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Abstract— lightning constitutes the greatest threat to wind panaustry. The characteristics of the distributed eledteld
prior to lightning strike plays an important role in detiging lightning discharge attachment point as well as theiefcy of
wind turbine protection systemis was assumed that electric field due to upward initiiggdning might be the same as that of
downward initiated lightning. However, more lightning dassmghich are upward initiated are now highly recorded.isrpidper,
the blades of a modern sized wind turbine (Vestas V100 vik\V2rated power, 100 m rotor diameter, and 49 m long blade
rotated from 0 to 360 degrees and used to investigatehtaracteristics of the distributed electric fielouad an operational wind
turbine. The model of the extended vertical tri-pole cldwuatrge distribution model developed with finite elensamdlysis is used
to study the variations in maximum electric field sttarrgquired for the initiation of upward leader. By compathng electric
field strength as the blade is rotated, the field behdvievaluated. In addition, experimental evaluations aréedsout to support
the findings. Result shaved that the field around the blade surface and the recept@nfupward initiated lightning is more
complex than was assumed and different from downward edtiaghtning. This will consequently affect the proficierudythe
protection device.

Keywords: FEM; lightning; protection; receptor; wind tumi

1. INTRODUCTION

Modern wind turbines have become more prone to lightetrike due to their ever-increasing heidfield survey
has shown that the number of lightning strikes growi@surbine height increasdsghtning to modern tall wind
turbines are majorly upward initiated and lightning torsér wind turbines are majorly downward initiated. Upavar
lightning flashes have been observed to incept or inifiate tall towers (Diendorfer 2011), in America, in Japan
(Wang, Takagi et al. 2008u, Wang et al. 2009), in Europe (Miki, Rakov et al. 2dDfEendorfer, Pichler et al. 2009
Zhou, Diendorfer et al. 2012), and has been observeddorbmant at the Gaisberg Tower (Zhou, Diendorfer et al.
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2012). Upward lightning flashes has also been reported tadgered (Lyons, Nelson et al.) by wind turbines
(Rachidi, Rubinstein et al. 2008/ang, Takagi et al. 200&lontanya, Velde et al. 2014). An assessment of currents
of upward lightning that were measured in tropical regions pvesented in (Guimaraes, Araujo et al. 2014)

The lightning strike incidence to wind turbine is gengrallaluated based on probability of downward lightning
attachment and does not account for upward flashes. Howe\be presence of a thundercloud, tall wind turbines
are increasingly subjected to upward lightning attachreelftriggered by the wind turbine, this can signifityan
increase the number of lightning strike to a wind tuebper annual (Diendorfer 2015), and is considered to be the
main mechanism of lightning damages (Rachidi, Rubinsteih 2008). Alex Byrne and Matthew Malkin (Byrne and
Malkin), discussed wind turbine lightning protection system’s field performance assessment and suggested that
increased risk for investments and insurance premiumanid industry is due to poorly understood interaction of
lightning and wind turbinedAlso, the IEC 61400-24 approach to lightning damage risksgsnent focuses more on
downward lightning, and less on upward lightning. The desigitsl provided in IEC 61400-24 are for downward
initiated lightning only, whereas, upward lightning hasrbéund to have different characteristics than downward
lightning (Diendorfer 2010Diendorfer, Zhou et al. 2011\lso, upward leader’s physical properties in nature have
been found to be unlike those of leaders in the laboréBegerra and Cooray 200Becerra and Cooray 2008)
Fundamentally, lightning attachment process of downwardniigh are different to those of upward lightning, and
as result, likely point of upward lightning attachmentsusreertain. This is a major problem for modern windiheb
because lightning protection systems, the Electro @&irrModel (EGM) methods currently in use were designed
considering downward lightning. In other words, existing ptaircsystems are designed considering downward
initiated lightning, these protection systems might Ioe effective for upward lightning. According to a paper by
Vidyadhar Peesapati and lan Cotton (Peesapati and Cotton 2009);

Existing turbine lightning protection systems have been shoasorably effective for downward initiated lightning
but there is an underlying risk in assuming the same systdimgowik for upward initiated lightning (Peesapati and
Cotton 2009)

The efficiency of a lightning protection systems depenmdthe proper placement of the air-terminal which in turn
depends on the understanding of the distributed electric Tibld imply that the behavior of electric field dibtition
around a wind turbine is pertinent to the design of titeding protection system.

Electric field due to downward initiated lightning ha®ibénvestigated in literature, however up till now, tia¢ure
and properties of upward initiated lightning and how tHégcathe proficiency of the protection device has restrb
considered. Incidences of lightning damages which are upwéiedediare highly reported recently.

Therefore, understanding the characteristics of thteilglited electric field prior to upward initiated lightgi strike

is necessary in the design of modern efficient protadiievices. In this paper, the blades of a modern sized wi
turbine (Vestas V100 with 2 MW rated power, 100 m rotomdier, and 49 m long blade) are rotated from 0 to 360
degrees and used to investigate the characteristice afistributed electric field due to upward initiated lightning
around an operational wind turbine protected with adgeptor. The same concept of evaluation methodolody tha
have been published in (Godson, Begam et al. 28tbdson, Begam et al. 201'khazuangbe, Begam et al. 2019
Ikhazuangbe, Begam et al. 20lhazuangbe, Begam et al. 2019) are utiliZéte simulation is done with COMSOL
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Multiphysics software and it is considered that the ntagdriof the electric field strength distributed on thedwi
turbine model determines the point of upward leader inagptiads also considered that the proficiency of the
protection systems depends on the value of the distribgettielfield, i.e., larger the electric field strengthtbe
receptor and lower on the blade surface, the higheprtbfeciency of the receptor. By comparing the eledietd
strength as the blade is rotated, the electric fieldtdugpward initiated lightning is characterizdd addition,
experimental evaluations are carried out and the predigfeithing attachment locations on the blade surfaces are
qualitatively compared with result from the numericaprapch. The results are very important in the future
development and design of efficient lightning protectisteays. The rest of the paper is organized as follovesioBe

2 deals with thundercloud and wind turbine model design,ew8éction 3 contains results and discussion on
simulation, Section 4 deals with experimental evaluaiod Section 5 deals with results and discussion on

experimental evaluation, Section 6 finally concludes thpepa

2. THUNDERCLOUD AND WIND TURBINE MODEL
Lightning attachment to wind turbines has gained atieptivith many research works focused on downward
propagating lightning. Nevertheless, a few work, done oraupyropagating lightning (Particularly due to electric
fields from winter clouds developed at lower altitudes) lmasva that apart from the fact that tall wind turben
increase the number of lightning strike, due to rotatimirbines are triggering their own lightning (Rachidi,
Rubinstein et al. 20Q08Vang, Takagi et al. 2008lontanya, Velde et al. 2014), indicating that large portiothef
lightning that attach to a wind turbine are upward aiéti.
Upward lightning flashes are initiated from the enharagrof the electric field produced by thundercloud charge or
close lightning discharges (Wang, Takagi et al. 2@08u, Diendorfer et al. 2012). The critical ambient eiedield
also known as the stabilization electric field for thigiation of stable upward leaders from wind turbinesdpiced
during thunderstorms consists of two main components; @glbhv increasing componehoug due to the charging
process of thunderclouds and (b) The fast electric fieldgghaomponenE .4 Upward leaders in self-initiated
upward lightning are majorly influenced by the slowlyrzmsing electric field componeBtiouq, With a rise rate lower
than 1 KV/m/s (Cooray 2010) i.e., during the inception dblstapward leaderd;coud is considered to be constant
because this process has duration of around few hundredgetorals. However, upward leader models are still being
investigated.
For upward propagating lightning from wind turbine, as moeed above, the electric field in the air is near unifo
being produced by the cloud and not by a stepped leader. dieefef upward leader formation, the strong influence
of the stepped leader position is eliminated, and the fomaill be dominated by the wind turbine geometry and
the electric field distribution.
The charge structure in a thundercloud is usually replicatetirbe vertical stacked point charges or spherically
symmetrical charge volumes. It consists of a vertitgdole made from a negative charge and two positivegesar
Details of the vertical tri-pole charge used in this worgiven in (Godson, Begam et al. 2017).
In order to analyze the maximum electric field strength reqUoedhe initiation of upward leaders from wind

turbines, the information from the cloud model is commt with the wind turbine model in the simulations A
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illustrated in (Godson, Begam et al. 2017), the verticaddle model is used to create an ambient field repriegent
uniform electric field due to cloud charge distribution at 2@ave ground.

The wind turbine modelsed in this paper is a vesta’s wind turbine V100 with 2 MW rated power, 100 m rotor
diameter, swept area of 7.85%amd a 49 m long blade. V100-2MW is a horizontal axis winbirie with three blades
shown in figure 1 (b). The receptor is integrated ineorttodel design, grounded through the down conductor so as
to take the lightning current to ground. Details of thedrurbine and the receptor is given in (Godson, Begaah et
2017 Godson, Begam et al. 2017).

The model used for rotation evaluation is shown in Figure Ifee evaluation is done as the blade is rotated through
-60, -55, -50, -45, -40, -35, -30, -25, -20, -15, -10, -5, 0, 518020, 25, 30, 35, 40, 45, 50, 55 and 60 degrees from
the vertical position. The blade in the vertical positi® referred to as blade A and only the results for bfadee
provided in this paper. Also, values are obtained fronbldwde tip, leading edge, trailing edge and the receptor tip.
The focus is on characterizing the electric field duepward initiated lightning by obtaining the maximum electric
field strength required for the initiation of upward leades ttuthunder cloud charge. The peak currgnidpplied

is 30 kA chosen because it represents the general sitwdtiightning strikes (Ancona and McVeigh 2001).

Angle of rotation of Blade A
away from vertical position —T fj— — Reteplor

Blade length

i ‘ | ] e
_ -*.@H -—— —_— Nacelle

‘ — e Tewer
|
Hub height

GROUND

Figure 1. (a) Model used for rotation evaluation. (b) Wind turbiodel

The electric field due to thunder cloud charge can be caécllsing electrostatics equations. The governing equations
are solved with FEA software COMSOL Multiphysics ahd tomputational domain is shown in Figure 1.
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3. RESULTS AND DISCUSSIONS ON SIMULATION

This section presents the evaluation of the maxiralaetric field strength on the surface of the blade anthen
protection device as the blade is rotated from O to 360 degree positions with higher electric field strength are
considered to have higher possibility of inception of upweedler. Results are plotted and compared for values
obtained from the blade tip, leading edge, trailing edgetenceceptor tip. The proficiency of the protectiostesns
depends on the value of the distributed electric field. Bypasmg the electric field strength as the blade is edtat
the electric field due to upward initiated lightning is chanémbe.

In order to characterize the electric field due to upwarthted lightning, the simulation is first conductedtbe
wind turbine without the receptor and then the recepst@pplied as the blades are rotated. Figure 2 (a) shaws

unprotected wind turbine and Figure 2 (b) presents protedted turbine while Figure2 (c) shows the rotated state

Figure 2 (a) Unprotected wind turbine, (b) Protected andR@pted state (Godson, Begam et al. 2017)

The wind turbine is protected, by activating the remeptfield enhancement is seen as shown above. Defails
activities around an activated receptor such as upwartiveosolarity for streamer activities, the negativdapity
going to ground through ground wire, positive polarity om bhade surface and the produced corona charge which
lowers the electric field on the tip inhibiting the oceurce of a streamer are shown in (Godson, Begam et al. 2017
Figure 3 shows the maximum electric field distributdure to cloud charge as blade A is rotated from -60 to +60
degrees from the vertical position. These positions-&6e;-55, -50, -45, -40, -35, -30, -25, -20, -15, -10, -5, 0, 5, 10,
15, 20, 25, 30, 35, 40, 45, 50, 55 and 60.
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Figure 3. maximum electric field distribution due to cloud dgeaas blade Ais rotated from -60 to +60 degrees from thealertic
position.

The plot for -25 degrees is not shown, this is beca2salegrees could not generate a plot perhaps due to mesh.
Changing the mesh size at this stage may underminesthle @onsequently, no values are obtaireedHis position.
The resultdor maximum electric field strength distributions for vaisaconfigurations obtained from the blade tip,

leading edge, trailing edge and the receptor tip, as blasieotated are shown in table 1 and plotted in Fig. 4-7.
Table 1 Values for maximum electric field strength (k\vbijained.

Angle from | Bladetip | Leading | Trailing | Receptor
vertical Edge Edge

-60 19.79 39.80 -0.66 29.28

-50 2253 41.80 286 36.34
-45 26.53 4291 6.36 42.89
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-40 30.78 44.27 8.00 29.16
-35 3573 44.46 1349 56.13
-30 38.92 44.44 1757 65.96
-25 41.93 4410 2191 68.67
-20 49.46 4140 29.85 80.44
-15 54.54 39.89 3824 8215
-10 56.70 36.48 40.14 90.46
-5 56.43 29.46 46.81 89.71
0 59.06 20.05 55.61 85.26
5 55.67 1528 5551 86.04
10 54.29 1144 52.95 6341
15 51.20 514 58.70 76.10
20 4931 112 56.95 69.39
25 41.99 -2.33 53.61 66.20
30 37.66 -6.23 50.80 56.87
36 35.94 -957 50.82 6144
40 30.49 -11.67 4350 4312
45 26.02 -13.42 40.39 3538
50 2133 -14.70 38.75 3129
60 19.79 39.80 -0.65 29.28

To characterize the distributed electric field andhow the clear difference, both Radar and Area chieetplatted
in each case for the Blade Tip, Leading edge, Trailing Bddehe Receptor Tip. The receptor tip refers toltwdrec

field distribution at the upper part of the metallic receptor.

A. Blade Tip

The area and radar plots for the electric field distriloutin the surface of the blade tip is shown below inrEigu

Blade Tip Blade Tip
70000 &0

60006

50 -46

30000

20000

10000

ElectricField Strength (¥/m)

[=]

Joggg 50 755°50-46-40-35-30-20-15-10 © 10 15 20 26 30 35 40 35 50 55 60
= LU

Rotation (Degrees) 5

Figure 4. The (a) Area and (b) Radar plots for the elegtctdistribution on the surface of the blade tip

From the area plot in Figure 4 (a), starting from -60 eegon the rotation axis, the electric field distidutat the
blade tip is minimum (19.79 kV/mgt -60 degrees, increasing slightly uniformly to -10 degreesthen a slight
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decrease afterward. The electric field distributicmchees maximum at 10 degrees, after which it decreasbyslig

uniformly until it reaches 60 degrees.

The radar plot is shown in Figure 4 (b). The electric fistribution on the blade tip due to upward initiatedthging

is fairly smooth and point of lightning attachment is lggmiedicted from the value of the distributed electric field.
B. Leading Edge

The area and radar plots for the electric field distidm on the surface of the blade leading edge is shovewliel
Figure 5.
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Figure 5. The (a) Area and (b) Radar plots for the eleetitdistribution on the surface of the blade leading edge

The area plot for the electric field distribution a tilade leading edge is shown above in Figure 5 (a). Stédimg
-60 degrees, with electric field of (39.80 kV/m), it incged slightly and remained slightly uniform until it begias
decrease at -35 degrees with electric field value of (4&/4®). It finally falls to zero at 30 degrees and beyond.
The radar plot is shown in Figure 5 (b), the eledteld distribution on the leading edge due to an upwardbeiti
lightning is fairly smooth though slightly rougher than thathef blade tip and point of lightning attachment can also

be easily predicted from the value of the distributed elefitid.

C. Trailing Edge
The area and radar plots for the electric field distidoubn the surface of the blade trailing edge is showombid
Figure 6.
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Figure 6. The (a) Area and (b) Radar plots for the elegtccdistribution on the surface of the blade trailing edge
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The electric field distribution on the trailing edge is veoygh as showm the area plot in Figure 6, i.e. it is not as
smooth as that on the leading edge. As usual, starting@®@ialegrees with minimum electric field distribution below
(0 kV/m), increasing slightly uniformly to O degrees (55.61 k)/&nd then a slight decrease after which reaches
maximum at 15 degrees (58.70 kV/m) and 30 degrees (50.80 kV/m)nltédoeeases slightly uniformly until 60
degrees.
From the radar plot in Figure 6 (b), the electric fieldtrdbution on the trailing edge due to an upward initiated
lightning as compared to blade tip and the leading edgeatsviedy rough and point of lightning attachment can also
be predicted from the value of the distributed elecieid f

D. Receptor Tip

The area and radar plots for the electric field distriputn the surface of the tip of the receptor is shoglavbin

Figure 7.
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Figure 7. The (a) Area and (b) Radar plots for the eleattit distribution on the receptor tip

The electric field distribution on the tip of the recepsoshown in Figure 7 (a) above. These values arengutdiom

the tip of the receptor (a point on the receptor ctasethe blade tip). The plot is rougher than thatioleh from the
surface of the blade. Starting from -60 degrees, withraddald distribution of (29.28 kV/m), increases uniformly
to -45 degrees to (42.89 kV/m), it then drops sharply atlegPees to (29.16 kV/m). The electric field distribution
then increases slightly uniformly until it gets to rimadm at -10 degrees (90.46 kV/m), after which it falls irredyla
until 60 degrees (29.28 kV)m

The radar plot for the electric field distribution on theeptor tip due to upward initiated lightning is shown abave i
Figure 7 (b). As compared to the blade surface (Bladéetiging edge and the trailing edge of the blade), the fiel
plot on the receptor tip is characterized by very rougfasel and as usual, point of lightning attachment can be
predicted from the value of the distributed electric fidlide complex nature of the field distribution on the receptor
though explains why the receptor is the most attraptiuet for lightning attachment, however, due to the roughness
it is also possible at some point for the receptorettebs attractive, consequently, lightning will strikieeotpart of

the wind turbine instead of the receptor.

4. EXPERIMENTAL EVALUATION
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This section describes the validation of the simutativodel used in characterizing the maximum electric field
strength required for the initiation of upward leader fromdaturbine. High voltage test is carried out to study the
development of streamers. Also, the conductivity of tlaeldo samples is also considered. Obtained experimental
results are compared with that of simulation and thesudsed.

4.1. Experimental Setup and Procedure for High Voltage Strike Witaat Test

The high voltage strike attachment test is usually appliedetermine specific lightning attachment points on a
structure. The main idea is to know from where upwaréhted leaders or answering leaders are emitted.

The test arrangement is intended to result in initiatioglegtrical activity, such as corona, streamers andleai@
wind turbine blade just before a lightning strike attaehinlmmediately ionization of the air at the wind togblade

test specimen is initiated, the incepted streamerpnigress towards the ground which has a large geometrisan
intended to represent an electric field equipotential seidame distance from a blade extremity. In this maniner,
influence of the external test electrode on test resuttsriimized. Figure 9 shows the sefapthe test arrangement,
this include; high voltage generator, blade test specimegrandd. This test setup is chosen because it usuallysall

a larger dimension external electrode (i.e. a conductivacaidn the floor of the laboratory) and a more réalist
electric field environment during the test around the bapdeimen to be provided. The test is performed by el@vatin
the specimen above a grounded test plane in a high voltagyatiery. This grounded plane simulates an equipotential
plane of the electric field between the blade tip andproaching lightning leader of a downward initiated ligidni
flash or the static background electric field present pa@n upward initiated lightning flash.

There are a number of lightning protection methods asewind turbines, these includes; Receptors, Met@bip,
Metallic Conductor on the Blade Tip, Mesh, Ring ElectrodavéZeh 2012) and the Backside Electrode (Minowa,
Sumi et al. 2012) methods, also the combined cap anptoesenethod recommended in (Ikhazuangbe, Begam et al.
2019) for offshore wind turbines. However, modern onshoral wirbines are predominantly protected with the
receptor method. More also, multiple receptors on thaelitas been a focus of research but the single tip receptor
method has remained the preferred choice. Thereforg,thal single tip receptor method is considered in this
experiment.

The receptor though effective (Shindo, Asakawa e2@il1), also failed in so many instances as mentionedahn (
and Shigeru 201X okoyama 2011). The efficiency of the receptor is depenateits interception proficiency which

is its ability to intercept a lightning stroke. This sigty dependent on the characteristics of the electric field
distribution.

The test aims at characterizing the electric fieldrithistion due to upward initiated lightning achieved by thkig

of the distributed electric field and to determine to whpoimt lightning discharge will attach on the wind turdoi
blade. The test environment experienced by the windeifiiade is similar to real lightning situation and thé&ent
blade is totally affected by the external field prior togatiing strike.
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The high voltage waveform used is a double exponential smidigpe impulse voltage with rise times in order of
50-250us and decay times of 2000us. This voltage wavefornfeigezk since it is the most representative of the
electric field in the vicinity of a structure during anitial leader attachment.

4.2. Test Specimen

In order to assess the normal distribution of the pointssohdrge attachment on the blade surface, a large sizeéd win
turbine hit by natural lightning strike is experimentally regdiwhile it is rotating, this can only be done in theiradt
lightning laboratory such as in Florida. The protecgoaluation is done using 3 m blade tip section thapisraof
Vestas V100 wind turbine, with 2 MW rated power, 100 m rdtameter and 49 m long blade made of glass fibers
reinforced polyester, cut from an actual blade. This isizglopted because most of the lightning attachments are
located in the tip area of the blade. As compared ksdale wind turbine, testing with small specimeks B m of a
full-scale length makes it possible to perform manystedthin a limited amount of time and the durationtfor test

in this experiment is within one week. The elevated blageisen is connected to the output of a Marx generator
injecting high voltage impulses into the lightning protattsystem (receptor) of the blade. Blade thickness is 10 cm
chamber length: 0.9 m, maximum chord 3.9 m. The bladentted from 0 to 360 degrees and used to investigate
the characteristics of the distributed electric fielduad an operational wind turbine. The receptor isquak 5m

(Godson, Begam et al. 2017) from the blade tip.

During the experiment, the applied receptor is connected todtbrough a down conductor of 6 rhoross section

area embedded in the blade. A receptor fixed in a bladedipign in Figure 8 below.

{ -__> — Tip receptor

—— Wind turbine blade

Figure 8. Areceptor fixed in a blade tip
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4.3. Test Setup

The tests are performed on the test setups illustratédune 9 having the blade specimen elevated above a ground

plane in the high voltage laboratory.

High voltage Generator

8

llig

‘ Voltage Divider

I

Camera 2

Figure 9. Initial leader attachment test setup

It includes the following:

1. The blade sample described above,

2. Marx generator with resistances and capacitances coadiga generate desired voltage waveform.

3. Voltage divider and additional measuring system

4. Digital camera used to determine and show the discharge a#tatchoint to the blade sample.
The size of the ground plane below the blade tigrigd enough to avoid discharges from the blade to the edtes of
ground plane.

4.4, Test Procedure

The Marx generator is adjusted to produce double exponenttagowaveforms D with positive and negative
polarity. The blade is then suspended above the ground pitmalidistances as shown in figure 9. The output of
the Marx generator is connected to the down conductor itiselblade sample and the down conductor is then
connected to the lightning receptor.
Five pulses are first applied to the model blade withagg®r, then the receptor is applied, and the bladeaterbt
from 0 to 360 degrees, picture is taken at each dischaigle.viltage strike attachment test is performed with the
test specimen blade positioned in different orientationprascribed by IEC 61400-24. In each orientation, the
position of the blade is changed as well as the condiyctif/ithe blade and the steps are repeated. Polluted blade
surface was achieved with salt contamination 10 g/l solafi@odium chloride (NaCl) sprayed on the surface of the
blade. The waveform for each discharge was recorded andhirtase; the peak value and the time to flashover was
determined. Determination of the attachment points waterpassible by capturing images of the discharge with a

digital camera.

WWw.ijrp.org



Godson . Ikhazuangbe / International Journal of Research Publications (IJRP.ORG) @ JJ RP. 'ORG
ISSN: 2708-3578 (Online)

307

As the blade rotates, it was tested, and special iattewas given to selected five positions which are pertiteen
investigate the performance of wind turbine lightnirrgtg@ction systems on initiation of upward leader. These
positions are shown in Figure 10. They are; (b) vertigl 4% (Trailing edge facing the cloud) (TEFC), (d)°45
(Leading edge facing the cloud) (LEFC), (e) horizontal (Trailing edgedahe cloud) (TEFC), and (f) horizontal
(Leading edge facing the cloud) (LEFC).

In the experimental configuration, compared to the simulatiee blade in the vertical position referred to asfaci
the cloud is pointing directly downwards towards the grouadgylwhere after the tip was pitched in steps of 45°.
Also referred to as 45°, Leading or Trailing edge facirgdbud.

\e __-a.l

@) N\
// (d) 45°
S ~ Leading edge facing the cloud
(c) 45° L/
Trailing edge facing the cloud ' o
1 _5')
(f) Horizontal
— (e l\ Leading edge facing the cloud
(h) (e) Horizontal )
Vertical Trailing edge facing the cloud

Figure 10. (b, ¢, d, e and f) Arrangement of blade sample

A 3 m GFRP blade tip elevated above the ground elecincal¢éaboratory is shown Figure 11.
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Figure 11. A3m GFRP blade tip elevated above the ground electro

4.5, Experimental Conditions

The protected blade tip was tested as the blade positisrthanged and the test conducted according to IEC 61400-
24. The experiments were performed with the model bladessehigh-voltage electrode. The receptor is a disk-type
with a metal disk of size in mm diameter, it is covendith a flat metal braid set on the surface of the rhbtiade.

The polarity of the applied voltage is positive and negative

The polarity of the charge removed from the thundercloudbeansed to sub-divide lightning into negative and
positive flashes

A negative flash results in negative charge being trandfesrde earth from the thundercloud. They are the dorinan
type of lightning flashes, around 90% of all cloud to gdywexhibiting the steepest current impulses (highiégt)d

A positive flash lowers positive charge from the tthencloud to the earth, around 10 % of all cloud to grounddtgsh
exhibiting the most powerful current parameters (high€@and W/R.

The experimental results follow a regular pattern for bothtipesand negative polarity and are similar to that in
literature, however, since negative flashes are ti@rdmt type of lightning and are more pertinent to the ptese

experiment, only results for negative polarity are present
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5. RESULTS AND DISCUSSION ON EXPERIMENTAL EVALUATION

5.1. Experiments with and without Receptor on the Model Blade
The test results are summarized as follows.
(1) Experimentswithout receptor on the model blade
Without the receptor, discharge to the model blade occatréifferent points.
(2) Experimentswith receptor on the model blade
The experimental results are shown in Table 2. The sesdtsummarized as follows.

a. For blade tip facing the ground (Also referred tovesical position in Figure 10), whether polluted or
unpolluted, 100% of the discharge initiated from the receptor.

b. Inthe case of 4{Trailing edge facing the cloud) (TEFC), 95% of the dischargiated from the receptor,
however, 5% of the discharge initiated from the blade rigai#dge and was more for the polluted blade
condition.

c. Inthe case of 45Leading edge facing the cloud) (LEFC), 98% of the dischaitjated from the receptor,
and 2% of the discharge initiated from the blade leaditge and was also more for the polluted blade
condition.

d. In the case of horizontal (Trailing edge facing the cldli@&FC), the observation was similar to (b) above.

e. In the case of horizontal (Leading edge facing the cloud) (LEFE€Ygeiteptor performance at this position
was relatively better, 99% of the discharge initiatetnfthe receptor.

Other forms of discharge were also observed, puncturieatiges from inside the blade sample to the groundractur
In some cases, discharge incepted from a receptor pragj@ssee blade surface and then terminated to the ground.
Image of a negative discharge terminating on the grousttbisn in Figure 12.

Discharge to ground

Figure 12. discharge from the blade tip towards the ground plane.
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Table 2. No of discharge initiation for a blatdeground gap

Blade tip | Blade tip| Leading| Trailing | Receptor
angle from Edge Edge
ground
plane
o0’ 1 1 0 18
450 1 1 0 18
o 0 0 0 20
45° 2 0 2 16
900 1 0 2 17

Different blade configurations were tested. Dependingthen blade position, the discharge initiation behaved
differently. An efficient protection system against upwandidted lightning can better influence initiation of
discharge from the protection device itself rather thabléde surface. This is necessary for a more effidiginning
protection. Occasionally, discharge is initiated fromhtegle surface rather than the receptor, in this taitae of
receptor is discussed and determined. The points of dischdtigéon correlated very well with experience with
wind turbine blades in service that have been struclghyring.

To pass the test by a receptor, all or majority of teehdirge must initiate from the receptor. To fail, alimajority

of the discharge have to initiate from the blade suréaagher part of the wind turbine.

The maximum electric field strength on the model shawRigure 3 with blade A at the vertical position is tech
between the receptor and the blade tip, which indichsesh upward leader will likely be initiated from that fosi.

This agrees favorably well with the number of dischamg@ition at this position in the experimental resuttigating

that the tip is worst hit. In addition, the figure eals that the maximum electric field strengths locateme changing

as the wind turbine is rotatinghis is also in line with the number of discharge initiatindicating that the blade
position affects the lightning attachment manner asagdte performance of the blade lightning protectiotesys.
Another very important correlation of the simulatioithwexperimental result is that in most cases in the sitionl,

the maximum electric field strength locations on th#itrg edge are higher than that on the leading edge which agrees
with experimental result in which the blade trailing edge heshdrges more times than the blade leading edge. The
implications of these two correlations are thathesblade is rotated, the points of leader inception chaargbd is
likely going to be more at the trailing edge than at theéifgpedge.

Experimental results for both polluted and unpolluted blade tondishow that the receptor performed better in the

case of unpolluted blade surface than the case of thegubblade surface.
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6. CONCLUSION
The blades of a modern sized wind turbine are rotated @rto 360 degrees and used to investigate the chartcseris
of the distributed electric field around an operational viirdine using finite element analysis and the results are
supported by experimental evaluation.
The waveforms for the electric field distribution on thadd tip, Blade leading edge, Blade trailing edge and the
receptor used for the protection of a wind turbine fiigitning are presented.
The electric field distribution is found to be differdrdm that generated by a stepped leader in downward éuitiat
lightning and could seriously influence the lightning protecsystems.
TheArea and Radar plot showed that the electric fiedttidution on the blade tip due to an upward initiated ligtgni
is fairly smooth and point of lightning attachment is lggmiedicted from the value of the distributed electric field.
The electric field distribution on the leading edge due tapmard initiated lightning is found to be fairly smooth
though slightly rougher than that of the blade tip.
The electric field distribution on the trailing edge duentaipward initiated lightning as compared to blade tip and
the leading edge is relatively rough. i.e. it is not asamas that on the leading edge indicating that leaderdwoul
initiate more from the trailing edge than the leading edge
The electric field distribution on the receptor tip do@m upward initiated lightning as compared to the bladacur
(Blade tip, leading edge and the trailing edge of the bladefield plot on the receptor tip is characterized by very
rough surface. The complex nature of the field distrdputin the receptor though explains why the receptor is the
most attractive point for lightning attachment, howedeig to the roughness, it is also possible at some poititefo
receptor to be less attractive, consequently, lightnitigstsike other part of the wind turbine insteadlof receptor.
Conclusively, the field around the blade surface anddbeptor for an upward initiated lightning is more complex
than was assumed and different from downward initiaggtirling. Existing lightning protection devices originally
designed for downward initiated lightning will not be ablevtrk satisfactorily with these complex electric fielde
to upward initiated lightning, as a result, modern windih@® due to their heights are at higher risk of failwfes
their protection devices.
Vulnerable points for lightning attachments can be predictad the electric field distribution. The electric field

characteristics is very useful for the lightning protettogineer designing lightning protection system.
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