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Περίληψη

Μία από τις πλέον διαδεδομένες εναλλακτικές μορφές ενέργειας παγκοσμίως είναι η  αιολική ενέργεια. Βασικό κριτήριο για την εγκατάσταση των μονάδων παραγωγής της σε μια περιοχή είναι οι συνθήκες ανέμου που επικρατούν στην περιοχή και το αν κρίνονται ευνοϊκές ή όχι. Οι σύγχρονες ανεμογεννήτριες μπορεί να ξεπερνούν σε ύψος έως και τα 150 μέτρα και έχουν συνεπώς αυξημένες πιθανότητες να γίνουν στόχοι κεραυνών κατά τη διάρκεια καταιγίδων. Προκειμένου να μειωθεί η πιθανότητα βλαβών ή καταστροφής των ανεμογεννητριών από χτυπήματα κεραυνών είναι απαραίτητη η ενσωμάτωση ενός συστήματος αντικεραυνικής προστασίας υψηλής αποτελεσματικότητας. Είναι συγκεκριμένα ιδιαίτερα σημαντική η αντικεραυνική προστασία των μη αγώγιμων πτερυγίων των ανεμογεννητριών. Βασικός στόχος της εργασίας αυτής ήταν η θεωρητική εξέταση ενός συστήματος αντικεραυνικής προστασίας πτερυγίου ανεμογεννήτριας και της ηλεκτρικής επίδρασης που αυτό υφίσταται στην φάση της προεκκένωσης και πριν την κύρια εκκένωση όταν ένας αγώγιμος δρόμος (οχετός) εκκενώσεων έχει κατέλθει σε απόσταση εναύσεως. Ένα κύριο μοντέλο προσομοίωσης του πτερυγίου της ανεμογεννήτριας και του δρόμου εκκενώσεως δημιουργήθηκε και εξετάστηκε σε διάφορες παραλλαγές και για διάφορες τιμές παραμέτρων. Το φαινόμενο που μελετήθηκε ήταν η άνοδος της τιμής της έντασης του ηλεκτρικού πεδίου γύρω από το πτερύγιο που σημειώνεται κατά την προεκκένωση. Για τις προσομοιώσεις χρησιμοποιήθηκε το πρόγραμμα πεπερασμένων στοιχείων ANSYS.
Λέξεις κλειδιά: ανεμογεννήτρια, πτερύγιο, σύστημα αντικεραυνικής προστασίας, κανάλι εκκενώσεων, προσομοίωση, ANSYS, ένταση ηλεκτρικού πεδίου
Abstract
One of the most commonly-used renewable energy resources worldwide is wind energy. Wind energy plants can be found almost everywhere, where relatively constant wind conditions prevail. Modern wind turbines reach up to heights of more than 150 meters. Consequently, during the formation of thunderstorms, they represent the preferred lightning impact points. In order to reduce the failure rate of wind turbines after lightning strokes, the integration of a highly effective lightning protection system is essential. Regarding these systems, there is a very critical aspect: non-conductive rotor blades need to be protected against lightning strokes. The basic goal of this work has been to examine theoretically a rotor blade lightning protection system before the lightning stroke, under the effect of a leader channel that has approached the blade at striking distance point. A simulation model of the wind turbine blade and the leader channel was established and different system parameters were varied. The effect studied is the rise of the electric field strength values in the areas surrounding the blade. The simulations were done by use of the finite element program ANSYS.  
Key words: wind turbine, blade, lightning protection system, leader channel, simulation, ANSYS, electric field strength
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CHAPTER I
INTRODUCTION

Granted that in modern societies, conventional energy resources are running thin and the environmental is becoming a larger problem every day, the need for the best possible exploitation of renewable energy resources is becoming greater. Wind energy is the most commonly used of all regenerative resources as it can produce the greatest amount of energy.

Modern wind energy turbines are equipped with advanced electrical and electronic technological systems. Due to the fact that they are exposed structures and because of their ever-increasing height, which can exceed 150 m, damage from lightning strikes poses a serious problem. Such damages are no rarity and represent in the long run an economic risk for manufacturers and operators. An effective lightning protection is therefore crucial for the security of the wind turbine. Today's plants have lightning protection systems, which protect both the structure and the electrical and electronic equipment against damage. Nevertheless lightning strikes can lead to serious damage and even to total failure and in particular lead to high repair costs and down-times for offshore installations. 
80% of the lightning strikes that occur hit the rotor blades. The materials used (mostly because of their light weight) for wind turbine blades are glass-fibre reinforced plastics, carbon-fibre reinforced plastics or glass-fibre epoxy resin and have, due to low conductivity increased protection requirements.  Rotor blade lightning protection systems have therefore the task to avoid damage at the point of impact by conducting and then diverting the lightning current from the attachment point along the surface to the blade root and then to the ground, using metallic conductors (receptors) fixed to the blade surface that connect to conductors inside the blade. The need for improvement however does exist, since in reality the point of impact on the surface is not always the receptor and that can lead to damages to the blade.

Goal of this work is establishing a model of a wind turbine and determining how it is affected before the lightning strike, while a descending leader channel has reached to the point of the striking distance. The effect to be studied is the rise of the electric field strength values in the areas surrounding the blade because of the geometry of the internal conductor along with the receptors (edges and angles). Results from the simulation for various model cases (with the position of the lightning channel and the geometry of the conductor as variables) will suggest how forthcoming laboratory tests on blade samples should be set up as well as determine possible impact points. The simulations were done by use of the finite element program ANSYS.  

First in this work, comes the description of the stages of formation, the types the effects and some properties of the natural phenomenon of lightning discharges (chapter 2). Following that, the focus is on the lightning protection system of the wind turbine – zones and classes (chapter 3) and more specifically on the protection system of the wind turbine blades (chapter 4). The theory behind the finite element method used for the computation of the electrical field is then presented (chapter 5). The largest part of this thesis deals with the models simulated and the results from the simulations (chapter 6). Finally are some conclusions as well as suggestions for future work presented (chapter 7).

CHAPTER II

LIGHTNING DISCHARGES: FORMATION AND PROPERTIES

2.1      Thunderstorms

A thunderstorm, or an electrical storm, is a form of weather characterized by the presence of lightning and its attendant thunder. It is usually accompanied by copious rainfall, hail, or rarely, snowfall in the winter months, sometimes termed thundersnow. Thunderstorms form when significant condensation—resulting in the production of a wide range of water droplets and ice crystals—occurs in an atmosphere that is unstable and supports deep, rapid upward motion. This often occurs in the presence of three conditions: sufficient moisture accumulated in the lower atmosphere, reflected by high dewpoint temperatures; a significant fall in air temperature with increasing height, known as a steep adiabatic lapse rate; and a force such as mechanical convergence along a cold front to focus the lift [11].         

A given cell of a thunderstorm goes through three stages: the cumulus stage, the mature stage, and the dissipation stage.

In the cumulus stage of a thunderstorm, masses of moisture are pushed upwards. The trigger for this can be solar insolation heating the ground producing thermals, areas where two winds converge forcing air upwards, or where winds blow over areas of high ground. The moisture rapidly cools into liquid drops of water, which appears as cumulus clouds. As the water vapour condenses into liquid, latent heat is released which warms the air, causing it to become less dense than the surrounding dry air, and so the air will tend to rise in an updraft due to the process of convection. This creates a low-pressure zone beneath the forming thunderstorm. In a typical thunderstorm, some 5×108 kg of water vapour are lifted [11].
In the mature stage, the warmed air continues to rise until it reaches existing air which is itself warmer, and the air can rise no further. Often this 'cap' is the tropopause. The air is instead forced to spread out, giving the storm a characteristic anvil shape. The water droplets coalesce into heavy droplets and freeze to become ice particles. As these fall they melt, to become rain. If the updraft is strong enough, the droplets are held aloft long enough to be so large that they do not melt completely as they fall and fall as hail. While updrafts are still present, the falling rain creates downdrafts as well. The presence of both updrafts and downdrafts during this stage can cause considerable internal turbulence in the storm system, which sometimes manifests as strong winds, severe lightning, and even tornadoes. If there is little wind shear, the storm will rapidly 'rain itself out' [11].
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In the dissipation stage, updraft conditions no longer exist, and the storm is characterized largely by weak downdrafts. Because most of the moisture has precipitated out, there is not sufficient moisture in the lower air to sustain the cycle and the thunderstorm [11].

	Figure 2.1
	Creation of a thunderstorm [2]


2.2      Separation of electrical charges inside the clouds

The exact mechanism regarding the separation of charges inside the clouds during a thunderstorm is still uncertain; what can be said for sure is that a series of complex processes takes place in the cloud interior, processes that can be attributed to 3 kinds of effects, to be described in the following chapters.

2.2.1      The dispersal effect

The water quantities situated in the cloud interior are forced (in a form of rain droplets) to the upper side of the cloud by updraft winds (with a speed of 30-40 m/s) hence creating an electrical charge which allows the cloud to be viewed as an electrical dipole, the positive charge in the lower side. However, taking for granted that 90% of cloud-to-ground flashes are negative, meaning that they start from clouds with negative charged lower regions as well as the fact this dispersal of water droplets is only possible in higher than 0o C temperatures, we are lead to doubt whether this mechanism can successfully explain the separation of charges in the cloud interior, even in 10% of the cases [10].

2.2.2      The deep freeze effect

For the better comprehension of this phenomenon, it will be paralleled with its experiment that best describes it: water drops are dropped on an insulated plate of copper, with temperature -30 to -5o C. Part of the water solidifies, thus creating ice crystals on the plate, while the other part is sprung upward. Following that, then copper plate appears to be negatively charged while the water droplets that are rocketed  up from its surface have a positive charge [10].

In the actual case of charge separation inside the cloud, ice crystals that are being dragged down because of their weight and therefore transferring their negative charge to the lower regions of their cloud, are assumed to be the experiment’s plate, while the water droplets sprung to the upper area of the cloud transfer their positive charge there. The electrical dipole that could explain 90% of negative cloud-to-ground flashes is thus created. It should be mentioned however, that in the case of the experimental plate, the appearance of electrical charges presumes that the water droplets contain NH4OH admixtures, which cannot be assumed for the actual effect [10].

2.2.3      The rupture effect

This phenomenon can be related to the case of an ice crystal whose core is in liquid state. This temperature difference between the core and the ice surface the H+ ions move to the surface, charging it positively whereas the 0H- ions stay in the core, which is charged negatively. As the core gradually cools, its volume increases resulting in the rupture of the crystal casing with the 0H- charged cores falling down while the parts in which the positively charged surface breaks into, move to the upper regions of the cloud. This way it can be comprehended how the cloud comes to be an electrical dipole [10].

In general, an electrically charged cloud contains both positive and negative charge in equal quantities with charges of both polarities taking up certain areas of the cloud, so the charging of the cloud is attributed to a certain charge distribution in its interior. In most cases, the lower parts have a negative charge with a value of some tens to hundreds of C with the higher parts being positively charged. Therefore an electrical field appears between the cloud and the earth, with field lines that connect charges of opposite polarity in the cloud and earth. The whole charge separation takes place in a short period of time (varying from some minutes to half an hour) [10].

2.3      Lightning discharges: types and parameters

A lightning stroke can be regarded as a current source. The maximum recorded value of lightning current produced by a single stroke is in the region of 300 kA. The maximum recorded values of charge transfer and specific energy are 400 C and 20 MJ/Ω respectively. These maximum values occur in only a small percentage of lashes worldwide. The median value of peak lightning current is approximately 30 kA with median values of charge transfer and specific energy of 5.2 C and 55 kJ/ Ω respectively. In addition, the electrical characteristics of a stroke vary with the type of lightning flash and the geographical location [4].

A lightning discharge usually consists of several components. The whole event following the same ionized path is termed flash and may last more than 1 sec. The individual components of a flash are called strokes. There are 3 types of lightning discharges [10]:

· Cloud-to-ground flashes, which are of the most interest to us

· Flashes occurring inside the same cloud

· Flashes between neighbouring clouds

There can also be a distinction between downward or upward initiated discharges. A downward initiated discharge starts at the thundercloud and heads toward the earth. An upward initiated discharge starts at an exposed location of the earth (a mountain top for example) or at the top of a tall earthed structure (like wind turbines) and heads towards a thundercloud [4].

Both types of lightning are further subdivided according to polarity of the charge removed from the thundercloud. A negative discharge, which would be 90% of the cases as mentioned earlier, lowers negative charge from the thundercloud to the earth leaving 10% of discharges to be positive, hence transferring positive charge from the thundercloud to earth [4].

Each lightning stroke is different due to the natural variations in the thundercloud that produced it. It is not possible to predict the peak current value of the next lightning stroke to a structure; we can only talk about a given probability that a lightning stroke will exceed a given value. Such probability distributions have been produced using direct measurements of actual strokes to tall towers [4].

2.3.1      Negative cloud-to-ground flashes

A cloud-to-ground flash is initially formed by a preliminary breakdown within the cloud, the physics of the process not fully understood at the time. The electrically charged cloud appears as an electrical dipole, responsible for electrical field strength values that exceed 5 kV/m towards the ground [10].

A stepped leader descends from the cloud towards the ground, moving in the direction of the field lines, in steps of several of meters with a pause time between the individual steps of approximately 50 μs. The steps have a short duration (typical 1μs) impulse current of more than 1 kA. The leader channel contains, when fully developed, a total charge of 10 C, or more. The channel diameter is in the range of up to few tens of meters as it often has branches, that do not necessarily reach earth. The total duration of the stepped leader process is a few tens of milliseconds. The faint leader channel is not visible to the naked eye [4].

The end of the leader, the leader tip, is at potential in excess of 10 MV with respect to the earth. The thickness of the leader tip is also larger than the rest of the leader and increases in diameter as it approaches the ground. As the leader tip-ground distance decreases, the electrical field strength rises at the surface of the earth. When the electric field at ground level exceeds the breakdown value of air, a Corona-type phenomenon takes place and upward moving leaders are emitted from the earth or from structures of the ground, termed connecting leaders. Connecting leaders play an important role in determining the attachment point of a lightning flash to an object [4].
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	Figure 2.2
	Processes involved in the formation of a cloud-to-ground flash [2]


When the descending stepped leader meets the upward moving connecting leader a continuous path from cloud to ground is established. The charge deposited in the leader channel is then discharged to ground by a current wave propagating up the ionized channel at about one third the speed of light. This process is termed the first return stroke. The first return stroke may have a peak value of up to a few hundred kilo amperes and duration of a few hundred microseconds [4]. The length of the lightning leader depends on the height of the cloud the leader originates from. The diameter of the lightning discharge is only a few centimetres because under the effect of the magnetic field, it compresses itself [10].

After a certain time interval, further leader/return stroke sequences may follow the path taken by the first return stroke. The (dart) leader preceding these subsequent return strokes is usually not stepped and much faster (duration of a few milliseconds). The pause time between successive return strokes in a flash is in the order of 10 ms to a few hundred milliseconds. On average, a lightning flash contains 3-4 return strokes (including the first one). The return strokes constitute the visible part of the lightning flash [4].
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	Figure 2.3
	Typical profile of a negative cloud-to-ground flash [4]


Following one or more of the return strokes a continuing current may flow through the still ionized channel. Continuing currents are quite different compared to the short duration, high amplitude currents of return strokes: the average continuing current amplitude is in the range of a few hundred amperes, while the duration may be as long as several hundred milliseconds. Continuing currents transfer high quantities of charge directly from the cloud to ground. About one half of cloud-to-ground flashes contains a continuing current component [4].

2.3.2 Positive cloud-to-ground flashes

In contrast to negative flashes, positive cloud-to-ground flashes are initiated by a continuously downward propagating leader which does not show distinct steps. The connecting leader and return strokes are similar however to the previously described processes. A positive cloud-to-ground flash usually consists of only one return stroke which may be followed by a continuing current.

Positive cloud-to-ground flashes are of great importance to practical lightning protection because the current peak value, total charge transfer and specific energy can be much larger compared to the negative flash. The return stroke tends to have a lower rate of rise in comparison to a negative first return stroke [4].
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	Figure 2.5
	Typical profile of a positive cloud-to-ground flash [4]


[image: image5.png]MEGATVE BASE AN POSTNG ToP





	Figure 2.4
	Charged cloud and different types of lightning strokes [3]


2.3.3     Upward initiated flashes

The charge in the thundercloud causes an elevation of the electric field on the surface of the earth, but usually not sufficient to launch an upward moving leader. However, the electric field may be significantly enhanced at mountains, objects placed on high ground or at tall structures like towers and wind turbines. At such locations the electric field strength may become large enough to initiate an upward moving leader from ground towards the thundercloud. Such locations are structures with heights in excess of 100 m above the surrounding terrain (like modern wind turbines) [4].

An upward initiated flash starts with a continuing current phase. On the continuing current impulse currents can be superimposed. The continuing current phase may be followed by subsequent return strokes along the same channel. These return strokes are quite similar to the subsequent return strokes of cloud-to-ground flashes. Upward initiated discharges do not contain a component analogic to the first return stroke of cloud-to-ground discharges. 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 [4].
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	Figure 2.6
	Typical profile of a negative upward-initiated flash [4]
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	Figure 2.7
	4 possible types of lightning flashes [2]


2.4      Factors affecting lightning discharges

In mountain areas of benign climate the values of lightning current and of charge transfer are relatively small. This is due to the fact that the small distance between earth and cloud creates discharges on earth before the process of the charging of the cloud is complete and therefore a smaller part of the charge is transferred. In the lowlands where the cloud-ground distance is greater, less discharges but of a higher peak current occur. The reason for that is that rarely is the electric field so strong to favour a cloud-to-ground discharge but when it does the clouds have to carry high quantities of charge which are transferred in long leader channels, hence the high peak current [10].

The season can also play an important role. In the summer period, the clouds are very high above the ground so a lot of discharges occur within the same or different clouds. That would mean that the electric field near the ground area changes significantly. If a sharp structure lies I the area, the field around can become so intense to favour a discharge. The number of upward initiated flashes that occur in the summer period is greater than that of downward flashes. In other times of the year (spring, autumn) the clouds move lower. This makes easier a discharge towards the ground even before the process of the charging is complete making it easier for cloud-to-cloud flashes to occur than cloud-to-ground ones [10].

2.5      Lightning discharge parameters  
Lightning, when examined as a phenomenon of electricity is characterized by the following parameters, all of which can have disturbing or even destructing consequences to human lives and technical installations.
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	Table 2.1
	Cloud-to-ground lightning current parameters [4]


· Lightning peak current

· Maximun  di/dt, that determines the inducted potential in circuit loops. This is the potential that should it appear in logical circuits or circuits that contain sensitive electronic parts of the navigation/telecommunication system of aircrafts, it could cause serious damage

· ∫i(t)dt integral, which is the transferred charge that can cause local melting and even puncture of thin metallic surfaces 

· ∫i2(t)dt integral, being proportional to the released energy, responsible for thermal effects (melting of metals, combustion of steams or gases) [10].

2.6      Lightning discharge effects

2.6.1      Thermal effects

The energy being released in the form of heat as lightning passes through resistance R, according to Joule is W = R ∫i2(t)dt which makes it obvious that the higher the value of the resistance, the stronger the overheating we will experience. As a consequence the melting of antenna conductors and thin steel wires is a common phenomenon. In the case of bad conductors of electricity large quantities of energy are being released in the form of heat. In such cases as the water that lies within wood (trees) overheats, turns to steam and because of the speed in which the phenomenon is taking place high pressures in their interior lead to actual tree explosions. In sandy grounds lightning discharges can cause melting of the sand and the formation of glass in various shapes. In the case of aircrafts however, lightning does not pose a grave threat, unless it causes a melting in the fuel system of the aircraft [10].

2.6.2     The breakdown effect

For this effect to manifest is the great drop in voltage as the leader moves towards the ground responsible but also required is the transit of lightning through a conductor of high inductance because of inertia of the fast-evolving magnetic field. 

In the first case, the effect starts when a lightning conductor lies near grounded metal maze. As lightning passes through, the potential of both the conductor and the maze is set to be the voltage drop in the landing resistance. Should we have for example a peak current of i = 100 Ka and a grounding resistance of 5 Ω the potential will be U = i.R = 500 Kv. As a consequence, simply an endistancement of the metal and the conductor is not enough as then a parallel current branch would manifest in the form of a spark, hence a breakdown. The same would occur, should lightning conductors are close current conductors, as the latter behave as if grounded parts [10].

The second case of a breakdown can occur when the conductor has a special shape. When for instance the conductor route from one point to the other is not the shortest path but a longer one, then if this path is more than 10 times larger than the shortest possible, a breakdown will manifest. Suppose for instance that the current goes through an ‘Ω’ shaped loop the potential in the loop’s ends will be U = L. di/dt  so for di/dt  = 40 Ka/μs, loop diameter D = 1 m and conductor diameter d = 8 mm                 it is 
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  which is indeed a value capable of causing a breakdown [10].                                                
2.7      Leader charge distribution and the return stroke current peak
In the practice of lightning protection, it is customary to formulate a criterion for the onset of the upward connecting leader in terms of the return stroke peak current measured at the base of the lightning channel. This requires a relationship between the leader charge distribution and the return stroke peak current. Such relationships found in literature are presented in this chapter that will help understand the one that was suggested to be used in our simulations.

2.7.1    Golde [6]
Golde was the first to suggest a relationship between the return stroke peak current and the leader charge. In his derivation he assumed that the line charge density (ρS) on the vertical stepped-leader channel decreases exponentially with increasing height above ground,

	
[image: image10.wmf]l

r

r

z

so

s

e

-

=


	(2.1)


where ρS0 is ρS at z = 0 and λ is the decay height constant (λ=1000m). The total charge on the leader channel is given by the following equation:
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	(2.2)


in which H is the total length of the channel. Golde assumed that H = 2.5 . 103 m. Using this charge distribution, Golde calculated the electric field at ground as a function of height of the stepped leader tip above ground (directly above the field point). He assumed that a connecting leader is initiated from ground when the electric field there exceeds about 1 MV/m. With this assumption he was able to estimate the maximum possible length of connecting leaders as a function of downward-moving leader charge. Golde also analysed the photographs of lightning strikes and concluded that the length of connecting leaders does not exceed a few tens of meters. Based on this conclusion he assumed that a typical peak current of 25 Ka is associated with a stepped leader charge of about 1 C. Such a leader produces a field of about 1 MV/m at ground level when the leader tip is about 17 m above ground, thus limiting the length of connecting leaders of typical lightning first strokes to less than a few tens of meters. Further, he assumed (without justification) that the return stroke peak current increases linearly with increasing leader charge,
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where Ipf  is the return stroke peak current in Ka, Q is in C and k = 25 Ka/C. From (2), (3) it is deducted that
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	(2.4)


2.7.2     Eriksson [6]
Using current waveforms of first return strokes measures, Berger found a relatively strong correlation between the first return stroke peak current, IPF, and the charge brought to ground within 2ms from the beginning of the return stroke (called impulse charge), Qim. The relation can be represented by the following equation:
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According to (2.5), a 25 Ka peak current corresponds to a stepped leader charge of 3.3 C. Based on Golde’s suggestion that only the charge located on the lower portions of the leader channel is related to the peak current (a 25 Ka peak current corresponds to a stepped leader charge of 1 C) and after comparing some of the measured striking distances with analytical results, Eriksson modified the above relationship to
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Where Ipf is in Ka and Q in C. Eriksson assumed that the charge is distributed linearly along a vertical leader channel of 5km length. When this assumption is combined with (2.6) one obtains
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2.7.3     Dellera and Garbagnati [6]
In some of the first return stroke currents measured by Berger and Berger with Vogelsanger one can observe a secondary peak (or a change in slope) appearing in the waveform after a few tens of microseconds from the beginning of the waveform. The time of occurrence of this secondary peak may change from one stroke to another. Dellera and Garbagnati assumed that this subsidiary peak is associated with a return stroke current reflection from the upper end of the leader channel. They integrated the current waveforms that exhibited the secondary peak from different studies up to this subsidiary peak and assumed that the resultant charge was originally distributed uniformly along the leader channel. The length of the leader channel was calculated from the time to the subsidiary peak b assuming that the return stroke speed is a function of peak current and is given by the equation derived by Wagner. From their analysis, the duo obtained the following relationship between pso and Ipf : 
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2.7.4    Cooray [6]
Cooray utilised a return stroke model introduced to him for first return strokes to extract the relationship between the return stroke peak current and the charge per unit length at the bottom end of the leader channel. The result is given by the following equation:
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,with pso in C/m and IPF in Ka.

2.7.5    Cooray, Rakov and Theethayi

Berger’s return stroke current waveforms were used for the estimation of the charge brought to ground by the return stroke within the first 100 μs of the discharge, data that was in turn used for the estimation of the charge distribution of the stepped leader channel [7].

The total positive charge that enters into the leader at the strike point (or the negative charge that goes into the ground) during the return stroke can be divided into three components. The first part is the positive charge Ql, that is necessary to neutralise the negative charge originally stored in the leader channel. The second part is the positive charge Qi, which is induced in the return stroke channel which is essentially at ground potential, due to the background electric field produced by remaining cloud charges. The third part is the additional positive charge spent to neutralise cloud charge that was not involved in the leader process (continuing current charge). The latter could be disregarded if the measured current is integrated up to the time of the arrival of the return stroke at the point of initiation of the leader and it was not taken into consideration. A reasonable assumption on the time taken by the return stroke to reach the point of initiation of the leader was required. Based on data gathered by Berger and further considerations it was assumed that the charge transported to ground by the first return stroke within 100 μs of its initiation is approximately equal to the sum of the positive charge that is necessary to neutralise the negative charge originally stored in the leader channel and the positive charge induced in the return stroke channel. The result of this integration is given by the following equation where Qf,100μs is the charge (in C) neutralised by the first return stroke within the first 100 μs, and Ipf is the first return stroke peak current in Ka [7].
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	Figure 2.8
	(a) A sketch of the stepped leader approaching the ground. (b) The idealisation used in the computation about charge distribution along the leader channel. (c) Situation just before the attachment process and return stroke. (d) Situation after the return stroke [7]


To obtain the distribution of charge along the stepped leader channel, a simplification of the problem was needed, the steps of which are presented in Figure 2.8. It was assumed that the horizontal extent of the negative charge region in the cloud is large in comparison to the vertical distance between the ground and the charge region. Based on this assumption the cloud charge region was replaced by a perfectly conducting plane maintained at a given potential. This configuration simulates a uniform electric field between the cloud and the ground. The leader channel is simulated by a vertical lossy conductor of cylindrical geometry with a hemispherical tip. The losses are represented by a constant potential gradient. It is to be noted that the charge distribution induced on the stepped leader channel as it propagates toward the ground is identical to the charge distribution that would be induced to the lower half (below the point of initiation) of a vertical bi-directional leader developing a uniform electric field. As the stepped leader extends toward the ground its charge distribution is determined by the background electric field generated by the cloud charges and any field enhancement caused by the presence of the ground, i.e. the proximity effect. Once the contact is established between the negatively charged leader and the ground the total positive charge entering the channel from the ground during the first 100 μs of the return stroke is equal to the sum of the positive charge that is necessary to neutralise the negative charge Ql of the leader and the positive charge Qi induced on the channel. The difference of absolute values of these charges is calculated to be smaller than 10% [7]. 

To obtain the leader charge distribution as function of the peak current, different values of peak current corresponding to different values of cloud potential and hence to different values of Eo were taken (Figure 2.8c). Further, the leader charge distribution depends on the assumed value of zt (where zt is the distance between the lightning tip and the ground; in cases of high towers or more particularly wind turbines it is the distance from the leader tip to the top of the tower/wind turbine blade). Since the total charge injected into the channel from the ground during a return stroke characterized by a peak current of Ipf is about 0.061 Ipf, the potential of the cloud in Figure 2.8b is adjusted until the sum of |Ql| and Qi equals 0,061(Ipf. The resultant leader charge distribution is computed for different values of zt [7].

Figure 2.9 depicts the leader charge distributions corresponding to a 30 Ka peak current for the leader tip located at several different heights from the ground. It can be noted that as the leader propagates downwards the highest charge density is encountered at the channel element in which the leader tip is located. As the leader tip moves downward the charge density in that channel element decrease and finally approaches the value corresponding to a fully extended stepped leader [7].
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	Figure 2.9
	Charge distribution along the leader channel when the leader tip is at a height of (1) 10 m,  (2) 100 m, (3) 500 m, (4) 1000 m, (5) 1500 m, (6) 2000 m, (7) 2500 m and (8) 3000 m from ground level [7] 


The data shown in Figure 2.9 can be summarized approximately by a single equation that describes how the charge on the stepped leader channel varies as it propagates towards the ground:
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Where zo is the height of the leader tip above ground in meters (it is to be noted that the above equation is only valid for zo>10m), H is the height of the cloud in meters, ρ(ξ) is the charge per unit length (in C/m), ξ is the length along the stepped leader channel with ξ = 0 at the tip of the leader, Ip is the return stroke peak current in kA, α = 4.857x10-5, b = 3.9097x10-6, c = 0.522 and d = 3.73x10-3. This equation has been used for the charge distribution along the leader channel for the ANSYS simulations of this thesis, which will be presented in detail in the following chapters. 
CHAPTER III

WIND ENERGY AND WIND TURBINES

In the last years, the need for more effective use of energy resources has become greater, especially for the best possible exploitation of renewable energy sources. This is due to the fact that conventional energy resources are finite. The protection of the environment from pollution caused by the use of ‘old-fashioned’ energy sources is of importance as well [8].

The renewable means to produce the greatest amount of energy, in values that rival those of energy produced by conventional means is wind energy. It is the most commonly used of all regenerative resources. The power values produced are comparatively large as well. The electrical energy production units are the wind turbines that transform mechanical energy to electrical [8].

Horizontal turbine components include: 

· blade or rotor, which converts the energy in the wind to rotational shaft energy;

· a drive train, usually including a gearbox and a generator;

· a tower that supports the rotor and drive train; and

· other equipment, including controls, electrical cables, ground support equipment, and interconnection equipment.
The three bladed motor is the most important and most visible part of the wind turbine. It is through the rotor that the energy of the wind is transformed into mechanical energy that turns the main shaft of the wind turbine. The blades then transfer the kinetic energy from the wind into rotational energy in the transmission system (the hub, the main shaft, the main bearings, the clamping unit, the gearbox and the coupling) and the generator is the next step in the supply of energy from the wind turbine to the electrical grid [8].

3.1 The generic problem regarding lightning protection [4]
Lightning protection of modern wind turbines presents problems that are normally not seen with other structures. These problems are a result of the following:
· wind turbines are tall structures of up to more than 150 m in height

· wind turbines are frequently placed at locations very exposed to lightning strokes

· the most exposed wind turbine components such as blades and nacelle cover are often made of composite materials incapable of enduring direct lightning stroke or of conducting lightning current

· the blades and nacelle are rotating

· the lightning current has to be conducted through the wind turbine structure to the ground, whereby significant parts of the lightning current will pass through or near all wind turbine components

· wind turbines in wind farms are electrically interconnected and often placed at locations with poor earthing conditions

As mentioned in the previous chapter, tall structures are known to influence the lightning attachment process itself. For structures exceeding 60 m in height, side flashes do occur. A small percentage of the lightning flashes strike the side of the structure instead of striking at the top. Such side flashes are a cause for concern with wind turbines, since even protected blades struck on the sides can be severely damaged. Furthermore, the fraction of upward initiated lighting flashes increases with height and becomes significant for structures of about 100 m in height.

Wind turbines are frequently located in high wind areas, such as coastal areas, on hills or on mountain ridges. Such locations often have relatively high lightning occurrences. As wind turbines are also preferably placed above the surrounding area and away from other high objects, they become more attractive to lightning. Another issue with wind turbines placed on high hills and mountain ridges is earthing. The ground conductivity at such points is usually poor.

Blades for large modern wind turbines are usually made of composite materials, such as glass fibre reinforced plastic or wood laminate. Lightning striking unprotected blades manufactured of these materials causes severe damage since these materials are poor electric conductors. Therefore, lightning protection of such blades is essential. Some nacelle covers are made of glass fibre reinforced plastic and they should also be protected against direct lightning strokes.

The fact that wind turbines are rotating machines poses special problems. There is a risk of lightning flashes attaching at more than one point on rotating blades and even on more than one blade. This is because lightning flashes consist of several discrete current pulses within a period of up to 1 s. This is sufficient time to expose more than one blade (for example a 3-bladed wind turbine rotating at 20 rpm moves the blades at 120o/s).When lightning strikes the blades, the current is conducted through the entire wind turbine structure to the ground. This includes pitch bearings, hub and main shaft bearings, gears, generator bearings, bedplate, yaw bearing and tower. Lightning current passing through gears and bearings may cause damage, particularly when there is a lubrication layer between rollers and raceways or between gear teeth. 

Special consideration must be paid to account for a fact that a lightning current passing through the wind turbine will be in closer proximity to electrical systems, as compared to electrical installations in buildings. This is also a concern regarding personnel safety since it may not be possible to achieve minimum safety distance.
3.2      Lightning protection system

The entire system for the protection of a wind turbine and its components against the effects of direct lightning strikes is called lightning protection system. The aim of a lightning protection system is to attract the lightning and, with the help of conducting and grounding gear, lead it to the ground. The external lightning protection consists, in the case of the rotor blade examined in this thesis, of receptors distributed on the blade surface, an internal conductor and the grounding system. The internal lightning protection for the rotor blade contains all additional measures, in order to decrease the magnetic and electrical effects of the lightning current within the area which can be protected. 
3.2.1      Lightning protection zones

A wind turbine can be divided into physical areas which roughly define the strength of the influence of a lightning flash to components in that zone. The division of the wind turbine into lightning protection zones is a tool for ensuring systematic and sufficient protection of all components of the wind turbine. These lightning protection zones (LPZ) are defined on the possibility of direct or indirect lightning attachment and the magnitude of the lightning current and associated electromagnetic field expected in that zone. Lightning protection methods are then applied to ensure that components, for example machinery or control systems, can withstand the electromagnetic field and lightning current that might enter the zone in which the components are placed. For instance, protection against overvoltages is only necessary for cables passing from one zone into a zone with lower protection level, whereas internal connections within the zone may be unprotected [4].

	LPZ 0A
	Threat by direct lightning strikes, impulse currents up to complete lightning currents and the entire lightning field.

	LPZ 0B
	Protected against direct lightning strikes. Threat by impulse currents up to partial lightning currents and the entire lightning field.

	LPZ 1
	Impulse currrents are further limited by current distribution and SPDs situated at the zone boundaries. The lightning field is mostly attenuated by spatial shielding.

	LPZ 2
	Impulse currents are further limited by current distribution and SPDs situated at the zone boundaries. The lightning field is mostly attenuated by spatial shielding.


	Table 3.1
	Lightning protection zones [4] 



[image: image27.wmf] 


	Figure 3.1
	Rolling sphere model [4]


3.2.1.1      Zone 0

The boundary between LPZ 0A and 0B is determined by means of the rolling sphere model as shown in Figure 3.1. The areas marked in red are LPZ 0B where a lightning flash cannot attach and the rest of the surface of the wind turbine is 0A. Locations in which the sphere cannot ‘roll’ are protected against direct stroke attachment. As can be seen, lightning flashes may attach to most of the surface of the wind turbine – such areas are consequently LPZ 0A. By means of air terminations (for example lightning rods) placed at the rear edge of the nacelle cover, a zone LPZ 0B may be created at the top of the nacelle whereby meteorological instruments can be protected against direct lightning attachment. At the foot of the wind turbine there is also a zone LPZ 0B where a transformer cubicle, if any, will be protected against direct lightning [4].
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	Figure 3.2
	Example of the division of the interior of a wind turbine into protection zones [4]


3.2.1.2    Other zones [4]
The boundary between LPZ 0A or LPZ 0B and LPZ 1 can be made at the tower or at the top cover of the nacelle if there is a metal cover (or sufficient metal content) to protect components beneath with a Faraday cage. In the case of GRP nacelle covers, it is recommended that a metal frame or strapping be integrated into the nacelle cover to, as in minimum, define the area within as zone 0B to protect nacelle components from direct strokes (see Figure 3.2). This should of course be bonded thoroughly to the bedplate. Ideally a mesh of metal in a GRP cover should be integrated into this frame to define the nacelle as as LPZ 1. It is recommended that such a mesh has a maximum grid size equal to half a distance to the nearest component at risk

Figure 3.2 also shows how the interior of the wind turbine may be divided into protection zones LPZ 1 and LPZ 2. The nacelle (with enough metal in the cover), the tower and the transformer cubicle are protection zone LPZ 1. The devices inside metal cabinets in LPZ 1 areas are in protection zone LPZ 2. For instance, controls inside a cabinet inside a metal tower are in LPZ 2, but in a metal cabinet outside the tower it is LPZ 1. 

Very sensitive equipment may be placed within a still more protected zone LPZ 3 in another level of metal cabinets. It is the sensitivity of the components in a given zone (i.e. withstand limits) that defines the level to which the lightning influences (such as current, voltage and electromagnetic field) must be reduced to that zone. Therefore, no specific values of current, voltage and electromagnetic field in each zone are recommended.

3.2.1.3    Zone boundaries [4]
At each zone boundary it must be ensured that cables and wires crossing the boundary do not conduct large parts of the lightning current or voltage transients into the protection zone with the highest number. This is accomplished by means of proper bonding and shielding practices and overvoltage protection of cables and wires at the zone boundary. The goal is to reduce current and voltage to a level  tolerable for the equipment places in the protection zone with the highest number.

The amount of necessary components for protection against overvoltages can and should be reduced by means of appropriate division into zones, appropriate positioning of cables, use of shielded cables and use of optical fibres for transmissions of signals and data. Surge protective devices may be relatively expensive and bulky, and this fact alone indicates that the use should be limited. In addition, such devices may fail due to the influences to which they are exposed and due to degradation.

3.2.2 Lightning protection classes

 Before a lightning protection system is planned, the object to be protected must be assigned to one of four lightning protection classes. Efficiency in lightning protection class I is the highest at 99% and in lightning protection class IV the lowest at 84%. Installing a lightning protection system involves determining distances from loops, profiles and receptors. The higher the class efficiency, the higher the expenses made for it meaning larger conductor cross sections, larger grounding systems as well as smaller distances of the receptors. Table 3.2 that follows gives information about the most important characteristic values of the first stroke for the four different lightning protection classes [2].

	First stroke
	Lighning Protection Class

	Lightning characteristic
	Symbol
	Unit
	I
	II
	III
	IV

	Current Peak
	I
	Ka
	200
	150
	100
	100

	Charge
	C
	C
	100
	75
	50
	50

	Energy
	W/R
	kJ/Ohm
	10000
	5625
	2500
	2500

	Time Parameters
	T1/T2
	µs/µs
	10/350


	Table 3.2
	First stroke values for the four lightning protection classes [2]


The materials used in the conducting system are to be dimensioned in such a way that they endure the electrical, thermal and electro-dynamic stresses, which are caused by the lightning current, without damage. For the lightning protection of the rotor blade this requires such receptors placed on the blade surface that can lead a lightning current peak of 200 Ka, without overheating or melting. The receptors are the defined points on which lightning should strike. An overview of the materials most commonly used and the minimum dimensions for receiving gear and such can be found in Table 3.3 [4].

	Material
	Configuration
	Minimum cross-sectional area [mm²]

	Copper
	solid tape

solid round

stranded

solid round for air termination rods
	50

50

50

200

	Aluminium
	solid tape

solid round

stranded


	70

50

50

	Aluminium alloy
	solid tape

solid round

stranded

solid round for air termination rods
	50

50

50

200

	Hot dip galvanized steel
	solid tape

solid round

stranded

solid round for air termination rods
	50

50

50

200

	Stainless steel
	solid tape

solid round

stranded

solid round for air termination rods
	60

50

70

200


	Table 3.3
	Proposed minimum dimensions for lightning protection system materials [4]


3.2.3 The rolling sphere model

The rolling sphere model is used in determining the positioning of the lightning capturing equipment. It is an internationally recognized method, which is recommended particularly for applications of complex geometry. 
As previously described, a stepped leader descends from the cloud towards the ground, moving in the direction of the field lines. As the leader tip-ground distance decreases the electric field strength rises at the surface of the earth. When the electric field at ground level exceeds the breakdown value of air, connecting leaders are emitted, moving upward. The leader tip can only descend to a certain distance from ground level before it is connected with the upward moving leaders, distance determined by the constantly rising electrical field strength at the ground. The shortest distance between the leader tip and the starting point of the connecting leaders is known as the striking distance [4].

The geometrical-electrical model is based on the hypothesis that the leader tip approaches unaffected up to the striking distance point. The point of impact is then specified by the object, which exhibits the shortest distance to the leader tip. Then the connecting leaders are emitted [2].

First of all, there is a proportion between the peak value of the lightning current and the electrical charge stored in the leader. Furthermore, the field strength at ground also is connected linearly to the stored charge in the leader. The relation between the lightning current peak and the striking distance is the following:
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This equation means that lightning of lower peak currents approaches the objects on earth on a much shorter distance than lightning of stronger peak currents. Moreover, the higher the protection class, the lower the peak current value. Lightning protection systems, as already said, are divided in four protection classes. The effectiveness Ei defines which portion of lightning will be surely controlled by the protection system. Following that, the striking distance and thus the radius of the rolling sphere can be deducted. The effectiveness Ei, the striking distance R and the peak current value I for each protection class are represented in Table 3.4 [2].

	Lightning protection class
	Effectiveness
Ei
	Striking distance
R [m]
	Peak current value
I [kA]

	I
	0,99
	20
	2,9

	II
	0,97
	30
	5,4

	III
	0,91
	45
	10,1

	IV
	0,84
	60
	15,7


	Table 3.4
	Relation between lightning protection class, effectiveness, striking distance and peak current value [2]


 Based on the hypothesis of the geometrical-electrical model that the leader tip descends unaffected up to the striking point distance, a general model can be derived. For the production of a rolling sphere model, a scaled model of the object to be protected with its external protection system is required. Depending on the location of the object it is also necessary to include its surrounding buildings and objects with since these could be effective as “natural protective measures”. Moreover, for each lightning protection class a different scaled model with a different sphere radius is required. The centre of the sphere is the leader tip, which the upward-moving leaders aim to meet.. The sphere is now ‘rolled’ in all possible directions around the object and the respective points of contact are marked. These points of contact are possible points of impact so lightning capturing gear should be placed there. Furthermore, the natural shelter, based on the geometry of the model and its surrounding environment becomes clear; some points will therefore not need to be protected [2].

At high structure peak points however, lightning has been reported to strike points not determined by the rolling sphere model. This is attributed to the fact that with multiple lightning strokes the tip of lightning moved due to wind conditions. What can be done, is to set around the determined points of impact a range of approximately a meter, in which lightning strokes are equally possible to occur (Figure 3.2) [2].
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	Figure 3.2
	Schematic application of the rolling sphere model [2]


CHAPTER IV

LIGHTNING PROTECTION OF WIND TURBINE BLADES

4.1      Blade structure [4]
Modern wind turbine blades are large hollow structures manufactured of composite materials such as glass reinforced plastic (GRP), wood, wood laminate and carbon reinforced plastic (CRP). CRP is typically used for reinforcement of the blade structure or for special components such as the tip shaft for blades with tip brakes (tip-stall braking mechanism). Some parts and discrete components such as mounting flanges, balancing weights, hinges, bearings, wires, electrical wiring, springs and fixtures are made of metal. At some point in time there were high hopes that lightning would not strike blades made of non-conducting material only, but practical experience has clearly demonstrated that this is not the case. Lightning does in fact strike blades without any metallic components and whenever a lightning arc is formed inside the blade the damage is severe.

The two sides of surface skins of blade are normally manufactured as separate sheets of glass fibre or other composite materials glued together along the leading and trailing edges and to an internal load-carrying structure also made of glass fibre. Inside the blade, there are large air filled cavities formed by the surface skin and the internal structure and stretching the entire length of the blade.

There are several types of blades depending on the control and braking mechanism employed. Four main types are shown in Figure 4.1.

Type A blades use a flap (aileron) in the outer part of the leading edge for braking. On type A blades, lightning attachment points are often on the steel flap hinges, and severe damage is often seen since the cross-section of the steel wires used for operating the flap is usually indufficient for conducting the lightning current.

Type B blades use a tip brake which is retained by a spring and released at excessive rotational speed by centrifugal force. With type B blades, lightning attachment points are predominantly seen within a few tens of centimetres from the outermost tip, or on the sides of the tip at the position of the outermost end of the tip shaft. From the attachment point, a lightning arc is formed inside the tip section to the outermost end of the tip shaft, and from the other end of the shaft an arc is formed inside the main blade down to the steel mounting flange at the blade root. Such internal arcs invariably cause catastrophic destruction to the blade. Blades of type A and B were commonly used with older wind turbines as large as 100 kW. 
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	Figure 4.1
	Types of wind turbine blades [4]


Type C is a modern blade with a tip brake controlled by a steel wire. With type C blades lightning attachment points are predominantly found within a few tens of centimetres from the outermost tip of the blade, or on the sides of the tip at the position of the outermost end of the tip shaft. With type C as with type B, a lightning arc formed inside the tip section between the attachment point and the outermost end of the shaft causes severe damage. On type C blades, damage to the main blade is mostly seen when the steel wire is unable to carry the lightning current. Steel wires used for this purpose are of a minimum diameter of 10 mm or 12 mm for 17 m long blades. Such wires are capable of conducting most lightning currents and thereby protecting the main blade from damage.

Type D is a blade constructed entirely from non-conducting materials. As with the other types of blades, lightning attachment points are mostly found close to the tip. Compared to the other type of blades, attachment points can also be found randomly distributed at other positions along the length of the blade.

Lightning strokes to non-conductive blades may at least partly be explained by the fact that pollution and water make such blades more conductive over time. High voltage laboratory experiments have shown that arc attachments occur to non conducting blade sprayed with saline water practically as if the blade were metallic. In addition, it is known that discharges develop along a surface more easily than through air. In any case, practical experience shows that severe lightning damage to non-conducting blades (type D) is quite common.

4.2 Blade damage mechanism [4]
Typical types of damage at the lightning attachment point are delamination and incineration of the surface composite material, and heating or melting of metallic components.

The worst kind of damage to the blade however occurs when lightning forms arcs inside the blade. The arcs may form in the air filled cavities inside the blade or along the internal surface. Another type of damage is seen when the lightning current or part of it is conducted between layers of composite materials, presumably because such layers hold some moisture. The pressure shock wave caused by such internal arcs may literally explode the blade, ripping the blade surface layers apart along the edges and from the internal carrying spar. All grades of damage are seen ranging from surface cracking to complete disintegration of the blade. In some cases, pressure waves have propagated from the blade struck by lightning through the hub and into the other blades causing pressure damage to them. 

Internal arcs often form between the lightning attachment point at the tip of the blade and some conducting component internal to the blade. With type C, the damage is often limited to the tip section, whereas the main blade is unaffected. Damage to type C main blades has normally been seen when an arc has formed inside the main blade. Typically, this has happened in cases where the steel wire controlling the tip brake was of insufficient cross section to conduct the lightning current from the tip shaft to the hub. With type A, the main blade is destroyed. 

The phenomenon responsible for the severe structural damage to wind turbine blades is therefore the formation of a pressure shock wave around an arc of lightning inside the blade. Minor damage may 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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	Figure 4.2
	Lightning protection for large modern wind turbine blades [4]


4.3      Lightning protection for wind turbine blades
The generic problem of lightning protection of wind turbine blades is to conduct the lightning current safely from the attachment point to the hub, in such a way that the formation of a lightning arc inside the blade is avoided. This can be achieved by diverting the lightning current from the attachment point along the surface to the blade root, using metallic conductors either fixed to the blade surface or inside the blade. Another method is to add conducting material to the blade surface material itself, thus making the blade sufficiently conducting to carry the lightning current safely to the blade root. Variations of both these methods are used with wind turbine blades (Figure 4.2) [4].

4.3.3 Lightning air termination systems on the blade surface or embedded in the surface – internal conductors [4]
Metallic conductors on the blade surface serving as an air termination system or a down conductor system must have sufficient cross section to be able to withstand a direct lightning stroke and conduct the full lightning current. In addition, certain dimensions are needed in order to achieve reliable fixing to the blade surface. The minimum cross-section for aluminium is 50 mm2 and achieving reliable fixing may be problematic as well. Furthermore, conductors mounted on the blade surface may compromise the aerodynamics of the blade or generate undesirable noise.

For lightning conductors embedded in the blade, wires or braids of either aluminium or copper are used.  Several protection systems are described in literature as a metallic conductor connected to the blade root and placed either on the blade surface along the trailing edge of the blade or embedded in the trailing edge. Some blade constructions have metallic conductors placed along both the leading and the trailing edge (type C). In addition, some have metallic diverters placed on the surface around the blade at several positions along the blade, each of these being connected to conductors placed along the blade edges.

Lightning conductors are usually placed inside the blade. Metallic fixtures for the conductor penetrate the blade surface and serve as discrete lightning receptors. Such protection systems are being used on aircraft.

The lightning protection systems used on many blades have such discrete lightning receptors placed at the blade tip. For the receptors at the tip, an internal down conductor system leads the lightning current to the blade root. For blades with tip brakes, the steel wire controlling the tip is used as a down conductor. If the blade is without tip brake, then a copper wire placed along the internal spar is used as a down conductor. For blades with a length up to 20 meters this protection system is regarded as sufficient. With longer blades the danger exists that lightning hits not only the tip but also directly any point of the surface. Such blades are then equipped with several receptors, which are distributed over the entire blade surface. These aluminium- (in addition, copper) manufactured receptors are usually connected by copper or aluminium wires with the hub. In this work, a blade with length over 20 meters was examined. 

4.3.2      Conducting surface materials [4]
An alternative to a lightning air termination system placed on the blade surface is to make the surface itself conducting. In wind turbine blades, that has been made with metal mesh placed along the sides of the blades just under the gel coat. Sometimes the extreme tip of the blade is either made of metal or covered with a metal sheet.

4.3.3 Interception efficiency [4]
The interception efficiency is an issue with the lightning protection methods using air termination systems placed on the blade surface. Solid conductors and segmented diverters on the surface and discrete receptors penetrating the surface must be placed in such a way that the likelihood of lightning attaching to the unprotected part of the surface is reduced to an acceptable level.

The spacing of discrete receptors giving an interception efficiency equal to that of solid conductors would in theory be the spacing where the flashover voltage along the blade surface is smaller than the breakdown voltage of the blade skin. In practice, both the breakdown voltage of the blade skin and the surface flashover voltage will be difficult to establish as variations due to different composite materials as well as influence of ageing, cracks, humidity and pollution must be expected. Furthermore, the interception efficiency of segmented diverters and of discrete receptors will be influenced by the presence of conducting materials inside the blade. That is specifically the case when there are corners or edges in the protection system, points prone to strong distortions and/or increases of the electrical field. This can lead to connecting leaders starting from these points instead of the receptors. Field increases results can be seen at the corners of the conductor (Figure 4.3), or the branches leading to the receptors (Figure 4.3). An air cavity over the conductor can also lead to unwanted ionization processes and consequently to a leader being emitted. Such problems are reasons for improvements to be required.
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	Figure 4.3
	Blade tip (left) and receptor (right) [2]


CHAPTER V

THEORY BEHIND ELECTRIC FIELD COMPUTATION
The complex field problems often occurring in practice are solved today almost exclusively with numerical field computation methods. Contrary to graphic, analytical or also instrumentation methods the numerical method is capable of solving almost all occurring field problems. Depending on the task to be computed it has to be decided which method should be used in order to receive the best results. For all field computations accomplished in this work the computation program ANSYS was used. This program is based on the finite elements method (FEM). The advantages lie in the applicability of this procedure on problem definitions of all dimensions (two and three-dimensional) as well as in the wide variety of possible spacial charges that can be implemented. A serious disadvantage of the FEM is the complex discretisation [2]. For a correct computation the entire field area has to be meshed, but of greater interest is the electrical field only in surfaces and edges. In this chapter the necessary mathematical and physical background for the computation of electrical fields, the basic steps of a numerical field computation process and the philosophy of the FEM are presented.
5.1      Theoretical background [2]
Maxwell's equations are the mathematical basis for the electromagnetic field theory. For the computation of the electrical field strength the equations can be simplified with the help of the scalar potential equation. The potential equation both for the space charge-free and for the space charge-affected field can be derived from the third Maxwell equation. For the space charge-free case the divergence, thus the source density, is the electrical field:
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With the help of the equation (5.2), the connection between the electrical field strength and the electrical potential can be derived by inserting it into the equation (5.1).
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The equation (5.3) is known as the Laplace equation. If space charges are present, we receive equation (5.4):
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For isotropic media (ε = constant.) 
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 applies. Using this equation and equation (5.2) in (5.4) the Poisson equation is derived:
	
[image: image38.wmf](

)

e

r

f

f

=

D

-

=

-

=

grad

div

E

div

r


	(5.5)


The goal is to determine the values of the potential and the electrical field strength in the points of interest in the field area. Each solution that will be produced by use of the Laplace and/or Poisson equations, depending on the dimensions of the problem (2D or 3D), must satisfy the problem’s boundary conditions. The boundary conditions can be computed either by the given geometry as well as by potential and field strength values. Two kinds of boundary value problems, which can occur at the same time, can be considered: 

· Dirichlet problem: the potentials at the outlines are given. 
· Neumann problem: the electrical field strength at certain points is given

For very simple two-dimensional problems the differential equations can be solved analytically. The equation that is used can then be transformed into a coordinate system, which can be applied to each arrangement that needs to be computed every time. For many high voltage-technical arrangements however no analytical solutions exist, so we are led to use numerical methods for them.

5.2      Numerical field computation process [2]
The numerical field computation process is divided into three sections: 
· Preprocessing

· Processing/Solution 
· Postprocessing
A geometrical model of the problem to be computed, which can be in the form of a sketch, a technical design or also a CAD data file, is a necessary part of the whole field computation process.

In the preprocessing part, the given problem is formulated suitably into a procedure-specific input data set. All the data that is needed for the field computation (boundary conditions, physical characteristics etc) must be brought into a suitable form for the computer to process. After the problem is analysed the suitable computation method is to be selected and with it the appropriate computation program. It is to be considered whether various simplifications are possible e.g. by utilization of symmetries. In addition it is to be specified, which points exactly are to be regarded in detail and implemented accordingly. The reduction of three-dimensional models to cylindrically or spherically symmetric geometry as well as opting for viewing only substantial parts of arrangement reduces computing time effectively. The next step is setting the physical and electrical characteristics of the assigned materials. In the last preprocessing step the procedure-specific input data set for the used program is finally generated. The input is made by an interface module. An interface module converts e.g. a CAD program output format into the input format required by the field computation program [1].

For the actual field computation, done in the solution part, the selected numerical field computation method (here the finite elements method, later in this chapter presented) is used [1].

The last part is postprocessing, during which the already available data is used for further processing actions. Goals are the computation of potential and field strength in the desired points as well as the visualization of the results [1].

5.3 Finite element method
The finite element procedure runs in the following steps:

i. Discretisation of the field area: In this step, the field area is divided in individual elements (triangles, squares, tetrahedron etc). At the corners (and if necessary in middle of the lines) of the elements nodes are specified. These nodes belong also to the adjacent elements. This procedure is called also meshing. 
ii. Approximating the potential within an element: Due to the small dimensions of the individual elements the electrical field strength within an element can be taken as constant. For each element now a function for potential distribution is to be found, for which function a functional has a stationary value. The functional for the electrostatic field is the energy stored in the field. It adjusts itself in nature in such a way that it takes its minimum value in the field area. For finding the potential function we can assume a linear approximation. The constants are then expressed by the node coordinates and the node potentials. 
iii. Determination of the element equations: With the calculation of variables, conditional equations for the unknown potentials, under which the energy becomes minimal, are then determined. 
iv. Determination of the system equation: The functional for the whole system is derived from the sum of all element functionals. The minimum is then determined by differentiating and setting the system functional to zero. 
v. Inclusion of the boundary conditions: The developed set of equations has as many degrees of freedom, as the nodes. This reduces the number of unknown quantities and the set of equations becomes solvable. 
vi. Solution of the set of equations: The dissolution of the set of equations supplies the values of the node potentials. For the dissolution of equation different procedures are available.
A triangular element e (Figure 5.1) is set by the three nodes k1(xi,yi), k2(xj,yj). k3(xk,yk) in cartesian coordinates in two dimensions. 
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	Figure 5.1
	Triangular element in cartesian coordinates [2]


The potential φ within the element is described by an unknown function. To determine this function a linear approach is selected.
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Therefore the potential at each node is given by the following equations:
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The set of equations is dissolved after the three unknown quantities (c1, c2, c3). In order to connect all coordinates in one equation, the double of the area A of the triangle e is used (5.10). The next step is partially differentiating equation (5.6) to xe and ye respectively, using also (5.10):
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The power density (w) in the electrostatic field and the energy (W) in the volume are given by the following equations:
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 In the two-dimensional case, for an element of length l:
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Considering equation (5.2), then the energy per unit of length results to: 
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Since ε is a constant in all elements then it can be moved before the integral. For the determination of the minimum of the energy the partial derivatives are set to zero.
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 Three conditional equations for the unknown potentials result.
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, with 
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The set of equations applies to a triangle. If the whole area consists of several triangles, then such a set of equations is to be formulated for each triangle. The individual components are summed to the overall system. The coefficients of the system matrix derive from the addition of coefficients of all parts of the system. Thus, the complete system matrix is formed.

CHAPTER VI

ELECTRIC FIELD COMPUTATION – SIMULATION AND RESULTS
6.1      Presentation of the basic model


[image: image64]
	Figure 6.1
	Realistic portrayal of the basic problem with the vertical leader channel facing the wind turbine at striking distance with one blade vertically upward [2]


In this chapter the geometry on which the basic simulation model is based is presented and the transition from the more complex (and closer to reality) model to the simplified one (and eventually used in this work) will be explained. The goal is for the electrical field strength at the surrounding areas of the conductors of the lightning protection system to be computed. This is caused by lightning of negative polarity, which is in a certain distance to the conductor. The rotor blade that is examined is manufactured completely from composite materials. As already described, lightning strikes can be coincidentally distributed over the entire sheet surface. Nevertheless, most lightning strikes are observed within the range of the blade tip.

Figure 6.1 presents schematically how the conductor and the leader channel are situated in all models simulated. In addition, it clarifies the necessity for simplifications and the reasons why presenting a detailed three-dimensional modelling of the total problem in ANSYS would be very complex and affliated with many problems. The production of geometry was anyway difficult, as the difference between the smallest dimensions (for instance the areas of the receptor branches) and the largest necessary dimensions (4 km height of the clouds above the ground) is very large. This extreme difference has led to problems particularly with Boolean operations (addition or subtraction of surfaces or volumes) which are often deemed by the program impossible, due to the tolerances used in ANSYS. Furthermore, the discretisation of the field area would be very complex. This is particularly the case, when there are transitions from very small dimensions to very large dimensions.

In Figure 6.1 the rotor blade stands perpendicularly upward. The tip of the leader channel is in the same height as the tip of the wind turbine blade. The lateral distance of the leader channel from the rotor blade was selected in such a way that it corresponds to the rolling sphere radius of the respective lightning protection class (as explained before). In the simulation models, it was assumed that the leader channel approximated uninfluenced the structure to the mentioned position. It was moreover assumed (ideally) to be descending vertically from its point of origin in the clouds, without branches. For the height of the clouds a value of 4 km was taken. Consequently, for the leader channel length a value of 3.9 km is taken. For the sum of hub height and rotor radius for all simulations a value of 100 m was taken. This corresponds for instance to the overall height of an often used wind turbine with an output of approximately 1.5 MW. 
In Figure 6.2, the complex geometry of a wind energy turbine was neglected and replaced by a metal bar, with the cross-sectional dimensions of the conductor. One side is facing the leader channel. The length of the bar corresponds to the sum of rotor radius and hub height. The distribution of the charges along the leader channel is determined by the model used after Cooray, Rakov and Theethayi [6], [7] (which will be presented later). With the help of the equations introduced by that model, the charge density distribution can be computed along the leader channel. It is therefore necessary to first divide the leader channel into individual elements. The total load contained in an element can be determined by integration of equation (2.11). This procedure is to be repeated for all elements along the leader channel. In Figure 6.2 the total load in an element is symbolized by a blue point. The peak value of the current was considered with the computation of the charge pattern (see Table 3.4). The conversion of this three-dimensional model to ANSYS will be described in detail later in this chapter. 
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	Figure 6.2
	Portrayal of the simplified model 
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	Figure 6.3
	Lightning protection system of a wind turbine blade with internal conductor and receptors on the surface [2]


6.2      Simulating with ANSYS the model of the vertical leader channel facing the conductor
This model’s geometry was already presented in the previous chapter and it is the basis for all the ANSYS-simulated models of this thesis [2].  
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	Figure 6.4
	Model of the vertical leader channel facing the conductor


A thin metal bar, as can be seen in Figure 6.4 is a simplified representation of both the hub and the inner conductor of one of the wind turbine’s blades, when the blade is perpendicular to the ground and directed to the sky, thus forming a 90o angle with the ground. The dimensions of the conductor’s area are 30.3 mm x 30.3 mm instead of 2.3 mm x 30.3 mm, which is due to difficulty in the meshing later on. The height of the conductor is 100 meters. The leader channel is a 20-meter long cylinder, whose tip is a hemisphere. The radius of the tip is 20 centimetres. If one thinks of an inner line running through the centre of the conductor and one through the centre of the leader channel, these two lines have the same y-coordinate of zero. The black lines represent the actual borders of the model. The distance from the 3 external surfaces of the conductor which are not facing the channel to the surfaces defining the simulation model limits is A = 20 meters. The distance BKR from the channel-facing surface of the conductor to the channel’s inner central line varies depending on the lightning protection class [2].

The charges distributed over the length of the leader channel (blue points) represent a boundary condition during the field computation. The lower surface of the block simulates the ground in all arrangements. In all studied cases a potential of zero is assigned to this surface as well as the conductor. It is recognizable that only one part of the leader channel is considered in the model. This is shown clearly in the presentation of the boundary conditions. The charges remaining in the model are considered directly as a boundary condition. All charges in the leader channel, both the ones remaining in the model and the ones left outside (now fictional charges) are considered as potential all over the surfaces that are the model’s borders (save the ground which as mentioned is at zero potential). These potential values are estimated by use of the mirror charge principle for every node whose coordinates are on all four sides as well as the upper surface. The computed values are assigned afterwards to these nodes. The conversion of this computation is later described analytically [2]. 
6.2.1      Preprocessing
First, the name of the file is specified, in which the geometry as well as the element and solution data are stored (/FILNAME) [1]. Following that, the variables are declared and assigned an initial value. The numerical value of a parameter assigned here should not emerge in the later program execution, because only thus can it be guaranteed that during a change of parameter no errors arise. ANSYS does not distinguish between constants and variables, and the use of variables is comparable with well-known programming languages. 
6.2.2      Producing the model

ANSYS makes a distinction between features whose design is of "lower order" (e.g. points of geometry - keypoints) and of "higher order" (e.g. volumes) [1]. A volume can be composed e.g., first by defining the corner points, afterwards connecting the lines between these points, from the lines producing the surfaces and finally of the surfaces the volume. This kind of model production is called "bottom up method" and can prove a formidable task. ANSYS however does offer a number of basic surfaces (circles, rectangles, triangles) and volumes (cylinder, sphere, cone etc) to choose from. These surfaces and/or volumes can be generated with only one command. The points of "lower order" are then produced along automatically. This kind of the model production is called the "top down method". Both these methods can be combined in one simulation as well. In the studied cases the "bottom up method" was used as it offered a substantially clearer construction of the models for the particular geometry. The commands that were used were BLC5 (conductor, surrounding volumes), SPHERE and CYLIND (leader channel). With the command /PREP7 the pre-processor is called [1].Subsequently, the generation of geometry takes place by points and lines. It is to be also noted that in ANSYS all model data are to be indicated in SI units. 
6.2.3      Material properties

So as to accomplish all computations, the material properties have to be defined. For complex models with different materials this often represents substantial work. Properties such as conductivity or permittivity are to be determined and assigned to the already constructed volumes. Before that an element which supports the desired material properties is to be selected. The selection of the elements is thus crucial. In this study, the electrical field strength can be computed purely statically, since the dynamics of guidance lightning were neglected. 
For this problem definition the element plane123 from the ANSYS library is suitable. This type of element is selected with the command ET, 1, plane123,,, 2 in the model [1]. For all materials in the models a direction-independent permitivity was accepted [2]. The command used was MP, perx... for each material. The allocation of the material properties to the appropriate components takes place before meshing the areas (amesh...) with the instruction MAT [1].

6.2.4      Meshing

In this section the complex and important process of the discretisation is described. The result to be attained becomes more exact in principle, if several and smaller elements are produced. It is to be decided, which areas are of special interest. In these spots a higher expenditure is necessary during the element production. In the available cases of higher interest is the area near the conductor, which is where the field strength is expected to have value variations. To have these areas meshed in more detail , but also because meshing the whole model volume save the leader channel and the conductor would be impossible, two blocks around the conductor with the first slightly smaller than the other were constructed. Both volumes have the same central line running through them as the conductor but are higher and wider by difference of meters. In the first volume surrounding the conductor the elements were therefore produced as small as possible. To avoid inaccuracies, it is also to be noted that the elements do not exhibit extreme angles and geometry differences. A free mesh was selected (MSHKEY, 0). Before that, every single line in the model was divided in smaller parts with the LESIZE command [1].

6.2.5      Setting boundary conditions

With D, all, volt, 0 the potential zero (earth potential) is assigned to all nodes, which lie on the boundary surfaces of the conductor as well as on the lower surface-limit of the model. Before that, these surfaces (asel...) as well as the appropriate nodes on them (nsla, s, 1) are selected [1], [2]. As already described, the charges in the leader channel are a further boundary condition. They are used either directly or serve as fictional charges that apply computed potential values on all four sides as well as on the cover surface of the block defining the model’s limits. The next chapter describes the determination of the charge pattern along the leader channel as well as the different possibilities of the placement of the charges in the model.

6.2.6      Charge distribution along the leader channel
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	Figure 6.5
	Charge densities along the leader channel for the four lightning protection classes


In order to determine the charge pattern along the leader channel, the model was used after Cooray, Rakov and Theethayi (see Chapter II) and based on that, the leader channel was divided into individual elements. The change of the charge density along the leader channel can be computed with equation (2.11). For the four computed cases the charge densities are represented in Figure 6.5. 
The charge Q contained in one single element is received by integration of (2.11). For ξ set equal to z – z0 equation (6.1) that can be applied to each separate element is received.

	
[image: image68.wmf]+

-

+

×

=

=

ò

ò

dz

D

z

D

z

A

Q

y

x

y

x

)

1

(

(z)dz

0

r


	

	
[image: image69.wmf]+

-

+

-

×

+

×

×

×

-

+

ò

y

x

z

z

d

z

z

c

dz

B

z

b

a

2

0

0

0

)

(

)

(

1

)

(


	(6.1)

	
[image: image70.wmf]ò

-

+

-

×

+

×

×

×

+

y

x

z

z

d

z

z

c

dz

z

B

b

2

0

0

)

(

)

(

1


	


Integrating the individual parts gives the following equations:
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Equations (6.2) to (6.8) as well as equations (2.12) to (2.15) were implemented in ANSYS, in order to compute the total charge in a single element. This computation is to be repeated for all elements and is performed in ANSYS over a (* DO...) command. Before that the constant parameters as well as the necessary arrays which define the limits of the individual elements to be computed, the coordinates (only when the charges are substituted by potentials) and the size of the charges stored are defined. 
After their computation, the charges, if they represent a direct boundary condition, were assigned to the node selected before (nsel...) in the leader channel volume with the command (F, all....). This node can either be one node in the central line in the middle, lowest limit or upper limit of the element or all nodes inside the specified element, so the channel is discretised This element refers to a volume of short length and the diameter of the leader channel. In our simulations, the latter was chosen (by choosing the variable VERTEIL to equal 2) and thus the charge for each element is divided equally into all nodes inside and on the surface of that element. First the number of these nodes is counted (* GET, anzahl, node, count) and then the whole charge of the element is divided. It has been however estimated [2] that the mode of the charge distribution along the channel has little effect overall. 

6.2.7      The method of the mirror charges [9]
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	Figure 6.6
	Portrayal of the mirror charge method for the estimation of the potential values [2]


This section describes the conversion of the mirror charge principle to ANSYS. In the simulations all charges in the leader channel, both in the part inside the model and the one which is outside and represented by fictional charges, are replaced with potential values. As already described, these potential values at the coordinates of the nodes, which are on all four sides as well as on the cover surface of the block defining the model’s limits, are determined. Figure 6.6 explains the problem at hand. The leader channel with the discretised point charges (-Q represents negative downward lightning) is in a height of H over the x-y plane. This level, on which also the lower surfaces of the models lie, represents the ground (φ = 0). The point P symbolizes a random point on any of the exterior surfaces of the model [2]. 
The potential that we are looking for is that of point P, which is caused at this random point from all charges existing in the leader channel. This potential can be computed by setting mirror charges in the same distance on the other side of the level. The same amount of charge Q, but positive, is assigned to these mirror charges. A charge and the associated mirror charge produce a potential in point P, which can be determined with the following equation:
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The sum of the vectors 
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can be expressed by the coordinates of the charge, the mirror charge and those of point P. The result is equation (6.10):
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 The whole of the potential value for point P results from the sum of all potential portions caused by every separate charge in the leader channel and its mirror charge. 
For this estimation we need to know the coordinates for point Q, the charge value (Q) as well as the coordinates for node P. The coordinates and the values of the charges have already been stored during the computation of the charge distribution in the array ladung. To determine the coordinates of the nodes, firstly all nodes on the sides and the cover surface were selected, counted and written into a text file (nwrite). With this file the coordinates and also the specific node number are available for the following potential computation. Before that, the data from the file are read (*vread) and stored in an array (koor). Subsequently, the potential computation as well as the assignment to each node takes place as boundary condition (D...). in a double loop (*DO...) for each node [2].

 It must be noted here however that the mirror charge principle is only applicable, if the field and/or the potential process by a structure is not distorted on the reflection level. In the available case however the conductor geometry does cause a field and a potential distortion. Therefore the mirror charge principle for the computation of the potentials is not used according to standards, was nevertheless used to simulate the great length of the leader channel and the conductor. This is naturally the cause for miscalculations [2]. 
6.2.8      Post processing
After the computation of the potential and the field strength in each node and element the results can be evaluated and interpreted. For this task ANSYS provides its own menu option (POST1), offering many ways for presenting the results. With the command /POST1 the simulation enters the post processing phase [1].

In this work, the post processing phase was when certain macros, defined in the beginning of the model were called. The first one was pathplot. This macro would be given the coordinates of two or more points in the model and be used (in our case) to estimate the electric field strength and/or potential values along this plot and produce a graph of it. Another macro used was field_strengths which would produce a .txt file of the coordinates and the values (field strength-potential) of as many points desired between 2 points inside the model. Macro fieldlines would plot the field line starting from a defined point inside the model.

6.3      Various simulated models      

6.3.1     Leader channel perpendicular to the conductor

A change in the geometry of the leader channel gives the second model to be simulated. In this model, the fictional leader channel is supposed to be moving downward vertically from the height of the clouds until it forms a 90o angle at the height of the conductor tip and then moves toward the conductor until a varying BKR distance from it. The channel length that is regarded inside the model is 20 meters. The distance the channel covers from the point of turning perpendicular until it ‘enters’ the model is taken 30 meters. The geometry of the conductor does not change compared to the one of the previous model and the central line running through the conductor and the one of the leader channel  have the same y coordinate of zero in our model.
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	Figure 6.7
	Model of the leader channel approaching the conductor parallel to the ground


The simulation in ANSYS follows exactly the same procedure, save the fact where the leader channel is dimensioned in the model where the command WPROTA is used to rotate the working plane by 90o so that it is parallel to the z axis. The next change in the model is naturally spotted during the estimation of the coordinates of the nodes of the channel part inside the model, which are being assigned certain charge values and also of the nodes belonging to the rest of the (fictional) channel that will be used for the charge ( potential conversion.

6.3.2      Conductor with receptors, parallel channel
In this model, two receptors were incorporated in the model, the first at the conductor tip and the second about 14 meters from the top. The exact geometry of the receptors was based on analytical designs of a 42-meter wind turbine blade, designs supplied by G.E.
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	Figure 6.8
	Model of the vertical leader channel facing the conductor with receptors
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	Figure 6.9
	                                 Left: top receptor                          

Right: middle (lower) receptor


The whole procedure of incorporating the receptors was a formidable task, as not only was constructing the geometry harder but its more complex nature made meshing harder too. The conductor and the leader channel and the rest of the model’s dimensions are same as they were for the first model. The two receptors, presented in Figures 6.9 had a metal branch whose area was smaller than the half of the main conductor’s area. This branch starting from the conductor’s body led to a very thin metal cylinder of a radius of 5.5 centimetres. The top receptor forms a slight angle of 5o with the tip surface level while the second receptor forms an angle of 50o with the x axis but also an angle of 25o with the z axis in the direction of the –y axis. 

With two receptors now in the model, of such complex geometry and with even smaller dimensions than those of the conductor, the meshing had to be very careful and specific. In this model, the need for the two volumes surrounding the conductor was therefore greater. Furthermore there were many more lines to be separated in smaller parts with the LESIZE command. The procedure used for the distribution of the charges along the leader channel as well as setting the potential to the surrounding surface nodes according to the charges of the channel was however the same.

6.3.3      Conductor with receptors, perpendicular channel
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	Figure 6.10
	Model of the leader channel approaching the conductor with receptors parallel to the ground


This model is produced by combining the two last models; the geometry of the conductor and its receptors is the same as in the model described in the last chapter while the geometry of the leader channel is that of the second model described.

6.3.4      Simple conductor/conductor with receptors – no charges in the model
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	Figure 6.11
	Conductor with receptors – model without leader channel


These are two models of either a simple conductor or one with receptors; in both cases the geometry of the conductors is the same as in the previously mentioned models. What changes for these two models however is that no leader channel is regarded inside the model which essentially means that there are no charges inside either model. The geometry of the whole model is definitely becoming simpler in that case as the conductor’s central line is the centre of the model as well; the dimensions of the surrounding block that defines the model’s limits are also decreased, making the meshing easier. The leader channel is now completely fictional (it is considered vertical to the ground for all its length, thus can be connected to the first and third models) and the effect of the charges is estimated only by use of the mirror charge principle.

6.3.5      Blade forming 90o angle with the hub – channel vertical to the ground  
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	Figure 6.12
	Conductor with receptors forming a 90o angle – portrayal of the blade and the hub at 90o angle


The last model to be presented examines the case of the blade (and in the simplified form, the inner conductor) of being parallel to the ground and thus forming a 90o angle with the hub. The two receptors are incorporated in the conductor. Essentially this means a significant change in the geometry of the model as now the conductor extends significantly in the y axis apart from the z axis. The meshing in that case required 3 surrounding volumes around the conductor.

The leader channel in that case is assumed vertical to the ground, at the same height (z coordinate) but also y coordinate as the conductor tip (in this case it is actually the upper receptor tip). The estimation of the charge distribution for the charges that are part of the channel inside the model is done with ANSYS following the usual procedure. The surrounding surfaces nodes are also assigned certain potential values to display the effect of the charges of the channel outside the model.

6.3.6      Variation of certain parameters
Certain parameters that determine the position of the leader channel were varied in different simulations, thus multiplying the number of results to be compared. The distance of the leader channel tip from the conductor was varied according to Table 3.4 and the four lightning protection classes; however changing the striking distance is accompanied by a change in peak current value I as well.

Although in all basic models presented so far the leader channel tip was always at the same height as the conductor top, but that was not the case in all models, as the tip was selected to extend to an extra 7 or 14 meters below the conductor top. These particular values are of interest, especially in the case of the conductor with the two receptors as the represent the middle point between the two receptors or the height of the lower one respectively.

6.4      Simulation results

In our case, the whole concept of selecting the kind of results each model will be chosen to produce was related to upcoming high voltage experiments on wind turbine blades in the High Voltage department of the Technical University of Munich and the logical need for some simulation values beforehand. The basic idea of the experiments is for the rotor blade upper part (the last 16 meters of a 42-meter blade in particular), to be hanging a few meters above a conducting area on the ground, parallel to it. The inner conductor of the blade is to be given high potential values which will result in a breakdown starting from a point on the conductor, breaking through the blade and moving toward the ground, due to the presence of the conducting area. It is in other words an attempt at reproducing the phenomenon of the return stroke as in this case the inner conductor that will be charged. Consequently, in our study was of greater interest the resulting from the channel electric field in the area surrounding the last 20 meters of the conductor.
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	Figure 6.13
	Area of computations facing the conductor


The specific area of the computations was set to be parallel to the side of the conductor that is facing the channel (which is the one to present the highest changes in the electric field) at a distance of 2 meters from it. This area extended from -3 to 3 in the y axis and from 75 to 110 in the z axis and can be better viewed in Figure 6.13 for the case of a conductor with receptors. The purpose of the simulations is to receive the field distribution in this area as it is expected that the electric field strength will be higher in certain points than in others depending mostly on the position of the leader channel in the simulation. The means to reproduce the field strength fluctuations along this defined area in the laboratory experiment is to give the copper plane a certain geometry, conforming with the simulation results. In that sense the points of higher field strength will now be the points closer to the blade, as some areas will be elevated to a certain height. This way, although a uniform potential will be applied to the down conductor of the blade, the charged conductor will be closer to the higher elevated points of the copper plane and the field strength between the conductor and these areas will be higher, hence reproducing the fluctuations along the defined area that are a product of the charged leader channel as it approaches a conductor of zero potential.

Next in this chapter the most important simulation results from the several model variations will be presented and explained analytically.

6.4.1      Results for models with simple conductor

In the case of the simple conductor, the plotting of the electric field strength along the z axis of our area, for the y coordinate being equal to zero (for better understanding see Figure 6.14), for different distances of the leader channel from the conductor, we can notice an increase of the field strength as we move upward, up to the point of the hundred meters that is the conductor’s tip. At this point the field has its maximum value, which is expected because of the sharp edges of the metal bar tip in combination with the fact that it is the closest to the leader tip . After the 100 meter point and thus the end of the metal bar, the strength value decreases rapidly. Although it is the furthest away from the conductor, the channel with the distance of 60 meters displays the highest electric strength values, something not unexpected as the peak current is higher in that case, with a value of 15.7 kA compared to 2.9 kA for the channel with the distance of 20 meters.


	Figure 6.14
	Line parallel to z axis with y=0 along which the electric field strength is plotted 
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	Figure 6.15
	Plotting of the electric field strength along the line parallel to z axis, with y=0 for the case of the simple conductor facing the vertical to ground leader channel and various channel-conductor distances 
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	Figure 6.16
	Plotting of the electric field strength along the line parallel to z axis, with y=0 for the case of the simple conductor facing the leader channel that is parallel to the ground (vertical to the conductor) and various channel-conductor distances


Plotting the same graph (Figure 6.16) for the channel that is vertical to the conductor bears not much different results; we can however notice that the increase in y value is not as intense as in the case of the parallel channel. That is due to the fact that the channel is perpendicular and thus at the same height as the conductor constantly, so it affects the regions of minor height more. 
In another graph (Figure 6.18), we can notice how the strength values rise and fall, in almost perfect symmetry at certain heights along the y axis of our geometry (Figure 6.17). Such symmetries are expected as we are examining the case of a simple conductor without receptors which is a symmetrical solid unit. The results in this case are taken from the model of the simple conductor without a leader channel (only fictional charges in the model). Comparing these results with the model of a conductor with a leader channel of non-fictional charges in the model offers a similar graph, proof that the mirror charge principle has been aplied successfully.


	Figure 6.17
	Lines parallel to y axis with z=75, 80, 85, 90, 95, 100 along which the electric field strength is plotted
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	Figure 6.18
	Plotting of the electric field strength values along the lines parallel to y axis, with z=75, 80, 85, 90, 95, 100 for the case of the model of the simple conductor without a leader channel (no charges in the model)


6.4.2      Results for models with conductor with receptors
The case of the conductor with receptors is of a better appeal, not only because it is closer to reality but also because the two receptors are expected to affect the electric field distribution. The following series of graphs (Figure 6.20) shows the field increase along the z axis, not only in the top receptor but also the lower one, as we move gradually from -3 to 0 in the y axis with a step of 0.5 meters (Figure 6.19). In he model examined the leader channel is parallel to the conductor and at a distance of 20 meters. The point where the lower area has the strongest field is at y = -0,5 m which is the point of the receptor tip (because of its small angle with the z axis, as mentioned before).
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	Figure 6.19
	Lines parallel to z axis with y=-3 (left) and y=0 (right) along which (as well as those lines with y= -2.5, -2, -1.5, -1, -0.5) the electric field strength is plotted
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	Figure 6.20
	Plotting of the electric field strength values along the lines parallel to z axis, starting from the line with y=-3 and moving on with a step of 0.5 until the plotting of the line with y=0 for the case of the conductor with receptors facing the vertical to ground leader channel at a distance of 20 meters 


For this particular model, if the electric field strength for every point of the defined area is plotted in a graph we receive Figure 6.21. This graph should be the basis for the geometry of the conducting copper plane that will be used in the laboratory tests; it is apparent that certain points of the plane should be of greater height and thus closer to the blade sample that will be hanging over the ground-conducting plane – that way the field strength in these points will be greater as the distance between the copper plane and the internal conductor (which will be at a certain potential) will be smaller.
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	Figure 6.21
	3D plotting of the electric field strength values for the model of the conductor with receptors and the vertical leader channel at a 20-meter distance from the conductor along the whole of the computation area


Figures 6.22 and 6.23 show the field increase along the z axis as we move gradually from -3 to 0 in the y axis with a step of 0.5 meters for the models with the leader channel parallel to the conductor at a distance of 45 and 60 meters from it respectively. It is very interesting to notice that for these two models the field increase at the point of the lower receptor is eventually higher than that at the point of the upper receptor (the point where the lower area has the strongest field is at y = -0,5 m in these two cases as well). The reason for that is the complex geometry of the lower receptor (see Figure 6.9) as well as the fact that by increase of the conductor-channel distance the upper receptor and its geometry can be taken into account more as a tip, as it is practically an extension of the blade, with only a slight angle with the x-axis. Thus, the increase at the tip point is not so high compared to the increase at 85 meters. 
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	Figure 6.22
	Plotting of the electric field strength values along the lines parallel to z axis, starting from the line with y=-3 and moving on with a step of 0.5m until the plotting of the line with y=0 for the case of the conductor with receptors facing the vertical to ground leader channel at a distance of 45 meters
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	Figure 6.23
	Plotting of the electric field strength values along the lines parallel to z axis, starting from the line with y=-3 and moving on with a step of 0.5m until the plotting of the line with y=0 for the case of the conductor with receptors facing the vertical to ground leader channel at a distance of 60 meters


Another interesting observation can be made by plotting the electric field strength along the z axis of our area, for the y coordinate being equal to zero for the model with the shortest conductor – parallel channel distance of 20 meters as the channel is extended longer. The extension is first to a total length of 27 and then to 34 meters and the channel tip is no longer in the same height as the conductor tip. The field strength at the point of the lower receptor grows at first significantly higher (at 27 meters) and eventually (34 meters) so high it surpasses the value around the tip point (Figure 6.24). The reason for this is again the complex geometry of the lower receptor that attracts even higher fields as the leader moves lower and thus closer and eventually at the same height. As mentioned before, the upper receptor can be then viewed as just the tip of the blade, as its geometry is not as intense and can therefore be understood how the field increase in that area is not as vertical and great.
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	Figure 6.24
	Plotting of the electric field strength along the line parallel to z axis, with y=0 for the case of the conductor with receptors facing the vertical leader channel, with a conductor-channel distance of 20 meters and varying channel lengths


Taking Figure 6.24 into account as well as Figures 6.22-6.23, it is expected that for the models of both greater conductor – leader channel distance (45, 60 meters) and greater (and lower reaching) leader length the field increase will be even higher as now we have a combination of factors even enhancing that effect which can be easily observed in the following graphs. It is clear especially in the last graph (Figure 6.26) that the lower receptor produces an anomaly in the field distribution so strong that the upper receptor now longer presents a field increase. 
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	Figure 6.25
	Plotting of the electric field strength along the line parallel to z axis, with y=0 for the case of the conductor with receptors facing the vertical leader channel, with a conductor-channel distance of 45 meters and varying channel lengths
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	Figure 6.26
	Plotting of the electric field strength along the line parallel to z axis, with y=0 for the case of the conductor with receptors facing the vertical leader channel, with a conductor-channel distance of 60 meters and varying channel lengths


The effect of the lower receptor in the field distribution and how that is enhanced by an extension of the leader channel can be realised by observing Figure 6.27 that follows, which plots the field increase along the same line of the z axis for y=0 for the model of the simple conductor with a vertical leader channel at a 20 meter distance from it. The variations in that case were for a leader length of 20 and 34 meters, except in the case of the simple conductor there is no receptor at the same height as the channel of 34 meters. The graph shows no difference in the field distribution between the shorter and longer leader channel as there is no anomaly in the conductor geometry to possibly attract higher fields. 
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	Figure 6.27
	Plotting of the electric field strength along the line parallel to z axis, with y=0 for the case of the simple conductor facing the vertical leader channel, with a conductor-channel distance of 20 meters and varying channel lengths


As mentioned earlier in this chapter, the post processing phase of the simulation in ANSYS involved calling specially compiled macros, one of which, fieldlines would plot the field line starting from a defined point inside the model. In Figure 6.28 that follows, several points, in various heights, a few centimetres away from the conductor were chosen and by use of the macro, the field lines were plotted. As expected, all field lines lead to the leader channel tip.
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	Figure 6.28
	Plotting of the electric field lines, starting from various points in the area surrounding the conductor and leading to the leader channel


CHAPTER VII

CONCLUSIONS - FUTURE WORK
The main task of this thesis has been the modelling of the leader channel as it has been extended from the cloud to the direction of the ground until a striking distance away from the wind turbine blades. Examining the theoretical background of the phenomenon as well as the geometry, structure and functions of the wind turbine and taking for granted the capabilities it was drawn as a first conclusion a need for simplifications in the model. This has been analytically presented in the previous chapter and more clearly in Figures 6.1 and 6.2, that show both the realistic case and the simplified model used in the simulations with ANSYS. 

Following the simulation procedure for several cases varying the geometry and structure of the blade (with or without receptors) as well as the position of the lightning channel inside the model, the results received are to be used in forthcoming laboratory experiments of high voltage being applied to a wind turbine blade to define the effectiveness of the protection system. After a general review of the results, a second conclusion can be deducted; the field distribution along the defined area of the simulations varies according to the model simulated and more specifically the position of the descending leader channel inside the model. Concerning the laboratory experiment, that should suggest that the conducting plane to be constructed should have a variable geometry according to the simulation reproduced. This would however mean that a number of experiments should have to take place, which is possibly difficult because of the cost that would accompany it, as each experiment results in a destroyed (from the breakdown that will eventually occur) wind turbine sample. It is therefore proposed, unless the effect of certain positions and geometry is desired to be reproduced independently, that the values of the field strength distribution in the defined area for each different model are used to produce a field strength distribution (and a geometry of the conducting copper plane consequently) with the median values that derive from all models.

Examining the simulation results more specifically, the difference between the models of the conductor with and without receptors is noticeable. In the model of the bare conductor, the field strength rises as we move toward the tip of the conductor and thus the blade’s. There is also a certain symmetry along the width of the defined area. In the case of the conductor with receptors however, the influence of both but mostly of the lower receptor is visible as there is a field strength increase at its height. Depending on the position and length of the leader channel taken into account inside the model each time, the field strength at lower receptor height can even exceed the value at tip height, proving the effect of the complex geometry of the lower receptor. This would demand that the geometry of the conducting copper plane, to be used in the laboratory tests, reflects the effect of the receptors in the field distribution.

As suggested further work beyond what has been covered in this thesis come naturally the laboratory tests on wind turbine samples in order to achieve a breakdown. The setting up of these tests should be based on the simulation results of Chapter VI. These experiments are expected to give valuable insight as far as the effectiveness of the lightning protection system of the blade is concerned. 

Apart from realistic tests though, further work can be done in the simulation sector as well. It is proposed, based on the simulation in which the leader descends vertically to the height of the conductor tip and then moves parallel to the ground toward the conductor to examine the cases of the leader descending up to a higher point than the tip. The leader then moves till the point of the striking distance forming an angle with the z axis. Starting from the case of the leader moving parallel to the ground, which is an angle of 90o with the z axis until the case of the totally perpendicular channel (angle of 0o as the leader forms no ‘branch’), both presented in Chapter VI, certain ‘branch’ angles from 0o to 90o can be examined to determine how the field strength distribution is affected.
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