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ABSTRACT

THE EFFECTS OF LIGHTNING DISCHARGES ON
CONTROL & COMMUNICATION CABLES AND ANTENNA SYSTEMS

Civil, Anil
M. S., Department of Electrical and Electronics Engineering
Supervisor: Prof. Dr. Osman Sevaioglu

Co-supervisor: Prof. Dr. Mirzahan Hizal

December 2014, 63 pages

In this work, lightning discharges and their effects on control & communication
cables and antenna systems are investigated. The mechanism of lightning is
described in detail and electric and magnetic fields created by lightning discharges
are examined. An experimental test setup is designed and implemented in order to
observe induced voltages on cables or antennas caused by lightning discharges. Test
results are compared with each other and discussed in detail. Also, they are compared
with theoretical findings. Effects of induced voltages on certain systems are studied.

Moreover, some precautions to avoid the harmful effects of lightning are suggested.

Keywords: Lightning, lightning discharge, induced voltage, control cables,

communication cables, antennas



oz

YILDIRIM DESARJLARININ KONTROL & HABERLESME KABLOLARI
VE ANTEN SISTEMLERIi UZERINE ETKIiSi

Civil, Anil
Yiiksek Lisans, Elektrik Elektronik Miihendisligi Boliimii
Tez Yoneticisi: Prof. Dr. Osman Sevaioglu

Ortak Tez Yoneticisi: Prof. Dr. Mirzahan Hizal

Aralik 2014, 63 sayfa

Bu ¢alismada, yildirim desarjlar1 ve bu desarjlarin kontrol ve haberlesme kablolar1 ve
anten sistemleri Gzerindeki etkisi arastirilmistir. Yildirim mekanizmasi detayli bir
sekilde anlatilmig ve yildirim desarjlarinin olusturdugu elektrik ve manyetik alanlar
incelenmistir. Yildirim desarjlar1 sebebiyle kablolar ve antenler tUizerinde endiiklenen
gerilimleri incelemek iizere bir test diizenegi tasarlanmis ve kurulmustur. Test
sonuglar1 ayrintilartyla incelenmis ve birbirleriyle karsilagtirilmistir. Ayrica bu
sonuclar teorik bulgular ile karsilastirilmistir. Endiiklenen gerilimlerin bazi sistemler
Uzerine etkileri anlatilmistir. EK olarak, yildirimlarin olusturdugu bu gerilimlerin

zararl etkilerinden kaginmak i¢in alinabilecek bazi tedbirler onerilmistir.

Anahtar Kelimeler: Yildirim, yildirnm desarjlari, enduklenen gerilimler, kontrol

kablolar1, haberlesme kablolari, antenler
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CHAPTER 1

INTRODUCTION

1.1. The Mechanism of Lightning

Lightning is an electrostatic discharge between the electrically charged cloud and the
earth surface. It is a natural phenomenon that can be very harmful. This dangerous
incident occurs in the atmosphere 40-50 times in a second or nearly 1.4 billion times
per year [1]. Therefore, it is an important phenomenon which must be investigated. It
is not possible to examine lightning effects without analyzing the mechanism of
lightning. Detailed information about each step of the mechanism of lightning is

given below.

Strong winds are generated due to temperature variations in the atmosphere. Water
droplets in the air are electrified by friction due to these strong winds. This
electrification yields charge centers in the clouds. Positive charge centers are at the
top and negative charge centers are at the bottom of the cloud [2]. Positive charges in
the cloud are separated from the negative charges by strong winds. A positive charge
center in a cloud may come close to a negative charge center in another cloud

yielding cloud-to-cloud lightning which is beyond the scope of the thesis.

An ionized air channel is initiated from a negatively charged region in the
thundercloud. This channel is called the leader channel. It is a conductive channel of
partially ionized gas. Leader channels travel away from densely charged regions.
Negatively charged leaders proceed towards the earth. These leaders usually split and
form branches in a tree-like pattern [18]. Moreover, they travel in discrete steps. As
the channel grows longer, its resistance increases. As a result, sufficient amount of
negative charge cannot flow through the channel. Electric field decreases and
ionization stops at this point. As time goes on, electrons accumulate at the tip,
electric field increases, ionization starts again and the leader channel advances
1



another step [14]. Photo ionization in the vicinity leads branching in the leader

channel.

When a stepped leader approaches the ground, the presence of opposite charges on
the ground enhances the strength of the electric field. The electric field is strongest
on grounded objects whose tops are closest to the base of the thundercloud and who
have sharp tips that results in electric field densification, such as tall buildings and
trees. If the electric field is high enough, a positively charged ionic channel, called a
positive or upward streamer, can develop from these points. As a downward leader
connects to an initiated upward discharge, a low-resistance path is formed and a very
strong discharge takes place. Once this path connects the ionized air between the
positive surface charges and the negative charges in the cloud, a very high current of
positive charges flows through the ionic channel towards the thundercloud. This is
called the return stroke. This is the most visible part of the mechanism of lightning.
This first stroke is followed by several secondary strokes. Once a negative charge
center is neutralized, charge distribution in the cloud changes. Another negative
charge center which is present in a nearby cloud moves towards the channel. This
negative charge center is neutralized by another stroke. This huge flow of charge
between the earth and the cloud heats the surrounding air, yielding an explosive
expansion of the air which causes a shockwave and a loud noise which is called

thunder.
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Figure 1-1 Development of cloud-to-ground lightning flash (adapted from [3])

1.2. Motivation

Lightning has some direct effects to the point it strikes. Due to its high voltage
impulse characteristics, lightning causes electrical breakdowns on the material. The
material is damaged thermally as well. It leads to burnt and darkened areas at the
place it hits. In addition, as lightning current flows through impedances like cables, a
potential difference is generated on it that causes the insulation material to
breakdown. If lightning current flows through a tree or a building, animals or people

around may be harmed due to this potential difference.



Lightning has also indirect effects that are the main focus of this thesis. Lightning
discharge causes rapidly changing electric and magnetic fields that result in
electromagnetic pulse (EMP). EMP can cause permanent or temporary damages. It
can harm integrated circuits and some electronic equipment on electronic devices
like computers. Lightning impulse occurs in microseconds which mean
electromagnetic waves that have a frequency in the order of MHz are generated.

Consequently, these electromagnetic waves interrupt the antenna systems.

Power systems can also be affected by lightning strikes. There are a lot of examples
of lightning strikes that results in power outages. The most notable power outage is
the one in New York City in July, 1977. A lightning strike caused a nuclear power
plant to shut down. A second lightning strike led two important transmission lines to
knock out. These incidents resulted in 26 hours of power loss affecting nine million
people [4]. This power loss yielded looting and vandalism. Studies show that this

damage cost about $300 million [5].

In this study, direct or indirect lightning hit experiments are conducted and outcomes

are analyzed.

1.3. The Aim of Thesis

Lightning is an everyday phenomenon which has direct and indirect effects for
electronic systems. A typical lightning can have millions of volts and amperes of
<200kA [8], [14]. It is well known that as an object is hit by lightning it is damaged
electrically and thermally. If this object is an electrical cable or an antenna, as in the
experiments, the system which is connected to this cable or antenna is subjected to
very large amount of voltages. In this case, there is not so much thing to protect the
electrical system. Some experiments are conducted in order to analyze this case.
However, it is not the main focus of this thesis. Indirect lightning strikes and their
effects on electrical systems are the main interest of ours. Academic researches about
indirect lightning effects are given and compared to the experimental results
throughout the thesis. Induced voltage levels are discussed to verify whether they are

harmful for electrical systems.



In order to completely analyze lightning effects; one must deeply study the
mechanism of lightning because lightning is a very complex phenomenon. Since, we
put emphasis on the induced voltages caused by indirect lightning; the parts of the
mechanism of lightning that result in induced voltages must be focused. The induced

voltage caused by indirect lightning hit has mainly two components:

1) The charges in the clouds and mostly in the leader channel induce charges on the
cables and antennas. As the charges in the leader channel are neutralized by the
return stroke, these bound charges are released yielding travelling waves.
Detailed information about this phenomenon is given in 2.2.1. In order to observe
and test these electrostatically induced voltages, high voltage impulses are
applied to the cables and antennas.

2) The rate of change of current in return stroke creates a magnetically induced
voltage. High current impulses are applied to the cables in order to analyze

magnetically induced voltage.

1.4. Outline of Thesis

This section gives brief information about the topics covered and the thesis chapters.
Starting with this chapter, the mechanism of lightning is introduced and a problem
definition is made. Motivation for choosing the topic is also explained. Importance of
lightning effects on cables and antennas are discussed. In addition, the aim of this

work is stated and the reason for choosing this topic is remarked.

Chapter 2 provides the theoretical analysis and test results about lightning discharge
effects on control and communication cables. High voltage and high current impulses
are applied directly and indirectly to the cables. Their results and possible effects to
the electrical systems are discussed in this chapter. Theoretical analysis and test

results are also compared.

Chapter 3 details indirect effects of lightning on antenna systems. High voltage
impulses are applied indirectly to antennas and their effects are discussed in this

chapter. Induced voltages due to charges on leader channel of lightning are



examined. Their possible effects to the electrical system are studied. Some protection

equipment is suggested to effectively clip off the induced voltage.

Finally, in Chapter 4, the thesis is concluded with a summary of the work done. The
reasons to choose the topic of the thesis are detailed and the contributions of this
study are explained. Moreover, the precautions for induced voltages caused by

lightning discharges are illustrated.



CHAPTER 2

THE EFFECTS OF LIGHTNING DISCHARGES ON CONTROL AND
COMMUNICATION CABLES

Electrical systems are connected with cables. Therefore, induced voltages on these
cables directly affect the systems. In order to analyze the induced voltages, lightning
impulses are applied directly or indirectly to these cables. Moreover, theoretical

analysis and test results are compared. Details are given in the following sections.

2.1. Test Configuration

High voltage and high current impulse experiments are conducted in order to
investigate high electric fields, high magnetic fields and electromagnetic field effects

generated by lightning discharges.

The voltage impulses used in the tests are generated by a multi-level voltage impulse
generator (8 levels, 1000kV, and 30kJ). This generator is charged with (-80x7) kV
throughout the experiments. A metal rod is placed to the experiment setup in order to
stand for the leader channel. A wire fence is laid to the floor for grounding. Two
metal boxes are used to represent an electronic system. These boxes have some
electronic circuits having realistic impedance characteristics. One of the boxes
(Box A) is placed close to the metal rod where the lightning discharge occurs. The
other box (Box B), an oscilloscope and an uninterruptible power supply (UPS) are
placed in a Faraday cage in order not to be affected from the induced voltages on
power line cables. Our high voltage impulse generator is a generator that is charged
by a parallel high voltage source. This generator is composed of some sphere gaps
and some capacitors that discharges in serial form as it is triggered. This structure
yields fast discharge currents and high frequency electromagnetic waves as it is
triggered. As the tests conducted without the Faraday cage, it is observed that the
7



electromagnetic waves that the generator produces interfere to the original
waveform. Experimental setup and the structure of the high voltage impulse

generator can be seen from Figure 2-1 and Figure 2-2.

In addition, box A & B are connected with a cable. Our aim is to measure the voltage
that is induced by the lightning discharge. The UPS is used to supply the

oscilloscope‘s energy in order not to be affected from the noises coming from the

mains.
High
— Voltage
Capacitive
Voltage - 4akn Resistor Impulse
Divider Generator
Faraday cage (25%25 mm grid) I _ ]
Wire-fence 2x2m l _I_:
i 5 NNy
— UPS // / / [T
Oscillo- i ///////
/7_/ [/ / f/
scope / /////// s/
/// /////l///////////
Test box BoxB —y 7777 77 / Box A
/ //////’//’ / Test Cabl
frarssarsesests / e

Figure 2-1 High voltage impulse test setup



4k Resistor

c Pty
*|| 00 [Jr
c Pty
*|| —oo |[*
- c —
R { ) — | Rt
Capactive C
Voltage ] (]
Divider R —O O_ Rt
c
L 4 R _( } () Rt
Test Object -|- T
—I—_ T C
o R O O | Rt
_l: HVDC Charge (- Rch 1 C

Figure 2-2 Structure of the high voltage impulse generator

Moreover, a current impulse generator is used to investigate the lightning impulse
currents that flow through the cables. This generator’s voltage is set to 0-30kV and it
can give current impulses between 0-20kA that has the form of 8/20us (8 ps front,
20 ps tail duration). It is composed of parallel capacitors, a wave shaping inductance,
a firing gap and a shunt resistor. The structure of the current impulse generator can

be seen from Figure 2-3.
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Figure 2-3 Structure of the current impulse generator

The cable which is used in the experiments is a cable assembly. The datasheet of the

cable can be seen from Appendix B.

As lightning hits close to a cable, it will induce voltage on it. This mechanism is
discussed in detail in 2.2.1. Since these cables are used to connect electrical units and
systems, induced high voltages reach to these units and systems through the cables.
These induced voltages can be high enough to damage units or systems.
Semiconductor devices which are used in electronic circuits in units and systems
may be harmed because these voltages can exceed the breakdown voltage of these
semiconductors. Due to these reasons, the effect of indirect lightning strikes on

control and communication cables is an important area of research.

2.2. High Voltage Impulse Tests

These tests aim to investigate the electric field generated by the charges carried by
the leader channel. Another goal of these tests is to observe the excessive voltages
due to the induced charges. These induced charges are generated by the charges in
the leader channel as well. High voltage impulse waveform is set to the form of
1.2/50ps (1.2us front, 50us tail duration) which is defined by the standard IEC
60060-1 [19]. This waveform can be seen from Figure 2-4.

10
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Figure 2-4 Lightning impulse voltage waveform according to IEC 60060-1 (adapted
from [15])

Tests are divided into two categories. One is the case that lightning hits close to the

cable. The other one is the case that lightning hits the cable.
2.2.1. When lightning strikes close to the cable

In this experiment, electric field caused by the charges in the leader channel
(conductive rod) induces opposite signed charges on the earth surface and cable
conductors. As the lightning discharge occurs, the induced charges on the earth
surface neutralize the charges in the leader channel in nanoseconds. This yields the
induced charges on the cable conductors to be free and moves in both directions.

Figure 2-5 illustrates this mechanism.

The test setup can be seen from the Figure 2-6.

11
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Figure 2-6 High voltage impulse test setup

The induced voltages are carried by cable shield for shielded cables, inner cable
conductor for unshielded cables. For shielded cables, induced voltage (and current)
waves also create voltage waves on inner cable conductors through the transfer
impedance. Higher induced voltages should be expected for unshielded cables.

Transfer impedance can be calculated as in Eq. (2.1).

Inner Wire

\

Short Circuit

Insulating

Core g

Figure 2-7 Transfer impedance parameters
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where V¢(0) is the voltage on the cable shield, Is(Z) is the current flows through the
shield, and Lo is the length of the cable.

2.2.1.1. High Voltage Impulse Test Results

Oscilloscope is supplied from a utility power supply (UPS) and a voltage divider is
used to measure the induced voltage. The division ratio of this voltage divider is 47.
That means the actual voltages are 47 times higher than the measured ones.
Oscilloscope is supplied from a UPS throughout the experiments. Lightning hits a

point 30 cm close to cable throughout the experiments.

1) Setup: The cable is connected to both grounded boxes. BNC signal end is not

connected to the oscilloscope.

1yps
fl 56 mv DCRK

255V ocks _J— ] oce.n3v

Figure 2-8 Oscilloscope screen #1

This measurement was taken to confirm that the used Faraday cage is effective.
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2) Setup: The cable is connected to both grounded boxes. BNC signal end is

connected to the oscilloscope. Probe is not connected to anywhere.

Figure 2-9 Oscilloscope screen #2

This signal is caused by capacitive coupling of electromagnetic waves coming from
high voltage impulse generator as the breakdown of air between sphere gaps.

3) Setup: The cable is connected to both grounded boxes. BNC signal end is
connected to the oscilloscope. Probe is connected to a pin in the electronic

circuits in box B having realistic impedance characteristics.

l“MWIIIII.

1 0ce.i3v

Figure 2-10 Oscilloscope screen #3
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High voltage impulse generator is discharged by breakdown of air between the
sphere gaps but the discharge between metal rod and wire fence did not occur. This
signal is the electromagnetic pulse and the induced voltage caused by the impulse

generator and the charges on cable conductor.

28-Now-13
17:39:49

255V 0% _f— | 0CO.I3V

Figure 2-11 Oscilloscope screen #4

This time, the breakdown between metal rod and wire fence occurred and a second
signal is observed at the oscilloscope screen. The voltage can be divided into two
parts. First part is the voltage due to the electromagnetic waves generated by the
breakdown of the air between sphere gaps of the generator. This voltage will not be
generated in natural lightning. Second part is generated due to the breakdown
between metal rod and wire fence. This is the voltage coming from the cable
conductor induced by the impulse current via magnetic field. The ionization in the
discharge channel approximately takes 2.8 us which can be seen from the
Figure 2-11.

4) Setup: The cable is connected to grounded box B, but not connected to box
A. BNC signal end is connected to the oscilloscope. Probe is connected to a
pin in the electronic circuits in box B having realistic impedance

characteristics.
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Figure 2-12 Oscilloscope screen #5

Since the cable is not connected to box A, the signal reflected from the open cable
end and measured in the circuits in box B. As can be seen from the Figure 2-12, the

direct signal is measured first, the reflected signal is measured about 2.5 s later.

5) Setup: The cable is connected to both ungrounded boxes. BNC signal end is
connected to the oscilloscope. Probe is connected to a pin in the electronic

circuits in box B having realistic impedance characteristics.

28-Now-13
17:49:18

Figure 2-13 Oscilloscope screen #6
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As the box A is not grounded, cable conductor and the box A itself acts as an antenna
and high voltage is observed at the measurement end. This case can be seen from the
Figure 2-13.

These experimental results can be extrapolated in order to calculate the voltage that
50m (d1) away, 200kA (l1), 1.2/50us shaped lightning induces. The discharge current
for the high voltage impulse generator used is 140A (l2). Since it is charged to
-560kV (-70 x 8 levels) and its current is limited by 4kQ resistor. The experiments
are conducted as impulse voltages applied 30cm (dz2) close to the cable. Induced

voltage is linearly dependent to distance.

The highest induced voltage is for the sixth experimental configuration. Therefore, it
is convenient to take this voltage value (1.75V) into account (Vind). Hence, the
induced voltage for a 50m away, 200kA, 1.2/50us shaped lightning can be calculated
as in Eq. (2.2) and Eq. (2.3). Remember that the voltage division ratio of capacitive

voltage divider is 47.

V=47xV,yx (j—:) X (Z—j) 2.2)
V=47x1,75x (%) X (g) =705V 2.3)

This voltage is high enough to damage some electronic equipment. It may exceed the

breakdown voltage of some semiconductor devices and cause them burn out.

2.2.2. When lightning strikes directly the cable

If a lightning directly strikes a cable, very high voltage is generated on it. In these
experiments, metal rod that represents the leader channel is put close to the cable in
order to have the lightning directly hit the cable. A metal needle is stuck to the cable
to guarantee that the lightning hit the cable, nowhere else. The reason behind sticking
the metal needle is to dense the electric field on the top of the needle and attract the
lightning. Moreover, the needle ensures that the lightning impulse voltage get
through to the cable conductor. Cables are damaged in these experiments due to very
high voltages and energy. Test setup can be seen from Figure 2-14 and Figure 2-15.
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Figure 2-14 Test setup of direct high voltage impulse test

Impulse Voltage High Voltage
Divider Impulse Generator
High Voltage
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(Wire Fence) B Magnetic Field
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Figure 2-15 Test setup of direct high voltage impulse test
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In this case, since the voltage generated in the cable shield is very high, it jumps to
the ground in a short time. Generated voltage on the inner cable conductor can jump

to the ground as well and little part of this voltage can reach to the measurement end.

2.2.2.1. High Voltage Impulse Test Results

Oscilloscope is supplied form a utility power supply (UPS) and a capacitive voltage
divider is used to measure the induced voltage. The division ratio of this voltage
divider is 3385. That means the actual voltages are 3385 times higher than the

measured ones. Oscilloscope is supplied from a UPS throughout the experiments.

1) Setup: The cable is connected to both grounded boxes. BNC signal end is
connected to the oscilloscope. Probe is connected to a pin in the electronic

circuits in box A having realistic impedance characteristics.

- |
T e
B ramnan
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Figure 2-16 Oscilloscope screen #7

Induced voltage for this configuration is measured as about 2.5V as in Figure 2-16.
That means induced voltage on the cable is 3385 times 2.5 which is 8,46kV. This
induced voltage travels through the cable and reaches the system. As a result,

electronic equipment is damaged due to this high voltage.
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2) Setup: The cable is connected to both boxes. While box A is grounded, box B
is not. BNC signal end is connected to the oscilloscope. Probe is connected to
a pin in the electronic circuits in box A having realistic impedance

characteristics.

Figure 2-17 Oscilloscope screen #8

Induced voltage for this configuration is measured as about 3.5V as in Figure 2-17.
That means induced voltage on the cable is 3385 times 3.5 which is 11,85kV. This is
even higher voltage value than the first configuration resulting in damaged electronic

system.

2.2.3. Electric Field Measurements

Electric field nearby a lightning discharge can reach to 3.10° V/m [21]. An
experimental setup is designed in order to measure the electric field due to lightning
discharges. A D-dot sensor, which is manufactured by Montena Inc, with the type
number SFE3-5G is used in these experiments. This sensor can be seen from
Figure 2-18.
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Figure 2-18 D-dot sensor (adapted from [23])

D-dot sensors are calibrated dipole antennas and designed to measure the derivative
of electric field. Since it is a dipole antenna, the voltages that are measured by this
sensor can be correlated to the ones measured in Chapter 3. This sensor does not
measure static electric field. Time varying electric field that is generated by the EMP
effect of lightning are measured by using D-dot probe. Unstable outputs of the D-dot
sensor is stabilized by a balun and connected to 1MQ input of the oscilloscope via an

integrator.

50 ohm
Field cable | | 1 Mohm .
sensor ntegrator Oscilloscope

Figure 2-19 D-dot sensor connection diagram (adapted from [22])

Equivalent circuit for D-dot sensor can be seen from Figure 2-20.

i=Aeqx D Cs = Rs Uout

\J

Figure 2-20 Equivalent circuit for D-dot sensor (adapted from [22])

Induced charges on the D-dot sensor flow through the impedance of the system. The
current created by the D-dot sensor is proportional to the equivalent surface area of
the sensor and the derivative of the displacement of charges. Output voltage of the

D-dot sensor can be calculated from Eq. (2.4) [22].

22



aD ()

Voue (£) = RsAeq ot (2.4)

As an integrator is connected to D-dot sensor, the voltage measured by the

oscilloscope is formulated by Eq. (2.5) [22].

RsAeq€oE ()

Vout (t) = R.C; (2.5)

where Rs is the impedance seen by the sensor (50Q2),

Aeq is the equivalent surface area,

RiCi is time constant of the integrator,
€0=8.854 x 102 AsV'm,

D is the electric displacement.

Time constant of the integrator used in the experiments are given as lus and the
equivalent surface of D-dot sensor is given as 2.10° m? by the manufacturers.
Therefore, Vout(t) and E(t) can be found as:

Voue () = 885,4x107° E(t) (2.6)
Eq. (2.6) yields:
E(t) = 1,13x10° V. (t) (2.7)

At first step, D-dot sensor is disconnected to the system in order to measure the noise
on sensor cable due to firing of generator. This noise is ignored for measurements

and can be seen from Figure 2-21.
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Figure 2-21 Noise on sensor cable

D-dot sensor cable is connected to the system and measurements are taken. The
sensor is placed 1.5 meter (d2) away from metal rod that represents leader channel.

Measured waveform can be seen from Figure 2-22.

11-Jon-14
20:54:38

Figure 2-22 Output voltage of D-dot sensor

Since high voltage impulse generator is negatively charged, electric field is also
negative. Maximum value of output voltage of D-dot sensor is -70mV. Electric field
can be calculated using Eq. (2.7) as 79.1 KV/m.
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The relation between electric field, discharge intensity and measurement distance can
be analyzed. Value of average electric field created by discharge is given in
Eqg. (2.8).

14
E,, = 2 (2.8)

where V is the voltage and d is the distance.

Electric charge and current subjected to lightning discharge is given in Eq. (2.9) and

Eq. (2.10) respectively.

Q =V.Cqs (2.9)
A
lais = 72 (2.10)

where Cdis IS the capacitance between the ground and discharge channel &
conductors. ldis is the discharge current. This current is 140A (12) for the high voltage
generator used. Since it is charged to -560kV (-70 x 8 levels) and its current is
limited by 4kQ resistor. At is constant and very close to 50us since the impulse
voltage is 1.2/50us shaped. Consequently, there is a linear relation between current
and electric charge flowing. Moreover, electric field caused by electric charges is

inversely proportional to square of distance.

Therefore, electric field created 50m (di) away by a 200kA (I, 1.2/50us shaped

lightning can be calculated. Remember that dz is 1.5 meter.

E = Epeasurea X (;_:) X (Z_j)z (2.11)
E=791x (20104"000) x (i—;’)z = 101.7 kV/m (2.12)

Electric field which is calculated in Eq. (2.12) is created by lightning discharge, not
by the static charges in metal rod. This is the electric field at the point that is 50m far

away from lightning.
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Electric field in various distances and lightning magnitudes can be calculated in a
similar way. Hence, since there is a linear relation between electric field and induced
voltage on cables around as in Eq. (2.8), there will be a similar magnification for

induced voltages as well in a real lightning discharge phenomenon.

2.2.3.1. Comparison of Test Results with Academic Background

The experiments show that electric field created 50m away by a 200kA lightning is
101.7 kV/m (or 1,017 x 10° V/m). Previous studies prove that this is a convenient
result. Electric fields of 200kA lightning are measured with different measurement
types between 1969 and 1981 by various scientists. As can be seen from Figure 2-23,
typical values of electric fields are close or equal to 1 x 10° V/m which are so close

to experimental results [6].

Investigation Typical High Values Measurement
(V/m) Occasionally Observed Type
Winn et al. 5-8 x 104 2 x 105 Rockets
(1974) :
Winn et al. (1981) - 1.4 x 105 Balloons
Rust, Kasemir 1.5 x 10° 3.0 x 10° Aircraft

(private comm.)

Kasemir and 5

Perkins (1978) 1 x 10 2.8 x 105 Aircraft
Imyanitov 1x 105 2.5 x 105 Aircraft
et al. (1972)
Evans (1969) - 2 x 105 Parachuted
Sonde
Fitzgerald (1976)  2-4 x 10° 8 x 10° Aircraft

Figure 2-23 Measured electric fields

There are a lot of studies to formulate the electric field caused by lightning. Since the
mechanism of lightning is very complex, the formulation of electric field generated
by lightning discharge is complex as well which can be solved by using computer
programs [16], [17].
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2.3. High Current Impulse Tests

In these tests, magnetic fields effects and some destructive effects of lightning
impulse current are investigated. Direct or indirect strikes are analyzed throughout
the experiments. Magnitude of lightning impulse current used in experiments is
10KkA. This waveform is set to the form of 8/20us (8us front, 20us tail duration)
which is defined by the standard IEC 60060-4-5 [20]. The waveform can be seen
from Figure 2-24.

30 % max.

Front time: 8us +20%

T

Time to half-value T2

Figure 2-24 Lightning impulse current waveform according to IEC 60060-4-5
(adapted from [15])

Some magnetic field measurements are taken and correlations between real lightning

discharges are examined.
2.3.1. Indirect High Current Impulse Tests

Induced voltages caused by induced charges due to lightning discharges are
measured in these experiments. Time derivative of magnetic field are also measured
during experiments. In order to measure that, a sensor is designed and implemented.
This sensor is an air core coil whose radius is 7.75 mm and it has 13 turns. This

sensor can be seen from Figure 2-25.
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Figure 2-25 Sensor used to measure time derivative of magnetic field

Induced voltage of the coil and derivative of magnetic field can be calculated as in
Eq. (2.13) and Eqg. (2.14) respectively.

__ MonAdi
Veoit = P (2.13)
dH _ 1 di
— == (2.14)
dt ~ 2mrdt

where o is the vacuum permeability, n is the number of turns, A is the area, and r is

the radius of the coil.

Therefore, dH/dt can be rewritten as in Eq. (2.15)

dH Veoi
ai _ _ Veoil (2.15)
dt ponA
Hence,
dH
— = ~Veou x 0324 x 10° A/m/s (2.16)

Induced voltage due to magnetic field is proportional to the derivative of magnetic
field. Therefore, if derivative of magnetic field is calculated using measured induced
voltage, induced voltages can be calculated as distance and lightning current differs

at the same value of derivative of magnetic field.
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Maximum induced voltage is measured as 400mV in the experiments as can be seen
from Figure 2-30. This voltage is measured when the sensor is 1 m away from

lightning discharge. As derivative of magnetic field is calculated from Eq. (2.16)

. : dh
using measured induced voltage value, T value can be found as 0.13x10° A/m/s.

Table 2-1 gives coefficients related to lightning current and distance that will be used

to calculate induced voltages.

Table 2-1 Induced voltage calculation coefficients

Lightning
Distance
50m 0.34 0.85 1.7 34
10m 1.7 4.25 8.5 17
5m 3.4 8.5 17 34
Im 17 42.5 85 170
2.3.1.1. Indirect Current Impulse Test Results

1) Sensor cable is disconnected to the sensor and shorted to its shield in order to
observe noise caused by current impulse. That noise can be seen from
Figure 2-27.

Figure 2-26 Current impulse noise measurement test setup
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Figure 2-27 Current impulse noise

2) Sensor is placed vertically and current impulse is applied nearby.

Figure 2-28 Vertical magnetic field measurement test setup
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Figure 2-29 Vertical magnetic field measurement

Since lightning current flows vertically, magnetic field due to this current is
horizontal. Horizontal magnetic field does not induce voltage on vertically placed
sensor. Some high frequency voltages are observed at Figure 2-29. These are noises

coming from current impulse generator.

3) Sensor is placed horizontally and current impulse is applied nearby.
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Figure 2-30 Horizontal magnetic field measurement
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Horizontal magnetic field is created due to lightning current that flows vertically.

Electromagnetic effects of a lightning are described as in Table 2-2 in MIL-STD-
464C standard. These descriptions are for lightning having 200kA peak current level
and striking 10m nearby.

Table 2-2 Electromagnetic fields from near strike lightning

Magnetic field rate of change at 10 meters 2.2x10° A/m/s

Electric field rate of change at 10 meters 6.8x10' V/m/s

Lightning indirect effects waveform characteristics described in MIL-STD-464C can

be seen from Table 2-3.

Table 2-3 Lightning indirect effects waveform characteristics

Current Peak Action Decay Timeto | Timeto | Timeto Rate of Peak rate
compo- current Integral to 50% 10% 90% Peak rise of rise
nent t=0+
(kA) (A%) (ps) (ps) (us) (1s) (A/s) (A/s)
A 200 2.0x10° 69 0.15 3.0 6.4 1.0x10"™ | 1.4x10"
@ 0.5 s

Produces average current of 2 kA over a 5 millisecond period

Defined as rectangular waveform for analysis purposes of 400 A for 500 milliseconds

100 0.25x10° 34.5 0.08 1.5 3.18 1.0x10" | 1.4x10"
@ 0.25Us

D/2 50 6.25x10" 34.5 0.08 1.5 3.18 0.5x10™ | 0.7x10"
@ 0.25Us

H 10 N/A 4.0 0.0053 0.11 0.24 N/A 2.0x10"

As peak rate of current rise (j—;) of A component is taken as 1.4 x 10! as in

Table 2-3 and distance (r) is selected as 10 m, derivative of magnetic field (Z—It{) can

be calculated as 2.2 x 10° A/m/s as in Table 2-2.
2.3.2. Direct High Current Impulse Tests

These experiments are conducted in order to observe the effects of electromagnetic

waves caused by lightning that hits the system directly. High current impulses are
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applied directly to the cables and current waves are measured in these tests. The
impulse current applied to the cables has a 10 kA peak value. Test setup can be seen
from Figure 2-31. The structure of current impulse generator can be seen from
Figure 2-3.

Figure 2-31 High current impulse test setup

High current impulse generator is charged to -20kV and current wave is measured

from the 0.82mQ shunt resistor. Measured impulse current wave can be seen from
Figure 2-32.
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Figure 2-32 Impulse current wave

The peak value of the measured wave is observed to be 8V. Therefore peak current

can be calculated as in Eq. (2.17).

8V
Ipeak = m = 9,76 kA (2.17)
2.3.2.1. High Current Impulse Test Results

A capacitive voltage divider is used to measure the voltages on cables. Division ratio
of this voltage divider is 47. That means the actual voltages are 47 times higher than

the measured ones.

1) Setup: The cable is connected to both grounded boxes. Box A is in the

Faraday cage, Box B is outside the Faraday cage.
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Figure 2-33 Oscilloscope screen #9

2) Setup: Box A grounded while Box B does not. Box A is in the Faraday cage,
Box B is outside the Faraday cage.

L1 i

LS
T T

S

bl -
R e e
e @ THANER

Figure 2-34 Oscilloscope screen #10

Measured voltage is 32,25V for the first test setup while it is 124.7V for the second
test setup. As a result, it is observed that not grounding the system outside almost

triples the measured voltages.
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Maximum measured voltage for 10kA, 8/20us shaped direct high current impulse is

124.7V. Remember that the voltage division ratio of capacitive voltage divider is 47.

200000
10000

V=47 x 124,7 x ( ) =117.2kV (2.18)
Calculated voltage in Eq. (2.18) is a very high voltage for an electronic system. If
this high voltage travels through the cables and reach the electronic system, it will

definitely cause damage.

High current impulses harm the cables used. This damage can be seen from
Figure 2-35.

Figure 2-35 Damaged cable
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CHAPTER 3

THE EFFECTS OF LIGHTNING DISCHARGES ON ANTENNA SYSTEMS

An antenna is an electrical instrument that converts electromagnetic waves into
electrical power, and vice versa [7]. A typical antenna consists of metallic
conductors. Therefore, antennas are sensitive to lightning. Lightning discharge
creates electromagnetic waves and these waves induce voltage on antennas. Since
antennas are connected to electrical units on a system, there is a risk for an electrical

unit to be damaged due to high induced voltages.

If one investigates the mechanism of lightning which is described in 1.1, s/he will see
that electrical charges in thunderclouds reach to the tip of leader channel and whole
leader channel is filled by electrical charges in exponentially increasing fashion from
the top to the bottom [13]. In other words, more electrical charges are present at the
bottom tip of the leader channel. These charges create an electric field around the
channel yielding induced voltages on antennas around them. As return stroke is
initiated, large amount of current flows between the clouds and the ground. This
current creates magnetic field that also induce voltages on antennas. However,
induced voltage due to this current is beyond the scope of this thesis. Induced
voltages due to the charges in the leader channel just before the return stroke are the

main focus of the thesis.

In order to analyze induced voltages on an antenna some simulations and

experiments are designed. Their details are given in the following sections.

3.1. Simulation of lightning effects on antennas

Before carrying out the experiments, some simulations of these experiments are

made by using the program Ansys Maxwell 15.0. It is electromagnetic field

simulation software which uses finite element analysis to solve static, frequency-
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domain, and time-varying electromagnetic and electric fields. A geometry which is
similar to the one in Figure 3-9 is drawn using the simulation program. The antenna
is simulated as a cylinder with 0.3cm radius that is placed to 2.5m, 5m and 7.5m far
away to leader channel (metal rod for the experiments). Another cylinder with 1 cm
radius and 3m length is placed to stand for leader channel. This cylinder is divided
into four because the charges in the leader channel are not distributed equally. In
fact, they are increasing exponentially towards the bottom tip of the leader channel.
Therefore, each cylinder has a different charge. These charges are calculated as in
Eq. (3.6) and Eq. (3.7).

Let’s analyze the real lightning first. The lightning leader channel can be regarded as

a charged conductor, whose charge density at a height h is given as Eqg. (3.1) [13].
Qn = Qoe™"" (Clem?) (3.1)

Assume that thundercloud is at the height of 2500m with a leader channel extending
downwards to 50m above the ground. Since the charge density is exponentially
increases downwards, fewer charges present on higher portions of the leader channel
when compared to lower portions. Assume that all of the charges are distributed to
lower 300m part of the leader channel. The total charge qo on the leader channel is

given as in Eq. (3.2).
hy _
qo = Qo J, " e P dh (3.2)

where h1=50m (or 5.10%cm), h2=350m (or 35.10° cm) and =107

35.103

qO = QO f5_103 e_ﬁhdh (33)
From which,
Q 1 1
90 =~ 75 ~ zoosl (3.4)

Let us assume that total charge in the leader, qo, is equal to 1 coulomb because
approximately 50% of lightning has a charge of 1 coulomb [14]. Then, Qo is
calculated as in Eq. (3.5).
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Qo = 4,0566.107° C/m (35)

Therefore, total charge between 50-125m portion of the leader channel is calculated
as in Eq. (3.6).

125.10% _
ds50-125 = Qo f5.1o3 e Fhdh (3.6)
Therefore,
q50_125 = 02787 C (37)

The total charges in 125-200m, 200-275m and 275-350m can be calculated in a
similar way. Remember that, leader channel is extending downwards to 50m above

the ground.

Table 3-1 Total charges in the leader channel portions

Height (m) | Total charge (C)
50-125 0.2787
125-200 0.2588
200-275 0.2401
275-350 0.2223

3.1.1. Simulation Results

The geometry which is used in the simulation is given in Figure 3-1. In addition to
the cylinders with pink color, there is a ground plane laid on XY plane. This ground
plane is assigned to zero voltage. Reference of all voltages in simulation is this
ground plane. The length of antenna is 70cm and it is 2.5m far away from the metal

rod for the geometry in Figure 3-1.
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Figure 3-1 Simulation geometry

A lightning that has a total charge of 1 coulomb also has a current of approximately
20kA. The high voltage impulse generator which is used in experimental setup to
measure the induced voltage on an antenna is charged with 360kV (6 x 60kV). This
generator discharges to the ground via 4kQ resistor (experimental setup can be seen
from Figure 3-9). Therefore, this discharge has a current of 90A which is 0.0045
times less then real lightning current. Since the geometry of experimental setup is
used in simulation, the total charges must be extrapolated to experimental values.

The values that are used in simulation can be seen from Table 3-2.

Table 3-2 Total charges in the metal rod portions

Height (cm) | Total charge (C)
50-125 1.254 x 103
125-200 1.165 x 1073
200-275 1.0804 x 1073
275-350 1.0003 x 1073

Voltage and electric field due to the charges in metal rod can be seen from Figure 3-2
and Figure 3-3. Note that, there is an exponentially increasing trend towards to the
bottom tip of the metal rod.
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The charges in the metal rod induce voltage on the antenna. Induced voltage on 70cm
antenna which is 2.5m far away from the metal rod can be seen from Figure 3-4.
Antenna is zoomed in to observe how much voltage is induced on it. Induced voltage

on the antenna is simulated to be 3.19V. Since the antenna is a conductive metal rod,
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Figure 3-2 Voltage due to the charges in the metal rod
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induced voltage is the same everywhere on it.
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Figure 3-3 Electric field due to the charges in the metal rod
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Figure 3-4 Induced voltage on 70cm antenna which is 2.5m far away from the metal
rod

Induced voltage on 40cm antenna which is 2.5m far away from the metal rod can be

seen from Figure 3-5. Induced voltage on the antenna is simulated to be 1.91V.
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Figure 3-5 Induced voltage on 40cm antenna which is 2.5m far away from the metal
rod

Induced voltage on 20cm antenna which is 2.5m far away from the metal rod can be

seen from Figure 3-6. Induced voltage on the antenna is simulated to be 0.97V.
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Figure 3-6 Induced voltage on 20cm antenna which is 2.5m far away from the metal

Note that, there is a linear relationship between the induced voltage and the length of
antenna. This is because the capacitance between antenna and the ground changes

linearly as antenna gets longer.

Induced voltage on 20cm antenna which is 5m far away from the metal rod can be
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seen from Figure 3-7. Induced voltage on the antenna is simulated to be 0.43V.
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Figure 3-7 Induced voltage on 20cm antenna which is 5m far away from the metal

rod
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Induced voltage on 20cm antenna which is 7.5m far away from the metal rod can be

seen from Figure 3-8. Induced voltage on the antenna is simulated to be 0.13V.
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Figure 3-8 Induced voltage on 20cm antenna which is 7.5m far away from the metal
rod

3.2. Lightning Impulse Voltage Tests

The voltage impulses used in the tests are generated by a multi-level voltage impulse
generator (8 levels, 1000kV, and 30kJ), same as in 2.1. This time, generator is
charged with (-60x6) kV throughout the experiments. A metal rod is placed to the top
of the capacitive voltage divider in order to stand for the leader channel. A metal
plate is laid to the floor for grounding. Test setup can be seen from Figure 3-9,
Figure 3-10, and Figure 3-11.
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Figure 3-9 High voltage impulse test setup

Figure 3-10 High voltage impulse test setup
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Figure 3-11 High voltage impulse test setup

Antenna is placed 2.5, 5, and 7.5m near lightning discharge throughout the
experiments in order to observe the effect of distance. In addition, antenna length is

set to 20, 40 and 70 cm to examine the effect of antenna length on induced voltage.
1) Setup: Antenna is 2.5m far from discharge channel

Induced voltage can be seen from Figure 3-12 as antenna length is 20cm. This
voltage wave can be analyzed in 3 parts. First part is a voltage wave with high
frequency that is observed at the beginning. This is the induced voltage due to the
electromagnetic waves caused by the breakdown of air between spark gaps of the
generator. There is no such thing in natural mechanism of lightning, so this voltage
with high frequency can be ignored. There is a second high frequency voltage at the
end which is the third part of the wave. This part is present due to the
electromagnetic waves caused by the breakdown of the air between the tip of metal
rod and grounded metal plate. This is the return stroke in natural mechanism of
lightning which is present in real lightning. However, this part of the induced voltage
is beyond the scope of the thesis. There is a voltage wave between these high
frequency parts. This part is the main focus of the thesis because this voltage is
induced by the electric field due to the charges in metal rod (leader channel in natural
lightning). This voltage wave has the 1.2/50us impulse shape only with a 2901 times
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less magnitude. 2901 is the division ratio of the capacitive voltage divider. Induced
voltage is 0.85V (which is simulated to be 0.97V using Ansys Maxwell) just before
the breakdown of the air between metal rod and grounded metal plate.

Figure 3-12 Induced voltage on 20cm antenna

As the length of antenna is doubled, induced voltage on antenna is doubled to 1.7V
(which is simulated to be 1.91V using Ansys Maxwell) as well. Induced voltage on
40cm antenna can be seen from Figure 3-13. In fact, induced voltage is 3.5 times
larger (3V) (which is simulated to be 3.19V using Ansys Maxwell) when antenna is
3.5 times longer. Induced voltage on 70cm antenna can be seen from Figure 3-14.

These results show that as antenna length gets larger, induced voltage increases.
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Figure 3-14 Induced voltage on 70cm antenna
2) Setup: Antenna is 5m far from discharge channel

Induced voltage can be seen from Figure 3-15 as antenna length is 20cm. 0.4V
(which is simulated to be 0.43V using Ansys Maxwell) is induced just before the

breakdown of the air between metal rod and grounded metal plate.
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Figure 3-15 Induced voltage on 20cm antenna
3) Setup: Antenna is 7.5m far from discharge channel

Induced voltage can be seen from Figure 3-16 as antenna length is 20cm. About
0.15V (which is simulated to be 0.13V using Ansys Maxwell) is induced just before

the breakdown of the air between metal rod and grounded metal plate.
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Figure 3-16 Induced voltage on 20cm antenna
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For a 20cm (L2) antenna, 0.85V (Vind) is induced when discharge channel is 2.5m
(d2) far away from it. Discharge current is 90A (I2) for the high voltage generator
used. Since it is charged to 360kV (60 x 6 levels) and its current is limited by 4kQ
resistor. The relationship between induced voltage and distance is discussed in
2.2.1.1. Therefore, induced voltage on a 1.5m (L1), 50m (d1) away antenna by a
200KA (1), 1.2/50us shaped lightning can be calculated.

V =Vipa x (i—;) x (%) X (Z—j) (3.8)
V =085 x (;—2) X (20‘;200) X (%) = 7083V (3.9)

This voltage is high enough to damage some electronic equipment. It may
exceed the breakdown voltage of some semiconductor devices and cause them to

burn out.

3.3. Induced Voltage Protection

Various protective equipment like varistors and zener diodes are connected between
ground signal end of the antenna in order observe the protection performance of
them. 70 cm antenna was 2m far away from the generator that is charged to 480kV
(80 x 6 levels).

Induced voltage is 15V as can be seen from Figure 3-17 when there is no protection

equipment.

50



Figure 3-17 Induced voltage when there is no protection

Induced voltage can be seen from Figure 3-18 as a 3.3V zener diode is connected
between ground signal end of the antenna. It is observed that zener diode responses
immediately and clips off the induced voltage at 3.3V. Some oscillations are
observed at clipping point because of cable inductance and stray capacitance between
the antenna and the ground. These oscillations are damped due to resistance of
cables. Although zener diode responses very fast, it cannot clip off the high

frequency voltage caused by the breakdown of generator’s spark gaps.

Time 2.000us ©»8.040us

Figure 3-18 Induced voltage with 3.3V zener diode
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Induced voltage can be seen from Figure 3-19 as a 5.6V zener diode is connected

between ground signal end of the antenna.
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Figure 3-19 Induced voltage with 5.6V zener diode

Induced voltage can be seen from Figure 3-20 as a 5.6V varistor is connected
between ground signal end of the antenna. The varistor cannot clip off the voltage at
5.6V although its rated voltage is 5.6V. It is because varistors are not as fast as zener
diodes. Induced voltage is present on the antenna for 6us and the varistor cannot
response that fast. Therefore, it is concluded that varistors are not suitable electronic

equipment for induced voltage (due to lightning) protections for antennas.

Figure 3-20 Induced voltage with 5.6V varistor
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CHAPTER 4

CONCLUSION

Lightning has always aroused the interest of people since it is a powerful, visible and
impressive natural phenomenon. First studies about lightning are made by Benjamin
Franklin in 1774 [9]. Modern research on lightning physics began in 1916 by
C. T. R. Wilson [10], [11]. The pace of the researches about lightning was steady
until the 1960s. Solid state electronics devices started to develop in the early 1960s
and they were vulnerable to lightning-induced voltages. Consequently, scientist
attached importance to studies on lightning [12]. Researchers have made numerous
studies on lightning and lightning related topics since then. This thesis is one of those
studies which focus on the induced voltages on control & communication cables and

antenna systems caused by lightning discharges.

Lightning is a discharge of atmospheric electricity that causes a sudden release of
energy. The mechanism of lightning is a sequence of very complex physical
phenomena. Although various scientific researches are made, this mechanism has not
fully well-understood yet. Negative electric charges are present in the leader channel
just before lightning discharge. Number of charges increases exponentially towards
the bottom tip of the leader channel as can be seen from 3.1. Electric field is
generated due to these electric charges whose magnitude is increasing towards the
bottom tip of the leader channel as well. During return stroke; huge amount of
current flows between thunderclouds and the ground. Most of the time more than one
flash is observed which is called multiple strokes. Magnetic field is generated
because of this huge current. Due to these electric and magnetic fields, induced

voltages are generated on the conductors around.

Induced voltages on cables and antennas caused by lightning discharges can be
dangerous for the system elements that they are connected to. If a system element is

harmed, whole system may shut down. This is an undesired situation which may
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become a very serious problem for some critical systems. First aim is to prevent the
cables and antennas from lightning hit by taking some precautions which is detailed
below. Despite all precautions, a lightning can hit them directly or indirectly. If the
cables or antennas are hit directly by a lightning, there is not much to do to protect
the system. Very high voltages exist in the cable or the antenna in this case. If this
voltage does not jump to the ground from the cable or the antenna before reaching
the system, it will definitely cause damage. If a lightning hit a point which is close to
the cables or antennas, it will induce a voltage on them. This induced voltage will
directly reach to the system they are connected to. It is not high enough to jump to

the ground, but high enough to damage the system.

In order to measure electric and magnetic field created by lightning discharge, high
voltage and high current impulse experiments are conducted. High voltage and high
current impulses are applied to cables directly or indirectly. High voltage impulse
tests led us to measure the electric field created by a lightning discharge. A D-dot
probe which is designed to measure electric fields is used in these experiments. High
current impulse tests enabled us to measure the magnetic field due to a lightning
discharge. An air core coil is designed to sense the current change that led us to
measure the magnetic field. The results of these experiments are extrapolated to
obtain the values for a real lightning. Then, these values are discussed whether they
are harmful for an electrical system, or not. Theoretical values are also compared
with the ones we obtained. Similar experiments are conducted for antennas. Only
high voltage impulses are applied to them indirectly. Induced voltage is measured
and extrapolated as well in this case. The induced voltage values after extrapolation
is also analyzed and compared to the results obtained from computer simulations.
Experimental results and simulation outputs are close which proves the reliability of
the experiments. The simulations are made by software named Ansys Maxwell. It is
electromagnetic field simulation software which uses finite element analysis to solve

static, frequency-domain, and time-varying electromagnetic and electric fields.

Based on the theoretical analyses, simulations and experiments, it is shown that
lightning discharges induce voltages on cables and antennas which are high enough
to damage the system they are connected to. Therefore, some precautions must be

taken to prevent undesired outcomes. In order to protect the cables from lightning
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discharges, they may be laid down into a metallic channel. This metallic cable
channel will distribute the lightning current. By doing so, breakdowns and thermal
damages can be prevented. Metallic channel also act as a Faraday cage. Therefore,

induced voltage will be reduced. Application examples can be seen from Figure 4-1.

Cable assembly

Metallic cable channel

Cable assembly
‘ Metallic cable channel

Ground rod

Figure 4-1 Lightning protection examples for control and communication cables

In order to protect the antennas from lightning discharges, power zener diodes can be
connected between the ground and the signal end of the antenna. Zener diodes are
fast enough to clip off the induced voltages due to lightning on antennas. This is
discussed in detail in 3.3. Another precaution may be to shorten the antennas when

they are not actively used. Antennas attract lightning less by this way.

To conclude, lightning is a natural phenomenon that happens frequently. Therefore,
its effects on control & communication cables and antennas are worth investigating.
In this thesis, these effects are studied in various ways. Computer simulations are
made; some experiments are designed and conducted throughout the thesis. In
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addition, academic researches are scanned and compared to simulations and
experimental results. After all of these works, it is deduced that direct or indirect
lightning hits induce high voltages on control & communication cables and antennas.
These induced voltages are dangerous for systems that the cables or antennas are

connected to. Therefore, some precautions are necessary.
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APPENDIX A

D-DOT SENSOR DATASHEET

Electromagnetic Free Field Sensors

A=

Our range of derivative electromagnetic free field sensors is designed for the measurement of
fast pulsed fields. Different models are available: for electric field (D-dot), for magnetic fields (B-
dot). Because the sensors are passive, no external or internal power source is required. Baluns
and passive integrators are proposed as accessories. Free field sensors might be connected
through a fibre optic link to the measurement equipment.

SPECIFICATIONS
Sensors:

Reference SFE1G SFE3-5G SFE10G SFM2G SFM8-5G

Type D-Dot D-Dot D-Dot B-Dot B-Dot
(electric) (electric) (electric) (magnetic) (magnetic)

Total equ. area Aeqot | 2 X 1072 m? 2x 107 m? 2% 10* m? 265x10%m? | 1.8x10° m?

Frequency response |1 GHz 3.5GHz 10 GHz 2 GHz 8.5 GHz

(-3 dB)

Risetime (10 =90 %) | 320 ps 110 ps 32 ps 160 ps 41 ps

Peak max. output 1kV 1kV 1kV 1kV 500 V

Connector type SMA (m) SMA (m) SMA (m) SMA (m) SMA (m)

Weight 800 g 350 g 200 g 375¢g 150 g

Dimensions 40x6x 10 40x6x3.5 40x6x18 40x6x4 40x06x05

(LxWxH)incm

Recommended balun |BL3-5G BL3-5G BL10G BL3-5G BL10G
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APPENDIX B

CABLE ASSEMBLY DATASHEET

Manufacturer : TYCO-RAYCHEM USA

Manufacturer’s specification : Specification sheet of Raychem Engineering Product
Design, EPD-RWC-17787 dated 6/5/02, 2 pages, and
Electronics Product Catalogue 7/97.

Manufacturer’s type number : EPD-RWC-17787

: Overall shielded and jacketed cable with 8 shielded twisted
pair (AWG24), 5 twisted pair (AWG24), 3 primary wires
(AWG24), 1 FIL-40-0.055

Description

Outer diameter 1 ©13.82 £ 0.69 mm

Jacket material :FDR25
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