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ABSTRACT

Reliability requirements of wind turbines become more important as the
share of wind energy in the global energy balance continues to grow. Lightning
protection of wind turbines has therefore become an issue of great importance

considering the location and size of modern wind turbines.

Analysis of lightning performance of wind turbines includes both lightning
exposure and lightning response once a turbine is actually struck.

In Chapter 1, lightning exposure and protection of wind turbines is
introduced from a technical and field point of view, and common methods of

analysis are mentioned.

In Chapter 2, basic lightning attachment theories with special reference to
wind turbine exposure and methods of analysis are presented. Models used in
previous work to determine lightning incidence to structures are described in

details.

In Chapter 3, a simplified model for lightning exposure of wind turbines is
presented. Based on electric field and space potential calculations, it has been
shown that a wind turbine with a down conductor can be treated as a slender

structure.

Due to the enormous difference between the speed of downward stepped
leader and the blade speed, it has been shown that from a lightning exposure
point of view, a wind turbine blade could be treated as static.

The findings of the thesis allow significant simplification of the analysis of
lightning exposure of the wind turbines.






RESUME

Les exigences de fiabilité des éoliennes deviennent de plus en plus
importantes vu que la place qu'occupe l'énergie éolienne dans le bilan
énergétique global ne cesse de croitre. Prenant en compte I'emplacement et de
la taille des éoliennes aujourd’hui, leur protection contre la foudre est devenu une
guestion de grande envergure.

L’analyse de l'effet de la foudre sur les éoliennes réside sur I'analyse de

leur exposition a celle-ci et sur les impacts aprés foudroiement.

Dans le chapitre 1, les concepts d’exposition et de protection des
éoliennes contre la foudre d’'un point de vue technique et pratique sont mis en

avant. Des méthodes d'analyse sont aussi mentionnées.

Dans le chapitre 2, nous présentons des théories fondamentales sur la
foudre avec une attention particuliére sur I'exposition des €oliennes a celle —ci et
sur des méthodes d'analyse. Les modéles utilisés lors de recherches antérieures
afin de déterminer l'incidence de la foudre sur les structures sont décrits en

détails.

Dans le chapitre 3, un modeéle simplifié de I'exposition des éoliennes a la
foudre est présenté. En se basant sur des calculs de champ électrique et de
potentiel, nous avons démontré qu’une éolienne et son cable de protection

peuvent étre représentés par une tige cylindrique.

En raison de I'énorme différence entre la vitesse de descente des éclairs
et la vitesse des pales des éoliennes, nous avons démontré que les pales
peuvent étre considérées stagnantes lors de nos analyses.

Cette thése met en avant une simplification de I'analyse de I'exposition

des éoliennes a la foudre.
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Chapter 1 Introduction 1

CHAPTER 1 : INTRODUCTION

In the last years, renewable energies are taking an important role in our
society. Wind turbines are rapidly becoming important generators of electric
energy. Their utilization is considerably increasing in electric power supply and it

will increase further with the new rules restricting the CO2 emissions.

The increasing number and height of installed turbines have resulted in an

increase of lightning damages with repair costs beyond acceptable levels [1].

Lightning stroke can be regarded as a major current source. Maximum
recorded value of lightning current produced by a “single stroke” is in the region
of 200 — 300 kA. Other parameters of interest are charge transfer and specific
energy. The maximum values occur in only a small percentage of flashes
worldwide [2]. The median value of peak lightning current is approximately 30 KA.
Actually, the electrical characteristics of a stroke vary with the type of lightning

flash and the geographical location.

The first research relating to the protection of wind turbines against
lightning damage was conducted in the late 1970s and early 1980s in the USA [3].
The first reports focused on the lightning protection of a vertical axis wind turbine,
a substantially different design from the horizontal axis machine now in
widespread use. In later years, further studies were carried out dealing with
machines more similar to modern designs. Until 1994 a number of papers stated
that no records of lightning striking a wind turbine existed and as such the scale

of the problem was not known [3].

More recently, there has been considerable work that has examined the
application of wind turbines protection to a lightning stroke [48]. An IEC technical

report has recently been written that summarizes those experiences [4].
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Cotton and N. Jenkins stated that damages on wind power plants due to
lightning strikes concern with about 25% the wind turbine power system and with
about 50% the associated electronic system resulting mostly in power
interruption of the plants [3].

It can be stated that wind turbines are vulnerable to lightning damage. An
important factor in how much power a wind turbine will produce is the height of
the tower. Since wind speed increases with height, increases to the tower height
will increase in the amount of electricity generated by a wind turbine. The area of
the blade disc covered by the rotor, (and wind speeds, of course), determines
how much energy a wind turbine can harvest in a year [5] .For instance, to raise
a 10 kW generator from a 60 foot tower height to a 100 foot tower could produce
25% more power. This is the reason why wind structures are often placed in high
elevation locations where they are, unfortunately more vulnerable to lightning

activities.

As a consequence, it is important that wind turbines are treated as other
power system components and meets the standards for reliability, protection and
safety used in the electric industry in order to reach an acceptable level of
operational reliability.

Even if blades are made of polymers, they are the most common
attachment point of lightning, and therefore must be adequately protected. In fact,
when they are wet by the rain, they become conducting. In addition, the passage
of lightning current through wind turbine bearings introduces a risk of lightning
damage to the electrical and electronic system.
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As explained earlier; unlike other electrical installations, such as
transmission lines, substations and power plants; wind turbines are often placed
in high elevation in order to increases their power production, thus ,their lightning
protection system has to be fully integrated into the different parts of structure to
ensure that all parts likely to be lightning attachment points are able to withstand
the impact of the lightning.

That lightning current should be conducted safely from the attachment
points to the ground without unacceptable damage or disturbances to the

systems.

Therefore, it is necessary to identify the lightning currents to tall structures
as primary source of interference with respect to electromagnetic compatibility
(EMC).

Information about lightning current parameters either comes from direct
measurements, using, for example tall instrumented towers [9], or is based on
guantification of lightning electromagnetic fields from which lightning currents are
inferred adopting some empirical [6], [7] or theoretical [8] relations.

Experimental observations and theoretical investigations have shown that
the presence of an elevated strike object, such as a tall tower, could affect
substantially lightning currents and their radiated electromagnetic fields. Accurate
knowledge of lightning electromagnetic fields is essential for achieving an
efficient insulation design of electric-power networks and for determining
electromagnetic compatibility requirements of telecommunication systems, as
many lightning-caused disturbances are due to lightning electromagnetic fields
[10].
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It is interesting to know that there are few numerical methods to analyze
the electro-magnetic impact of a lightning strike on a certain component within a

complex mechanical structure.

The results of the modeling are in fact the surface transient current,
voltage distribution and electromagnetic distribution inside or outside the wind
turbine after a lightning strike. Those results can be used to specify the field
influence inside the hub on personnel and materials (generator, control system,
mechanical system, etc...) which will allow to identify more exposed areas in
order to minimize hardware damage to a tolerable level in wind turbine

installations.

On the next chapter of this thesis, we will review the studies made by most
research organizations about lightning process. We will first focus on the
characteristics, then we will discuss about lightning interaction with wind turbines
and we will review past modeling investigations and results of lightning exposure

to tall structures.

On the 3" chapter, we present the modeling approach based on a 1.8 MW
turbine which is engineered to be used in most exposed sites [11]. We have
chosen this turbine because more than 2,000 of this type of turbines have
already been installed around the world, and have proved themselves to be the
most used in the market because of their seasoned performers in both onshore
and offshore environments [11]. In fact, a cylindrical representation of the
conducting wire attached to the blades is modeled to determinate the electric
field at the tip of the wind turbine. The effect of the tower will also be investigated

in order to verify whether a slender rod model will be applicable.
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Subsequently, the resulting model will be used to compare different
concepts of attractive radius equations, number of flashes and to analyze the
proportion of upward and downward flashes related to the motion of the blades.

Chapter 4 gives a discussion and recommendations of our work and

chapter 5 gives the main conclusion of the thesis.
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CHAPTER 2 LITERATURE REVIEW

The literature review of this chapter primarily concerns three subjects: (2.1)
Lightning mechanism and statistics; (2.2) Lightning interaction with wind turbines
and (2.3) Method of analysis and computational models.

2.1 LIGHTNING

2.1.1. Lightning Mechanism

Lightning, the thunderbolt from mythology, has long been feared as an
atmospheric flash of supernatural origins: the great weapon of the gods. The
Greeks both marveled and feared lightning as it was hurled by Zeus. For the
Vikings, lightning was produced by Thor as his hammer struck an anvil while
riding his chariot across the clouds. In the East, early statues of Buddha show
him carrying a thunderbolt with arrows at each end of it. Indian tribes in North
America believed that lightning was due to the flashing feathers of a mystical bird
whose flapping wings produced the sound of thunder [12].

Today, scientific rather than mystical techniques are used to explain
lightning with experimental procedures replacing intuitive concepts. Yet, we
remain in awe of lightning which still shines with its mystery, and rightly so. Each
year, lightning is responsible for the deaths of a hundred or so people, injuries to
several hundred more, and hundreds of millions of dollars in property damage.

The Lightning process is detailed in numerous papers and books by
researchers such as UMAN in 1986; GOLDE in 1977 and RAKOV in 2003 [13]

From those researches and many others, one can summarize the lightning
stroke mechanism. As the ice particles within a cloud (called hydrometeors) grow
and interact, they collide, fracture and break apart.
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It is thought that the smaller particles tend to acquire positive charge, while
the larger particles acquire more negative charge. These particles tend to
separate under the influences of updrafts and gravity until the upper portion of
the cloud acquires a net positive charge and the lower portion of the cloud
becomes negatively charged. This separation of charge produces electrical
potential both within the cloud and between the cloud and ground. This can
amount to millions of volts, and eventually air breakdown and a flash begins [13].
Lightning, then, is an electrical discharge between positive and negative regions
of a thunderstorm.

A lightning flash is the ionized path that may last more than 1 s and its
individual components are called strokes. It is composed of a series of strokes
with an average of about four. The length and duration of each lightning stroke
vary, but typically average about 30 microseconds. (The average peak power per
stroke is about 10* watts) [12].

Lightning discharges are one of two basic types, downward or upward
initiated. A downward initiated discharge starts at the thundercloud and heads
towards the earth. In contrast an upward initiated discharge starts at an exposed
tall grounded structure.

Occasionally, lightning discharges can be intra-cloud, where the discharge
occurs between regions of opposite charge. Without the benefit of conducting
earth, intra-cloud lightning does not produce a return-stroke-like feature. Rather,
it is characterized by slower propagating "recoil streamers" and "K" changes
(millisecond-scale electric field changes that occur in cloud discharges).
Nevertheless, tremendous energy, bright light, and thunder are still produced by
intra-cloud lightning. Figure 1 shows the lightning discharge formation [16].
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+ + ++
IHTER-CLOUD STRIKE
(CLOUD-TO-CLOLDY -+ Fr- T+

HECHARGE WiTHEH CLOUD BETWEEH
HEGATIVE BASE AMD POSITIVE TOP
[EHTRA-CLOUD)

TWPICAL CLOUD-TO-GROLND
LIGHTHIMNG BETWEEN GROUHD AlD
MEGATIVE CILARGE CENTERS

Figure 1- Lightning Discharge Phenomena

e Downward initiated discharge

With a preliminary breakdown of the air in a region of strong electric fields,
a leader begins to propagate downward toward the Earth. It moves in discrete
steps of about 50 meters each and is called a stepped leader (impulse currents
of more than 1 kA). [1]

As the leader tip approaches the earth this high potential raises the
electric field strength at the surface of the earth and leaders are emitted from the
earth or from structures on the ground. These upward moving leaders are

commonly termed upward connecting leaders.
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When the descending stepped leader meets the upward moving
connecting leader a continuous path from cloud to ground is established. This
process is termed the first return stroke (peak value up to 100 kA). The process
of downward propagating lightning attachment is illustrated in figure 2.

/6\4— Downward
Stepped
Leader
<+— Upward
Connecting
Leader

Figure 2 - Formation of downward flash — Progressive steps

After a certain time interval, further subsequent return strokes may follow

the path taken by the first return stroke.

e Upward initiated flashes

The charge in the thundercloud causes an elevation of the electric field on
the surface of the earth and the electric field may be significantly enhanced at
mountains or at tall structures like wind turbines. At such locations the electric
field strength becomes large enough to initiate an upward moving leader from
ground towards the thundercloud [1].
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An upward initiated flash starts with a continuing current phase. On the
continuing current impulse currents can be superimposed (figure 3). The
continuing current phase may be followed by subsequent return stroke(s) along
the same channel [1].

Figure 3 - Profile of a negative upward flash (not to scale)

Measurements of upward initiated discharge parameters are made on tall
objects that are prone to this type of stroke. Research led by JANISCHEW SKYJ,
W., HUSSEIN, AM., SHOSTAK, V., RUSAN, 1., Li, JX., and CHANG,JS between
1975 and 1995 stated that the CN tower in Toronto, Canada receives at least 50
such flashes per year [14].

The location where an upward lightning stroke attaches to a structure is
simply the same point where the upward leader is formed. Although the current
peak values of about 10 kA are relatively low, the charge transfer associated with
the initial continuing current can be as high as 300 C [1].

Upward initiated discharges, too, may be composed of various

combinations of the different current components mentioned above.
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2.1.2. Risks of Lightning strikes

As wind turbines are preferentially placed at high and windy locations in
order to achieve high productivity, they are also subjected to a relatively high risk
of lightning strikes.

An important initial step in a risk analysis is the estimation of the frequency
of direct strikes to the wind turbine. This frequency is mainly a function of the
lightning activity at the installation site, the local geographical topology, and the

dimensions of the turbine.

The estimation of the frequency of direct lightning flashes to the wind
turbine is a first step of a risk analysis.

The next step is an investigation as to whether the lightning protection
system being installed is adequate. The considerations for this step of the risk
analysis are based on the fact that not every lightning flash to the turbine causes

damage, depending on the efficiency of the lightning protection system.

A failure of the lightning protection system is called a “critical event”. IEC
61024-1-1 [1] states that the number of permitted annual critical events N, may

be expressed by:

N, >N, x(1-E) (1)

where E is the lightning protection system efficiency;
Ng is the number of annual average number of direct lightning strikes to the
structure;

N. is the permitted annual number of critical events.
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The minimum lightning protection system efficiency can be defined
following the concept taken up in IEC 61024-1[1]:

N
E>1-—¢ ()

d
Thus, four lightning protection system levels can be defines (level I

through level 1V). These Protection levels are shown below in table 1.

Protection levels Interceptio; efficiency Sizing .j.-Efoix:if.'m::yr ET?;:E
1 0,99 0,99 0.08
I 0,97 0,98 0.95
[l 0,91 0,97 0.90
IV 0,84 0,97 0.80

Table 1- Lightning protection system levels

The lightning protection system efficiency is a product of two individual
efficiencies, the interception efficiency (ability to intercept a flash) and the sizing
efficiency (ability to safely conduct the flash current).

A level | lightning protection system must be able to carry higher peak

current value without damage.

According to IEC61024-1 [1], these data are the basis for analytical
calculations, tests, and simulations of the lightning protection system of the wind
turbine being considered. More detailed risk analyses must be carried out for the
various selected areas of the system. In order to calculate the risk of damage for
these areas it is necessary to determine the electro-magnetic field distribution.
This field distribution depends on the lightning current path from the point of
impact to the ground.
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2.2. LIGHTNING INTERACTION WITH WIND TURBINES

As mentioned above, wind turbines are placed at high and windy locations
in order to achieve high productivity; they are then subjected to a relatively high
risk of lightning strikes.

Several research efforts have been undertaken in the past to determine the
responses of distribution systems to direct or nearby lightning strikes.

2.2.1. Damage Mechanism

2.2.1.1. Current and Voltage path on the turbine

In 2007, a work supported in part by the grant-in-aid for scientific research
in Japan was presented at the International Conference on Power Systems
Transients (IPST'07) in Lyon, France by K. Yamamoto, T. Noda, S. Yokoyama
and A. Ametani. The project consisted on studying lightning overvoltages in Wind
Turbine Generation Systems [15].

e Modeling

A reduced-size model, as shown in Fig. 4, was used by the researchers in
the experiments. It was a 3/100-scale model of an actual wind turbine generation
system that has blades with a length of 25 m and a tower that is 50 m high. The
material of the blades was vinyl chloride, and an insulated copper wire with a
cross sectional area of 2 mm2 is traced on each blade to represent a lightning
conductor. The tower of the scale model was of the tubular-type with an outer
diameter of 10 cm and a thickness of 3 mm. The nacelle was a metal cube with a
side length of 15 cm [15].
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Figure 4 - Reduced size model of a wind turbine generation system

The time axis of the measured voltages and currents was compressed
3/100 times according to the scale of the reduced-size model. The scale didn’t
have any effect on the impedances and voltage rises obtained from the

measurements.

The pulse generator was set up above an assumed point of lightning
strokes; this point is the tip of one of the blades or the rear portion of the nacelle,

as shown in Fig. 5.

A fast front current was generated by a 63-V battery pulse generator and
was discharged via a mercury relay. A resistance of 9.4 Q, which represents the
grounding resistance, was radially inserted between the tower foot and the

copper plate.
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Figure 5 - Configuration of the experimental setup

e Experimental cases

Three experimental cases were investigated were the injected currents | and voltages V
at the points of strikes are measured - A: point of strike is the tip of the blade and

B: represents point of strike in the nacelle

o Cases 1-A and 1-B: V1 represented the voltage difference between
the tower footing and an incoming conductor which was an
insulated copper wire traced on a copper plate from a distant point
and grounded at the remote end. The large earth capacitance of the
traced conductor is comparable to that of the coaxial cables in

actual cases of wind turbine generation systems.
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In Cases 2-A and 2-B: a down conductor is set up inside the tower
at a distance of 1 cm from the inner surface. The top end of the
down conductor is short-circuited to the tower, and the bottom end
is open-circuited to measure the voltage V2 with respect to the
incoming conductor. The down conductor represents a power line
between the generators in the nacelle and a power converter on the
ground level installed inside the tower.

Cases 3-A and 3-B: experimented to understand the induced
voltage in the loop circuit that exists in power, telecommunication,
and control equipment. A loop conductor was placed inside the
tower at a height of 1 cm from the copper plate and at a distance of
1 cm from the inner surface of the tower. The voltage V3 induced in

the loop conductor is measured.

e Experimental results

In Fig. 6 shows the injected currents and the voltages measured at the

stroke points for Cases 1-A and 1-B.

A few differences exist between the injected currents in Cases 1-A and 1-

B; however, the current rise time in both cases was approximately 10 ns, and the

waveform can be considered a ramp wave. The voltage response rise time was

approximately 5 ns in case 1-A and 10 ns in case 1-B.
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Figure 6 - Measured results for case 1-A and 1-B

The waveform was explained by the researchers as follows: when current
was injected at the tip of the blade equipped with a parallel lightning conductor,
the current propagated along the lightning conductor. During that process,
electric and magnetic fields generated around the lightning conductor increased,
resulting in an increase in the voltage at the tip of the blade. After the traveling
wave reached the nacelle, the surge impedance of the nacelle was smaller than
that of the lightning conductor; therefore, a negative reflection was caused at the
nacelle, and the negative traveling wave returned to the tip of the blade. The
electric and magnetic fields around the blade started to decrease; further, the
voltage at the tip attained the peak value when the negative reflected wave
reached the tip.

As the return propagation time of the blade was 5 ns, the peak of the
voltage appeared after approximately 5 ns. The second peak of the voltage at
approximately 20 ns was mainly influenced by the surge impedance of the tower,
and the traveling waves on the lightning conductors that have an open end were

superimposed on the voltage.

As soon as current was injected into the rear portion of the nacelle, the
traveling wave dispersed to the three blades and the tower. Because these surge

impedances were connected in parallel, the voltage rise was small at first.
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Subsequently, the positive traveling waves returned to the nacelle from the
open-end tips of the blades, and the voltage at the rear portion of the nacelle
started to increase because of the current flow through the tower.

The voltage rise exhibited a peak when the negative traveling wave at the
tower foot reached the nacelle. The traveling waves on the lightning conductors
that have an open end were superimposed on the voltage.

Based on the theories of traveling waves, if the return propagation time
between the injected points of the current and the tower foot is greater than the
rise time of the injected current, the maximum voltage rise at the stroke points
depends on the peak of the current and not on the rise time.

From the results, they stated that the voltage rise at the tower foot in those
measurements depended only on the peak of the injected current.

They calculated the voltage rise per unit current as follows:

_Vr
Ipeak

3)

max

In Case 1-A, they obtained a voltage rise per unit current of 48 V/A. In

Case 1-B, the voltage rise per unit current is calculated as 46 V/A

In Cases 2-A and 2-B, the down conductor does not have a significant
effect on the current waveforms; the current waveforms are similar to the result of
Cases 1-A and 1-B. Since the top of the down conductor was short-circuited to
the tower and enclosed in the tower; the voltages of the down conductor and the
tower foot were almost identical electrostatically. Therefore, the voltage at the
bottom of the conductor as well as that at the tower foot rises. However, since the
bottom of the down conductor and the tower foot were not short-circuited, some
differences exist between these voltage rises. In Case 2-A, the voltage rise per
unit current was calculated as 30 V/A. In Case 2-B, the voltage rise per unit
current is calculated as 46 V/A.
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At last in Cases 3-A and 3-B, the injected current was almost the same as
that in Cases 1-A, 1-B, 2-A, and 2-B; therefore, the loop conductor placed inside
the tower does not influence the injected current. If the electromagnetic field
caused by the traveling wave flowing through the tower body expands as a plane
wave such as a TEM (transverse electromagnetic) wave and the current density
in all sections of the tower was uniform, the loop magnetic field in the tower didn’t
exist theoretically.

Nevertheless, the induced voltage in the loop conductor could be
measured; it is believed that the electromagnetic field didn’t expand as a plane
wave or the current density was not uniform. The results showed the researchers
that values of the maximum induced voltages depended on both the wave front of
the injected current and its peak value. Therefore, it was difficult to normalize the
induced voltage. However, it was confirmed that the induced voltages were
significantly larger than the electromagnetic noise.

According to these results, one can say that when lightning currents flow
through a wind turbine large magnetic fields are produced. If these changing
magnetic fields pass through a loop they will induce voltages within that loop. The
magnitude of the voltage is proportional to the rate of change of the magnetic
field and the area of the loop in question.

A summary of the damage mechanism can be done now:

o Overvoltages due to voltage rise at the tower footing

When lightning strikes a wind turbine, a voltage difference is caused

between the tower footing and the incoming conductor from the top of the

structure.
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That voltage difference is caused by the voltage increase at the tower
footing. Further, a voltage difference between the bottom of the down conductor
installed inside the tower and the incoming conductor is rather significant. The
lightning current flowing through the tower body induces voltage in the main and
control circuits that form loops, and the induced voltages are sufficiently larger

than the electromagnetic noise.

In most of the cases, that voltage difference becomes an overvoltage
between the power line and the power converter or transformer on the ground
level installed inside the tower or that between a communication line and a
telecommunication device. The average value of the peak lightning current is 24
kA. When lightning corresponding to this average value of the peak current
strikes a wind turbine generation system, the maximum overvoltages produced
are in the range of 700 kV to 1100 kV

o Overvoltages in the loop circuit
The induced voltage goes into the loop conductor in the tower; this
indicates that the electromagnetic field caused by the traveling wave flowing
through the tower does not expand as a plane wave or the current density of all
sections of the tower is not uniform. Over voltages and malfunctions are then

induced in the loop circuit in the main and control circuits in the tower.

o Traveling-wave phenomena

As mentioned, earlier, when current is injected at the tip of the blade
equipped with a parallel lightning conductor, the current propagates along the
lightning conductor. After the traveling wave reaches the nacelle, a negative
reflection is caused at the nacelle, and the negative traveling wave returns to the
tip of the blade. The voltage at the tip reaches the peak value when the negative
reflected wave reaches the tip again.
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When current is injected in the rear portion of the nacelle, the injected
current disperses to the three blades and the positive traveling wave returns to
the nacelle from the tip of the blades. The voltage at the rear portion of the
nacelle rises because of the current flowing to the tower. The voltage rise exhibits
a peak when the negative traveling wave at the tower foot reaches the nacelle.

Figure 7 shows example of generated overvoltage in the loop circuit due to
voltage rise at the tower base.
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Figure 7 - Generated over voltage between down-conductor and lead-in cable



Chapter 2 Literature Review 23

2.2.1.2. Damage on blades and bearing

Damage mechanism on blades and inside the generation system can also
be looked at in more detail.

The researcher Cotton in the high voltage group at UMIST in Manchester,
England, has written a very useful document for the wind turbine designer. They
have been extensively researching blade protection, bearing damage simulation
since the mid 1990s with European Commission and UK Department of Trade
funding [3].

They have been working with turbine manufacturers and operators, other
high-voltage labs, and the National University of Athens. Their wind turbine

application-specific research is unique.

e Blade damage mechanism

They have shown that the blade serves as a preferential path for the
lightning current in comparison to the air. A simple experiment within a high-
voltage laboratory showed that was to be expected, since surfaces have lower
electrical breakdown strength than the air around them [3].

They outlined that most severe damage to wind turbine blades was
caused when lightning forms arcs inside the blade. The arcs may form in the air
filled cavities inside the blade or along the internal surfaces.

In their report [3], Cotton et al showed that when lightning attached to an
unprotected wind turbine blade that contained no metallic parts, it could travel in
one of three locations. It could travel on the outside surface, the inside surface or
within the blade laminations.
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Lightning attaching to an unprotected blade usually took more than one of
these paths, creating a type of damage that could be described as stitching. This
occurred when a lightning discharge made a hole in the blade, progressed a
certain distance inside the blade and then jumped back out. This might happen

repeatedly, leading to a stitching pattern such as the one shown in Figure 8

Figure 8 - Stitch pattern in a blade surface

Cotton et al stated also that lightning discharge could cause a temperature
rise of approximately 30,000 K and produce a high-pressure shock wave that can
exert a large force. This shock wave would be heard as thunder if it was
propagating through air. The length of the arc and the blade construction were
two of the factors that would determine the level of observed lightning damage
following the lightning strike [3].

Another type of damage was reported when the lightning current or part of
it was conducted in or between layers of composite materials, presumably
because such layers held some moisture. The pressure shock wave caused by
such internal arcs may literally explode the blade, ripping the blade surface skins

apart along the edges and from the internal carrying spar.

The mechanism of damage started when internal arcs form between the
lightning attachment point at the tip of the blade and some conducting component

internal to the blade.
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It was stated that with modern blade with a steel wire, the damage was
often limited to the tip section, whereas the main blade remains unharmed.
Damage to those blades has been found when an arc has formed inside the main
blade. With blades using a flap in the outer of the leading edge, the main blade
was destroyed.

According to their research, the phenomenon responsible for the severe
structural damage to wind turbine blades was therefore the formation of a
pressure shock wave around an arc of lightning inside the blade. Figure 9 shows

an example of Lightning discharge on wind turbine blade model.

Figure 9 - Lightning discharge on wind turbine blade

Minor damage might occur when a lightning arc is formed on the outside
surface or when the lightning current is conducted by metallic components with

insufficient cross-section.
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e Bearing damage mechanism

Cotton et al in their document [3] reported a UMIST's bearing damage

simulation.

o0 High-current Testing of Wind Turbine Pitch Bearings

Simulated lightning current was conducted across stationary blade pitch
bearings. The test samples were two bearing races approximately 0.6 m in
diameter. One sample was a production bearing without preload and could be
turned easily. The second had an effective preload applied by installing slightly
oversized ball bearings, and had a running torque of around 60 N m.

In the test arrangement they could be lubricated with grease as would be
the case in production bearings.

As shown in Figure 10, the current was conducted to the centre race of the
bearing via a top plate which had several fixing bolts all round the circumference
of the bearing. The current then left the bearing outer race via a lower plate which
was similarly bolted around its circumference, and returned to the capacitor bank.
The intention of this design was to allow current to flow through the bearing as

uniformly as possible around its circumference.
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Figure 10 - Pitch bearing test arrangement

Tests were carried out with the pitch bearings in their production state and
by applying both the high energy (component A) and the long-duration
(component C) currents to simulate a severe lightning stroke.

Surface effects on only a few balls occurred and the damage was so slight
as to be barely visible. The surface simply appeared slightly abraded over an
area of up to 4 mm d 1 mm. For both the unloaded and preloaded bearings the
damage was therefore deemed by the bearing manufacturer to be insignificant.
The addition of large quantities of grease to the bearing made no noticeable
difference to the levels of damage for the loaded bearings.

The conclusion from this test was that when lightning current is conducted
from blade to a stationary pitch bearings, it will pass through it with no big
damage because of its conductive surface—surface metallic contact . Surface
effects generally occur on only few balls and the damage is so slight as to be
barely visible.
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It was stated that stationary bearings can withstand the effects of lightning
current with no significant damage.

However, bearings within a wind turbine normally rotate and an insulation
oil film is normally present between the bearing elements.

The second set of tests was then designed to investigate the effect that

this may have on the probability of lightning damage.

o0 High current Testing of Rotating Bearings

In a rotating bearing there will be a hydrodynamic lubricant layer between
the roller/ball and the raceways, an intentional feature of bearing operation. Such
a film would require a certain voltage to break down before an arc could form.
Conduction of currents across an insulating barrier of this type (via a small arc)
would be expected to generate relatively severe damage, similar to that produced
by an arc welder. A test program to investigate the severity of this damage was
carried out.

Two similarly sized sets of roller bearings of 150 and 170 mm internal
diameter were used in the test program. They had been removed from a gearbox
and therefore had some signs of wear, although there was no evident damage.

These bearings tested were somewhat smaller than wind turbine main bearings.

However, as long as the hydrodynamic effects noted below are in
operation for both types of bearing, testing a smaller bearing would give, if

anything, worse damage.

It was important for these tests that the bearings were operating in a
hydrodynamic regime. Advice on how to select such an operating regime for
hydrodynamic lubrication was provided by a bearing manufacturer, whose data
indicated that for 220 viscosity oil and a bearing diameter of 185 mm (at the
rolling surface) the rotational speed should be at least 25 rpm.
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For the tests described, a rotational speed of 65 rpm was selected. This
was well within the hydrodynamic regime, the hydrodynamic lubricant layer being
of the order of 10 m thick. The effect of loading on the bearing is to reduce
further the film thickness, so efforts were made to keep any bearing loads to a

minimum [3].

The two bearings were installed in a test rig back-to-back, in such a way
that currents could be conducted through one or the other. For these series of
tests, one bearing was tested while the rig was rotating at 65 rpm and the second
was tested immediately afterwards while the rig was stationary. The same
currents were applied for both tests. This provides a direct assessment of the
effects of rotation on bearing damage.

The rotating bearing was fed continuously with lubricant during each test.
No damage was visible on the stationary bearing during these tests at levels up
to a maximum test of 70 kA (0.25 MJ Q™). Visible damage occurred to the
rotating bearing at a relatively low level of 41 kA (0.04 MJ Q™).

Much more severe damage occurred at 67 kA (0.24 MJ Q™) and consisted
of several pits fairly evenly spaced around the race. The continued rotation of the
bearing caused further numerous tiny indentation marks on the race, presumably
because of the pitting damage on the rollers ‘printing’ its impression on the race.
Figure 11 shows an example of the type of damage from the final 200 kA
(2 MJ Q1) test.
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Figure 11 - Close-up of bearing damage caused by a high-current test

The conclusion from this test was that in a rotating bearing with a
hydrodynamic lubricant layer between the roller/ball and the raceways
(intentional feature of bearing operation), such a film would require a certain
voltage to break down before an arc could form. Conduction of currents across
an insulating barrier of this type (via a small arc) is expected to generate
relatively severe damage, similar to that produced by an arc welder.

2.2.1.3. Comments

From these research works, we can make our own summary and

conclusion about damage mechanism:

When lightning strikes a wind turbine blade, the lightning current will
inevitably be conducted through the hub with one of the coupling mechanism to
one or more electrical and mechanical components, damage and leakage could

be caused.

If the nacelle is metallic it may even so have few electrical bonding points,
usually only the hinges and latches.
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In the event of a lightning strike to the blade the current flow is then not
confined to the external nacelle skin (which would be ideal) but is partially along
the floor of the nacelle, through the bearing, gearbox and generators and so on.

Wiring will also be exposed to induced voltage transients where it transfers
from gearbox or generator to the bed plate. The problem here is the few paths (or
constricted paths) for the current flow so that current densities are high,
especially if there are anti-vibration mounts with bonding straps across; or
electronic connections in the path of the current, which will then be exposed to

high magnetic fields and induced transients.

Although protected from direct lightning attachment, the wiring running
down the mast is exposed, and will have voltages induced between the wiring
and the structure which may be of sufficient to cause flashover and directly inject

current into the wiring.

Many sensors in the hub have circuitry which is isolated from its case.
Where lightning induces voltages in this circuit, the voltage will stress the highest
impedance in the loop, which is the insulation between the case and the circuit.

There is no solid evidence available about damage to gears due to
lightning. There have been cases where gears and shaft bearings have been
damaged in connection with lightning striking the wind turbine blades. However,
so far, it has not been established if such damage is a secondary effect of main
bearing lightning damage
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2.3. METHOD OF ANALYSIS AND COMPUTATIONAL
MODELS

2.3.1. Lightning incidence modeling

A J Eriksson published a paper [24] where he addresses the lightning
attractive radius concept and procedures for estimating the number of lightning
flashes with particular reference to power lines.

According to the author, in general, excluding local topographic effects,
two main factors influence the incidence of direct lightning strikes to practical

transmission and distribution lines:

e The regional incidence of lightning in the Area: the annual average ground
flash density, Ng (flashes/km?/yr) or, the regional keraunic level Tg

(thunderstorm days per year).

e The "attractiveness" of the line and its supporting structures (i.e. the

distance over which the line attracts lightning strokes).

The purpose of his paper was to summarize the available data in respect
of the observed incidence of lightning to practical structures — including power
lines - and thereby to derive expressions for the actual "attractiveness" or
attractive area presented by these structures.

He showed that in 1978 [20], researchers assumed a linear relationship
with ground flash density (Ng = 0,1xT4) — in accordance with the then available
literature relating Ng to Tq4 [21].
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But Subsequent to earlier analysis, a wide scale deployment of some 400
lightning ground flash counters throughout Southern Africa [22] provided a unique
opportunity to examine the correlation between regional observations of Ny and
T4 across a wide range of variations in keraunic level and resulted in the

relationship:
Ng = 0.04xTd*® (4)

Ng = annual ground flash density (km yr™)

T4 = thunderstorm days per year

The resultant normalized annual incidence of strikes - for structures having
heights varying between 20 m and 500 m assuming a power law trend was then
obtained by:

Ns =2.4x10°H 2% (5)
where Ns = average number of strikes per year for Ng = 1 km? yr™.
H = structure height in meters

However (i.e. around 1944), McCann amongst others, [23] observed
during lightning studies on a variety of structures that an increasing proportion of
flashes on taller structures (i.e. having heights in excess of about 100 m), were
initiated by upward progressing leaders - in contrast to flashes observed on

shorter structures, which invariably involved downward leaders.

In the course of the original study of lightning strike incidence [20], the
available data on the relative incidence of upward flashes as a function of
structure height were also analyzed and they yield the formula:

Pu=52.8xInH -230 (6.a)

with H in meters
where Pu (in %) is the proportion of upward flashes to a structure, as a function
of structure height which is valid in the range of: 78<H <500
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However, upward flashes may still be possible on shorter structures, and
an expression was developed: pu=1.26x10"H"* (6.b)

Where pu is in per unit and H in meters

Equation 5 which represents the incidence of flashes of both types
combined was then combined with equation 6.b above, to yield a relation for the
derived incidence of downward flashes alone - Ng - as a function of structure

height: N, = N (1- pu) leading to:

N, =2.4x10°H*® -3.0x10°H*% (7)

The trend of this expression is shown in Figure 24 and, as may be
expected, indicates that the contribution of upward flashes to total flash incidence

only becomes significant at structure heights well in excess of 100 m.
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Figure 12 - Observed incidence of strikes to structures of various heights [24]
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2.3.1.1. Concept of Attractive Radius

Eriksson took into account the knowledge of regional ground flash density
Ng. Given that, the average annual incidence of downward flashes to the
structure, Ng, could be represented in terms of an equivalent attractive area, A:
Ng = Ng x A (8)

where A is in km? = r? 10 for a particular structure,

Taking into account a power curve estimation [24], the attractive radius R,
could be estimated from the observed strike incidence to the structure, using the
expression:

Ra=16,6 x H %° (9)

This equation expressed the average attractive radius presented by

structures of various heights - up to at least 100 m.

2.3.1.2. Comparison with analytical model

Previously Golde [25], developed a simple model for estimation of the
lightning striking distance on the assumption that a leader charge of 1 C was
approximately equivalent to the average stroke current amplitude of 20 kA, he
suggested that structure "protective" radii (i.e. attractive radii) could, on average,
be expressed by:

Ra= 2H (10)

In an extension of earlier modeling concepts, Eriksson applied the modern
knowledge of lightning parameters and the improved understanding of the
mechanisms of leader development during the breakdown of large air gaps, to a

study of the simple analytical model depicted in Figure 13.
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Figure 13 - Representation of a downward leader element approaching a structure of height, H. [24]

The modeling embodied the following aspects:

The structures were regarded as free-standing and capable of
approximate representation by cylindrical geometry

A major branch of a nearby approaching downward lightning leader was
represented by a vertically descending linearly charged leader element.
The prospective stroke peak current available from that leader element,
was related to the integrated leader charge.

The electric field enhancement at the structure top caused through its
protrusion above ground level was expressed in terms of a field
enhancement factor - which in turn was derived from the structure
dimensional ratio.

Standard atmospheric conditions were assumed, and the criterion for the
initiation of an upward leader is taken at a critical field intensity of
3 x10°% V/m.
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Iterative routines were developed for carrying out calculations over a
comparatively wide range of the parameters involved (i.e. structure height, leader
charge, etc.) and illustrative results for two structure heights are depicted in

Figure 14.
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Figure 14 — Comparative downward leader striking distance analyses-as determined through

analytical modeling [24]

In terms of this model, the structure attractive radius - for a specific value
of leader charge - is defined by the sectional radius of this collection volume - at

the particular striking distance.

By repeating the calculations over a broad range of structure heights and
lightning parameters, it was possible to derive generalized relationships between
attractive radius and structure height - as a function of prospective stroke current

as illustrated in Figure 15.
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Figure 15 - Attractive radii in relation to tower height and peak current [24]

Estimates of structure attractive radius yields the expression [33]:
Ra=14H°° (11)
Taken into account a range of power line structure heights of
(say 10 - 100 m), a median current amplitude Iy = 35 kA, an that both analytical
and empirically derived expressions of the broad dispersion should be combined
into a simplified expression [24].

But in practice, it was evident that the individual attractive radii presented
by structures will vary on a stroke by stroke basis, depending upon the relative
stroke intensities.

2.3.1.3. Comparison with power line observations

A J Eriksson examined to what extent trends and concepts of attractive
radius were also applicable to power line geometries. He adopted the concept of
a shadow width, or attractive swath of horizontal dimensions Ra on each side of

the line - in accordance with common practice.
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He assumed an annual strike incidence to a line expression to be [24]:

N = Ng(b + 2Ra) x10™" per 100 km per year (12)

Equation 12 was applied to an analysis of the observed lightning strike
incidence data to lines, to derive the equivalent attractive radii presented by the
lines.

The resultant estimates [24] is shown in Figure 16 — together with the

trend of the suggested simplified estimating expression (R, = 14 H °°).
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Figure 16 - Equivalent attractive radius for lines — derived from the observed strike incidence on

practical power lines [24]

One can see that these estimates of power line attractive distance (as
derived from the observed strike incidence to these lines) cluster comparatively
closely to the trend of the simplified expression for average attractive radius.

But, the trend of the traditional assumption that R, = 2H, displays considerable
deviation from the observed data, and in relation also to the attractive radius

expression.



40 Literature Review Chapter 3

This deviation is particularly large in the lower range of structure heights
(i.e. below about 30 m).

An important aspect here, is that perhaps the most rigorous source of line
performance data in this height range (the 11 kV test-line data), agrees well with
the average attractive radius estimation, but deviates considerably from the
Ra = 2H trend.

At the end of his paper, A J Eriksson concluded that there was sufficient
consistency in the trends of the empirical data on observations of strike incidence
to structures and lines together with that of the analytically derived relationship, to
suggest that the modified form of estimating expression should yield more
realistic estimates of the expected strike incidence to power lines - especially in
relation to the earlier 2H-based relations [24].

2.3.2. Recent lightning exposure modeling

Up to the 90’s, designs of the lightning protection of structures have been
faced using the empirical approach based on the “striking distance" concept.
E.Garbagnati and L.Dellera published a paper [39] in 1989 where they presented
a model of lightning channel progression towards the earth based on the
knowledge on physics of discharge on long air gaps.

Their approach is based on the idea that a substantial similarity exists
between lightning phenomena and discharges in large air gaps [40].

2.3.2.1. Description of the model

The simulation of the development of lightning channels is schematically
shown in Fig. 17.
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The mathematical description of the phenomena requires an evaluation of
the electric field strength, repeated at different times, in order to simulate the
actual charge displacement into leader channels related with the progression of

the leaders.
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Figure 17 - Sketch of the step-by-step progression of the lightning as simulated in the calculation [39]

The calculation of the field was done by means of the well-known charge
simulation method. The three basic kinds of flashes (upward flash, downward
flash to earth and downward flash to the structure) which can occur in nature

were simulated in the computer program.

2.3.2.2. Simulation of the downward leader

The following considerations and assumptions were applied to the various

leader characteristics:
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e Leader charge

To assure leader propagation in large air gaps (order of 10-30 meters), the
charges per unit leader length observed in laboratory were approximately:
o0 50 uC/m for positive leaders

0 100 pC/m for negative leaders

e Leader velocity

The mean velocity of advancement of negative leaders was found to be of
the order of 5 to 10 cm/us for sparks up to 14 m length, with a tendency to
increase with the gap length [40].

The mean velocity of advancement of positive leaders, measured in

laboratory discharges, was much lower than that of negative (say 1.5 cm/us) [40].

e Streamer length

Was essentially based on extrapolation of laboratory data [39] assuming
that streamers could attain zones characterized by field strength of about
3 kV/cm.

e Leader propagation

As the lightning model, for the time being, did not take into account the
tortuosity, the direction of propagation of the leader was directly related to the
electric field and was determined as the direction of maximum gradient, at a

distance from the leader tip equal to the streamer extension.

2.3.2.3. Simulation of the upward leader

e Leader inception

Tests were performed in a sphere-plane configuration with a constant
clearance of 7 m, varying the radius of the earthed sphere and taking some time
solved pictures of the discharge.
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The progression of the discharge indicated that the discharge consists of a
positive leader, originating from the earthed sphere, without any corona
phenomenon at the negative energized electrode.

Figure 18 reports the 50 percent breakdown voltage (Usg) and the leader

inception voltage (U,) as function of the equivalent radius of the sphere (Reg).
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Figure 18 - U, and Usg versus Req [39]
The results confirmed that the breakdown voltage and the leader inception

voltage were fairly independent of the radius of the earthed electrode up to the
critical value of 35 cm

e Leader charge

On the basis of laboratory experience [40] average charges of 50 uC/m

and 100 uC/m were taken for positive and negative upward leader respectively.
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e Leader velocity

For negative flashes (negative downward and positive upward leaders) a
negative leader to positive leader speed ratio of 4/1 has been taken at the
inception of the upward leader as typical of both laboratory and field data.
Moreover it was assumed that this ratio changes during the development of the
upward leader, reaching the 1/1 value just before the connection of the two

leaders.
For positive flashes, positive downward and negative upward leaders, due
to the limited data available, for the time being, only tentative calculations were

made with 1/1 constant ratio.

e Streamer extension

The positive streamer extension was evaluated as the length between the
leader tip and the point defined by the intersection of the actual potential
distribution curve with a straight line of slope 500 kV/m both computed following
the maximum field strength line.

e Leader propagation

The direction of propagation of the positive leaders has been determined

in the same way as for the downward negative leader.
2.3.2.4. Modeling of the clouds

In view of adopting a simplified simulation of cloud charges, an estimate of
the unipolar equivalent charge which was necessary to cause the inception of
upward leaders from earthed structures was made looking at the values of the
charge necessary to cause the corona inception from the critical earthed
electrode in the following two conditions: [39]

0 A bipolar charge having a 10 km extension, uniformly distributed,
with the heights of the negative and positive charges of 3 and 4 km,

respectively;
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0 A unipolar negative charge (simplified condition) with an extension

of again 10 km, uniformly distributed, at a height of 2 km.

2.3.2.5. Results of the Model

The application of the model to an earthed structure with a selected
horizontal distance between the downward channel and the considered structure

allowed to define the point of impact.

To evaluate the exposure of a structure to lightning, the maximum
horizontal distance at which the downward channel still strikes the structure shall
be defined, and was referred as "lateral distance-LD" .[39]

An example of application of the model to a free-standing structure is
shown in fig. 19, for a current of 21 KA.
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Figure 19 - Example of the application of the model to a free-standing structure 220 m height [39]
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In the same way the sky zone from which the lightning can reach an object
avoiding protective device could be derived and was referred as "shielding failure
width-SFW”.

Fig. 20 shows, as an example, the picture of the computed leader paths in

the vicinity of a 420 kV transmission line placed in different orographic conditions,
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Figure 20 - Example of the computed leader paths of a 420 KV line in different orographic conditions
[39]

By many computations, it was possible to derive the lateral distance and
the shielding failure width for earthed structures characterized by different heights
and Fig. 21 (a) reports the curves of the computed lateral distance as function of

lightning current amplitude.

The shielding failure width as function of lightning current amplitude is

reported in fig. 21 (b) for a shielding angle of 20 degrees.
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Figure 21 — (a) Computed lateral distance as function of lightning current of a structure of different
height (b) Shielding failure width as function of lightning current of a 420 KV line with a shielding
angle of 20 degrees [39]

The evaluation of the number of lightning flashes to a structure (Ns) could

be then carried out considering the ground flash density (Ng) and the equivalent
exposure area (Aeq) by using:
Ns = Ng X Aeq (13)

where Ny = K.(TD)? and the values of the constants currently being used are
K=0.04 and a =1.25

2.3.2.6. Check of the Model

In order to check the validity of the model as a whole, a comparison of the
computed exposure with field records was carried out.

Field records obtained by different researchers on free-standing structures
[41-46] are reported in fig. 22 which shows the number of lightning flashes on

each structure per year (Ns) as function of the height of the structure itself (h).
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Figure 22 - Number of flashes on thin structures in various orographic conditions [39]

In order to allow a correct comparison between computed values and field
data, the presence of upward phenomena was taken into account by increasing

the computed values with the relevant percentage of upward flashes.

The comparison showed that the computed curve can be considered a
good interpolation of the lowest range at the experimental data.

In their paper, the authors presented an evaluation of the exposure of
structures located in flat territory and in different orographic conditions.
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Comparison between computed values and experimental data showed
that their model fits the lowest measured values while higher values of exposure
may be explained taking into consideration the orographic conditions of

installations.
2.3.3. Lightning incidence to tall structure modeling

In January 1994, Farouk A.M Rizk published two papers [18] where he
presented a recent physical approach to assess both downward negative
lightning incidences to tall masts on flat ground and hilly regions as well as

upward flash from tall masts under negative cloud.

In fact, Rizk's objectives were to take into account the effects of hilly
terrain on negative downward direct stroke incidence to tall freestanding
structures, to formulate criteria for the occurrence of an upward flash caused by
negative cloud without significant downward negative leader activity, both on flat
and hilly terrains; and finally to develop a rigorous mathematical approach to
assess the effect of structure height on downward negative stroke current.

2.3.3.1. Downward Negative Flash

Rizk used a basic approach he formulated in one of his previous papers
[54] to determine incidence due to a downward negative lightning, to structures
and conductors of moderate heights. Figure 23 shows a schematic diagram of

freestanding structures on flat ground and on a mountain top.
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Figure 23 - Schematic diagram of free-standing mast of height: h on flat ground and over a mountain
simulated as semi-ellipsoid (prolate spheroid) with semiminor axis (base radius): a, and semimajor
axis (height): b.

It was assumed that the total charge of the negative descending leader

was only a function of the return stroke current.

Calculation of the negative-leader-induced potential U; at the structure tip

position on mountain top could then be made using charge simulation.

In the modeling, the effect of ambient ground field Eq4 due to cloud charges

was neglected for structures of moderate height on flat terrain.

However, for tall structures and mountains regions, the effect of potential
induced due to cloud charges and other distant space charges was added to that
induced due to the negative descending leader.

An equation for computing the total induced potential U; for a structure on
flat ground was presented as:

U =E,-h+U, (14)

The critical value U,; necessary for continuous positive leader inception
and propagation could be obtained by calculating, using charge simulation
technique, the function R needed for the expression:
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1556
V=775 (15)
1+22

R
In mountains, the effect of reduced relative air density 6 can be introduced

in (15) leading to:

1556
Y = 7.78 (16)
1+ —
OR

. R
It was stated that for a slender structure on flat ground the ratio Fcould

be approximated to 2.

For the case of a hemispherical shaped mountain of radius and structure
of height h at the top, an analytical expression of the function R was presented
as:

17)

R-2(h+ay/14-2201+a)  2a(h+a)
(h+a)’-a*> (h+a)’+a’

After analysis and simplification of the leader voltage drop, Rizk's leader
voltage drop AU expression was expressed as:

AU, =IE_ +Xx,E_ Ing (18)

0

E. is the final quasi-stationary leader gradient, | is the leader length.
Xo= V.0 (v is the ascending positive leader speed and ® is the arc (leader) time
constant)

In the part Il of the paper [18] an extensive computer application of the
theories advanced in a previous paper [54] was made.

The dependence of the attractive radius of a vertical mast on flat ground
on the mast height (in the range of 10-200 m) was determined for different values
of return stroke current (in the range of 5-100 kA).
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The configuration used was the following:

e Ambient ground field E4 = 0, cloud height Hg = 2500 m, final positive
leader gradient E.. = 3 kV /m.

The results are shown in figure 24:
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Figure 24 — Variation of the attractive radius Ra, with mast height for flat terrain and different
Values of the return stroke current.

For lower structure height the results are practically the same as those
presented on his previous work [54].

It was stated that for a median return stroke current Iy = 31 kA, with a
ground field of 3 kV/m, regression analysis of model results yielded the following

expression for the dependence of the overall attractive radius R;, on mast height
in the range 10-200 m:

R,, =25.9xh%® (19)
h in meters
For a return stroke current of 39 kA, the attractive radius was expressed
by:
R, = 26.0xh%¥ (20)

h in meters
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Further data analysis made in his paper, showed that the attractive radius

for a negative downward flash is rather insensitive to mountain height.

2.3.3.2. Upward Flash

The situation the author analyzed was for free- standing tall mast in flat or

mountain region under a negatively charged cloud.

The basic difference between the situation of upward flash and
conventional downward negative lightning was that the induced potential at the
position of structure top would be essentially determined by the ground field:

U, =[ E, )z (1)

For positive leader inception U; must be > U, where U was given by

expression (14).

The induced voltage (magnitude) at any point z would be then designated
using (21) and the critical inception voltage Ui(z) by using (14).

Assuming for simplicity that the positive leader is ascending vertically, at a
length I, the leader voltage drop would then be derived from (18):

AU, (z) =1,E, +x,E, Ing

00

This would lead to a general criterion: U, (z) >U . (z) + AU, (2)

For the general case of mountainous region, the corresponding criteria for
occurrence of the upward flash were expressed as:

1556 E
773 +X%,E,, In E (22 a)

1+ — ©
OR

joh E,(2)dz >
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and H: E(NdI>E,  (22b)

z

For a mountain represented as a hemisphere of radius a, the induced
potential simplified to:

h 1-a’
U, = jo E,(2)dz=E,.(h+ a){l— e a)S} (23)

2.3.3.3. Lightning incidence

Rizk model described the number of negative downward flash per year Ng
as related to the ground flash density Ng and the overall attractive radius R, by:
Ny =RLN,  (24)
The number of upward flashes per year on the other hand was determined
by the number of times at the location of the structure, the criteria for upward

flash were satisfied (when the critical ground field Egc was exceeded) [18].

The number of upward flashes per year N, could then be expressed as the
product of the number of storms per year Tqand the cumulative probability, that

once a storm did occur, the critical ground field E4. was exceeded:

N,=T,.P(E, 2E,) (25
An expression of the cumulative probability function P(E, >E, ) was

approximated by an exponential function:

_(Egc-Ego)

P(E,2E,) =€ & (26)

where Eg is a threshold field, once a storm did occur and Eg is a shape

parameter.
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A Distribution 1 condition was defined as when it has often been reported
that the ground field rarely exceeds 10 kV/m under lightning storm conditions
giving values of: Eg =2 kV/m and Eg1 = 2 kV/m.

Distribution 2 condition was also defined for higher fields and corresponds
to more severe ground field conditions (specially in mountains) giving the values:
Ego = 3 kV/m and Eg1 = 6 kV/m.

The critical ground field was quite sensitive to structure height for all
terrain configurations investigated. With flat ground and within the limits of the
heights investigated an expression was given as:

E,..h~1600 (27)

2.3.3.4. Check of the model

The number of times per year a mast is hit by lightning Ns is obviously the

sum of the downward flash frequency Ny and the upward flash frequency N,.

In the final part of his paper, Rizk made some computation in order to
verify and compare his theories with field observations. Some of them are

mentioned below.

First, his equation for the number of negative downward lightning flashes
(24) with mast height for flat and mountains (Ig = 31 kA, Ng = 1 fl/km?.yr and
a = 600m) was computed and compared to empirical results [24]. Figure 25
illustrates the results.
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Figure 25 - Variation of negative downward lightning strikes with mast height for flat and mountain

terrains and comparison with empirical results
One can see that the agreement between the curves based on field

observation and the model results was quite satisfactory,

Rizk’s expression for the dependence of the total number of flashes
(including downward and upward) on a slender mast height for flat ground with
ground field distribution land ground flash density Ng = 1/(km’year) was
evaluated and compared to values obtained from an empirical formula given by
Eriksson [24] based on worldwide observations of 3000 flashes involving 10 000
structure.years with heights in the range 20 m - 500 m. Figure 26 illustrates the
results.
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Figure 26 - Variation of total strike frequency Ns and comparison with empirical results
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Once again, the agreement between theory and field observation was very
satisfactory.

Fig 27 illustrates Rizk’s equation for the probability of upward flash (25) for
a mast on flat ground, with a ground field distribution 1 computed and compared
to the formula given by Eriksson [24].
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Figure 27 - Probability of upward flash on mast height over flat ground and comparison with

empirical results

Here again , the agreement was quite satisfactory but it was mentioned
that a constraint must, be put on the empirical formula, for which the probability
would otherwise exceed 1 above a height of approximately 500 m.

We can then, clearly state that Rizk’s model for evaluation lighting
incidence on tall structure are in good agreement with empirical formula based on

extensive field observations.

This proves that his work and equations can be used for any future

estimation of lightning incidence for tall slender structures.
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2.3.4. Lightning leader inception modeling

In April 2006, M. Becerra and V. Cooray published a paper [28] where
they presented a simplified model to determine the lightning upward connecting
leader inception.

Regarding that matter, the main leader inception criteria that have been
used up to when they wrote their paper were the critical radius concept, the
generalized leader inception criterion, the critical range of field intensification

concept, and the Lalande’s equation.

Their approach was based in the fact that even though those models could
be really useful to analyze the leader inception in complex structures and could
also consider the effect of space charge, several problems and complexities arise
when practical cases are analyzed following the procedure presented in Goellian
et al work [29].

In order to overcome these limitations, they proposed a generalized leader
inception model based on an iterative geometrical analysis of the background
potential distribution of an earthed structure to simulate the first meters of
propagation of an upward connecting leader.

The model followed a similar approach to the Goellian et al work [29],
however, a different and simplified way to compute the space charge, the stable
leader inception field, the striking distance and the leader potential gradient was
used taking into account the effect of the sharp rods, buildings corners, or edges.

2.3.4.1. Stable leader inception physical model

First, the authors explained that as the stepped leader approaches to
ground when a lightning flash is initiated, the electric field at sharp points of
structures starts increasing. Stable upward leaders emerge from elevated objects
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In fact, the discharge process was initiated with the formation of the first
corona. Once a streamer was incepted, it started propagating from the sharp
electrode and, next, the streamer split into many branches within a conical
volume [30]. Thus, filamentary branched channels (streamers) were developed

from a common root (stem).

In order to compute the stable leader condition, the first corona inception
was initially computed by using the same streamer criterion used in [31].

Basically, the major assumption of that approach was that the corona zone
is characterized by an almost constant electric field Es. In that way, the corona
space charge produces a distortion on the geometrical background potential
distribution, as shown in Fig. 28.
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Figure 28 - Potential distribution before and after corona formation in a front of a rod.
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Thus, the optimized charge simulation method (CSM) [32] was used for
the calculation of the charge in the corona zone. Once the first corona inception
has been reached, the total charge in the corona zone was calculated.

A step-by-step computation of the leader length, the leader voltage drop,
the potential distribution, and the total charge in front of the leader’'s head was

performed. A schematic example of this calculation is shown in Fig. 29.
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Figure 29 - Schematic example of the leader advancement simulation

The calculation begins at i=1, assuming the leader channel as a cylindrical
ionized plasma with constant radius r. and initial length I.. Next, the potential at
the leader’s tip is computed by using the following derived by Rizk [33]

Ul =1"eE, +x,¢E, eIn B Ea =By [ gton
E E

o0 ['e]

(28)

where |, is the leader length at the current simulation step, Egi is the positive
streamer gradient, E_ is the final quasi-stationary leader gradient, Xo IS a

constant given by the product v.0, where v is the ascending positive leader
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speed and 0 is the leader time constant.
Then, the potential distribution U;" is calculated and the total corona
charge AQ in front of the leader’s head is computed and the leader advancement
distance is calculated by using the relation :
—AQ®
ALY _A907

L

(29)

where q. is a constant that represents the charge per-unit length necessary to

achieve the thermal transition from the diffuse glow to the leader channel.

And finally the current leader length is updated as:
[ =10+ AIO (30)

and the advancing process is repeated i =i+1.

The simulation would stop either if the leader propagation stops (leader
advancement distance Al_ decreases after some simulation) or if the stable
leader condition is fulfilled (leader length reaches a maximum value Lmax of 2 m)
[28].

2.3.4.2. Corona Charge calculation

The CSM was the most suitable method to compute the total charge in the
corona zone due to its simplicity in replacing the space charge by fictitious
discrete charges [28].

To simulate the analyzed electrode configuration, point charges, finite line
charges, and uniform ring charges were used. A point charge at the tip and finite

lines with increasing length were used to simulate the stem/leader channel.

Thus, a ring charge was divided in n equal segments according to the

degree of asymmetry of the potential distribution with respect to the discharge
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axis. Those ring charges were centered on the discharge axis (Fig. 30.a) and

placed, forming radial paths from the tip of the stem/leader, as shown in Fig. 30.b

, Discharge axis _
Ring l" i

-~

segment charges -7 Potentiad points

Figure 30 - CSM modeling of the corona zone in a rod electrode (a) Distribution of the ring charges
in the corona zone and a plane around the discharge axis (b) Detail of the location of the potential

points on a plane

For each segment ring, a potential point was placed close to it at the
middle of its angular spread. The potential at each potential point (j=1 to N )
was defined [34] as:

UP=Ul) +Eg erf -ULY (31)
where Uy, is the potential at the tip of the stem/leader, Esy is the streamer
potential gradient, r;j is the distance between the potential point location and the
stem/leader tip’s position , and Us is the voltage at the potential point position

produced by the ring charges obtained during the previous simulation steps.
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Then, the total charge in the corona zone is calculated as

N _
AQY =" Qsc!’ (32)
j=1
where Qsc; is the calculated charge of the jth ring segment in the corona zone

during the current simulation step .

2.3.4.3. Implementation of the model

The concept of the stabilization field [35] was adopted to define the
condition at which a stable leader was incepted. Thus, the lightning rod was
placed in a background electric field Epack that was supposed to be constant [35].
Hence, the bisection method [36] was used to find the background electric field
Eback at which the stable upward leader was incepted for each case. The field that
fulfiled that condition was called the leader stabilization field.

The Becerra-Cooray model was used to evaluate whether a given
background electric field Epack Was high enough for the stable leader inception or
not assuming that the first corona inception condition was fulfilled. Fig. 31 shows
the obtained stabilization fields Eswan for hemispherically capped rods with
different heights.



64 Literature Review Chapter 3

— QObtained
—o— Critical radius criterion Rerit=0.28m
—e— Critical radius criterion Rerit=0.36m
X —=— Petrov and Waters' criterion
\ —e— RizK's equation

o-- Lalande's equation

Stabilization Electric Field [kKV/m]
3

p—

y
P

—_—

0 20 40 60 80 100 120 140 160 180 200
Height of Red [m]

Figure 31 - Leader Stabilization fields for a 102 m tip radius rod
For comparison, the stabilization fields were also computed according to
the critical radius concept (Rcrit = 0.28 m [30] and 0.36 m [6]), the Rizk's
equation [18], Petrov and Waters’ criterion [37] and the inception equation given
by Lalande [38].

There is an agreement with the results computed with the present model
and the critical radius concept assuming Rcrit = 0.36 m

After that, the stabilization fields for a corner of a 60 x 80 m rectangular
building were computed as a function of height. In this case, a full three-
dimensional (3-D) calculation was performed assuming two different conditions
for the discharge axis. The obtained results were also compared with the critical
radius concept (Rcrit = 0.36 m) and with the Petrov and Waters’ criterion [43], as
is shown in Fig.32
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Figure 32 - Leader Stabilization fields for a 60 x 80 m rectangular building

In this case, the difference between the results obtained with the proposed
model and the critical radius concept was quite large for short buildings (larger
that 50%) and decreases slightly with height.

They observed as well that the stabilization fields depended upon the
geometry of the analyzed structure. Thus, the stabilization fields for the used
building were larger (from 15% to 60%) than for the lightning rods.

The author suggested that the leader inception criterions derived for the
rods (critical radius concept, Petrov and Waters criterion, Lalande and Rizk
equation) should not be used to analyze the inception condition of any other
different kinds of structures.

2.3.4.4. Simplified procedure

The simplified procedure advanced in the paper was based on the
assumption that the total corona charge AQ could be determined from the

difference between the geometrical potential distribution U; and the potential
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distribution after the corona formation U, as:

AQ =Kq o [(U,)-U,M))dl  (33)

IL
where Kq is a geometrical factor that takes into account the effect of all of the
streamers on the total charge.

In order to use (33), it is necessary to determine the value of Kq for
different kind of structures, leader lengths, and potential distributions. Therefore,
the CSM calculation was used to compute the factor Kg.

Once the factor Kq is defined, the integral term in (32) is evaluated.

Therefore, all the other potential distribution and corona charge are computed.

The stabilization fields computed following the simplified procedure with
different values of the factor Kq are shown in Fig. 33. For the sake of comparison,
the results obtained for both cases (lightning rod and building) with the full
calculation using CSM were also shown.
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Figure 33 - Comparison of the leader stabilization fields computed with the CSM and with the
simplified geometrical approach for the different values of Kq (a) for the lightning rod (b) for the

rectangular building

One could then observe that there was a good agreement between the
stabilization fields computed with the full calculation and with the simplified
geometrical procedure. Hence, the generalized value of Ko (3.5. 10 C/V.m)

gave a good estimate of the results obtained with the full charge calculation.

However, in order to get even better results, the factor Ko equal to
3.2 10™ C/V.m might be used for thin structures with axial-symmetry (masts,
towers) and Kq equal to 4 10™* C/V.m for other kinds of wide structures without
symmetry (buildings, complex structures, etc).
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M. Becerra and V. Cooray, at the end of their paper stated summarized

the main contributions of their model as follows: [28]

e Their model allowed the calculation of the leader inception conditions
even when the dynamic analysis of the upward leader development
during the approach of the downward leader channel is analyzed.

e Their model drastically reduced the calculation errors compared with
the leader inception models based on the electric field.

e Since the proposed method used the potential distribution (mainly far
away from the sharp point/corner), the obtained results were much less
influenced by curvature chosen for the calculations.

e The simplified version of their model was a straight forward way to
calculate the leader inception conditions through the analysis of the
leader propagation. It allowed visualizing whether the background
potential was high enough to maintain the propagation of the leader or

not.

2.3.5. Numerical model to determine lightning attachment
points on wind turbine

In 2006, from the technical university of Denmark, S.R. Madsen wrote a
Phd. Thesis based on the interaction between electrical discharges and materials

for wind turbine blades — particularly related to lightning protection [48]

2.3.5.1. Electrical discharges related to a wind turbine blade

In one part of the thesis, he made an analysis of electrical discharges
related to a wind turbine blade knowing that some of the materials used are
neither totally conductive, nor fully insulating, and some of the electrical
characteristics tend to change with time.
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As described on IEC TR 61400-24 [1], discrete air terminations are
installed on wind turbines to protect the blade from lightning discharges.

On his paper, a scenario with a 40m common blade design hit by lightning
is treated in order to understand the mechanisms that govern the interaction

between lightning discharges and composite blades [48]

In the model used in Madsen’s thesis, air termination receptors were
installed on both sides of the blade from radius 20 m to the tip region with a

spacing of 5m giving five receptors on each side.

The receptors are connected to an inner down conductor, a 50 mm?
copper conductor fixed to the beam with mechanical joints. In the root end of the
blade, the down conductor is connected to the flange, which acts as the electrical
interface to the rest of the turbine. Fig. 34 illustrates the configuration.

Trailing edge

N e e S S m o oo = e SETTTTIEY T "
AN \ \ Leading edge
Flange Beam
Down conductor Receptor

Leading edge —¥

R

Trailing edge

Figure 34 - Common blade design, discrete receptors connected to an internal down conductor

It was stated that when blades are subjected to a sufficiently high electric
field, streamers will be emitted from all conductive components and that
discharges will mainly be initiated from metallic objects connected to the down
conductor. This situation is illustrated on Figure 35.
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Figure 35 - Discharges on new and clean blade, mainly from metallic components.

In fact, the receptors would produce streamers very early, but since the
internal down conductor is exposed to the same electric field, partial discharges
would also occur inside the blade, which could be minimized by avoiding
exposed metal surfaces inside the blade [49].

Futhermore, if the inductance of the down conductor system is too high,
inductive voltage drops could lead to side flashes within the blade. Design of the

air termination point is then very important to minimize of any types of damages.

Based on theoretical considerations, Madsen also presented the fact that
attachment on insulating surfaces may occur if charge carriers are present. He
implied that the outer surface of a blade would be covered by streamers of
opposite polarity relative to the lightning leader.
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2.3.5.2. Modeling

As mentioned above, it is important to predict where possible lightning
discharges will attach on structures exposed which would allow engineers to

place suitable protection measures.

There are many methods of predicting the vulnerable locations on
structures as the ‘protective mesh’, ‘protective angle’, ‘collection volume’ and the
‘rolling sphere method’ which is recommended by the standards in general [50]
[51].

Today, modern FEM programs import CAD data and enables advanced
electric field and potential calculation, more physical oriented methods have
recently been suggested [52] and [53] and were based on more physical
phenomena than the simple rolling sphere method. FEM programs should give

more reliable results.

Despite the relatively complex physics, it is simplified to a practical level
suitable for applications on arbitrary structures.

In his thesis, Madsen applied the method on a single wind turbine

following these steps of analysis:

e Construct a 3D model of the structure to be considered within an analysis
volume several times larger than the largest dimension of the structure.

e Apply a background electric field and compute the potential distribution
within the analysis volume.

e For the point to be considered, compute the vertical potential distribution

from the point and 20m upwards.
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e Perform the algorithms described by Becerra and Cooray [52] deciding
whether the background field at step 2 was sufficient to fulfill the
conditions for stable leader inception, at the specific point.

e By iteration; find the least background electric field, the stabilization field,
sufficient for fulfilling the conditions for stable leader inception.

e For each point of interest, repeat step 3-5.

In fact, Madsen applied the formulas on a simple 3D model of a modern wind
turbine:

e The turbine consisted of a conical tower with a height of 100m,
equipped with a box shaped nacelle measuring 12m x 4m x 4m, and
three blades each 50m long.

e The surrounding volume considered for the electrostatic calculations

measure 1km by 1km and is 500m high, Figure 36.
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Figure 36 - FEM model of a single wind turbine to determine the normalized stabilization field at

different locations.
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The wind turbine and the surrounding ground area were assigned a
reference potential of 0V, the sides of the analysis volume was assigned a
boundary condition where the normal of the electric field was zero and the upper
boundary was set to a certain potential.

The sub domain within the boundaries was air defined by its relative
permittivity of 1.

By solving Laplace’s equation for the sub domain, the potential distribution
in the entire volume was computed, same as the stabilization field for each point

considered.

The relative probability of a strike for the different points on the turbine is

shown on Figure 37.

Figure 37 — Relative probability of a strike for a wind turbine with one blade in horizontal position.
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As expected, it was noted that the blade pointing upwards had the highest
relative probability of being struck (100%) and the lowest probability occurred at
the blade tip pointing downwards (41%) [48].

The risk of having the horizontally oriented blade struck at its tip was
comparable to the risk of getting a lightning strike to one of the rear corners of the

nacelle.

A second simulation with one blade in an upwards vertical position

revealed the following results :

100%

el

62% (#

Figure 38 — Relative probability of a strike for a wind turbine with one blade in vertical position.

The highest risk of getting struck is at the tip pointing upwards (100%)
where after the rear of the nacelle is most exposed (70%). The blade tips pointing
downwards are not likely to be struck considering these five points (62%).

In his thesis, Madsen showed that one could locate the highest points on
the structure that are more likely of getting struck with lighting by evaluating the
electric field distribution around the wind turbine.
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That would help justify the presence and location of receptors distributed
along the length of the blade.

He recommended that once the method of estimating the stabilization
electric field was extended to cover more than just corners and sharp edges, it
might be applied on wind turbine blades and show why the tips were more
exposed than the rest of the blades [48].
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2.4. Comments

In this chapter, we reviewed worked done by previous investigators in the
field of lighting exposure in order to find where might be room for improvement.

In section 2.3.1, A J Eriksson addressed the lightning attractive radius
concept and procedures for estimating the number of lightning flashes to power
lines. In fact, he derived expressions for the actual attractive area presented by
high structures — although he focused on power lines.

His work, analysis and researches on the subject yielded a proposed
formula for attractive radius (Ra = 14 H ®®) that was compared to the traditional
assumption made at that time (R, = 2H).

He showed and concluded that the trend of the traditional assumption that
Ra = 2H, displays considerable deviation from observed data, when the most
rigorous source of line performance data in a high elevation range agreed well
with his average attractive radius estimation.

In section 2.3.2, E.Garbagnati and L.Dellera presented a model of
lightning channel progression towards the earth based on the knowledge on
physics of discharge on long air gaps considering the effect of space charge.

A model with simulation of the downward, upward leaders and clouds was
applied to an earthed structure with a selected horizontal distance between the
downward channel and the considered structure. This allowed to define the point
of impact and to evaluate the exposure of a structure to lightning
(number of flashes).

They compared computed values of their model to field experimental data,

and found that their model only fitted the lowest measured values of exposure.
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In section 2.3.3, Farouk A.M Rizk presents an approach to assess both
downward negative lightning incidences to apply to tall masts and hilly regions
and upward flash from tall masts under negative cloud taking into account the
effects of hilly terrain.

He expressed equations to evaluate lightning exposure and performed
computations to compare his theories with field observations. At the end, we
found that his results were perfectly in agreement with empirical formula based

on extensive field observations

In section 2.3.4, M. Becerra and V. Cooray present a model to determine
the lightning upward connecting leader inception.

In fact, they proposed a generalized leader inception model based on
corona charge calculation to simulate the first meters of propagation of an
upward connecting leader. The model is a simplified way to compute the space
charge, the stable leader inception field, the striking distance and the leader
potential gradient taking into account the effect of the sharp rods, as well as
buildings corners, or edges.

They compared their results with results obtained by previous authors and
observed that there was a good agreement between the stabilization fields
computed with the full calculation and with the simplified geometrical procedure

for corona charge calculation.

In section 2.3.5, Madsen used a modern FEM program to predict where
possible lightning discharges will attach on structures exposed which would allow
engineers to place suitable protection measures.

He showed that one could locate the highest points on the structure that
are more likely of getting struck with lighting by evaluating the stabilization
electric field distribution around the wind turbine.
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With the light of these researchers results and, there is still room to
improve and to add more consistencies to these data and facts applied to wind

turbine.

For instance, in the next chapter the work of A J Eriksson where he
compared a proposed formula for attractive radius to the traditional assumption
standard made at that time can be re evaluated but this time comparing with the

most recent formulas of our time regarding tall structure.

Rizk’s approach of finding the lightning exposure is straight forward, and it
would be interesting to apply that approach to a rotating wind turbine using his

formulas and models.

The model used by Madsen is one the more recent model to evaluate field
distribution. He used it for an entire wind turbine. But it would be interesting to
see if his analysis can be simplified by concentrating only on the down conductor
attached to the blade. The values obtained could be compared to values
obtained if we used the charge simulation method like M. Becerra and V. Cooray
did in their paper.

In the next chapter we will then concentrate on finding first where possible
lightning discharges will attach on down conductor of a wind turbine exposed,

and will then evaluate the actual lightning exposure of that specific location.
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CHAPTER 3 MODELING APPROACH

In this chapter, we will use different methods in order to evaluate space
potential and electric field distribution on wind turbine down conductor and we will

then evaluate the actual lightning exposure of that specific location.

3.1. Modeling Wind Turbine for Electric field distribution

3.1.1. Finite Element Modeling (Femlab)

A first approach of modeling the field distribution outside the wind turbine is to
use the software Comsol Multiphysics 3.2 (Femlab).

This software is a powerful interactive environment for modeling and solving
all kinds of scientific and engineering problems based on partial differential

equations.

Our modeling will be performed with a linear type of analysis and will use
finite element method with an adapting meshing and error control using a

numerical solver.

The idea is then to use a 2D partial differential equation solver to evaluate the
electromagnetic field at the tip of a conducting down conductor within the blade

of a wind turbine.

We will take two cases into consideration for further comparison:

e (Casel:

o The wind turbine tower will be represented with perfectly
conducting steel conditions by a cylinder of height H = 100 m

andr=1m.
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o The conducting wire in the blades will be represented as well
with perfectly conducting steel conditions by a cylinder of height
H =60 mand r = 0.005 m.

0 A perfectly conducting ground will be assumed.

o Clouds and Atmosphere will be modeled by another cylinder of
height H = 2000 m and r = 4000 m. The sides of the cylinder will
be represented as perfectly insulated, the top of the cylinder will
be represented with potential of V = 20 MV and the bottom will
be grounded (V = 0 V) . Fig 39 illustrates the model.

ry
He=860m
Le=1em —
T
ry
Lt=2m —* [
Ht=100m
| Eg=10kvm
— ¥

Figure 39 — Model Approach
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The 2D partial differential equation we will use to solve the model is
Laplace in cylindrical coordinates since the model is adapted to cylindrical

symmetry.

In fact Solutions to the Laplace equation in cylindrical coordinates have
wide applicability beyond electrostatics. Applying the method of separation of
variables to Laplace's partial differential equation and then enumerating the
various forms of solutions will lay down a foundation for solving problems in this

coordinate system.

The equation is given by:

109 0°¢ 1 0%
Vig=—"TF4+——L 4+ L =0 34
¢ ror or* r?o06° (34)
In Femlab this is the generalized coefficient form equation given as a
solver:
V-(-cVu—-ou)+ f-Vu+au = f (35)

Then in order to solve Laplace equation in cylindrical coordinates, here

are the values we gave to the coefficients:
1
c=-1;0=0;a=0,f=0,B==andu=¢
r
Since we are using the equation in cylindrical coordinates, we will take

advantage of the symmetry and the drawing representation will refer only to half

of the original geometry.

Once the solver equation is determined, the boundary conditions have to be

set in order to meet the model constrains.
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For the application mode chosen to solve the problem, the software offers
two basic boundary condition types:

e Generalized Neumann condition, where the boundary condition is

determined by the coefficients q and g according to the following equation :
n-(cVu+au-y)+qu=g (36)

e Dirichlet conditions: u is specified at the boundary. The boundary condition

equation is hu =r, where h is a weight that normally equals 1 and where r

can be specified as needed.

Since the wind tower and the wire are conducting, there boundary will be set
with a Dirichlet condition with h =1 and r = 0.

The bottom of the cylinder representing the ground will be as well set with a
Dirichlet boundary condition with h =1 and r = 0.

The top of the cylinder representing the clouds will be also set with a
Dirichlet boundary condition with h =1 and r = 20x10°.

The two longitudinal sides of the cylinder representing respectively the
edge and the symmetrical line will be will be set with a Neumann condition with
g=0,g=0,a=0andy=0.

Once we compute these values by initializing the meshing of the problem,
fig.40 shows the representation of the finite element solution obtained:
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Figure 40 — Solution by finite element (a) at the tip of the down conductor (b) the full model
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Looking at fig. 40(b), one can already see how the meshes are more
concentrated around the structure itself, which shows that the computed solution

will clearly result in a high field around the tower.

The following step is to solve the model to obtain the values of the electric
field and the potential around the conductor wire. Fig.41 illustrates the electric
field distribution at the tip of the down conductor.
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Figure 41 - Electric field distribution at the tip of the wire conductor

The numerical computed results for the fields and the potential are also

respectively displayed in fig. 42 and 43.
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Figure 42 — Electric field distribution from 160 m to 162 m height
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Figure 43 — Space potential distribution from 160 m to 162 m height
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The results obtained are:

Height Electric Field E (V/m) Potential U (V)
@ tip : 160 m 1.526 x 10° ~0
@ 162 m 49.6 x 10° 1.43 x 10°

Table 2 — Electric Field and Potential @ 160 m and 162 m (FEMLAB)

The Electric Field at the tip is very high as expected. The space potential of
1430 kV at 2 m from the tip confirms that streamers of several meter length will
be produced.

Subsequently, we simulated another case where:

e (CaseZ2:

o The wind tower will not be taken into consideration.

0 The conducting wire in the blade will go all the way down to ground
and will still be represented with perfectly conducting conditions by
a cylinder of height H =160 m and r = 0.005 m.

o0 A perfectly conducting ground will also be assumed.

0 Clouds and Atmosphere will be modeled as in casel.

The 2D partial differential equation used to solve the model is still Laplace
in cylindrical coordinates.

In Femlab the generalized coefficient form equation used is still the same
as in casel as well. Here is a representation of the model:
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Figure 44 - Model defined in Femlab - wire conductor only

We will still solve the problem with cylindrical symmetry and the drawing
representation will be only half of the original geometry. Once the solver equation

is determined, the boundary conditions are set in the same way as in casel.

Once we compute these values by initializing the meshing and solving the
problem, the results obtained are:
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Height Electric Field E (V/m) Potential U (V)
@ tip : 160 m 1.585 x 10° ~0
@ 162 m 50.6 x 10° 1.46 x 10°

Table 3 — Electric Field and Potential @ 160 m and 162 m (FEMLAB)

Compared to case 1, the electric field at the tip of the down conductor is
approximately 4% higher in the present case while the space potential is only 2%

higher.

3.1.2. Charge Simulation Modeling

A second approach of modeling the field distribution outside the wind turbine
is to use the well known charge simulation method (CSM)

In a paper Singer, Steinbigler and Weiss presented the details of CSM in
1974 [55]

The basic principle of conventional CSM is very simple. For the calculation
of electric fields, the distributed charges on the surface of the electrode are
replaced by N number of fictitious charges placed inside the electrode. The types
and positions of these fictitious charges are predetermined but their magnitudes

are unknown.

In order to determine their magnitude some contour points are selected on
the surface of electrode. Then it is required that at any one of these contour
points the potential resulting from superposition of effects all the fictitious charges

is equal to the known electrode potential.

Let, Qj be the jth fictitious charge and V is the known potential of the
electrode. Then according to the superposition principle:

> RQ, =V (37)




90 Modeling Approach Chapter 3

where Pj is the potential coefficient, which can be evaluated analytically by
solving Laplace’s equation.

When Eqn. (37) is applied to N contour points, it leads to the following system of
N linear equations for N unknown fictitious charges, then:

[Pl [QIn=[VIN  (38)

where [P] = potential coefficient matrix, [Q] = column vector of known potential of

contour points.

Eqn. (38) is then solved for the unknown fictitious charges. As soon as the
required charge system is determined, the potential and the field intensity at any
point, outside the electrodes can be calculated. While the potential is found by
Eqgn. (37), the electric stresses are calculated by super position of all the stress

vector components.

Here as well, the same two cases were modeled:
e Casel:

o The wind tower will be represented with perfectly conducting
conditions by a cylinder of height H=100 mandr =1 m.

o0 The conducting wire on the blades will be represented as well
with perfectly conducting conditions by a cylinder of height H =
60 m and r = 0.005 m.

o0 A perfectly conducting ground will be assumed.

o Clouds and Atmosphere will be modeled by another cylinder of
height H = 2000 m and r = 4000 m. The sides of the cylinder will
be represented as perfectly insulated, the top of the cylinder will
be represented with potential of V = 20 MV and the bottom will
be grounded (V =0V)
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Once we computed these values by solving the problem, the results

obtained are:

Height Electric Field E (V/m) Potential U (V)
@ tip : 160 m 1.34 x 10° ~0
@ 162 m 59.4 x 10° 1.29 x 10°

Table 4a — Electric Field and Potential @ 160 m and 162 m (Charge Simulation)

e Case?2:

(0]

(0]

o
o

Once we

obtained are:

The wind tower will not be considered.

Only the conducting wire on the blades going all the way to the
ground will be represented with perfectly conducting conditions
by a cylinder of height H = 160 m and r = 0.005 m.

A perfectly conducting ground will be assumed.

Clouds and Atmosphere will be modeled by another cylinder of
height H = 2000 m and r = 4000 m. The sides of the cylinder will
be represented as perfectly insulated, the top of the cylinder will
be represented with potential of V = 20 MV and the bottom will
be grounded (V =0V)

computed these values by solving the problem, the results

Height Electric Field E (V/m) Potential U (V)
@ tip : 160 m 1.36 x 10° ~0
@ 162 m 59.9 x 10° 1.31 x 10°

Table 5b — Electric Field and Potential @ 160 m and 162 m (Charge Simulation)

Here as, well, compared to casel, both cases produce approximately the

same results.
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Charge simulation calculations showed that taking into account the tower
results in a 1.5% reduction of the field at the tip of the down conductor. It also led
to a 1.5 % reduction in the space potential 2m from the tip.

The results are close to what was obtained by Femlab.

The essential point is that we can clearly state that to make field and
potential calculation for a wind turbine model, one can just consider the down
conductor all the way to the ground neglecting the tower and nacelle since their
presence does not significantly change the results of the field obtain at the tip of
the blade or the space potential in the vicinity.
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3.2. Comparison between Rizk model and IEC standard
3.2.1. Attractive Radius

According to IEC 61400-24 in 2002 [1], the annual average number of
direct lightning flashes N; to the wind turbine can be assessed by the following
formula :

Nf=NgxAgxCax10°  (39)
where Ny is the annual average number of direct lightning strikes to the structure;
Ny is the annual average ground flash density;

Cq is the environmental factor
Aq4 is the average collection area for a wind turbine placed on a flat ground

(assumed radius of three times the turbine height) - Figure 46.

f___,—---""’-t/a\x‘“”“\.,_,_ 1:3 gradient
et \._"‘---____

I | —

Wind turbine
position

Equivalent collection
area

T _— IEC 1862/02

Figure 46 - Equivalent collection area of the wind turbine
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In 1994, in Canada Rizk published a paper [18] where he comprised an
extensive computer investigation of lightning incidence to tall masts based on a
theory presented in a companion paper, for both flat and hilly regions.

He stated that the attractive radius R, of a downward flash varies with the
structure elevation h, the ambient ground field and on the ground elevation (flat,

mountain....)

When assessing the lightning flash frequency to a structure, the collection
of data detailing the local ground flash density (Ng) is necessary. National

organizations may be able to provide this information.

If the ground flash density is not available, IEC 61024 [1] describes a way
to estimate it using the following relationship:
Ng=0.04 xT4"*° (4)
where Ty is the number of thunder storm days per year obtained from isoceraunic

maps.

Then, if we follow Rizk model [18], one can assess the number of
downward flashes Ngyy to a freestanding slender tower of height 10m<h<200m in
a region of ground flash density Ng can be estimated as:

_Ng 2

His model implies as well that if we consider a median return stroke
current of 31kA, a regression analysis of the model yields an expression for the
dependence of the overall attractive radius R4, on structure of height h:

Rao=25.9xh %% (19)

Rizk showed then clearly that the number of upward flashes per year from
tall towers can also be estimated. That number N, can be expressed as the
product of the number of storms per year T4 and the cumulative probability, that
once a storm did occur, the critical ground field E4 is exceeded.
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Nu=Tax P(Eg> Eg) (25)
Further analysis of such data suggests that the cumulative probability
function P(E, >Egc) could be approximated by an exponential function:
P(E,>E, )= (26)
where Ego, is a threshold field, once a storm did occur and Eg; is a shape

parameter.

Based on information from [18], we performed computations in order to

evaluate the proportion of upward and downward flashes for a tower of height h.

In the following we will use two ways for calculation the attractive radius

based on Rizk's model and IEC standard.

Let us now compare the two methods, in order to see in which way they

can be comparable.

Rizk’s expression (19) (for downward flashes only) for the dependence of
the overall attractive radius Rao is:
Ral =25.9 x h %%
IEC [1] expression for the equivalent attractive radius is (including upward
flashes):
Ra2=3xh

If we apply these two formulas to different heights (20 to 200 m)

reasonably comparable to wind turbines, we obtain:

H (m) 20 30 | 40 50 60 70 80 90 | 100 | 110 | 120 | 130 | 140 | 150 | 160 | 170 | 180 | 190 | 200
Ral(m) | 109 | 133 | 152 | 169 | 185 | 199 | 212 | 225 | 236 | 247 | 258 | 268 | 278 | 287 | 296 | 305 | 313 | 321 | 329
Ra2(m) 60 90 120 | 150 | 180 | 210 | 240 | 270 | 300 | 330 | 360 | 390 | 420 | 450 | 480 | 510 | 540 | 570 | 600

Table 6 — Comparison Attractive Radius Rizk and IEC Model
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Comparision Rizk and IEC Model of Attractive Radius

——— Ra-Rizk Model
——— RalEC Model
500
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g 200 =
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Figure 47 — Comparison Attractive Radius Rizk (for downward flash only) and IEC Model
For some heights, the difference between the two methods can be

considerable, here is the ratio obtained for the height 20 to 200 m:

H (m) 20 | 30 | 40 50 60 70 80 90 | 100 | 110 | 120 | 130 | 140 | 150 | 160 | 170 | 180 | 190

200

Ra2/Ral 0.3 | 0.46 | 0.62 | 0.78 0.95 111 | 1.28 | 1.45 | 1.61 | 1.78 | 1.95 | 212 | 229 | 246 | 2.63 | 2.80 | 297 | 3.15

3.32

Table 7 — Attractive radius Ratio between Rizk and IEC Model

Comparison Rizk and IEC Model of Number of Direct Lightning
35

w

25

15

Difference proportion

0.5

20 40 6 80 100 120 140 160 180 200
Height (m)

Figure 48 - Attractive radius Ratio between Rizk (for downward flash only) and IEC Model
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One can see that for these values of height the attractive radius calculated
with IEC model can be sometime more then 3 times the one obtained with Rizk
model. Around height between 50 to 70m, both methods can be applied
depending since the difference is not very significant.

3.2.2. Number of direct lightning flashes

Let us now go deeper in the investigation and calculate directly the
numbers of flashes that occur on a tower first with Rizk model [18] and compare
it to the value obtain with IEC standards [1].

Rizk model states that the number of downward flashes Ndw to a
freestanding tower of height 10m<h<200m in a region of ground flash density Ng
can be estimated as: [18]

_Ng 2

And that the number of upward flashes Nu can be expressed as:

Nu = Td x P(Eg > Egc) (25)

where P(E,>E,)=e " ™)%)  (26)
Ty =25x N* (40)
E, = —16}?0 27)

Eqo, Is a threshold field, once a storm did occur and Eg; is a shape parameter [18]

e Distribution 1: Under disturbed weather (shower) conditions, Rizk

showed in his paper that Eg0 and Egl1 can be well represented by:
Ego = 2kV/m and Egl = 2 kV/m.

He suggested that it reasonably covers ordinary situations where it

has often been reported that the ground field rarely exceeds 10 kV/m

under lightning storm conditions.
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e Distribution 2: On a plateau of high altitude, severe condition and

winter lightning Eg0 and Egl1 can be well represented by:
Ego = 3kV/m and Egl = 6 kV/m.

So according to Rizk model the total number of flashes is:

Ni = Ny + Ng = ZI’.\IT%X T X (Ra2)+Td x g FaEw)Ep) (41

According to IEC 61400-24 [1], the annual average number of direct
lightning flashes to the wind turbine can be assessed by the following formula:
N; = Ng x Ag x Cq x 10-6 (39)

where Nf is the annual average number of direct lightning strikes to the structure;
Ng is the annual average ground flash density;

Cd is the environmental factor (Distribution1: Cd =1 and Distribution 2: Cd = 2)
Ad = z(3h) ?

Lightning flash densities observed by the different LLS for different spatial

! in response to processes

resolutions vary from 1 to 47 flashes km™? year”
involving different meteorological systems and their interaction with different
geographical features. The highest maximum CG lightning flash density on Earth

(65 flashes km™? year™ %) occurs in Java Island [56]

Case 1. Considering a Distribution 1 type in an area with low value of Ng =
1 flash/km?/year. For height from 20 to 200 m, the following presents the results

obtained:

H (m) 20 30 | 40 50 60 70 80 90 | 100 | 110 | 120 | 130 | 140 | 150 | 160 | 170 | 180 | 190 | 200

Nf(Rizk) | 0.04 | 0.06 | 0.07 | 0.09 | 0.11 | 0.13 | 0.14 | 0.16 | 0.19 | 0.22 | 0.25 | 0.30 | 0.36 | 0.43 | 0.52 | 0.62 | 0.73 | 0.85 | 1.00

Nf(IEC) | 0.01 | 0.03 | 0.05 | 0.07 | 0.10 | 0.14 | 0.18 | 0.23 | 0.28 | 0.34 | 0.40 | 0.48 | 0.55 | 0.64 | 0.72 | 0.82 | 0.92 | 1.02 | 1.13

Table 8 — Total number of flashes for different heights for a value Ng = 1 flash/km?/year computed

with Rizk and IEC methods
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When we compare the results again, we note that for a value of Ng that
low, the maximum difference of flashes is only 0.15 flashes. Even if the ratio
goes up to 1.6 around a height of 120 m, the difference of results obtained can

be accepted (numbers of flashes are around 1 fl. per year).

Comparision Rizk and IEC Model of Number of flashes Conparison Rizk and IEC Model of Number of Direct Lightning
18

. .
——— NERizk Model
NF-IEC Mode! 16 e

14

P
N

14
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| § 1
2 08 E
& IEC Model -
k<
2 06 E
.g _@ 0.8
| fal
04 |
"~ Rizk Model 06
0.2 | B 04
_—
026 40 60 80 100 120 140 160 180 200 0.22O i H | e

Height (m) Height (m)

Figure 49 — Total number of flashes and ratio for different heights for a value Ng = 1 flash/km?/year

computed with Rizk and IEC methods

Case 2. Considering a distribution 1 type in an area with low value of
Ng = 2 flashes/km?/year (usually in cities). For height from 20 to 200 m, the following

presents the results obtained:

H (m) 20 30 | 40 50 60 70 80 90 | 100 | 110 | 120 | 130 | 140 | 150 | 160 | 170 | 180 | 190 | 200

Nf(Rizk) | 0.08 | 0.11 | 0.15 | 0.18 | 0.21 | 0.25 | 0.29 | 0.33 | 0.37 | 0.40 | 0.46 | 0.54 | 0.63 | 0.75 | 0.89 | 1.06 | 1.24 | 1.46 | 1.82

Nf(IEC) | 0.02 | 0.05 | 0.09 | 1.14 | 0.20 | 0.28 | 0.36 | 045 | 0.57 | 0.68 | 0.81 | 0.96 | 1.10 | 1.27 | 1.45 | 1.63 | 1.83 | 2.04 | 2.26

Table 9 — Total number of flashes for different heights for a value Ng = 2 flash/km?/year computed
with Rizk and IEC methods
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Comparision Rizk and IEC Model of Number of flashes Difference of Hashes between Rizk and IEC Model
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Figure 50 — Total number of flashes and ratio for different heights for a value Ng = 2 flash/km?/year

computed with Rizk and IEC methods

When we compare the results again, we find that Rizk’'s model gives
higher values at lower structure heights and lower values at large heights. We
note however that for a value of Ng that low, the maximum difference of flashes
is only 0.5 flashes. Even if the ratio of the difference always goes up to 1.6
around a height of 120 m, the difference of results obtained can be neglected

(numbers of flashes are around 2 fl. per year).
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Case 3.

Considering now an area  with moderate value

Ng = 10 flashes/km?/year. For height from 20 to 200 m, the following presents results

obtained:
H(m) | 20 | 30 | 40 | 50 | 60 | 70 | 80 | 90 | 100 | 110 | 120 | 130 | 140 | 150 | 160 | 170 | 180 | 190 | 200
Nf(RiZk) 038 | 055 | 0.72 | 090 | 1.07 | 1.25 | 143 | 162 | 1.83 | 208 | 222 | 255 | 294 | 3.41 | 3.96 | 4.60 | 5.33 6.15 7.53
Nf(IEC) 0.11 | 0.25 | 045 | 0.70 | 1.01 | 1.39 | 1.81 | 229 | 2.83 | 3.42 | 407 | 477 | 554 | 6.36 | 7.23 | 8.17 | 9.16 10.20 11.31

Table 10 — Total number of flashes for different heights for a value Ng = 10 flash/km?/year computed

Comparision Rizk and IEC Model of Number of flashes

with Rizk and IEC methods
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Figure 51 — Total number of flashes and ratio for different heights for a value Ng = 10 flash/km?/year

computed with Rizk and IEC methods
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When we compare the results this time, we note for a value of Ng
moderately high, the difference of results obtained can start to be considerable
since maximum difference of flashes obtained by the two models is around 3

flashes around height of 200 m.

This time, the ratio of the difference goes up to almost 1.8 around a height
of 140 m. This difference can still be accepted since 3 flashes in a year is not a
very high number comparatively to the estimated number of flashes we should

obtain.

Case 4. Considering now a distribution 1 type in an area with a high value

Ng = 25 flashes/km?/year. For height from 20 to 200 m, the following presents the

results obtained:

H (m) 20 30 | 40 50 60 70 80 90 | 100 | 110 | 120 | 130 | 140 | 150 | 160 | 170 | 180 | 190 | 200
Nf(Rizk) | 093 | 1.38 | 1.82 | 2.25 | 2.68 | 3.12 | 356 | 4.02 | 454 | 513 | 582 | 6.64 | 7.60 | 8.73 | 10.04 | 11.5 | 13.2 | 15.1 17.1
Nf(IEC) | 0.28 | 0.63 | 1.13 | 1.77 | 255 | 3.46 | 452 | 573 | 7.07 | 855 | 10.2 | 11.9 | 13.9 | 159 | 181 | 20.4 | 229 | 255 28.3

Table 11 — Total number of flashes for different heights for a value Ng = 25 flash/km?/year computed
with Rizk and IEC methods

Comparision Rizk and IEC Model of Number of flashes Difference of Flashes between Rizk and IEC Model
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Comparison Rizk and IEC Model of Number of Direct Lightning

Difference proportion
I
N

0.4

0.2
o) 40 60 80 100 120 140 160 180 200

Height (m)

Figure 52 — Total number of flashes and ratio for different heights for a value Ng = 25 flash/km?/year

computed with Rizk and IEC methods

Now, if one compares the results, we note for a value of Ng that high, the
difference of results obtained is considerable since maximum difference of
flashes obtained by the two methods is more than 10 flashes in a year. The ratio
of the difference still goes up to 1.82. The two methods can not really be
comparable after a height of 100m, since the difference becomes more than 4
flashes in a year comparatively to the estimated number of flashes we should

obtain.

Case 5. And at last, considering now an area with a higher value

Ng = 65 flashes/km2/year (highest on earth). For height from 20 to 200 m, the following

presents the results obtained:

H (m) 20 30 | 40 50 60 70 80 90 | 100 | 110 | 120 | 130 | 140 | 150 | 160 | 170 | 180 | 190 | 200
Nf(Rizk) | 2.43 | 359 | 473 | 586 | 6.98 | 810 | 924 | 10.4 | 11.7 | 13.2 | 149 | 16.8 | 19.1 | 21.7 | 247 | 28.1 | 31.9 | 36.1 40.6
Nf(IEC) | 0.74 | 1.65 | 2.94 | 460 | 6.62 | 9.00 | 11.8 | 14.9 | 18.4 | 22.2 | 265 | 31.1 | 36.1 | 41.4 | 47.1 | 53.1 | 59.5 | 66.4 73.6

Table 12 — Total number of flashes for different heights for a value Ng = 65 flash/km?/year computed
with Rizk and IEC methods
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Figure 53 — Total number of flashes and ratio for different heights for a value Ng = 25 flash/km?/year

computed with Rizk and IEC methods

In this last case, one can see that for a value of Ng that very high, the
difference of results obtained is very important since the maximum difference of
flashes obtained by the two methods is more than 30 flashes in a year around a
height of 200 m. The ratio of the difference goes up to almost 2, thus the two
methods can not be comparable after a height of 80 m, since the difference
becomes more than 4 flashes in a year comparatively to the estimated number of

flashes we should obtain.
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We can then say that the two models can be comparable when the flashes
density is not very high (less than 15 fl/km2/year), and for Ng more important,
they only can be comparable for lower height of structure (less than 100 to 120m).

It should be noted however that the IEC method does address the details of

upward and downward flashes but only offers an approximate overall analysis.

3.3. Modeling Wind Turbine for Proportion of upward and
downward flashes

3.3.1. Blade Position vs Time

The major parts of a wind turbine that are exposed to the environment are
the tower, the nacelle and the rotor. The rotor, which has three blades, is the
most susceptible to direct lightning strikes as it is higher off the ground than the

other components.

Researches showed that Speed of upward main leader flashes is usually
between 0.6x10° m/s and 6.7x10°> m/s and the speed of downward stepped
leader varies in the wide range of is 0.6x10° m/s to 2 x10° m/s [57]

If we compare the cut out wind speed vy = 25 m/s of a wind turbine to an

average downward leader speed v, = 2.5 x10° m/s, we obtain a ratio of:

v,  25x10°

V,, 25

=10*

For example, during the last 500 m of descent of the negative stepped
leader assumed moving at a speed of v, = 2.5 x10° m/s, we can evaluate the

travel time t:
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For a time t = 2 ms and given a cut out wind speed v, = 25 m/s of the
wind turbine, the distance traveled by the blade will would be:
d, =v,, xt=25x0.002=5cm

Given the small distance that is traveled by the blades during this time, we
can therefore conclude that the wind turbine blades are quasi-stationary compare

to the lightning flash.

Now, we can start going more into details and take others variable into
consideration. We know that the turbine has three blades and are rotating at a

given speed.

This means, the total height of one structure can vary depending on the
position of the blades which at his turn vary in function of time.
So we will take into consideration three facts:

e The blade rotates at a given speed v

e Height of the tip is function of time t

e There a three blades spaced from each other at angle : 2?”

Let us set the initial conditions:
-t:Otho,m:%,mmhammGOm

We will consider the operational data:

e Cut-out wind speed: 25 m/s

We know that the angular speed o is defined by:
=90 _V (42)
dt R
And the angular displacement 6 measured from the vertical is given by:
o) =q, + ot (43)



Chapter 3 Modeling Approach 107

where :
o IS the angular speed, radians/s
V¢ is the nominal speed, m/s

R is the radius (length of the blade), m

We know as well that at a given time t, the position of the blade when its

rotating at a speed v; can be obtain by using the trigonometric formula cosine

The vertical length associated to the blade position can be then obtained
with:
H(t) = H, + Rcos(e; + wt) (44)

where Hp is the tower length and R the blade length.

Let us take a case where t=0s, Hp =100 m, R=40m, o; = 0 and ot = %

the blade is at a %position.

When the blade is between 0 and =, the height of all the structure will be:

the height of the tower + the vertical length associated to the blade position.

The vertical length associated to the instantaneous blade position can be
obtained using (44). The total height is then:

H =60+ 40cos(0 + X)
3

H =60+40x0.5
H =80m

Since in reality, the wind turbine has 3 blades, we have to take them into
account on the calculation of the real height of the structure (blade tip position) at
any time t.



108

Modeling Approach

Chapter 3

Att=0s and a; = 0, figure 54 (a) shows the position of the blades which is the

highest configuration for the vertical length of the circle. The lowest configuration

of the tower is when the blades are on a Y position like illustrated in fig. 54 (b).

Blade 02

Blade 01

Blade 03

Blade 01

Blade 03

Blade 02

Figure 54 — (a) Highest Configuration of the wind turbine (b) Y and Lowest configuration of the wind

We can then find the position of the tip of the turbine at different time.

We know that the vertical length of the blade at a position with an angle 6

between 0 and nis:

H, = Rcos(e; + wt)

Now if we take into account the speed of the rotation and the three blades, as

we said earlier, there is two cycles of decrease and increase. Each happens

every time the blade does a %distance.

The speed we take into account is:
e Vv;=25m/s and the blade length R = 40 m.
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And we know that the angular displacement is obtained by using (43)

Which mean that if we want to satisfy 0 < 8 < 2x, then:

O<V—t><t <2z
R

O0<t< ZnB with R = 40 and v; = 25 m/s

Vi

O<t<E7r
5

So we can evaluate the position of each blade at any time t.
With the initial position of each blade:
- blade 01 atO

_ blade 02 at 2?”

- blade 03 at 4?”

Results from computing equation (45) for the three blades are illustrated in fig.55
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Figure 55 — Vertical length of the Wind turbine vs Time
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We will of course only consider the position which is positive, i.e above the
tower height (fig.56)

Paosition of each Blades s Time t
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Figure 56 — Position of heights of the Wind turbine Blades vs Time

We will also only consider values of height where the three curves do not
intercept each other. Those are the actual values of all possible heights of the
blade system considering their lowest position configuration: the Y position.

Fig. 57 shows theses values.
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Figure 57 - Position of each blades of the wind turbine vs Time

We can see that on one revolution (2xn), the total height of the blades system

varies from 40 to 20 m.

So if we take into account the height Hy of the tower and knowing the exact

position of the blades system at a time t, one can now derive the total height of

the structure at a given time t using (42).

Results are displayed in table 11 and fig. 58.
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Timet (s) 0 0.1 0.2 0.3 0.4 0.5 0.6
Height (m) 100 99.92 99.69 99.29 98.75 98.06 97.22
Timet (s) 0.7 0.8 0.9 1 1.1 1.2 1.3
Height (m) 96.23 95.10 93.83 92.43 90.91 89.26 87.50
Timet (s) 1.4 15 1.6 1.675 1.8 1.9 2
Height (m) 85.63 83.67 81.61 80 81.61 83.67 85.63
Timet (s) 2.1 2.2 2.3 2.4 25 2.6 2.7
Height (m) 87.50 89.26 90.91 92.43 93.83 95.10 96.23
Timet (s) 2.8 2.9 3 3.1 3.2 3.3 3.351
Height (m) 97.22 98.06 98.75 99.29 99.68 99.92 100
Timet (s) 35 3.6 3.7 3.8 3.9 4 4.1
Height (m) 99.92 99.68 99.29 98.75 98.06 97.22 96.23
Timet (s) 4.2 4.3 4.4 4.5 4.6 4.7 4.8
Height (m) 95.10 93.83 92.43 90.91 89.26 87.50 85.63
Timet (s) 4.9 5 5.03 5.2 5.3 5.4 5.5
Height (m) 83.67 81.61 80 81.61 83.67 85.63 87.50
Timet (s) 5.6 5.7 5.8 5.9 6 6.1 6.2
Height (m) 89.26 90.91 92.43 93.83 95.10 96.23 97.22
Timet (s) 6.3 6.4 6.5 6.6 6.7 6.72 6.9
Height (m) 98.06 98.75 99.29 99.68 99.92 100 99.92
Timet (s) 7 7.1 7.2 7.3 7.4 7.5 7.6
Height (m) 99.68 99.29 98.75 98.06 97.22 96.23 95.10
Timet (s) 7.7 7.8 7.9 8 8.1 8.2 8.3
Height (m) 93.83 92.43 90.91 89.26 87.50 85.63 83.67
Timet (s) 8.38 8.41 8.6 8.7 8.8 8.9 9
Height (m) 80 81.61 83.67 85.63 87.50 89.26 90.91
Timet (s) 9.1 9.2 9.3 9.4 9.5 9.6 9.7
Height (m) 93.11 94.44 95.65 96.71 97.63 98.40 99.02
Timet (s) 9.8 9.9 10 10.05
Height (m) 99.50 99.81 99.97 100

Table 13 — Heights of the wind turbine rotating at different time t
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Figure 58 - Heights of the wind turbine rotating at different time t for one cycle of 2n

3.3.2. Proportion of upward and downward flashes

Since the model we are using is only considering height from 100 m to 80 m,

we can use either Rizk or IEC model.

Let us use Rizk ‘s model [18] , the overall attractive radius R,, for downward
flashes will be :
Rao = 25.9 x h %48 (19)
Applying it to this formula to the values obtain of the different heights, these

are the equivalent attractive radius we obtain as a function of height:
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Time t (s) 0 0.1 0.2 0.3 0.4 0.5 0.6
Height (m) 100 99.92 99.68 99.29 98.75 98.06 97.22
Ra (m) 236.21 236.12 235.85 235.41 234.79 234.00 233.03
Time t (s) 0.7 0.8 0.9 1 1.1 1.2 1.3
Height (m) 96.23 95.10 93.83 92.43 90.91 89.26 87.50
Ra (m) 231.89 230.58 229.10 227.46 225.65 223.68 221.55
Time t (s) 1.4 1.5 1.6 1.675
Height (m) 85.63 83.67 81.61 80
Ra (m) 219.27 216.83 214.26 212.21

Table 14 — Attractive radius of the wind turbine at different height at a time t

Attractive Radius (Ra)
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Rizk Models on Attractive Radius

T

T T
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84 86 88 0 92 A
Height (m)

% 98

100

Figure 59 - Attractive radius of the wind turbine at different height at a time t

Let us now estimate the total number of flashes and the proportion of upward

and downward flashes for all the equivalent heights:
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So according to Rizk’'s model [18]:

Nif =Ny + Ng = ]I-\ITng T X (Ra2)+ T, xel G BelB) (47

L (46) %dw = L (47)
N, + N, N, + N,

u

%up

Computing these equations using Matlab (appendix 1), these are the results
we obtain for different values of Ng = 2, 10, 25 and 65 flashes/km2/year and
EgO = 3 kV/m and Egl = 6 kV/m (difficult case scenario):

Time t (s) 0.1 0.2
Height (m) 99.9219 99.6879

Ng 10 25 10 25

Nf . . . . 2.52 5.99 . 251 5.96

Time t (s) 0.3 0.4 0.5
Height (m) 99.2989 99.7565 98.0627

Ng 10 25 10 25 10 25

Nf . . 591 . . 5.84 . . 5.76

%Up

%Dwn

Time t (s) 0.6 0.7 0.8

Height (m) 97.2203 96.2325 95.1033

Ng 10 25 10 25 10 25

Nf . 2.37 5.65 . 2.32 5.53 . 2.26

%Up

%Dwn
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Time t (s) . 1 1.1
Height (m) 92.4385 90.9134

Ng 10 25 10 25

Nf . . . . 2.12 5.11

Time t (s) 1.2 1.3 14
Height (m) 89.2676 87.5074 85.6399

Ng 10 25 10 25 10 25

Nf . . 4.78

Time t (5) 1.5 1.6

Height (m) 83.6722 81.6121

Ng 10 25 10 25

Nf . 1.75

Table 15 — Number of Flashes and Proportion of upward and downward flashes for different blade

tip heights at a time t and for different values of Ng
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CHAPTER 4 DISCUSSION
4.1. Electric field and Potential Evaluation

4.1.1. Discussion

During a thunderstorm, the ambient electric field reaches high values.
Such ambient field is intensified at the tips of down conductors as well as at the
structure corners and edges. These locations are characterized by steep rise of
space potential and accordingly are vulnerable to inception of upward leaders.

In Chapter two, the review of the work already done showed us that two
approaches are mostly use to evaluate the electric field on a protected structure
are: Finite element and Charge simulation methods.

This is why we applied both of them to wind turbine.

A first approach of modeling the field distribution outside the wind turbine
was to use the finite element method with an adapting meshing and error control

using a numerical solver.

The second approach was to use the well known charge simulation method
(CSM).

The finite element model contains information about the device geometry,
material constants, excitations and boundary constraints. The elements can be
small where geometric details exist and much larger elsewhere. In each finite

element, a simple (often linear) variation of the field quantity is assumed.
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The goal of the finite-element analysis is to determine the field quantities
at the nodes. Most finite element methods are variational techniques which work
by minimizing or maximizing an expression that is known to be stationary about

the true solution.

In order to obtain a unique solution, it is necessary to constrain the values

of the field at all boundary nodes.

A major weakness of the finite element method is that it is relatively
difficult to model open configurations. The major advantage that finite element
methods have over other EM modeling techniques stems from the fact that the
electrical and geometric properties of each element can be defined
independently. FEM can be used for three-dimensional (3-D) geometries but the
large number of equations which must be solved becomes prohibitive which

requires extensive computer capacity and long solution time.

This explains why in this thesis we solved finite elements in 2D.

The second approach (CSM) is very simple. For the calculation of electric
fields, the distributed charges on the surface of the electrode are replaced by N
number of fictitious charges placed inside the electrode.

The types and positions of these fictitious charges are predetermined but
their magnitudes are unknown. In order to determine their magnitude some

contour points are selected on the surface of electrode.

Then it is required that at any one of these contour points the potential
resulting from superposition of effects all the fictitious charges is equal to the
known electrode potential. As soon as the required charge system is determined,
the potential and the field intensity at any point, outside the electrodes can be

calculated.
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In our thesis, the results obtained with the two approaches when
evaluating the electric field and potential distribution outside a wind turbine of
total height H = 160 m were satisfactory.

On each approach, we took into consideration two cases: the first one was
to model the conductor wire only all the way to the ground and the other was

taking into account the tower of the wind turbine.

First, results showed us in both cases that one can just consider the
conductor wire all the way to the ground neglecting the tower and nacelle since
fields and potential calculation didn’t change much to the results at the tip of the

blade (wire conductor).

Second, we compared the electric fields E (V/m) and potential U (V) values
obtained in both cases. It was seen that there was small differences between
results obtained by the two methods.

4.2. Lightning Exposure

4.2.1. Discussion

As defined earlier in the previous chapter, the attractive area of a structure
reflects the ground area surrounding the structure that is susceptible to lightning.
The attractive area is proportional to the structure’s height raised to a certain
exponent. This indicates that the higher the structure, the more likelihood it will

trigger lightning.

Many researches were made and had led to different ways of computing
that attractive radius.
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In Chapter two, we showed that researches on lightning attractive radius
concept were made in the past and we explained the concept and showed some
expressions developed. But the cases of concern were specific to power lines
[24] [19], rectangular buildings [28].

On our review, we specifically referred to two papers [1] [18] that were
applied to wind turbines or any other cylindrical model.

Thus, in this thesis, we concentrated specifically on two ways of
evaluating the attractive radius. The first one was based on Rizk's model for

downward flashes and the second one on IEC model for all type of flashes.

The two models expressions for the overall attractive radius were defined

as:
Rizk [18] (for downward flashes only): Ra1 = 25.9 x h 8
IEC[1] (for upward and downward flashes): Ra2=3xh

We applied the two formulas to different heights (20 to 200 m) in order to
reasonably compare the results obtained.

For structures less than 100 m, we know that there is a high probability
that all flashes are downwards. Then the IEC equation can be assumed
applicable for downward flashes and on that basis it can be fully compared to the

Rizk model.

After applying these two models to different cases of high and low flash
density area, we can say that the results obtained with two models were close for

lower height of structure (less than 100 m).
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When the height of the structure was above 100 m, the results obtained
with Rizk's model for downward flashes and IEC standard started to show
significant difference. That is explained by the fact the empirical IEC equation

take into account upward flashes that probably would occur at those heights.

We can then surely state that the models leads to approximately the same
results of attractive radius for structures of height less than 100 m.

For heights above 100 m a more appropriate comparison results of the
number of direct flashes (downward and upward) given by the two methods is
determined. In fact, we compared the two equations:

Rizk’s model:

—_— —_— Ng ( 2) (7(Egcngo)/Eg1)
Nf—Nu+Nd—WX7Z'X Rao +T, xe 41

IEC model:
Nf=NgxAd x Cd x 10°®  (39)

where Nd is the annual average number of direct lightning strikes to the structure;
Ng is the annual average ground flash density;
Rao is the Rizk model overall attractive radius
EgO is a threshold field and Egl is a shape parameter of the ground field
statistical distribution
Cd is the environmental factor (Distribution1: Cd =1 and Distribution 2: Cd = 2)
Ad = m(3h)?

We also applied the two formulas to different heights (20 to 200 m) in
order to comprehensibly compare the results obtained.

We could see that the results of the two models are rather close when the
ground flash density is less than 15 fl/km?/year. For higher values of Ng, the
results are close only for lower height of structure (less than 100 to 120m).
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Excluding areas of extreme ground flash density, we can conclude that the
two models lead to practically the same results for the number of direct flashes
on structure of height between 20 to 200m.

A factor that has to be considered in wind turbine lightning exposure is the
fact that the blades rotate at a certain speed which would continuously modify the
height of the structure.

We have clearly shown that a proper model for attractive radius and
number of flashes evaluation for wind turbine that can be used is Rizk’'s model.
We analyzed a case of a wind turbine of height 100m considering the rotation of

the blades at a certain practical speed.

We evaluated the number of flashes and the proportion of upward and
downward flashes in function of time and height of the wind turbine for different

values of flashes density area.

The results obtained showed us that in fact, the number of flashes and the
proportion of upward and downward flashes do change in function of time per
cycles.

A cycle was defined as the portion of time when the height of the blade tip
varies before going back to the same height.

In a specific case considered in the previous chapter, the height of the
structure, because of the rotation of the blades, varied by 20 m during one
revolution. That 20 m variation took place every 1.675s.

Every t = 1.675s, the nominal number of flashes and the proportion of
upward and downward flashes then vary as well.
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Results obtained showed us that the numbers of flashes expected are
almost doubled from one extreme position to the other during that time frame.

The proportion of upward and downward flashes can also vary by
approximately 20% during that same time frame.

4.2.2. Recommendations

The variation tendency of the values obtained above are cyclic and follow
a certain stability and redundancy, and taking into account that t = 1.675s is a
small amount of time; these values could be averaged in order to get a final value
of number of flashes and proportion of upward and downward flashes for any
time t.

For example, for the case in section 3.2.2 where Ng = 2fl./km2/yr, the
number of flashes varied from N¢; = 0.97 fl (Ht = 80m) to Ny, = 1.6 fl (Ht = 200m).

A final value of number of flashes for a wind turbine of height 100 m,
rotating could be suggested as an average:

Nf, + Nf,

NFff = (48)

NFf — 1.57+0.97

Nff =1.27 Flashes
The proportion of downward flashes varied from %gwn1 = 87% (Ht = 80 m)
to0 Y%gwn2 = 67% (Ht = 100 m).
The proportion of upward flashes varied from %y = 13% (Ht = 80 m)
to  Y%yup2 = 33% (Ht = 100 m).

Final values for proportion of upward and downward flashes for a wind
turbine of height 100 m, rotating could be averaged at:
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0, 0, 0, 0,
Yodwnf = 2dWN: . oaWn, (49 Youpf = 2UPLTY0UP, : Aoup, (50)
Yedwni _87+67 Youpf _33+13
%dwnf =77% %upf =23%

With our model of approach and these equations, one can now evaluate a

final value of number of flashes and proportion of upward and downward flashes

for a any wind turbine of any height taking into consideration the rotation of the

blades and for any time t.

Finally, since the IEC model is more generalized, versus Rizk’s model which

is more precise and which take much more constraints into consideration, we

would then recommend the use of the latter for further work.
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CHAPTER 5 : CONCLUSION

Based on the analysis presented in the previous chapters, the following

conclusions have been reached:

4.

Calculation of electric field and space potential in the vicinity of the
downward conductor tip by finite elements and charge simulation
techniques confirmed minor influence of the wind turbine tower (and

nacelle).

For lightning exposure studies, the above result justifies representation of

the wind turbine as a slender grounded structure.

Comparison of the stepped leader and the wind turbine blade speeds
showed that for lightning exposure studies, the wind turbine blade can be
considered as quasi-stationary.

A schematic study of wind turbine blade lightning exposure by Rizk’s
model [18] for tall slender structures and an empirical formula adopted in
an |IEC standard [1] was undertaken.

In general Rizk’s model results in higher values for the attractive radius at
lower down conductor tip heights (e.g below 70 m) while giving lower
attractive radii at larger heights.

The above conclusion is practically independent of the ground flash

density.

The discrepancy between the results obtained by Rizk's model and from
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the IEC empirical formula appears to be caused by the inability of the IEC
formula to account separately for downward and upward flashes, which
are height dependant.

8. The dependence of the number of flashes to a wind turbine blade on its
position during rotation has been systematically studied.

9. It has been shown that for a practical wind turbine dimensions the
proportion of upward to downward flashes is sensitive to the blade position

during rotation.

e Suqggestions for future work

The present work used a simple exposure model which can be improved in future
investigations by considering:

1. Comparison between dry and wet surface conditions of the wind turbine
blade.

2. Effect of the space charge formation near the lightning receptors.

3. The application of this model to actual wind parks and the analysis of
proximity effects.

4. The vulnerability of wind turbine designs to various lightning protection

systems.

5. Induced lightning issues when the wind turbine is stroke.
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e Function to evaluate the Attractive Radius for different values of Height
H with Rizk and IEC models.

function [] = attractive(k) % This function is to evaluate the Attractive radius
k=1;
for n=20:5:200

ra(k)= 25.9*(n"(0.48)); % Attractive radius
r(k) = ra(k)"2;
Ad(k)= 3*n;
A(K) = Ad(k)"2;
x(K) = n;
c(k) = A(K)/r(k) % Ratio between Rizk and IEC model
k=k+1;
end

figure(1) % Figure 1 - Attractive Radius
plot(x,ra,x,Ad);

grid on;

legend('Ra-Rizk Model*,'Ra-1EC Model*);

xlabel("Height (m)");

ylabel(*Attractive Radius (Ra)');

title(*Comparision Rizk and IEC Model of Attractive Radius");

figure(2) % Figure 2 - Ratio between Rizk and IEC model
plot(x,c);

grid on;

xlabel("Height (m)");

ylabel(*Difference proportion’);

title(*Comparison Rizk and IEC Model of Number of Direct Lightning’);
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e Function to evaluate the Number of flashes and proportion of upward
and downward flashes for different values of ground flash density Ng
with Rizk models.

function [] = flashes(x) % This function is to evaluate the number of flashes and
the proportion of upward and downward flashes
k=1;
Eg0 =2;
Egl =3;
Ngl = 2; % Ground flash density
Ng2 = 10;
Ng3 = 25;
Ng4 = 65;
for n=0:0.100:x
p1(k)=60+40*sin(pi/2+0.625*n);
ra(k)= 25.9*(p1(k)"(0.48));

Nd1(k) = Ng1*107(-6)*pi*(ra(k))"2; % Number of downward flashes
Nd2(k) = Ng2*107(-6)*pi*(ra(k))"2;
Nd3(k) = Ng3*107(-6)*pi*(ra(k))"2;
Nd4(k) = Ng4*107(-6)*pi*(ra(k))"2;

egc(k)= 1600/p1(k);

Td1(k) = (25*Ng1)"(0.8); % Number of storm per year
Td2(k) = (25*Ng2)™(0.8);
Td3(k) = (25*Ng3)™(0.8);
Td4(k) = (25*Ng4)™(0.8);

Nul(k)= Td1(k)*exp(-(egc(k)-Eg0)/Egl); % Number of upward flashes
Nu2(k)= Td2(k)*exp(-(egc(k)-Eg0)/Egl);
Nu3(k)= Td3(k)*exp(-(egc(k)-Eg0)/Egl);
Nu4(k)= Td4(k)*exp(-(egc(k)-Eg0)/Egl);

Nfrl(k) = Nul(k)+Nd1(k); % Number of total flashes
Pul(k)= (Nul(k)/Nfri(k))*100; % Proportion of upward flashes
Pd1(k)= (Nd1(k)/Nfri(k))*100; % Proportion of downward flashes

Nfr2(k) = Nu2(k)+Nd2(K);
Pu2(k)= (Nu2(K)/Nfr2(k))*100;
Pd2(k)= (Nd2(K)/Nfr2(k))*100;

Nfr3(k) = Nu3(k)+Nd3(K);
Pu3(k)= (Nu3(K)/Nfr3(k))*100;
Pd3(k)= (Nd3(K)/Nfr3(k))*100;

Nfr4(k) = Nud(k)+Nd4(K);
Pud(k)= (Nu4(K)/Nfr4(k))*100;
Pda(k)= (Nd4(K)/Nfr4(k))*100;
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k=k+1;
end

figure(1)

plot(p1,Nfrl);

xlim ([80 100]);

grid on;

legend('Nf-Rizk Model’,"Nf-IEC Model");

xlabel("Height (m)");

ylabel(*Number of flashes (Nf)");

title(* Rizk Model of Number of flashes with Ng = 2 fl./km2/y*);

figure(2)

plot(pl,Pul,pl,Pdl);

xlim ([80 100]);

grid on;

legend("%Up’,"%Dwn");

xlabel("Height (m)");

ylabel(*% Percentages’);

title(* Proportion of Upward and Downward flashes with Ng = 2 fl./km2/y*);

figure(3)

plot(p1,Nfr2);

xlim ([80 100]);

grid on;

legend('Nf-Rizk Model’,"Nf-IEC Model");

xlabel("Height (m)");

ylabel(*Number of flashes (Nf)");

title(* Rizk Model of Number of flashes with Ng = 10 fl./km2/y");

figure(4)

plot(pl,Pu2,pl,Pd2);

xlim ([80 100]);

grid on;

legend('%Up’,"%Dwn");

xlabel("Height (m)");

ylabel(*% Percentages’);

title(* Proportion of Upward and Downward flashes with Ng = 10 fl./km2/y*);

figure(5)

plot(p1,Nfr3);

xlim ([80 100]);

grid on;

legend('Nf-Rizk Model’,"Nf-IEC Model");

xlabel("Height (m)");

ylabel(*Number of flashes (Nf)*);

title(* Rizk Model of Number of flashes with Ng = 25 fl./km2/y');

figure(6)
plot(pl,Pu3,pl,Pd3);
xlim ([80 100]);

grid on;
legend("%Up’,'"%Dwn");
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xlabel("Height (m)");
ylabel(*% Percentages");
title(* Proportion of Upward and Downward flashes with Ng = 25 fl./km2/y*);

figure(7)

plot(p1,Nfr4);

grid on;

xlim ([80 100]);

legend('Nf-Rizk Model’,"Nf-IEC Model");

xlabel("Height (m)");

ylabel(*Number of flashes (Nf)*);

title(* Rizk Model of Number of flashes with Ng = 65 fl./km2/y');

figure(8)

plot(pl,Pu4,pl,Pd4);

xlim ([80 100]);

grid on;

legend("%Up’,"%Dwn");

xlabel("Height (m)");

ylabel(*% Percentages’);

title(* Proportion of Upward and Downward flashes with Ng = 65 fl./km2/y");
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o Function to evaluate the position of the tip of the blade versus time.

function [p1,p2,p3] = position(x)

k=1;
for n=0:0.1:x
p1(k)=60+40*sin(pi/2+0.625*n);

p2(k)=60+40*sin(pi/2 + 0.625*n + (2*pi/3));
p3(k)=60+40*sin(pi/2 + 0.625*n + (4*pi/3));

k=k+1;
end
n=0:0.1:x
plot(n,p1,n,p2,n,p3)
axis([0 x 80 101]);
grid on;
legend('Blade #1','Blade #2','Blade #3');
xlabel("Time t (s)');
ylabel(*Vertical Lenght Hb (m)’);
title(*Position of each Blades vs Time t');

title(*"Wind turbine Height vs Time ton 1 round®);

ylabel(*Wind Turbine Height (m)’);

% this function is to evaluate the position of the
blade vs time

% Position of bladel
% Position of blade2
% Position of Blade3




