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Abstract

Abstract of thesis entitled:  Lightning-induced Impulse Magnetic Fields in High-

rise Buildings
Submitted by . ZHOU QiBin
For the degree of :  Doctor of Philosophy

at The Hong Kong Polytechnic University in February, 2007.

With the development of lightning protection system (LPS) installed in high-rise
buildings, the probability of breakage on building due to lightning strokes has
decreased to a very low level. However, the application of LPS imports another
hazard to the electronic sensitive equipment in the high-rise buildings, i.e. lightning-
induced impulse magnetic field (LIMF). This is because the working principle of a
LPS is to attract lightning at their air terminals. An extremely large lightning current
will flow through the downconductors of LPS into the earth. This current will
generate an intense transient magnetic field around the downconductors inside the
building. This transient magnetic field will bring serious electromagnetic interference
to sensitive equipment inside the buildings, such as the malfunction or even
destruction of sensitive electronic equipment, the over-voltage inside power and
communication cables, the pace voltage and touching voltage to threaten human lives
and so on. With the increasing application of electronic equipment and network in
high-rise buildings in the past decade, such as computers network and
telecommunication equipment, the hazard of LIMF becomes an important problem
and proper measures should be taken to protect those properties and occupants

against it.



Before seeking proper measures for the protection against LEMI, the lightning-
induced electromagnetic environment (LIEE) inside buildings should be studied in
advance. The previous studies on the LIEE inside the buildings protected by LPS
focused on the conventional LPS which uses the internal metal structure of buildings
as downconductors. Recently, the early emission streamer (ESE) LPS which uses
isolated downconductors (e.g. coaxial cables) instead of the building structure is
widely applied in modern high-rise buildings. Unlike the conventional LPS, large
lightning currents are introduced into the buildings directly by the isolated
downconductors. Then harsher LIEE will be induced around the buildings and
greater threat will be imposed on properties and occupants. The issue of LIMF inside
the building protected by the ESE LPS has been little addressed. In the previous
studies, the building metal structures made of reinforcing bars were considered as a
wire-grid structure. Recently, metal plates, e.g. metal decking, are widely adopted in
the construction of high-rise buildings. The issues of modeling the building structure
with metal plates and characterization of LIMF around the structure have been little

addressed.

In this thesis, the equivalent circuit (EC) modeling approach for a high-rise building
installed with the ESE LPS is proposed. The corresponding solution procedure in the
time domain is developed by using Electromagnetic Transient Program (EMTP).
With the modeling approach and corresponding solution procedure, LIMF inside a
typical building in Hong Kong was evaluated and characterized. Furthermore,
empirical formulas for evaluating the shielding effect of a gridlike building structure
with an isolated downconductor were derived by the curve fitting technique. With
these formulas, the shielding effect against the structure dimension, the grid width

and the distance between downconductor and structure, could be evaluated quickly.



For metal plates, a partial element equivalent circuit (PEEC) modeling approach was
proposed and the corresponding solution procedure in the frequency domain was
developed in this thesis. The PEEC modeling approach of metal plates was integrated
with the EC modeling approach for the wire-grid structure. A novel modeling
technique, named as the hybrid analytical-numerical equivalent circuit (HANEC)
modeling technique, was proposed. With the HANCE modeling technique, LIMF
inside a scaled wire-plate structure were characterized. In order to validate the
proposed EC modeling approach, the PEEC modeling approach and the HANEC
modeling technique, a series of experiments conducted in laboratories were presented

in this thesis.

From the characterization results of a typical building in Hong Kong, it is found that
LIMF around the isolated downconductor is significantly high and the metal building
structure can attenuate LIMF obviously. Some recommendations on the installation
of a LPS and the placement of electrical and electronic equipment are provided and
some measures to protect the sensitive systems and equipment in critical areas are
also proposed. From the characterization results of a scaled wire-plate structure, it is
found the building structure with metal plates has much better shielding effect than
that without metal plates. From the validation experiments, it is found that the

measured results agreed with the simulation results quite well.

With the proposed modeling approach and the corresponding solution procedure in
this thesis, researchers can study LIMF as well as related issues in high-rise buildings,
such as protection measures of critical equipment, induced-voltage in power and
telecommunication cables. With the characterization results and empirical formulas,
practicing engineers can assess the threat of LIMF to critical equipment in a high-rise

building. So proper measures can be taken to protect the critical equipment, e.g.

iv



placing critical equipment in safety areas and enclose critical equipment with proper
shielding. Furthermore, under the guide of the work in this thesis, the architecture

designer can optimize the design of a building structure to minimize LIMF radically.
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Chapter 1

Introduction

1.1 Background

High-rise buildings are gradually becoming a land mark of modern metropolises like
Hong Kong. Because of the increasing cost of lands in modern metropolises, a large
number of people live and work in high-rise buildings. The safety of occupants and
equipment should be guaranteed under various dangerous situations. The lightning
strokes to a high-rise building are a serious hazard, which not only damage the

building itself, but also threaten the safety of occupants and equipment inside.

Since Franklin invented the lightning conductors in the 19™ century, the damage of
lightning strokes to buildings has been reduced significantly. With the development
of lightning protection system (LPS) installed in high-rise buildings, the probability
of breakage on building due to lightning strokes has decreased to a very low level.
However, the application of LPS imports another hazard to the electronic sensitive
equipment in the high-rise buildings, i.e. lightning-induced impulse magnetic field
(LIMF). This is because the working principle of LPS is to attract lightning at their
air terminals. An extremely large lightning current will flow through the
downconductors of LPS into the earth. This current will generate an intense transient
magnetic field around the downconductors inside the building. This transient
magnetic field will bring serious electromagnetic interference to sensitive equipment
inside the buildings, such as the malfunction or even destruction of sensitive
electronic equipment, the over-voltage inside power and communication cables, the

pace voltage and touching voltage to threaten human lives and so on. This kind of



hazard from a lightning stroke has been ignored by public for a long time. With the
increasing application of electronic equipment and network inside high-rise buildings
in the past decade, such as computers network and telecommunication equipment,
the hazard of LIMF becomes an important problem for construction engineers and

stimulates the research interest of researchers.

1.2 Significance of this Thesis

To study protection concepts and provide mitigation methods against lightning
electromagnetic interference (LEMI) in high-rise buildings, LIMF inside buildings

should be investigated in advance.

The study of LIMF in buildings has been conducted for many years. The studies in
the past years mainly focused on the building with the conventional LPS, which used
the internal metal building structure as its downconductors. In modern high-rise
buildings a new type of LPS, namely early streamer emission (ESE) LPS, is widely
found. Unlike the conventional LPS, it uses isolated downconductors (e.g. coaxial
cables) instead of the building structure to lead the lightning current into the earth.
Unlike the conventional LPS, large lightning currents are introduced into the
buildings directly by the isolated downconductors. Then harsher lightning-induced
electromagnetic environment (LIEE) will be induced around the buildings and
greater threat will be imposed on inside properties and occupants. The study on

LIMF inside the building protected by the ESE LPS has been little addressed before.

In this thesis, a modeling approach with the corresponding solution procedure is
provided for evaluating the current distribution and magnetic fields in the building
with the ESE LPS. From the characterization of LIMF in a typical building,

recommendations are provided for practical engineers for the protection of sensitive
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equipment against LEMI. The empirical formulas for evaluating the shielding effect
of a wire-grid structure against LIMF are also derived in this thesis, which can help

practicing engineers to access the threat of LIMF to sensitive equipment efficiently.

In the previous studies, the internal building structure was considered as a wire-grid
structure made from reinforcing concrete (RC) bars inside such components as
columns, beams, walls and so on. With the development of the construction
technology in modern high-rise buildings, large metal plates, e.g. metal decking, are
widely applied. The modeling approaches, the solution procedure and the
characterization results in those studies are not applicable for a building with a wire-
plate structure any more. The study on LIMF in such buildings has been little
addressed until present. In this thesis, a modeling approach with the corresponding
solution procedure is developed for the metal plates in buildings. Based on this
modeling approach, a special modeling technique is proposed for a wire-plate
structure under a direct lightning stroke. From the characterization of LIMF inside a
scaled wire-plate structure, recommends for protection of sensitive equipment are

provided.

1.3 Objectives and Outcomes of this Thesis

Although the studies on lightning-induced electromagnetic environments in buildings
have been conducted for years, those studies are not available for modern high-rise
buildings due to the introduction of new LPS, e.g. the ESE LPS, and the introduction
of metal plates, e.g. decking, in modern buildings. In order to seek proper and
reliable protection for sensitive equipment against lightning electromagnetic
interference in modern buildings, a study on LIEE in high-rise buildings is conducted

in this thesis. The objectives of this thesis are identified, as follows:



e To propose a modeling approach for the wire-grid structure of a building with the
ESE LPS, and develop the corresponding solution procedure for evaluating the

current distribution as well as the magnetic fields.

e To characterize LIMF inside a typical building in Hong Kong.

e To provide empirical formulas for evaluating the shielding effect of a wire-grid

building structure.

e To propose a modeling approach for a building structure with large metal plates,
and develop the corresponding solution procedure for evaluating the current

distribution as well as the magnetic fields.

e To characterize LIMF in a scaled model of the building structure with metal

plates.

e To validate the proposed modeling approach by experiments in laboratories.

To propose a modeling approach for the wire-grid structure of a building with the
ESE LPS is the first objective of this thesis. Although the equivalent circuit approach
proposed in literatures is applicable for modeling the building structure, the model of
the high voltage coaxial cable which is used as the isolated downconductor in the
ESE LPS is built and integrated with the model of building structure. In order to
increase the solution efficiency, a solution procedure in the time domain is required

to be developed.

In order to provide recommendations for practicing engineers to protect sensitive
electronic equipment against LIMF, characterization of LIMF distribution inside a

reinforcing steel building installed with different types of LPS is conducted in this



thesis. The empirical formulas for evaluating the shielding effect of a wire-grid

structure against LIMF are derived in this thesis.

In order to study LIMF in buildings with large metal plates, a modeling approach for
metal plates is developed in this thesis. This modeling approach can be integrated
with the modeling approach of RC bars to study LIMF in the building. For a direct

lightning stroke at the wire-plate structure, a special modeling technique is provided.

The proposed modeling approaches of the wire-grid structure and the wire-plate
structure are validated experimentally in the laboratories. Four validation

experiments are introduced in this thesis.

1.4 Outlines of this Thesis

Chapter 1 introduces the background of the research conducted in this thesis, and

presents the objectives of this thesis.

Chapter 2 describes briefly the metal structures in modern buildings, and lightning
protection systems installed in the local buildings. The hazard of lightning
electromagnetic interference is addressed. A critical review on the approaches for
modeling building structures in literature is provided. The results in the prevalil
studies on modeling high-voltage coaxial cables, metal plates as well as on modeling

lightning stroke are addressed.

Chapter 3 addresses the approaches for modeling a wire-grid building structure and
the high voltage coaxial cable used as an isolated downconductor in the ESE LPS.
Then a solution procedure in the time domain is developed by adopting

Electromagnetic Transient Program (EMTP) with some modifications.



Chapter 4 addresses a characterization of LIMF in a reinforcing concrete building in
Hong Kong. The results in the building with the convention LPS and the ESE LPS
are compared. Recommendations are provided for practical engaging for the

protection of sensitive equipment against LEMI.

Chapter 5 presents a preliminary study on the relationships between the parameters
of the metal structure and the shielding effect of the wire-grid structure in a building.
Using the curve fitting technique and the induction procedure, a series of empirical

formulas for evaluating the shielding effect are provided.

Chapter 6 describes an approach for modeling non-ferromagnetic plates as part of the
building structure. A method for generating hybrid and orthogonal cells in the plates
is proposed. A double exponential function is adopted to approximate the current
distribution inside the plates. Finally the corresponding solution procedure is

introduced.

Chapter 7 starts with the discussion on the integration of the modeling approaches of
plates and RC bars for addressing LIMF in a building structure with metal plates.
According to the observations from the preliminary study on the structure under a
direct lightning stroke, a special modeling technique, named as the hybrid analytical-
numerical equivalent circuit (HANEC) technigue, is developed from the integrated

modeling approach.

Chapter 8 addresses the characterization of LIMF inside a scaled building with the
wire-plate structure using the HANEC modeling technique. The configuration of the
wire-plate structure is introduced firstly. The magnetic field in the wire-plate

structure is evaluated and compared with that from an independent downconductor.



The shielding effect of the wire-plate structure is revealed. Finally, the shielding

effect of the wire-plate structure is compared with that of a wire-grid structure.

Chapter 9 presents a series of experiments for validating the proposed modeling
approaches developed in this thesis. The equipment and measurement apparatuses
which are used in these experiments are introduced firstly. The experiments for
validating the modeling approaches of wire-grid structures, independent plates and

wire-plate structures are described, respectively.

Chapter 10 summarizes the conclusions of the research works in this thesis and

outlines the works to be carried out in the future.



Chapter 2

Review

2.1 High-rise Buildings and Lightning Protection Systems in Hong Kong

High-rise buildings are the landmark of Hong Kong, one of the biggest metropolises
in the world. The International Finance Center Il in the Center District of Hong Kong
Island is the 6" tallest building in the world. The Center Plaza also located in the
Center District is the tallest reinforcing concrete buildings in the world. These high-
rise buildings are a natural response to fast-growing population, scarcity of land and
high land costs in the metropolis as Hong Kong. With the advance of construction
technology in building construction, two types of building structures are developed
and widely applied. One is the reinforced concrete structure and the other is the steel

skeleton structure [Wolfgang, 1995].

2.1.1 Meal Structures in High-rise Buildings

The metal structure is the skeleton of a modern building. It is used to enhance the
mechanical strength of building components or directly support the load of the
building itself and the other objects inside it, e.g. people and occupants. But it also
plays an important role in the protection against lightning. The following is the brief

review of the metal structure in buildings.
2.1.1.1 The Reinforced Concrete Structure

The reinforced concrete structure was originally applied to low buildings and was
treated merely as a substitute for steel. In the later 20™ century, this type structure

was also widely developed in high-rise buildings. This type of building structure



contains columns, beams, floors, load-bearing walls and precast slabs. Some of them

are presented in the following photos which were taken by the author of this thesis.

Figure 2.1 Column structure

Figure 2.1 shows the metal structure of a column which is made from a vertical
bundle of reinforcing concrete (RC) bars. The steels bars are bonded to a rectangle

steel coil at a fixed vertical interval.

Figure 2.2 Beam structure

Figure 2.2 illustrates the metal structure of beams, which is also made from a
horizontal bundle of RC bars. These RC bars are also bonded with a rectangle coil at

a fixed horizontal interval.



Figure 2.3 Floor structure

Figure 2.3 shows the metal structure at a floor. This structure looks like a horizontal

mesh made of orthogonal RC bars. At each crossing position, two orthogonal RC

bars are bonded with thin iron wires.

-

TITr

Figure 2.4 Wall structure

In reinforcing concrete buildings, there are load-bearing walls which carry the load
of beams and floors. Figure 2.4 shows the metal structure at a load-bearing wall. It

looks like a vertical mesh made of orthogonal RC bars, which will be bonded by thin

iron wire at the crossing position.
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Figure 2.5 Precast slab

In addition to above components, the precast slabs shows in Figure 2.5 are widely
applied in buildings to enhance the construction efficiency. In these precast slabs, RC

bars are buried inside slabs to enhance the mechanical strength.

Figure 2.6 Center Plaza with reinforced concrete structure

So in reinforcing concrete buildings, it is known that RC bars play an important role
in constructing the building component to increase their mechanical strength. As
mentioned above, the 374m-high, 78-story Central Plaza in Hong Kong Island, as

Figure 2.6 shows, is one of the examples with reinforced concrete building structure.
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2.1.1.2 The Steel Skeleton Structure

The steel skeleton structure is adopted in most of high-rise buildings in Hong Kong.
With this structure, the skeleton carries most of the weight of the building, and the
wall only serve to keep out the heat, cold, wind and rain. Then walls can be made

thin, and can be made of quite light materials.

The main metalwork in this type of structure mainly includes steel columns, beams
and girders, which are presented in the following photos which were taken by

Raymond [Raymond, 1998 and Raymond, 2003].

Figure 2.7 Steel column

Figure 2.7 shows a vertical column in the steel skeleton structure of a high-rise
building. It is observed that the steel columns are large in size because they bear the

most load of the high-rise building.
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Figure 2.8 Steel beams

Figure 2.8 shows the horizontal beams in the steel skeleton structure of a high-rise
building. The H-shape beams are connected with steel columns steel and bear the

load coming from the above floors.

Figure 2.9 Steel girders

Figure 2.9 illustrates steel girders of the steel skeleton structure of a high-rise
building. The girders are used to support the load of upper floors together with the

main columns.
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Figure 2.10 Decking

In recently year, large metal plates are increasingly applied in high-rising building
for construction, such as decking shown in Figure 2.10. The decking is supported on

beams and used for constructing concrete floors.

Figure 2.11 IFC |1 with steel skeleton structure

It is noted that all the steel components in this type of building structure are
interconnected with each other and form a gridlike metal structure or a grid plus plate

metal structure if decking is applied. As mentioned early, the International Finance
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Center Il which is 420m high with 88 stories, as Figure 2.11 shows, is a typical

example of this type of metal structure applied in Hong Kong.

2.1.2 Lightning Protection in High-rise Buildings

Since Hong Kong is located in an area with frequent lightning activities, lightning is
considered as a significant threat to the high-rise buildings in Hong Kong. So
lightning protection system (LPS) is required to be installed in the high-rise buildings
to protect the human lives and properties in the buildings, It should be mentioned that
that LPS can prevent physical damage by direct lightning strokes, it may not be
effective in protection against the damage arisen by lightning-induced impulse

magnetic field (LIMF).

The LPS in Hong Kong can be divided into two categories according to the design
principles: one is the conventional LPS based on BS 6651 [BS 6651, 1999] and the
other is the early streamer emission (ESE) LPS based on NFC 17-102 [French

Standard NFC 17-102, 1995].

2.1.2.1 Conventional LPS

The conventional LPS is mainly adopted in government buildings due to its
advantage of low cost, reliable and low earth resistance solution. The main
components of the conventional LPS include the air termination, the downconductors

and the earth termination.

Figure 2.12 shows the air termination. It is installed on the roof of a high-rise
building, and is used to intercept lightning and deliver the lightning energy via

dedicated conductors down to the earth. An air termination network, which may be
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formed by a number of interconnected horizontal and vertical conductors, is

normally installed on the roof surface of a building.

\

Figure 2.12 Air terminations of conventional LPS

Downconductors are for providing a low-impedance path from the air termination to
the earth termination. With these downconductors, a lightning current can be safely
delivered to the earth. In the engineering practice, the internal metal structure of a
building is usually adopted as the downconductors for saving the construction cost
and simplifying the installation work of LPS. For the reinforcing concrete buildings,
the RC bars inside the building components are interconnected. For a column
through stories, one RC bar inside the bundle of a column section at different stories
is firmly connected by welding. The other RC bars may be bonded with this
dedicated RC bar by thin iron wires. The same measures are applied to the RC bars
in beams. The orthogonal RC bars in columns and beamed are again connected by
welding. As to the RC bars in wall and floors, they are bonded with the columns and
beams with thin iron wires. Since bonding with iron wires has much larger resistance
than melting, most lightning current will follow through the building structure. Then

the building structure used as downconductors can be simplified as a structure only
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containing the dedicated RC bars in columns and beams. In the building with steel
skeleton structure, the interconnected metalwork by melting and riveting can be used
as downconductors directly, providing they are appropriately connected to the air and

earth termination with good electrical conductivity.

Earth termination allows the lightning surge energy to be dissipated into the general
mass of earth. In most cases, the termination is formed by a network, which is made
of a number of interconnected earth electrodes shown in Figure 2.13. One earth
electrode should be connected to each downconductor. The earth termination
network should have a combined resistance to earth not exceeding 10 ohms with

taking into account any bonding to other services.

W
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Figure 2.13 Earthing electrode of the conventional LPS

2.1.2.2 Early Streamer Emission LPS

In recent years, the ESE lightning protection system has been installed extensively in
commercial buildings and other private sectors. According to the survey, almost 90%
of private buildings in Hong Kong are equipped with the ESE LPS due to its low cost

and easy installation.
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Although the design of the ESE LPS varies from one brand name to another, the
operating principles are more or less the same. The ESE LPS is characterized by their
triggering advance, which is realized by using a special air termination shown in
Figure 2.14. This type of air terminations can emit streamers before a lightning
stroke happens and attract the stepped streamed from thundercloud to trigger a
lightning stroke. As stated in the NFC 17-102 [French Standard NF C 17-102, 1995],
the rod and the air termination tip should have a conductive cross-sectional area

larger than 120mm? and be at least 2m higher than the objects to be protected.

Figure 2.14 Air termination of the ESE LPS

The lightning conductor should be connected to the earth termination by at least one
isolated downconductor such as high voltage coaxial cables and tri-axial cables
shown in Figure 2.15. Two or more downconductors are required when the protected
structure is higher than 28m or the horizontal projection of the conductor is large
than its vertical projection. The downconductors are preferably installed outside the

structure and their path should be as direct as possible.
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Figure 2.15 High voltage coaxial cable used as a downconductor

One earth termination should be provided for each downconductor as Figure 2.16
shows. The resistance value of each earth termination should be 10 ohms or less. To
minimize the back-electromotive force during the lightning discharge, single
excessively long horizontal or vertical components should be avoided. Otherwise, the
conductors of the earth termination should always be directed outward from the

building.

Figure 2.16 Earth termination of the ESE LPS
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2.2 Lightning Electromagnetic Interference in High-rise Buildings

The direct damage of lightning stroke to buildings is well known to people as a
common sense. It can not only break the bodies of buildings, but also trigger a fire
hazard to threaten the people and properties inside the buildings. With the protection
of LPS, the direct damage of lightning stroke can be mostly avoided. But at the same
time, LPS also leads in another kind of threat or even damage to the properties in

buildings, which often lacks attention.

It has been mentioned in Section 1.2 that LPS is not to eliminate a lightning stroke
but to attract a lightning stroke at its air terminals. So a large impulse current will
flow from the thundercloud to LPS through the lightning channel in the space during
a lightning stroke happens. Then this large current will be led into the earth through
the downconductors of LPS. According to Faraday’s Law, the large impulse current
will generate intense impulse magnetic field and bring the lightning electromagnetic

interference (LEMI) to sensitive equipment in buildings.

Large-area networks of computers and control systems are located in business and
industry buildings. Electric apparatuses, such as the second-side equipment in power
system, precise instruments, and family appliances, are widely distributed inside
modern high-rise buildings. In the networks and apparatuses, large numbers of
electronic components are applied. Since the electronic components generally have
very weak signal levels, they are sensitive to LEMI and may be damaged in harsh
electromagnetic environment as Figure 2.17 shows. Another study has also revealed
that when the impulse magnetic field exceeded 2.9mT, the keyboard and the mouse

port were damaged permanently [Shi et.al., 2003].
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Figure 2.17 Damage of electronic component due to LEMI

In addition, the harsh LEMI can not only induce over-voltages in power cables which
will endanger the cable insulation, but also induce abnormal signals in
telecommunication cables which will disturb the normal operation of communication
and even damage the equipment. What’s more, the injected lightning current may
generate a significant voltage between any two positions of feet or between the

positions of hand and foot of a person. This voltage is a threat to personal safety.
2.3 Modeling Approach for Buildings Installed with the Conventiaonal LPS

The lightning electromagnetic field is a threat to sensitive equipment in high-rise
buildings. It has been addressed for decades for the purpose of protection of sensitive
equipment in buildings. In those studies, modeling buildings under a lightning stroke
is the most critical issue. Almost all of the studies in literatures focused on the
buildings with the reinforcing concrete structure. This building structure which was
used as the downconductors was converted into a scaled and simple wire-grid model.
Based on this wire-grid model, different numerical modeling approaches were
proposed for evaluation and characterization of lightning-induced electromagnetic

field inside the buildings.
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The study of LIEE started in 1975 when Uman and his cooperators published a paper
about evaluating the electromagnetic field radiated from finite antenna [Uman et.al.,
1975]. They proposed a method and continuously developed it to evaluate the
electromagnetic field due to the lightning channel knowing the current distribution
along the channel [Uman and Rubinstein, 1988; Rubinstein and Uman, 1991]. In
1992, Uman’s model was been adopted by S. Cristina to compute the
electromagnetic field inside the buildings installed the conventional LPS [Cristina
and Orlandi, 1992]. After that, the evolution of the voltage and current distribution in
the building structure was conducted by various numerical modeling approaches.
These approaches can be basically classified into three catalogs, i.e. the equivalent
circuit approach, the field approach and the partial element equivalent circuit (PEEC)

approach.

2.3.1 The Equivalent Circuit Approach

Mij'Qj
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Figure 2.18 Coupled n-type circuit

The equivalent circuit approach is a simplified approach for modeling the building
structures. With this modeling approach, each branch of the building structure and
the “victim’ circuit are divided into a suitable number of elements to take account of

propagation phenomena and all the branches are considered to be coupled together.
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Each element is models as a m-type circuit with coupling to another element, as

shows in Figure 2.18.

By interconnecting the n-type model of each element, the building structure and the
‘victim® circuit are simply modeled as an equivalent electrical network which is
analyzed in the time domain or the frequency domain [Cristina and Orlandi, 1992;
Orlandi, Piparo and Mazzetti, 1995; Orlandi, Piparo and Mazzetti, 1995; Orlandi,
Mazzetti and et.al., 1998; Cortina and Porrino, 1992]. Then direct evaluation of the
node voltages and the branch currents in building structure and victim circuit [Satori
et.al., 1998; Beierl and Steinbigler, 1989; Orlandi, Piparo and Mazzetti, 1995;
Buccella, 2003] is achieved in the equivalent network. With the voltages and induced
currents, the electric fields and magnetic fields can be calculated by electric potential

formula and the Bio-savart Law, respectively.

The equivalent circuit network built by the equivalent circuit modeling approach is
made from a large number of capacitance and impedance. It is very important to
calculate these parameters accurately because they are critical for evaluating voltages
and currents as well as the consequent electromagnetic fields. In those studies in

literatures, different methods to calculating these parameters have been proposed.

2.3.1.1 Methods for Capacitance Calculation

Generally speaking, there are about three methods to calculate the capacitance of
branch elements in literatures. The first method is by calculating the potential at
parallel electrical field plane for the infinite long horizontal filament conductor such
as the transmission line in power system [Clayton, 2004]. The second method is
named as average potential method [Du, 2001]. This method assumes that the

charges distribute on the surface of conductor surface evenly. Then the average
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potential coefficient of the object conductor to the source conductor is calculated.
The average potential method is available for finite length conductor. The third
method is a numerical method which adopts the moment method to calculate the
charge distribution on a conductor [Harrington, 1968; Rao et.al., 1984]. This method
can consider the fringing effect of conductors which makes the uneven distribution
of charges. It is most accurate but too complicated to be applied in a large network.
As to a metal structure, when the distance of two conductors is much larger than its
radius, the fringing effect can be ignored and the average potential method is

applicable.
2.3.1.2 Methods for Impedance Calculation
A. Internal impedance calculation

The internal impedance includes the internal inductance and internal resistance. In
most textbooks on power system engineering, the internal inductance is calculated
under d.c. or very low frequency. For example, the well known formula to calculate
the internal inductance of a straight solid cylindrical conductor is give by

L, =22 (H/m) (2.1)
8

Formula (2.1) is derived under d.c. condition and only acceptable in analyses of only
the fundamental frequency. In analyzing a transient problem, e.g. the lightning
stroke, the voltage and current in the conductors are rich in high frequency
components. The skin and proximity effects become significant. Then the formula
(2.1) is not applicable. However, in most studies in literatures, the internal
inductance was neglected because it is very small comparing to the external

inductance.
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The internal resistance is another part of the internal impedance of the conductor.
The internal resistance of a solid cylindrical conductor can be calculated by the
formulas presented in textbooks [Clayton, 2004]. For a tubular conductor its internal

resistance can be calculated by Xulin’s formula [Xu et.al., 2004].

In most literatures, the internal reactance is also ignored. From these formulas, it is
noted that the resistance of a conductor is increasing considerably quickly with
increasing frequency due to the skin effect while the internal inductance will

decrease with increasing frequency.

B. External impedance calculation

The external impedance of a conductor can be separated into two components:
external self impedance and mutual impedance. The external self impedance is
generated by the magnetic linkage of its self current on the conductor itself. The
mutual impedance is the ratio of the voltage drop per unit length in one conductor to
the current flowing in the other conductor and returning through the earth. Because
of the symmetry of the circuit, the mutual inductance between two conductors is
identical. In literatures, a lot of formulas for calculating the external impedance of

circular solid conductors have been proposed.

If the conductor is placed in an infinite space where there is no earth or the earth
effect can be neglected, the formula presented in [Frederick, 1946] can be adopted to
calculate the external self impedance and mutual impedance between two filament
conductors of finite length. If the earth effect should be considered and the earth is
considered to be perfect conductive, the formulas in the book [Clayton, 2004] and the
paper [Cristina and Porrino, 1992] are available for an infinite long filament

conductor by applying the image method. If the filament conductor is not long
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enough, the formula in the paper [Roger and White, 1990] based on Neumann’s
integration formula is more accurate. When the earth is not perfectly conductive, the
earth effect can not simply considered by the image method. Section 2.2.3 has
presented the discussed of the earth return circuit. In Roger’s paper, Deri’s theory is
adopted and a revised image method was applied by adopting a new conception of

complex penetrating depth of the earth.
2.3.2 The Field Approach

Although the equivalent circuit approach is very simple for application, it does not
consider the radiation field inside the building structure, which may bring some error
to the evaluation results for a steep lightning current waveform. In order to take
induction and radiation field into consideration, another full-wave approach based on
the electric field integral equation (EFIE) were proposed [Buccella et.al., 1992].
Since this approach was derived from the electromagnetic field theory, it is named as

the field approach.

Since the building structure with the conventional LPS is made of interconnected RC
bars, it can be simplified to a wire-grid structure when the thin-wire hypothesis is
adopted. In the hypothesis, the RC bar elements are assumed to be thin and with
uniform radius. It length should be less than 0.014 (4 as the minimum wavelength
related to the maximum frequency to be considered). As a consequence, the current
on each element can be represented by a filament placed on its axis. In order to
obtain an integral equation for the longitudinal currents, the following statement on

the surface S of the generic wire can be used as a boundary condition

U(E™+E")=zl, (2.2)
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where z, is the per-unit-length surface impedance of the element and U is the unit
vector tangential to S in the direction of the axis of the element. I, is the current

inside the wire.

The left-hand side of (2.2) represents the tangential component of the total electric

field, parallel to the axis of the wire, and E™ is the incident electric field, namely

the electric field in the absence of the wires structure, which is due to the lightning
channel. E* is the scattered electric field due to the presence of the wire-grid
structure. E* can be expressed by means of the retarded scalar potential ¢ and the

vector potentials A
E* =—(joA+Ag) (2.3)

When the current continuity law is taken into account, the free electric charge is

represented as a function of the current 1, as follows

, __idla(l’)
ps(I") = T (2.4)

Then the vector potentials A, the retarded scalar potential ¢ as well as V¢ are given

as the functions of current, respectively

A=uf 1,1 g(r.r)dr (2.5)
e d (1)
¢_ ja)g J.Wire dl’ g(r’r)dl (26)
_op_ 1 Al (V) g
V=7 ja)4;;gjwire a9 27)
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where u is the magnetic permeability, o is the conductivity, ¢ =¢,&,+o/(jw) is

the complex permittivity of the medium. |’ is along the axis of the wire.

By substituting (2.5-2.7) into (2.3), the classical EFIE is obtained.

zl,(r)=E"(r)- ja)[u_[Q Ia(l’)g(r,r’)dl’}
a{ -1 Ldla(lr)g(f’f’)d'} (2.8)

+| -
ol | jArwe dl’

where Q is the domain of integration, i.e., the building structure arrangement and
the related images); L is the length of the wire under consideration; r and r' are the

position vectors of the observation point and of the source point, respectively.
g(r,r’) is the Green’s function for an unbounded region with k =+-w’ue as the

wave number.

—K|r=r'|

m=—t 2.9
o= 29)

In this way, the third term on the right-hand side of (2.8) represents the difference
between the scalar potential values calculated at the ends of the wire under

consideration.

Equation (2.8) is a classical expression of EFIE in the frequency domain. The
numerical solution in terms of the longitudinal current distribution along the wires of
the structure is based on the direct method of moments by introducing an appropriate
discretization. By subdividing each branch into a number of segments having the

same length, a discrete formulation of (2.8) can be obtained.
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By introducing triangular basis functions, the unknown longitudinal current along the
branches are formally piecewise linear and the unknowns are the set of longitudinal
currents at both ends of each segment. In such a way, also by imposing the current
continuity equation (i.e., Kirchhoff’s Current Law) at each node of the wire-grid

structure, the resolving matrix equation in the frequency domain is obtained.

After having computed the unknown longitudinal currents, the electric and magnetic
fields could be calculated in any interesting point inside the building structure. The
time-domain profiles for the electromagnetic quantities are obtained by using the

invert Fourier transform technique.

2.3.3 Partial Element Electrical Circuit Approach

Although the field approach is more rigorous than the circuit approach, it is
complicated to be applied and the numerical solution is only possible for practical
engineering problems. Some researchers tried to combine the advantages of the
equivalent circuit approach and the field approach and proposed a hybrid approach,

namely the partial element equivalent circuit (PEEC) approach.

The PEEC approach was originally proposed by Ruehli for modeling of three-
dimensional multi-conductor systems in electronic systems, such as the integrated
circuit packages and wires or conductors located on dielectric layers with remote
ground planes [Ruehli, 1974]. This approach is based on an electric field integral
equation (EFIE) that is interpreted in terms of circuit elements. The circuit elements
including the partial inductances and partial capacitances can be found from
computer solutions [Ruehli et.al.,, 1993]. A general purpose network analysis
program is then used to obtain voltages and currents in the time domain or the

frequency domain. Compared with the equivalent circuit approach and the field
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approach, the PEEC approach provides a more comprehensive interpretation of the
relations between the circuit theory and the field theory and extends an integral

equation solution to inductance computations including capacitance [Ruehli, 1972].

Due to the advantage of the PEEC approach, Antonini and his cooperators introduced
it to model the building structure for the study on the LIEE in the building installed
with the conventional LPS [Antonini et.al., 1998]. In this study, the building
structure was considered as a wire-grid structure made of RC bars. The lightning
channel was also models as a vertical straight antenna. The ground was simplified as
a perfect conductive plane and the image method was applied. The equivalent circuit
network of the building was interpreted to a matrix equation which was solved in the
frequency domain by reducing its order. In addition, their study included the
coupling between the building structure and communication cables by integrating the

cables into the PEEC model of the building structure.

2.4 Modeling Approaches for Lightning Strokes

In the literatures associated with lightning-induced electromagnetic environment
(LIEE) in buildings, the lightning stroke was always modeled as an ideal impulse
current source connected at the upper terminal of a vertical conductor which was

used to modeling the lightning channel.

The waveforms of impulse current from the source in literatures were mostly chosen
as 1.2/50us (time to peak value/time to half peak value). This waveform was usually
used to describe the voltage of a lightning stroke instead of the current. In fact a
natural lightning flash includes several strokes [Rakov and Uman, 2003]. The
waveform of discharge current in each stroke is different so that it is difficult to use

uniform waveform parameters to describe lightning discharge currents. According to
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the IEC standard [IEC 61312-1, 1995], two typical waveforms are defined for the

first stroke and the subsequent stroke.

Figure 2.19 is the defined waveform of the first stroke. The wave front is 10us and
the wave tail is 350pus. Figure 2.20 shows the waveform of the subsequent stroke.
The wave front is 0.25us and the wave tail is 100us. For the study of lightning-
induced electromagnetic environment inside buildings, 8/20us waveform is used to

replace the 10/350us waveform for the first stroke [IEC 61312-2, 1995].

In the study of the lightning-induced electromagnetic field, mathematical models of

lightning current were built. Generally, there were two types of mathematical model

to be applied.
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Figure 2.19 Waveform of the first stroke
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Figure 2.20 Waveform of the subsequent stroke
2.4.1.1 Double Exponential Model

In the early phase of lightning induced electromagnetic field study, the lightning
discharge current is mostly modeled as a double exponential function. The function

in the time domain is given by [Cristina, Amore and Orlandi, 1989-1]
i,(t)=1,(e —e"™) (2.10)
The function in the frequency domain is given by [Buccella et.al., 1992]

__ (B-a)
(a +ja)(B+ jo) ©

i, (o) (2.11)
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where 1, is the peak value of the discharge current.  =1/T,, p=1/T,, T, is

defined as the wave front time. T, is defined as the wave tail time.

2.4.1.2 Heidler Model

In 1999, Heidler and his cooperators proposed a new model to describe the lightning
discharge current [Heidler, Cvetic and Stanic, 1999]. This model is named as
Heidler-type current source in EMTP to simulate lightning stroke. In this model, the
shape of the lightning surge current is given described by

i m /7)o
i(t)= n 1ty e (2.12)

where 1, is the peak value of the lightning current. -, is the time taken from zero to

the peak value. z is the time from zero to the point on the tail where the current

amplitude has fallen to 37% of its peak value.
This model is also adopted in the IEC Standard 61312-1 [IEC 61312-1, 1995].
2.5 Modeling Approaches for High Voltage Coaxial Cables

The studies on high voltage coaxial cables were mainly conducted in the power
system. In those studies, the long and horizontal run of coaxial cables were
transformer to a Bergeron model by the distributed transmission line modeling
approach or a =z -type circuit model by the lump transmission line modeling approach

[Dommel, 1986].

For both the Bergeron model and the x -type circuit model, the inductance and
capacitance per unit length should be calculated. Different methods were proposed to

calculate these two parameters. Grove introduced an approach for calculating the
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inductance and capacitance of coaxial cables or the conductors with the coaxial
structure [Grover, 1946]. This approach was adopted in EMPT subroutine [Dommel,
1986] to calculate cable. However, the formulas provided by Grove are not available
for short run of coaxial cable in which the edge effect becomes obvious so that the
inductance and capacitance are not even along the cable. The formulas to calculate
the inductance of a coaxial cable with finite length was provided by Marcelo and this
cooperator which was deriving from the Neumann’s integral equation [Marcelo and
Andre, 2001]. The method to calculate the capacitance of finite coaxial cable was

proposed by Du and Zhou [Du and Zhou, 2005].

For the vertical run of a coaxial cable in the presence of earth, which serves a major
part of the modern lightning protection system, those formulas or method presented

in literature are not applicable.

2.6 Modeling Approaches for Metal Plates

The evaluation of the electromagnetic field in the presence of 3D non-ferromagnetic
plate has been widely studied for many years. Since the geometry of 3D plates and
configuration of incident field varies from case to case, it is hard to calculate
electromagnetic field with a universal analytical method. Then all kinds of numerical
methods are developed quickly, such as the finite element method (FEM), finite
volume method (FVM) and boundary element method (BEM). These numerical
methods can take into account all the geometrical parameters and material
characteristic of the conductors. However, since FEM and FVM are based on
differential formula of electromagnetic field in the concerned volume, it is not
available to manage the far-field boundary conditions. BEM can handle the open

field problem because it is based on the integral formulation on the conductor surface.
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But all these three method require a large number of discretization in the volume or
surface to solve a lot of variables. Then it requires large allocated memory and costs

much computer time for obtaining accurate results.

For electromagnetic field with extremely low frequency (ELF), i.e. 50Hz power
frequency, the plate is transformed to a mesh which can be considered as an electric
circuit network. Then the electromagnetic field near the plate is calculated from the
current distribution in the mesh. Since this method requires fewer grids than FEM
and FVM and comprises fewer variables than BEM, it can provide accurate with
high efficiency and limited resource. But this method is only available for uniform
current density along the thickness under ELF. With increasing frequency, the
current distribution along thickness becomes uneven significantly. At this time, the

method is not available any more.

2.7 Study Results and Conclusions in Literatures

The characterization of LIEE inside the buildings protected by the conventional LPS
and the evaluation of the induced voltage in cables has been conducted by various

researchers.

In the study of Buccella and her cooperators by the field approach [Buccella et.al,
1992], they characterized LIEE inside a cubic building structure with the dimension
of 24m. Three conclusions were drawn in their study. The first is that there is
resonance appearing at the frequency of 150-200kHz and 5-7MHz; The second is
that a stroke to the corner gives rise to the magnetic field a little greater than those
resulting from a stroke to the center of the roof-grid; The third is the decreasing of
electric and magnetic field when the number of the downconductors increases, which

reveals the shielding effect of the LPS. Another study conducted by Cristina et al. on
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LIEE inside buildings revealed that the number of downconductor was an important
variable for the behavior of the electromagnetic field inside the building [Cristina
et.al., 1989-2]. The spatial homogeneity of the field depends also on the frequency

spectrum associated with the lightning current.

In IEC Standards 61312-2, empirical formulas are presented to evaluate the shielding
effect of a wire-grid structure against the parallel-wave magnetic field from a nearby

lightning stroke as Figure 2.21 shows.

Magnetic field inside
the shielded volumn

=~ ) >7\ |

>

Nearby lightning

stroke /
Large volumn shield /

Figure 2.21 A nearby lightning stroke

As Figure 2.21 shows, a nearby lightning stroke happens near a large wire-grid
structure. When the distance between the striking position and the structure is much
larger than the equivalent wave length of a lightning stroke, e.g. 40 km for the first
stroke and 300m for the subsequent stroke, the electromagnetic field generated from
the lightning current is approximated as a parallel-plane wave inside the structure.

Then the formulas to evaluate the shielding effect are presented in Table 2.1.

Table 2.1 Magnetic field attenuation of grid-like spatial shields in case of a plane

wave caused by a nearby lightning stroke
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SF (dB)
Material

25 kHz (see note 1) 1 MHz (see note 2)

Copper/Aluminum 20-log(8.5/W) 20-log(8.5/W)

Steel 20-log| (8.5/W)/1+18-10°/r* | | 20-log(85/W)

Note 1 Valid for the magnetic field of the first stroke

Note 2 Valid for the magnetic field of the subsequent stroke

Note 3 Permeability is 200

W is the mesh width of the grid-like structure where W <5m

r is the radius of a branch in the gridlike shielding (m)

For the direct lightning stroke, a curve as Figure 2.22 shows was presented to reveal
the magnetic field distribution inside a cubic wire-grid structure with dimension
10m. All the previous studied on LIEE characterization are very valuable because
they reveal some principal characteristic of LIEE inside buildings. But since these
studies are based on the scaled and simplified model of the building, their
conclusions may be not enough for the high-rise buildings with special
configurations. As to LIEE inside the building protected by the ESE LPS, no studies

have been reported till now.
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Figure 2.22 Magpnetic field strength inside a wire-grid structure

As to the induced voltage in cables, Cristina and Orlandi have conducted a primary
study [Cristina and Orlandi, 1992]. They applied the equivalent circuit approach to
evaluate the induced voltage in coaxial cables within a simple and cubic building
structure protected by the conventional LPS. They found that the voltage induced on
simply-screened coaxial cables within the building may have a peak value of 1MV
during a direct lightning stroke. This extremely high voltage will damage the
insulation of cables and even threat the safety of the people around the cables. These
conclusions are valuable to reveal the threat of LEMI on cables. But they are too
generous to be applied to specified buildings whose configuration is much more
complicated and larger than the model in their paper. In addition, the application of
equivalent circuit approach neglects the response of cables in high frequency range.

Another study conducted by Antonini et al. provided a full-wave approach, PEEC, to
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solve this problem [Antonini et.al., 1998]. With this approach, the resonances due to

the cables’ geometry, electric properties and spatial placement can be predicted.

2.8 Summary

The structure of high-rise buildings in Hong Kong can be classified into two types,
the reinforcing concrete structure and the steel skeleton structure. RC bars inside the
components of a reinforcing concrete structure or H-shape steel sections inside a
steel skeleton structure form an internal metal structure which plays an important
role in lightning protection against LIMF. Two types of LPS are used in high-rise
buildings in Hong Kong, including the conventional LPS and the ESE LPS. Both of
them will import serious lightning electromagnetic interference into high-rise

buildings and threaten the sensitive electronic equipment.

In the previous studies on LIMF in buildings, three modeling approaches for metal
building structure were developed, including the circuit approach, the field approach
and the PEEC approach. Two mathematic models of lightning strokes, the double-
exponential model and the Heidler model, were proposed in those studies. The
modeling approaches of coaxial cable in the previous studies were mostly applied for
extremely long and horizontal cables in the power transmission system. The
modeling approaches for metal plates in the previous studies were not applicable for
large plates at full-wave frequency. The characterization results and conclusions in

literatures are not available for the high-rise building installed with the ESE LPS.
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Chapter 3

Modeling Approach of Wire-grid Building Structures

3.1 Introduction

The lightning-induced impulse magnetic field (LIMF) inside buildings has been
addressed for decades. Most of the research work focused on the LIMF in a building
which was protected by the conventional lightning protection system (LPS) during a
direct lightning stroke. Modeling of cylindrical conductors was a major issue in the

studies.

In the modern lightning protection systems (e.g. the ESE LPS), coaxial cables are
widely adopted as downconductors in buildings, for their favorable conducting
characteristic, easy installation and safety performance [ESET, 1998]. There have
been few studies on modeling coaxial cables, especial when the cable is erected
vertically on the ground. In addition, the solution procedures used by other
researcher were mostly conducted in the frequency domain. Since the frequency
band of lightning discharge current ranges from d.c. to several million Hz, the
procedure requires significantly long time to calculate the field at each discrete

frequency in a wide range.

In this chapter, the equivalent circuit (EC) modeling approach for a high voltage
coaxial cable as the downconductor is proposed. With the EC model of the coaxial
cable and the grid-like building structure, the building protected by the ESE LPS is
converted into an equivalent circuit network. Impulse current is generated within the

structure during a lightning stroke. In order to obtain the current distribution in the
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building structure efficiently, the Electromagnetic Transient Program (EMTP) is

adopted and developed in this chapter for a solution procedure in the time domain.

This chapter starts with the discussion on converting a real building structure into a
wire-grid model. The EC modeling approaches for the wire-grid structure and high
voltage coaxial cables used as downconductors are, respectively, proposed in Section
3.2. The formulas to calculate the equivalent circuit parameters for the wire-grid
structure and coaxial cables are derived in Section 3.3. The solution procedure for
calculating the current distributions by EMTP as well as the magnetic fields by Bio-

savart Law are introduced in Section 3.4

3.2 Wire-grid Model of a Building Structure

\

Figure 3.1 Wire-grid model of building structure installed with an isolated

downconductor

As reviewed in Chapter 2, inside the internal metal structure of a reinforcing concrete
building, one RC bar inside columns and beams will be firmly connected by welting.

Other RC bars are bonded with each other with thin iron wires. Since most of
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lightning discharge current flows through the melted-connection RC bars due to their
low resistance, the building structure can be simply treated with a wire-grid structure
model in the study of LIMF, as Figure 3.1 shows. As to the building with the steel
skeleton structure, the steel sections in the structure can be also approximated as
cylindrical conductors and then the building structure can be also considered as a

wire-grid structure.

3.3 The Equivalent Circuit Modeling Approach

The wire-grid model of the building structure is still a natural model which can not
be used to study the magnetic field during a lightning stroke. This natural model
should be transformed into a physical model which can be described by
mathematical equations. Since the wire-grid model is composed by cylindrical
conductors and isolated coaxial cable downconductor, the physical models of these

two objects are built as follows.

3.3.1 Cylindrical Conductors

The simplified wire-grid building structure is made of a large number of cylindrical
conductors. According to the study of Cristina and Orlandi [Cristina et.al., 1989-1;
Cristina and Orlandi, 1992], these cylindrical conductors can be transformed to
equivalent electric circuits. Thus the whole building structure is modeled as an
equivalent circuit network. So this modeling approach is named as the equivalent

circuit (EC) modeling approach.

Figure 3.2 A section of cylindrical conductor
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In the EC modeling approach, each cylindrical conductor inside the wire-grid
structure is divided into short sections as Figure 3.2 shown. The length of each
section should be much smaller than the equivalent wavelength at the maximum
frequency of the lightning discharge current to be considered in order to take account

of current propagation phenomena [Cristina and Orlandi, 1992].

M;. G
R L R, L
g—— - &77 1 C j
2 | T2 27 1 2

Figure 3.3 The coupled =-type circuit

Each section is modeled as a lumped r-type circuit, as shown in Figure 3.3. The -
type circuit consists of resistance R, and inductance L, and capacitance C, . In
addition, there exists mutual coupling between two sections in the wire-grid
structure. Such mutual coupling is represented by mutual inductance M; and mutual
capacitance C; . By applying the n-type circuit to all sections, a highly-coupled

lumped electrical network is used to represent the wire-grid building structure for

electromagnetic analysis during a lightning stroke.

Both impedance and susceptance of the conductive branches are determined by
geometric parameters and material properties of the conductors. The formulas to

calculate these parameters are presented in Section 3.4.
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3.3.2 High Voltage Coaxial Cable used as Downconductors

Figure 3.4 3D diagram of a HV coaxial cable

inner conductor

oversheath

insulator

Figure 3.5 Sectional view of a HV coaxial cable

Illustrated in Figure 3.4 and Figure 3.5 are, respectively, the 3D diagram and section

view of a high voltage (HV) coaxial cable used as downconductors. This

downconductor consists of two concentric cylindrical shells, each of which is made

by a layer of small copper wires. Unlike in power cables, these copper wires are laid

straightly along the cable axis. The inner conductor (core) is dedicated to deliver the
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lightning current from an air terminal down to ground. The outer conductor
(screening) is isolated from the core with dielectric material. It is connected to the

core on the ground only.

Traditionally a coaxial cable is modeled as a transmission line in transient analysis.
The transmission line model [Dommel, 1986], however, is not applicable to such
concentric conductors installed in a building. It is known that electromagnetic fields
in the building, which result from a lightning stroke, are not in the TEM pattern. The

n-type circuit model, thus, is adopted to represent these concentric conductors.

To take account of the propagation phenomena of a lightning discharge current over
a long conductor, the coaxial cable is subdivided into a number of short sections
similar to the cylindrical conductor. The length of each section is usually less than
one tenth of the wavelength corresponding to the maximum frequency of the
lightning discharge current [Cristina and Orlandi, 1992]. Each section has two
concentric conductive elements, that is, core and screening. It is modeled as an

equivalent w-type circuit, as shown in Figure 3.6(a).

In addition, there is mutual impedance and admittance between four tubular
conductors in every two segments as Figure 3.6(b) shows. As to the conductivity of

the air, it is ignored in the 7z -type circuit.

45



core : sheath

|
Y_
2

‘ A
cs§ -T-

N |n'<
| |
N
; >

N|0'<
o0 _l\,)
‘ﬁ*

T

core sheath
(b)

(@) single section (b) coupling between two sections

Figure 3.6 7z -type circuit of vertical coaxial cable
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In Figure 3.6(a), Y.and Y, are respectively the self admittance of the cable core and
screening. Y is the mutual admittance between these two conductors. Z, and Z
are respectively the self impedance of the cable core and screening. Z is the mutual

and Y

impedance between these two conductors. In Figure 3.6(b), Z g are

cicj
respectively the mutual impedance and admittance between the cores in two sections.

Z..and Y,

sisj sisj

are respectively the mutual impedance and admittance between the

and Y

screenings in two sections. Z . are respectively the mutual impedance and

cisj

admittance between the core of section i and the screening of section j. Z_. and

sicj

Y4, are respectively the mutual impedance and admittance between the screening of

section i and the core of section j.

Combining the Figure 3.6(a) and Figure 3.6(b), the relationship between the two

sections can be presented by two symmetrical matrixes, z =[z;] for impedance and

Y =[v;] for admittance.

Zci Zcisi Zcicj Z cisj

Z Zsici Z si Zsicj Zsisj (3 1)
chci chsi ch ZCiSj |
Zsjci Zsjsi Zsjcj Zsj
Yci Ycisi Ycicj Y cisj

Y Ysici Y si Ysicj Ysisj (3 2)
chci chsi YCj YCJSJ |
Ysjci Ysjsi Ysjcj Ysj

Similarly, if a coaxial cable is divided into n sections, it can be presented by

Z=[Z;],., andY =[Y;],..-
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It is worth to be mentioned that for horizontal coaxial cables, the 7 -type EC model
is also available. A horizontal cable is divided into short sections evenly and each
section is modeled by a 7z -type circuit. The parameters in each z-type circuit are

identical because the influence of the earth imposes uniformly on the cable.

3.3.3 Coupling between an lIsolated Downconductor and a Wire-grid Building

Structure

The coupling between the isolated downconductor and the building structure is

represented by the mutual inductance and capacitance as Figure 3.7 shows

co-scr co—str

co-scr [

—

'co—str

core /\

scr—str

L

- Scr—str
screening

Figure 3.7 Coupling between an isolated downconductor and a wire-grid building

structure

Figure 3.7 shows the coupling relationship between a coaxial cable which is used as

and L

CO—str

the downconductor and the building structure. In Figure 3.7, C_ g,

represent, respectively, the mutual capacitance and mutual inductance between the

core of the coaxial cable and the building structure. C, . and L.  represent,

respectively, the mutual capacitance and mutual inductance between the screening of
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the coaxial cable and the building structure.C and L represent, respectively,

Co—scr CO—scCr

the mutual capacitance and mutual inductance between the core and the screening of

the coaxial cable.
3.3.4 Earth Termination, Earth Influence and Lightning Stroke Model
1. Earth Termination

Both the downconductor and the building structure are earthed on the ground via
dedicated earth electrodes. It has been confirmed experimentally and analytically
[Liew and Darveniza, 1974; Darveniza et.al, 1979] that earth soil is ionized during a
lightning stroke. The soil ionization increases the equivalent contact area of an
electrode, subsequently reduces the earth resistance. According to the literature
[Chisholm and Janischewskyj, 1988], earth resistance Ry of an electrode is calculated

with the formula as follows

-0.384
692} 0. |
Rg :0.2613p0692L 0384 [W} (33)

where | is the stroke current through the electrode (kA), and L is the length of the

electrode (m). p is the earth resistivity (Q-m) .
2. Earth Influence

In the equivalent circuit model for both the downconductor and the wire-grid
building structure the influence of the earth is included by using the method of

image, i.e. replacing the earth with a set of conductor images. As illustrated in Figure
3.9, the image of a conductor is located at the equivalent height of I below the

ground. Height | is expressed as
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I'=1+d,

where | is the height of the conductor and d is the skin depth of the earth.

(a) Horizontal configuration

(b) Vertical configuration

Figure 3.8 Downconductor section and its image

(3.4)

To satisfy with the boundary conditions on the ground, the horizontal conductor and

its image have to carry the equal currents with the opposite direction as Figure 3.8 (a)

shows [Paul, 1994]. But the vertical conductor and its image have to carry the equal

current with the same direction as shown in Figure 3.8 (b) [Jose et.al., 2001;

Takahashi and Komada, 2002]. This corrects the traditional view that similar to a

horizontal conductor, the current in a vertical conductor has opposite direction to the

current in its image.
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In the electrostatic field analysis for determining conductor capacitance the earth is

treated as a perfectly conducting plane. Skin depthd , therefore, is identical to zero.

While in calculation of conductor impedance the earth is modeled as a lossy and

homogeneous medium characterized by permeability x, and conductivity o [Deri

et.al., 1981]. Its skin depth is given by

d, =1 [jouo (3.5)
3. Lightning Stroke

From the studies of the lightning stroke conducted by other researchers, it is revealed
that when the stepper leader propagates downward and approaches the ground
surface, there is a streamer propagating upward to match the stepper leader. This
phase is called the lightning preliminary phase. When the stepped leader encounters
the streamer, a lightning discharge happens and an extremely large impulse current
will flow through a channel into the earth. This phase is called the main discharge
phase. Since the theorem of lightning discharge is very complicated, assumptions are
adopted in this thesis in order to simplify the model and focus on the main aspects of

the issue.

e The influence of the stepped leader and streamed is neglected in the lightning
preliminary phase. Only the lightning discharge current in the main discharge

phase is considered.

e The lightning discharge channel is simply considered as a straight wire carrying
discharge current vertical to the ground surface. The corona phenomenon around

the lightning channel is not included into consideration.
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e The waveform of lightning discharge current flowing along the lightning

channel is kept unchanged.

e When lightning strikes at a building structure, the influence of the building

structure on the lightning discharge current is not considered.

The air terminal of the LPS is intended to intercept lightning. A lightning stroke to
the building, therefore, is modeled as a unidirectional current source applied to the
air terminal. According to the reference [Heidler et.al., 1999] the waveform of the

lightning source current is expressed by

ity n U7 o (3.6)

o1+ (t/z)"

where Iy, is the peak value of the lightning current. n is a current steepness factor.
and 7, are respectively the front and tail time constants. 7 is the correction factor of

the current peak, and is given by
5 = gl (/e /] (3.7)
3.4 Calculation of Circuit Parameters

3.4.1 Circuit Parameters of Cylindrical Conductors

A. Internal Impedance

I s
Em Hys T s

—

dc

Figure 3.9 Sketch of the internal impedance definition of a cylindrical conductor
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Figure 3.9 illustrate a cylindrical conductor with the radius r . The formula to
calculate the internal impedance of the cylindrical conductor can be found in many
classical textbooks [Woodruff, 1938; Stevenson, 1962]. It can be represented by the
first kind Bessel Function, the modified first kind Bessel Function or the Kelvin
Function. The formula with the Kelvin Function to calculate the internal impedance
is given by [Woodruff, 1938]

jmp  ber (mr)+ jbei(mr)
2zcr ber'(mr)+ jbei’(mr)

Z, =R+ jol, = (3.8)

m=.,/ou/p (3.9)
w=2rf (3.10)

where f is the frequency. u is the permittivity of the conductor. p is the resistivity

and r is the radius of the cylindrical conductor.

From (3.8), the ratio between the internal resistance and the d.c. resistance is given

by
'R mr ber (mr)bei'(mr)—bei(mr)ber*(mr) (3.11)
R, 2 ber ' (mr) +bei? (mr) '
R =~ (3.12)

The ratio between the internal inductance and the d.c. internal inductance is given by

L, mr ber* (mr) +bei * (mr)

L, _ 4 ber(mr)ber'(mr)+bei(mr)bei’(mr)

(3.13)
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u

L. o=—
dci 872'

(3.14)

B. External Impedance

The external impedance of cylindrical conductors can be calculated with the
Neuman’s integrating formula [Marcelo, 2001]. It is known that the mutual
impedance between two orthogonal conductors is zero. Then only the parallel
conductors in the wire-grid structure are considered for calculating the mutual

impedance.

The effect of the earth is taken into consideration by using the method of images. In
this method, the earth is replaced with the images of these conductors distributed
symmetrically with respect to a boundary. The boundary is the earth surface itself if
the earth is perfectly conductive. When the earth is imperfectly conductive, the
boundary is located below the earth surface by a complex distance, as illustrated in
Figure 3.11. The complex distance d is equal to the penetration depth of earth, and

given by

o1 (3.15)

Viow I p

where wis an angular frequency, y, is the space permeability, and p is the earth

resistivity. It should be mentioned that (3.15) is valid for the uniform soil model.
When the multi-layer soil model is considered, the formula in literature [Deri,

Tevean and Semlyen, 1981] should be adopted.
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J

x2,y2,-24-2d

x2,y2,-24-2d

Figure 3.10 Two parallel cylindrical conductors erected vertically on the ground

Figure 3.10 shows two parallel cylindrical conductors i and j erected vertically on
the ground, as well as their images i’ and j" for impedance calculation. By using the

Neumann’s integral formula, the self-impedance of a RC conductor is obtained, as

follows

ja),uo J. dz;dz, 2,-2d dz;dz,

12 212d
z—z +r Z—Z +r

(3.16)

where r is the radius of the cylindrical conductor .

By using the Neumann’s integral formula, the mutual impendence Z; between

conductor i and j can be obtained, as follows
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dz;dz;

__ Ja)ﬂo 2
I I24 \/(Z] — )2 +(X2 _X1)2 +(y2 - y1)2

2y dz.dz
Jwﬂo I erz: \/(Z j

(3.17)

2

_zi)2+(X2—X1)2 +(y2 _yl)

/ x1,y1,z1 x3,y2,z2
ydl /
x2,y1,z1 x4,y2,22 q

//_/, - X3,y2,-z2-2d
/// I ///- '
. )
x2,y1,-z1-2d 7
x4,y2,-z2-2d

Figure 3.11 Two cylindrical conductors parallel to the ground

Figure 3.11 shows two parallel horizontal cylindrical conductor i and j parallel to
the ground surface along the x coordinate axis, as well as their images i’ and j'. By

using the Neumann’s integral formula, the self-impedance of a RC conductor is

obtained as follows

dx; dx; dx; dx;

__ Jwﬂo
2 I '[ \/T '[ '[ \/x —xi)2+(—221—2d)2

By using the Neumann’s integral formula, the mutual impendence Z; between

(3.18)

conductor i and j can be obtained again, as follows
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X dx.dx,
i_ Ja)/qu‘ J‘g\/ i 2

(22_21)2 +(Xj _Xi) +(Y2_y1)2

J X dx.dx;
a’ﬂoJ‘ ,[3\/ 2 i

(_ZZ_Zd _21) +(Xi _Xi>2+(y2_yl)2

(3.19)

The impedance of the cylindrical conductors along the y coordinate axis can be

calculated by (3.19) by interchanging the variables x and y in (3.19).

The explicit expressions of (3.19) are achieved by applying following integrated

result

IR
(t-t) +s°
= —t,, IN(t,, +/t," +5%) + L, +52
g, Nty + 4ty +52) =yt + 52 (3:20)
Py Ity + 4,2 +57) — i, + 7
—ty Nty + 4ty +57) + b7 + 5

where t,, =t, -t,, t,, =t, —t,, t, =t, —t, t;, =t; —t and s is a constant.

By applying (3.20) to (3.19) with corresponding data to replace t and s, an explicit

expression to calculate the impedance can be obtained.

B. Capacitance

The capacitance of the cylindrical conductors can be calculated by the average
potential method [Du, 2001]. Unlike the impedance, both parallel and orthogonal

bars have mutual capacitance.
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The effect of the earth is taken into consideration also by using the method of
images. The earth is replaced with the images of these conductors distributed
symmetrically with respect to a boundary. Since charges are distributed on the
conductor surface in the frequency range of the lightning, the boundary is the earth

surface itself whether the earth is perfectly conductive or imperfectly conductive.
(1) Parallel Cylindrical Conductor

Thus for two cylindrical conductor in Figure 3.11 or in Figure 3.12, the distance d is

always equal to zero for capacitance calculation.

Let 7, and 7, be the linear charge density of the cylindrical conductor i and j

respectively. The self average potential coefficient of the conductor i which is

generated by the charges on itself and its image i', is given by

1 dz dz, dz dz,

Pii: I
4”50(22_21) ZlJz—z +r? Zl\/Z—Z +r?

(3.21)

The mutual average potential coefficient between conductor i and j which is

generated by the charges on conductor j and its image j', is similarly given by

dz;dz,

2

i = 4rey (2, —z) (z,-1, Ll LA\/

z —zi)2+(x —X )2+(y2—y1)
dz;dz,

Xl)z +()/2 _yl)z

(3.22)
_+_

47rgo(z2 (z, -1, I j \/z —z)

For two parallel conductors arranged vertically shown in Figure 3.11, the self

average potential of conductor i is given by
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dx. dx; dx; dx;

P”_47zeo( I I\/T L %) (22

(3.23)

The mutual average potential between conductor bars i and | is given by

iy X, — X, — X, ) 9% 9% 2 ? ’
7[50( 5 Xl)( 4 3) \/(22—21) +(Xj _Xi) +(y2_y1) (324)
dx; dx;

_47z50(x2— (X, — %) I J‘S\/(—ZZ—Zd—Zl)Z

+(Xj _Xi)2+(y2_y1)2

The impedance of the cylindrical conductors along the y coordinate axis can be

calculated by (3.24) by interchanging the variables x and y in (3.24).

The explicit expressions of (3.24) are also achieved by applying the integrated result

A into these equations.

With the calculated self and mutual potential coefficients of the cylindrical conductor

in the wire-grid structure, a potential coefficient matrix P is constructed, where

P:[Pdn ) (n is the total number of conductors in the structure). Assuming V and

Q are the potential vector and charge vector respectively, the following equation

holds
Q=BV (3.25)

where B=P™. Self-capacitance c; and mutual capacitance c; are then obtained as

follows
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n

c.=>Db i=12..n
i ; ik (326)

¢, =-b, i=12..,ni=]j

Il

where b, and b, are the elements of matrix B. The capacitance matrix C is defined

by
c=[q],, (3.27)
(2) Orthogonal Cylindrical Conductor

Z -
x3,y2,z2 J x3,y3,z2

/ x1,y1,z1
/ i

x2,yl,z1

b Y

ground surface

- xLyl,-z1

XZ,yly'Zl X4,y2,:£2 777777 )23:y3,'22

Figure 3.12 Two orthogonal cylindrical conductors in parallel with the ground

For two orthogonal cylindrical conductors shown in Figure 3.12, the mutual average

potential coefficient is given by

1 dy dx;

Arey (X, — %) (Y, Yz\/ Xi)2+(y,-—y1)2
dy;dx;

Pij=

(3.28)

47[50(X -X) I yz\/

(% —%)’ +(yj—y1)2
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x1,y1,z1
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/ x3,y2,22

x2,y1,z1 N

ground surface

X
x1,y1,-z1 - X3,y2,-72
Y .,
. )
x2,yl,-z1 !
‘x3,y2,-z3

Figure 3.13 Two orthogonal cylindrical conductors unparallel to the ground

For two orthogonal cylindrical conductors shown in Figure 3.13, the mutual average

potential is given by

7o (% =% ) (2-2,) Zz\/(zj—21)2+(x3—xi)2+(y2—y1)2
1 Ixzj_zz dzjdxi
Aney (X, =% )(2, = 2,) 7% *5s \/(ZJ_21)2+(X3_Xi)2+(y2_y1)2

(3.29)

The impedance of cylindrical conductor along the y coordinate axis can be calculated

by (3.29) by interchanging the variables x and y in this equation.

The explicit expressions of (3.29) are achieved by applying following integrated

result
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- ti)l s+1/(t—t1) +a’ (t—t)l —S+4/(t-t,)" +a’

s, —s+\/(t t)? +b? s, —s+1/(t t,)> +b?
t—t +4(t-t) +a’ @__th t,+/(t—1t) + b’
t—t, +/(t—t,)? +a’ t—t, +4/(t- t)+b2

t—t S —S
+2,/a? — (s, —s) arctg (L-t)ya

(a+(sz—s))(a+ a?+(t-t)

+(s, —s)In

- - (t—t,)y/a* = (s, —s
—2a? (s, - t
2 (o o) arat (a+(sz—s))(a+«/a +(t—t,)? )

_ (t—t,)yb? = (s, —5)°
—2yJb?* — (s, —s) arctg
(b+(§—s»(b+Jb2+ﬂ—gf) (3.30)

- . (t—t,)yb? = (t, —t)’
2,0 — (s, - t
’ (5 ) arctg (b+(sl—s))(b+ b2+(t—t2)2)

where a=/(s, —s)’ +h? and b=/(s, —s)’ +h*. h isaconstant.

By applying (3.30) to (3.29) with corresponding data to replace t and s, an explicit

expression to calculate the impedance can be obtained.
3.4.2 Circuit Parameters of High Voltage Coaxial Cables

As seen in Figure 3.4, an isolated downconductor consists of two concentric
cylindrical conductors isolated by dielectric material. Such a downconductor is
modeled as two thin conductive cylindrical shells separated by a layer of dielectric

material characterized by the permittivity of ¢, . Figure 3.14 illustrates a section of the

downconductor running vertically above the ground and it image. It contains two
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concentric conductive cylindrical elements, which are labeled by 1 and 2. These

elements have the radii of R, and R,, respectively, and have the axial length of

L, =1

n n+

. — .. As the downconductor is rotationally symmetric with respect to its axis,

both surface charges and axial currents are uniformly distributed along the

circumferential direction.

| element 1
(core)

element 2
(screening)

n+l

Figure 3.14 Cylindrical element of the downconductor and its image

A. Impedance

In calculating mutual impedance, the axial current in an element is treated as a
surface current. The Neumann’s surface integral formula [Bueno, 2001], then, is

applied. For the case of the elements situated above the ground, mutual impedance

Zin. ;o between element i (i =1 or 2) in section m and element j (j =1 or 2) in section n
becomes
_ Jop
Zim,jn - 1672'3? I:Sim,jn +Sim,j'n’} (331)
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and S

im, j'n’

where S.

im, jn

are the coupling coefficients associated with element i and its

image, respectively. Both S; . and S, ;, are expressed by
2 d d d d
Sim in = 27[.'. d m n+1H —m +d m+1,n H —n d m,n H L m+1,n+1 H Ll do
(3.32)
S‘ in 27[.'. dmr”lH ﬂ +dm+lnH il _dm nH ol _dm+1 n+1H —m+1,n+l dl9
im,jn . , A ) —A ’ A ’ A
(3.33)

and
H (x)=sinh™(x)+v1+x* (3.34)
where A =R?+R? —2R R ; cos§ . Axial distances d,,, =|I, -1 [ and d =l +I|.

Self impedance of a cylindrical element is comprised of internal impedance and
external impedance. The external impedance can be calculated with (3.33), in which
both two elements coincide in space. The internal impedance of the element,
however, is determined by the current distribution over its cross section area. For a

cylindrical element with inner radius R and outer radius R, , its internal

impedance Z._ . - was derived in [Xu, 2004], and expressed by

in,in,i

jou 1o (X0 ) Ky (X)) +1(X ) Ko (X, )
Zinin :_217;2: LXK (X)L (XK (X,) (839
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where I (X) and K, (X) are the first and second modified Bessel functions of

order n with argument X =R,/ jouc , respectively. Both x and o are the

permeability and conductivity of the element.
B. Susceptance

An electrostatic field analysis is performed to determine susceptance of an isolated
downconductor. Because of the dielectric material bound charges appear on its
dielectric surfaces when the downconductor is energized. Each section of the
downconductor, therefore, is modeled as four charge-carrying concentric cylindrical

elements with zero thickness. These elements include the conductive surfaces S, and
S, of the conductors at r=R, and R,, the dielectric surfaces S, and S, of the

insulator at r =R, and R, as well, as illustrated in Figure 3.15.

zero thickness

I core

screening

insulation

|
|
.

‘ S1 S3 S4 S2

Figure 3.15 Boundary conditions on dielectric-space interfaces

Assume that the charge density is constant over an element. The potential at a point
can be expressed in terms of charge density using a free-space potential formula. The
average potential on a conductive element in a system of N sections, therefore, is

given by
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4

1

N
Vim = 16” 6 & nZ:;‘—L L ( im.in = Sim, j,n,)an on surface S, (3.36)

mn

_ 1 4 N 1
Vym = > n ( 2min = Sy i )QJn on surface S, (3.37)

167z3€0 o Lo L,

where \Zym is the average potential on an inner (i=1) or outer (i=2)conductive
element in section m (m=1.--N). Q;, is the free charge (j =1 or 2), or the bound

charge j=3o0r4).Both S, . and S, _ . aregivenin (3.32) and (3.33).

im, jn im, j'n’

The boundary condition of electric field on a dielectric surface is applied to eliminate
those bound charges in [Rao, 1984]. The electric field in the radial direction (r) is
given by-oV/aor, in which V is the potential at the point of interest. The average
radial field components on both positive and negative sides of element i (i = 3 or 4)
are obtained by integrating over its surface. The equations, which arise from the

boundary condition on elements i= 3 and i = 4 in section m, are given by

1 4 N an
2 AES

47250 ]

i le _(‘%""%J QSm

2&,L, & —& )28

on surface S, (3.38)

m

l 4 N an
ZZ( im,jn |mJn) I—n

47[6‘0 o1 e

QZm [‘90 +€1] Q4m

280 - g ) 2L,

on surface S, (3.39)

where T . and T. .. are the coupling coefficients of the electric field associated

im, jn im, j’n

with element i in section n and its image. Both T, ;, and T,, ;,, are given by
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2R —R.cos@| .(d d ‘d d
Tim in = ———|H —n +H —min —H mr_H m+1,n+1 do
Y 0 A A A A A

(3.40)
T _TRi_chose H drln+l,n +H‘ dr‘n,n+1 _H‘ d'm,n _H' d’m+l,n+1 do
may A A A A A
(3.41)
and
H (x)=vx*+1 (3.42)

Parameters A, d; and di'j in (3.40-3.42) are defined previously in (3.32-3.34). The

second or third item of (3.39) and (3.40) results from a singular integral in which

both the source and observation elements coincide in space.

Similar to the calculation of cylindrical conductor capacitance, a matrix equation for
both free and bound charges is assembled from (3.36-3.37) and (3.38-3.39), as

follows
V =PQ (3.43)

or in expanded form

\ Pu P Py Pu||Q

V, - Pu Py Py Py || Q, (3.44)
0 Pi Py Py Py || Qg
0 Pn Pp Py Pu]lQ,

where both V, and Q, are the potential and charge vectors on the elements in

section n. Sub-matrix P, is formulated using the formulas given in (3.36-3.37) and
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(3.38-3.39). Equation (3.43) may be expanded if other conductors are presented in

the vicinity of the downconductor, such as the wire-grid structure of a building.

Inverting (3.44) as well as collecting the equations for the free charge vectors yield

Ki Ky ||V
S I

where K; is an N x N sub-matrix of P*. Susceptance matrix Y for N sections or 2N

elements of the downconductor, then, is expressed by

. K, K
Y= jm[ : } (3.46)
Ky Ky

3.5 Solution Procedure

In most studies on modeling building structure under a lightning stroke, the
calculation of current distribution in a building structure was conducted in the
frequency domain [Buccella et.al., 1992 ]. With this solution procedure, the transient
lightning discharge current in the time domain is transformed to discrete components
at discrete frequencies by the Fourier transform technique. Then the nodal equations
and loop equations are built for each discrete frequency according to Kirchhoff’s
Law. By solving these equations, the nodal voltages and branch currents can be
obtained at each discrete frequency. Finally, the transient currents within the building
structure are obtained by the inverse Fourier transform technique. This solution
procedure takes into account of the frequency-dependent characteristic of circuit
parameters. Since the frequency band of a lightning discharge current is from d.c. to
several million Hz, the complete solution procedure will cost very long time. In order

to improve the solution efficiency, a solution procedure running by the
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Electromagnetic Transient Program (EMTP) in the time domain is proposed in this

thesis.

EMTP is a universal program for numerical simulation of transient phenomena of
electromagnetic as well as electromechanical nature. It can handle lumped circuit
problems by z -circuit model professionally. However, as EMTP was originally
designed for transmission line problems, the parameters of only a few mutual
coupling branches can be calculated (less than 10 branches). So people usually think
it is hard or impossible for EMTP to handle a network with a large numbers of
coupled branches [Li and Zheng, 1998]. In fact, EMTP can handle a system

including numerous coupled branches by adopting some modifications.

3.5.1 The Formation of EMTP Cards

In EMTP, the electrical circuit network of building structure is represented by “cards’
in an input file. A format of these cards in a general input file is shown in Figure
3.16. In this input file, there are different types of cards, including /BRANCH cards,
ISWITCH cards, /SOURCE cards and /OUTPUT cards. /BRANCH cards are used to
list the parameters of =z -type circuits such the resistance matrix [R], inductance
matrix [L[ and the capacitance matrix [C] ./SWITCH cards are used to output the
current value in each branch. /SOURCE cards are used to locate the current source.
The meaning of those parameters in the input file in Figure 3.16 can be found in the

rulebook of EMTP [Dommel, 1986].
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BEGIN MNEW DATA CASE

C _______________________________________________
C Generated by Zhou QB at 20-May-2004 12:45:11
C _______________________________________________

G dr
1.0e-0080.000020
50 1 1

JERANCH

C on le< n Zacreflacrefsc R
C <n lren 2r<reflecrefie« R
JUNITS, o,

$VINTAGE, 1

JunITs, a, 0

JLISTOFF

$INSERT, data.dat

fvINTAGE, -1,

funITs, -1., -1.,

fumrTs, -1, -1
JSWITCH

C «nls<n 22< Tclose =<Top/Tde =<

<000 50001

$LISTON
/SOURCE

C <n ls<s< Ampl. =< Freq.

= L
< A

=< Tmax =< Xopt =< Copt =

1 1

e O >
=< B

15x<00012-11.000e+0052.000e-0072.600e-007

JINITIAL

JOUTPUT

BLAMK BRANCH

BLAMK SWITCH

BLANK SOURCE

BLAMK IMITIAL

BLANMK OUTPUT

BEGIN MNEW DATA CASE
BLAMK

0

0

s<lengs<=<=0

Ie =T /CLOP =< type
MEASURING
s»<Phase/TO=< Al TS T1

2

1
C 1 2 3 4 5 5] 7 B
C 3456785901234567590123456789012345678901234567890123456789012345678901234567890

=

{ Restore wvalues that existed b4 preceding JUNITS

Figure 3.16 Format of cards in the EMTP Input file

L0003 100022
2xx0033xx0023
IXx0035xx0024

400 39x<0025

5xx0041x<0026

oS e e R e A e R e Y S e e L e

L4673165e-002
.0000000e4+000
L46731652-002
.00000002+000
.00000002+000
.4673165e-002
.0000000e+000
.0000000e+000
.0000000e+000
L4673165e-002
. 000000024000
.0000000e+000
.0000000e4+000
.00000002+000
L4673165e-002

(RS S NIEY SN L Bl S IR oS FER Sl S RN

L2787326e-003
.3023967e-004
L2787326e-003
.BOBD3IT7e-004
.30239672-004
.2787326e-003
.3023967e-004
.5143060e-004
.6910099e-004
.2787326e-003
.5143060e-004
.3023967e-004
.5143060e-004
.30239672-004
L2787320e-003

Figure 3.17 Example of branch cards inside data.dat

0

=< TSTART =< TSTOFP >
1

L0632922e-005
2l
.6BB1710e-005
= L
i
.6642528e-005
2L,
-8.
-7
.6B881710e-005
-6.
S L
-B.
L
L7 078000e-005

2837748e-007

7417986e-008
8313553e-007

2837759e-007
1846708e-008
7583498e-009

5205281e-008
5530221e-007
2629622e-008
5530197e-007

In the modern version of EMTP, matrices [R], [L] and [C] of a horizontal

transmission line network in a m-circuit model are calculated by using the LCC

subroutine in EMTP. The subroutine, however, cannot computer the s-circuit

parameters of a three-dimensional grid-like structure including lots of vertical and

70



horizontal branches. Therefore, the parameter matrices need to be calculated
separately with the methods given in Section 3.3, and inserted into the EMTP data
file *data.dat’ in a defined format. Figure 3.17 shows the format of a data file for five
branches. The number in the first list is the branch number. Following characters like
‘XX0031" is the code of a node in the circuit network. Then three lists of data are

respectively the low triangle matrix of [R], [L] and [C] in the unit ohm, mH and uF.

TPBIG STARTUP Settings X]

1 ]z |3 L - -
CARD0. - 3rd Miscellaneous Integers

KPEM(4) KOMLEY MNSMTH  MODSCR  KOLALP
| 14 | -1 50 | 2| 5 SAVE
MAXFLG ( UMCRD  JNOBLAM  MOUSE  NMOTPPL
| | 149008 | 1 0| i e

: Open
CARD 11, - 4th Miscellaneous Integers
NOCOMM MNOHELP  NEWPLA  JDELAY  NOTMAX Save As
| 0| 0] 0| 0] 0
NSMPLT KOLWID  KOLSEP  JCOLUT  KSLOWR e
| 50 | 1 | 1| 0| 20

CARD 12, - 5th Miscellaneous Integers

KSYMBEL  NOBACK  KOLEAM  LTEK NCUTH

| 50 | 1] B0 | 1] IE
MNCUT2 IMCHP INCHPY  NODPCH  LCHLIM

| i | 2| 2 | 0| 0

Figure 3.18 Setting parameters inside STARTUP file

For a metal structure with N coupled branches, the number of $BRANCH cards will
be Nx (N+1)/2. When the branch number is great, the number of the cards inside the
EMTP input file will exceed the upper limit of the card number specified by the
parameter LIMCRD in the STARTUP file shown in Figure 3.18 (e.g., 149998 in the
current version of EMTP). The way to raise the upper limit of card number is to save
the $BRANCH cards in a separate data file, and to link the data file by inserting a

SINSERT card in the EMTP input file. The total number of the cards in the input file
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will not exceed the maximum limit as the cards in the separate data file are not

counted.

3.5.2 The Expansion of EMTP Calculation Capability

Before executing EMTP machine-related constants inside Figure 3.19 need to be
defined. These constants are used to allocate memory in a computer for saving
different components of the electrical network, such as LBUS for the bus number,
LBRNCH for the branch number, LSWTCH for the switch number and so on. The
executable EMTP file ‘tpbig.exe’, which is compiled from the default file
LISTSIZE.BPA, can only handle a multiphase system with less than 400-coupled
branches. In reality, the metal structure of a building may consists of thousands of
coupled branches. So it is necessary to generate a new executable file ‘tpbig.exe’ by
recompiling the EMTP files with the appropriate values of LBUS, LBRNCH,

LSWTCH and others in LISTSIZE.BIG.

Make Tpbig.exe Settings

LISTSIZE
v Change Listsize

LBUS [(BRNCHLDATA LEXCT LYMAT [LSWTCH|LSIZE7 LPAST LNOMWL LCHAR
| G000| 10000f 132000 @00 42|Jnnn| 1200) 1s000{ 120000 2250  3a00

LEMOUT LEIZ1E2 L1213 LBSTAC LCTACS LIMAZE LSYMN  MAXFE LTACST LFSEM

| 7e0f 1200f 7esoo| 10| Go000  GOO| a0 284[ 120000| 100000
LFD LHIST LEIZZ3 NCOMFP LEFPCUM LSIZ2E  LSIZ27  LRTACS LSIZ29  LEIZ30
| 30000{ 15000{ 192000 | 120| 30000 1600710 BOO| 210000 1000 50
LwWORK  LMARTI

340000 742 Open ‘ Save As ‘ Load Default |
[ Make compiled TACS

takefile: |C:'\ATP\atpmingw’\make\Makefile ref

MinGhW Directory: |C:VB\TF’\atpming\-\ﬁmake\MinGW‘\bin ref

DELmytpbig‘ DEL abjects MAKE | SAVE ‘ CAMNCEL |

Figure 3.19 Setting of the LISTSIZE file
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At present, an integrated EMTP package including ATP Launcher is available on
EMTP-ATP user group websites. It allows users to increase the calculation capability
of the executable file “tpbig.exe’. This, however, does not mean the capability of
EMTP is infinite. Actually it is restricted by the computing power of the computer,

especially its memory.

3.5.3 Calculation in the Frequency Domain and the Time Domain

In general, the branch impedance is frequency-dependent as discussed in Section 1.3.
The time-domain solution provided by EMTP may not be accurate, as EMTP cannot
transfer the impedance parameters at different frequencies into one input files. It is,
therefore, necessary to obtain the frequency spectrum of the lightning current source
by using the Fourier transform, and to find the solution in the frequency domain with
EMTP. The time-domain currents in conducting branches are then obtained by
applying the inverse Fourier transform. It is noted that this method requires
significant computing power as it is necessary to calculate impedance parameters and

run ‘tpbig.exe’ at each discrete frequency in a large range.

Since amplitudes of the frequency spectrum of the lightning current source are far
from negligible for the frequencies less than 7 to 8 MHz [Cristina and Orlandi,
1992], the structure inductance plays a dominant role in determining the branch
currents. If the earth resistivity is small, the inductance does not vary significantly in
the frequency range of interest. Thus the problem can be tackled in the time domain
by a single run of ‘tpbig.exe’. The impedance parameters at the significant

frequencyl/4t, (t,is the time taken from zero to the peak value) is adopted, and

included in the input file. When the resonance phenomena in the network become

significant, the impedance parameters at the resonant frequency should be adopted as
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these parameters, especially the resistances are critical in determining the resonance

amplitudes.

3.5.4 Calculation of Magnetic Field

With the calculated current in each conductors of the wire-grid structure by EMTP,
the magnetic fields inside the building structure can be evaluated directly by the Bio-

savart Law.

Figure 3.20 Superposition of magnetic field generated from two straight conductors

As seen in Figure 3.20, two straight conductors carry current I; and I, respectively.

The formula for computing the magnetic field at the observation point P generated by

the current I, is given by

— Idl xF
B, :Z‘_;Z LT (3.47)

where |, is the integral route along the conductor. T is the unit vector from
infinitesimal section dl. to the observation point P and r, is the distance between

them.
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Similarly the magnetic field at the same observation point P generate by current 1, is

given by (3.47) by replacing the subscript i with j. Then the totally magnetic field

at the observation point P is the sum of two vector magnetic fields. For a building
structure with a large number of conductors, above superposition procedure can be

applied for the magnetic field generated from each conductor.
3.6 Summary

In this chapter, the equivalent circuit (EC) modeling approach was proposed for the
building equipped with an isolated downconductor. With this modeling approach, a
wire-grid building structure was transformed into an equivalent circuit network. The
nodal voltage and branch current in the network can be described by Kirchhoff’s
voltage equations and current equations. The formulas for determining the equivalent
circuit parameters including impedance and susceptance were derived for both
cylindrical conductors and coaxial cables. In order to increase the solution efficiency,
a powerful program EMTP was adopted and extended to handle the solution of
current distribution in the building structure. Consequently, the magnetic fields in the

structure can be obtained from the current distribution by the Bio-savart Law.
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Chapter 4
Characterization of Magnetic Field Distribution inside a Wire-grid

Building Structure

4.1 Introduction

Chapter 3 provides the equivalent circuit (EC) modeling approach for a building
protected with an early streamer emission (ESE) lightning protection system (LPS).
With this modeling approach, the wire-grid building structure is transformed to an
equivalent circuit network consisting of a large number of = -type circuits. The
current distribution in the network is evaluated by solving the Kirchhoff’s equations
through the Electromagnetic Transient Program (EMTP) in the time domain. Given
by the current distribution, the lightning-induced impulse magnetic field (LIMF)

inside a wire-grid structure is calculated by the Bio-savart Law.

In the past decades the characterization of LIMF inside the buildings protected by a
conventional LPS has been carried out extensively [Geri, 1991; Mattos, 1992;
Orlandi, Mazzetti and Flisowsk, 1998]. It was found that intense impulse magnetic
fields appear in the adjacent area under the lightning stroke position. However, LIMF

associated with the isolated downconductors has not been addressed significantly.

This chapter presents an analysis of LIMF inside a modern laboratory building by the
EC modeling approach proposed in Chapter 3. The building of concern is protected
by the ESE LPS with an isolated downconductor. In this chapter a system model for
a metal structure of a full-scale building is set up firstly. With this model LIMF
distribution in the building installed with ESE LPS are characterized, and compared

with LIMF generated by a single downconductor without the building structure. The
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mitigation measures of the impulse magnetic field are addressed. Finally,

recommendations for protecting critical equipment against LIMF are provided.

4.2 Wird-grid Model of the Laboratory Buliding
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Figure 4.1 Floor plane of the laboratory building

The building to be studied in this chapter is a laboratory building under construction.
The project is commissioned by the local government to develop an effective
working environment for technology-based enterprises to carry out research and
development works. This laboratory building includes two symmetrical parts. The
left part is for biotechnology laboratories and the right part is for electronic and
precision laboratories. For protecting sensitive electronic equipment installed inside
the building, it is required that the magnetic field should be kept below 1mT in some
critical areas. Since the two parts are identical in their structure, the floor plane of

only one part is illustrated in Figure 4.1.
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The geometric information of the laboratory building is given in Figure 4.1. It is 72m
long, and 36m wide. There are 11x6 reinforcing concrete columns equally spaced
with the separation distance of 7.2m. These columns are numbered by numerical

number 1, 2, 3,... along a list and English letter A, B, C, ... along a row.
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Figure 4.2 Cross section view of the laboratory building

Figure 4.2 illustrates the cross section view of the laboratory building. This building
is 45.4m high. It has seven stories whose heights vary from 5.45m to 7m. With the
information given in Figure 4.1 and Figure 4.2, it is known that the metal structure of
the laboratory building is mainly made from the RC bars bundles embedded inside
the columns and beams. By simplifying a RC bars bundle in columns and beams into
a cylindrical conductor shown in Chapter 3, the metal structure of the building was
transformed to a wire-grid structure as seen in Figure 4.3. Some assumptions are

adopted in the transformation:
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e The influence of the reinforcing concrete wall and floors on LIMF
distribution is not considered because they has little function in shielding

electromagnetic field [Casinovi et.al., 1989].
e The earth resistance is considered as 100ohm.

e The lightning channel is simply considered as a cylindrical conductor with
height 100m. This assumption is also adopted in the IEC Standard [IEC

61312-2, 1995]
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Figure 4.3 Wire-grid structure of the lab building

This laboratory building is protected by the ESE LPS with an isolated
downconductor. This downconductor is as high as the building, and has mean
diameters of 12.3mm and 24.1mm for its core and screening, respectively. The

downconductor is mounted on the walls and runs vertically. Its upper terminal is
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connected to the air terminal on the roof and the lower terminal is connected with the
earthing electrode which is buried inside the earth. Both the air terminal and the

downconductor are located either in the center or at the corner of the building.

4.3 Distrubtion of LIMF inside the Building

With the EC modeling approach and solution procedure proposed in Chapter 3, the
wire-grid structure of the building was transformed to an equivalent circuit network
comprising resistance, inductance and capacitance. The current distribution in the
structure and the impulse magnetic field inside the building were evaluated. In order
to present LIMF distribution clearly, an observation line in the building were selected
and the impulse magnetic field along this line was calculated during a direct
lightning striking at the air terminal. The observation line runs from one corner of the

building (column a) to its opposite corner (column f) on 3/F, as seen in Figure 4.4.

\ 4

Figure 4.4 Top view of 3/F and the observation line for field calculation

In the evaluation of LIMF inside the building, the lightning stroke to the building
was simulated to be a current source as stated in Chapter 3. The front-time and tail-
time constants » and 7, in (3.8) were taken to 8us and 10us, respectively. The peak

value of the current I, was selected to be 160kA. With these parameters, the current
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has an effective peak value 100kA for n=2, and a waveform of 8/20us (time to

peak value/time to half peak value).

4.3.1 Downconductor Mounted on a Wall

\_, Lightning stroke
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Figure 4.5 Downconductor installed in the building
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Figure 4.6 Impulse magnetic fields in the case of Downconductor in the center

The isolated downconductor is usually mounted on the wall either in an electrical
duct or on fagade. When the downconductor is located inside the building structure at
point 0 as Figure 4.5 shows, the peak values of impulse magnetic fields over the

observation line are illustrated in Figure 4.6. In order to reveal the shielding effect of

81



the wire grid, the impulse magnetic fields along the observation line without the wire
grid are also calculated. It is noted that the impulse magnetic fields are significantly
high in the area between columns ¢ and d (critical area). The peak value of the field
reaches 49.5mT at the point 0.36m away from the downconductor. The field,

however, is generally less than 1ImT outside this area.

For comparison, the peak values of impulse magnetic fields in the absence of the
wire grid were superimposed on these figures. The fields are solely determined by
the discharge current in the downconductor. It is noted from the figures that the fields
are generally less in the presence of the wire grid. Such field cancellation generally
arises from the currents induced within the wire grid. The field cancellation becomes
stronger on the middle floors (e.g., 3/F), as seen in the figures. As an induced current
has a significant influence on the field near its carrier (e.g., column), local field
enhancement around columns is also observed in the figures. The field can be even

greater than that in the absence of the wire grid at certain locations.

When the LPS is installed at the corner of the building as Figure 4.7 shows, the peak
values of the impulse magnetic fields along the observation line is shown in Figure
4.8. In general these impulse magnetic fields have a similar pattern as those in the
previous case. The fields generated from the downconductor are partially cancelled
by the induced current. In this case, such field cancellation in the critical area is even
more significant. The peak value of the field reaches 5.7mT at the point 0.36m away
from column a. As the induced currents in columns a and b flow in opposite

directions, the field cancellation in this area is enhanced.
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Figure 4.7 Downconductor installed at the corner
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Figure 4.8 Impulse magnetic fields in the case of downconductor at the corner
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4.3.2 Downconductor Enclosed in a Metal Pipe

downconductor

+

pipe

—

Figure 4.9 Configuration of a downconductor enclosed by a metal pipe

It is noted that impulse magnetic fields are significantly high in the area close to the
downconductor. The situation can be improved if a conductive loop is constructed in
this area to compensate the original field. In order to enhance field compensation it is
necessary to use certain measures to increase the induced current in the loop. As seen
in Figure 3.4, the downconductor has a conductive screening. When the screening is
isolated from the wire grid, it has little effect on shielding the magnetic field.
However, when the screening is bonded to the wire grid at its both ends, the induced
current will be significantly increased. Unfortunately the screening is not designed to
carry the lightning current. The connection to the wire grid is not recommended by

the manufacturers in practice.

To achieve a similar performance, a separate metal pipe is introduced to house the
downconductor, and to carry the induced current. This pipe has a diameter of 0.2m
and a thickness of 10mm. It is bonded to the wire grid on the ground as well as on
the roof. As the induced current in the pipe flows in the opposite direction of the
downconductor current, significant reduction of the impulse magnetic field is

expected in the critical area around the downconductor.
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Figure 4.10 shows the peak values of impulse magnetic fields when the LPS are
situated in the center of the building. Clearly the impulse magnetic fields become
less in the critical area. The highest peak value is reduced to 2.75mT from 49.5mT
on 3/F. However, this pipe does not have a significant impact on the field at a

location away from the downconductor, as illustrated in the figure.
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Figure 4.10 Impulse magnetic fields in the case of downconductor enclosed by a pipe

in the center

Figure 4.11 shows the peak values of impulse magnetic fields when the LPS is
situated at the corner of the building. Similar to the previous case, the impulse
magnetic fields are generally less in the critical area when the pipe is installed. On

the 3/F the highest peak value is reduced to 3.80mT from 5.65mT.

85



10

B (mT)

0.01 4

0.001

0 14.4 28.8 43.2 57.6 72

--- without the pipe — with the pipe

Figure 4.11 Impulse magnetic fields in the case of downconductor enclosed by a

pipe at the corner

4.4 Summary

This chapter investigated the impulse magnetic fields arising from the discharge
current in an isolated downconductor installed in a real laboratory building in Hong
Kong. The building structure as well as the isolated downconductor was transformed
to an equivalent circuit network by using the equivalent circuit (EC) modeling
approach. The current distribution and consequent LIMF inside the building structure

in the building were evaluated during a direct lightning stroke at the LPS.

From the evaluation results, it is concluded that

e LIMF around an isolated downconductor is significantly high, and can be as high
as that generated from a standalone downconductor. It is highly recommended not

placing sensitive equipment in the area near the downconductor.
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¢ Reinforcing bars of columns and beams in the building can attenuate the impulse
magnetic field if they are interconnected each other. Because of the induced
currents in these bars the impulse magnetic field is reduced. It is recommended
placing the downconductor next to a column or outside the building in order to

achieve significant field compensation in the area around the downconductor.

e To enhance the field compensation further it is recommended housing the
downconductor with a metal pipe, and bonding both the metal pipe and metal
structure of the building together. A large induced current will be generated in the
pipe to compensate the field from the downconductor. The field can be reduced
down to 10% of its value without the pipe in some cases. This pipe, however, does
not have a significant impact on the field at the location away from the

downconductor.
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Chapter 5
Empirical Formulas for Evaluating Shielding Effect of a Wire-grid

Building Structure

5.1 Introduction

With the equivalent circuit (EC) modeling approach developed in Chapter 3, the
lightning-induced impulse magnetic field (LIMF) inside the wire-grid building
structure can be evaluated numerically. It is known that the dimension and grid width
of the building structure varies from one building to another. To avoid the time-
consuming evaluation it would be necessary to have simple formulas, which can be
applied to different types of wire-grid building structures. These formulas will help
engineers to evaluate the shielding effect of the building structure and to assess the

threat of LIMF qualitatively.

In IEC Standard 61312-2 [IEC 61312-2], a simple empirical formula for evaluating
the shielding effect of the wire-grid building structure is presented. This formula,
however, is only applicable for the building structure under parallel-plane incident
magnetic field generated by a distant lightning stroke. When a lightning stoke is very
close to the building of concern, e.g. striking at an outside isolated downconductor or
at adjacent building structures, the incident magnetic field cannot be treated as a
parallel-plane field, and then the formula in the IEC Standard is not applicable any

more. In this chapter, more general formulas will be derived.

This chapter starts with a description of the wire-grid building structure of concern.
A preliminary study on the relationship between the structure parameters and

shielding effect is then conducted. General observations are obtained through
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numerical calculation. With these observations, the quantitative relationships
between these parameters and shielding effect are built. By using the curve fitting
technique and induction approach, these relationships are transformed to close-form

formulas.

5.2 Configuration of the Wire-grid Building Structure

(@) 3D diagram of the concerned structure
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(b) Plan view of the concerned structure
Figure 5.1 Configuration of the wire-grid building structure

Figure 5.1(a) illustrates the 3D configuration of the wire-grid structure under
discussion in this chapter. This structure is a Faraday’s cage which is similar to that
used in IEC standard 61312-2 [IEC 61312-2, 1995]. The nearby lightning stroke is
modeled as a lightning stroke terminated at an isolated downconductor adjacent to a
corner of the building. The structure has the dimensions of L (length) x L (width) x
H (height), and has the square mesh with the grid width of W. For simplicity the
structure length is set to be equal to its width. The distance between the isolated

downconductor and the nearest structure corner is denoted by D.
5.3 Preliminary Study

With the EC modeling approach developed in Chapter 3, the wire-grid building
structure together with the isolated downconductor can be transformed to an
equivalent circuit network. The current distribution in the equivalent network is
evaluated numerically. LIMF inside the building structure can then be calculated. In
order to study the shielding effect of the wire-grid building structure, a parameter of

Shielding Factor (SF) is introduced, and is give by

sE = 21 1000 (5.1)
B

(]

where B, is the magnetic field in the presence of the building structure and B, is the

magnetic field without the building structure.
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SF varies with the parameters of building structure such as L, H, D and W. The
following sections describe the relationship between SF and these parameters via

numerical calculations.

5.3.1 Steady Region inside the Building Structure

60

SF curve

50 A

------- Fitting line

SF (%)

Figure 5.2 SF curve along the x coordinate

The preliminary study starts with an identification of SF distribution inside the wire-
grid building structure along the dotted diagonal lines shown in Figure 5.1 (b) at
different heights. Through the calculation with different building parameters, it is
found that SF along the diagonal line of the structure has a similar distribution no
matter what structure dimensions, grid dimensions, and height of the observation line
are, as illustrated in Figure 5.2. For simplicity, the shielding factor on the diagonal

line is expressed and/or plotted against the x coordinate.

Figure 5.2 illustrates the horizontal distribution of SF inside a building structure with
dimensions of L=10m, H =40m and grid width of W =1m. From Figure 5.2, it is

noted that SF curve has a shape of saddle. In the middle region with the distance of
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W to the two opposite structure edges, SF curve can be approximately represented

with a straight line.

30

25 1

20

15 1

SF (%)

10 A

z(m)

Figure 5.3 SF curve along the z coordinate

Figure 5.3 shows the vertical distribution of SF inside the building structure along
the z direction when x and y are set to be zero. From Figure 5.3, it is found that in the

region below the roof with a distance about 10m, SF remains constant nearly.

According to the observations obtained from Figure 5.2 and 5.3, a 3-D region inside
the building is selected for discussion as most of sensitive equipment is often placed

in this region. This region is called the steady region, and is limited by horizontal

boundary of [—%+W ,%—W} and vertical boundary of [0,H —10m].

From Figure 5.2, it is known that SF distribution inside the steady region can be
approximated by a straight line. So empirical formulas are a linear function
depending on the parameters of L, H, D and W. In order to disclose the relationship
between SF and those parameters, SF is characterized against structure parameters

via numerical calculations in the preliminary study.
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5.3.2 Impact of Distance D while the Parameters of L, W and H are Fixed

A. Simulation Results

Firstly, the impact of the distance D on SF is studied. Figure 5.4 shows the SF curves
against the distance D while L, W and H are chosen randomly as =10m, W=2m and

H=40m. According to the pattern of SF curves, three groups of curves are presented

in Figure 5.4.
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(b) W<D<10W
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Figure 5.4 SF curves for different D

B. Observations

From Figure 5.4, some observations are found as follows

1) When D<W, SF curves shifts upward with increasing D, and are approximately
in parallel. These curves have the same gradient generally. It is inferred that the
gradient of fitting lines is independent of D while the interception point is

determined by the parameter D.

2) When W<D<10W, SF curves twists around a point at x =—-0.32L with increasing
D. At this time, both gradient and interception point of fitting lines are depending

on the parameter D.
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3) When 10W<D, SF curves will twist around the center point at x=0 with
increasing D. Similarly both gradient and interception point of fitting lines are

depending on the parameter D.
These phenomena are also observed for other values of parameters L, H and W.
5.3.3 Impact of Distance W while the Parameters of L, D and H are Fixed
A. Simulation Results

Secondly, the impact of W on SF is studied. By choosing L=6m, D=5m and H=40m

optionally, SF curves under different W are plotted in Figure 5.5.
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Figure 5.5 SF curves for different W

B. Observations

In Figure 5.5, three SF curves respectively for W=1m, 2m and 3m are illustrated.
From Figure 5.5, it is found that when L and D are fixed, SF curves will shift
downward with decreasing W. It means that the gradient of the fitted lines will keep

constant and only intercepts will change. So it can be inferred that the gradient of
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fitting lines is independent to W while the interception point is depending on W.

These phenomena are also observed for other values of parameters L, H and D.

5.3.4 Impact of Distance L while the Parameters of H, D and W are Fixed

A. Simulation Results

Thirdly, the impact of L on SF is studied. By choosing W=2m, D=5m and H=40m

optionally, SF curves for different L are plotted in Figure 5.6.
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Figure 5.6 SF curves for different L

B. Observations

In Figure 5.6, there are five curves respectively for L=6m, 8m, 10m, 12m and 14m.
From these curves, it is noted that when H, D and W are fixed values, SF curves will
shift downward with increasing L. It means that the gradient of the fitted lines will
keep constant and only intercepts will change with L. So it can be inferred that the
gradient of fitting lines is independent to L while the intercept is determined by L.

These phenomena are also observed for other values of parameters W, H and D.
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5.3.5 Fitted Lines of SF Curves

From above observations, it is found that the gradient of the fitted line is only
dependent on D. The gradient, therefore, is considered as a function of D only. In
addition, it is found that the intercept of the fitted line is dependent on D, L and W.
But as Figure 5.4 (b) and (c) show, the fitting lines of SF curves cross over at a point
in the region of D>W. If this crossing point is chosen as origin point, the dependence

of intercept of fitting lines on D can be eliminated.

From the above discussion, it is inferred that the fitting line has a representative

function, as follows

SF(x) = k(D)(x —m) +b(W, L, D) (5.2)

where xe[-L/2+W,L/2-W]. The gradient k(D) is different in three regions

determined by D. When D<W, m =0. When D>W, m is the crossing-point

coordinate of fitting lines. At this time, the intercept item b(W,L,D) can be

simplified to be b(W,L).

5.4 Derivation of the Empirical Formulas

From the preliminary study in Section 5.3, it is found that in the steady region of a
wire-grid structure, a SF curve can be approximated by a linear fitting line with the
expression given in (5.2). The gradient of fitting line k and the intercept b in (5.2)

are derived for three regions, respectively.

5.4.1 Formulas of both k and b for D<W

A. Relationship between the Gradient k and D
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From Figure 5.4 (a), it shows that the fitting lines of SF curves against D are

approximately in parallel with each other. So the gradient k(D) is a constant, and is

equal to - 0.024 from the simulation. Then the fitting line function becomes
SF (x) =-0.024x+b(W,L,D) (5.3)

In (5.3), the intercept b is determined on W, L and D.
B. Relationship between Intercept b and the Parameters W, L and D

The relationship between W and D is studied first. L is always proportional to W
with the ratio of K. Once the relationship between W and D is revealed, the
relationship between L and D can be derived directly. For a fixed k and various W
and D, the SF values at the center of the curves are just equal to the intercept

b values, and listed in Table 5.1.

Table 5.1 Intercept b for various W and D when fixed K =3,4,5,6

K=3 | W=1| W=2 | W=3

D=0.25 | 0.232 | 0.242 | 0.242

D=0.5 | 0.263 | 0.283 | 0.286

D=0.75 | 0.276 | 0.302 | 0.308

D=1 |0.284 | 0.313 | 0.322

D=2 |0.296 | 0.334 | 0.348
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K=4 |W=1|W=2 | W=3

D=0.25 | 0.176 | 0.186 | 0.187

D=0.5 |0.202 | 0.219 | 0.223

D=0.75 | 0.214 | 0.235 | 0.241

D=1 0.221 | 0.245 | 0.253

D=2 0.234 | 0.265 | 0.277

K=5 |W=1|w=2 | W=3

D=0.25| 0.139 | 0.148 | 0.150

D=0.5 |0.161|0.175| 0.180

D=0.75| 0.172 | 0.189 | 0.196

D=1 0.179 | 0.199 | 0.207

D=2 0.192 | 0.217 | 0.229

K=6 |W=1|W=2 |W=3

D=0.25| 0.114 | 0.121 | 0.126

D=0.5 | 0.133|0.144 | 0.151

D=0.75| 0.143 | 0.157 | 0.165

D=1 0.149 | 0.165 | 0.175

D=2 0.161 | 0.182 | 0.195

In Table 5.1, four sub-tables list the values of b against W and D when the ratio
between L and W changes from 3 to 6. These values are plotted against D curves for

different K and W in Figure 5.7. The curves in Figure 5.7 can be divided into 4
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groups corresponding to K =3, 4, 5 and 6. Each group includes four curves

corresponding to W=1, 1.5. 2 and 3.
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0104477171

Figure 5.7 b -D curves

i, the b L curves can be

If the parameter of D in Figure 5.7 is transformed to
p g 7o ")
approximated by lines as Figure 5.8 shows. Then b can be represented by a line

function as follows

b(W,D,K)=Kl(W,K)%+K2(W,K) (5.4)

By reviewing the curves for different K, it is found that when W is fixed and K

L

VD

varies, b -—=curves are almost in parallel, namely the fitting lines of b have the

same gradient K,. So the gradientK; is independent of K.
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Figure 5.8, b - curves

Bl

By setting the origin of the local coordinate system at the crossing point of a group of

fitting lines in Figure 5.8, the influence of W on the intercept K, of b function is
eliminated. Then the intercept K, is only determined by K. At this time, (5.4) is

transformed to the following expression

b(W,D,L):K{(W)(%—mj+K;(K) (5.5)

where m is the x coordinate of the crossing point.

1). Derivation of K;(W)

A series of b L lines for various K and W are obtained from the numerical

/o

1

/o

calculations. The expressions of these lines are listed in Table 5.2. In Table 5.2,

is denoted by D' for simplification.
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Table 5.2 Expression of b-D’ for various K and W

K=3

W=3 | b=0.40385-0.06817D"

W=2 | b=0.38419-0.06121D"

W=1.5 | b=0.36458-0.05312D"

W=1 | b=0.33304-0.04406D"

K=4

W=3 | b=0.32272-0.06893D"

W=2 | b=0.30623-0.06073D"

W=1.5| b=0.2911-0.05394D"

W=1 | b=0.26582-0.04495D"

K=5

W=3 | b=0.26819-0.06938D"

W=2 | b=0.25214-0.06001D"

W=1.5 | b=0.24483-0.05446D"

W=1 | b=0.21992-0.04489D"

K =6

W=3 | b=0.22843-0.06726D"

W=2 | b=0.21241-0.05969D"

W=15| b=0.20177-0.05349D"

W=1 | b=0.18543-0.04401D"
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From four groups of lines for K =3, 4, 5 and 6, it is found that every group of lines
approximately crosses at a point with coordinate of D' = 2.6, namely m =2.6 in (5.5).
By moving the origin of the coordinate system to this point, the functions in Table

5.2 are modified with representation (5.5) listed in Table 5.3.

Table 5.3 Modified b-D" expressions

K=3

W=3 | b=0.19912-0.06817(D'-2.6)

W=2 | b=0.19903—0.06121(D"-2.6)

W=1.5 | b=0.20306-0.05312(D'-2.6)

W=1 | b=0.20288-0.04406(D'-2.6)

K=4

W=3 | b=0.1435-0.06893(D"- 2.6)

W=2 | b=0.14833-0.06073(D'-2.6)

W=1.5 | b=0.15087 —0.05394(D - 2.6)

W=1 | b=0.14895-0.04495(D'-2.6)

K=5

W=3 | b=0.1112-0.06838(D"'-2.6)

W=2 | b=0.11431-0.06001(D-2.6)

W=1.5 | b=0.11883-0.05446(D '-2.6)

W=1 | b=0.11361-0.04489(D'-2.6)
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K =6

W=3

b =0.09166—0.06726(D ' 2.6)

wW=2

b =0.091-0.05969(D'-2.6)

W=15

b =0.09205 - 0.05349(D - 2.6)

b =0.09133—-0.04401(D - 2.6)

From Table 5.3, it is found that the gradients of lines are almost equal for the same

grid width. This observation is in accordance with (5.5) thatK/ is a function of W.

With the average gradient for each W, a curve of K/-W is plotted in Figure 5.9.
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Figure 5.9 K/-W curve

The curve in Figure 5.9 is fitted by a function given by

~ 0.079

Ki= g ~0123
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Thus, b function can be represented by

b=(%—0.123)(%—2.6)+K;(K) (5.7)

2). Derivation of K,

It has been found that the intercept of b is only determined by K. So a group of
lines for the same grid width, e.g. W=1, in Table 5.3 is selected. The intercepts of

these lines with respect to K are plotted in Figure 5.10.

0.20 ]
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Figure5.10 K,-K curve

The K;-K curve in Figure 5.10 can be approximated by a function as follows

0.6485

K} =-0.01539 + (5.8)

By substituting (5.7) and (5.8) into (5.5), an empirical formula for evaluating SF

when D<W is obtained as follow
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SF(x) = -0.024x + (M—0.123)(%— 2.6)+ (20485

Wl/3 \/— K

—0.01539) (5.9)

where x e[-L/2+W,L/2-W].

5.4.2 Formulas of both k and b for W<D<10W

From the preliminary study, it is found that when D varies from W to 10W, the SF
fitting lines will cross at the point with the coordinate x=0.32L. Then influence of the
D to intercept can be eliminated by moving the coordinate origin to this point. At this

time, the SF can be represented as
SF (x) =k(D)(x—0.18L) +b(W,K) (5.10)
where x e[-L/2+W,L/2-W].

A. The Relationship between D and k

From the numerical calculation, a curve between k and D is plotted in Figure 5.11.
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0.006

. . . . —
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Figure 5.11 the curve between k and D
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This curve can be fitted by a double exponential function with the expression:

D

__b - b
k(D)=-0.0044- 0.01339e( 52'98) - 0.01142e( 3117) (5.11)

B. The Relationship between W, L and b

By selecting D=5m and x =-0.18L, SF is equal to its intercept b . At this time,

b values for various W and K are calculated and listed in Table 5.4

Table 5.4 b for various W and K

K| W=3 | W=2 | W=15| W=1

2 | 0534 | 0.508 | 0.488 | 0.454

310412 | 0.385 | 0.359 | 0.328

4 10344 | 0.320 | 0.297 | 0.265

510297 | 0.275 | 0.254 | 0.225

6 | 0261 | 0.242 | 0.223 | 0.196

710235 ] 0219 | 0.198 | 0.174

8 | 0.214 | 0.201 | 0.180 | 0.162

For each W, a curve between b and K is plotted Figure 5.12.
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Figure 5.12 b-K curves

If K coordinate is transformed toi, the b- K curves in Figure 5.12 can be

N

approximated by lines shown in Figure 5.13.
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Then b can be represented by a line function as follows

b=Kl(W)%+ K,(W,K) (5.12)

In order to eliminate W in the intercept K,, the origin of coordinate is moved to the

crossing point of the lines for different W. Then (5.12) can be modified as
b:K;(w)(i—mj+ K!(K) (5.13)
JK

. 1 . . .
where m is the — coordinate of the crossing point.

N3

C. Derivation of K/

. . 1 . . . .
Firstly a series of b—k' (k'=—) lines are obtained from the numerical calculation

JK

result for different W. The functions of these lines are listed in Table 5.5.

Table 5.5 b—k"' lines

W=3 | b=-0.10714+0.90377k"

W=2 | b=-0.11067 +0.87749k"

W=15| b=-0.1301+0.85385k"

W=1 | b=-0.14021+0.82619k "

From the functions of lines in Table 5.5, it is found that the crossing point of these
lines is about located at m =—0.4. By moving the coordinate origin to this point, the

line functions can be modified and listed in Table 5.6.
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Table 5.6 Modified b—k"' Lines

W=3 | b=-0.47+0.9038(k '+ 0.4)

W=2 b=-0.47+0.87749(k '+ 0.4)

W=15 | b=-0.47+0.85385(k '+ 0.4)

W=1 | b=-0.47+0.82619(k '+ 0.4)

With the gradients K, of fours lines in Table 5.5, a curve function of W to fit these

gradients is obtained as follows

~ —0.18446

N

K/ +1.0083 (5.14)

So a complete function of b is derived by applying (5.14) and m =-0.4 into (5.13)

—0.18446

b=(— 1

+1.0083)(%+0.4)—0.47 (5.15)

With the derived k(D) , the empirical formula for evaluating SF when W<D<10W is

given by

Db _ b
SF(x) = [—0.0044 —0.01339¢" 2%’ _(.01142¢' 3-117)](x +0.32L)

(5.16)
~0.18446

1

where XE[—£+W,£—W].
2 2
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5.4.3 Formulas of both k and b for 10W <D

From the curved in Figure 5.4(c), it is found that the fitting lines of SF curves cross
at a point with coordinate x=0. At this time, the fitting lines can be represented by

following equation.

SF(x) =k(D)x +b(W,L) Xe[—%+W,%—W] (5.17)

With the similar curve fitting procedure in Section 1.4.2, the expression of gradient

k and intercept b of the fitting lines are given by

D _b
k(D)=-0.0044-0.01339¢" 2% —0,01142¢ 3117 (5.18)
b(W,K)= (‘0'1843 +0.9479)(%—o.1) —0.06 (5.19)

Applying (5.18) and (5.19) into (5.17), the empirical formula to evaluate SF when

D>10W is given by

__Db D
SF(x) = (—0.0044 ~0.01339" 5%’ _0.01142¢' w’J X

(5.20)

-0.1843
+(

+0.9479)(—=——0.1) - 0.06

L
JK

where xe [—£+W,£—W]
2 2

5.5 Valiation of Emprical Formulas

In order to validate the derived empirical functions, SF from numerical calculation

and SF from the derived empirical functions are compared for the wire-grid structure
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with fixed parameters of H=40m, L=10m and W=2m. Two different values of the

distance D are selected in the discussion.

1. Validation of Empirical Formulas for D <W

When D=0.25m, by substituting the parameters into (5.9), the empirical formula for

D<W is given by

SF(x) =-0.024x+0.1505  xe[-3,3] (5.21)

The SE curves from the numerical calculation and from the formula (5.21) are shown
in Figure 5.14. It is noted that two curves in the center region are matched very well.

In the middle region of the structure, the error is less than 1%.
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Figure 5.14 SF curves from the numerical calculation and the empirical formula

2. Validation of Empirical Formulas for W<D<10W

When D=5m, by applying the parameters value into the formula (5.16), the empirical

formula for W<D<10W is given by
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SF(x)=-0.0189(x +1.8) +0.2738  xe[-3,3] (5.22)

The SF curves from numerical calculation and from (5.22) are shown in Figure 5.15.
It is noted that two curves in the center region are also matched very well. In the

middle region of the structure, the error is less than 1%.
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Figure 5.15 SF curves from the numerical calculation and the empirical formula

5.6 Summary

This chapter presented a series of empirical formulas, which could be used for
evaluating the shielding effect of the wire-grid building structure against LIMF
during a nearby lightning stroke. The preliminary study on the relationship between
the structure parameters and shielding effect were conducted and general
observations were obtained from the results of numerical calculation. Based on these
observations, three empirical formulas were derived by the curve fitting technique
according to the distance between the lightning stroke position and building

structure. These formulas are summarized as follows:
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0.079 0. 6485
WEE -0. 123)(——2 6) + (

NG)

SF(x) =-0.024x + (—=

—0.01539) for D<W

D,

b _ Db
SF(x) = (—0.0044—0.01339e(_52-98 —0.01142¢" 3-117)J(x+0.32 L)

for W<D<10W
—0.18446 1
+1.0083)(— +0.4) - 0.47
oo [ £0.0044 0013396 %%’ _ 01142e(3117)jx
for 10W<D

-0.1843
+(

+0.9479)(—— \/— ~0.1)-0.06

where XE[—£+W,£_W]_
2 2
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Chapter 6

Modeling Approach of Non-ferromagnetic Plates

6.1 Introduction

In previous chapters, lightning-induced impulse magnetic field (LIMF) inside a wire-
grid building with isolated downconductors was extensively studied. The equivalent
circuit (EC) modeling approach and corresponding solution procedure were
developed. LIMF inside a real building was characterized. Empirical formulas for
evaluating shielding effect were derived. These results can help researchers and
engineers to evaluate the threat of LIMF to people and occupants inside the

buildings.

In modern buildings large metal plates are widely applied for various purposes such
as floor decking. Since a large metal plate can not be considered as a wire-like
conductor, the EC modeling approach proposed in Chapter 3 is not applicable any
more. In order to study LIMF inside the buildings with large metal plates, a new

modeling approach is developed in this chapter.

This chapter starts with the derivation of electric field integral equation which is the
foundation of the proposed modeling approach. Then, the partial element equivalent
circuit (PEEC) approach for modeling non-ferromagnetic plates is developed. In this
modeling approach, a hybrid cell generation method is firstly proposed which
discretizes a plate into two types of cells. Among these cells, equivalent circuit
equations with partial elements are built respectively for extremely low frequency
situation and for full-wave frequency situation. In the full-wave situation, it is

assumed that the current inside plates has a double exponential distribution. By
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interconnecting the equivalent circuits of all the cells, an equivalent circuit network
consisting of partial elements is built for the whole plate. Finally a solution
procedure in the frequency domain is presented for calculating the current
distribution in the plate and subsequent magnetic fields around it. With the PEEC
modeling approach, the shielding effect of non-ferromagnetic plates against either

steady or transient magnetic field can be studied.
6.2 Modeling Approach of Non-ferromagentic Plates

6.2.1 Electric Field Integral Equation of Non-ferromagnetic Conductors

Vs
Uz &3

Es Hs

Figure 6.1 Three domains in space

Figure 6.1 shows two homogeneous and isotropic conductors in space. The space is

divided into three domains which respectively have volumeV,,V,, V, and surface S,
S,, S;. It is easily noted that the surface S, is equal to the sum of S, andS,. The

permittivity 4 and dielectric constant ¢ in each domain are denoted by subscripts 1,

2, 3. Inside three domains, electric field E and magnetic field H are also denoted by
subscripts 1, 2, 3. Inside the conductor domain, current density J is denoted by
subscripts 1 and 2 correspondingly. There is no current distributed in space because
its conductivity is considered as zero. The Maxwell equations in the frequency

domain in domain 1 are given by
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VxE, =-jouH,

VxH, = joeE, +J,

V.E =0

V-H =p

By combining (6.1.1) and (6.1.2) , the following equation yields

Vx(VxE)=Vx(-jouH,)
=—jou, (Vx Hl)
=—jou, (joeE, +3,)

let k; = w’u,e, , then there is

VxVxE,—kE, =—jou,J,

Given by the operator L =V xV x—k? and two functions F, and F,, there is

F,-L(F)-F-L(F,)=V-[FRxVxF,-F,xVxF]

(6.1.1)

(6.1.2)

(6.1.3)

(6.1.4)

(6.2)

(6.3)

(6.4)

Integrating both sides of (6.4) over the plate volume and applying the Gauss Law,

there is

Vi

J. (F,-VxVxF —F-VxVx FZ)dV=JS (RxVxF,-F,xVxF)-fds

(6.5)

where V, represents the volume of the domain 1 and S, represents the surface of the

domain.
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Choose F, as an arbitrary constant vector a times the Green function which

fulfilling
VG +k*G=-5(r-r’)
Then there is

F, =aG,(r,r’)

1 e—kl\r—r’\
Az Ir=r

where G, (r,r') =
Upon use of the V operation, there is
VxF, =VG, xa

Equation (6.8) is further transformed to

VxVxF, =-aV®G, +(a-V)VG,
= a(klZG1 +5(r— r’))+V(a-VGl)

(6.6)

(6.7)

(6.8)

(6.9)

Choose F, = E; and use (6.1), (6.3), (6.7) and (6.9), equation (6.5) is transformed into

J, (@G, (- joud) - E,-a5(r—r')~E,-(a-VG, )} ov

= J‘S {El x(VG, xa)+ jou,Gax Hl}- nds

(6.10)

The last term on the left-hand side of (6.10) can be transformed into

jvl El.V(a-VGl)dV = JVl{V.((a.Vel) El)—(a'VGl)V- El}dV

R p
= a-L’lVGl(El -)dS —a-_[vl?llVGldV
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While the first term on the right-side hand of (6.10) can be transformed into

Ll E, x(VG, xa)-fdS zjsl(VGlxa)-(ﬁx E,)dS 612
=a-| (AxE)xVGdS .

S

By substituting these results into (6.10) and collecting the volume integral terms on
the left-hand side and the surface integral terms on the right-hand side, it is obtained

that

a- V{ joud,G,—E5(r-r)- &vel}dv
1 81

(6.13)
=a- an xVG, +(fixE)x VG, + jou,GH, xn}dS

51

Since a is an arbitrary vector, (6.13) without (a-) should hold too. Thus,

interchanging r and r’, and using the reciprocity property of Green’s function, it is

obtained that
I {—jwulJlGl—ﬂVG;}dv'
Vy &
+Is {_(ﬁ'x El)v’Gl _(ﬁ X El) xV'G, + ja)UlGl(ﬁ’X Hl)}dS’ - {0

In (6.14), the differential element dv’ and ds’ are located at r', and V' is the

gradient operator V with respect to the primed coordination. Furthermore, i, J,, p,
and H, are functions of r’ . On the left-hand side, E, is a function of r’, but on the

right-hand side E, is a function of r.

Equation (6.14) is a general integral representation that expresses the electric field E

in terms of the sum of a volume integral over the actual plate, and a surface integral
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over fields that can be a represented by an equivalent source on the surface of the
plate. Thus, it can be concluded that the field inside a plate is determined by the

actual volume source and equivalent surface source inside this plate.

The electric field E, in the domain 2 and E, in the domain 3 can also be derived by

using the similar approach. In the domain 2, E, is given by following equation

| {— jou,d,G, —&VG;}dV
V, 82

E, (revz)(6'15)

+LZ {_(ﬁ!x Ez)lez _(ﬁ’x Ez)x V'G, + jou,G, (ﬁ’x Hz)}dS = {0 (I’ eEVZ)

Since there is no volume current in the domain 3 and there is two surfaces enclosing

this domain, E, is given by following equation

Ll(ja)ugGS(ﬁ’x H,)— (A'x E;)x V'G, — (" E,) V'G, ) dS +

' N N ’ N , E (I‘EV) (6.16)
Jo (oG (7 x Hy) (7' Ey) < VG, ~ (- E;) V/G S {o (rev,)

On two surfaces S, and S, which partitions the space into three domains, the

following boundary conditions exist

on S, :AxE,=AxE n-gE AxH,=AxH, A-uH,=n-uH,
¥

=5

n-gkE; =
on S,:AxE,=AxE, NA-&E,=

If both two conductors are non-ferromagnetic conductors, there is relationship, as

follows
&=¢&==¢€'U;=U,=Uu=uand G, =G,=G,=G

Thus there is
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With these boundary conditions, it is obtained from (6.15) and (6.16) that

[, (jouG (' x H,) = (" x E,)x V'G - (A" E;) V'G)dS
. . . A on two sides of S, (6.17)
= Ll(ja)uG(n'x H;)—(A'xE;)xV'G — (A" ES)V'G)dS

Lz(ja)uG(ﬁ'x HZ)—(ﬁ'x Ez)xV’G _(ﬁ’. EZ)V'G)dS

_ A A A on two sides of S, (6.18)
=Lz(ja)uG(n xH,)— (' x E;)x V'G - (fi"- E;) V'G ) dS

From (6.15) and (6.15), it is known that when the observation point is located in the
domain 1, both (6.15) and (6.16) are zeros. This means that the contribution of the
domain 2 and the domain 3 to the electric field in the domain 1 is zero. Then the
following relationship between the parameters in the domain 2 and the domain 3 is
obtained

J (JuG ("> Hy) — (/< E;) x V'G — (- E;) V'G)dS

(6.19)
= _jsz(jqu (ﬁ’X HS)—(ﬁ'X E3) XV'G —(ﬁ' Es)V'G)dS

Isz(jqu(ﬁ’x Hz)—(ﬁ'x EZ)XV'G _(ﬁ'. EZ)V'G)dS
(6.20)
= (—ja)quG —&V'dov
V, &

By substituting (6.19) and (6.20) into (6.14), it is obtained that
E, = (—jcoquG —&V’dov +| (ja)quG —&V'dov (rev,) (620
Vi & Ve &

If there are more than two conductors in space, e.g. the number is N, (6.21) can be

revised to (6.22) by using the similar procedure.
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i=1 !

(—ja)uJiG—%V'doV (rev,) (6.22)

From (6.22), it is revealed that for non-ferromagnetic conductors in space, the
electric field inside one conductor is contributed by the currents in all conductors.
This can be considered as the linear superposition effect of these conductors.

Equation (6.22) is also named as the electric field integral equation (EFIE).

If the current J; inside conductor j is the source current, then the electric field

component contributed by J; is considered as the incident field E', (6.22) can be

modified as
N
E= | (—ja)uJiG—ﬁV’doV+Ei (rev,) (6.23)
i=Lizj &

According to the Ohm’s Law, the electric field inside the conductor 1 is represented

by E, :i where o is the conductivity of the conductor 1. Then (6.23) is further
o

modified as
Ei=i+ij (ja)uJ.G+ﬂV’doV (rev,) (6.24)
o v I € 1

Thus EFIE (6.22) is transformer to a representation associated with the current J,

the charge p and incident field E'.

6.2.2 Partial Element Equivalent Circuit Model of Plates

If the conductor 1 in Figure 6.1 is a non-ferromagnetic plates and the conductor

carries the source current, (6.24) is simplified as
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E‘=i+j (ja)quGJr&V'doV (rev,) (6.25)
o M &

(6.25) is a vector equation. If it is assumed that the normal component of electric
field on a plate is negligible, (6.25) can be divided into two scalar equations along

two orthogonal coordinate axis.

E;=i+j [ja)uJXG+£§}dV (6.26)

o & OX

S

Ey =L+ {ja)uJyG +£§}dv (6.27)
o g oy

Where E! and J, are respectively the x-component of incident electric field and
current density at a position inside the plate. E‘y and J, are respectively the y-

component of incident electric field and current density at a position inside the plate.

Toee]e]s]°
Bonnr
oo,

Figure 6.2 Voltage cells

Equation (6.27) and (6.28) describe the relationship between the incident electric
field inside a plate and the volume current sources as well as the charge sources. To

solve the fields numerically, this plate is divided into voltage cells along its length
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and width as Figure 6.2 shows. Between two adjacent voltage cells, a current cell is
inserted. The current cell with x-direction current is named as an x-cell shown in
Figure 6.3 (a), and the cell with y-direction current is named as a y-cell shown in
Figure 6.3 (b). In order to take the radiation effect into account, the dimension of

each cell should be much less than the wavelength of the incident field.

. uk
o
-

i onn
(i

T/T/T/

7224 724

—>X

(b) Current y-cells

Figure 6.3 Two types of cells in the plate

It is assumed the charge density is uniform across each voltage cell and the current

density is uniform across current x-cells and y-cells. The charges gather at the two
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end of a current cell. The partial differential VT is replaced by a difference

expression (Ti -T; )/I . Then for a combination of two voltage cells and a current cell

(x-cell or y-cell) k as Figure 6.4 shows, (6.26) and (6.27) can be written as

i J _kt‘rn_rk‘ k‘\r i M -
Ek__kJeruz'[ - 47ng (ZJ‘ o dV—ZIV PoZ v

o Ar = |rn—rk|

where k=x or y and k, = o/ ue .

voltage cellsiand j

current cell k

Figure 6.4 Combination of two voltage cells and one current cell

The size of the plate in a building is usually several tens meters, which is much
smaller than the equivalent length about several hundreds meters of the maximum

frequency to be considered in the lightning current spectrum. The radiation effect of

the source can be neglected as e ™" ~1 in (6.28). Thus (6.28) can be simplified as

= jry (ZL dV Zf ‘dv](a 29)

m=1 m

where [; is the distance between two voltage cells.
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Integrating (6.29) on the a layer s, inside the current cell, (6.29) is revised as

. ,
1 E,‘<=ij W(ro), jou AN (1) oy +VU, (6.30)
W, 7S W, 's o 4w, 4575 | =

where w, is the width of the layer S, .
VU, is defined as

VU, =U, U,

_ 1S P 1w o
 A4neS, ;L, '[Vm - ri| dSdv ppy Z‘IL, IVm - rj‘deV

(6.31)

where V, is the volume of the voltage cell m. S; and S; are respectively the layer

surface of the voltage cell i and j.

A. Extremely Low Frequency

MiMI L 0
Tmm Im
m=1
Vi ’\;\k/\: N Y
N U L
U= 1/P, Ik 1/Py == Uy
Ng+N, Ns+N, p.
P jm
O 'S i, IR
m=1 ~Mmm m=1 MM
mei m# j

Figure 6.5 Partial element equivalent circuit of the combination

At extremely low frequency, the current density J and charge density p inside a

plate can be considered to distribute uniformly along the plate thickness. Then they

are both constant in each current cell and voltage cell. At this time, the current
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density J and charge density p can be extracted from integral signal in (6.31). Then

(6.31) can be interpreted into the Kirchhoff’s equation of partial element electric

circuit (PEEC) as Figure 6.5 shows.

N
Uy =RJ, + joMuJd, + jo > M J +U; U, (6.32)
n=1k#n
and

P
U, =U;+ jo D, P—Jqu (6.33)

ISR
U, =i(3,-3,)) (6.34)

Jow

where J, is the volume current density inside cell k . U, is the potential of the
voltage cell i, i.e. one end of a current cell k . U, is the voltage imposed on the
current cell k by the incident field. U is the voltage of the partial capacitance

connected at voltage cell i, as seen in Figure 6.5.

In (6.32) R, is defined as the resistance of the current cell given by

R =k (6.35)
O

where |, is the length of current cell k.

In (6.32) M,, is defined as the self partial inductance and M, is the mutual partial

—ky|r—r]

inductance between current cells k and n. Since the item e ~1 in extremely

low frequency, a general formula for calculating partial inductance is given by
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u 1
M,, = . Lk jvnmdev (6.36)

when n becomes k , (6.34) is for the self partial inductance.

In (6.33) and (6.34), P,

is defined as the self partial potential coefficient and B; is

the mutual partial potential coefficient between voltage cells i and j. A general

formula for calculating potential coefficient is given by

1 1
P, = pps J. jv,. —d‘rj - Sdv (6.37)

when j becomes i, (6.37) is for calculating the self partial potential coefficient.

The explicit expressions of (6.36) and (6.37) are presented in Appendix A.

It is found that, the influence of the partial capacitance in the equivalent circuit is

very small at the extremely low frequency. So it can be neglected in the calculation.

According to the current continuity law, the current flowing into a voltage cell is
equal to the current flowing out. Since two x-cells and two y-cells are overlapped at a
voltage cell, it is deemed that total current flowing inside is equal to the total current
flowing outside. There is no normal current flowing in the plates and there is no
displacement current either due to neglecting the partial capacitance. The continuity

relation can be applied to the current density in the same level inside the plate.
2 2
D S +2.5,d, =0 (6.38)
i=1 j=1

Equation (6.29) can be interpreted into a circuit equation by defining the partial

inductances and the partial potential coefficient, as shown in (6.31) and (6.32). Thus
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a current cell is transformed to a partial element equivalent circuit, as seen in Figure

6.5.
B. Full-wave Frequency

With increasing frequency, the distribution of current density J inside a plate
becomes uneven due to the skin effect. At this time, it can not be considered as
constant in each cell volume. It is reasonable to assume that the distribution along the

thickness exhibits a double-exponent distribution characteristic given by
I(2)=377 +3,e7@ DN (6.39)

where J; and J, are respectively the unknown current density on the two surface of

a cell. d is the thickness of the plate. = is the skin depth of the plate under the

angular o where 7=~ wuc /2.

surface 1

(xory)

Figure 6.6 Two surfaces of a plate

Substituting (6.39) into (6.32), (6.32) is transformed into two Kirchhoff’s circuit

equations on two surfaces of a cell with the partial elements as seen in Figure 6.6.
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N

Ugs =R I+ joM iy + JoM i, + jo z Mg, J

sin“¥nl
n=1,nzk

onsurface 1 (6.40)

N

Fjo Y My, U, -U,

s2n%¥ n2
n=1,n=zk

N
Uy, =R + JoM G, dyy + joM  Jy, + jo Z M20d
k=1,k#n

onsurface 2 (6.41)

N
+ Ja) Z IVlsln“]nz +Ui _Uj

n=1,nzk

where J,, and J,, are respectively the two parameters in (6.39) for the cell k. U,
and U, are respectively the voltage induced by incident field on the surface 1 and

the surface 2.

The partial inductance in (6.40) and (6.41) can be calculated by

-zlt

U, e
M = .[s .[v
zl;Z\A@l 1o |ﬁ - r‘sl|

dsdv (6.42)

g(d-2)/r

— uO
M., = rEv. Lz J‘V[ P dsdv (6.43)

where w is the width of two surfacesand t =i or j.

It is assumed that the charge distribution does not vary with frequency across the
thickness of a plate in the lightning frequency spectrum. The partial capacitance in
the equivalent circuit can be obtained by calculating the partial potential coefficient

between voltage cells i and j with the following equation

1 1
P, = o Li jvj o] dsdv (6.44)
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where S, is the surface of the middle layer inside a voltage cell i.

The explicit expressions of (6.42), (6.43) and (6.44) are presented in Appendix B.

According to the current continuity law, the current flowing into a voltage cell is
equal to the current flowing out as seen in Figure 6.4. Since two x-cells and two y-
cells are overlapped at a voltage cell, it is considered that total current gathering at a

voltage cell is equal to zero.

2 2

D20, =1, (6.45)
=1

i=1 f

where | is the current flowing in x-cell i and I; is the current flowing in y-cell

1.1, is the displacement current between voltage cells.

Both 1,; and I, can be represented by the integration of current density as follows

1y =w, [ 3, (z.0)dz (6.46)

where t=xor y. w and d are receptively the width and thickness of the cell i.

6.2.3 Solution Procedure

In above section, the KVL equation (6.32) and KCL equation (6.38) are built at
extremely low frequency. The KVL equation (6.40), (6.41) and KCL equation (6.45)
of a plate are built for full-wave frequency. Applying the KVL and KCL equations to
all current cells and voltage cells in this plate, a group of KVVL equations and KCL
equations are obtained, which can be written in the form of matrix equation in the

frequency domain, as follows
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B QM ] m (6.47)

where A is the node relationship matrix; Y is the susceptance matrix; Z is the

impedance matrix; G is the branch relationship matrix; I, is the current density

vector and V, is the potential scalar. I is the source current vector.

By solving the matrix equation, the current density in each current cell is obtained.
The current cell is further divided into small rectangles along the current direction,
each of which is treated as a filament. The magnetic fields around the plate generated
by each filament are calculated by (3.47) in Chapter 3 according to the Bio-savart
Law. The total magnetic fields are obtained by superposing the magnetic fields

generated from all these filaments.

If the source is a transient current, such as a lightning discharge current, the transient
source current in the time domain firstly is transformed to a series of a.c harmonic
source current by the Fourier transform technique. Then the solution procedure is
applied to calculate the current distribution and magnetic field at each harmonic
frequency. Finally, the results obtained from all discrete frequencies are transformed

to the time domain by the inverse Fourier transform technique.
6.3 Summary

This chapter provided the partial element equivalent circuit (PEEC) approach for
modeling non-ferromagnetic plates at both extremely low frequency and full-wave
frequency. With this modeling approach, the current flowing in a plate was
discomposed into two orthogonal components which exist at corresponding current

cells. Then a numerical procedure was applicable to transform the plate into an
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equivalent circuit network. Meanwhile, uneven current distribution inside plates was
taken into consideration. With the solution procedure in the frequency domain, the
current distribution and magnetic fields are calculated both for an a.c. source or a

transient source.
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Chapter 7

Modeling Approach of Wire-plate Building Structures

7.1 Introduction

In Chapter 6, the partial element equivalent circuit (PEEC) approach was developed
to model a large non-ferromagnetic plate. With this approach, the magnetic fields
around a plate can be evaluated numerically under the excitation of an a.c. or

transient current source.

In a modern building, large metal plates such as those used for floor decking are
usually connected with columns and beams. Since the reinforcing concrete (RC) bar
bundles can be modeled as cylindrical conductors as stated in Chapter 3, the plates
and those cylindrical conductors form a building structure, which can be modeled as
a wire-plate structure. The PEEC modeling approach can be applied to this type of
building structures by integrating the PEEC model of plates and the equivalent
circuit (EC) model of cylindrical conductors. This integrated model of the wire-plate
building structure requires a large amount of memory and costs a long time for
solution if the structure has a large dimension. Under the condition of a direct
lightning stroke, a hybrid analytical-numerical equivalent circuit (HANEC) modeling
technique is developed from the integration of the PEEC and the EC modeling

approach.

In this chapter, a building structure with metal decking is introduced firstly. The
PEEC model of plates and the EC model of cylindrical conductors are integrated to a
model of the building structure with metal decking. A preliminary study is conducted

on a scaled wire-plate structure under a direct lightning stoke. From the results of the
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preliminary study, some valuable observations are obtained. With these observations,
a new modeling technique, the hybrid analytical-numerical equivalent circuit

(HANEC) technique, is proposed finally.

7.2 Simplification of a Building Structure with Decking

In modern buildings, metal decking is increasingly applied for the construction of
floors. The decking is usually bonded with the RC bars inside columns, beams the
other structural components. Since the RC bars inside those components can be
considered as wire-like cylindrical conductors as stated in Chapter 3, the building
structure containing RC bars and decking can be simplified to a wire-plate structure,

as shown in Figure 7.1.

Figure 7.1 A wire-plate building structure under a direct lightning stroke

7.3 Integration of PEEC Model of Plates and EC Model of Cylinderical

Conductors

The PEEC approach was proposed in Chapter 6 for modeling a plate, and the EC

approach was proposed in Chapter 3 for modeling cylindrical conductors. Since two
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modeling approaches are both based on the electric circuit theory, they can be

integrated by following procedure:

1)  When generating cells in plates, the joint position of a wire and a plate is
located at the center of a voltage cell. This joint also is a joint of x and y

current cells in the plate, as shown in Figure 7.2.

wire

l, §

y-cell (j=2)
x-cell (i=1) x-cell (i=2)
2oy < L4
. .
X y-cell (j=1)

Figure 7.2 Joint of a wire and a plate

2)  Set the node voltage of a wire at the joint to be equal to the voltage at the
voltage cell where the joint is located. The current conservation law is applied
at the joint. So the current in the wire is equal to the sum of the current in the
current cells connected at the joint. Since the current has an approximate
double exponential distribution inside a plate as described in (6.39), the

Kirchhoff’s Current Law (KCL) equation at the joint is expressed by

: d 2 4z 2 d -z d-z
I :gwxi_[o [Jxme T+ d,e T jdz+§wyjfo [Jyjyle T+J,.8 ¢ jdz (7.1)

where 1 is the current in the wire, d is the thickness of the plate, and w; is

the width of the cell i.
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3)  With these additional KVL and KCL equations, the EC model of the wire and

the PEEC model of the plate are combined to an integrated equivalent circuit

network. Since there is no mutual inductance between orthogonal conductors

according to Neumann’s theory [Andre etal., 2001], there is no mutual

inductance between the wire and current cells in the plate while there is mutual

capacitance between them.

4) By solving the KVL and KCL equations of the equivalent circuit network of a

wire-plate structure, the current in the wire and current density inside the plate

can be evaluated numerically. Consequently, the magnetic field can be

evaluated by the Bio-savart law as stated in Chapter 6.

7.4 Priliminary Study

With the integrated modeling approach, a preliminary study was conducted on a

simple and small scale wire-plate model, as shown Figure 7.3. In this model, two

aluminum plates with the thickness of 1.5mm were connected with four aluminum

cylindrical conductors. An a.c. current source was connected at two terminals of a

conductor.

10cm

current

sourc
>

10cm

10cm

Figure 7.3 A small scale wire-plate model



This wire-plate model was transformed to an equivalent circuit network by

integrating the model of plates and cylindrical conductors. The current distribution in

the plates is evaluated at harmonic frequencies ranging from extremely low

frequency to high frequency. From the evaluation results, some observations were

found and presented, as follows

1)

2)

With increasing frequency, the required number of cells on the plates will
increased rapidly to ensure the evaluation accuracy. Consequently, the
requirement of the memory capacity and calculation time will increase

significantly.

The proximity effect between two parallel plates is very small when the source
current flows through the plates directly. So the current distribution inside a
plate along the normal direction is nearly symmetrical. Then the double
exponential function (6.39) which is used to approximate the current
distribution can be replaced with a hyperbolic function.

J(z)chosh(—Ej ZE{—%,%} (7.2)

T

where J is a unknown variable, d is the thickness of the plate, and ¢ is the

skin depth of the plate under the angular » where 7 =+ wuc/2 .
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Figure 7.4 Contour lines of current density on a plate around a joint

3)  The variation of the current distribution along the tangential direction with
frequency inside the area around a joint shows inherent patterns. At low
frequencies, the current diverges evenly from the joint as seen in Figure 7.4(a).
With increasing frequency, the current will gather at the area near the edges of

the plates as Figure 7.4(b) shows.

4)  The susceptance on the wire-plate model has little influence on the current
distribution from the extremely low frequency to the frequency as high as

1MHz which is about the dominant frequency spectrum of lightning discharge
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current. For the lightning discharge current source, the susceptance of the wire-

plate model can be neglected.
7.5 Hybrid Analytical-Numerical Equivalent Cirucit Technique

With the observations from the preliminary study, following modifications in the
modeling approach were proposed in order to reduce the requirement of memory and

accelerate solution for a wire-plate structure under a direct lightning stroke.
7.5.1 Uneven Cell Generation Method

In the EC modeling method, the current cells and voltage cells were generated evenly
in both tangential directions. In each current cell, the assumption was adopted that
the current density on each cells is uniform. From the preliminary study, it was found
that with increasing frequency, the current distribution on the plate became uneven.
The current density on the center area of a plate became small. On the contrary, the
current density in the area around the wire-plate joint and near the boundary became
large. In another word, the gradient of current density in these areas increased
significantly with increasing frequency. At this time, a large number of even cells

were required to ensure the evaluation accuracy.

In order to decrease the cell number, uneven cells generation method is proposed in
this section. Usually, uneven cells are generated by dividing the plate unevenly into
small voltage cells with different sizes on the plate directly. With this method, the
inductance between every two cells in the same direction should be calculated.
Assuming the cell number is NxM, the number of inductance to be calculated may be
(NxM)?. From Section 6.2, it is known that there are 5 folds of numerical integration

in calculating each partial inductance. When the cell number is large, calculating all
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the mutual inductance is quite time-consuming. In this thesis, a novel uneven cell

generation method is proposed to reduce the computation time of inductance.

Step 1: Locating Voltage Cells

ﬂ.".".‘..“..’
000 000O0OGOEOGEOIOGOEOSOOSOEOIO
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00 000000O06OCGCOGIEOSIOSGIOSNOIOIO
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00 000000O06OCGCOGIEOSIOSGIOSEOIO

..............@.
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0 00000000000 909090 o

Figure 7.5 Center points of voltage cells

Firstly, a plate in the wire-plate structure is divided into a lot of identical small
voltage cells. In Figure 7.5, the grey squares represent some of voltage cells and the
black points represent the centers of voltage cells. Since each voltage cell is the same
in size, the current cells generated from voltage cells are also identical. Thus, the
mutual inductances between one cell and the others include all the values of the
mutual inductance between any two cells. For example, the number of identical
current cells is NxM. Then only NxM inductance should be calculated which holds
all the value of inductance for NxM cells, unlike (NxM)? in other grid generation

methods.

Step 2: Rarefaction of VVoltage Cells
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Figure 7.6 Rarefaction of voltage cells

On the plate with even voltage cells, some of voltage cells can be combined into one
bigger cell if potential on these cells changes slightly, as illustrated in Figure 7.6. The

rarefaction rules obtained from the preliminary study are stated, as follows:

1) Inthe area away from the wire-plate joints, a large number of voltage cells can

be combined into a large cell since the current density in this area changes

slightly.

2)  When the area moves towards to the joint, the number of cells to be combined

gets smaller and smaller.

3) Inthe area close to a joint no change of voltage cell size is recommended.

Step 3: Generation of Current Cells
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Figure 7.7 Uneven current cells generated from simplified voltage cells

Current cells in both x and y directions are generated individually from the revised
voltage cells. Figure 7.7 illustrates some generated x-cells and y-cells with different
shapes. Since one combined current cell contains several original current cells
generated in Step 1, the inductance of this bigger cell is obtained from the calculated

inductances of those original current cells through a combination procedure. This
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procedure is superior to calculating the mutual inductance of uneven current cells

directly in terms of the memory requirement and CPU time.

Step 4. Combination Procedure for Calculating Inductance

Combined Current Cell i

Figure 7.8 Two combined current cells

i2 J2

Combined Current Cell j

The combination procedure is introduced via the example given below. Figure 7.8

shows two combined current cells. Cell i contains two original current cells i, andi, .

Cell j contained two original current cells j and j, .

The inductance matrix of the original cells i, i,, j and j,is obtained from the

calculation in Step 1, and is given by

—

ilil
i2il

ji1

|

j2il

—

i1i2
i2i2

jli2

| Y N

j2i2

—

i1j1

—

i2j1

j1j1

-

j2j1

—

i1j2
i2j2

i1j2

| R i

j2j2

Then the self inductance of the combined Cell i is as follows

Li = L + Ligiz + Ly + Lig

The self inductance of the combined Cell j is as follows
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L. =L

i i+ Li2ja + Ljnja + Lizi (7.5)

it
The mutual inductance between Cell i and Cell j is as follows

Lj = L + Lizjp + Ligje + Ligjo (7.6)

1

From (7.4) and (7.5), it shows that the self inductance of a combined cell is the sum
of all the self inductance of its original cells and the mutual inductance between its

original cells. It should be emphasized that the mutual inductance between Cell i,
and Cell i, and that between Cell i, and Cell i, are considered two individual

mutual inductances in calculation, although they are identical in fact.

From (7.6), it shows that the mutual inductance between combined cells is the sum of
all the mutual inductance between their original cells. Similarly, the mutual

inductance between Cell i, and Cell j, and that between Cell j, and Cell i, are

considered two individual mutual inductances in calculation, although they are

identical in fact.
7.5.2 Symmetrical Current Distribution inside Plates

From preliminary study, it is found that the eddy current generated from the
induction effect between two plates is much smaller than the shunt current from the
lightning discharge current. Then the proximity effect can be neglected. At this time,
the current density inside a plate can be approximated by a double exponential

equation as shown in (7.2).

With (6.39), the number of unknown variables in each cell is reduced from 2 to 1.

Thus, (6.40) and (6.41) in Section 6.2 is modified to be
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N
U, =RJ, + joM,J; + jou Z M;J; +U, -U, (7.7)

JL

where J; is the current density at the middle level of Cell i . U, is the voltage of the

voltage cell n, i.e. one end of a current cell i . U_ is the voltage imposed on the

si
current celli . M, is the partial inductance between the middle level and the volume

of Cell i . My is the mutual partial inductance between the middle level of Cell

i and the volume of Cell j .

The formula of inductance M, is given by

cosh (—Zj
_ u T
i = 47[?Ni J‘si Ivi ‘ri - rl' dSdv (7.8)
M. =Y [ ] ot (_T) dsdv (7.9)
V4w s, ‘rj—ri‘ '

The explicit expressions of (7.8) and (7.9) can be obtained with the results presented

in Appendix B.

7.5.3 Analytical Expression of Current Distribution around a Wire-plate Joint

The current density gradient around a wire-plate joint increases significantly with
increasing frequency. Thus at high frequency the size of the cells in these areas
should be extremely small to meet the assumption of uniform current density. This
will result in a large memory capacity required and make the solution unachievable.
In order to solve this problem, an analytical function is developed for preliminary

study to describe the current distribution around a wire-plate joint.
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7.5.3.1 Current Distribution around a Wire-Plate Joint

wire

plate

(1) at a corner of the plate

wire

plate

(2) at the side of the plate

wire

plate

(3) inside the plate.

Figure 7.9 Joint of a wire and a plate

147



The wire-plate joint inside a plate can be divided into three types as shown in Figure
7.9. Type (1) joint is considered as a wire connected with a sector of 90 degree. Type
(2) joint is considered as a wire connected with a sector of 180 degree. Type (3) joint

is considered as a wire standing in the middle area of a plate.

Assuming the current is injected from the wire into the plate, the current will defuse
outward inside the plate from the joint. If the current distribution along the radial
direction and circumferential direction can be represented with an analytical function,

the discretization in the area will be not necessary any more.

For Type (3) joint, because the area around the joint is axial symmetric, it is obvious
that the current is distributed uniformly along the circumferential direction around
the joint. For Type (1) and (2) joints, the current distribution along the
circumferential direction should be derived by using the conformal mapping

technique.

Figure 7.10 Conformal mapping from a sector to a rectangle

As Figure 7.10 shows, a sector with any degree can be conformal mapped to a 2-D

rectangle with the transformation function [Binns et.al., 1992]
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7.10
tan™ (lj =V (7.10

From the conformal mapping function, it is shown that the radius of the sector in xy

plane is mapped to the u coordinate in uv plane. The angle of the sector is mapped

to the v coordinate in uv plane. Then Type (1) joint is mapped to a rectangle with
coordinatev:%; Type (2) joint is mapped to a rectangle with coordinatev = .

Thus, if the current distribution in the rectangle along v coordinates in uv plane is

revealed, the distribution in the sector can also be obtained consequently.

7.5.3.2 Current Distribution in 2D Rectangle Plate

X2

x1

Figure 7.11 A 2D rectangle plate

The current distribution along the z direction in a 2D rectangle plate shown in Figure

7.11 can be derived by the following procedure.

The Maxwell equations in metal plate are given by
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VxH =(o+ joe)E

VxE =-jouH (7.10)
V-H=0 '
V-E=0

The electric field E inside the plate is expressed in terms of the scalar electric

potential ® and vector magnetic potential A, as follows

— joA+ VD (7.11)
The current density J inside the plate is given by

=—joocA+oVO (7.12)

In the 2-D infinite long plate shown in Figure 7.11, E, J and A have the z-

direction component only. Equation (7.12) can be rewritten, as follows
J, =—jocA, +0% (7.13)

From (7.13), it is noted that the current inside the plate not only depends on the

scalar electric potential variation in space, but also the vector magnetic potential in

. . . 0D .
time. In our discussion, 8_ IS a constant.
/A

Since the vector potential A can be derived from the D'Alembert Equation
VA, +@’ueA? =-ud, (7.14)
The solution of A, on the plate is given by

e — jo~Juer

+0 J
= j A SA L, VT (7.15)
T 9% I
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where r :\/(x—x')2 +(z—z')2

Since A, is symmetrical with respect to the axis z=0 and A, is uniform at any z

coordinate along the z axis, (7.15) can be modified to be

+0 .J e ~jofuer
<4~ 7 dx'dz' 7.16
27[ -, (7.16)
where r = (x—x')2 +2°
By substituting (7.16) into (7.13),
v 3, (x") el oD

J + — 4 4 dx'dz'=0c— 7.17
(%) Jwazﬂ l, o (7.17)

where r = (x—x')2 +27

Equation (7.17) is the second kind of Fredholm Integral Equation. This kind of

equation can be solved numerically by the moment method.

7.5.3.3 Integration of Sector Area and Cell Area

‘4o
.

Figure 7.12 Boundary between analytical area and cell area
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The area around a wire-plate joint is considered as an independent region with one
analytical equation for describing the current distribution. The coupling between this

region and other current cells on the plate should be considered.

Figure 7.12 shows an analytical region around a joint and its adjacent rectangle
current cells. The grey cells represent 5 x-cells and the white cells represent 5 y-cells.

The voltage of an arc with radius r; around the joint is assumed as U,,.

The analytical region is divided into several small regions between two dotted lines
shown in Figure 7.12. The current density on each small region is assumed constant
along the circular direction which is determined from the distribution equation. The
current density decreases along the radial direction according to current conservation

law by combining with (7.2)

Raeri z dd
J.(r,z)=13J,., —=cosh| —— zZe|——,— 7.18
{r2) r ( J [ 2 2} 0
where J,.; is the current density at arc of region i (i=1,2,..,5) and R, is the

radius of arc i. J; is the current density at a point inside region i with radius r to

the joint.

The voltage difference between the arc and point n satisfies the KVL equation

J;(r,0)d ' i
U -U, _[ J- J- (r,z) deV Lo J,(r,z)dsdv
47rW v zw, St MR-
%f—J
resistance self inductance mutual inductance between small regions
N Ja) N JJ(Z)deV_

AZW, (34 'L“ Vi

r—r

J n

mutual inductance between the region and cells

(7.19)
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where U, and U, are respectively the voltage at arc 1 and point n. J,(r,z) is the
current density inside region t. J,(z) is the current density inside other regions or

current cells. S, is the layer at the middle of region . V, is the volume of region i.

In (7.19), the first item at the right side represents the resistance component of KVL.
The second item represents the self inductance component and the third item
represents the mutual inductance between the region i and other regions or current
cells. The last item U, is the induced voltage at the region i from the incident field.
By substituting (7.18) and (7.2) into (7.19), (7.19) is transformed into a concise

equation, as follows

T N
U, -U,=RJ, .+ ja)ZMitJam +jo Z M;J; -Ug (7.20)
t=1 j=1,j=i
where
Racr—i In ( RRI j
R = LSRN (7.21)
O

U R cosh (—Zj
— 0 arc—t T
Mi= o 1. P dsdv (7.22)
! cosh (—Zj
_ Y T
M;; = 4rrw, J-si Ivj ‘rj - ri‘ asdv (7239

where V, is the volume of the analytical region t, and R is an integral variable from

R, to the adjacent rectangle voltage center along the radial direction from the joint.
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The explicit expressions of (7.22) and (7.23) can be obtained by replacing e "z* with

cosh (—Ej in Appendix B.
T

The KCL equation established at the center of a voltage cell is given by

JA

T]dz+andAx+JyndAy:O (7.24)

d/2
Jtethmeosh

where @ is the angle of the analytical region t. d is the thickness of the plate. Ax

and Ay are respectively the lengths of the side orthogonal to the current direction.

7.5.4 Integrating Models of Wire and Plate

In Section 1.2, the EC model of cylindrical conductors and the PEEC model of plates
are integrated to transform a wire-plate model of building structure into an equivalent
circuit network. When the HANEC technique applied, the integration of two kinds of

models will be modified, as follows.

[ ] Ul

wire

plane

o U2

Ff/ u2,J,

Figure 7.13 Integration the models of a cylindrical conductor and a plate

As Figure 7.13 shows, the voltage difference between the two terminals of a wire

conductor are U, and U, . When the wire is connected with the plate at a corner, it is
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assumed that the voltage at the arc around the joint is equal to U, . Furthermore, the

total current flowing outward through the arc section is supposed to be equal to the

current in the wire conductor as (7.25) reveals.

t=1 2

T4
| = Z J. 2d ‘]arc—t Rarc—tearcft cosh (_Ej dz (725)

T

where | is the current in the conductor. d is the thickness of the plate. T is the

number of current cells connected at the joint. J__ . is the current density at the arc.

arc—t

R and @

arc—t arc—t

are respectively the radius and angle of the arc.

With these two boundary conditions, the EC models of cylindrical conductors can be
integrated with the HANEC model of the plate network and finally form an

equivalent electric network for the wire-plate model of building structure.
7.5.5 Simplification of Coefficient Matrix and Solution Procedure

For the complete equivalent circuit network built in Section 7.5, the current
distribution in the wire conductors and on plates can be calculation with the similar

solution procedure stated in Section 6.2.2.

The matrix equation of this equivalent circuit network is given by

B QMZM (7.26)

where A and G are respectively the node relationship matrix and the branch

relationship matrix I, is the current and current density vector and V. is the voltage
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scalar. I, is the source current vector; Z is the impedance matrix which has a

S

structure like follows
Z ZWires 0 7 27

where Z is the inductance matrix of wire conductors and Z is the inductance

wires plates

matrix of plates. According to the observation (2) of the preliminary study, the
proximity effect of two plates can be neglected. Then the mutual impedance between
two plates can be considered as zero. Then the impedance matrix of plates has

following structure

Z 0 0
ate 0
Z plates — 0 p(l)t ’ 7 . (728)

platel

plate3

where Z ... (i=1,2,3,...) is the inductance matrix of a single plate.

Since most of the elements in A and G are zero, (7.28) becomes a sparse matrix

equation which can be solved by the solution technique of sparse matrix equation.

By solving the matrix equation, the current in wire conductors and current density in
plates are obtained. The magnetic field generated by wire conductors can be
calculated by (3.47) directly. The magnetic field generated by plates can be
computed with the same method introduced in Section 6.2.2. Then the magnetic
fields around the wire-plate structure are obtained according to the superposition

theorem.
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The solution procedure for a transient current source like the lightning discharge
current is similar to the procedure introduced in Chapter 6, which converts a transient
problem into an a.c. harmonic problem through Fourier transform and inverse

Fourier transform.

7.6 Summary

In this chapter, the EC model of cylindrical conductors was integrated with the PEEC
model of plates. Then the wire-plate model of building structure was transformed
into an equivalent circuit network. Based on this integrated modeling approach, a
preliminary study was conducted on a small scale model connected with an a.c.
current source. From the preliminary study, some interesting observations were

revealed, as follows

e The computer memory size and CPU time increased quickly with increasing

dimension of plates and increasing frequency of concern.

e The proximity effect between two adjacent plates was neglected in the
frequency spectrum of lightning. The current distribution inside a plate was

approximated by a hyperbolic function.

e The variation of the current distribution along the tangential direction in the
area around a joint had inherent patterns, which were approximated by

analytical functions.

e The susceptance of the wire-plate model was neglected in the dominant

frequency spectrum of lightning discharge current.
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With above observations, modifications were adopted to optimize the PEEC
modeling approach of plates. A novel hybrid analytical-numerical equivalent circuit

(HANEC) modeling technique was then developed. These modifications included

e Generating even cells on the plates according to the predicted current

distribution.

e Applying a hyperbolic function to approximate the normal current

distribution inside plate.

e Deriving analytical functions to describe the tangential current distribution

around wire-plate joints.

e Integrating the EC model of a cylindrical conductor and HANEC model of a

plate.

e Simplifying the impedance matrix of the model matrix equation.

With the HANEC technique, it is possible to handle large wire-plate structure under
a direct lightning stroke with reasonable memory size and high efficiency.
Consequently, LIMF inside a wire-plate building structure under a direct lightning

stroke can be evaluated accurately and efficiently.
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Chapter 8
Characterization of LIMF Distribution inside a Scaled Wire-plate

Structure

8.1 Introduction

Chapter 7 described the hybrid analytical-numerical equivalent circuit (HANEC)
technique for modeling the wire-plate building structure under a direct lightning
stroke. With this novel modeling technique, the current distribution in the structure
can be evaluated in the frequency domain. Consequently, the lightning-induced
impulse magnetic field (LIMF) inside the structure can be calculated. The
characterization of LIMF inside a wire-plate building structure has been little
addressed because this type of structure becomes popular in building construction in
the recent years. With the proliferation of the wire-plate structure in high-rise
buildings, the knowledge of LIMF distribution inside those buildings becomes

critical in the protection of sensitive electronic equipment.

In order to provide fundamental knowledge about LIMF distribution in a building
with the wire-plate structure, this chapter characterizes of LIMF inside a scaled room
with the wire-plate structure under a direct lightning stroke. Firstly, the configuration
of the wire-plate model is introduced. Secondly, LIMF distribution inside this model
is characterized and compared with that around an independent downconductor.
Finally, the magnetic fields in the wire-plate model are compared with those in the

wire-grid model.
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8.2 Configuration of a Scaled Wire-plate Model

400mm
\‘\ 400mm
400mm
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Figure 8.1 A scaled wire-plate model

Figure 8.1 illustrates the configuration of the scaled wire-plate model under
discussion. This model is for a scaled room inside a building. Once LIMF
distribution inside this room is revealed, the result can be applied to other rooms in

the building.

As shown in Figure 8.1, the model is made of two aluminum plates and a number of
vertical columns. The length and width of these plates inside this model are equal to
400mm. The length of the vertical columns between two layers is also equal to
400mm. The thickness of the plates is 1.5mm and the radius of columns is equal to
2mm. The lightning stroke terminates at a corner of the model, and is represented by
a current source as stated in Chapter 3. The source current has a normalized peak
value 1A and a waveform of 8/20us (time to peak value/time to half peak value). In

addition, the following assumptions are adopted in modeling:
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e The influence of a lightning channel on LIMF distribution is not taken into

consideration because its influence can be addressed separately.
e The ground is considered to be perfectly conductive.
8.3 Distrubtion of LIMF in the Wire-plate Model

Using the HANEC modeling technique and corresponding solution procedure
proposed in Chapter 7, the impulse magnetic field inside this wire-plate model can be
evaluated. In order to show clearly the distribution of the impulse magnetic field
inside the structure, three observation lines inside the model were selected and the
peak values of the impulse magnetic fields along these lines are calculated during a
direct lightning striking at the air terminal. In order to study the shielding effect of
the wire-grid structure, a reference model with only an independent downconductor
was selected. The peak values of the impulse magnetic field generated by lightning

discharge current in the reference model are evaluated.

Since the magnetic field is a spatial vector, its peak value in a Cartesian coordinate

system is obtained by

2 2 2
B=./B?+B? +B; (8.1)

where B,, B, and B, are respectively the peak values of the magnetic field in three

orthogonal directions .

These three observation lines are, respectively, orthogonal and cross over at the
center point of the model. As shown in Figure 8.1, L1 is the diagonal line between
Column 1 to Column 3. L2 is the diagonal line between Column 2 to Column 4. L3 is

in parallel with the z axis.
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A. Magnetic Field Distribution along L1

with structure

-------- without structure

B/l (UT/A)
N
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Figure 8.2 Magnetic field distribution along L1

Figure 8.2 shows the peak values of the impulse magnetic fields along L1 with
respect to x coordinate when with and without the wire-plate structure. From Figure
8.2, it can be found that the magnetic fields decrease rapidly with increasing distance

from the striking position. By comparing two curves, it is found that

o In the adjacent area around the striking position, the magnetic fields with
structure are about 20% of that without structure. Although the magnetic fields
in the wire-plate structure are greatly attenuated in this area, they could be still

intense enough to threaten sensitive electronic equipment.

o In the middle area, the ratio of the magnetic fields in two situations decreases to
8% or so. It shows that the wire-plate structure has significant shielding effect.

Then the sensitive equipment will be well protected in this area generally.

. In the far area, it is found that the ratio will increase even over 1. This is

because the magnetic fields generated from current in the independent
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downconductor have decreased to a very low level while the current flowing in

the far column is the major contributor of the magnetic fields there.

B. Magnetic Field Distribution along L2
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Figure 8.3 Magnetic field distribution along L2

Figure 8.3 shows the peak values of the impulse magnetic field along L2 with respect
to x coordinate when with and without the wire-plate structure By comparing the two
curves in Figure 8.3, it is again found that the magnetic fields inside the middle area
of a wire-plate structure are much less than those with an independent
downconductor. The minimal ratio between them in the middle area is 8%. In the
adjacent areas around two columns, the magnetic fields will increase quickly and the
ratio of between situations will approach 1. This is also because of the contribution

from the current in the two columns which intensifies the magnetic fields there.

C. Magnetic Field Distribution along L3
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Figure 8.4 Magnetic field distribution along L3

Figure 8.4 illustrates the peak value of impulse magnetic fields along L3 with respect
to z coordinate with and without the wire-plate structure. By comparing two curves
in Figure 8.4, it is noted that the magnetic fields from the current in the isolated
downconductor keep comparatively stable. However, the magnetic fields inside the
wire-plate structure long L3 will increase with increasing height. This is because the
contributed magnetic fields from the current distribution in the upper plate become
larger when the observation point approaches it. So it is better to avoid placing

sensitive equipment close to the roof of buildings with wire-plate structures.

On the contrary, the magnetic fields decease when the observation point approaches
the low plate. This is because the lower plate is earthed by four lower columns
through which most currents from upper columns are injected into the earth. So the
current following in the lower plate is small and its contributed magnetic fields are

cancelled by the increasing magnetic fields from the low columns.
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8.4 Compasion with LIMF in a Wire-grid Structure

By replacing the two plates with four cylindrical conductors, the wire-plate model in
Figure 8.1 is transformed into a wire-grid model as Figure 8.5 shows. Using the
equivalent circuit (EC) approach proposed in Chapter 3, the magnetic fields inside

the wire-grid structure can be calculated.

400mm

400mm

200mm

Figure 8.5 A scaled wire-grid model

Similar to the case for the wire-plate model in Section 8.3, the peak values of
magnetic fields along three observation lines L1, L2 and L3 inside the wire-grid
model are evaluated. The evaluation results are plotted together with those of the

wire-plate model along three lines respectively.

A. Magnetic Field Distribution along L1

Figure 8.6 shows the peak values of impulse magnetic fields along L1 with respect to
x inside the wire-plate model and the wire-grid model. From Figure 8.6, it is noted

that the magnetic fields inside two models both decreases with increasing distance to
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the striking position. But the magnetic fields inside the wire-plate model are much
less than those inside the wire-grid model. In the position of x=10cm, the minimal
ratio between the magnetic fields inside the wire-plate model and the wire-grid
model is as small as 5%. This shows the shielding effect of the wire-plate structure is

superior to that of the wire-grid model.

3.5

--------- wire_ grid
wire_ plane
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1.5 4

0 10 20 30 40
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Figure 8.6 Comparison of magnetic field distribution along L1
B. Magnetic Field Distribution along L2

Figure 8.7 shows the peak values of impulse magnetic fields along L2 with respect to
x inside the wire-plate model and the wire-grid model. From Figure 8.7, detailed
comparison between the magnetic fields inside the middle area inside two models is
revealed. It is noted that the average magnetic fields inside the middle area of the
wire-plate model are about 17% of those inside the middle area of the wire-grid
model. So the sensitive equipment is safer if they are placed inside a wire-plate

building structure than inside the wire-grid structure.
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Figure 8.7 Comparison of magnetic field distribution along L2

C. Magnetic Field Distribution along L3
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Figure 8.8 Comparison of magnetic field distribution along L3

Figure 8.8 shows the peak values of impulse magnetic fields along L3 with respect to
z inside the wire-plate model and the wire-grid model. By comparing two curves in
Figure 8.8, it can be seen that the magnetic fields at different heights inside the

middle region of the wire-plate model are much less than those inside the wire-grid
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model except in the region very close to the upper plate. It again proves that the wire-

plate model has better shielding effect than the wire-grid structure.

In addition, it is found that when the observation point approaches the roof, the
magnetic fields inside the wire-grid model decrease rapidly. The reason is that the
currents flowing in upper four horizontal branches are symmetrical. According to the
superposition theorem, the magnetic fields generated by the currents in four branches

will counteract when the observation point approaches the roof center.

8.5 Summary

This chapter characterized LIMF distribution inside a scaled wire-plate room inside a
building. Using the HANEC modeling technique, the magnetic fields inside this
model were evaluated and compared with the magnetic fields generated from an
independent downconductor. It is found that the wire-plate structure has good
shielding effect. By comparing the magnetic fields inside the wire-plate model and
inside a wire-grid model, it is found that the shielding effect of the wire-plate model
is much better than that of wire-grid model. In the middle region, the shielding effect

of the wire-plate model is six times of that of the wire-grid structure.

168



Chapter 9

Experimental Study

9.1 Introduction

The equivalent circuit (EC) modeling approach for wire-grid building structures was
proposed in Chapter 3. Afterward, the partial element equivalent circuit (PEEC)
modeling approach for non-ferromagnetic plates was developed in Chapter 6. In
Chapter 7, this approach was further developed and the hybrid analytical-numerical
equivalent circuit (HANEC) technique was proposed for modeling wire-plate
structures under direct lightning strokes. In this chapter, laboratory experiments are
presented to validate these modeling approaches addressed in those chapters. Since
all the validation experiment were conducted on scaled and simplified models in
laboratories, when the proposed modeling approaches are applied to real buildings,
some extra errors are expected due to the simplification of the complicated building

structures when building their models.

This chapter starts with an introduction on the equipment and measuring apparatuses
used in the experiments. Four validation experiments are then presented. The first
experiment was intended to validate the EC modeling approach proposed in Chapter
3, and was conducted on the wire-grid structure with an isolated downconductor
under a lightning stroke. The second and third experiments were intended to validate
the PEEC modeling approach proposed in Chapter 6, and were conducted on
independent aluminum plates and on an aluminum wire-plate structure in a.c.
magnetic fields respectively. The fourth experiment validated the HANEC modeling
technique proposed in Chapter 7 on an aluminum wire-plate structure under a direct

lightning stroke.
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9.2 Equipment and Measuring Apparatuses used in Experiments

9.2.1 Impulse Current Generator

P
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Figure 9.2 Schematic diagram of ICG

In the experiments associated with a lightning stroke, the lightning return stroke
current was simulated and was generated by an impulse current generator (ICG).

Figure 9.1 is a photo of the ICG used in the experiments for this thesis. This ICG is a
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commercial product developed by Shanghai Jiaotong University. It can generate an
impulse current with the peak value up to 40KA. Figure 9.2 illustrates the schematic

diagram of ICG.

As shown in Figure 9.2, ICG consists of two major parts: a charging circuit and a
discharging circuit. The charging circuit includes a test transformer (T), two diodes
(D), and three charging resistors (R). The energy is stored in capacitors (C) via the
charging circuit. The discharging circuit includes discharging resistors and inductors

(Rx and Lx), a spark gap (G) for triggering, and the equipment under test (R).

During a discharge phase, the schematic diagram of ICG can be simplified to a
simple discharge circuit shown in Figure 9.3. C is the total capacitance of the group
of capacitors. L and R are, respectively represent the total inductance and resistance
of capacitors, discharging resistors, discharge inductors, loop wires, the shunt, the

gap and the tested object.

°7

Figure 9.3 Equivalent discharge circuit of ICG

According to the basic circuit theory, if a group of capacitors is charged to a

voltageU,, the following equation is applied if the gap is broken down.
1. di .
U,-=|idt=L—+Ri 9.1
oo Jidt=L 9.0)
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From (9.1), it is noted that the magnitude and waveform of an impulse current in the
circuit is dependent on resistance R, inductance L and capacitance C as well as the

charging voltage U, .By altering resistance, inductance and capacitance in the

discharge circuit, both the desired magnitude and waveform of the impulse current

from ICG are obtained.

In order to avoid elevation of the earth potential, the whole test circuit was earthed at

a common earthing point.

9.2.2 Apparatuses for Measuring Impulse Currents

The duration of the impulse current generated by ICG lasts for only several
microseconds. The apparatuses for measuring such a short impulse current should
have a wide enough linear frequency band with adequate linearity and accuracy. Two
current measuring systems were set up. One is the shunt plus digital oscilloscope
(shunt-CRO) system which is used to measure the total current generated from I1CG.
The other is the Rogowaski plus digital oscilloscope (Rogowaski-CRO) system

which is used to measure currents in the structure under test.

A. Shunt-CRO System

Figure 9.4 illustrated the configuration of a shunt plus digital oscilloscope (shunt-
CRO) system which is used in measuring the impulse current. In the shunt-CRO
system, the shunt is a resistor with very low resistance and extremely low inductance.
It has a fairly wide band. The peak value of an impulse current to be measured can be
as high as several hundred kilo ampere. The shunt is connected seriesly into the

discharge loop of ICG. The output signal of the shunt is transferred to the digital
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oscilloscope through a shielded coaxial cable. The waveform of the impulse current

can be caught by the oscilloscope

0 0—wn
El Z
__ ¢ *
B2 =L R — CEO
b
= 1
L —— discharge inductor R1—— object under test (EUT)
R2—— shunt Z —— wave impedance
R —— matched resistor

Figure 9.4 Shunt-CRO current measuring system

When the impulse current flows through the shunt, a voltage drop yields between its

two terminals of a and b, as shown in Figure 9.4

Upt)=it) xR, (9.12)

The signal of the voltage drop is sent to CRO by the shielded coaxial cable equipped
with a match resistor at the cable end. The wave form of the impulse current can be

obtained with the following equation

i(t) =U,, (t)/R, =U , ()R, (9.13)

Figure 9.5 shows the shunt used in the experiments which was developed by the
Shanghai Jiaotong University. The sensitivity of the shunt is 0.0052421V/A and
maximal impulse current is 40kA. Its accuracy has been calibrated with an error less
than 0.5%. The digital oscilloscopes used in the experiments were TDS7104 from the

Techtronic Company and Wavesurfer 454 from the Lecroy Company.
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Figure 9.5 Shunt

B. Rogowaski Coils

Although the shunt-CRO system has a high accuracy in impulse current
measurement, the shunt can not be used in the structures under test. For example, in
the wire-grid structure, it is not possible to insert a shunt to a branch. Another non-
contact measuring method, namely Rogowaski-CRO system plays an important role
in impulse current measurement. The great advantage of the Rogowaski-CRO system
Is that it doesn’t need direct connection with the discharge circuit. So there is no
dynamical and thermal problem. In addition, since the Rogowaski coil is independent
to the discharge circuit, the interference due to the earthy potential elevation can be

avoided completely.

Figure 9.6 illustrates the configuration of a Rogowaski-CRO system used to measure
an impulse current. When an impulse current flows through the Rogowaski coil,
there is a signal of voltage generated from the Rogowaski coil. Similar to the shunt-
CRO system, this signal is transferred to CRO by a shielded coaxial cable, as seen in

Figure 9.6.
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Figure 9.6 Rogowaski-CRO current measuring system

The output voltage has a linear relationship with the impulse current flowing through

the Rogowaski coils as follows
U(t)=S-i(t) (9.14)

where S is the sensitivity of the Rogowaski coil in the unit V/KA.

Figure 9.7 Rogowaski coil

The Rogowaski coils of CM-10-L and CM-1-L shown in Figure 9.7 used in the
experiments were manufactured by the lon Physics Corporation Company in USA.
The output sensitivities are respectively 0.1V/A and 0.01V/A. The maximal impulse
currents to be measured are respectively 5kA and 50kA. From the calibration report

provided by the manufacturer, the measuring error is less than 5%. The waveforms of
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an impulse current measured by shunt-CRO system and by Rogowaski-CRO system
are both shown in Figure 9.8. It is noted that the waveform from both measuring
systems have the same waveform although the peak values are different due to their

different sensitivities.

upper- measured by shunt-CRO system

lower- measured by Rogowaski-CRO system

Figure 9.8 Waveforms from Rogowaski coils and ICG shunt

9.2.3 Apparatuses for Measuring Impulse Magnetic Fields

9.2.3.1 Tailor-made Magnetic Field Probe

To measure the impulse magnetic fields arising from the simulated lightning stroke
in the structure under test, there are no commercial products available to output the
waveform of a transient magnetic field. So a magnetic field probe was designed and

manufactured by the author in the laboratory.

A. Measurement principle
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For the measurement of a non-uniform impulse magnetic field, the magnetic field
probe designed from the induction effect is simple and reliable. The equivalent

circuit of the probe is shown in Figure 9.9

e (t) () R[] U@

Figure 9.9 Equivalent circuit of self-inductance integral circuit

In Figure 9.9, e(t) is the induced electrical force in the coil. R and L are respectively
the internal resistance and inductance of the coil. R1 is the external resistance

connected between the two terminals of the coil.

Assuming the number of coils in the probe is N and the section area is S, the

electrical force produced in the probe is

dd dB
et)=———=-NS— 9.15
0 =-"5 m (9.15)

In the equivalent circuit, an equation according to Kirchhoff’s VVoltage Law (KVL) is

obtained
e(t) = LmﬂRO +R)i(t)
J (St (9.16)
0=

Combining (9.15) and (9.16), the magnetic field penetrating the probe

perpendicularly is obtained
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Bt == u()-FotR)

NSR NSR R U@ (®.17)

In (9.17), when Ld:j() >> (R, + R)i(t) , namely oL >>R,+R, (9.17) can be
simplified as

B(t) = —NLSRU (t) (9.18)

Then, once U is measured by an oscilloscope, B can be calculated by (9.18) directly.
B. Probe Construction

In order to measure magnetic field distribution within the structure, the magnetic
field probe should be as small as possible. Figure 9.10 shows the geometric

construction parameters of the probe.

+——— Dl ——>

D1 =20mm, D2=32mm and |=23mm

Figure 9.10 Geometric construction

In the measurement the field probe is likely subject to intense electromagnetic field

radiated from spark gaps and other devices in ICG. To minimize the induced voltage
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caused by any unwanted electric field, a thin copper slice was applied to cover both
inner and outer surfaces of the coil, as illustrated in Figure 9.11. This copper slice

was designed to be an open-ring layer to prevent an induced current on the shielding

layer.

Figure 9.11 Cooper shielding on probe coils

C. Calibration

magnetic

me.asurement e Z=50 q
coil -z
E CRO

Pulze

rene-
rator I -

Figure 9.12 Circuit for calibrating the magnetic field probe

In order to calibrate the linearity and sensitivity of the tailor-made probe, a

calibration experiment was setup as shown in Figure 9.12. C is a single-turn coil
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with radius r to produce magnetic field; S is the current shunt which is used to

measure the current flowing through C. The magnetic field in the center of C can be

| i _—
calculated by B :/;L.Then, the ratio between the calculated magnetic field B and
r

the measured output voltage of the probe can be obtained by K:UE. The

measurement results are shown in Table 9.1.

Table 9.1 Measured sensitivity and linearity of the magnetic probe

X(m) Ix10° (A) | Bx10™*(T) Vp(V) K(=B/Vp)
1.365 1.7744 0.7265 0.4760 1.5263
1.365 1.4856 0.6083 0.3960 1.5360
1.365 1.1692 0.4787 0.3080 1.5543
1.365 0.9904 0.4055 0.2560 1.5840
1.365 0.8583 0.3514 0.2280 1.5414
1.365 0.7648 0.3131 0.2020 1.5502
1.365 0.5887 0.2410 0.1580 1.5256
1.365 0.4237 0.1735 0.1120 1.5488
1.365 0.3906 0.1599 0.1020 1.5681
0.865 1.6919 2.2387 1.5000 1.4925
0.865 1.5543 2.0567 1.3800 1.4904
0.865 1.4856 1.9657 1.3100 1.5006
0.865 1.2930 1.7109 1.1400 1.5008
0.865 1.1417 1.5107 0.9900 1.5260
0.865 1.0564 1.3979 0.9500 1.4714
0.865 0.9188 1.2158 0.8300 1.4649
0.865 0.8088 1.0702 0.7300 1.4661
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0.865 0.6602 0.8737 0.5880 1.4858
0.865 0.5557 0.7353 0.4800 1.5319
0.865 0.5117 0.6771 0.4520 1.4980
0.865 0.4347 0.5752 0.3840 1.4978
0.635 1.5681 4.1194 2.9000 1.4205
0.635 1.4305 3.7580 2.6200 1.4344
0.635 1.3480 3.5412 2.4600 1.4395
0.635 1.2380 3.2521 2.2400 1.4518
0.635 1.1692 3.0715 2.1400 1.4353
0.635 0.9904 2.6017 1.8000 1.4454
0.635 0.9216 2.4210 1.6600 1.4585
0.635 0.8088 2.1247 1.4700 1.4454
0.635 0.6878 1.8067 1.2600 1.4339
0.435 1.4856 7.6138 5.3200 1.4312
0.435 1.3893 7.1203 4.9600 1.4355
0.435 1.2242 6.2743 4.3600 1.4391
0.435 1.1554 5.9218 4.1600 1.4235
0.435 1.0591 5.4283 3.7600 1.4437
0.435 0.9491 4.8643 3.4000 1.4307
0.435 0.8803 4.5119 3.1600 1.4278
0.435 0.7648 3.9197 2.7400 1.4305

In Table 9.1, X means the distance between the probe and the center of the circular
loop. Is means the magnitude of the impulse current from ICG. Vp means the output
voltage of the magnetic probe. B is the magnetic field at the loop center which is

calculated from the Is by Bio-savart Law. K is the ratio between B and Vp. From
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Table 9.1, the average value of K is obtained as K=1.4813 which is applied in the

measurements in following experiments.

B (Gs)

Figure 9.13 Linearity of the magnetic field probe

Figure 9.13 illustrated the linearity of the magnetic field probe. It can be calculated

that the linearity error is less than 7%.

Tek{slt | | ]

Ch2 20,0V "I"M 10.04s A JF  800mv:

T 40.60 % : :

upper waveform — the impulse current

low waveform — the magnetic field

Figure 9.14 Waveforms from the shunt and from the magnetic field probe
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Figure 9.14 shows the two waveforms: one is of the impulse current measured by a
current shunt; the other is of the output voltage from the magnetic field probe. From
these two waveforms, it is noted that the frequency characteristics of the probe is
good enough to measure the impulse magnetic field. In addition, it shows that little
disturbance appears in the waveform of the output voltage after the shielding

measure was implemented.

9.2.3.2 EMDEX Il Magnetic Field Exposure System

EMDEX Il shown in 9.15 is a commercial product to measure to measure magnetic
fields under steady state. According to the calibration report provided by the
manufacturer, it has a frequency band from 40Hz to 800Hz and a typical accuracy of

+1%.

Figure 9.15 EMDEX 11

9.3 Wire-grid Structures with an Isolated Downconductor

A. Experimental Setup
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A scaled model of building structure was set up in the laboratory, as Figure 9.16
shows, to validate EC modeling approach proposed in Chapter 3,. The scaled model
included an isolated downconductor and a wire-grid structure formed by a number of
interconnected RC bars, as illustrated in Figure 9.16. A large metal plate was placed
under the wire-grid structure to represent a perfect conductive earth. The wire-grid
structure was constructed with 260 bars, each of which was 0.5m long and had a
diameter of 5mm. The downconductor was erected vertically and stood on the metal
plate. Its lower ends of core and screening were bonded together on the metal plate.
The downconductor was 2.5m long, and had mean diameters of 12.3mm and 24.1mm
for its core and screening, respectively. The upper end of the downconductor core

was connected to ICG with copper wires.

ICG

a—Co 0 —0 0 71

Figure 9.16 Configuration of the wire-grid experiment

In each test an impulse current from ICG was injected into the core of the
downconductor. The impulse current had a nominal peak value of 11kA. Because the
structure was a large inductive load, the steepest rising time to the peak value of the
obtained impulse current from ICG was 7.8us, and the time to its half peak value was

17.6us. During the test induced currents were generated in the branches of the wire
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grid as well as in the screening of the downconductor. These currents were measured
with the Rogowaski-CRO system. The resulting impulse magnetic fields at several
points inside the structure were measured with the tailor-made magnetic field probe.
The peak value of the impulse magnetic field was normalized by dividing the peak

value of the impulse current from ICG.

B. Comparison between Measured and Calculated Results

Two configurations of the downconductor were tested in the experiment. These
configurations included (a) the downconductor was electrically isolated from the
wire grid except on the metal plate; (b) the upper end of the downconductor
screening was bonded to a corner of the wire grid, as illustrated in Figure 9.16. It
should be mentioned that configuration (b) was not recommended by the
manufacturer, but was selected for model validation only. For simplicity, both
impulse current and magnetic field were normalized with the peak value of the

impulse current from ICG.

1) Current Distribution

Table 9.2 shows both calculated and measured peak values of the normalized
currents in screening (Branch 1) and 3 branches. In configuration (a), the current in
screening was too small to measure because of electrical isolation of the screening.
The current in screening, however, became significant in configuration (b) because
of bonding at the upper end. The induced current was allowed to circulate between
the screening and the wire grid. It is noted from the table that both measured and

calculated currents match very well with an average error of less than 5%.
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Table 9.2 Normalized peak values of the impulse currents in four branches

Test Configuration Branch1 | Branch2 | Branch 3 | Branch 4

Measured 0.0% 13.1% 8.66% 4.46%
@ Calculated 0.0% 13.5% 8.98% 4.77%
Measured 54.9% 13.7% 22.9% 18.3%
®) Calculated 54.2% 13.9% 21.7% 17.4%

2) Magnetic Field distribution

The impulse magnetic fields were measured at three typical points within the wire
grid. Table 9.3 shows the peak value of the x components of the impulse magnetic
fields for comparison. In both configurations, the measured and calculated results
match well, with an average error of less than 5%. It is noted from Table 9.3 that the
impulse magnetic fields in configuration (b) are much less than those in
configuration (a). As seen in Table 9.3, the screening carried a significant induced
current. This current flowed in the opposite direction of the downconductor current,

which led to a significant cancellation of the field within the wire grid.

Table 9.3 Normalized peak values of the impulse magnetic field B, /1 (10*T/kA)

Point 1 Point 2 Point 3

Test Configuration
(0.0, 0.25,0.75) | (0.125, 0.25,0.75) | (0.25,0.25, 0.75)

Measured 3.41 2.40 1.59
@ Calculated 3.49 2.37 1.62
Measured 1.21 0.70 0.36
® Calculated 1.17 0.73 0.38
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9.4 Aluminum Plates Excited by an a.c. Magnetic Field

In order to validate PEEC modeling approach for a non-ferromagnetic plate in
Chapter 6, a series of experiments are conducted in the laboratory. In these
experiments, three different configurations of aluminum plates were applied. The
measured results are compared with the calculated results with PEEC approach in

Chapter 6 for each experimental configuration.

9.4.1 Singe Plate on Parallel with the Source Coil

A. Experimental Setup

V4
Y L2
395mm L1
84mm
30mm
0 X
-235.5mm
210mm

Figure 9.17 Configuration of the singe plate experiment

The physical model in the experiment is illustrated in Figure 9.17. A square
aluminum plate was placed above a square coil. The width of the square plate was
395mm and the thickness was 1.5mm. The width of the square coil was 210mm. The
distance between the plate and coil was 235.5mm. An a.c. source current of 700Hz

was injected into the square coil. The magnetic fields in the z direction along the line
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L1 and the line L2 were measured with the EMDEX II. L1 was 30mm above the

plate and L2 was 84mm above the plate.
B. Comparison between Measured and Calculated Results

The measured magnetic fields in the z direction were normalized by dividing the
current in the squash coil. The normalized magnetic fields along L1 and L2 from
measurement together with those obtained from calculation were plotted in Figure
9.18 and Figure 9.19. In the calculation, the plate was divided into 30x30 identical x-

cells and y-cells. In both figures, the coordinate d represents the distance between the

measuring point and the origin point, i.e.d = \/x* + y* .

Calculated
& \Measured

0 4 8 12 16 20 24 28
d (cm)

Figure 9.18 Comparison of the normalized magnetic field in the z direction along L1
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Calculated
& Measured

d (cm)

Figure 9.19 Comparison of the normalized magnetic field in the z direction along L2

From Figures 9.18 and 9.19, it is noted the results from measurement and calculation
match very well. In Figure 9.18, the maximum error between them is less than 5.5%.
In Figure 9.19, the maximum error is as small as 3.3%. It is found that the accuracy
of the PEEC approach is increased with increasing distance from the plate. This is
because the calculated eddy current distributed in the aluminum plate is an
approximation of the actual current. At the place close to the plate, the error of the
magnetic fields calculated from the eddy current distribution by Bio-savart Law

becomes obvious.

9.4.2 Two Parallel Plates Perpendicular to the Source Coil

A. Experimental Setup
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395mm plate B

L1

L2

291mm y
395m

DN

210mm

Figure 9.20 Configuration of two parallel plates experiment

To investigate the proposed modeling approach for a combination of independent
plates, a different experimental model was setup as shown in Figure 9.20. Two
identical square aluminum plates were placed parallel to each other with a separation
distance of 400mm. They were erected perpendicularly above a square coil. The
distance between the center of plates and the coil center was 291mm. The width of
each square plate was 395mm and the thickness was 1.5mm. The width of the square
coil was 210mm. An a.c. current of 700Hz was injected into the square coil. The
magnetic fields in the z direction along the line L1 and the line L2 were measured
with the EMDEX II. As seen in Figure 9.20, L1 was perpendicular to the plate A

passing the plate center and L2 was parallel to plate A with a distance 200mm.

B. Comparison between Measured and Calculated Results

The measured magnetic fields in the z direction were normalized by dividing the
current flowing in the square coil. Then the normalized measured results together

with those obtained from the proposed method were both plotted in Figure 9.21 and
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Figure 9.22.

y-cells.

In the calculation, the plate was modeled by 30%30 identical x-cells and

= 0.09
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Z
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Figure 9.22 Comparison of the normalized magnetic field in the z direction along L2

From Figure 9.21 and Figure 9.22, it is noted the results from the measurement and

the calculation match very well. The maximum error of the field on L1 is less than

6%. The maximum error of the field on L2 is less than 8%. In Figure 9.21, it is found

that the magnetic field in the z direction drops significantly when the observatory
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point is moved from one side of a plate to the other. While in Figure 9.22, the

magnetic fields in the z direction decrease with increasing y coordinate gradually.

9.5 Aluminum Wire-plate Structure Excited by an a.c. Magnetic Field

A. Experiment Setup

400mm
24mm
395mm plane B plane A
L1 X
L2
\i
395mm
483mm
210mm

Figure 9.23 Configuration of a wire-plate structure

The PEEC modeling approach in Chapter 6 was experimentally investigated by using
a wire-plate structure. The experimental model is shown in Figure 9.23. The structure
was made from two identical square aluminum plates and four aluminum columns. A
square coil was placed below the structure and perpendicular to the two parallel
plates. The width of the square plate was 395mm and the thickness is 1.5mm. The
width of the square coil was 210mm. The distance between the center points of the
structure and the coil was 483mm. An a.c. current of 700Hz was injected into the
square coil. The magnetic fields in the z direction along L1 and L2 were respectively

measured with EMDEX 1.

B. Comparison between Measured and Calculated Results
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The measured magnetic fields in the z direction were normalized by dividing the

current flowing in the square coil. Then the normalized measured results together

with those obtained from the proposed method were both plotted in Figure 9.24 and

Figure 9.25. In the calculation, the plate was modeled by 30%30 identical x-cells and

y-cells.

B (uT/A)
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Figure 9.24 Comparison of the normalized magnetic field in the z direction along L1
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Figure 9.25 Comparison of the normalized magnetic field in the z direction along L2
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From Figure 9.24 and Figure 9.25, it is noted the results from the measurement and
the calculation match very well. The maximum error of the field on L1 is 4.1%. The
maximum error of the field on L2 is 3.7%. In Figure 9.24, it is found that unlike the
configuration of two parallel plates, the magnetic field drops significantly when the
observatory point on L1 is moved from one side of a plate to the other. The magnetic
fields decrease gradually when crossing the plate. In Figure 9.25, the magnetic fields

decrease gradually along L2.

9.6 Aluminum Wire-plate Structure under a Direct Lightning Stroke

A. Experiment Setup

1060mm

500mm

395mm

alluminum plane
400mm
b 1 ICG
24mm> B 3 L3: L2
I A I
4 oL 2
’ th 7Y

X

= = 640mm

Figure 9.26 Configuration of an aluminum wire-plate structure

To validate the HANEC modeling technique for a wire-grid structure, the
experimental model in the experiment was set up in the lab, as shown in Figure 9.26.
The structure used in this experiment is the same as that used in Section 9.5. One

column of the structure was connected to ICG through copper wires. The rectangle
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loop connecting ICG and the structure was in the same plane made from Column 1
and Column 3, as shown in Figure 9.26. An impulse current with the waveform
7.8/18.9us was generated from ICG and injected into the structure. The impulse
currents in four columns were measured with the Rogowaski-CRO system. The
magnetic fields in the x direction along three orthogonal lines inside the structure
were measured with the tailor-made magnetic field probe. The line L1 and the line
L2 were located above plate B with height of 205mm. The line L3 was between the

center points of two plates.

B. Comparison of Measured and Calculated Results

1. Current Distribution in Four Columns

The peak values of the measured currents in four columns were normalized by
dividing the peak value of the total current injected into the structure from ICG. Thus
the shunt ratio of each column is obtained. The shunt ratios from the measurement

and the calculation are illustrated in Table 9.4.

Table 9.4 Shunt ratio of four columns

Column Measured|Calculated Error

No. | @O | ) | )

1 41.18 41.8 1.50

2 25.22 23.9 5.24

3 18.13 19.15 5.64

4 15.47 15.15 2.06
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From Table 9.4, it is noted that the measured results match with the calculated results
well. The maximum error is less than 6%. It is also found that over 40% of the
impulse current from ICG flows through Column 1. The remained current flows
through the plates and the other three columns. Although the structure is symmetrical
with respect to diagonal plate, the currents in Column 2 and Column 3 are different.
This is due to the influence of the copper wires loop which connects the structure and

ICG.
2. Magnetic Field Distribution inside the Wire-plate Structure

The measured magnetic fields in the x direction were normalized by dividing the
total current injected into the structure. The normalized measured results together
with those obtained from the HANEC modeling technique were both plotted in

Figure 9.27, Figure 9.28 and Figure 9.29.

B (UT/KA)
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Figure 9.27 Comparison of the normalized magnetic field in the x direction along L1
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Figure 9.28 Comparison of the normalized magnetic field in the x direction along L2
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Figure 9.29 Comparison of the normalized magnetic field in the x direction along L3

From these figures, it is noted the results from the measurement and the calculation

match very well. The maximum error of the field on L1 is 7.4%.The maximum error

of the field on L2 is 8.3%. The maximum error of the field on L3 is 6.8%.
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9.7 Summary

This chapter described four different experiments for validating and studying the
proposed modeling approach for evaluating the current/field in wire-grid structures,
non-ferromagnetic plates and wire-plate structure. The EC modeling approach
proposed in Chapter 3 was validated experimentally when it is applied to a wire-grid
structure with an isolated downconductor under a direct lightning stroke. The second
and third experiment validated the PEEC modeling approach introduced in Chapter 6
when it is respectively applied on isolated aluminum plates and on an aluminum
wire-plate structure inside a.c. magnetic fields. The fourth experiment validated the
HANEC modeling technique proposed in Chapter 7 on an aluminum wire-plate

structure under a direct lightning stroke.
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Chapter 10

Conclusions and Future Work

10.1 Conclusions

It is known that electromagnetic interference due to lightning is one of the major
threats to electronic equipment. To investigate protection concepts and provide
mitigation methods, a study on lightning-induced impulse magnetic field (LIMF) in

high-rise buildings was conducted in this thesis.

Firstly, the metal structure of buildings found in Hong Kong was introduced, which
included the reinforcing concrete structure and the steel skeleton structure. Lightning
protection systems (LPS) commonly adopted in high-rise buildings were reviewed. A
detailed review of the studies on LIMF in literatures was conducted. The reviewed
results on the modeling approaches of building structure, coaxial cable, metal plates

and lightning strokes were presented.

The equivalent circuit (EC) modeling approach was proposed in this thesis to model
the wire-grid structure with an isolated downconductor. The corresponding solution
procedure in the time domain by using electromagnetic transient program (EMTP)
was developed. Based on the EC modeling approach, LIMF in a typical building in
Hong Kong was characterized and empirical formulas for evaluating the shielding
effect of a wire-grid structure were derived. From the results, recommendations were

presented for the protection of critical equipment in the building, as follows:

1. It is highly recommended not placing sensitive equipment in the area near the

downconductor because LIMF around the downconductor is significantly high.
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2. It is recommended placing the downconductor next to a column or outside the
building in order to achieve significant field compensation in the area around the

downconductor.

3. To enhance the field compensation further it is recommended housing the
downconductor with a metal pipe, and bonding both the metal pipe and metal

structure of the building together.

Metal plates are increasingly adopted in the construction of modern high-rise
buildings and become part of the internal metal structure of the buildings. To study
LIMF in such buildings with metal plates, a partial element equivalent circuit
(PEEC) approach was proposed for modeling metal plates in the buildings. By
integrating the EC modeling approach and the PEEC modeling approach, a special
modeling technique, named as the hybrid analytical-numerical equivalent circuit
(HANEC) modeling technique, was developed and the corresponding solution
procedure in the frequency domain was provided. With the HANEC modeling
technique, LIMF inside a scaled wire-plate structure was characterized. From the
characterization results, it was concluded that a wire-plate structure could attenuate
LIMF significantly and its shielding effect is much superior to that of a wire-grid

structure.

Finally, four experiments were conducted in the laboratory to validate the proposed
modeling approaches and technique in this thesis. By comparing the experimental
results and the simulation results, it was proved that the EC modeling approach for a
wire-grid structure, the PEEC modeling approach for non-ferromagnetic plates and
the HANEC modeling technique for a wire-plate structure are all adequate to provide

an accurate evaluation of LIMF.
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10.2 Future Works

In order to study LIMF in a building with metal plates, the PEEC modeling approach
and the HANEC modeling technique were proposed to model the wire-plate structure
of the building in this thesis. These two approaches are available for non-
ferromagnetic plates, e.g. aluminum plates. In the practical engineering,
ferromagnetic plates such as steel plates are also widely applied to reduce the
construction cost. At this time, the proposed modeling approaches are not applicable.
In order to study LIMF in a building with ferromagnetic plates, a new modeling
approach for ferromagnetic plates is expected to be developed in future. LIMF
distribution inside a building with ferromagnetic plates is also expected to be
characterized in future. From the characterization results, guideline and
recommendation will be provided for practical engineers to protect sensitive

equipment against LIMF.
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Appendix A

Formulas to Calculate Partial Parameters in Non-ferromagnetic

Plates for ELF

z2

r—r'

Figure app.A.1 A cell and a layer in partial inductance calculation

Equation (6.36) and (6.37) in Chapter 6 which is used to calculate the partial
inductance and partial potential coefficient for extremely low frequency (ELF) are

rewritten as follows

u 1
Mo = J I, — dsdv

(app.A.1)
Jo,

4w,

mn

mn

1 1
B ArgyS,, Ism -[Vn r— r’deV

1

= mn
4re,S,,

(app.A.2)

where w,, =w, —w, . S_ is the center layer area of the potential cell m.

T,, in (app.A.1) and (app.A.2) is a general five-folds integration which is expanded

n

as follows
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1
T = Lm jvn?r,'dev

(e e dx,dx,dy,dy,dz’
d; -[wl jw3 Ll L \/(Xl B X2)2 +(y1 _ y2)2 +(Z'— 2)2

(app.A.3)

The meanings of the variables are illustrated in Figure app.A.1.
Equation (app.A.3) can be simplified and integrated under following three situations.

1. When the distance between two cells is much larger than width, length and

thickness of the cell , there is

Ll
T = Oplpi LWy Wy (app. A.4)

A \/(Xil_xi2)2 +(Yi1_Yi2)2+(Zi1_Z)2

where x,y;, z; and x;,,y;, are respectively the coordinate of center point inside cell

2. When the distance between two cells is comparable to the width and length of
cells, but much larger than the distance in the z direction, (app.A.3) is simplified,

as follows
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N

where dy, =d, —dy, by =l =1y, by =l =1, by =1, 1y and Iz =1, —1,.

The complete integration result of (app.A.5) is very complicated. A two-dimensional

numerical integration with Gaussian Quadratures Algorithm can simplify and

accelerate the integration.

3. When the cell and the layer are very close, especially the layer is inside the cell,

no approximation can be adopted. The integration result of (app.A.3) is given by
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where A:\/(yl— y,)" (2 -2)°

Since the complete integration result of (app.A.6) is extremely complicated, a three-

dimensional numerical integration with Gaussian Quadratures Algorithm can be used

to simplify and accelerate the integration.
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Appendix B

Formulas to Calculate Partial Parameters in Non-ferromagnetic

Plates for Full-wave Frequency

Figure app.B.1 A cell and two layers in partial inductance calculation

Equation (6.42), (6.43) and (6.44) in Chapter 6 which are used to calculate the partial

inductance and partial potential coefficient for full-wave frequency are rewritten as

follows

deV
(app.B.1)
uO

(app.B.2)

(app.B.3)
1
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where w,, =w,-w,, S , and S, are, respectively, the upper and lower layer of

current cell m. S is the center layer area of the potential cell m.

It is found that the formula for calculate the partial potential coefficient P, is
identical to that in ELF which has been discussed in Appendix A. The resultant T, in

Appendix A can be applied to calculate P, here directly.

T, and T, in (app.B.1) and (app.B.2) can be represented by a general expressionT.,

with five-folds integration

T =l J, Krle_:| dsdv

(app. B.4)

L [ e el s e~ "“*dx1dx2dyldy2dz
=K d, jwl -[w3 J.l1 L 2 2 2
JOou=x) + (=) +(2,-2)
where K, =1,K, =1/7 for (app. B.1) and K, =e ’*,K, =1/7 for (app. B.2). The

meanings of the variables are given in Figure app.B.1.

1.  When the distance between two cells is much large than width, length and

thickness of the cell , there is

- K2le
|21|43W21W43 €

\/(Xil_xi2)2+(yil_yi2)2+(zi1_z)2 3

Tew =K, (app. B.5)

where x;, Y, z, and x;,,Y;, are respectively the coordinate of center point inside cell

and the layer. d,, =d, —d,, L, =1, -1, l;=1,-1;, w,, =w, —w, and w,, =w, —w;.
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2.  When the distance between two cells is comparable to the width and length of

cells, but much larger than the distance in the z direction, (app.B.4) can be

simplified to

T _ Kl —Kyy, Wy ey ely ply
= € |
K2 W Jwg Jly

- _ Kl e—szijz IW4
K2 Wy ¢W3

dx,dx,dy,dy,dz’

I, sinh™
+l,, sinh™

skl
—l,;sinh

+l,;sinh™

I24

Yi— Y,

" \/(Xl_X2)2 +(y1_ y2)2

dy,dy,

(app. B.6)

The complete integration result of (app.B.6) is very complicated. A two-dimensional

numerical integration with Gaussian Quadratures Algorithm can simplify and

accelerate the integration.

3. When the cell and the layer is very close, especially the layer is inside the cell, no

approximation can be adopted. The integration result of (app.B.4) is transformed

o
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dy pWy (W _ye
Tow =Sy L L e e sinn (L) e (@Pp-B.7)

where A= \/(yl —y,) +(z,-2)’

Since the complete integration result of (app.B.7) is extremely complicated, a three-

dimensional numerical integration with Gaussian Quadratures Algorithm can be used

to simplify and accelerate the integration.
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