nevertheless, it is not a suitable model to our problem, since the presence of
the building and the grounding system around the connection of the cable duct have
an influence on the current induced along the cable duct, and to the shield potential
rise. As suggested in figure 1.16.

Ground

Air

Building

Structrure

Cable

Grounding

Grid

Concrete

Duct

Current from lightning

Coupling

Coupling

Coupling

Electronic

equipment

Ground

Bar

Figure 1.16: Detail of the phenomena interacting at the cable duct connection to the
building.

In order to consider these effects, an approach able to evaluate the whole EM
environment in the vicinity of the connection of the cable duct to the building is
needed. This is going to be covered in the following section.
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Full Wave Methods

The full wave EM numerical methods allows one to solve for the complete
electromagnetic environment of a given structure in a three dimensional space. There
is a variety of these methods, in here, the most used in lightning transient studies are
going to be mentioned:

• The Finite Difference (FD) methods are based on the discretization of the
Maxwell Equations in its differential form. In here, the EM fields and potentials
are the unknowns in an meshed and structured volume. It can be solved in
the time domain (FDTD), or in the frequency Domain (FDFD). One of the main
problems with this approach, is the nature of the object to be solved, since the
meshing has a Cartesian structure, forcing the use of staircase approximations
of the boundaries that are not aligned with the space discretization. Although
recently, progress has been made to approximate these complex boundaries with
non-uniform meshes, taking advantages on parallel computing.

• The Integral Equation (IE) Methods are based on the solution of the Maxwell
equations in its integral form, being the Method of Moments (MoM) one of its
most extended applications. In here, the unknowns are the currents and charges
in the surface of the conductive and dielectric elements. It is often used when the
structure of interest is composed mainly of wire elements such as transmission
lines, building meshes, or grounding conductors.

• The Variational Methods such as the Finite Element Method (FEM) or the
Garlekin Method (GM) try to approximate the solution of a set of the Maxwell
equations in its Partial Differential form in an arrangement of small sub-
domains, in a manner that, a global set of partial differential equations
with known answers can describe the whole problem starting from its initial
conditions. Although they allow one to easily represent complex configurations
of boundaries, they also require a high amount of computational resources and
time to find a solution.

These methods are well suited for complex problems, from the electronics domain,
to the aeronautics, and the power industry. Since they allow the considerations of the
complete EM environment of the structure, with all its physical properties, and the
interaction of all its field components. Depending on the type of structure to study,
one method presents different advantages against the others.

Independently of this, they all have in common that for problems electrically large,
they demand an elevated amount of computational resources. Which, sometimes
makes them impractical to use, specially in the industry environment.

To circumvent this flaw, several efforts have been made to reduce the amount
of memory and time needed to solve a big structure. One of this strategies is to
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hybridize the full wave methods with the TL methods. There is a wide variety of
hybrid methods, and to account for all of them is outside the scope of this work.
Instead, the direct proposal to solve for our problem is going to be presented in the
next section.

1.5 Proposal of a computational tool to assess lightning
transients in Power Generation Centers.

As previously estated, the interest is to study the transient voltages at the terminations
of IM cables leaving a building stroke by lightning in a NPP. The most interesting case
presents when the cables are located inside a concrete duct, since at its termination,
the duct structure is welded to the building walls, and relative close to the grounding
grid. These connections and proximities between conductors, favors couplings that
require the use of a full wave method in order to be considered.

Nevertheless, as seen in the previous section, a full wave method demands a high
amount of computational resources: time and memory for each specific configuration
to solve. Therefore, additional models to extend the application of the the original full
wave approach are needed. In this work, the Finite Differences Time Domain (FDTD)
method is going to be used, since it offers a direct solution in the time domain, up
until the time of interest, which can severely reduce the computational time.

In addition, in order to improve the capabilities of the FDTD original approach,
a model to include conductive elements of small transversal areas is going to be
considered: a modification of the thin wire formalism of Holland [22–25]. This will
allow one to model all the meshed structures of the NPP: The building structure and
foundation, the grounding grid, the steel cable duct, and the IM cable, without the
use of a relative small discretization of the space of computation.

To increase the potentiality of the FDTD with the thin wire formalism of Holland,
a Message Passing Interface (MPI) [26] protocol is used to solve the system within
multiple cores of computation.

With this set of tools, a single lightning strike to an NPP of a couple of hundreds of
meters can be studied. To our knowledge, this is the first time the problem is assessed
in the industry with this level of complexity, and with an adequate investment of
computational resources. This becomes more relevant, considering the relevance of
NPP in France.

Nevertheless, as we have seen, the problem is a combination of several parameters,
and the pertinence, and influence of each one of them have not been elucidated.
Therefore, it becomes necessary to understand their interaction, and to translate it in
a versatile study tool.

It is a complex problem, a lot of parameters intervene, and a simple analysis tool
is needed: it is not practical to perform an FDTD simulation to study each particular
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energy production center. Therefore, the proposal is to obtain the lightning induced
voltage in the terminations of a cable, with a surrogate model, or meta-model. This
will allow one to vary the most influential parameters, and perform additional studies
without investing time and computational resources.

The meta-model is based on carefully selected combinations of input parameters,
to do that the technique of Design of Experiments (DoE) [27] is used. As a
consequence the number of simulations to perform are reduced, and the parameter
influence is accounted in an efficient way.

At the end, a simple tool to estimate with a known degree of precision the load
voltages in a IM cable is proposed. The tool is supported on simulations based at the
same time on validated EM models of the components of an NPP.

In light of this proposal, the objectives of this work are:

1.5.1 General Objective

The aim of this work is to develop a computational tool to compute the lightning
transient voltages in instrumentation and measurement cables in a Power Generation
Center.

1.5.2 Specific Objectives

To reach the main objective, several specific objectives are proposed:

• To validate the developed tool against another computational method, and
results previously published.

• To identify the most influential parameters that affects the behavior of the
transient voltages.

• To evaluate statistically the pertinence of these influential parameters.

• To establish the error margins and limitations of the developed tool.

• To compare the results of the developed tool against the results given by the
approach of the standard KTA.
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Chapter 2

FDTD Modeling of a Large Industrial
Site

2.1 Introduction

In general, the problem of a lightning strike to a Nuclear Power Plant (NPP) can be
described with five main components of an industrial site: buildings, the electronic
equipment inside, the soil, the grounding system, the cables and conductors inside
and between buildings. To completely evaluate the effects of a lightning strike in
facilities with this level of complexity, a numerical simulation that considers the
complete ElectroMagnetic (EM) environment, is required.

However, the size and the complexity of the geometry of such a facility requires
large computational resources. Thus, it is important to assess the numerical
methodologies to achieve an acceptable computational time and memory use.

The FDTD method [1] is often used to perform lightning transient studies, since it
gives a direct solution in the time domain, and allows for further implementation of
non-linear components. However, the original FDTD algorithm as proposed by Yee
[2] does not allow one to efficiently perform lightning studies on large industrial sites,
especially when considering the cables leaving building.

The relative large industrial site proposed in this work can be described with
several configurations of mesh structures, therefore, as a complex arrangement of
wire elements. In FDTD, it is not computationally efficient to deal with objects of
relative small transversal area, therefore; the implementation of a kind of sub-cellular
models is needed.

A conductive element with a transversal area small with respect to the cell size,
is also known as a thin wire. There are several ways to include a thin wire inside
the FDTD method [3–5]. The model used in this work is based on the formalism
proposed by Holland and Simpson [6], and has been modified to overcome the
original limitations, and to extend its domain of application.

This thin wire formalism is versatile enough to model all the components of the
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large industrial site mentioned previously. To show this, an implementation for each
separate component is going to be validated, in a manner that, a reliable final complete
FDTD model of the whole problem can be studied.

The chapter is organized as follows: in section 2.2 the thin wire model based on
Holland’s formalism is going to be introduced. Afterwards, in sections 2.3 to 2.6, its
implementations to model separately the different components of an industrial site
are going to be validated, starting by the lightning return stroke channel, continuing
by the building, the Instrumentation & Measurement (IM) cable and the grounding
system. Finally, in section 2.7 a complete case that integrates all the components is
going to be presented.

2.2 The thin wire formalism of Holland

The thin wire formalism of Holland [6] considers a bare conductor along an edge
of a classic Finite Differences Time Domain (FDTD) cell [2] with an equivalent
transmission line illuminated by the cell electric field, as depicted in figure 2.1. As
that, the current and the charge in the conductor introduce a set of two additional
equations to be solved at the same time as the six field equations of the traditional
FDTD scheme [2]. These auxiliary equations are given in (2.1) and (2.2).

Δlk
Ez1

Ez2

Ez4 Ez3

Ik

Cz,k
Gz,k

∆lk

R

Lz,k

+z

+y

+x

Iz,k

-Ez,1·∆lk

Bare Wire

in the z-direction

Equivalent TL

for a segment k

Figure 2.1: Bare wire in a FDTD cell according to Holland’s formalism [6]

Ll

(
∂t I + υ2∂rQ

)
+ Rl I = Er (r) (2.1)

∂tQ +
σ

ε
Q + ∂r I = 0 (2.2)

Where the unknowns are I and Q, respectively the current and the charge per unit
of length along a conductor segment; σ, ε and υ are the conductivity, permittivity and
velocity of propagation in the medium surrounding the wire; Er (r) is the tangential
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electric field at a distance r from the segment, and Rl and Ll are the linear resistance
and inductance per unit of length.

As it was originally proposed, the model of Holland has some limitations
regarding its uses:

• The path of the wire must be located parallel to the Cartesian axis, moreover,
particularly on the cell edge. This prohibits oblique trajectories and forces
smaller cell sizes to perform equivalent staircase trajectories.

• It only considered bare wires.

To overcome these limitations three extensions to the formalism have been
included in the TEMSI-FD code:

• The consideration of wires with oblique trajectories [7].

• The presence of the insulation [8].

• The model of shielded coaxial conductors [9].

In the following, these extensions are explained.

2.2.1 A thin wire shifted in the FDTD cell

The limitation of trajectory inherent to the formalism of Holland is a consequence of
the way of computing the in-cell inductance Ll. In [7] a new method to compute the
inductance is proposed, in a manner that the inductance of an oblique wire inside
a cell is a mean value within that volume. To do this, the inductance is computed
12 times: each time with respect to a cell volume centered on each of the electric
field components surrounding the wire, as indicated in figure 2.2. The numerical
computation of the inductance follows the expression (2.3).

〈
Lu,j,m

〉
=

µ0

2π

∫∫∫
r>a,Vu,j,m

ln
(

r(x,y,z)
a

)
dxdydz

∆x∆y∆z
(2.3)

Where
〈

Lu,j,m
〉

is the in-cell inductance, u corresponds with one of the three
directions x, y or z, subscript j indicates one of the four field components in the
direction u, m denotes the number of the cell crossed by the conductor, r (x, y, z) is the
radial length between any point M (x, y, z) inside the integration volume Vu,j,m, and
∆u is the cell size in the direction u.

As well as with the inductance, the electric field in equation (2.1) is a mean
weighted magnitude along the direction of the cable. This weighting is performed
with respect to the relative proximity of the wire to each of the twelve E-field
components surrounding it. According to figure 2.3, the weight coefficients in any
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Figure 2.2: Integration volume centered on the component Ez,1,m, to compute the inductance
Lz,1,m. Taken from [7]

r-direction can be obtained using expressions (2.4a) to (2.4d). The details of this
computation are explained in [7].

pu,1,k,m =

(
1 − δv

∆v

)(
1 − δw

∆w

)
(2.4a)

pu,2,k,m =
δv

∆v

(
1 − δw

∆w

)
(2.4b)

pu,3,k,m =
δw

∆w

(
1 − δv

∆v

)
(2.4c)

pu,4,k,m =
δv

∆v

δw

∆w
(2.4d)

Eu,1

Wire

Eu,2

Eu,4Eu,3

Δv

Δw
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δw

a

+u

+v

Cell m
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Figure 2.3: Thin wire of radius a crossing a Yee cell, (u, v, w) take any Cartesian direction
x, y or z in circular permutation. Taken from [7]
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Using these weight coefficients, the coupling of a wire segment, to all the field
components of the cell can be found by solving expression (2.5). The wire is assumed
following the oblique direction r, given by the unitary vector −→r = rx x̂ + ryŷ + rzẑ .

Lk

(
∂t Ik + v2∂rQ

)
+ RIk = 〈Ek〉 (2.5)

Lk = ∑
u=x,y,z

{

∑
m,m

⋂
k

[
δlk,m

∆l

4

∑
j=1

(
〈Lu,j,m〉pu,j,k,m

)
]}

r2
u (2.6a)

〈Ek〉 = ∑
u=x,y,x

{

∑
m,m

⋂
k

[
δlk,m

∆l

4

∑
j=1

(
〈Eu,j,m〉pu,j,k,m

)
]}

r2
u (2.6b)

∑
u=x,y,x

r2
u = 1 (2.6c)

Where 〈Ek〉 is the mean electric field of the twelve components around the
conductor segment k. 〈Lk〉 is the segment inductance, δlk,m is the segment length
inside the cell m, ∆l is the conductor length, and the notation (m, m

⋂
k) indicates the

cells intersecting with the segment k.
To better handle the junctions nodes in the cable, the concept of in-cell capacitance

is introduced, in a manner that the charge in expression (2.2) is replaced by a voltage
Vk and a capacitance per unit length Clk in each side of the segment node k. This
capacitance is a function of the in-cell inductance as indicated in expression (2.7). As
a result, the modified formalism of Holland introduces a set of Transmission Line (TL)
equations in the FDTD scheme.

Ck =
∆l

2
(Clk− + Clk+) =

∆l

2

(
1

υ2Lk−
+

1
υ2Lk+

)
(2.7)

Using the well-known relations between charge and voltage Qk = ClkVk, equations
(2.1) and (2.2) can be rewritten as a set of auxiliary equations of a TL model. Figure
2.4 illustrates this model for a cable segment k of longitude ∆lk, oriented in the z

direction, and illuminated by a mean electric field 〈Ez,k〉

Llk∂t Ik + Rl Ik + ∂rVk = 〈Ek〉 (2.8a)

Ck

(
∂tVk +

σ

ε
Vk

)
+ Ik− − Ik+ = 0 (2.8b)

It is important to note, that the updating of the electric field components is made
using the current density of the wire segments crossing the cell m, following the
expression of Ampere-Maxwell given in (2.9a).
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Figure 2.4: TL equivalent circuit for a thin wire

En+1
u,j,m = En

u,j,m +
∆t

ε0εr

[(
∇×−→

H
)
· −→u − Ju,j,m

]n+1/2
(2.9a)

Ju,j,m = ru ∑
k,k∩m

pu,j,m
δlk,m

∆l
Jk (2.9b)

Jk =
Ik∆l

∆x∆y∆z
(2.9c)

Where: m → FDTD index of space
n → FDTD index of time
u → Direction of the component of interest: x, y, z

j → Index of the adjacent field component: 1,2,3,4
k → Index of the wire segment inside the cell

Ju,j,m → Total current density associated to the field component Eu,j,m

Jk → Current density of a single wire segment k

It is worth noting a special consideration for obliques thin wires, in order to
avoid small parasite oscillations. A last condition must be fulfilled: the current trace
continuity must be respected in all the cells containing a wire segment.

According to figure 2.5, the node m of a cell containing a cable segment has six
edge current weighting coefficients Pcu, given by the six cell edges joining at the node.
As defined in expression (2.10), this edge weight coefficients depend on the coupling
weight coefficients pu,j,k,m of the cell with the wire segments, depicted in equations
(2.4).

When two wires are in junction in the vicinity of the node, the current weighting
coefficient results from the contributions of both wires. To do that, the currents in
the segments must be similarly oriented, as suggested by figure 2.5. If a multi-wire
junction is present, the current continuity trace must be verified for each combination
of two wires [7].
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Figure 2.5: Current weighting coefficient Pcu of the cell node m resulting from the
contribution of all wires in the vicinity. Adapted from [7]

Pcu,j,m =
ru

∆u
∑

k,k∩m

pu,j,k,mδlk,m (2.10)

∑
u=x,y,z

Pcu+,m − Pcu−,m = 0 (2.11)

Finally, the numerical stability of the formalism is kept by maintaining the
conductor radius a inferior to ∆/10, where ∆ is the spatial step of an uniform FDTD
cell [7].

2.2.2 An insulated thin wire

To consider an insulated conductor, the system in (2.8a) and (2.8b) is modified to
include the additional capacitance introduced by the insulation. The total capacitance
considered in the previous section is separated into two components: one for the
insulation (Cg,k), and one for the medium surrounding the cable (Ce,k). Each of them
forces the use of new auxiliary voltage; Vg,k and Ve,k respectively.

The values of Cg,k and Ce,k are obtained with respect to their own inductances Lg,k

and Le,k respectively. In a similar way as in section 2.2.1, for the sides of a segment
node k, the capacitances can be calculated following expressions (2.12) and (2.13).

Cg,k =
µ0εg∆lk−

2Lg,k−
+

µ0εg∆lk+
2Lg,k+

(2.12)

Ce,k =
µ0εe∆lk−

2Le,k−
+

µ0εe∆lk+
2Le,k+

(2.13)
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Where Lg,k and Le,k are the weighted mean values of the 12 in-cell inductances
computed using expressions (2.14) and (2.15) respectively.

〈
Lg,u,j,m

〉
=

µ0

2π
ln
(rg

a

)
∫∫∫

r>a,Vu,j,m

dxdydz

∆x∆y∆z
(2.14)

〈
Le,u,j,m

〉
=
〈

Lu,j,m
〉
−
〈

Lg,u,j,m
〉

(2.15)

Finally, the new auxiliary expressions rewritten as TL equations are (2.16a), (2.16b)
and (2.16c). They characterize the cable model given in 2.6.

Cg,k Gg,k

∆lk

R Lz,k

Ik-

-〈Ez,k〉·∆lk

Vg,k

Ce,k Ge,k Ve,k

Ik+

Figure 2.6: TL equivalent circuit for an insulated single core thin wire. Adapted from [9].

Lk∂t Ik + ∂rVg,k + ∂rVe,k + Rl Ik = Ek (2.16a)

Cg,k

(
∂tVg,k +

σg

εg
Vg,k

)
= − (Ik+ − Ik−) (2.16b)

Ce,k

(
∂tVe,k +

σe

εe
Ve,k

)
= − (Ik+ − Ik−) (2.16c)

2.2.3 A coaxial thin wire

A single core shielded cable can be treated as two coupled circuits, in a manner that
each circuit is solved with different strategies:

1. An external circuit, formed by the metallic shield with its insulation: is solved
with the modified formalism of Holland explained in 2.2.2, in which the
conductor radius is the external radius of the shield and the insulation external
radius is the cable external radius.
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2. An internal circuit: composed by the core and the inner insulation: is solved
with a TL model considering the transfer impedance of the cable, and a
dependent voltage source to account for the induction from the external circuits
[10, 11].

Although these circuits are coupled, an assumption is made: the coupling is
unidirectional from the external circuit to the internal circuit. Thus, the currents and
voltages in the core do not influence back those in the shield. The TL system depicted
in figure 2.7 and ruled by expressions (2.17a) and (2.17b), is used to solve the currents
and voltages along the core.
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Figure 2.7: TL equivalent for the inner circuit of a shielded cable

∂rVi,k + Li,l∂t Ii + Ri,l Ii = Z′
T,l ⊗ Ik (2.17a)

Ci,l∂tVi,k + Gi,lVi,k = −∂r Ii,k (2.17b)

Where the inputs are Ik and Vk, the current and voltages in segment k of the shield,
the unknowns are Ii,k and Vi,k, the current and voltages in segment k of the inner
conductor, Ri,l, Li,l, Ci,l and Gi,l are the linear resistance, inductance, capacitance and
conductance of a coaxial cable, given by its geometry and material properties [10]. Zt

′

is the transfer impedance per unit of length of the shield. In this model the transfer
admittance is not considered. The right-hand term in equation (2.17a) is the result
of a convolution product (⊗) between the inverse Fourier transform of the transfer
impedance, and the transient current in the shield Ik.

The transfer impedance ZT,l
′ is described with a generic first order model in the

frequency domain, as established in (2.18). In a manner that, if measures are available,
they can be translated to an analytical model through a Vector Fitting technique [12].

ZT,l = RT,l + jωLT,l +
Np

∑
i=1

ai

ci + jω
(2.18)

In general, as indicated in figure 2.8, the electric and magnetic fields in the cell
are computed using the conventional FDTD algorithm, if the cable has a coaxial
configuration; the currents and voltages in the shield are computed using the
extended thin wire formalism in [9, 13], and the currents and voltages in the core
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are computed using the TL method. While if the cable has single core configuration,
only the extended thin wire formalism is used.

Z
transfer

 (ω)

∆x

∆y

External Circuit

Holland's Thin wire formalism
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shield
, V

shield

Internal Circuit

TL equations
I

core
, V

core

FDTD cell

Holland's Thin wire formalism
E, H

Shield

External
Isolation

Internal
Isolation

Core

Figure 2.8: Solution methods for each component in a cable

As mentioned earlier, the thin wire described in this section is the base for the
electromagnetic models to study a lightning impact to a large industrial site in FDTD.
All the main components: the lightning strike, the building, the grounding grid and
the IM cable are going to be constructed meshing different thin wire structures. In
the next sections, the validation of the individual components is going to be shown.

2.3 The return stroke

When studying the effects of lightning, four different kinds of models exist [14]: the
thermo-electrical models, the transmission line models, the electromagnetic models
and the so called engineering models. All of them with more or less complexity
and accuracy try to emulate the energy content of a lightning strike, either direct or
indirect.

In this work, the electromagnetic models (EM) are going to be considered, since the
problem that concern us (a lightning strike to a building) is mainly a direct interaction
(conduction), but also has indirect effects in the surroundings (radiation). Therefore,
the interest is to model an adequate current to the building, and a fair electromagnetic
environment to some tens of meters from the channel, in a manner that, the connection
of the cable to the building is affected by both phenomena.

The EM models are geometrical constructions that emulates the electromagnetic
environment of a lightning strike. They are not based on physical parameters, but
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they try to emulate two physical variables usually measured: the current propagation
along the channel, and the radiated fields.

In general, the return stroke electromagnetic models can be described as a vertical
straight conductor, surrounded by a material. Both conductor and material have
unrealistic properties and geometries. They can be lossless, uniformly lossy, or
variably lossy, with a set of inductances and capacitances distributed along the
conductors, or embedded in a material with any values of electrical permittivity or
magnetic permeability. This configuration is usually excited at its bottom with a
voltage or current source, as indicated in figure 2.9.

Source

Central
conductor

Air

Surrounding
material

i

E, H

Figure 2.9: Generic EM model of a lightning channel

It is important that the chosen configuration fulfills a set of conditions previously
established as physical parameters of the lightning return stroke. These conditions
were identified for the first time by Nucci et al. [15] based on the measurements of
Lin et al. [16].

The conditions are the followings:

1. The speed of the propagation of the current front shall be less than the speed of
light c, it must be between c/3 and 2c/3

2. The vertical component of the electric field flattens at tens to hundreds of meters
within around 15 ms from the beginning of the return stroke (See figure 2.10a).

3. A sharp initial peak in both electric and magnetic field waveforms at a few
kilometers and beyond (See figures 2.10b, 2.10c, and 2.10d).

4. A slow ramp following the initial peak in electric field waveforms measured
within few tens of kilometers (See figure 2.10b).
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5. A hump following the initial peak in magnetic field waveforms measured within
several tens of kilometers(See figure 2.10c).

6. A zero-crossing within tens of microseconds in both electric and magnetic field
waveforms measured at 50 km and beyond (See figure 2.10d).

(2) Flattening

20 (μs)0

(a) Vertical electric field at 50 m from
lightning channel base

(4) Ramp

100 (μs)0

(3) Initial peak

50

(b) Vertical electric field at at 5 Km from
lightning channel base

(4) Ramp

100 (μs)0

(3) Initial peak

50

(c) Azimuthal magnetic field at 5 Km
from lightning channel base

(6) Zero crossing

100 (μs)0

(3) Initial peak

50

(d) Azimuthal magnetic at 50 Km from
lightning channel base

Figure 2.10: Characteristics of the electromagnetic environment of a return stroke. Adapted
from [17]

Although these conditions exist, and help with the construction of an
electromagnetic model of a return stroke, conditions 4, 5 and 6, will not be taken
into account, since they concern regions further than our case of interest. In this
work, the interest is in the electromagnetic environment of some hundreds of meters
at most.

The condition regarding the velocity of propagation of the current front wave, to
our knowledge; is the most important requirement that an EM model must fulfill.
Since the velocity of propagation is going to affect directly the conduction of currents
in the building and conductors, as well as the risetime of the electromagnetic fields.

In the next section, examples of four different electromagnetic models with
geometries that fulfill the previously mentioned conditions, are going to be detailed
and implemented in FDTD. The models are:

• A lossless wire with a radius of 0.675 m surrounded by air

• A lossless wire with a radius of 0.675 m surrounded by a dielectric material of
ε = 9ε0
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• A lossy wire with a radius of 0.675 m and 0.25 Ω/m, surrounded by a material of
µ = 5µ0 and ε = 5ε0

• A lossy wire with a radius of 0.675 m surrounded by a material of µ = 5µ0 and
ε = ε0. With different values of the distributed resistance: R = 1Ω/m ∀ z ∈
(0 , 0.5)km, R = 0.3Ω/m ∀ z ∈ (0.5 , 4)km,R = 0.5Ω/m ∀ z ∈ (4 , 7.5)km and
R = 5Ω/m ∀ z > 7.5km.

The EM models implemented in this work, are compared with those proposed
in [18, 19], and shown in figures 2.11. It is also worth noting that, they are flexible
enough as to be implemented with any full wave numerical method either: FDTD,
FEM or MoM.
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Figure 2.11: EM models for the lightning channel

For all of these models, the propagated current along the channel is calculated
using FDTD and compared with the results showed in [18, 19].

A satisfactory behavior of the current is not good enough to determine whether
an EM model is suitable or not. Some observations of the radiated fields must be also
considered.

To validate the radiated fields, the EM model described in figure 2.11d is
considered. This model is compared to the fields radiated by several vertical electric
dipoles (VED) over a perfectly conducting ground. The fields of the VED are solved
using Bannister equations [21].
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(a) Reported by Baba and Rakov [18]
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Figure 2.12: Current distribution for a perfectly conducting wire in air

(a) Reported by Baba and Rakov [18]

t (7s)
0 1 2 3 4 5

i c
a
n
a
l
(k

A
)

0

5

10

15

20

0m
150m
300m
600m

v =0.73c

(b) Implemented in FDTD

Figure 2.13: Current distribution for a perfectly conducting wire embedded in a 4 m×4 m
dielectric of εr = 9

(a) Reported by Baba and Rakov [19]
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Figure 2.14: Current distribution for a lossy wire with uniform distributed resistances,
embedded in a material of εr = 5 and µr = 5 with 20 m×20 m of transversal
area
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(a) Reported by Baba and Rakov [19]
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Figure 2.15: Current distribution for a lossy wire with non uniform distributed resistance,
embedded in a material of εr = 5 and µr = 5.
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Figure 2.16: Current propagation for two different return strike models
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Figure 2.17: Fields radiated at 200 m for two different lightning channel numerical models
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The Bannister equations depend on the current distribution along the channel.
There are several models to represent this distribution [22], in this work; the Model
of Transmission Line Modified Exponentially (MTLE) [14] is used.

Figure 2.16 shows a comparison of the current distribution for the two return
stroke models. As it can be seen, they show similar propagation velocities and current
behaviors. The small discrepancies are expected, since the nature of the models is
different.

Finally, the fields generated by both the VED arrangement, and the EM model
in FDTD are compared in 2.17. In here, the fields over a perfectly conductive soil
are computed at ground level, and 200 m from the channel base. The observed
discrepancies due are mainly to the different nature of the models of the return stroke,
nevertheless; the fields agree reasonably well.

The EM model indicated in figure 2.15 is the one of the fairest models to emulate
the electromagnetic environment of a lightning strike.

An special consideration concerning the type of excitation at the channel based
must be assessed, for engineering studies; the return stroke current at the base of
the channel is a standardized value. Therefore, the use of an ideal source that forces
the behavior of the current at the striking point, is advisable. Nevertheless, this kind
of source suggests a separation of current propagation paths, i.e., the reflections of
currents from the base of the building and grounding grid, are not going to travel to
the lightning channel.

In this section it has been revised several EM models for the return stroke to be
implemented in FDTD, and it has been observed that the model depicted in figure
2.15 is fairly representative of the electromagnetic environment of a lightning strike,
and of the current propagation velocity. Nevertheless, it is also a relative complex
model, and, for a case already demanding in computational resources, it is advised to
use a simpler and less consuming model, like the one depicted in figure 2.12.

2.4 The building

There are several ways to model a building in FDTD, in this section, three models are
going to be briefly discussed: a composition of perfectly metallic cubes or plates, as
lossy conductive plates, or as conductive beams forming a mesh structure.

2.4.1 Perfectly metallic structure

In the classical Yee scheme for the FDTD, an ideal metallic structure is constructed
with a Perfect Electric Conductor (PEC) material. This kind of material is
implemented forcing boundary conditions in their interface, i.e., establishing the
tangential electric fields, and the normal magnetic field to a null value, as depicted in
figure 2.18. The rest of the fields are updated following the classical FDTD algorithm.
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Figure 2.18: Boundary between a metallic volumetric structures and air cells in FDTD.

This is the simplest approach to model a building structure, nevertheless, it rest as
an approximation to the real construction of buildings in a Power Generation Center
(PGC). Not all the buildings are completely metallic structures, in fact; usually they
are constructed with steel beams inside concrete walls.

This kind of structure, inherently carries a conductivity different from infinity,
and affects the current propagation at lower frequencies. In order to consider this
phenomena, more complex models are needed.

2.4.2 Lossy conductive plates

A building wall can be considered with a thin lossy plate, with its thickness smaller
than the cell size, a surface impedance in both sides of the plate, and a transfer
impedance to communicate the field information of both sides of the plate. As
depicted in figure 2.19. This model is also known as a Bilateral Impedance Boundary
Condition (BIBC).

To model the losses in the surface, the expression depicted in (2.19) is used. While
the transition between the two medias is treated with the use of a transfer impedance,
as shown in expression (2.21).

Zs =
jkm

σs
coth(jkmd) (2.19)

km = (1 ± j)

√
2π f µσ

2
(2.20)

Zt =
km

σ sin kmd
(2.21)
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Figure 2.19: Thin lossy plate with BIBC in FDTD.

Where: Zs → Thin plate surface impedance
σs → Low frequency surface conductivity
d → Thin plate thickness

km → Wave number of the surface.
This kind of model allows one to consider the electromagnetic environment inside

a building, contrary to the perfect metallic walls, in here the fields can penetrate and
have an influence in electronic equipment not shield or grounded, for example.

2.4.3 A junction of lossy thin wires

Finally, another approach that can be used to model the building walls is to consider
them as a meshed structure of several lossy thin wires. In order to do so, a wire
junction for the extended formalism of Holland is going to be considered as depicted
in figure 2.20. The interest is to establish the boundary condition at the junction,
therefore, three conditions must be met:

• The voltage in the node V0 is a continuous variable (See expression (2.22)).

• The current Ik,0 follows Kirchoff law (See expression (2.23)).

• The charge Qk,0 in each segment adjacent to the node conserves (See expression
(2.24)).
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Figure 2.20: Junction of multiple wires.

Qk,0

Ck
= V0; k = 1, . . . , Nw (2.22)

Nw

∑
k=1

Ik,0 = 0 (2.23)

∆lk
2

∂tQk,0 = − (Ik,0 − Ik) (2.24)

All three conditions added, give the boundary condition of the node (2.25), in
which the equivalent capacitance Ceq,0 is noted in expression (2.26).

Ceq,0

(
∂tV0 +

σ

ε
V0

)
= ∆t

Nw

∑
k=1

Ik (2.25)

Ceq,0 =
Nw

∑
k=1

Clk
∆lk
2

(2.26)

In the following section, a case of lightning impact to a building is going to be
considered, in order to validate the computational tool.

2.4.4 Validation of transients in a building

The electromagnetic model of a building to validate will be a mixture between
volumetric metallic structures (PEC cells), and the thin wire of Holland [6, 7, 23].
Figure 2.21 illustrates the considered case study for this validation, as proposed in
[24]. A lightning strikes at the top of a building, and the induced voltages inside an
electrical wiring is studied.

The building structure is located over perfect metallic surface and modeled using
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Figure 2.21: Schematic of a building as proposed in [24]

volumetric metallic structures of 0.5 m×0.5 m of transversal surface, while the internal
electrical wires are modeled using the thin wire proposed in [7], with a radius of
0.5 cm. As a first approach, no losses were considered in both components.

The lightning channel is modeled using a bare thin wire [7] of radius 0.05 cm, with
a distributed resistance of 1 Ω/m. The excitation is a current source with an internal
resistance of 600 Ω. The waveform of the current source is given by the Heidler
function [25], as depicted in expression (1.1), with typical parameters of a lightning
subsequent stroke: 50 kA - 0.25/100 µs as given in [26].

The figure 2.22 shows the induced voltages at the junction between the internal
wire and the building structure. At this point a high resistance (1 kΩ) is used to
model electrical isolation of the wire with respect to the building. So the induced
voltages are actually the potential differences along the resistances.

The figure 2.23 shows the currents flowing through the junction between the
internal wiring and the building structure. In this case, the junction resistance is
0 Ω.

As it can be seen from figures 2.22 and 2.23, the induced voltages and currents
obtained with the FDTD model are in good agreement with the results obtained in
[24]. The slight discrepancies are due to the difference between the models used in
each case. In [24], the thin wire of Noda and Yokoyama [27] is used, which leads to
assume that the building structures and the wires have circular transversal area. In
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Figure 2.22: Induced voltage in the junction of the electrical wiring and the building
structure
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Figure 2.23: Current in the junction of the electrical wiring and the building structure
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our models, the building structure has square transversal area (a conventional metallic
volume in FDTD) and the electrical wires are modeled with the modified Holland thin
wire model of [7].

These results allows one to validate the model of a lightning impact on a building,
based on the thin wire formalism of Holland and ideal metallic structures properties.
Further implementation of different walls like; a steel mesh, or a lossy thin plate, are
going to be considered in the following sections.

2.5 The instrumentation and measurement cable

As mentioned previously, to model the cables, the modified version of the formalism
of Holland is going to be used. The basis of the formalism were treated at the
beginning of the chapter, in section 2.2. Therefore, in this section, only a validation
case is going to be presented.

Consider the case proposed in [28], a simple buried coated conductor of 1 km,
is excited at one of its extremities by a double exponential current source with two
different rise times: 0.1 µs and 10 µs. Two different types of isolation permittivity are
considered: ε = 2ε0 and ε = 5ε0. The interest is to observe the current at 150 m and
300 m from the source. Figure 2.24 describes the case.
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Ground
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Figure 2.24: Geometry of the case to validate the thin wire formalism to model an
horizontal conductor.

The results presented in [28] were obtained using a TL approach. They are going
to be used as reference in the next section, to compare with two numerical solutions:
a FDTD solution using the thin wire formalism of Holland, and a TL solution in the
frequency domain as proposed by [10].
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2.5.1 A Transmission Line solution for the current propagation in a
buried conductor

The expression (2.27), proposed in [10], is used to find the current in the frequency
domain at any distance x from the current injection point, and then the inverse Fourier
Transform is used to find the transient response.

In order to solve the current, it is necessary to know the series impedance per unit
length Z′, and the shunt admittance Y′. This values depends mainly of two aspects:
the cable configuration, and the ground properties. The series impedance, as denoted
in expression (2.28a), depends on the internal impedance of the conductor Z′

w, the
inductive reactance jωL′, and the ground impedance Z′

g, depicted in expressions
(2.28b),(2.28c), and (2.28d) respectively. The internal impedance is approximated by
its high frequency behavior [11], while the ground impedance is a model recently
proposed in [28].

Regarding the shunt admittance shown in expression (2.29a), it can be seen that
it depends on the capacitive susceptance jωC′ (expression (2.29b)), and the ground
admittance Y′

g approximated with expression (2.29c) [10, 11]. The losses of the
insulation are neglected.

I (x) =
exp (−γx)− ρ2 exp (−γ (x − 2L))

2 (1 − ρ1ρ2 exp (−2γL))
[1 + ρ1] Zc I0 (2.27)

Where: I (x) → Current at position x from the source
γ → Propagation constant equal to

√
Z′Y′

Zc → Characteristic impedance of the cable
√

Z′/Y′

ρi → Reflection coefficient at terminal i, given by: Zi−Zc
Zi+Zc

I0 → Input current source.

Z′ = Z′
w + jωL′ + Z′

g (2.28a)

Z′
w ≃ 1 + j

2πa

√
ωµ0

2σw
(2.28b)

L′ =
µ0

2π
log
(

b

a

)
(2.28c)

Z′
g =

jωµ0

2π

[
log
(

1 + γgb

γgb

)
+

2 exp
(
−2d

∣∣γg

∣∣)

4 + γ2
gb2

]
(2.28d)

γg =
√

jωµ0
(
σg + jωεgε0

)
(2.28e)
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Y′ = Y′
g + jωC′ (2.29a)

C′ =
2πεinsε0

log
(

b
a

) (2.29b)

Y′
g ≃

γ2
g

Z′
g

(2.29c)

(2.29d)

Where: γg → Propagation constant in the ground
σg → Ground conductivity
εg → Ground relative permittivity
σw → Conductor conductivity

εins → Insulation relative permittivity
d → Burial depth
b → Isolation external radius
a → Isolation internal radius

2.5.2 Comparison of methods to compute the transients in a buried
cable

As stated in section 2.5, the interest is to compare the transient currents obtained with
the formalism of Holland, to the TL approaches described in section 2.5.1, and used
in [28].

For the FDTD volume of computation depicted in figure 2.25, the cubic cells are
1 m length, the current injection is ideal, and its return path goes into the Perfectly
Matched Layers (PML) boundary in order to avoid a numerical singularity in that
point.

The comparison is depicted in figures 2.26, as it can be seen, the agreement
between both transmission line responses is good, as well as the solution obtained
with the extended model of Holland. These results validate our approach for
representing an underground isolated conductor.

In the next section, this model is extended to a more complicated scenario: the
grounding system.
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Figure 2.25: FDTD implementation of the case study depicted in figure 2.24
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Figure 2.26: Currents in the buried horizontal cable depicted in figure 2.24. “Ref.” are the
results extracted from [28]. “FDTD” are the results obtained using the thin wire
formalism of Holland, and “TL” are the results computed solving expression
(2.27)
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2.6 The grounding system

To model the grounding system in FDTD the thin wire formalism of Holland as
described in section 2.2 is going to be used. Nevertheless, in order to validate the
model against measurements and simulations of different case study, it is necessary
to distinguish a problem not treated until now: The potential rise of a conductor when
modeled with the formalism of Holland.

The extended model of the thin wire formalism of Holland, establishes an accurate
coupling between the current circulating along the wire, and the tangential electric
field surrounding it. In this formalism, the radial electric field (useful for the
determination of the potential) close to the wire does not have to be evaluated, but can
be reconstructed by the FDTD solver. When making such a calculation, particularly
in the cell containing the wire, its precise value would be inaccurate and even wrong
depending on the location of the wire:

• For a wire shifted inside a FDTD cell, as suggested in 2.27a, the radial electric
field Er,− from one side is opposite to the one from the other side Er,+, whereas
only one radial component can be calculated by the FDTD, i.e. solving directly
for both sides of the wire is not possible.

• If the wire is along a cell edge (see figure 2.27b), the radial electric field of
the wire will ideally coincide with the FDTD computation, however, the FDTD
nature of fields unknowns is averaging the field over an area of the cell. This
presents a problem in the cell in which the wire is located, since the wire
introduces a strong singularity that counteracts the averaging of the FDTD
algorithm. The convergence between both quantities, usually is obtained from
the second cell, i.e. from a distance more than one spacial step.

Thin wire

Er+

Er-

Ex,i

Ex,i+1

Ey,i+1Ey,i

ith FDTD cell

x+

y+

z+

δy

(a) Thin wire shifted a distance δy inside a
FDTD cell

Thin wire

Er+

Ex,i

Ex,i+1

Ey,i+1Ey,i

ith FDTD cell

x+

y+

z+

(b) Thin wire along a cell edge

Figure 2.27: Electric field in a FDTD cell around a thin wire
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These inaccuracies to determine the electric field close to the conductor, hinder
the computation of the potential rise, since the line integral highly depends on the
behavior of the field immediately close to the surface of the conductor. Therefore, in
the following section, a formulation to assess the potential rise of the conductor close
to its surface is proposed. This formulation is based on the previous works of Noda
and Yokoyama[27], and has been extended to suit the formalism of Holland when the
conductor is located inside the cell and has any inclination.

2.6.1 Potential rise of a Hollands Thin Wire

Lets consider the situation in which a thin wire of radius a is located along the z-axis,
as suggested in figure 2.28 the wire is shifted δx from the edge of the cell. The origin
of the system is the center of the wire. The potential in a single cell i is defined by
(2.30)

x1

δx

x2 x3

Δx1 Δx2 Δx3

Ex, 2+1/2Ex, 1+1/2 Ex, 3+1/2

Er

+x

+y

+z

x0

Thin wire

Figure 2.28: Thin wire oriented along z-axis. Close radial components along x-axis.

Vi = −
∫ xi+1

xi

ex,i (x) dx (2.30)

In a uniform FDTD grid, xi = δx + (i − 1)∆x.
The value of the electric field in the FDTD is computed at the location i+ 1/2, where

Ex,i+1/2 is the value of the field at the i-th cell. The formulation to obtain the potential
close to the conductor assumes that the radial electric field is inversely proportional to
the distance from the center of the conductor (Er ∝ 1/r), as indicated in (2.31). In here,
the radial direction corresponds with the x-direction, as suggested by figure 2.28.

ex,i = Ex,i+1/2

xi + ∆xi/2

x
(2.31)

Using expression (2.31), the average field along the x-direction 〈Ex,i〉x can be
computed for the closest cells to the conductor: i =0,1,2,3, as suggested by the generic
expression (2.33).
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〈Ex,i〉x =
xi + ∆xi/2

∆xi
Ex,i+1/2

∫ xi+1

xi

1
x

dx (2.32)

=
xi + ∆xi/2

∆xi
log
(

xi+1

xi

)
Ex,i+1/2 (2.33)

For simplification, let us consider the case proposed in [3] in which the conductor
is in the cell edge, and the grids are uniform. (δx = 0 and ∆x = ∆y = ∆z). Using
(2.33), the average in the first three cells is given by (2.34), (2.35) and (2.36) respectively.

〈Ex,1〉x =
1
2

log
(

∆x

a

)
Ex,1+1/2 (2.34)

〈Ex,2〉x =
3
2

log
(

2∆x

∆x

)
Ex,2+1/2 ≈ 1.0397Ex,2+1/2 (2.35)

〈Ex,3〉x =
5
2

log
(

3∆x

2∆x

)
Ex,3+1/2 ≈ 1.0137Ex,3+1/2 (2.36)

From (2.34), (2.35) and (2.36) it can be seen that the computed field at i = 2 + 1/2

is a good approximation to the average field along the cell edge i = 2. This is not
true for the cell i = 1, where the average value depends on the ratio between the
spatial step and the radius of the wire. Thenceforth, the proposition of this work is to
extrapolate the value of i = 2 to assess the field closer to the conductor surface, this
is 〈Ex,1〉x, and 〈Ex,0〉x, as indicated in (2.37) and (2.38).

〈Ex,1〉x =
1

∆x1
log
(

δx + ∆x1

max (δx, a)

)(
x2 +

∆x2

2

)
Ex,2+1/2 (2.37)

〈Ex,0〉x =
1

δx
log
(

δx

a

)(
x2 +

∆x2

2

)
Ex,2+1/2 (2.38)

Expression (2.38) is obtained for δx 6= 0.
Finally the potential close to the conductor (i=0,1,2) is given by the expression

(2.41).

Vx, 0,1,2 = δx〈Ex,0〉x + ∆x1〈Ex,1〉x + ∆x2〈Ex,2〉x (2.39)

Vx, 0,1,2 = log
(

δx

a

)(
x2 +

∆x2

2

)
Ex,2+1/2

+ log
(

x2

max (δx, a)

)(
x2 +

∆x2

2

)
Ex,2+1/2

+ (x2 + ∆x2/2) log
(

x3

x2

)
Ex,2+1/2 (2.40)
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Vx, 0,1,2 = log
(x3

a

)(
x2 +

∆x2

2

)
Ex,2+1/2 (2.41)

Since the interest is to compute the Transient Ground Potential Rise (TGPR), a
path integral is required from the surface of the conductor to a point sufficiently far
away from it, where the field would be negligible. This path is going to be split
into two terms: the first concerns the potential rise close to the conductor, and the
second the rest of the path. Therefore, the expression (2.41) can be used alongside
with a traditional numerical integration. As that, the TGPR can be obtained using
expression (2.43).

TGPR = Vx, 0,1,2 +
n

∑
i=3

∆xi 〈Ex,i〉x (2.42)

= log
(x3

a

)(
x2 +

∆x2

2

)
Ex,2+1/2 +

n

∑
i=3

∆xi 〈Ex,i〉x (2.43)

Observe that expression (2.43) depends on the relation between the distances x3

and a, according to figure 2.28. Therefore, it is in coherence with a thin wire of
Holland shifted along the FDTD, as developed in [23].

2.6.2 Validation of the formulation for the potential rise

To test the proposed formulation, three configurations of grounding conductors are
considered:

• A single vertical rod. Reported in [29].

• A single horizontal counterpoise. Reported in [30].

• A grounding grid. Reported in [31].

The formulation for the TGPR proposed in the previous section is compared to
these results, and to other numerical methods and models. In the following sections,
the details of all the case of study are presented.

Single vertical rod

The case presented in [3, 29, 32], consists of a single vertical conductor of 6 m length,
8 mm radius, buried in a soil with 20 mS/m of conductivity and 15 ε0 permittivity.

The general case is depicted in 2.29a. The rod is excited with an impulsive current
source of 0.52 µs rise-time and 33.2 A of amplitude, as depicted in figure 2.30. Also,
the source has an auxiliary vertical conductor of 1 m used for the current return path,
this conductor is 21 m away from the testing rod, and is connected to the source
through an overhead wire at 0.9 m from the ground surface.
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The TGPR is evaluated along a perpendicular axis of 60 m along the surface of the
ground, as depicted in figure 2.29b. The computation is performed for two relative
locations of the rod with regard to the FDTD cell: along the edge and in the center of
the cell, as depicted in 2.31.

0.9m

1m

21m

6m

Ground

σg = 20mS/m
εg = 15ε0

Grounding rod

ideal conductor
radius = 8mm

Reference conductor

ideal conductor
radius = 8mm

Ideal current

source

(a) General description

60m

Integration path
Volume of computation

Nx = 132 cells
Ny = 276 cells
Nz = 100 cells
Δcell = 0.25m

+z

+y

+x

69m33m

20m

(b) Integration path

Figure 2.29: Case study of a single vertical rod.

The TGPR for a vertical rod is shown in 2.32a, for both relative locations along
the cells. As it can be seen, expression (2.43) is in good agreement with the results
reported in [3], for both relative positions of the cable along the FDTD cell.

In figure 2.32b, the contribution of each member of expressions (2.43) to the TGPR
can be observed. Following the contribution of the potential close to the conductor
given by (2.41), it can be observed that there is no significant difference when the rod
is located along the cell edge and in the middle of the cell.

Nevertheless, the rest of the contribution to the TGPR, which is the integration
of the field along the rest of the path, is different for each relative location of
the conductor. This is because the integration paths for both cases, have all the
field components in common, except for the first component; the one closer to the
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Figure 2.30: Current injected to the vertical rod.(Adapted from [29])
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Figure 2.31: Detailed view of the buried vertical rod in the FDTD scheme.
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conductor. When the conductor is a the center of the cell, this component is weaker,
and therefore the numerical integration becomes smaller than when the conductor is
at the cell edge.
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Figure 2.32: Transient potential rise of a vertical conductor.

Single horizontal counterpoise

This case has been proposed in [30] to validate the measurements performed in [33].
It consist of a 8.1 m long horizontal copper conductor, with radius of 4.4 mm, and
buried 1 m depth. This configuration is also known as a counterpoise, and is depicted
in 2.33a.

The counterpoise is excited with an impulsive source of 2.4 µs of time rise and
22.2 kA of peak, shown in figure 2.35. The source uses an overhead conductor at 1 m
of height, to connect to a current return conductor located 20 m from the injection
point. The TGPR is measured along a perpendicular path of 150 m as suggested by
2.33b, and as in the previous case, the computation is performed when the conductor
is located along the cell edge, and in the center of the cell, as suggested by figures
2.34a and 2.34b.

The computation of the TGPR is compared with the results in [3], as well as
with computations performed with another numerical tool based on the Method of
Moments (MoM). The main results can be observed in figure 2.36a.

The contribution of each member of expression (2.43) to the TGPR can be observed
in figure 2.36b. As in the previous case, the approximation given in (2.41) gives
similar results despite the location of the conductor along the cell. Nevertheless, this
displacement causes a logical reduction on the results of computation of the rest of
the integration path.
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Figure 2.33: Case study of a counterpoise.
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Figure 2.34: Detailed view of the buried counterpoise in the FDTD scheme.
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Figure 2.35: Current excitation of the buried counterpoise
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Figure 2.36: Transient potential rise of a buried counterpoise.

Grounding grid

Finally, the grounding grid studied in [31, 34] is considered. The grid is buried 50 cm,
has a size of 60×30 m2, with inner squares of 10 m sides. It is built with copper
conductors of 4.37 mm radius, and excited with a voltage ramp source of 20 µs rise-
time. The source is connected to an overhead current reference wire, with 1.59 mm of
radius, 100 m of length and at 0.5 m from the surface of the ground. The potential rise
is measured with another overhead copper wire of 0.8 mm of radius, located 1.5 m
from the ground surface, 45.5 m from the grid and connected to a buried reference
electrode at 120 m of distance, as suggested in figures 2.37a and 2.37b.

The voltage source is adjusted to deliver 1 A in stationary state, as shown in
2.38. The potential is observed at 15 m from the injection point at the grid level,
as indicated in 2.37b. To do so, a vertical integration path from the grid to the voltage
reference wire is followed. In this path, the approximation for the potential close
to the conductor must be used for both the conductor of the grid, and the voltage
reference wire.

The results concerning the grounding grid include the simulations and
measurements performed by the authors in [31]. Here, the simulations reported were
performed following the model thin wire based on [3]. For this case, the formulation
for the potential rise proposed in this work, has been implemented only when the
conductor is in the edge of the FDTD cell.

In figure 2.39 can be observed the results of the total TGPR, they show good
agreement between the measurements and both models of thin wire in a FDTD
scheme.

Up until this moment, the main components interacting in the problem at task
have been considered separately, in the next section, a case of a relative big volume,
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Figure 2.37: Case study of a grounding grid
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Figure 2.38: Current injected in the grid.
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Figure 2.39: Potential rise of the point in the grounding grid depicted in 2.37b.

including all the components; is going to be presented.

2.7 A first approach to a complete case

The validation cases shown in previous sections allowed one to get to this point: a
FDTD simulation of a lightning impact on a relative big industrial facility, composed
of elements of relative different sizes, conductor configurations, and surrounding
media.
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Figure 2.40: Equivalent circuit for the junction of a coaxial cable and a bare conductor.

Concerning the numerical results, first; the interest is to validate the whole
FDTD implementation, in particular the discussed thin wire model; with a more
consolidated method. The Integral Equation (IE) technique is used, by means of
FEKO software which operates in the frequency domain, and demands a relative
high amount of computational resources.
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After the validation, the correspondence between the currents of a coaxial cable
and an equivalent single core insulated conductor is observed. And finally, the
transient behavior of the voltage at the terminations is inspected, considering the
effect of the transfer impedance and the cable termination auxiliary wires.

Before assessing the realistic problem, a special consideration concerning the
junctions of different type of conductors must be made, particularly of the coaxial
cable. The case depicted in figure 2.40 represents the equivalent circuits of a junction
between a shielded cable and a bare conductor. To solve for the junction, an Ordinary
Differential Equations (ODEs) system is built at each junction point, with regard to
the current continuity between conductors.

2.7.1 Case Study: A large industrial site

The case study selected is indicated in figure 2.41, and as mentioned previously is
composed of a building, the grounding grid, a buried cable, and the lightning channel.

200m

Lightning channel

55m

60m 120m

460m

140m

Control cable

300m long

0.8m depth

Grounding grid

1.1m depth

10m

10m

Building

Figure 2.41: Study case of a buried cable connected to a building stroke by lightning

The IM cable is 300 m long, buried 0.8 m deep, with geometry depicted in figure
2.42a. In this case, a coaxial cable is considered. The shield and the core are both
copper conductors with 11.3 mΩ and 5.488 mΩ of linear resistance respectively. It has
a transfer impedance of ZT,l = 10mΩ + jω1µH and null transfer admittance. As a
first instance, the terminations are going to be considered connected to two auxiliary
ideal bare wires: one for the shield and one for the core, as depicted in figures 2.43a
and 2.43b, one cable connects the shield to the grounding grid directly, while the
other connects the core to a 50 Ω series resistance, which represents the impedance of
the electronic equipment, this element is also connected to the grounding grid. The
cable is the structure of main interest, therefore results will be given considering the
currents along the path and the voltages at the 50 Ω terminations.
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The building is a 60×120×55 m3 meshed structure, with 5×5 m2 grids, modeled
with bare ideal thin wires of 60 mm diameter. No grid is considered in the lower
XY plane, the conductors of the building connect directly to the grounding grid. The
grounding system is a perfectly metallic grid of 460x140 m2, with buried conductors
of 15.35 mm diameter, at 1.1 m in a soil of 800 Ωm of resistivity, and 10ε0 permittivity.
Each mesh has a size of 10×10 m2.
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(a) Coaxial cable
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(b) Equivalent single core cable

Figure 2.42: Geometry and material properties of the cable under study

Finally, the lightning channel is a 200 m long, bare conductor with 20 cm of
diameter and 1Ω/m of linear losses, with a Heidler current source at the bottom. The
source corresponds to a normalized subsequent stroke with a 50 kA magnitude. The
channel is terminated in the PML frontier [35].

2.7.2 Validation of the FDTD Thin Wire Model

The comparison against the MoM tool is depicted in figure 2.44, which shows the
currents in a single core cable at different distances, measured from the point in
which the cable is connected to the building. We observe the behavior of the currents
along a wide spectrum of the excitation. The currents are normalized with respect to
the source in the frequency domain.

As shown in figure 2.44, there is a good agreement between both methods.
We observe a resonance point at around 50 kHz which may be due to the longest
conductor element: the grounding grid. This element is embedded in a soil with
relative permittivity of 10 and conductivity of 800 Ωm, and the length of its diagonal is
480.8 m, which approximately corresponds to one quarter of the wavelength at 50 kHz.
Also, slight differences appear between both responses which can be explained by:

• The different lightning channel model used: an "infinite" channel for the FDTD
tool, and a 1 km long channel for the MoM tool. The latter, in order to eliminate
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(a) At the building (b) At 300 m from the building

Figure 2.43: Details of the terminations in the FDTD case
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Figure 2.44: Normalized current in the single core cable for two computational tools, at
three positions along the cable.
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small oscillations at high frequencies. As an example, observe figure 2.45, for
an equivalent FDTD case with an open 1 km channel instead of the channel
terminated inside the PML frontier, the high frequency response is similarly
oscillatory than the MoM response.

• The weak convergence at low frequencies for the FDTD, which depends on the
maximum duration of the transient response (1 ms), and the attenuation of the
signal at that time. Which produces a smooth breakdown of the FDTD response
between 1 kHz and 10 kHz.

However the differences observed in the high frequency band and at the very
beginning of the low frequency band, have a slight impact on the transient response
of a typical 50 kA subsequent stroke [36], as shown in 2.46. This is due to the fact that
not all the frequencies have the same energy content in the spectrum. The transient
response is obtained by multiplying the normalized current with the excitation source
in the frequency domain and by transforming it to the time domain using an inverse
Fast Fourier Transform (FFT) algorithm.
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Figure 2.45: Normalized current in the single core cable at the building side. For
two different computational tools. Comparison of lightning channel
implementations.

It is also worth noting that a simulation of a case study with these dimensions takes
several days to solve with the MoM tool in a 2.4 GHz 8 core processor, considering a
frequency range from 100 Hz to 5 MHz. In contrast, the FDTD method takes a couple
of hours for an observation time of 1 ms. This suggest that the thin wire model makes
the FDTD more efficient in terms of computational resources.

2.7.3 Currents in the coaxial cable

Once the thin wire technique has been validated, it is used to consider the coaxial
cable model described in 2.2.3. First, the currents in the shield of the coaxial cable
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Figure 2.46: Transient current in the single core cable for two computational tools, at three
positions along the cable.

and in the core of an equivalent insulated cable (see figure 2.42b) are compared at
three different points along the cable path. Results are shown in 2.47. As expected,
there is no difference between both observed currents.

The current obtained in the core of the coaxial cable is given in 2.48. As it can be
observed: the peak magnitude of the current in the core is about four times smaller
than in the shield, as well as the damping of the oscillations in the core is 20 times
faster. This shows the influence on the shield in diminishing the external inductions
along the cable path.

2.7.4 Voltages at the extremities of a coaxial cable

Finally, as mentioned in section 2.7.1, it is of interest to know the transient voltage at
the equipment location. For this study the effect of shielding will be examined. To do
this, three different cases will be considered:

• The reference case study of a cable connected to two auxiliary wires with a
non-perfect shield (Figure 2.49a).

• The cable with perfect shielding (No transfer impedance) terminated in two
separated auxiliary wires (Figure 2.49b).

• The cable terminated directly in the 50 Ω loads (inner the shield), which implies
no outgoing wires for the core, only one conductor from the shield to the ground
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Figure 2.49: Variations on the connection of the termination impedance

(Figure 2.49c).

The results of the voltage computation are shown in figure 2.50, they depict a
higher rise-time in the cases in which the auxiliary wire is physically connecting the
core to the grounding grid (2.49a and 2.49b), this implies that the aforementioned
connection permits the circulation of high frequencies perturbations. Therefore, when
considering coaxial cables, it is suggested to not include the auxiliary wire for the core,
as indicated in 2.49c.

Finally, in the cases related to 2.49a and 2.49c, it can be observed a slow decay time,
which indicates that the presence of a non-perfect shield allows for the penetration of
low frequency perturbations.
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Figure 2.50: Transient voltage at the 50 Ω load in the terminations.

2.8 Conclusions

In this chapter, the electromagnetic conception of a lightning impact to a Power
Production Center was decomposed into four main structures: The building, the
grounding grid, the lightning strike and the IM cable. Each structure was modeled
using different implementations of the thin wire formalism of Holland, to finally
validate it as a feasible, reliable, and computationally efficient tool to assess the
problem at task.

In the next section, the problem is going to be analyzed in detail, considering
the influences of different parameters in the behavior of the transient voltages at the
extremities of the coaxial cable.
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Chapter 3

Parametric Study of a Lightning Impact
to a Large Industrial Site

3.1 Introduction

As it has been stated, the interest of this work is to assess the behavior of the voltages
that develop at the extremities of a Instrumentation & Measurement (IM) cable when
a lightning strikes its building. In the previous chapter, was introduced the conception
of all the components interacting in a FDTD solution of this problem. In this chapter,
the details concerning the configurations, materials, dimensions and properties of
particular components are going to be inspected.

The interest is to detail the influence of each element interacting in the
phenomenon, to infer its importance as a design parameter to consider in numerical
simulations or system construction.

This kind of study aims to serve as a ground and guidance to the establishment of
the parameters to consider in the future meta-model of the problem, if they ought to
be included, and how are they going to be considered; their nature and boundaries.

The selection of parameters is a compilation between a-priori ubiquitous variables,
and variables of interest to conceptualize the lightning protection system of the Power
Generation Center (PGC):

• The lightning current at the channel base.

• The soil resistivity.

• The type of canalization of the IM cable.

• The building size.

• The grounding connections of the external concrete cable duct.

• The connections to ground of the shield of the coaxial cable
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• The external grounding system configuration.

• The length of the IM cable.

• The point of strike of the lightning in the building.

• The EM model for the building wall.

• The inclusion of cable trays inside the concrete cable duct.

• The inclusion of the expansion joints between concrete cable ducts.

In order to perform the parametric study, it is necessary to establish a reference
case, to compare all the variations and cases mentioned. Therefore, the first section
of this chapter is going to discuss this reference case. Afterwards, the subsequent
sections will describe the influence of each of the previously mentioned parameters.

3.2 The reference case

The main case study is depicted in figure 3.1. At the center of the volume of
computation is a building with a cubic structure of 50 m×50 m×50 m, composed of
grids of 5 m×5 m of steel beams of 3 cm of radius and 0.269 mΩ/m of linear losses. The
foundations of the building are buried at 5 m in the ground.

90m

170m170m
170m

+x

+y

+z

To the PML

boundary Lightning current 

excitation

50m

50m

Cable duct

50m Grounding

Grid

FDTD cell size:

Δx=Δy=Δz=0.5m

FDTD volume:

Nx=Ny=340cells

Nz=145cells

Building

Figure 3.1: Main case of study, a 50 m cubic building hit by lightning, with one 50 m IM
cable inside a buried cable duct.

The foundations of the building are connected to an external grounding grid with
meshes of 10 m×10 m, constructed with bare copper conductors of 185 mm of section
and 93.84 µΩ/m of linear losses.
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At one side of the building a buried concrete duct leaves, within a IM cable inside,
this duct is a 50 m long structure, with a transversal surface of 2 m×2 m constructed
with bare steel beams of 1 cm of radius, separated 50 cm. As indicated in the figure
3.2.

0.5m

0.5m

2m

2m

Steel

σ
steel
=5.55MS/m

∅=2cm

Air

Ground

Figure 3.2: Transversal view of the cable duct under study.

For the reference case, one extremity of the cable duct is connected to the building,
and the other extremity to the grounding system, as suggested by figure 3.3. The
concrete around the beams is not considered, therefore they are directly in contact
with the soil.

The IM cable is modeled as a mono-polar coaxial conductor, with configuration
depicted in 2.42a. It has a non-perfect shield, therefore; a coupling from the shield to
the core occurs. This coupling is represented by a transfer impedance with a simple
inductive model of ZT,l = 1mΩ + jω10−8H.

The shield and the core are made of copper with 1.72·10-8 Ωm. The material for
both insulations jackets is an homogeneous lossless dielectric of ε = 2.25ε0.

At the end of the coaxial cable, the electronic equipment of interest is going to
be modeled with a 50 Ω load, which is connected between the shield and the core,
following the configuration depicted in figure 2.49c from section 2.7.4. In this manner,
only an auxiliary copper conductor is used to connect the shield to the cable duct, as
depicted in figure 3.3a.

This model of termination implies that the voltages observed at the electronic
equipment are a direct consequence only from the induction of the current flowing
through the shield, by the means of the transfer impedance. Therefore, no external
conductive component is considered.

The soil is an homogeneous lossy medium of 100 Ωm with permittivity ε0 and
permeability µ0.
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Figure 3.3: Details of the terminations of the cable duct

The lightning strikes the top center of the building, a single bare conductor of
10 cm of radius and 1 Ω/m of losses is used as return stroke channel. An ideal current
source is at the channel base. This model for the lightning channel is selected since
requires less computational resources, and it has also been observed that from the
perspective of the transient voltages at the termination loads, this model does not
represent a significant difference with regard to more complex EM models of the
lightning channel.

In the following sections, the parametric study is described in detail.

3.3 Effect of the current at the channel base

To evaluate the effects of lightning to protect equipment, different type of excitation
currents are usually recommended, this work considers the three current types
suggested in the KTA-2206 standard, and described in section 1.4.1. These are: a
positive first stroke, a negative first stroke, and a negative subsequent stroke.

To fully illustrate the induction of voltages in the extremities of the IM cable, it is
interesting to observe the currents flowing through the cable duct and in the shield of
the cable. The first, is shown in figure 3.4c, indicating the current at the building side
flowing to the cable duct, this current is the addition of all the currents flowing from
each of the sixteen steel beams composing the cable duct.

Regarding the current flowing through the cable duct at the building side, it can
be appreciated that division ratio of the currents from the lightning channel to the
cable duct is independent of the type of excitation used. Observing the peak of the
currents in table 3.1, it can be seen that for all the lightning current types, the ratio
with respect to the excitation is similar. Which is in agreement with the basis of the
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Figure 3.4: Current flowing through the cable duct at the building side. For the case
depicted in figure 3.1
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standard KTA-2206 [1].
The above reinforced with the comparison of rise-times indicated in table 3.2,

which suggests that; although there is a reasonable delay between the times, the order
of magnitude is not highly affected.

Excitation max(IB) max(Iduct) max(IB)/max(Iduct)

Positive first stroke 200 kA 12.12 kA 16.5
Negative first stroke 100 kA 6.32 kA 15.82

Negative subsequent stroke 50 kA 3.27 kA 15.3

Table 3.1: Ratio of current division from the channel base to the cable duct.

Excitation tf (IB) [µs] tf (Iduct) [µs]

Positive first stroke 9.98 8.9
Negative first stroke 0.994 1.44

Negative subsequent stroke 0.256 0.50

Table 3.2: Rise time of the current at the channel base and at the entrance of the cable duct.

The above suggest that, in order to study the induced voltages of a cable inside a
cable duct, it is not a bad approximation to consider that the transient behavior of the
current entering to the cable duct is proportional to the current at the channel base,
as it is inferred from the procedure recommended in the KTA standard.

The current circulating through the cable duct induces a current in the shield of
IM cable, at the same time; this current is also subject to a conductive component
coming from the bare auxiliary wire connected at its termination.

In figure 3.5 the current in the shield can be appreciated. Here, the positive and
negative first stroke are only presented at the building side, since the transients at both
sides does not show a distinction between. Nevertheless, for the negative subsequent
stroke, these differences are slightly observable, as indicated in figures 3.5c and 3.5d.

Observing the current in the shield, when the building is hit by a negative
subsequent stroke a resonance frequency appears. This resonance has a value of
2.83 MHz, which corresponds with a wavelength λresonance =106 m. This is expected
since, the cable has a length of 50 m, which roughly gives Lcable ≃ λresonance/2.

The resonance does not appear for the slower excitations of the positive and
negative first stroke, this is due to the low energy of these excitations at the resonance
point of a 50 m conductor. In other terms, it can be seen that the transient is sufficiently
slow as to superpose its reflections of both extremities.

Finally, it is worth noting that the above resonance frequency corresponds with
a velocity of propagation vφ = c, which is only possible in a medium with
permittivity ε = ε0. As consequence, the resonance observed at the loads cannot
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Figure 3.5: Current flowing through the cable shield. For the case depicted in figure 3.1
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be originated inside the coaxial cable, since the shield and the core are isolated with
an homogeneous lossless dielectric material with εins = 2.25ε0. This suggests that the
resonance might come from the "coaxial configuration" between the cable duct and
the shield of the coaxial cable.

The above suggestion can be explained if we observe the current in the shield and
the current in the cable duct, in figures 3.5c and 3.4c respectively. In figure 3.5c, the
oscillations are of the same nature than in figures 3.6c and 3.6d. Therefore, suggesting
perhaps that the perturbations are also outside the coaxial cable.

We know that the model used to include the coaxial cable inside an FDTD scheme
is an uni-directional model. This is, the currents in the core are affected by the currents
in the shield, and this relation is not reciprocal. Therefore, taking into account that the
resonance is also observed in the shield, we cannot conclude that comes from within
the coaxial cable, but outside. Ultimately penetrating to the core through the shield
transfer impedance.

This is perhaps the more interesting phenomenon observed, since this resonance
has enough energy to travel through the transfer impedance, and induced higher
voltages than the ones caused by the positive an negative first strokes, as it can be
appreciated in figure 3.6.

From the model of transfer impedance used in this case, it can be expected to
observe a voltage in the load with less content of low frequency. To the point that,
the excitation with higher frequency content, causes higher transient voltages. At
the same time, this is the source that introduces a perturbation caused by a resonant
behavior, in this case originated in the equivalent coaxial arrangement of the duct and
the shield of the cable.

Finally, it must be noted that, although the positive and negative first strokes have
higher peaks, they do not induce the highest voltage at the location of the electronic
equipment. In general, because of two main reasons:

• they are slower excitations, with relative low risetimes.

• the coupling of the inner conductor to the external excitation is mainly inductive.
To the shield through a transfer impedance with an R + jωL model, and the
shield to the cable duct through a lossless medium like air.

In general, it can be seen that in terms of understanding the phenomenon, the
positive and the negative first strokes give roughly the outcome. Therefore, for
simplification, in the rest of the sections of the chapter, only the extreme excitations
are going to be considered: the slowest; the positive first stroke, and the fastest; the
negative subsequent stroke.
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from the building

Figure 3.6: Voltage at the 50 Ω load. For the case depicted in figure 3.1
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Synthesis of the effect of the current at the channel base

• The excitations with higher amplitude are the positive and negative first strokes,
at the same time they are the slowest excitations, contrary to the negative
subsequent stroke.

• The portion of the current that propagates from the channel base, to the cable
duct is independent of the type of excitation considered.

• The negative subsequent stroke excites the resonant circuit formed by the coaxial
configuration of the cable duct and the shield of IM cable, which suggests a
differential mode propagation.

• The resonance has enough energy to penetrate the cable shield, and through the
transfer impedance; induces greater voltages at the 50 Ω load than excitations
with much bigger peaks.

3.4 Effect of the ground resistivity

One of the main parameter to include when performing lightning studies, is the
resistivity of the soil, especially when the conductors are buried. In the problem
treated in this work, the grounding system is an element that cannot be neglected, as
that; the soil resistivity plays an important part in its behavior [2, 3].

Therefore, to observe the extent of its influence in the transient voltages in a IM
cable; a variation of three values for this parameter are considered, within the range
of expected values in French soils: 100 Ωm, 500 Ωm and 1000 Ωm.

Although it is well known that the soil can be characterized with frequency
dependent resistivity and permittivity [2], in this work it is considered as an
homogeneous medium. Therefore, only a fixed value of the resistivity changes,
maintaining the permittivity equal to ε0 (It has been observed that variations of the
permittivity does not significant affect the voltages at the loads). The case study is
depicted in figure 3.1.

3.4.1 Transients in a IM cable for different soil resistivities

The voltage at the terminal load at the IM cable is observed in figure 3.7, for the three
types of current at the channel base mentioned in the previous section.

As it can be seen, a variation in the soil resistivity has more influence on the peak
of the voltages originated by a negative subsequent stroke, and a negative first stroke,
than those originated by a positive first stroke.

To illustrate this behavior, it is convenient to observe the currents entering to the
cable duct, and the currents in the shield, showed in figures 3.8 and 3.9 respectively.
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Figure 3.7: Influence of the soil resistivity in the voltage at the 50 Ω load. For the case
depicted in figure 3.1
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Figure 3.8: Influence of the soil resistivity in the current entering to the cable duct from the
building. For the case depicted in figure 3.1
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The cable duct is composed of bare conductors in direct contact with the soil,
therefore, the soil resistivity directly affects its current propagation. The response
for soils of 500 Ωm and 1000 Ωm is similar for all the type of currents at the channel
base. This suggests that, in general, the range of variation for the soil resistivity to be
significant is relatively small, depending on the soil characteristics of the country, and
its seasonal variation [4].

In addition, it can be seen that for the slowest excitation, the positive first stroke,
the soil of 100 Ωm causes the higher amplitude, which suggest that, the buried duct
represents a higher conduction path as the soil resistivity decreases, like the low
frequency response of a grounding electrode.

The opposite occurs for fastest excitations, when the soil resistivity is low, less
current actually enters the cable duct, since the current propagation to ground from
the rest of the buried conductors around the duct, rises. And, at higher values
of resistivity, the soil no longer acts as an interesting propagation media, and the
inductive and capacitive couplings determine the current propagation through each
of the buried metallic structures.

This phenomena has also interesting influence on the rise-time of the currents, it
can be seen that, for fastest excitations, the lower the soil resistivity is, the longer the
rise-time becomes. Once again, for lower resistivities, more current flows into the
ground, and less flows into the cable duct.

The effect on the rise-time is fundamental, since it determines the magnitude of
the induction in the cable shield, and as consequence, in the cable core. Figure 3.9
indicates the current flowing in the cable shield.
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from the building.

Figure 3.9: Influence of the soil resistivity in the current flowing through the cable shield.
For the case depicted in figure 3.1
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3.4.2 Synthesis of the effect of the soil resistivity

• The range of variation of the soil resistivity to be influent is relatively small,
lower than 500 Ωm.

• The soil resistivity is a parameter that affects the rise-time of the current flowing
through the cable duct, in an inverse proportional manner; the higher the
resistivity, the lower the rise-time of the current flowing through the cable duct.

• The rise-time of the current entering through the cable duct, is the important
parameter to observe; when determining the effect of the soil resistivity in the
transient voltages at the ends of the IM cable.

• For a slow excitation like the positive first stroke, the soil resistivity has little
influence on the rise-time of the current in the duct, therefore; the induced
voltages in the IM cable are not affected in a significant manner. The opposite
occurs for the fastest excitations of the negative first and subsequent strokes.

The behaviors observed in this section repeat for the following considerations and
case of study of the chapter. Therefore, this parameter is not going to be varied
further, and the value to be considered in the rest of the chapter is 100 Ωm, unless
indicated the contrary.

3.5 The building size.

One of the first effect of special interest to observe, is the size of the building hit by
the lightning. In this section, four scenarios are presented; cubic buildings of 15 m,
35 m, 50 m, and 75 m of side, as depicted in figures 3.1 and 3.10.

The mesh density of the building, length of the cable duct, the geometry of
the grounding grid, the soil properties and the configuration of the IM cable are
maintained exactly as in the reference case.

The transient voltages are observed for the slowest and fastest excitation: the
positive first stroke, and the negative subsequent stroke.
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Figure 3.10: Geometry of the cases for evaluate the effect of the building size.
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3.5.1 Transients in a IM cable connected to building of different
sizes

The voltages at the 50 Ω load at the terminations of the cable, are presented in figure
3.11. As it can be seen, the building size is an influent and relevant parameter in the
complete transient behavior: the smaller the building, the higher the amplitude of the
voltage.
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from the building

Figure 3.11: Influence of the size of the building in the voltages at the terminations of the
cable.

In the case of the positive first stroke, no oscillations are observed, as in the
previous sections. But for a negative subsequent stroke, the figures 3.11b and 3.11c
suggest that the smaller the size of the building, the higher the amplitude of the
oscillations.

This is a direct consequence of the amount of current circulating through the cable
duct indicated in figure 3.12 The smaller the building, less buried building conductors
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to drain lightning current to the ground, therefore, more current circulating through
the cable duct, which is proportional to the induced current in the shield, observed in
figure 3.13.
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Figure 3.12: Influence of the size of the building in the current entering to the cable duct.
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Figure 3.13: Influence of the building’s size in the current of the cable shield.
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3.6 The grounding connections of the concrete cable
duct.

Regarding the grounding of the cable duct, it is known that at the building side is
always somehow connected to ground, but along the rest of its trajectory different
grounding points can also exist. To perform this kind of installations, imply an
elevation of construction costs that, at least from the point of view of the transient
voltages at the extremities of a IM cable, have not been justified.

In this section, the effect of the grounding connections of the cable duct are going
to be observed. To do that, the reference case of a 50 m×50 m×50 m depicted in figure
3.1 is going to be used. Considering the following three configurations:

• The cable duct is left open at the remote extremity.

• The cable duct is connected to the grounding grid only at the remote end. As
indicated in 3.14a.

• The cable duct is connected to the grounding grid each 10 m. As indicated in
3.14b.

The grounding of the cable duct is performed with a bare copper conductor of
185 mm2 of transversal area. And, as it can be seen in figure 3.14, is performed
between one conductor of the cable duct and the lower grounding grid.

It is important to note that for all the scenarios considered in this section, the shield
of the IM cable is always connected at both extremities of the cable duct. The effect of
the grounding of the shield is going to be observed in the next section.

(a) Grounding at the remote end only. (b) Grounding distributed each 10 m

Figure 3.14: Detail of the grounding connections considered for the cable duct.

3.6.1 Transients in the IM cable for different grounding connections
of the cable duct

The voltages at the cable terminations for the negative subsequent stroke and the
positive first stroke are shown in figures 3.15 and 3.16 respectively.
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Figure 3.15: Effect of the grounding on the cable duct in the voltage at the 50 Ω load. For a
negative subsequent stroke
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Figure 3.16: Effect of the grounding on the cable duct in the voltage at the 50 Ω load. For a
positive first stroke
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At first sight, it can be observed that for a fast excitation as the negative subsequent
stroke, the type of grounding of the cable duct does not affect the voltages in observed
at the terminations. This suggest that the grounding of the cable duct has an effect
at lower frequency content, as for the positive first stroke, here the difference in the
magnitude of the impulse are more notorious: if the cable duct is left open at the
remote termination, the peak voltages are lower than if the cable duct is grounded.

The low frequency effect of the grounding of the cable duct, can be confirmed by
observing the response of the current shield in figures 3.17 and 3.18, and the current
entering to the cable duct in figures 3.19a and 3.19b. For all those currents, the decay
time reduces when the cable duct is left open.

The above phenomenon is interesting, since an open cable duct imposes a
boundary condition at the remote termination that forces the current to be null.
Therefore, the duct becomes a “less attractive” path for current circulation. On the
contrary, when is grounded, the current coming from the building can continue its
propagations to the remote extremity and to the grounding grid.

Finally, it is also worthy to mention that, from the point of view of the transient
behavior of the IM cable, there is no difference between the use of a distributed
grounding, and a grounding at the termination. Which suggests that, with good
continuity along the cable duct construction, there is no need to perform extra
connections to the external grounding system. This practice, does not effectively
modifies the nature of the transient voltages observed in the IM cables.
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Figure 3.17: Effect of the grounding on the cable duct in the shield current. For a negative
subsequent stroke
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Figure 3.19: Effect of the grounding on the cable duct in the current entering from the
building.
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3.6.2 Synthesis on the effect of the grounding of the cable duct in
the transient voltages

• For fast excitations, the type of grounding considered in the cable duct does not
affect the transients voltages at the termination of the IM cable.

• For slower excitations when the cable duct is connected to ground at its remote
location, the voltage at the extremities in the coaxial cable are higher than when
the cable duct is left open.

• Regardless of the type of grounding: distributed or at the terminal, the voltages
in the IM cable are unaltered.

3.7 The connections to ground of the shield of the
coaxial cable

In this section it is going to be presented how the grounding connection of the shield
affects the transient voltages at the extremities of the IM cable. To do that, the auxiliary
wire connecting the shield to the cable duct is going to be retired from the FDTD case.
Three scenarios were considered:

• Both terminations of the cable shield connected.

• Only the termination at the building side is connected.

• Only the remote termination is connected.

As in previous sections, the scenarios are going to be evaluated for both excitations:
positive first stroke, and negative subsequent stroke.

It is worth recalling that, this kind of connection does not affect the emplacement
of the 50 Ω load representing the electronic equipment, since in the thin wire model
of a coaxial cable, this load is internally connected between the core and the shield.
As explained in section 2.7.4.

3.7.1 Transients in a IM cable for different connections of the shield

In figures 3.20 and 3.21 it can be seen the voltage at the 50 Ω load. At first, it can
be observed that for a subsequent stroke excitation, the magnitude of the transient
voltages does not differ in an important manner from one scenario to another.

Nevertheless, the energy contained for each of the cases is severely different,
given the intensity of the resonances caused by each shield connection. Under this
perspective, the case in which the shield is connected only at the building side, is the
situation with higher resonances.
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Figure 3.20: Voltage at the 50 Ω load for a subsequent stroke.
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Figure 3.21: Voltage at the 50 Ω load for a first stroke. At the building side. Note: observe
that the blue and green curves are amplified by 100
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This is not the case for an impact with a positive first stroke, shown in 3.21. Here,
the cases in which the shield is open in either extremity causes a negligible voltage,
with regards to the case in which the shield is branched at both extremities.

This behavior can be explained if the current in the shield is observed; take
figures 3.22 and 3.23. It can be seen that the current circulating through the shield is
significantly lower when the building is hit by a slower excitation, with a wavelength
significantly higher than the length of the conductor, this is, a positive first stroke.
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Figure 3.22: Current in the shield for a subsequent stroke.
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Figure 3.23: Current in the shield for a first stroke. Solid line: At the building side. Dotted
line: At 50 m from the building. Note: observe that the blue and green curves
are amplified by 100

In terms of a transient behavior, it can be understood that, a positive first stroke
is sufficiently slow as to “see” the coaxial cable as a lumped circuit and not as
propagation medium. Therefore, an open circuit at one extremity, is practically a
general open circuit, forcing the current to propagate through a nearby conductive
channel, which in this case is the cable duct.
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Figure 3.24 depicts the current at the cable duct, here; for the first stroke excitation,
when the shield is left open, the current entering through the cable duct is higher
than the case the shield is connected in both extremities. The latter scenario adds a
circulating path to the current, therefore reducing the fraction of the current entering
the duct.
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Figure 3.24: Current entering from the building to the cable duct.

On the other hand, it is possible to justify the results at this point to the model used
for the coaxial cable. Particularly, considering that is a model that neglects the transfer
admittance of the conductor. Therefore, in the next section a model that includes the
effect of the transfer admittance is considered.

3.7.2 Effect of the inclusion of the transfer admittance.

In section 2.2.3, it was stated that the coupling of the shield to the coaxial cable can
be studied considering a transfer impedance between both conductors. In reality, this
coupling also includes a transfer admittance. While the impedance accounts for the
induced current into the core, the admittance accounts for the electric charge.

Usually this last variable is neglected, given the good shielding characteristics of
modern IM cables used in most of the Nuclear Power Plants (NPPs). Nevertheless, in
light of the results of the last section, it seemed interesting to evaluate the effect of a
classical model of transfer admittance, in the transient voltages at the extremities of a
coaxial cable.

To study the effect of the transfer admittance, the equivalent Transmission Line
(TL) model of the coaxial cable of figure 3.25 will be used. The shunt current source
depends on the convolution product of the transfer admittance and the distributed
shield potential. In the following sections, the strategy followed to compute both
parameters is explained.
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Figure 3.25: Equivalent TL model for a coaxial cable considering the transfer impedance.

The potential rise of the shield

To obtain the distributed voltage along the cable shield, a reference point is necessary.
In this case, the point is a steel conductor of the cable duct structure, since at both
extremities the shield is connected to the cable duct.

Finally, the expression (2.41) of section 2.6.1 is going to be used to determine the
distributed potential of the shield. Since the potentials close to the shield and to
the cable duct are needed, the expression (2.41) is used twice. When performing
this computation, the two integral paths overlap, therefore, the cell section of this
superposition of paths is subtracted. Figure 3.26 illustrates the integration paths, and
expression (3.1) indicates the computation of the distributed potential of the shield
with respect to the cable duct.

V′
k = Vz|zshield+1.5∆z

zshield
+ Vz|zduct

zduct−1.5∆z
− ∆z · E (zshield + 2.5∆z) (3.1)

Cable duct

Path #1:

zshield→1.5Δz

Path #2:

1.0Δz

Path #3:

-1.5Δz → zduct

Coaxial

cable

Figure 3.26: Transversal view of the cable duct and the points used to measure the electric
field to compute the distributed source Vsi

The expression for the transfer admittance

To compute the transfer admittance, the analytical expression (3.2a) is used. The
parameters of the IM cable are depicted in table 3.3, they are taken from a typical IM
cable configuration.
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Y′
T =

jωπεeqC′
coreC

′
shield

6Ncεcoreεshield

3
√
(1 − K)2 1

E (e)
(3.2a)

εeq =
2πεshieldεcore

εcore + εshield
(3.2b)

Cshield =
2πεshield

log
(

rshield
rcore+T

) (3.2c)

Ccore =
2πεcore

log
(

rcore
rcond

) (3.2d)

Where: Y′
T → Transfer admittance per unit of length. [S/m]

C′
core → Capacitance per unit of length of the coaxial region [F/m]

C′
shield → Shield capacitance per unit of length [F/m]

εeq → Equivalent permittivity of the materials inner and external to the shield [F

E (·) → Complete elliptic integral of the first kind.

Parameter Symbol Value

Optical coverage of the shield K 0.8
Number of carriers in the shield NC 16

Electric permittivity of the material external to the shield εshield 2.25 F/m

Electric permittivity of the material inner to the shield εcore 2.25 F/m

Table 3.3: Coaxial cable parameters used to compute the transfer admittance (3.2a)

Transient voltages in a IM cable considering the transfer admittance.

Figures 3.27a and 3.27b show the transient voltage at the 50 Ω load when the building
is hit by a negative subsequent stroke. As it can be seen, when the transfer admittance
is considered, there is a modest increase in the magnitude of the voltage, and a small
delay in the oscillations.

This new element of the coaxial cable is not going to be further considered, since
it does not contributes significantly to the peak transient voltage and unnecessarily
adds computational effort.

3.7.3 Synthesis of the effect of the connection of the shield

For a subsequent stroke, the emplacement of the shield connections does not alter the
magnitude of the induced voltage at the ends of the coaxial cable. Nevertheless, the
amount of energy for each case is severely affected. This is an important issue not to
neglect when selecting Surge Protection Devices (SPDs)

128



0 20 40 60 80 100
Time [µs]

−400

−200

0

200

400

600

800
V
ch
a
r
g
e

[V
]

ZT & YT

only ZT

1.0 2.0 3.0 4.0
−400

−200

0

200

400

(a) At the building side.

0 20 40 60 80 100
Time [µs]

−400

−200

0

200

400

600

800

V
ch
a
r
g
e

[V
]

ZT & YT

only ZT

1.0 2.0 3.0 4.0
−400

−200

0

200

400

(b) At 50 m from the building.

.

Figure 3.27: Voltage at the load

For a First Stroke, the only configuration that generates induced voltages is when
both extremities of the shield are connected. Since, the excitation has a larger
wavelength as to “see” the 50 m coaxial cable as a lumped circuit, therefore; an open
circuit at one extremity is a general open circuit.

3.8 The external grounding system configuration.

One of the most important elements conceptualized for the lightning protection
system is the grounding. In this section, the effect of the most common configurations
of grounding systems in Power Production Centers is going to be examined. To do
that, four configurations were considered:

• A simple ring 1 m from the building structure, buried at 2.5 m of depth. The
ring has two variations:

– With one connection to the building (In a corner).

– With connections around the building each 10 m. (See figure 3.28a)

• A grounding grid with segments of 10 m × 10 m (See figure 3.28b)

• No external grounding system, only the foundations of the building.

Seemingly as the previous sections, two lightning strikes were considered: the
positive first stroke of 200 kA, and the subsequent stroke of 50 kA.
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(a) With a ring (b) With grounding grid.

Figure 3.28: General view of the case studies that concerns the study of the grounding
system
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Figure 3.29: Voltage at the 50 Ω load for a negative subsequent stroke
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Figure 3.30: Voltage at the 50 Ω load for a positive first stroke.
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3.8.1 Transients in a IM cable for different configurations of
grounding

The voltages at the loads of 50 Ω are shown in figures 3.29 and 3.30. For the scenarios
when the excitation is a subsequent stroke, the three cases different from the grid are
grouped in one response, since all of them behave in the same manner.

In a similar manner, for a positive first stroke, there is no significant difference in
the responses for a grounding system different than a grounding grid. Which suggests
that, the different configurations of the grounding system have a more important
influence under low frequency excitations.

In section 3.3, it has been indicated that the nature of the resonant behavior
observed for the subsequent stroke excitation, are the reflections along the shield
of the cable. From figure, 3.29, alongside its frequency response in 3.31, it
can be observed that the resonant peak is invariable for the different grounding
configurations. Which implies that at least for a cable as big as 50 m, the grounding
system is not influential to interfere in a resonant condition.
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Figure 3.31: Frequency response of the voltage at the at the 50 Ω load for a subsequent
stroke. Solid line: At the building side. Dotted line: at 50 m from the building
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Figure 3.32: Shield current for a negative subsequent stroke
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Figure 3.33: Shield current at the building side for a positive first stroke.
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Figure 3.34: Current entering from the building to the cable duct.
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Special consideration: A connection between neighbor grounding
systems

It is common practice in Power Production Centers to link two adjacent grounding
systems with a buried, bare conductor, in order to reduce the relative potential rise
from one grounding system to another. In this section, the effect of this connection
is studied for the case of a grounding ring connected at one point to the building, as
suggested by figure 3.35.

Figure 3.35: Case study of two grounding rings connected.

The currents circulating through the cable shield are shown in figures 3.36 and
3.37, while the voltages at the 50 Ω loads are in figures 3.38 and 3.39. As expected
from the results in the previous section, connecting both grounding systems does not
have an important influence in the behavior of the transient voltages at the extremities
of the conductor.
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Figure 3.36: Effect of connecting two grounding systems in the shield current for a negative
subsequent stroke.
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Figure 3.37: Effect of connecting two grounding systems in the shield current for a positive
first stroke.
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Figure 3.38: Effect of connecting two grounding systems in the voltage at the 50 Ω load for
a negative subsequent stroke
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Figure 3.39: Effect of connecting two grounding systems in the voltage at the 50 Ω load for
a negative subsequent stroke
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3.8.2 Synthesis of the effect of the external grounding system
configuration.

• Regarding the transient voltage at the extremities of the coaxial cable, there is
no significant difference in the use of the following grounding schemes: A ring
with one connection to the building, a ring with multiple connections to the
building, and the use of the building foundations as grounding system.

• General variations of the configurations on the grounding systems have more
significant influence for low frequency excitations. In other words, for an
excitation with high frequency content as a subsequent stroke, the connection
of the grounding system is not determinant on the voltage observed in the 50 Ω

load.

• The cable duct and the shield of the coaxial cable form a kind of coaxial
configuration that resonates at a frequency corresponding to half of the
wavelength of the structure.

• The phenomena of resonance appears only with high frequency excitations, this
is, for a subsequent stroke. And, although the subsequent stroke has a peak
amplitude four times lower than a first stroke, its transient voltages are of almost
the double of those obtained with a first stroke.

3.9 The length of the IM cable.

It has been suggested in section 3.3 that the length of the cable is an important
parameter to consider, since it determines the nature of the resonance observed at
the extremities of the cable, particularly when a negative subsequent stroke is used as
an excitation.

In this section, the effect of the length of the cable is going to be inspected,
considering three scenarios: 100 m, 50 m and 25 m. As before, the reference case is
a 50 m-side building, as used in figure 3.1 of section 3.2.

3.9.1 Transients in a IM cables of different lengths

The voltages at the 50 Ω load is depicted in figures 3.40 and 3.41. Here, two aspects
arise: independently of the excitation, there is a proportionality between the length
of the cable duct and the voltage peak, and for a subsequent stroke, the presence of
resonances.

The proportionality between length and voltage magnitude is expected, since for
longer cables, the amount of equivalent distributed induction sources along its path
is higher, which results in greater voltages at the terminations.
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Concerning the resonance for a subsequent stroke, it can be observed that the
resonant frequency is inversely proportional to the length of the cable. Implying
that, for longer cables, the resonant frequencies are going to be smaller, and at the
same time; with more energy content from the excitation, resulting in more intense
oscillations.

To illustrate this point, the frequency response of the voltages is showed in
figure 3.42, here; it can be seen that the resonances for the different scenarios are
approximately: f 100m

res ≈1.432 MHz, f 50m
res ≈2.831 MHz, f 25m

res ≈5.549 MHz. Which are
frequencies that corresponds with associated wavelengths of roughly the double of
the cable length: λ100m =209.5 m, λ50m =105.9 m and λ25m =54 m.

This is an interesting phenomenon, since supports the statements of the previous
section 3.3: The coupling of the duct to the shield of the cable generates a resonant
coaxial configuration. And, the resonances observed in the shield, penetrates to the
core, reaching the load at the extremities.
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Figure 3.40: Effect of the length of the cable in the voltage at the 50 Ω load for a negative
subsequent stroke

3.9.2 Synthesis of the effect of the cable length in the transient
voltages.

• The larger the cable duct, the higher the peak of induced voltages at the
extremities of the control cable.

• The subsequent stroke current excites resonant frequencies of realistic cable
lengths.

• The larger the cable, the resonances decrease their frequency, and increase their
magnitude.
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Figure 3.41: Effect of the length of the cable in the voltage at the 50 Ω load for a positive
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Figure 3.43: Effect of the length of the cable in the current at the shield for a negative
subsequent stroke
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Figure 3.44: Effect of the length of the cable in the current at the shield for a positive first
stroke
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Figure 3.45: Effect of the length of the cable in the current entering at the cable duct from
the building

3.10 The connection point of the lightning channel to
the building.

Up until this section, the lightning strike has been considered hitting in the center of
the rooftop of the building, nevertheless, it is also feasible that hits the corner of the
building. Therefore the interest to observe, to which extend, this location is relevant
to the computations of transients in the external IM cable.

To observe the influences, three striking points in a building are chosen, as
indicated in 3.46.

• At the center of the building.

• At one corner close to the cable duct.

• At one corner far to the cable duct.

3.10.1 Transients in a IM cable for different lightning striking
position

The voltages at the 50 Ω loads are shown in figures 3.47 and 3.48. As it can be seen, for
both type of excitations there is an important influence of the striking point location:
the farther the lightning strike is, the lower the voltages are.

Although the above behavior is expected, it is also interesting to observe the
relative difference between the three locations, for a first stroke current; the voltages
for a strike in the far corner are 15 % lower than the voltages for a strike at the center.
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Figure 3.46: Top view from the case study. Different lightning strike locations

In a similar manner, the voltages for a strike in the close corner are 13.5 % higher than
those obtained when the lightning strikes the center of the building.

These differences are more unbalanced when the excitation is a subsequent stroke:
the voltages are 40 %-45 % higher for the close impact, and 2 %-5 % lower for the far
impact.

To the moment, and for previous studies, it has been considered cases in which
the lightning strikes the center of the building, which can give an underestimation of
the voltages up until 45 %. This is not an acceptable tolerance for the cases in which
there is only one cable duct, nevertheless, usually a building has multiple cable ducts
around, alongside with pipeline cables, and directly buried conductors.

For these cases, and to guarantee an equally intense perturbation, the striking
position that should be considered, is the top center of the rooftop. Otherwise, for a
single conductor, it is advice to consider a lightning impact in a closer corner of the
building.
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Figure 3.47: Effect of the striking position in the voltage at the 50 Ω load for a negative
subsequent stroke
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Figure 3.48: Effect of the striking position in the voltage at the 50 Ω load for a positive first
stroke

142



3.10.2 Synthesis of the effect of the lightning striking position

• There is an important influence of the lightning strike location on the voltage
observed at the extremities of a coaxial cable. The strike closer to the location of
the cable, generates stronger transient voltages.

• Although it is advisable to always consider the lightning strike in the closest
position to the cable duct, when multiple cable ducts are connected around the
strike is recommended to strike at the center of the building.

3.11 The EM model for the building wall.

In the previous chapter it was mentioned that a building could be modeled with
different strategies inside a FDTD volume. Here, two of those strategies are going to
be implemented, in order to observe their influence on the transient induced voltages
of the IM cable: a building modeled with a mesh of lossy beams, and modeled with
a lossy thin plate, as described in 2.4.2.

The two models are used to test three scenarios of building walls:

• A lossy steel grid of 5 m×5 m of density

• A lossy steel grid of 10 m×10 m of density

• A thin wall of 10 cm of a material of σwall = 2000 S/m and 5 mΩ of surface
impedance.

The last scenario was tested and recommended in [5], to perform electromagnetic
penetration studies inside a typical building of a French PGC.

3.11.1 Transients in a IM cable for different EM models of building
walls.

The response of the voltages of the cable connected to a building modeled with
different walls is shown in figures 3.49 and 3.50. As it can be seen, for both types
of excitations, the highest voltages come from the building modeled with a 10×10 m2

mesh grid, followed for the voltages obtained for a grid of 5×5 m2, and the voltages
obtained for the lossy thin plate.

The results suggest that for denser building walls, less current gets to the cable
duct, and therefore, less voltage is induced finally to the IM cable core. This is
coherent, since the denser the walls are, more equivalent current propagation paths
to the ground exists, and as consequence, less current propagates to the cable duct, as
indicated by figures 3.51a and 3.51b.
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The above is mainly a conductive effect that has low frequency implications. Take
for example the current at the shield in figures 3.52 and 3.53, the decay times of the
for both types of excitations is higher when the building wall is less meshed. This
is, less denser walls facilitate lower frequency perturbations, or seemingly, since less
paths are available, more time takes the current to propagate to the soil.
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Figure 3.49: Effect of the EM model of the building in the voltage at the 50 Ω load for a
negative subsequent stroke
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Figure 3.50: Effect of the EM model of the building in the voltage at the 50 Ω load for a
positive first stroke
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Figure 3.51: Effect of the EM model of the building in the current entering to the cable
duct from the building.
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Figure 3.52: Effect of the EM model of the building in the shield current for a negative
subsequent stroke
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Figure 3.53: Effect of the EM model of the building in the shield current for a positive first
stroke

3.11.2 Synthesis of the effect of the model of the building wall

• For a denser grid, exist more paths for the lightning current to propagate to the
ground, therefore, less current reaches the cable duct.

• As a consequence, independently of the type of excitation, the voltages in the
cable are lower while the walls are modeled with a denser wall.

• The resonance frequency for the negative subsequent strokes is unchanged,
which reinforces the idea exploited in section 3.3, that the resonance is mainly
depending on the geometry of the cable duct.

3.12 The inclusion of cable trays inside the concrete
cable duct.

In reality, the IM cables are not “floating” in the middle of the air inside the cable duct,
as it has been proposed in the reference case 3.1. They are resting over a conductive
structure called: cable tray. These trays can be constructed in several manners, it can
be simple plates, ladder route or enclosed structure, as depicted in figure 3.54

Sometimes the trays are made of non-conductive material, but it is not unusual for
these structures to be metallic, and as that, they are bounded to be grounded to the
potential reference, in this case, to the metallic cable duct structure.

An extra set of grounded metallic structure around the IM cable, suggest a certain
amount of shielding, depending on the nature of the cable trays. Therefore the special
interest to observe the effect of this conductive structures, running in parallel to the
cable of study.

146



Cover

Width Length

Metallic

meterial:

-Aluminium

-Galvanized steel

-Stainless Steel

Figure 3.54: Generic metallic closed cable duct.

To include a cable tray inside the FDTD case study, four PEC plates are going to
be considered at each side of the cable duct, as suggested in figure 3.55. The IM cable
is between two of those plates, and its shield is connected to the cable duct.

To avoid close current paths in the terminations, the plates are grounded at each
terminal point to the cable duct through one conductor.

(a) 3D view (b) YZ plane

Figure 3.55: Detail of the cable duct with trays at the remote end.

3.12.1 Effect of the cable trays in the transient voltages of an IM
cable

From the proposed case studies in figure 3.55, it can be inferred that the cable trays
form a parallel circulation path for the current along the cable duct. In fact, when
observing the current entering from the building to the cable duct in figure 3.56, it
can be seen diminish almost half of its original value without cable trays. For both
excitations: Positive first stroke, and negative subsequent stroke.

The effect of the cable trays is observed for the positive first stroke and the negative
subsequent stroke, for three grounding scenarios:
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Figure 3.56: Effect of the presence of cable trays in the current entering to the cable duct
from the building.

• When the cable duct is not grounded at the remote termination, but the shield
of the IM is connected to the cable duct. In figure 3.57.

• When the cable duct is grounded at the remote termination, and the shield of
the IM cable is left open in that point. In figure 3.58.

• When the cable duct is grounded at the remote termination, and the shield of
the IM cable is also connected to the cable duct in that point. In figure 3.59.

The shield of the cable is connected to the cable duct at the building termination
for all three scenarios.

As expected, including the cable trays parallel to the cable duct diminishes the
peak of the transient voltages, this reduction is between 80 %-70 % of the peak of the
voltages when no cable trays are considered.

Moreover, the presence of the trays attenuates in general the whole behavior of the
transients observed in the terminal loads. Nevertheless, this effect does not eliminate
the resonant behavior, as confirmed in figure 3.60. The resonant frequency for the
cases in which the shield is connected, does not varies a lot, regardless of the presence
of the cable trays.

This last behavior is of importance, since these resonances are going to reach the
electronic equipment, and depending on its nature, a level of threat is possible.

It is interesting to observe that, again for this case, the parameter that determines
the behavior of the transient in general, is the nature of the connection of the shield,
and not the connection of the cable duct. When the shield is connected, both responses
with open and grounded cable duct are similar. The same comparison can be made
when the shield is left opened.
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Figure 3.57: Effect of the presence of cable trays in the voltage at the 50 Ω load, at the
building side. For an open cable duct and a connected shield.
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Figure 3.58: Effect of the presence of cable trays in the voltage at the 50 Ω load, at the
building side. For a grounded cable duct and an open shield.
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Figure 3.59: Effect of the presence of cable trays in the voltage at the 50 Ω load, at the
building side. For a grounded cable duct and a connected shield.

104 105 106 107

Hz

10−2

10−1

100

101

102

103

104

105

106

‖V
ch

a
r
g
e
‖

≈2.8MHz

Open duct - Branched Shield

Grounded duct - Open Shield

Grounded duct - Branched Shield

Figure 3.60: Frequency response of the effect of the voltage at the 50 Ω load, at the building
side. Evaluation of the presence of the cable trays for a negative subsequent
stroke. Solid line: with cable trays. Dotted line: without cable trays.

150



3.12.2 Synthesis of the effect of the cable trays

• Since the cable trays are connected to the cable duct structure at both
terminations, they act as a parallel conductor element, diminishing the actual
current circulating through the duct structure.

• The presence of the cable trays severely attenuates the transient response of the
voltages at the terminations of the IM cable, acting as a shield along the cable
path.

• The resonance frequency of the voltages is almost unchanged with the presence
of the cable trays, which poses a level of threat to the electronic equipment
connected to the cable.

3.13 The inclusion of the expansion joints between
concrete cable ducts.

One important aspect of the construction of the cable ducts is its mechanical stability,
therefore a long cable duct is separated in several shorter segments. The space
between segments is known as an expansion joint, and, in the standard KTA-2206

[1] it is recommended to be made each 20 m of cable duct.
An electrical continuity is required between each duct segment, in consequence,

it is necessary to perform a bridging with highly conductive metal strips around the
perimeter of the expansion joint. The amount of bridges is diverse, in this section the
presence of expansion joint of different quantity of bridges is presented.

The cable duct of 50 m of the reference case is divided in two segments of 25 m.
They are separated with expansion joints of 30 cm, and are connected through copper
bridges of 70 mm2 of transversal area. Four configuration were considered: 2, 4, 8, 16

bridges uniformly distributed around the transversal cut of the cable duct. The figure
3.61 shows the detail of the construction of one expansion joint of a cable duct, with
copper bridges.

3.13.1 Transients in a control cable for different amount of
expansion bridges

In figures 3.63 and 3.62, are depicted the transient voltages at the 50 Ω. As it can be
seen, for a negative subsequent stroke, the presence of expansion joints in the cable
ducts does not significantly modify the amplitude of the transient voltages.

Nevertheless, including an expansion joint severely attenuates the intensity of the
resonance of the cable. In fact, in the frequency response indicated in figure 3.64, it
can be observed the lack of a “resonant peak” for the cases with expansion joints,
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Figure 3.61: Detail of the schematic of one expansion joint, with copper bridges uniformly
distributed around the perimeter of the cable duct.

which is directly translated into an attenuated oscillatory behavior of the transient
response.

In the other hand, for the positive first strike, the influence on the magnitude of
the induced voltage is more notorious: less bridges are used, higher are the voltages
at the cable terminations. This suggests that the presence of an expansion joint affects
the lower frequency spectrum.

The above can be confirmed observing the currents in the shield in figures 3.65

and 3.66.
At least for this model of the expansion joint, it does not seems to be an interesting

variable to consider in the transients analysis of induced voltages, contrary to the
recommendations of the standard KTA-2206. But, once again, as it was noted in
section 1.4.1, this part of the calculation in the standard has several assumptions that
were obtained for a reduced section of the problem. Afterwards, those assumptions
were accepted as valid for the complete scenarios of a lightning impact to a building.
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Figure 3.62: Effect of the presence of expansion joints in the voltage at the 50 Ω load, for a
positive first stroke.
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Figure 3.63: Effect of the presence of expansion joints in the voltage at the 50 Ω load, for a
negative subsequent stroke.
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Figure 3.64: Effect of the presence of expansion joints in the frequency response of the
voltage at the 50 Ω load. Building side. For a negative subsequent stroke.
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Figure 3.65: Effect of the presence of expansion joints in shield current. For a negative
subsequent stroke.
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Figure 3.66: Effect of the presence of expansion joints in shield current. For a positive first
stroke.
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3.14 The type of canalization of the IM cable.

Up until now, the IM cable has been considered inside a cable duct, but in general it
can be placed along different types of canalizations or routes, it can be directly buried
into the soil, or inside a dielectric pipeline. In this section, different type of routes are
going to be presented, in order to observe their influence on the transient voltages at
the extremity of the cable.

The four different types of cable routes are:

• An equivalent PVC pipe of 3 ε0 and ∅=4 inches

• An square air trench of equal side than the FDTD cell (0.5 m)

• A cable duct as depicted in 3.2

• A directly buried coaxial cable.

The general case study to test the different cable routes is the reference
50 m×50 m×50 m building of figure 3.1. Here to correspond each case, the axis of
the control cable is maintained, this is, the conductor in a pipe, directly buried or in
an air trench, is located along the same horizontal axis as the conductor inside the
cable duct of the reference case.

The EM model for all but one of the canalizations considered have been explained,
the case of the cable running inside a pipeline is of special interest, since an equivalent
model adapted to the thin wire formalism of Holland must be implemented. In the
next section this subject is briefly assessed.

3.14.1 Equivalent model of a pipeline for a Holland thin wire

To model a dielectric pipeline, an special consideration must be made to the modified
version of the formalism of Holland [6]: a coaxial cable inside a pipeline, as suggested
in figure 3.67, is modeled with a modified insulation jacket, in which the dielectric
material has an equivalent permittivity given by (3.3) [7], and an external radius equal
to that of the pipeline.

εeq =
log(

rpipe+Tpipe

riso in+Tshield
)

log(
(riso ext)

riso in+Tshield
)

εiso ext
+

log(
rpipe

riso ext
)

ε0
+

log(
rpipe+Tpipe

rpipe
)

εpipe

(3.3)

In the next section, the comparison of the transients for different type of
canalizations are presented.
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Figure 3.67: A coaxial cable inside a dielectric pipeline

3.14.2 Transients of a IM cable for different canalizations

The voltages at the 50 Ω load for a negative subsequent stroke are shown in figures
3.68a and 3.68b.

At first, it can be observed that the transient voltages when the cable is inside
a cable duct are severely attenuated that for the rest of the cable routes. This is
expected, since the cable duct acts not only as a shielding element from external
fields penetrating into the soil, but as a current conductor element that otherwise,
propagates into the cable shield.

Then, it is interesting to note that when the cable is in a pipeline and directly
buried, the voltages are slightly higher at the remote extremity than at the building
extremity. This might be caused by the induction from nearby components along the
cable route: the building, the foundations and the grounding grid. Here, equivalent
distributed sources along the cable shield, add to the conductive component entering
from the building side. This effect is accentuated for the case of a pipeline, in which
the equivalent shunt capacitance of the shield is higher, contributing more to the
cumulation of electrical charge along the path, therefore inducing more voltage at the
remote end.

The above phenomenon does not replicates for a cable passing through an
air trench, since the air-ground interface stops the radiated fields from nearby
components to reach the cable shield in the same manner. In reality, the equivalent
dielectric pipeline should behave more like this, since the cable is laying inside and
air medium, isolated from the ground through the pipeline walls.

Nevertheless, for a negative subsequent stroke; it can be seen that the differences
in rise-time and peak voltage between the routes different from the cable duct are
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relative small. Which suggest that these case scenarios are mainly governed by a
conductive effect: the current entering to the shield through the junction with the
building.

Finally, for a positive first stroke; figure 3.69 indicates that if the cable runs outside
the cable duct the response is the same independently of the canalization. And, more
important, reaching an amplitude potentially dangerous to the electronic equipment.
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Figure 3.68: Effect of the presence of metallic trays in the voltage at the 50 Ω load, for a
negative subsequent stroke.
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Figure 3.69: Effect of the presence of metallic trays in the voltage at the 50 Ω load, for a
positive first stroke.

3.14.3 Synthesis of the effect of the cable route

• The induced voltages of a cable inside a cable duct depends highly of the
induced component into the cable shield. Contrary to the voltages of the cable
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running in a different route, which highly depends on a conductive component
flowing into the shield.

• The cables directly buried and running in a pipeline, are susceptible of induction
along the cable path, from the nearby components: building, foundations, and
grounding grids, which contributes to higher transient values at the remote end.

• Governing the rise-time and voltage peaks, there are no major difference
between the use of canalizations different from the cable duct.

3.15 Synthesis of the parametric study.

Table 3.4 resumes the main conclusions of the effects studied in this chapter.
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Chapter 4

A meta-model for the lightning
induced voltages in IM cables

4.1 Introduction

As shown in the previous chapter, the lightning induced voltages in the terminations
of an Instrumentation & Measurement (IM) cable is a complex study that involves a
wide range of parameters. From the parametric study performed, it is not obvious to
determine precisely the manner in which all those parameters interact and influence
the transients.

Up until now, the effects of the parameters have been evaluated separately
around a reference case, this strategy excludes the possibility of evaluating parameter
relations, effects reinforcements or reduction. For example, it has been seen that the
peak voltage is proportional to the cable length, and inversely proportional to the
building size. This causes that the response of a long conductor connected to a large
building cannot be easily extrapolated from the previous studies.

In general, for such a complex case study all the different parameters interact, and
whether these interactions cause more or less influence on the final response of the
cable is yet to know.

In addition to continue the study of the parameters interactions, at the beginning
of this work; it was estated that a computationally efficient tool is necessary to assess
the induced voltages at the terminations of a IM cable. Therefore, the proposal of
this chapter is to develop a statistical meta-model, based on the parameters of interest
studied in the previous chapter.

This meta-model is going to be obtained from a set of scenarios that consider
different parameter combinations. Since the nature of these parameters is diverse,
and the amount of different scenarios is elevated, a special technique to efficiently
vary the parameters is adopted: The Design of Experiments (DoE).

Therefore, in this chapter the generalities of the DoEs techniques are explained,
alongside with the criteria to generate the scenarios to study. Then, the details of the
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technique implementation to our problem of interest are explained. And finally, at
the end of the chapter, the resulting meta-models are presented.

4.2 Overview of the Design of Experiments technique

The Design of Experiments (DoE) technique is an approach to conceive a set of tests,
or experience to execute during a study. This technique has evolved from the early
years of the 20th century and the agricultural industry [1], to our days in which is
used in almost every area of human activities: social sciences, manufacture industry,
biology and chemical laboratories, and computer sciences.

Experiments are needed to understand a phenomenon or test a given hypothesis,
nevertheless; the amount of experiences that can be performed is as limited as the
resources available. The Design of Experiments technique helps to optimize the
results and conclusions of a set of tests [2], particularly; in computational simulations
with a large set of input parameters, the DoE allows one to select a manageable
amount of cases in an efficient manner [3].

In general, the DoE allows one to:

• Understand the influence of the input parameters in the response of a
phenomenon. In a manner that:

– The most relevant parameters are discerned.

– If some interactions or correlations between parameters exist, they can be
detected.

– The nature of the influence can be established: linear, quadratic, inverse
proportional,...

• Develop a meta-model that can predict the response of the phenomenon to
parameter combinations that have not been tested.

• Find a parameter combination that helps to optimize the response, i.e., the
combination that maximize or minimize the output of the developed model.

In terms of the DoE, the input parameters are known as factors (xi), and the output
parameters are known as responses (Yi). In the following section, brief considerations
of factors and responses in DoE are presented.

4.2.1 The factors of a DoE

The factors of a DoE can have different natures, but in general, they can be classified
as two types:
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• Quantitative factors: are variables of numeric nature. They can be continuous
or discrete. They are usually described with two levels: “low” and “high”,
representing the lower and upper bound respectively [4]. More levels can
be possible, specially for the discrete factors. Typical quantitative factors are:
distances, temperatures, pressure, volume,...

• Qualitative factors: are variables of nominal value. They can be described with
more than two levels, with no special proportion or quantifiable relation between
them. Examples of qualitative factors are: the state of a switch: on-off, the name
of the technician performing the test, the gender of a test subject,...

Numerically, the levels of the factors are treated as -1 and +1, for the “low” and
“high” level respectively. The difference in the treatment is that, the quantitative
factors can adopt values in-between those lower-upper bounds. While qualitative
factors are usually restricted (but not exclusively) to those two levels.

The above is important, since DoE techniques take advantages of the continuing
spectrum of quantitative factors to simplify the amount of scenarios to evaluate, while
in general for the qualitative factors, the scenarios are forced to always perform both
level evaluations. Therefore, for now; it can be estated that a DoE becomes more
restricted or less practical while the number of qualitative factors augment in quantity
and in levels.

The numerical arrangements of the factors combinations are known as a Design
Matrix (DM), this matrix is composed in its columns by the arranged factors, and in
its rows by the factor combinations to execute. Each factor combination is also known
as a Design Point (DP),or an experience.

The DM is not generally square, it can have any shape and composition, depending
on the type of factors composing the problem, the objective of the experiment, and
the type of response desired. As that; the DM is assembled depending on the DoE
technique considered.

In the next section, some comments concerning the response of a DoE are going
to be addressed.

4.2.2 The response of a Design of Experiments

Regarding the response, the idea is not necessarily to obtain a physical coherent
relation between input parameters and experiment response, but to develop a
mathematical expression that relates all the factors and approaches to the main
objective of the study: to simulate the “real” response, to maximize or minimize
its value, or to carefully screen for factors influences and dependencies.

Usually the expression to generate a model is in the form of a Response Surface
Metamodels (RSM) [3, 5], which is a practical expression that can be obtained through
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a regression, and allows one to address linear (xi), quadratic (x2
i ), or cubic (x3

i ) effects,
along with its interactions (xixj . . . xixjxk . . .).

The expression (4.1) is an example of a quadratic RSM of quantitative continuous
values, with an independent random error ε of null mean value. The qualitative
factors can also be included if the Analysis of Variance (ANOVA) regression is used
[3].

Y = β0 +
n

∑
i=1

βi (xi − xi) +
k

∑
i=1

k

∑
j=1
j≥i

βij (xi − xi)
(

xj − xj

)
+ ε (4.1)

The RSMs are not the only type of expressions to characterize the response of a
DoE, but in general problems of the industry, it has been shown that 2nd order RSMs
optimize with an acceptable incertitude the response of an experience [6].

The selection of the meta-model might be important to determine the DM, that
depends on the type of DoEs technique considered. In the next section, some aspects
concerning the types of techniques to design an experiment are going to be assessed.

4.2.3 Types of Design of Experiments

The choice of the type of DoE depends in several aspects:

• The amount of factors to vary.

• The nature of those factors: quantitative and continuous, quantitative and
discrete, or qualitative.

• The amount of levels for the discrete and qualitative factors.

• The restrictions in the possible factor combinations.

• The type of response model: with only main effects, interaction effects, or higher
order effects.

• The interest of the analysis: the screen for effect influence, to optimize, or to
maximize the response

Two kind of experimental designs are going to be treated in this section: the
factorial design, and the I-optimal designs.

The factorial design helps to illustrate the process of generating the DM, as well
as the inconvenience to represent designs with a big amounts of factors.
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Factorial designs

Factorial designs examine all the possible combinations for the levels of all the factors
interacting in an experiment. The notation suggests that, for a set of k factors of m

levels, a design to be called mk-factorial.
They are particularly useful for design with quantitative continuous factors, since

they only have two levels: -1 and 1.
To compute a 2k-factorial design first, the amount of design points N = 2k

is needed, this will indicate the amount of rows of the DM. Then it starts the
constructions of the columns of the single factors x1 . . . xk: the first column is written
interchanging “low ” and “high” levels, the second column this is done in groups of
2, the third in groups of 4, and so on following the powers of 2.

To illustrate this procedure, take the classical 23-factorial design with the design
points at the corners of a cube given in figure 4.1, with all the design points related to
its DM in table 4.1. For more factors, the design becomes an “hypercube”, and which
is not possible to represent graphically in three dimensions.

X1

X2

X3

-1
+1

+1

+1

2

43

8

5

1

6

7

Figure 4.1: Design cube for 23-factorial plan

Usually, a factorial design of N experiences can contribute to determine principal
effects and first order interactions. For higher order models, additional inner design
points of the hypercube, or replications of the experiments are needed. The idea is to
maintain enough Degrees of Freedom (DF) to adjust a reliable meta-model, this is; to
have more DP than model unknowns.

A factorial design becomes cumbersome for experiments with an elevated amount
of factors, or with factors with more than 2 levels. Take for example a small design
with 6 factors: 2 with three levels, and four with 2 levels. That will make a design
with N = 32 · 24 = 144 experiences. Whether this number is acceptable or not, is at the
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Design point X1 X2 X3

1 1 1 1

2 -1 1 1

3 1 -1 1

4 -1 -1 1

5 1 1 -1
6 -1 1 -1
7 1 -1 -1
8 -1 -1 -1

Table 4.1: Design Matrix for 23-factorial plan.

criteria of the designer, who estimates the resources available and the reproducibility
of each experience.

To the problem of the size of the experiment N, it must be added the amount
of experiences needed in order to construct a response model in agreement with
the objectives of the study: if only direct factor influence is needed, a first order
linear model can be used, to which a factorial design usually is well suited. But, for
higher order models that aims to optimize the response, additional design points that
consider the inner space of the hypercube are needed.

Finally, experimental designs of factorial type are not recommended for discrete
or qualitative factors, specially when they take more than 2 levels. Also, factor
combinations with restrictions are not possible. This types of design demand for
a different or more complex techniques: Latin Hypercubes, optimal designs. In the
next section, the optimal designs are going to be briefly assessed.

4.2.4 Optimal Design of Experiments

Optimal DoE are conceived for large amount of factors, with special inclusion of
discrete and qualitative ones. They heavily depend on the type of response model
desired for the set of input factors, and try to optimize the generation DM following
a specific criteria related to the objectives of the experience.

Mainly, two kinds of optimal design are commonly used: D-optimal and I-optimal.
The first tries to minimize the amount of experiences in order to better scan the effects
and their influence on the response. The second tries to optimize the prediction of the
response, demanding perhaps more DP than an D-optimal design.

Since the criterion of I-optimality is conceived to obtain a better prediction of the
experiment response, it finds any factor setting that produces the desired response.
This is specially useful to this work, since the case of interest is to obtain the transient
voltages efficiently: fast, precisely, and within an acceptable flexibility concerning the
variation of the input parameters.

In our case, using an I-optimal design will allow us:
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• To know which factor combination gives a voltage closest to the FDTD
simulations.

• To determine the regions of the design space where the voltage is below an
acceptable value.

Since the aim of an I-optimal DoE is to generate a meta-model that predicts the
response within an acceptable amount of uncertainty, the used optimality criterion is
to minimize the average prediction variance in expression (4.2)[Siafitry2015, 1, 6]. To
solve the minimization, different optimization algorithms can be used, in any case;
each execution will stop for a local minimum, and therefore; for the same set of
factors, different DMs can be obtained.

min {Avg.Variance} = min
{

TRACE

[(
XTX

)−1
M

]}
(4.2)

X → is the Design Matrix
M → is the Moments Matrix M =

∫
R f (x) f ′ (x) dx

f ′ (x) → A single row of the Design Matrix.
R → The entire domain of the factors.

This type of DoE carries intrinsically two limitations:

• They are highly dependent on the chosen meta-model to described the
phenomenon. And although in general a quadratic model suits most of the
cases, in reality no model can be entirely adapted to a problem [7]. Therefore,
there is always the possibility of choosing a design based on a model not suited
to the particular problem.

• The optimization process stops at a local minimum, therefore; there is no entitled
warranty that the DM is the absolute optimal planning for the problem of
interest [6, 8].

Nevertheless, observing the approach in this work to the problem of Lightning
Induced Voltage (LIV) in IM cables, it can be justified the use of an I-optimal DoE:

• Different types of parameters of interest (factors) are involved: continuous
(distances), discrete (number of expansion joints bridges), and qualitative
(grounding connections of the shield).

• There are constraints between the feasibility of factor combinations.

• Although the FDTD simulations are relatively fast with respect to other
numerical methods, they still require a couple of minutes-to-hours to solve.
Once the meta-model is established, its solution is almost instantaneous.

171



• The focus of the meta-model is to predict the response of an equivalent FDTD
simulation within an acceptable margin of error.

In the next section, the implementation of a DoE I-optimal design adapted to the
problem of interest is going to be shown.

4.3 The Design of Experiments adapted to the lightning
induced voltages in IM cables

At this point, it is worth noting that, all the algorithms related to the DoE, model fit
and statistical analysis are carried out with the toolbox available in the JMP software
[9].

To obtain a meta-model using DoEs, first the amount and type of factors must be
established, and then the base meta-model must be constructed. With those two steps,
an I-optimal algorithm can generate a DM.

4.3.1 The factors for the problem of LIV in IM cables

As estated previously, the first step is to generate a DM, the amount of factors, as well
as their nature and domain of validity.

In general, in order to have a final meta-model that accurately predicts the
response of an experiment, two DMs are generated. The first one is smaller, and
is used to perform a screening DoE that helps in the selection of the most influential
parameters. Then, a second DoE is performed with those “influential” parameters,
this time with more refinement on their selection, their range of variation, and
specially focusing in the construction of a more precise meta-model.

The effect screening part was covered in detail in the chapter 3, in which a set
of parameters was carefully varied to observe its influence in the transient voltages.
These first extensive studies, resulted in special information concerning the way in
which each parameters shall be considered inside a DoE: the nature of the factors,
and its range of variation.

According to the observations of the previous chapter, the feasibility of the
implementation in the computational FDTD code, and the prospective size of the
DM, the most influential parameters selected are:

• The cable length: It is treated as continuous factor between 10 m and 100 m.
By extension, the structure of its canalization, the cable duct or the dielectric
pipeline, have the same distance.

• The building size: Since it is a cubic structure, it is considered through its side
dimension, as continuous factor between 15 m and 55 m.
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• The Soil resistivity: It is a continuous factor between 100 Ωm and 1000 Ωm

• The amount of bridges in the expansion joints: It is a numerical discrete factor
with the range {2, 4, 8, 16} bridges per joints, with a maximum section of cable
duct of 20 m.

• The connection of the shield: It is considered as a qualitative factor with two
level: Connected to the reference potential at the remote termination, code:
“CC”. Or open at the remote termination, code: “CO”. The termination at the
building side is always connected.

• The amount of conductors around the building: It is considered as a discrete
numerical factor, within the range of {1, 4, 7} conductors uniformly distributed
around the building. This range is imposed specially from the minimal building
size, it is unpractical and unrealistic to surround a building with side walls of
15 m with more than 8 cable ducts.

• The Type of conductor canalization: It is a qualitative factor with two levels:
running inside a cable duct, or running inside a dielectric pipe.

• The model for the building wall: It is considered as a qualitative factor with
two levels: A metallic grid of steel conductors, code: “Grid”. Or a lossy thin
plate, code: “Plate”

• The configuration of the external grounding grid: It is also a qualitative factor
with two level: A copper grounding grid, code: “Grid”. Or an external ring
running through the edge of the volume of computation, code: “Ring”. In any
case, the grounding of the building are its foundations.

A special comment shall be made regarding the implementation of the type of
conductor canalization and the amount of conductors around the building. It is not
advisable to mix together these two factors as they are, otherwise; all the conductors
surrounding the building will be the same type of canalization. In order to make a
discretization, these two factors are substituted by other two: the amount of cable
ducts around a building, and the amount of cable running inside dielectric pipes.

This new conception of the factors forces the use of a restriction: the total amount
of conductors around the building cannot exceed 8. Therefore, the DoE must be made
with two extra numerical discrete factors, that fulfill the restriction.

In general, for all the case scenarios some parameters will be considered exactly
as in the previous chapter:

• The geometries of the cable duct, and the pipeline.

• The model of the coaxial cable: its configuration, and transfer impedance.
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• The lightning strikes at the same corner of the building.

• No cable trays are considered inside the cable ducts.

• Whenever the cable is inside a cable duct, the remote extremity of the duct is
connected to the closest point in the external grounding system. This, in general
is the actual situation for all the Power Generation Center (PGC).

The choice of some of these considerations was made to favor a conservative
approach in the study of the induced voltages. This is: the type of transfer impedance,
the lightning striking position, and the absence of cable trays, are all parameters that
can easily be varied to diminish the induced voltages. Instead, they were fixed to a
value known to propitiate higher LIV in IM cables.

Also, a more practical approach must be assessed; to reduce the amount of input
factors, is to reduce the size of the DM, and therefore the amount of simulations to
perform.

Finally, the input factors to consider for the I-optimal DoE are summarized in table
4.2.

Factor DoE Variable Type of variable Range

Cable length X1 Continuous 10 m- 100 m
Building size X2 Continuous 15 m- 55 m

Soil resistivity X3 Continuous 100 Ωm- 1000 Ωm
Number of bridges X4 Discrete {2, 4, 8, 16}
Shield grounding X5 Qualitative “CC” or “CO”
Amount of pipes X6 Discrete {1, 4, 7}
Amount of ducts X7 Discrete {1, 4, 7}

Wall type X8 Qualitative “Grid” or “Plate”
External grounding X9 Qualitative “Grid” or “Ring”

Restriction X6 + X7 ≤ 8

Table 4.2: Summary of the factors considered for the meta-model of LIV in IM cables.

In section 4.2.4 it was noted that an I-optimal design requires the definition
not only of the factors, but of the responses and the meta-model to describe those
responses. In the next section, this aspect is going to be treated.

4.3.2 The meta-model for the response of the LIV in IM cables

The lightning induced voltages at the terminations of IM cables are described with
a transient behavior. This behavior is not trivial to describe with a single output
variable. Therefore, a practical approach to the problem is suggested; to consider
only the peak induced voltage for each excitation, and each cable canalization. This
is:
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• It is known that three normalized current sources are recommended to be
considered for lightning studies: positive and negative first strokes, and negative
subsequent strokes. And, in the previous chapter it was observed that the
factors interact differently for each excitation, therefore, here they are going
to be assumed as uncorrelated [10].

• The cables run in two types of canalizations: cable duct and dielectric lines. It
is also going to be assumed that both responses are not correlated, this is; a
variation in one, does not affects the other.

In a manner that, for a single DP, three FDTD simulations are executed, and two
output variables obtained: the maximum induced voltages among all the cable ducts,
and the maximum induced voltages among all the cables running inside dielectric
pipelines.

Each one of the six unrelated output variables, is going to be modeled with the
same base meta-model: a 2nd order surface model, such as the one depicted in
expression (4.3).

Y =
9

∑
i=1

βi

(
xi − xi

Dmax
i

)
+

9

∑
i=1

9

∑
j=1
j≥i

βij

(
xi − xi

Dmax
i

)(
xj − xj

Dmax
j

)
(4.3)

It must be noted that the variables of the meta-model are proposed in their coded

format: xi−xi
∆xi

. In which xi is the mean value of the factor, and Dmax
i is its absolute

deviation. In this manner, regardless the dimensions of the factor, its variability inside
the meta-model will always be limited between -1 an +1.

As a final note, in case the factor i is of qualitative nature, then the argument

βi

(
xi−xi
Dmax

i

)
becomes a constant Ki that depends on the level of the variable.

At the end, after performing the regression for the six output variables over the
generic meta-model of (4.3), six different meta-models that predict the output voltages
with an acceptable level of incertitude are going to be obtained.

With the factors and the responses described, the DM can be constructed.

4.3.3 The Design Matrix for the problem of LIV in IM cables

With the input factors as described in table 4.2, and the generic response model of
expression (4.3), the I-optimization algorithm [9] results in table 4.3. It must be stated
that the I-optimal design is a result from an optimization problem, it depends on
tolerance criteria, and stops at a local minimum [6].

The above implies that, even for the same set of factors and response models,
the DM obtained for a second execution of the DoE will not be the same. And,
although the author has not tested if two different DM generate relative different
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meta-models, it is supposed that the final conclusions of this work are not depending
on the particular design points of the DM.

Design
point

Cable
length

Building
Size Resistivity

Bridges Grounding
Shield

Amount
pipes

Amount
ducts

Wall Type
Grounding

X1 X2 X3 X4 X5 X6 X7 X8 X9

1 100 55 820 16 CO 1 4 Plate Ring
2 23,5 17 1000 4 CC 1 7 Plate Ring
3 10 55 730 4 CC 7 1 Plate Grid
4 64 23 1000 16 CO 1 1 Plate Ring
5 37 15 100 4 CC 1 7 Grid Grid
6 86,5 27 730 16 CC 1 7 Grid Ring
7 100 15 415 16 CO 1 7 Plate Grid
8 10 15 100 16 CC 1 7 Plate Grid
9 10 27 100 2 CC 1 1 Grid Ring

10 32,5 55 910 16 CO 4 4 Plate Grid
11 10 15 910 16 CC 7 1 Grid Ring
12 100 27 640 2 CC 4 4 Grid Grid
13 59,5 53 955 4 CO 7 1 Grid Ring
14 10 55 1000 16 CC 4 1 Plate Ring
15 100 55 1000 2 CC 1 1 Grid Grid
16 82 15 550 16 CO 4 1 Plate Ring
17 10 55 1000 16 CC 1 7 Grid Grid
18 100 15 460 8 CC 1 1 Plate Grid
19 10 15 1000 2 CO 1 1 Plate Grid
20 28 15 640 4 CO 1 7 Grid Ring
21 37 29 1000 16 CC 4 1 Plate Grid
22 91 15 100 8 CO 7 1 Grid Ring
23 73 15 100 8 CC 4 4 Plate Grid
24 23,5 45 100 16 CO 4 4 Plate Ring
25 10 25 325 2 CC 7 1 Plate Ring
26 100 19 100 4 CC 1 7 Plate Ring
27 10 55 325 2 CC 1 7 Grid Ring
28 100 45 100 16 CO 7 1 Plate Grid
29 10 55 100 2 CO 4 1 Plate Ring
30 64 33 100 2 CC 1 4 Plate Grid
31 77,5 23 550 2 CO 1 1 Grid Grid
32 100 15 1000 4 CC 1 4 Grid Ring
33 46 35 730 8 CC 4 4 Grid Grid
34 100 29 100 16 CC 4 1 Grid Grid
35 100 19 1000 16 CO 7 1 Grid Grid
36 86,5 55 100 8 CO 4 4 Grid Grid
37 55 15 100 16 CO 1 1 Plate Grid
38 100 15 1000 16 CC 7 1 Plate Ring
39 10 47 100 16 CO 4 1 Grid Grid
40 10 37 145 4 CO 4 4 Plate Grid
41 19 55 280 16 CC 1 1 Plate Grid
42 55 15 1000 2 CC 4 1 Grid Grid
43 95,5 55 595 8 CC 1 7 Plate Grid
44 100 55 100 4 CC 4 1 Grid Ring
45 23,5 15 775 16 CC 1 1 Grid Grid
46 95,5 39 1000 8 CO 4 4 Plate Ring
47 50,5 55 190 16 CC 7 1 Grid Ring
48 91 49 325 16 CO 1 1 Grid Ring
49 19 17 370 8 CO 1 4 Plate Ring
50 23,5 41 820 8 CO 1 4 Grid Grid
51 100 51 1000 4 CO 4 1 Plate Grid
52 73 49 775 2 CC 1 1 Plate Ring
53 10 15 1000 2 CO 4 4 Grid Grid
54 95,5 55 955 2 CO 1 7 Grid Grid
55 41,5 15 865 4 CO 7 1 Plate Grid

Table 4.3: Design points conceived with an I-optimal criterion.

4.3.4 Procedure to fit the model

The design points of table 4.3 are conceived to estimate the generic model depicted in
expression (4.3). Nevertheless, the estimation of all the effect of the factors carries an
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intrinsic error, this is, the coefficients of the predicted model are within an amount of
uncertainty.

To decrease the amount of uncertainty more points can be added to the original
DM, or the base meta-model can be adapted to better fit the results of the FDTD
simulations. The latter approach is adopted in this work.

In order to fit a confident model, some criteria must be followed to discard
unacceptable coefficient estimations. In this work the False Discovery Rate (FDR)
of the parameters estimation t-test is used.

The t-test of the estimation of a parameter assumes that all the factors have a
standard t-distribution [11], and defines the t-ratio of a factor estimate as the relation
between its estimation and its standard error.

The aim of this test is to evaluate the probability of the actual parameter being zero,
this is; obtain the p-value of the t-ratio. Usually, it is considered that a parameter is
well estimated if its probability of being null falls beyond a lower value: p(i) < 0.01.

Nevertheless, in recent years, an additional strategy is used to complement the
traditional p-value significance test when a lot of experiences are executed: the False
Discovery Rate, which is an algorithm useful for identifying the important few effects
from the trivial ones. [12].

Here the FDR is going to be used through its LogWorth scale, since it allows one to
better illustrate and discriminate highly significant p-valuesFDR from nonsignificant
p-valuesFDR. The LogWorth scale is obtained transforming each factor p-value(i),FDR

using expression (4.4).
In a manner that, an effect with a significance of 0.01 or less, has a LogWorth value

superior to 2. If this criterion is not satisfied, the effect is discarded and the model re-
adjusted. This loop is repeated until all the effects have a LogWorth value superior to
2. The figure 4.2 summarizes the procedure of finding a meta-model with meaningful
estimations.

LogWorthFDR(i) = − log10

(
p(i),FDR

)
(4.4)

It shall be noted that, the procedure in 4.2 can be executed for higher values of
significance levels, obtained perhaps from a simpler meta-model, with significant
effects at the cost of a more imprecise prediction of the response. This, although
possible, is not a strategy suited to the objectives of this work.

In this section it was described how the problem of lightning induced voltages was
adapted to the Design of Experiments technique. In the next section the developed
meta-model is going to be presented, alongside with the description of the influence
of the parameters.
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Depart from
base model of

expression (4.3)

Fit model using
Linear Squares

Regression

For each model
coefficient βi & βij

Observe False
Discovery Rate

Is
LogWorthFDR(i)>2

?
yes

Reject
coefficient

No

Recompute fit
for new model

Accept the model

Figure 4.2: Work-flow to find a model for each output variable.

4.4 A meta-model for the LIV of IM cables

In this section the developed meta-models described by expression (4.3), are going
to be presented, mainly by depicting their coefficients of principal effects and
interactions.

Afterwards, the influence of each parameter is going to be discussed, and finally,
some comments on the errors associated to the parameter estimation are going to be
reviewed.

4.4.1 Coefficients of the models

The coefficients βi and constants Ki of the single effects of the six meta-models are
depicted in table 4.4. While the crossed coefficients βij and Kij are depicted in tables
4.5, 4.6, 4.8 and 4.6.

The values indicated in the tables for the qualitative factors are only for their
low level value, this is: The cable shield is connected at the remote termination
(code:“CC”), the building is modeled with a grid of steel conductors (code:“Grid”),
and the external grounding of the building is modeled with a grid of copper
conductors (code:“Grid”). If another level of the factor is required, it is enough to
change the sign of the coefficient.
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It is important to note that, interaction coefficients that are not reported, were
discarded effects, since they did not fulfill the criterion of the FDR.

Inside a duct Inside a pipe
Factor Neg. S.S. Neg. F.S. Pos. F.S. Neg. S.S. Neg. F.S. Pos. F.S.

Constant 1049,284 643,818 2∗∗ 9926,703 7522,657 3085,445

Cable length 903,944 2∗∗ 171.042 2∗∗ 5669,528 2219.195

Building Size 2∗∗ -105,970 0 -4256,518 2∗∗ -215.478

Resistivity 237,568 85,131 -14.382 2834,771 1884,722 2∗∗

Bridges -110,936 -56,221 -25.008 215,126 -251,818 -264.393

Grounding Shield -118,246 2∗∗ 87.304 525,932 874,777 1312.484

Amount pipes -258,311 -106,072 11.066 -692,036 2∗∗ 774.847

Amount ducts -267,810 -50,960 32.747 2∗∗ -1370,785 298.992

Wall Type 44,345 -17,031 2∗∗ -584,131 -487,979 2∗∗

Grounding 2∗∗ -32,645 -26.881 -845,118 -1222,983 -713.064

Table 4.4: Single parameters βi and Ki for the maximum voltages in a cable.
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Cable length -177,198

Building Size 2∗∗ 233,82

Resistivity 325,128 -168,51 -193,562

Bridges -148,157 122,324 -12,935 47,955

Grounding Shield -10,419 28,146 22,095 – –
Amount pipes 58,733 86,267 2∗∗ -40,01 20,925 – -88,297

Amount ducts -116,956 126,819 -66,288 23,661 -91,793 -256,024 -67,913

Wall Type 28,554 -48,368 64,069 – -15,868 2∗∗ – –
Grounding -66,024 – -64,692 -11,347 -23,14165 102,662 134,742 10,762

Table 4.5: Crossed parameters βij and Kij for the maximum voltages in a cable inside a duct.
For a negative subsequent stroke excitation.
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Cable length -85,934

Building Size -103,020 51,518

Resistivity 180,786 -24,423 -105,763

Bridges 2∗∗ 33,646 -38,292 77,536

Grounding Shield -28,018 -29,924 47,699 2∗∗ –
Amount pipes 75,789 41,920 -12,174 69,465 52,346 -54,331

Amount ducts -82,359 71,105 -36,891 34,357 -92,298 -50,780 -45,968

Wall Type -11,211 2∗∗ 34,608 48,205 -19,736 -20,274 9,108

Grounding -104,409 -19,539 -15,500 -11,363 -20,667 49,439 37,973 44,945

Table 4.6: Crossed parameters βij and Kij for the maximum voltages in a cable inside a duct.
For a negative first stroke excitation.

2Non-communicated value
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Cable length -62,3918

Building Size -19,1727 43,0387

Resistivity 2∗∗ -18,2652 -21,5471

Bridges -45,9162 -16,7224 -55,3220 65,6290

Grounding Shield 86,6402 -22,6119 44,8320 0,0000

Amount pipes 43,6598 -5,8238 2∗∗ 0,0000 14,5330 57,5515

Amount ducts -23,3632 25,6688 -34,6997 54,7846 -84,3137 26,6184 -46,8276

Wall Type -22,5157 -31,9662 -15,8267 40,7255 -5,2836 17,0727 48,6942

Grounding -80,3352 -35,4234 -24,6725 43,3687 -40,8514 54,0207 2∗∗ 28,3707

Table 4.7: Crossed parameters βij and Kij for the maximum voltages in a cable inside a duct.
For a positive first stroke excitation.
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Cable length -1853,082

Building Size -3111,181 2625,529

Resistivity 2458,733 -1533,635 -2632,433

Bridges 121,150 166,996 – –
Grounding Shield 450,069 2∗∗ 502,580 2∗∗ –

Amount pipes 1570,894 455,960 155,657 -239,821 -454,327 -1645,255

Amount ducts -810,123 1385,963 -249,180 152,757 -623,169 -1087,804 558,761

Wall Type -98,676 529,465 345,197 -74,849 -145,939 -505,539 -122,473

Grounding 2∗∗ 776,485 -832,848 -872,078 -205,629 557,498 1112,279 278,323

Table 4.8: Crossed parameters βij and Kij for the maximum voltages in a cable inside a pipe.
For a negative subsequent stroke excitation.
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Cable length 2∗∗

Building Size -1413,613 949,219

Resistivity 1830,83 -814,75 -1177,717

Bridges 385,596 -187,328 -511,731 2∗∗

Grounding Shield -95,478 -503,586 606,826 -69,324

Amount pipes 1018,933 301,497 -223,306 -296,675 -237,77 -1035,36

Amount ducts -675,504 2∗∗ -459,61 -172,84 -552,86 -191,37 -135,965

Wall Type -503,715 176,939 -89,827 140,753 -173,423 -78,154 104,366

Grounding -1334,5 289,542 -777,22 -350,75 -144,62 185,796 1095,51 294,292

Table 4.9: Crossed parameters βij and Kij for the maximum voltages in a cable inside a pipe.
For a negative first stroke excitation.
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Cable length -1737,7730

Building Size -166,7691 330,4329

Resistivity -177,6829 -88,4512 -844,1976

Bridges -469,1033 -844,3390 -859,0413 2∗∗

Grounding Shield 1240,4488 -276,4635 788,2189 -219,5331

Amount pipes 1409,6748 -284,6087 2∗∗ 0 34,1143 441,8670

Amount ducts -825,2814 378,0566 -210,2651 697,7365 -1063,0970 1068,9108 923,3399

Wall Type -272,3441 -585,9936 -336,0442 514,0037 -389,2503 239,1204 686,4247

Grounding 2∗∗ -219,7378 -136,8299 283,0662 -988,6932 2∗∗ 1466,5426 279,0175

Table 4.10: Crossed parameters βij and Kij for the maximum voltages in a cable inside a
pipe. For a positive first stroke excitation.

4.4.2 Adjustment of the prediction to the simulation data

The results of the relation between the adjusted models and the results obtained with
the FDTD simulations are depicted in figures 4.3, 4.4 and 4.5. As it can be seen, the
models fit with a coefficient of multiple determination R2 superior 0.99, which among
other things, declares a well adjustment between the prediction model and the results
of the FDTD simulations.

Fit model
Mean of response
±95% Conidence interval

R2:0,998897

R2
adj:0,998668

RMSE:36,62985 V
Y :1171,966 V

(a) Cable inside a duct.

Fit model
Mean of response
±95% Conidence interval

R2:0,999405

R2
adj:0,999275

RMSE:234,124 V
Y :9960,996 V

(b) Cable inside a pipe.

Figure 4.3: Fit between simulated and predicted values. For a negative subsequent stroke
excitation.

The value indicated in the figures as R2
adj is an adjustment to the classical

conception of R2 [13], to the number of parameters used in the model relative to the
number of design points, in a manner that helps to compare one model to another.
This is specially useful to keep track of the quality of the fit between the different
models considered in the process depicted in figure 4.2; the effect discretization
following the FDR.
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Fit model
Mean of response
±95% Conidence interval

R2:0,994426

R2
adj:0,993151

RMSE:42,39825 V
Y :612,8592 V

(a) Cable inside a duct.

Fit model
Mean of response
±95% Conidence interval

R2:0,999692

R2
adj:0,999624

RMSE:123,4132 V
Y :7528,353 V

(b) Cable inside a pipe.

Figure 4.4: Fit between simulated and predicted values. For a negative first stroke
excitation.

Fit model
Mean of response
±95% Conidence interval

R2:0,99759

R2
adj:0,997065

RMSE:12,58896 V
Y :150,3431 V

(a) Cable inside a duct.

Fit model
Mean of response
±95% Conidence interval

R2:0,995002

R2
adj:0,993859

RMSE:287,419 V
Y :2464,132 V

(b) Cable inside a pipe.

Figure 4.5: Fit between simulated and predicted values. For a positive first stroke
excitation.

Expression (4.5) is used to compute the R2, with ei being the residual error for each
experience i, and ∑i=1

N(yi − y)2 is the total sum of squares, which is proportional to
the variance.

R2 = 1 − ∑
N
i=1 (ei)

2

∑
N
i=1 (yi − y)2 (4.5)

Expression (4.6) is used to compute the R2
adj, with p being the number of

coefficients in the model, excluding the constant term, and N the number of design
points. As expected, the values of R2

adj are always inferior or equal to R2.

R2
adj = R2 −

(
1 − R2

) p

N − p − 1
(4.6)
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The figures also include the Root Mean Square Error (RMSE) for each model,
alongside with the mean value of the response Y. At first sight, it is interesting to
note that, the mean value for a negative subsequent stroke excitation is higher than
for a negative first stroke.

This was also observed in the reference cases of the previous chapter, but now,
comparing the models and the available data, it can be suggested as a general rule
that the peak voltages of cables running inside cable duct tend to be higher when
the excitation considered is an standardized negative subsequent stroke of 50kA -
0.25/100 µs.

The same behavior is observed for a cable running inside a dielectric pipeline, but
with less notorious difference between the mean values.

In general, observing the 95 % confidence interval, and the values of the RMSE
it can be concluded that the developed metamodels predict within an acceptable
accuracy the simulation results, at the cost of a relatively large amount of coefficients.

Precisely, since the metamodels include in general more than 50 effects, it is
advisable to examine their actual influence and importance inside the model. In the
next section, this subject is going to be assessed.

4.4.3 Parameter’s relevance

The model described in the previous section has more than 50 coefficients to estimate,
and as it can be deduced from the previous chapter: there are some effects that have
more influence on the response than others, and some factors perhaps interact in a
way that cannot be expected from the previous observations. Among other reasons,
because the parameter variations were performed one parameter at the time.

To evaluate the influence of the factors and their interactions, it is going to be
assumed that the Pareto Principle applies, this is; only a set of effects influence most
of the variations in the response of a system [14]. To do that, the value of each of
the orthogonalized and standardized coefficient estimate is going to be related to the
total sum of their absolute value.

The cumulative distribution of the effects is described in the Pareto curves of
figures 4.6 and 4.7. They represent the influence percentile of a factor or interaction-
of-factors, has over the response.

The Pareto curves include all the factors and interactions of each model, within a
mark at 95 % limit, indicating that all the effects under that limit contribute with less
than 5 % of the actual model response. As it can be seen, in general around 15 effects
falls below this limit, therefore can be considered with no relevance to the response
of the model.

In theory, this criteria can help to simplify the model and eliminate insignificant
effects, nevertheless; this would increase the error of the prediction of the model. This
is a non-desirable situation to the objectives of this work, since; the simplicity of the
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model is not as important as the predictions being able to adapt well to the FDTD
simulations.

Also, the Pareto curves help to observe the most significant effects. To do that,
consider table 4.11, in which are indicated the parameters that contribute up to 60 %
of the response of all the six cases. Here three aspects can be drawn:

• The cable length is the most relevant contributing factor for all the responses,
with a starting point of 20 % of influence.

• In general; the cable length, the building side and the soil resistivity are the
leading factors of influence.

– Moreover, these parameters appear to be more influent on the response of
a cable running inside a cable duct.

– It was denoted in the previous chapter that a cable inside a duct is shielded
from external perturbations, therefore susceptible only to high variations in
the induction phenomena. As a consequence; factors affecting the rise-time
of the current in the shield will have more influence in the response of the
peak voltage.

• Factors identified in the previous chapter as influent at low frequency
excitations: amount of conductors, grounding configurations and number of
bridges, appear under lower frequencies excitations as the negative and positive
first stroke.

Finally, to close the evaluation of the metamodels, a discussion about the errors of
the predictions is going to be presented in the next section.
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(c) Positive first stroke.

Figure 4.6: Pareto diagram for parameters estimates of cables inside a duct.
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(a) Negative subsequent stroke.
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(c) Positive first stroke.

Figure 4.7: Pareto diagram for parameters estimates of cables in a dielectric pipe.
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Neg. S.S. Neg. F.S. Pos. F.S.
Factor Description Duct Pipe Duct Pipe Duct Pipe

X1 Cable length X X X X X X

X2 Building Size X X X X X

X3 Resistivity X X X X X X

X1X2
Cable length &

Building Size
X X X X X X

X1X3
Cable length &

Resistivity
X X X X X X

X2X3
Building Size &

Resistivity
X X

X7 Amount of ducts X X X X

X9
External

Grounding
X X X X X

X7X7 Amount of ducts2 X

X5X7
Shield grounding
& Amount ducts

X

X6 Amount of pipes X

X4X4 Bridges2 X

X1X9
Cable length &
Ext. grounding

X X X

X5 Shield grounding X X X

X4 Bridges X X X

Table 4.11: Factors with a cumulative influence under 60 % according to the Pareto curves.
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4.4.4 Errors of the models

When fitting a model, it is important to observe the nature of the behavior of the error.
Two quick indications of this behavior are:

• The residual errors of the model predictions should have a normal distribution
around a null value. This suggest that neither the input data or the procedure
to estimate the model coefficients, were manipulated.

• The smaller the size of the deviation of the input data (the results of the FDTD
simulations) from the predictions of the model, the better is.

Both of this characteristics can be appreciated in figures 4.8, 4.9,and 4.10, in which
the difference between the input data and the model prediction; the residual error, is
described as a dispersion for all the predicted values.

The average error deviations are depicted in table 4.12. As it can be seen, in
general the average error deviates less than 20 %. Nevertheless, figures 4.8, 4.9, and
4.10 show; that some design points give a prediction with an important deviation
from the simulated results. Excluding those few exaggerate points, the average error
estimations reduces up to 8 % (adjusted error value in 4.12), which in general is an
indication of the good quality of the models.

A special interest can be drawn from those design points that give a prediction
with a relative large deviation, particularly in the cases of a cable inside a duct. Take
for example the scenarios and outputs of those design points indicated in tables 4.13,
4.14, and 4.15, and some observations can be made:

• The big deviations occurs at low voltage predictions, mainly in cases with short
cables. From the previous chapter, we have seen that this condition favors
reduced peak voltages, and from figures 4.6 and 4.7, we see that this factor
is the most influent in the output.

• The big deviations occur for voltages inferior to 500 V, which in practical terms
does not poses a problem, since protection measures are usually taken for
higher peak voltages. In practice, there is a minimum voltage criterion in
order to determine if an equipment needs additional protection. Therefore, if
a prediction suggests a low voltage value, even within an error, in general, it
will not lead to an implementation of an additional protection measure.

• Big percentile residual deviations loss significance if the absolute value of the
peak voltage is relatively small.

Regardless of the incertitudes inherent to the models, the nature of the error
suggest that the metamodels can be used to determine the peak LIV of an IM cable in
a fast and reliable way.

In the next section, this metamodels are going to be used on a realistic test case,
and compared to results obtained following the procedure of the KTA standard.
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(a) Cable inside a duct. (b) Cable inside a pipe.

Figure 4.8: Residual error of simulated values for each prediction. For a negative
subsequent stroke excitation.

(a) Cable inside a duct. (b) Cable inside a pipe.

Figure 4.9: Residual error of simulated values for each prediction. For a negative first
stroke excitation.

(a) Cable inside a duct. (b) Cable inside a pipe.

Figure 4.10: Residual error of simulated values for each prediction. For a positive first
stroke excitation.
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Neg. S.S. Neg. F.S. Pos. F.S.
Error[%] Duct Pipe Duct Pipe Duct Pipe

Average 20.41 3.98 10.07 3.77 >100 >100

Adjusted** 7.93 — 5.89 — 10.21 10.38

Maximum 126.59 29.23 974 26.5 206 202
**

This value does not includes the points deviating more than 50 % from the original data input.

Table 4.12: Average error of the models.

Design point 8 14 24 29

Cable length [m] 10 10 23,5 10

Building Size [m] 15 55 45 55

Resistivity[ρm] 100 1000 100 100

Bridges 16 16 16 2

Grounding Shield CC CC CO CO
Amount pipes 1 4 4 4

Amount ducts 7 1 4 1

Wall Type Plate Plate Plate Plate
External Grounding Grid Ring Ring Ring

FDTD Results [V] 145,502 24,745 234,908 32,226

Model prediction [V] 69,286 -2,829 316,215 -21,215

Error Residual [V] 76,216 27,574 -81,307 53,440

Error Residual [%] 110,001 -974,759 -25,713 -251,902

Table 4.13: Design points with interesting errors for the maximum voltage of a cable inside
a duct. Type of excitation: negative subsequent stroke.

Design point 9 14 25 27 29 39

Cable length [m] 10 10 10 10 10 10

Building Size [m] 25 55 25 55 55 45

Resistivity[ρm] 100 1000 325 325 100 100

Bridges 2 16 2 2 2 16

Shield grounding CC CC CC CC CO CO
Amount pipes 1 4 7 1 4 4

Amount ducts 1 1 1 7 1 1

Wall Type Grid Plate Plate Grid Plate Grid
External Grounding Ring Ring Ring Ring Ring Grid

FDTD Results [V] 15,298 12,285 25,142 7,134 1,148 2,151

Model prediction [V] 61,725 27,853 11,096 -40,425 11,539 -27,703

Error Residual [V] -46,426 -15,569 14,046 47,559 -10,390 29,854

Error Residual [%] -75,215 -55,895 126,592 -117,648 -90,047 -107,764

Table 4.14: Design points with interesting errors for the maximum voltage of a cable inside
a duct. Type of excitation: negative first stroke.
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Design point 3 17 27 35 49

Cable length [m] 10 10 10 100 19

Building Size [m] 55 55 55 19 17

Resistivity[ρm] 730 1000 325 1000 370

Bridges 4 16 2 16 8

Grounding Shield CC CC CC CO CO
Amount pipes 7 1 1 7 1

Amount ducts 1 7 7 1 4

Wall Type Plate Grid Grid Grid Plate
External Grounding Grid Grid Ring Grid Ring

FDTD Results [V] 4,489 3,407 7,642 2,335 42,957

Model prediction [V] -2,964 -3,213 1,094 -1,459 13,115

Error Residual [V] 7,453 6,62 6,548 3,794 29,842

Error Residual [%] -251,446 -206,023 598,574 -260,037 227,541

Table 4.15: Design points with interesting errors for the maximum voltage of a cable inside
a duct. Type of excitation: positive first stroke.

4.5 Comparison with the KTA procedure

It is also of interest to compare the predictions of the meta-model, to the equivalent
response obtained following the procedure suggested by the KTA standard. To do so,
in this section the KTA procedure to estimate the peak induced voltage is going to be
applied to the 55 design points of table 4.3.

To correspond each case study to the methodology of the KTA, some
considerations not treated in the standard must be assessed:

• The building size is not an input parameter, the only KTA variable that has a
small relation to the size of the building is the current division factor, which is
susceptible to the amount of external grounding conductors. In a manner that,
in our cases:

– If a big building has an external grounding grid, it also has more conductors
intervening in the current division.

– If the building is instead connected to an external grounding ring, the
lightning current will divide only to the cable ducts around the building.

• Neighbor conductors inside a dielectric pipe does not intervene in the current
division factor, this is; the amount of conductors inside pipes, is irrelevant to
this procedure.

• The grounding connections of the shield is not relevant at any point of the
calculation.
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The peak induced voltage obtained with the KTA procedure for all the DoE design
points is shown in figure 4.11. The results are described as a function of the predicted
values of the meta-model, and are compared to the voltages obtained with the Finite
Differences Time Domain (FDTD) simulations. Only the meta-model corresponding
to cables inside metallic ducts, excited by a negative subsequent stroke is evaluated.
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Figure 4.11: Peak induced voltages for all the scenarios in 4.3. For a cable inside a duct,
and an excitation of a negative subsequent stroke.

As it can be seen, the KTA procedure, maintains a relative lower value than the
FDTD simulations, and by extension, than the meta-model predictions. Only a few
voltages are above 1 kV, and are observed for cases complying these two conditions:

• Only one cable duct is present, therefore, the fraction of the lightning current
that it is supposed to divide to several conductors, propagates entirely through
the cable duct.

• The amount of bridges of the expansion joints is 2. Which introduces the highest
contribution to the fictive distance, increasing the coupling impedance.

As it can be seen, at least for all the 55 test cases, the KTA procedure results are
not in agreement with the FDTD simulations. This is though mainly because of the
difference in the consideration of the input parameters for each method, that does not
make them entirely equivalent for the set of study cases.

As it is proposed, the meta-model is based on more concrete configuration
parameters, which offers more flexibility assessing the induced voltages, in a
coherent and logical manner. It is an alternative to the procedure suggested by the
KTA standard, validated, accurate and computationally efficient and allows for the
prediction for the peak LIV:

• For a wide range of variation for building sizes, cable lengths and soil
resistivities.
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• With the shield of the cable opened or grounded.

• When the cable running inside a cable duct or a dielectric pipeline.

• With simple external grounding systems, or gridded.

• For several conductors distributed uniformly around the building.

• For cable ducts including practical amounts of expansion joints bridges.

These conditions have the potential to emulate a wide variety of cases.
Nonetheless, the methodology here proposed can always be extended to a more
complex set of input parameters, with more constraints between them, such as:

• The inclusion of a parameter that regulates the cable distribution around the
building

• A restriction imposing individual characteristics of cables, such as the length
and the shield connection.

• An extended model of building geometry, allowing for the adjustment of the
three dimensions of the building.

• An inclusion of metallic structures running nearby the cables of interest.

In addition; also the response variables can be modified, not to account only for the
peak voltages, but to extract other interesting variables from the transient response,
such as the energy at the terminal load, the maximum steepness of the voltage, the
rise and tail times. In this extended case, the output variables could be correlated and
be useful to extract more information about the behavior of the transients.

In general it has been shown that an expression to model a complex phenomena
is a powerful, and at the same time simple alternative, to perform a computation
heavily demanding in resources. Helping not only to emulate the desired response in
an accurate way, but to understand the behavior, interactions and influence between
the parameters characterizing the whole phenomenon.

4.6 Conclusions

• The Design of experiments technique (DoE) was used to generate an optimal set
of scenarios for FDTD simulations of lightning induced voltages on IM cables of
Power Generation Centers.

– Optimal DoE techniques are required to consider the parameter variations
of complex electromagnetic phenomena depending of several parameters
of diverse nature.
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– If the objective is to emulate the response of an FDTD simulation with more
precise tunning of the parameters, an I-optimal DoE shall be used.

– Otherwise, if the objective is to determine the influence of the input
parameters on the global response of the problem, D-optimal DoE shall
be used.

• The DoE technique is useful to confirm observations about the nature of the
phenomenon identified in the previous chapter. Particularly regarding the
influence of the parameters:

– The parameters that influence the most the peak LIV are the cable length,
the building size and the soil resistivity, regardless of the frequency content
of the excitation

– Some parameters affect only slow excitations as the positive first stroke:
the external grounding, the connections of the shield and the amount of
bridges.

• Six meta-models to compute the peak transient LIV on IM in a fast an efficient
way were developed

– In order to make the meta-models useful, they allow one to use a wide set
of input parameters within a practical range of variation.

– One meta-model for each different type of cable canalization: duct or
dielectric pipe, and type of lightning channel base current was developed:
negative subsequent stroke, and negative and positive first stroke.

• The response of problem of LIV on IM cables of PGC can be accurately modeled
with 2nd polynomial expression that considers parameters interactions.

– The prediction errors of the developed meta-models are in average less than
10 % of the expected values of the FDTD simulation.

– The biggest deviation between the prediction and the FDTD simulations
occurs at lower values of expected voltages.

– The above is tolerable, since a minimal voltage criterion is used as a general
rule to evaluate the protection at the terminations of a IM cable.

• The KTA procedure was tested against the 55 scenarios used to generate the
meta-models.

– The maximum voltage was compare for the KTA procedure, the FDTD
method, and the meta-models predictions.
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– The results differ in a significant manner, this is though to be because the
premises for the KTA procedure are not entirely adapted to the simulation
scenarios. This is, the input parameters for both methodologies are not
considered equivalently.

• The newly developed metamodels are meant to be an alternative, accurate and
efficient tool to compute the peak induced voltages in IM cables, within its
own limitations, and assumptions, but always expandable to better model the
complex phenomenon of interest.
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Chapter 5

Conclusions and perspectives

5.1 Conclusions

Lightning surges over Instrumentation & Measurement (IM) cables of a Power
Generation Center, are a complex phenomena often approached with full wave
electromagnetic numerical methods. In this work the FDTD algorithm has been used
taking advantage of a fast and accurate method to model wire structures, and of a
parallel computing numerical solution.

With this strategy, with a combination of bare, isolated, and coaxial conductors,
a wide diversity of actual industrial structures with realistic dimensions can be
modeled: The building steel grid of the concrete walls, the cable duct and dielectric
pipe canalizations, the buried copper grounding grid, and the coaxial IM cable.

A validation for each one of components of a complex industrial center
was performed. Multiple sets of study cases were taken from acknowledged
references, and equivalent ElectroMagnetic (EM) models were implemented and
tested. It was confirmed an agreement between previously reported results and the
implementations of this work, this justified the integration of all the models into a full
case scenario of a lightning surges propagating through the industrial site.

A general realistic case, integrating all the validated components was also
compared and validated against another numerical method, the Method of Moments
(MoM). Showing good agreement on the frequency response of the current along the
cable shield.

The problem of lightning surges in IM cables is known as being complex because
of the multiple dimensions of structures implicated, the couplings between them, and
the wide variety of parameters that simultaneously affect the propagations of currents.
Here, those parameters were discretized and studied separately.

It was observed that for fast excitations, the most influential parameters were
associated to distance dimensions: building size and cable lengths, alongside with the
soil resistivity. Meanwhile for slower excitations, parameters relative to connections
and geometries where in addition influential: grounding system configuration, cable
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shield connection, and cable duct expansion joints.
For a complex EM problem, performing a sensitive analysis can be a heavy task

to organize, specially considering the amount of parameters involved in the response,
alongside with all their different natures: cable lengths and soil resistivity are
continuous variables, while shield connections and grounding systems are nominal
variables.

The technique of Design of Experiments (DoE) was used with two objectives: to
completely understand and finely control the parameters influences and interactions
in the peak induced voltage. As well as, to develop metamodels that are easy to
implement, and correlated all the input parameters with the desired response of the
system.

One meta-model was developed for each different type of lightning surge
excitation: negative subsequent stroke, negative first stroke, and positive firs stroke.
Considering that the cables might be inside metallic ducts or dielectric pipes.
Totalizing six meta-models able to perform an evaluation of the peak induced voltage
of a IM cable leaving a building hit by lightning.

The meta-models predict accurately the results expected from the FDTD
simulations, within an average error inferior to 10 %. It was found that the biggest
estimation errors were obtained for expected results of low peak voltages, this can be
tolerable, considering that for small peak voltages, in reality, no additional protection
measured is required.

The KTA procedure was applied to the 55 study cases used to construct the meta-
models, the results of both methodologies were compared, resulting in an important
difference. It was observed that variables that severely affect the peak voltage such as
the building size, or the conductor length, used to construct the simulation scenarios,
are not considered in an equivalent manner in the standard procedure.

The metamodels represent a validated, accurate and computationally efficient way
to predict the response of complex electromagnetic problems. They are a tool at the
service of the lightning protection engineers that are adapted to a wide variety of real
case scenarios.

5.2 Perspectives

The implementations of the meta-models could be extended if some input parameters
are re-restructured:

• The lightning current source is treated through the inclusion of two new input
parameters: The front time constant, and the semi-amplitude time constant.
Leaving the peak as the unity, and assuming a response linearly dependent and
proportional.
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• The building size is decomposed into its three dimensions, to adapt with more
versatility to a real case scenario.

• Some parameters that evaluate the cable ducts distribution around the building
shall be evaluated.

• Discretization between conductor parameters shall be made regarding each
individual case: the length, the shielding connections, and the distance between
expansion joints. Similar to the case of the case of the type of canalizations used
in this work. These restrictions might compromise the implementation of the
DoE technique.

• Instead of using a qualitative variable to describe the EM model of the building
wall, a continuous variable based on the surface impedance can be used instead.
This implies further validation of the model, but the works of [1] present a valid
starting point.

In an equivalent manner, the outputs of the meta-models could be also extended,
an even more correlated, in order to consider a bigger dimension of the transient
phenomena. Parameters such as energy at the terminal load, maximum voltage
steepness, rise time and semi-amplitude time could be considered simultaneously.

Nevertheless, this demands among other things more experiences to perform,
more simulation time, and specially, a technique to uniformly evaluate all the different
transient behaviors. Since the faster the excitations are, the more oscillatory is
the response, which makes difficult the determination of the output parameters,
especially the rise and semi-amplitude time.

Also, the objective function of the meta-model can be re-structured, instead of
predicting the the response of the FDTD simulations, it can aim for maximizing the
response, in a manner that, all the FDTD simulation results be inferior to the meta-
model predictions.

References

[1] E. Bachelier et al. “Protection against lightning of reinforced concrete
buildings”. In: Lightning Protection (ICLP), 2014 International Conference o. Oct.
2014, pp. 735–740. doi: ✶✵✳✶✶✵✾✴■❈▲P✳✷✵✶✹✳✻✾✼✸✷✷✵.

199





Communications

The following is the list of related articles presented and published during the
realization of this work:

• Accepted for publication - 2016. Lightning Transient Voltages in Cables of a Large

Industrial site using a FDTD Thin Wire Model. Luis Diaz, Céline Miry, Philippe
Baraton, Christophe Guiffaut and Alain Reineix. Electric Power Systems
Research Journal.

• July 2016. Assessment Of The Potential Rise Of A Thin Wire In The Fdtd Modelled

With The Formalism Of Holland. L. Diaz, C. Miry, P. Baraton, C. Guiffaut,
A. Reineix.18th International Symposium on ElectroMagnetic Compatibility.
Rennes. France.

• March 2016. Emulation of an expensive FDTD Code with Mixed Quantitative and

Qualitative Factors for Analysis of Lightning-Induced Transient Responses. Tarek
Bdour, Luis Diaz, Christophe Guiffaut, Alain Reineix, Céline Miry, and Philippe
Baraton. IEEE Transactions On Electromagnetic Compatibility

• September 2015. Calculation of Lightning Transient Voltages in Cables considering a

Large Industrial site using a FDTD Thin Wire Model. Diaz, L., Miry, C., Guiffaut,
C., Ticaud, N. and Reineix, A. International Symposium on Lightning Protection
(XIII SIPDA). Brazil.

• August 2015. FDTD transient analysis of grounding grids. A comparison of two

different thin wire models. Diaz, L., Miry, C., Guiffaut, C., and Reineix, A., and
Tatematsu, A. IEEE International Symposium on EMC.

201



Lightning Induced Voltages in Cables of Power Production Centers

Abstract: When lightning strikes a building in a Power Generation Center, dangerous
currents propagates through all the components connected to the building structure: The
walls, the grounding grid, and the cables leaving the building. It is the interest of
this work to study the transient voltages at the terminations of these cables external to
the building. Particularly, the Instrumentation and Measure (IM) cables, since they are
connected to electronic equipment susceptible of damage or malfunctioning due to lightning
ElectroMagnetic perturbations. A full wave approach based on the numerical solution of
Maxwell’s equations through the FDTD algorithm is adopted. Notably, the formalism of
Holland and Simpson is used to model all the structures composed of thin wires: the building
steel structure, the grounding copper grid, the concrete cable ducts and the coaxial IM cables.
A validation of the model developed for each component is presented. A sensitivity analysis
is performed in order to the determine the main parameters that configure the problem. Also,
the Design of Experiments (DoE) technique is used to generate a meta-model that predicts the
peak induced voltages in the cable terminations, as a function of the main parameters that
configure the industrial site. This represents an accurate, and computationally efficient tool to
assess lightning performance of IM cables.

Keywords: Lightning induced voltages, cables, power generation centers, FDTD, thin wire,
design of experiments, meta-models.

Tensions induites par la foudre en câbles des Centres de Génération d’Énergie.

Résumé:

Lorsqu’un bâtiment d’un centre de production d’électricité est frappé par la foudre, il
se produit une dangereuse circulation de courants dans tous les composants connectés au
bâtiment: les murs, le réseau de terre, et les câbles sortant du bâtiment. L’intérêt du présent
travail est d’étudier les tensions transitoires aux extrémités de ces câbles, en particulier des
câbles contrôle mesure, dans la mesure où ces câbles sont connectés à des équipements
électroniques susceptibles d’être endommagés par des perturbations électromagnétiques
engendrées par la foudre. Une approche basée sur la résolution numérique des équations
de Maxwell via une méthode FDTD est adoptée. Notamment le formalisme de Holland
et Simpson est utilisé pour modéliser toutes les structures constituées d’un réseau de fils
minces: l’armature métallique du bâtiment, la grille en cuivre du réseau de terre, la galerie de
béton et le câble coaxial de contrôle mesure. Une validation des modèles électromagnétiques
développés pour chaque composant du site industriel est présentée. Une analyse de sensibilité
est conduite pour déterminer l’influence des paramètres du système. En outre, la technique
des plans d’expérience est utilisée pour générer un méta-modèle qui prédit la tension
maximale induite aux extrémités du câble en fonction des paramètres les plus influents.
Cela représentent un outil de calcul précis et computationnellement efficace pour évaluer
la performance foudre des câbles de contrôle et de mesure.

Mots clés: Tensions induites, foudre, centre de production d’électricité, FDTD, fil mince,
plans d’expérience, meta-models.


