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ABSTRACT

Wind turbine is a renewable source for electrical generation. It is one
of higher constructions compared with normal buildings. Therefore, it has a high
chance to get struck by lightning. This research investigated efficiency of lightning
protection types for wind turbine and the effect of position of lightning protection
installation. The design of lighting protection for wind turbine types was referred to
IEC 61400-24. The design of lightning conductor had 3 different forms which were:
receptor installation (Type A), copper line conductor around the propellers
installation (Type B) and conductor in lattice form installation (Type C). Then, each
type of lightning protections was verified by DC voltage testing experiment to
observe the streamer and the breakdown points. It was found that copper line
conductor around the propellers installation provided the best efficiency for lightning
protection of wind turbine while receptor installation provided the lowest efficiency

compared with others.
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2.6 Havuauuanlni

w&suandundsnuainsssumafiaansoiuldselonild dosmnndsnuaud
aaﬂmaﬁ’ﬂﬂ lifeste undauuiiazealdielfiinsuniedeaninuinden uaraiunsa
hanlduselondifagnsliidnmundu Tutlgiuuywdddldlimmudfguaziantdusylon]
inntlaenistunldnannsswalndi

faviuaume ‘qﬂm’%‘aq%’niﬂaaEmﬁﬁaﬁamﬁﬂLﬂﬁﬂuwé’muaaﬁmﬂmim%‘auﬁmm
aulsidundsuna wagimssunaunldiuszuundnlninld Tneiluudafafuaues
Usznoulusegunsailumsvihaundalnihiindiesiu wu galuin gakeaiesnaias g
w3eatuidaliin wazgaian sxflanuuandeiunsinismegawnunyuluia lnsednves
Swiuanlnemluduasutseandu 2 viladail

261 ﬁ'ﬂﬁuawﬁmmumguumﬁgq (Vertical axis wind turbine: VAWT)

Huisfuauitilunumyudminfuiiununiesanfuiiennanisindeuiivesan Tned]
Tuwnuuuiuunuu snthiifuussasiedeusnannssnuihliinntswmuvedluia favi
anrlnianusosuustadluusueuldnniients aunsauonldnudnuuzusduindeuiifio
annszuaaslFded]

n. ﬁﬁﬂﬁumﬁauﬁqmmgﬂ (Primarily drag-type) tgu faiuau wuululassiiea
naulu (S multi-bladed) wuunszatuludnsise (Screened paddlewheel) LLUUQﬂﬁ’JEJ
(Cupped)

a
2/
o -

o B o o Ay
JUR 2.11 Asiuauunuvyuuifdaduinaaunlswsgn

9. ¥iaduLnAauf8usIsn (Primarily lifttype) 19U AsiuauluuwasiSoa
(Darrieus) WUUKUIAIFULDY (H-VAWT) UUULWIAIFUT (V-VAWT) Luunaiuded (Banki

turbine)
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A. ¥NATULARBUARIBLTINEY (Combination) L¥u NevuauLuueilatiled
(Savonieus) wuugilaliisawasised (Savonieus darrieus)

2/
[ o =Y

i o A 14
31]171' 2.1 ﬂmuammuwgut,m'mwumuLﬂaaummmma:u

v Al

L L o = 5 QI o o 2/ o U
Hagiuiinmsianntaiuaueiiawnumuuudidvuadndmivldou dwmivuunn
Tngjiulaldsunsfaunliinnsldauuwsnarsuasildadosann waeliluninuiionly
Bamdlvdinnsldiueguszanudevas 25 vestaiuauiilldaulutlagiu

2.6.2 NwiuanydaununyuuuIuau (Horizontal axis wind turbine: HAWT)

Lﬁuﬁ'ﬂﬁ’uamﬁﬁLmumwmuﬁ’uﬁuiwﬁammuﬁ’vﬁﬂmamiLﬂﬁauﬁ'mmau Il
luiadsmnfuwnumuimthiifuussanitdousinunnsgnuriilfiiamsmyuadluia 017
Fafuan wuuluiien (Single blade) wuulug (Double blade) wuvanulu (Three blade)
wuunasly (Multi blade) wuuluwavaneyn (Muiti rotor) wuuswiug (Up-wind) wuuanav
Just (Down-wind) 1Tudu Jagduiwiuaundalviwvuauluinsiawnumuiuiueuiinig
Wannsansuagdeaidos Iasuaufedlunmsléauuasunswanslu@onded finsldunds
Yovar 75 veatwuauiitldauluiagiu
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2.7 dauusznouvasiiuaunan v (sdaununyuuuiueu)
pufvszneauiivseneviudufviuauiiaunsondalninldluniege awuszneulude
4 aefusTnouvdnivq Wud gaunuvluia (Rotor blade) gareaiaias (Nacelle) gatan
(Tower) §1u37n (Foundation) danelussduszneundnazszneuieesdlsyneutosasld
Sniilelitsiuaufinuanysaflunsuvamdssuaudundanulii

Low '.pcr_'n i S

Wind vane
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il
rl Generalor High speed
shaft
Swivel

mator |
| beading Nacelle

1
Tower ~ |
|
|

JUT 2.15 dhutsgneuisiuauunumuuIueu

2.7.1 wnunyuluwa (Rotor blade) Vimthisuniovzveiuussay Usgnaumie

&

Fuarusnge laun

n. quluia (Hub) vinenlangwielwivesnaraedefiguitaduliadiely
(Spheroid) Lilan1sgaunazuaagansay § 2 dnvae Ao auluiawuuite Tdnvuszluie
fuiuandalagnseiuauluinlagldluas wavauluiauuududeu Tanuusluiniviuaudn
fugaususpluin ieusuyalusislifmnzaniupuidausie ilamuANAIITITEUTDS
msmukar sl inaald uasgausuguluiafezatuniluiadeluaddsietuman

=l

et A I oW ' P ' ) P c A
yodlswasTudausanundaniusvsonalnunsanuiAsaenialui

9. Tuwa (Blade) ¥inutifisunasauaal (Kinetic energy) 91nn15sARDUNYDIAY

s

wagnyuunumyLiedsitefasluganatunumyundn (Main shaft) figunsspareiulinues
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\iestiu gnesnuuulagldudnmsmanaransvesernia vhaindanenan lhun Januaiuuse
nanalwiues (GFRP) 1Y (Wood) lffanfiius (Wood laminate) wiedaniasuusaisusulu
wed (CFRP) iolildminiuimemung wazmilsamuniusuivusaulddluiniivats
Uszin Juegiunmsaauaunalanisiusn nmsldauau uagTagia an IEC 61400-24 1
seyUsmanadiuinoanidu 5 Ussian fesielull

CFC in blade for
structural purposes

Flap—W Steel wire

Steel wire

IEC 1194/10

Ul 2.16 UszLnnvadlunanaiuay

Uszian A Tunaiiniidl flap egusnameuvedluialddmiunganismyu Tagluia
ilailliuisuauiuiaualvgaed 100 Alatad

Uszian B luiiadldiviusniftonenmanyu luiaviailldfuivivaniuiauelng
ani 100 Alatas

Yszinn C luiaiidifiviusniignauaulasasnmén deasamdndesiivunaduing
gudnanslishndn 10 fadums vie 12 fadwasdmiuluiniiennin 17 wns

Usziw D lundiviinannSaniilsidusa

Uszuam E luiadifunsdawiianntaniaduussasveuluives (CFO) 1ilasanni
aauenTRimsnamzan Tanaiuussaiveuliuesannsaldiaduiitsluin uasuusives
laseaine

a. ganruaun1sUFuLsluwa (Pitch control) viuihiiufuyuluiadeiuau sy
drvmandledusunsiau vionuuinsnamiteanndanuildfuannaudlonssauiuiin
wazarUAuNIRARNEIUlRsv AU

2.7.2 veuases (Nacelle) \udruddgyvesiuiuan gneenuuulviiannumsngay
Walushleatiuanimeimeanieuen wu s fing Wiugunsainegnislu esruszneudesi
Ansaagngluefurgladssoluil
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n. IWaMNUNYUMEAN (Main shaft) inntfiiuussannunumyulusia (Rotor blade)

[ 1 28 1 2 a A L] L7
LLa::E’NN’]UL‘U’IQ‘MBQU?ULUE!EJUVH@5a‘Uﬂ’la€ (Gear box)
& o o i = ' o Y a o o
9. Ha4NATBUNI8Y (Gear box) NABILALLWBINATOUTUIAMNIE NIRUINLUUR

=3

AUANUUABUNATOUNSUYUUALENEUSITBANA N UMUNEN (Main shaft) T8
soush Tufamarunumgudn (Small shaft) vesedssindnalaii elifiambseuiigedy
wazilnnuaiiavelumsmuefasindalui (Generator)

A. wan (Brake) nruaunisvganuuvedluiauaginaiunumyuyeaisiuay ie
foansldiaiuauneaywingu waglusgninamsgeuingeinm

B metqumﬁn (Small shaft) ﬁmﬁfﬁﬁ%LLidﬁﬁmmL%usauqamnﬁawmau
Mas (Gear Box) Lﬁ@lﬂiﬁi{um%mﬁ%ﬁmlwqﬂ’l (Generator)

2. w3asiuialnin (Generator) vhwmthiiwamdssunailaudundselwi
14 2 Usviam A Synchronous generator daduadasiudalnifinyuisaunsneiife
fsLEa Synchronous speed (50 Hz) wasulnihiisdsldagiinnuduazussiulwiivinfu
auALarusaulnfvesszuuaeas waz Induction generator iuiadariniialwiais
Tassaframileufu Induction Motor laetlaulwihnszuaaduidnfiynanines vilviRawand
Huthuslndnmunuaniiznszuaady alumionhdunulswesiiunuluneususu
wazilefiusandulnmeslivyuiunit Synchronous speed axAnnswilsnhidoundu vi
IhAnnszudlnasenaniaiesiidalisihdredeundudhsyuuaeds

2. 32UUAIUAN (Controller system) LI ussuuAIUANNITINIOIULAZAITIY
nazudlwiheengszuuddldnisaugumsinnudessuuaenianes

%. 1n3esiannnuduaziianiean (Anemometer and wind vane) Lugufiadi
findangnisusniteainios I¥sunsdensomedynaningszuuneuiumediiiefiudin
Laridasinanuduariianeeu iensufiumesarldnuaunalnnsiuvesdiudug
veaiuan Wy MIvyuTesnuAML e FULTAum s eanTTiRulegegnies

2.7.3 1 (Towen) Husnuniuduiduyaunumyuluie (Rotor blade) uazs
Wouades (Nacelle) fagdreuu Tutlagiuilénu 2 wuu lud wwuianaunass (Tubular)
wranuminlduinsgiuauinusidimun (Modular steel tower) wazuuULA1IASIAN
(Lattice) ¥inanwdnuauniaintud (Hot-dip galvanized) Ussduatiunigszuvaansiedn
adlu (Sand blasting) uazidaunled Epoxy Fomdosuuvasdosiiniseenwuuludsimngsy
snfusghailumsiuiminuasusasnsvosan Ssludagiuduieldiduwuuanaunass
unnduuuiatlasedn Wesannsueaiiuinadedundeudugiiviny mugeeaandl
m'mu,mﬂﬁmﬁ’uﬁuagﬁmzazm'm@ﬂumﬁmmau uaduugudnanluialazyun
vesiaviuan esdUsvnaugesiinnmegnisluan fnvauBunduioluil

. unuAsuuIURANIeaN (Yaw drive) lumiduindouvyuunumsuluin titeli
luinfuussaumuiiemnansiadeufivesan auaunsvaulneszuudidninsindfidoso
fumadesuiiameauilegsuuuresieunies

9. SYUUAIVANNTITUYY (Yaw motor) Jusdifuuagaiuaunalnnisduiadeu
yuileliluiafuussaunufisniamsindeuiiveay sraonsviu uasvgaviuvesluin
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a. Tulaw3eadnd (Stair or lift) fegnrelusuanieldlunstuasdmiunanig
wiegout3esnwgUnIaiNegsuuLLa

2.7.4 §7u31n (Foundation) Judsuiisudmtinnmuavesyaiaiuauyiniugiu
ﬂ@un’%’mﬁ%umﬁnﬁaag"uumv‘u‘uﬁlﬁ%’umﬁﬁwmmaaﬂLL‘UU wazyin1sNeaineg NIy
PANIFINT U

2.8 neviuauludszndlne

YndoyansuiaLINENUNALTLLATBYTNENENIY NTENTIIWaUY wudtlagdu
UsswalnoiTsslwimdanuauioun 11 ue fedeluil

1. wwun Juansy ﬁdwi’m%’aqﬁ Aden1sudn 6,900 Alaing
Jisa 15w Jud (adneud 3) Samdauassiedun masn1suda 90,000 Alaina
NEHUANAINEABY TITAUATIIUENN MdINSHER 2,500 AlaTne
1A.815.9). JmiauAsIedin Adan1swdn 90,000 Alains
U3¥ dyws n3v tewwed ia Swminaynsanas dMdanswda 900 Alatnd
Tasanstiariaiu Samdamesy3 ddsnswan 50 Aladns
iz Jawdaguns mdanisudn 250 Alaing
8. NSURAILIIIATINITATTANITHEA RN NEINUAN JINTAUATAITITUIIY NNAY

N oBeotm B B R

nsean 1,500 Alatna
9. vzath lns) SminuAsASsIINs 1Y MAINISHER 250 Alaind
10. wauwsvnn S iaguie Adsniswdn 192 Alatag
11. afwsy Jariannge Mdsnsuda 1,500 Alaind
Foyaduvoasou wouanau U 2558
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Class of LPS
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9. 5EUUAUNaRY (Down conductor)
FrasRumseidaunelaunsIannsruusiuiaenn lUSisEuUsInanedu Badldnwau

YN BeRRen1sulsnszkaanirsenineiih asiideusefudruiidudives
Tassadaiiavhnisuszanudndlianingu

AN9L 8 BUABLLIVINUNIATID199EMINEE Coronal band W3BRLUUINUMIY 817
Ananiudulavevemithmeuean Undudraziitadldruiivusinlaessosinvesiniag
fumnsduluassiuvesszuutlesiufins glusnsil 2.7

A1571971 2.7 STUEHINURIRINAIALMINSEAUNITUBIAUIINT

SEAUVDY LPS seegUn® (lung)
| 10
Il 10
[l 15
v 20

nthasAualsiedosiige 2 ya wasnizatesouiduseulasiaiing duasiunls

2
o

gnammﬁLLsiazagmaaiﬂiqa%’wmﬂmimaaqLLaﬂﬂﬁLﬁuﬂﬂLﬂumuﬁlﬁ%’umwaﬁWﬁhﬂaaﬂ%'\a

A. sruuTInaedu (Earth termination system)

o as ] [ g

SEUUSINANERU Ao B9d1Ad 1T UN1IsNIEAEAvRINTEaNINTlaRged A

L)
8

Uaenfsuaziuseansanludanunu ’lummgwﬁlmﬂﬁuuaﬁwm'i'i';m::*uummaﬁw’flu
:t! -l o L7 2/ [=4 s 1 -3 s

niadgrdusulaseadie lnsdunissruszuutasiuinmnn ssuulWianiaalagseuunisg
{ 5 o @ W A va A 1% @ | o Vs ~ '
A0ag munumwﬂaaﬂwmmusz‘uuma@,wmmﬁuaaﬂmswﬂawaﬂmumiwamma
KRR

MIsoasRuNRAstianwuEAsalUll

1. faranudunulifi A5 21 I1auei i Las iy AMAILATUNIUYDILTINAIUDY
fiensuinnsenatiniifidenazlnariuduniailaninualy vilvnseualraniusgns

Uaaanuuaznszane ludany

i
P

2. msiumsiansaulda nsidenTandmsuurisinhaduuaznteuse Ae @il

13

Gl ”mul,wswﬁuwgﬂﬂaag"l,uﬁmﬂunmwmaﬂ
mmsgﬂuﬁ’muﬂiﬁﬁhmmﬁmmumaw,vi&ﬁaﬁ’mﬁuﬁﬁhﬁqLLamﬁu‘Lﬁ'iswi'mﬁuﬁ
1 L/ ¢ =4 ('z 1 A=gl}
AAMUATUMIUYSEL 10 Teunsaniniil
A15RRAIRANIIAIEAUY 3 LU
1. wia A wisimdnuuswsivs okuIvaugnlauiaiufiasRuinfinsuen

1As9a319



30

0. ¥ B WiILULNWLARsufisounenlasasawarmidudatuAuog1s
tioy 80% vesAueIlAETI (20% vesnrmEIasdeusoriuguvedasiaine uaglidula
AURIAULAERTY)

3. sinaneAu limdnnsuderfuiueila B Ussnousedhiiaasslugiuneunin
wadlasaaing Swhmsiuauenvesithiseddudnnisieatuiueiln B wisiiihuuy
sInaeRvanTaveefiesamanEsIusadune

2.9.2 szuutasnuiauinielu

wanilesduvesnstestuiiriniely fe nsidulaiminissaaudsnieain
Usgmelnilaniunielulassadreitlasunistesiu Lﬁm‘ﬁumnﬂﬁmwizﬁ;‘umﬂ'\d11,?191
nsruatinslvaluneuensrundestuiiivionsmilenthvesdndug vedlaseaie uas
Aanns1ulil wieusenmelnaslulassadrddans msiinsianisussanudng wieiieln
Suladnnsauumelnindsssgsenineduidulane fsanefiazarunsandnidesnany
Eemenusemelnsywinediulane

AsUszaudng fe nsideudevesdiusmuaiidulavseghanunzay wu nsi
nssuatrinlnaduarbifidulaidlansiaussiusudusrestuiefiousuiudu 6
FudlaveduseinedufozanaudsweinisiaUsenigluvsensnulwle

Ursufivealaseadng 1y Screened room finstestuniusssuanfarniiie
WnndILEY waranunTaveeiuiinistostuliinntudieniseenuuuiisAL TR T
wosszuuestiuiinnih nsieudeansiuvasduiiiulans eglsfinunisindeiignioves
M3UsEEMLNTYINY Surge protective devices (SPDs) 9agUeafugunsaianauideme
waziiuauiulaigUnsnifinendumnldanldedrand



Uni 3
ANS99NWUUKAZES1MLUUINABININUAY

3.1 Arudnwinmug

feruaneenuuunazairetudufefuauuuuununyuiuaiuou via 3 luia
Taginaasliilasaiswesluinuun 49 1Was uastanveeiaivatuuin 100 Was kuudaes
feruauldoanuuulvivung 1:100 ludiuvesmiseenuuuluinuazianvesniuay uaglu
drudug veafauanldiinisesnuuulimingauuinimaans nseenuuuseuulasiy
el anusadestuildnladuluniuninsgiu IEC 62305-3 (2010) Tneid38nns
ponuuunsdesiuiinei 3 35 IWuiiSyutestu Fivsenaunis uasdsadie uluduues
Tuintulafinisesnuuunistesiuiiuinduluaiuuinsgiu IEC 61400-24 (2010) wus
oanudu 3 33 lhud Anmsiasuiisnuinaluia Aarestiuinaveuluie uasindasi
wuumangldfinluin Aliannsassnuuunstesiuiiriiluinnumnsgiu [EC 62305-3
(2010) iflosann IEC 61400-24 duldfinsseylimstlesiuluindulsiaunsaldisnsiada
fathdeiias 3 wuumsnATgIL IEC 62305-3 161

UsasAvesn1eenuuuLUUSaesisiuauiiieldlunisvaasunisoafuiiini
vesiua uarAnwiiowSeuiiouiSmstdeatufinshueinisesnuuuusiayis

3.2 N1IDANKUULUUINABIAIAUAN
lun1seenuuunaraiiuvuinassiaiuaniuarUszneulunislassasiediunigeg
yaenaiuan vinmseenuuulaglalusunsy SolidWorks waginasina Aesolull
o @ ¥ A o o 1
1. gruvesisiuay sonuwuulaeldfaniidulany Usenausie 4diu
] J - § s A
wanseuUsznoULaEAMIITNO AU 3.1 uay 3.2

g‘d‘w 3.1 Lmumaaqmwamwuau
(n) s (V) ruuun 3x3 cm?



.

()
sUfl 3.1 (slD) uuuTaesguTBsiviuay
(A) unnlavgAdontudaugiu (@) dilaveiideusesewinausiulane
(3) ulavgiideudessniaauazusiulany

(2) (A)

3U# 3.2 WUu Drawing §1uvednaviuay

(M) dulansN@ourassninuaiwaziiulang (@) dulaveNidousnoseninausulany

(A) @UlaveNTDURDTEMINE AT LU LAY



33

- ] : LY
3U7 3.2 (M9) wuu Drawing §1uvBINIVIUaY
(39) §1UBUIA 3x3 cm’

al oy

2. weveeiaiuay senuwuulagldtaniilulave uansrmsimesdgui 3.3

q

s

sUN 3.3 L@Ue9NIiuay

Y

s ]

3. guvesionn3oe eenwuulagldTagidulans Usenaudie 2diu uang
dlsznaularAmIilinesaguil 3.4 uay 3.5

(n) (@)
dl o v d‘
JUN 3.4 LUUIADIIUYRINBAATEY
A 1 L L2 o/
() MW (V) WANRINY N UENIvaINUAY



34

(@)

i 1 o A
U 3.4 (s) WUUTIARIZIUYRIVIDILATOS
(A) wiulavgnldRafmaugnlu

(n) (v)
U7 3.5 WuU Drawing §1Uv84%04LATEY
A ! o o 1 I Ve 5 o =
(n) wanangeuseiuavasisiuay (v) winlangld@nnmaugnlu

dl Y as 4 -, 1 1
4. aumsed eonuuulasldTanniduazasan Usenaume 4 @1 wansdiulsenay

9

1 =Y L2 A
WAZAMIERDTAIIUN 3.6

i v =
JUN 3.6 viBalATeq
(N) AT () Bunti



| e —— |

(m) (1)

)

JUT 3.6 (fi@) VioalAT0s

(M) HATUT9UUNA 14.2x30 cm? () Beunas () rAnuuu

=l

35

5. wanveaiviuan senuwuulaeldianiilulae wansimnsineidagun 3.7

q

u :

JUN 3.7 vanvesiaviua



36

at L% <l v ny 1 ]
6. auiluwn senuuulaeldagidulave Usgneume 2 Fudiu wansdiuuseney

uagAWITEWe AU 3.8 way 3.9

Q)
JUT 3.8 uuudaesnulusin
(n) amsan () auluie (p) ASulddwsuiaesluie

U 3.9 uuu Drawing Aulusi



37

7. luin sonuuulagldianiduld
Tumseonuuumstosiuiminiuunsgiu IEC 61400-24 lasgynisdesiuiiig
Tuduvedluiald 3 wuu Ao

L4

]
@ @ 0

LWUUT A Aesaiithasiuinansluinwagisuiirivsalune

ee

@ ©

WU B Ainfemunuit uvauluin

e

o c 1

LWUU C Andamdwuunnanglaniluie

UM 3.10 drundevasbunauwuu A

U

JUN 3.11 drumthvesluinuuy A



38

\:

=D

UM 3.14 dhunaavedluinuuu B uag C



39

JUN 3.15 dumthvedluiauwuy B uay C

</

gﬂﬁ 3.16 TUASINANVBILUNAKUU B

JU# 3.17 szuuithasfiLazsruumiiasiueadluiawuy B



40

ol J
&

&P

U7 3.20 syuushihderivedluiauuy C

&

JUN 3.21 ammvesluianuy C



a1

I
=l

8. wiwhihaeth senuuulngldiagidulans uanrmsliwesfgun 3.22

9

JUT 3.22 uisinihaedh

(n)

(v)
JUN 3.23 nwsuisiuay

(1) WU Drawing  (¥) wuU@RInviuay



42

3.3 MIASILUUTIAR NI UAY
AMYUFINN1T99NLUVAINUTENDUANNY ToILUUTIaBITTRaNNIUTUSUATH Solid
=3 ¥ o © v 2 A v ] 78
Works 3eldiiunviinisusznevainlilaniuiioonuuuld Tasaiuisawsnidudiug 14

sasp iUl
a g

1. gruresniuauLasia1vesisiuan Usznavaine Tandulangyiidudiugiu

o 1 d ) i s d
waziavihunanvieauawag WanseiulaeldIsind Asgun 3.24

2. g1uvesieanses Usvnavaiilasldlans Wududiuildsesiugunsaisngg
= W o | oA A "W = Yo @ e
mulurioanies laun adugntudine wan uardiuiwendeduman aedsienlidmsuda
fugunsalfandnd fegui 3.25

= o =
JUN 3.25 §IuvRIMIBIATEY



a3

3. fipaases Ussnauldmsdiuvenaugnludnaiugiuresiesaios lnofluny
wnlariuarensinnsliielilinssualvaruanluinludsiiavesiviuay uarillaseu

vouneafianTaniluszasan nionviAnnuvsiiiivonvesndugnluiitoUeariu
R UTaeATas Aaguil 3.26




a4

4. wanwazauluiie Usznevaidlasideusesenitanaivesisiuauivdiuenu
r =] g 2 o o A 5 s b o = =t L% o o =
lute uazaSuiilddmsuindsluia wiouruazsimaldBatvarglmdudniasdu

flagui 3.27

= @
JUN 3.27 wauavaulusin

5. luWa Usgnavadislnglddagiivinannlsl Tasesnuuuniu IEC 61400-24

F9EIN150ONLUY 3 WUU il
nl a & o o a A @ o W ' P o
LUUT A Andedniiasfuiidiunarsveadluiauazdisuiinet AUatevesluie

Usenavasalneldununesuasunusninasivludiunaveduie waglddonunumsuiiing

o o ! Ll -
Tunsdusihaeih dgun 3.28

P @
U 3.28 awsaluiawuy A
(n) 99AUTENDUVBIUN®A (2) NN



a5

(m) (4)

5U# 3.28 (div) Awsulunawuy A
(@) fsuten (1) Fuasiuvesluie

wUUT B Amsiesiatiaeriusinvauluie Usznevaslagldainnedunvuia
L2 o 1 =% nl:’ L3 L2 ‘d
2.5 ps.uu. unuddiaei Aendlagseuluin faguin 3.29

(n) : (@)
sU# 3.29 nwsauluiauwuy B

U

(n) asrusznavvadlune @) drsurtwavstakuvesluie



46

(m)
31]17{ 32.29 (sia) nnsuluiawuy B
(@) NINTIW

wuu? C Anpeiaiuuunidrsuuiinluie Usgneuvaitelaglinesunsusiuyiig
3x25 p3.uu. sl iuluvedluinauiisuaneveduin unusitided daguin 3.30

U7 3.30 amsalluiawuu C
(n) esrUsznavluwe () drsuihewazsitiasmuvedludin



uni 4
NNSNAFIURUUINABINIIUAY

srasFudnvasmsssnuuuLUUaesisiuande weldlunismaaeunistesiy
fhrinvesiiuauisussiuganszuanssiiay ethudiesgiuarUszifiuna Tnefiiade
nsnadeusAelull

1. MsIraensnegeukuuIaesiwiuaulagldlusunsulnludioduud

2. ﬂﬁ‘V](”lﬁEJULLU‘U‘\T’IaENﬁﬂﬁuauﬁﬁaLLiQﬁUQQﬂSELLﬁW‘N%’)ﬁU

3, miwmaauuJ'%sJULﬁsJ'uﬁ'n,mmnmﬁmmﬂmaﬂﬁaEJLmﬁ'uqamsLLamwﬁy’aau

4. mwrﬂaauLLUUf{haaaﬁ&ﬁ'uaul,l,wsiaﬁaﬁ'mmuﬁammﬁugqnmmmﬁqau

4.1 wuusaesiwiuauildlunisvagey

foruanildlunismaseuidufsfuauuuununyuuwiueu vila 3 Tuin laens
ponuvumstlastuiinivedduinilimaaeudulunmunnsgiu IEC 61400-24 finseonuuy
mstlesiuihiludruaduiaiun 3 dnwvae Téun

1. luiiniinndedetiuuufindassutin

2. lueinnssaefuuuiaduduiimesunsseuluin

3. luiteiinnssdefiuuuindsinduuilasming

lumsnngeuaziinsususumsluinildnaaaurionun 2 fumis Tnsdumisun
Huguuuuilluiedanugaunniigadeiilenialaufincingeiige uassumiai 2 uguuuud
Tusiavis 2 luegluseduning fudsdinadugaiiiauganniigaudszogieszninagagean
vosluinfusenedesdidosilan Tsillenafianfniiiiuinudenasasldunniian

1. shumis A TuWmagsumia 0, 120 uag 240 D3AIMNENU D19DIAULUIAS

ql L7 L A o 1
sUfl 4.1 WuauNlglunIsagay (MWL A)



48

2. siuminia B lusimagdumis 60, 180 uaz 300 DIANMNUAINU DIDINULUIA

o e

JU# 4.2 faviuaunldlunisnagay (f1uLwud B)

4.2 M3dnassnsnadeukuuaesisiuaulaeldiusunsulwludiofiuua

mssraetlaslilusunsuifnnusrasdiiolflunisivisuiiisufunaiilidainnis
VG OIEPNEEEELE T.ﬂﬂ@é’ﬂwmxm'ﬁﬂ'ﬁsa1&JLmﬁuuaxauwlv@ﬂwﬁﬁmfﬁuuﬂuﬁﬂﬁﬁwqu
syuutosiuiiinfiuansrafuie 3 wuu Tnesedeuisnimalnluddauuddislusunsy
comsoL 5.0 uanIRagUT 4.3 s JUTl 4.11

o
a

JU# 4.3 anuaSaanauu i vulunenfasinisdesiuindLuuRnasssuiiug



2
L%

= v da [ 1y a ¥ oo ow i
E‘U'VI 4.4 ﬂ’]iﬂi&‘ﬂ’]UﬁUWSﬂWﬁ’IUU‘LUWﬂVIC‘lﬂﬂ\‘iﬂ']’iﬁﬂﬁﬂﬂﬁ']N"]LL‘UUWIﬂﬂ\']F‘YﬁUﬁWN’I

A s o &ﬂ 5 U 1 = 5 o 1
:a;ﬂ‘lﬂ 4,5 ﬂ'liﬂi:’/il"lﬂLL'S\‘IFV‘IUUU'LUWQVWW’!B‘Nﬂ’liﬂi)ﬂﬂu'ﬁ’mﬁLLUUWG]F‘]W]’J?U%'\N"I

49



50

UM 4.6 anueseaaunlwivuluiaidassnisdesiuishwuuAnsaduinimeuns
souluiin

Contour: Electric field norm (kV/cm)

A 2.63x10°
x10°
— 2.63

— 2.5
— 2.36
— 2.23
-~ 2.09
- 1.96
1.82
1.69
1.55
1.42
41,28
— 1.15
— 1.01
— 0.88

sUf 4.7 nsnszateaun Wi uuluianaafanis ot uinILUURRALEUA L INB LAY
soulun®



Contour: Electric potential (kV)

AI
©

i

i

Uit 4.8 n1snszaeusesuuuluianfndinisdesiufhriwuuindadusiiine s
saulunm

5Tl 4.9 anuaiopawlwiuuluiniiiensnisdesiuimuuuindei
wuulAsennng

51



b2

| - 1.79
! 1.52
: i 0.97
I ‘ l 0.69
X ! f 0.41

0.14
¥ 1.38x10°

<

P

i4
v o o

= v Aa ¥ @ 1 a
57 4.10 msnsganeauslnihuuluinfifasanisdesiuihshuuufindeiad
wuulAsannng

i \ \\l ~— -75
B A —— -81
\\\\ — -87
‘- — -93
i 5| Jae ; L s e OO
! i v -100
il |

i o o Aﬂ 5 U 1 o 5 a o 1
SUR 4.11 ﬂ']'iﬂ'i%'il']HLL’i\‘iWUUUIUWﬂWﬂﬂMﬁﬂﬁiﬁBQﬂ‘Llﬁ']N"ILL‘UUS?W]‘FNWTM'TLLUUIF’]'NC‘I’]‘U’IEJ

u

E
s

o ! g dﬂ o 1 = !’S k74 a o

1nn1saesaznuittuianiansnisdesiuiswuuiadududiimewnssay
@ ' = a

Tun aziiAinnuesenaudlningign



4.3 2995 lUNMIMARDULUUTIABIA LA LAIBULT IR UGN TEIANTIUAY

Rlimit

Artificial

@ Use

Cloud

L

e

I

DWind Turbine

e,

sUfl 4.13 nssiosaTvadpuLUUT RN IiuANMLsITUgInTLanssTay

1. in3asrindaluiiusadugenssuansadiauuun 600 kv

2. fauvuintglunisannanseua

I a a i3 :’i} =
3. wHudldalasauaulAauulsnavan (Wellnew)
4. wuuInasaiviuaLldnadau

53



54

4.4 ASINIANMLENRUSTTUIN L TIAUAULTIILATLT v wilauUamadey

nsieALsumiuLIgeansainlanefunaneis Tuididenldladmadlaines
desniinuazmnluniseual Tagvinsteunssiusnuusen mmf’u’fmmé’uﬁm.m@a
anladiaanlnnes Suiinaudvingianen 5 asuilovanadeifiotuindennsau
anaduiuSenTduLs ehuldruwaussiuusnaiugnageu

A151499 4.1 LL‘Nﬁ‘L&LQﬁEJﬁ’IULL“Nﬁ’]LLazLL‘iGQG‘EJEJWﬁEJLLUﬁWIﬂH’eJU

WS LA TSR (V) WIIALATUNSIE (KV)
5.05 156/
1.52 20.09
10.02 28.77
12.59 35.64
15.03 43,13
17.50 50.65
19.98 58.38
22.51 66.30
25.01 73.80
27.52 80.27
29.98 87.13
32.49 94.44
35.02 101.85
37.47 109.08
40.01 116.34
42.51 12377
44.99 130.95
47.55 138.30
50.02 145.54




55

160

y = 2.9097x
140

120

B S — (——

(Alalaas)

100

YU

80

LSIAUAULTIE

60 -

s

a0 -

20

O T I T —

0 10 20 0 40 50 60

ar o L2
b IIAUATULLTIA (ham)

gﬂﬁ 4.14 mmé’uﬁ’us‘swimmﬁuﬁwumsﬁ"mammqq
4.5 miwﬂaa‘uLLUUii"laaaﬁaﬁuauﬁ‘:mmﬁugan'szuama**i‘?'mu

NSNAADULUUIIADINIAUAY ﬁi’mgﬂ3xaaﬁLﬁammmmmm‘lumséaﬁw wioi
SunInanuausatunsaseansuesveslunalaaziuuluiiuay Taevinn1s3neuseau
nadeuINiAIeatIdausIfugInIEuansItaay eldernmAanisusnamudslugs
idedhiiaassusnaluinvestaiuanlaetuiindussiuiusnantveserniavesluiaudas
¥ iieSeufisuanuanunsalumsastivesiiuay

4.5.1 %umaumswﬂaauquai"]amﬁeﬁuauﬁ'mLLsaﬁuganimamaﬁ%’Jav

1. ‘v‘hmiﬁmﬁqLL‘UUi‘haaaﬁqﬁuau’lﬁu&iu&ﬁﬂimm‘nauiﬁmuuiiﬂ@Waﬁyﬁiwsrﬁhm
Tavvhmsvagoufissey 10 cm, 15 cm wag 20 cm Aluineglusuns A wagsums 8

2. mwmaa‘uwL%?'mwnﬁhaLmﬁuqﬁﬂwuamq%’aaulﬂé’aLLﬁuﬁLﬁﬂIm@‘uauiﬁaL.L‘U‘u
Tsnewan desrasadumaiiisnaunsesiiiniaianisiusnaiddluswuusassiaiuay
MntuTuRinA s usaIzRausnal Tnevnisnadeudiszes 10 cm, 15 cm wag 20 cm
sygrar 5 A%1 INTUNITMALSITUIUSNATITLREE

4.5.2 nanIARBULUUS AR s UL BT LGN SEUARSITIAY

m‘s‘mﬂaa‘uLLUUﬁwaaaﬁaﬁuauImamif\iwLmﬁ’uqﬁﬂimamasﬁy’aau nsgvinnela
anmwandondadialutieded ruduusseInIe 760-765 NadunsUsen AMNTUEIINS
73-17 % gaungil 30-32 parvaides HANTSNNRDINANININNGIT 4.2-4.4



56

A15797 4.2 HansnAdpULUUI eI LaNmBLSIugInTERan S T aulng TuAinus ey
LUSNANIUNIZEEe 10 cm

ATLTINULUTNANIIRALANUTE U

adafiin sennaueiBuiuLuuTaasnaviuay (kv)

LUsNATIY Andassutiien Aadadushsouluin | Andesthuuulastng
MU A | duve B | AWMU A | MUWRL B | AUNUS A | AUvUe B

il 82.81 79.26 66.75 64.07 71.32 70.44

2 79.00 78.68 63.78 65.96 74.05 69.08

3 80.92 82.55 67.65 66.28 72.92 6753

4 81.91 84.56 63.17 64.54 69.92 65.64

5 80.69 83.54 64.10 63.23 . 69.25 67.53

\nfy 81.06 81.72 65.09 64.82 71.49 68.05

M19199 4.3 wan1sVAdeULUUIIaaiuaNAIBuIIAugInTELan st AU lneTuRinus iy
WUINATIUTSEEEMNY 15 cm

ANLSIAUUSNANIILREEANTLEZN

aSaiin sewngusuAuuUINaadiaiuan (kv)

LusnaNI Aadassuting Andadusniseuluie | Andeithuuulpssmdne
VU A | funde B | Awvde A | AUnie B | Aunde A | duvue B

1 114.29 108.18 B5:5¢ 86.01 92.64 95.50

2 113,71 110.63 84.09 86.77 89.47 92.21

3 109.11 109.26 85.98 86.10 89.15 94.01

4 113.07 109.08 85.95 87.32 90.11 93.52

5 112.20 112.98 84.85 87.12 91.10 93.90

La?%a 112.48 110.03 85.29 86.66 90.50 93.83

A19197 4.4 HansaEeuLUUTIaesiviuauasusiugenseuansetiaulasTuinus i
LWUSNANIUTISEEEWNN 20 cm

ANLSIAULUSNANILRAEAIUTEHEUN

asafifin sernsuiguiuluuIaaIiviuay (kv)

WINATIY Aamaisudiie Aaraduiniseuluia | Andeihuuulasnge
MUY A | e B | duvids A | dunde B | Auvus A | duvse B

1 130.70 132.45 108.50 115.05 116.18 117.70

2 133.21 129.07 110.54 114.21 115.69 120.05

) 128.41 131.66 107.46 115.34 113.39 117.38

q 129.34 130.50 107.89 114.38 111.50 115.05

5 123.95 131.72 109.96 115.69 110.89 117.32

Lagﬂ 129.12 131.08 108.87 114.93 113.53 117.50




1:' L3 1 ° s Elq e’; s 1 = 5
Ui 4.15 mswusnanaveseniaduuuuaesiaiuay Adananisleaiuiniwuuiing
frfutteh svezsewiedidninaaduluia 20 cm fluineglusiumis A

= Ly ' ° v da & o [ a g
sUfl 4.16 msiusnamiivetemariuwuudaesisiuan iindsnsdesiuiriuuufins
suiteit ssovsenindidntnsaiuluia 20 cm Ailuineglusumis B



58

1 b
e o

Ul 4.17 mswsnannlvesennimukuuinaesisiuay ARasanislesiuiiiuuufings

174

duiihmosunsseuluia svegszuinedidnlasaiuluin 20 cm Aluipeglusumia A

ﬂl‘ L3 [} o e aa 5 L2 1 - 5
"i;‘lJ‘VI 4.18 N5 UINANIUYBIRINIANTULUUINEDININUAY nensan1TUasiuNIHILUUARRAY

dushthneaunsseuluiin szazsewinedidnlasaiuluin 20 cm Aluinegludunis B



54

o L3 ' © @ W aa 5 @ 1 = &
sUfl 4.19 mawwsnalvesenmiaRuluuaesisiuay Afadinsleeiuienuuufings
srthuuulassete szovszviedidnlnsniuluin 20 cm Aluineglusumia A

!

KRR

\AALAR)
X5

=
=

"" e
o s
-, o
T
oog
- "
o

)
o
0

)

)
LAXA

)
¢

)
LX)
l‘!

)

H'INNGH

()

()
(1)
':'0
)
‘0
y
H’:HO

()

CUOOCCOO00)
A

0

5
Y
)
)
1
W)

() “0" ()
LK)
)
SO

0

D.

U 4.20 NMSIUSNANMUYBIDINIFNIULUUINEDINS LAY ARaRIN1sUseturINILUUARAY
sriuuulasneny sepgserieddniasanuluie 20 cm ﬁ“luﬁmag’luﬁumﬂq B

Calt

mnmimaa‘uLLUUﬁﬁaaqﬁqﬁuauﬁwLmé’uqaﬂ'izLLﬁma%’aaU%ﬂmmmﬁuﬁ’uﬁ‘
1 v 7 o s Aq 5 = o (] A 1 L2 1
SYPIILTIAULUTNAI VB INAR UM UANARAAIIE N5 U U IHINLANAIAUNUID

a
1 1o

luianfnssraeuuuAnfduftmesnssouluin ldussduiusnandaiian Tufe

W

TuiniiRasaiaei s idussansamlunisadnaniuwesings duluinidansiaaei
a 5 v e ' 2/ o = & A v Aa & w1 = g a a

wuuAnAsi Ui lduseduusnanigeiian dufeluiaiidansiideriisiiiusyavsamly

o a vy A o & - o o 1 Al P a s
msadvaniuwesldfesiige Aduduililenndiidedldlunisadvaniumeseglu

2
or

sumsilnaandidnlnsanitluiaiAnfaingeln3Isoue



60

4.6 MINAFULUITBUTIBUATUKUINITAALUSNATIUAIBUTITUGINTEUENTIVIAY
NTNAFBULUSE UM UAILAUINITAAUSNATIUYDILUUINABIN I LAY ﬁﬁ’mqﬂsgaaﬁ
A e v [ [ a @ 1 VoA ] o ]
WernwinanlaannisneasuIndulumunesnwuunistesiuialivs okl Taevinnisane
wswUnageUIINAT eI ITdALTIRUgNTEUARTITIAY Welenaian1siuInAIluaIH
Tudsmaniiniansusinaluiavesisiuanlneduiindiwmridanisiinusnaid

4.6.1 5umaumswmaamﬂ'%smﬁwﬁmmam'ﬂ.ﬁmLmnm'nié"zmmﬁuga
NsTUARSITAAY

1. ¥hnsinsesuuaesiaiuasliuiubidalaseveulfuulsnenaniisyezeneg
Tavhnavageuiiszes 10 cm, 15 cm waw 20 cm Ailuinaglusiuma A uas fusmia B

2 fﬁ‘WIG]EWE]UQ%:L%JJ%’W’{I"WEJLL‘E\‘]ﬁuq{m'ﬁxLLEWWiﬁz’aaulﬂgﬂmuglﬁﬂIG]iWU@UIﬁGLLUU
Tsnean sssrapudumeniisuaunsesteinafnnisiusnanndadivlfuuusiassiaiuas
ntuTunsudsiAansusnany Tnevhnsneaeuiissos 10 am, 15 cm wae 20 cm

SrEay 5 A9

4.6.2 HAMINAFBULUUT AR ST UALA BTN TN TITIAY

miwﬂaa‘uLLUUf\i’wamﬁaﬁuamImaﬂﬁéwLLiaﬁuqﬁﬂisLLamsq%aau nsziinnwla
annzwndoudelalutieiedl Anusuussenia 760-765 Tadlunsusen ArwTuduins
73-77 % gouuqil 30-32 paA AT NANSNARDILARIFINNTIT 4.5-4.7

A15747 4.5 AN INAARUSEUTBURWMLIM TRALUSNATIIMBLTIAUEIN SLLansItIa Ui
5eUEU 10 cm

MUIUASINDINALAANISIUINANIUA NI ZUE AN

AAUINLAR SN RBLAULU VAN UaN (AT9)
ASLUSNANIY ARAIFISUNIEHN fnnaduditisavlune | AeRestiwuulasanieng
AU A | AILWEY B | AIWAUS A | AWK B | AwnUg A | sinuiide B
fraanh
- . 6 5 10 10 10 10
Usadlunia
wviesntnaai
o 5 o 0 0 0 0 0 0
USUVIDNATeY

Uinadun 4 5 0 0 0 0




61

M348 4.6 nan sedBUIUIBUTiBURUMINISAAUTNANTMELSIAUENNTELansITIaUT
g 15 cm

FIUIUATINDINFALAANITIUTNATIUATHTLEENN

SUAUIRLAR SEPINBULNBUAULUUINADINIAUAN (ASY)
MILUSNAIY AARIFITUHEN Andadumuiseulune | Anseantdiwuulasanndng
FIWAEI A | AWnEe B | dunte A | eunue B | @unue A | sinunue B
ftinaenn
) ; 8 7 10 10 10 10
Usalluie
wyissndnaathn
. - A 0 0 0 0 0 0
USIUYBILATDS
TEPRIGIL 2 3 0 0 0 0

AN5199 4.7 Nam‘mﬂaa‘uL.‘LJ“%EJULﬁwGT’IL,muf&mmﬁmLmﬂmfaﬁﬁammﬁuq@ﬂimamusﬁ"sauﬁ
S¥eEyne 20 cm

UIUASITIDINIALAANITUTNANIURUTEBLINS

<] 1 l:'j _ U L2 o s v 3
ALALaLAA sENNeAsLfULUUT1aRan R uaY (AS9)
NI5LUSNAIL ARRIFISUNEN Aasadumtiseuluie | Andestuuulasimnig
AWMU A | Musrte B | duvue A | Awrde B | dunue A | Awiug B
shinaavh
. - 8 9 10 10 10 10
Usnadludia
wyiastnaann
- % b 0 0 0 0 0 0
USIUVDLAT D
UIIUdUY 2 1 0 0 0 0

Mnmsneasvasiulginuuiiassfiuaniluiafndssaodiiii 3 wuvaiunse
Josfunmaiatienld uilukaiidnmamagoriuuuingainiuiivimuitesadsiasiluin
Tngldsuiaefininnddld Tnganmsned 6.4-4.7 wudnfenisiusnanatuaifissiiviiom
lusta Feifiunsegduniweduinoglnddidnlnsaunniwisindideiniiviames

w5pauarlATIET1eduY vesiaiuau




62

4.7 MsnadeULUUSIRsuaIkUUAaR A uuAIBL IR UGN sTuaRTIIaY

m‘s‘wmaauLLUUﬁﬂaaaﬁqﬁuamwwiaﬁ'aﬁmmuﬁaEJLmﬁ'uqm'ixLLams%EaaU il
fnquszaedLiiaiUIsuiitsudvsnavesnudunuduiuanuaansalunmsaedhlasdang
INUTIAUUITNAIY

20 Taviy

1l

300 lawiy

4.7.1 %uwaumswmaammuﬁﬂaaaﬁ’qﬁuamwwiaﬁ'aﬁmmuﬁwLLsaﬁugq
NSTHERSITIAY

1. yhnsnssuuusassiniuaulfunudidalasaveulfuuulsnonanisyasane
Tngvinimeaeuiisyes 10 cm, 15 cm wag 20 cm ﬁluﬁ’masﬂuﬁumﬂa A LAY ALY B
LarRndafdunurune 20 Tevia, 70 Tesku waz 300 Teviu auddu

2. miwﬁaawzﬁumnﬁhmmﬁuqamsLl,am‘sa*ﬁgaaulﬂé’uwiu&ﬁﬂimiwauiﬁumu’is
nevan dedrasafumaiionaunsesiiomeianisiusnaddluduwuusiassteiuay
INTuTUAnLssfuLusna12Y Taerinisnadeufiszes 10 cm, 15 cm wag 20 cm
svvay 5 A% MNTUYAMIIALSTUIUSNAITage

4.7.2 HANTTNARDUKUUT1ADN IR UANLUUABAINIUNTUA WU TSN UGINTTUEAT

2ee

28U

m‘mmaamwuﬁmENﬁaﬁuauimﬂmsdwmwm"uqmizuamsd%’aau nsgvinnnela
anmeunnanudeilatlug9eell AuAuUSIENNIA 760-765 fadunsusen ANTUEURNS
73-77 % gounqil 28-32 AIANYATLE NANITNAADILANIAINISIN 4.8-4.10



63

A191991 4.8 nanIvndoukuUTIanuaNiBL IR UEINTEUARTITIaUlAB T Ui T

WINAMUEIeRD R = 20 Tavin Niszezung 20 cm

ANMTITLLUS AN ULRAUANNTLELINY

adaiin seUIsuAULUUTaReniuaN (kv)

SN Ansassudian Fadadusnihsouluie | Andefaduuulassntdie
AUMUI A | Awvda B | Munds A | AWM B | MUnUS A | duvue B

i 132.42 135.94 111.94 114.09 117.55 118.19

2 135.50 135,85 112.46 113.83 120.49 114.99

3 131.98 135.24 111.88 114.44 118.40 116.94

q 132.04 135.01 112.20 113.10 113.86 114.18

5 130.70 135.30 111036 113.83 120.14 117.29

Lacﬁiltl 132.53 135.47 B AT 113.86 118.09 116.32

A15749% 4.9 Namiwmaawwﬁwaa&ﬁaﬁuamﬁ'wLmﬁ’u@qﬂ'axLLam'ia%au‘[maﬁ'uﬁmmé’u
WwInatilese R = 70 Toviu fiszeeyng 20 cm

ANLSITULUTNATILRAE AU L UL

adiiin sERINaTBLAULUUTIaDINaiuaY (kV)

lusnAIY Anmassuimg Aasnduihsouluin | Aadedmiuuulasaentie
AUV A | A B | fuvde A | Aurde B | AWAUS A | s B

1 135.50 157.15 111.62 113.89 123.40 119.41

2 136.20 137.83 111.47 114.96 121.74 116.09

3 136.38 136.96 112.84 114.03 118.28 119.36

4 LS feall 132.83 111.35 114.38 121.33 119.82

5 136,17 133.73 112.37 114.26 118.48 118.83

LQﬁIEJ 136.41 135.70 111.93 114.30 120.65 119.30

A151499% 4.10 wamwmﬁ@ULLUUﬁi’wamﬁqﬁuauﬁaULmﬁuqanimamsqsﬁhau‘[ﬂaﬁuﬁﬂuwﬁu
wsnadlase R = 300 leviu Nsyeeing 20 cm

ATLFIRULUSIANIURAUANNSE LY

asafiiin senIeiBuiuLUUTIa0a el (kV)

wsnal Andasautieh Aadadushseuluin | Aedethuuulasantne
AUUI A | Awnda B | dwmde A | e B | Aunmde A | siuvie B

1 129.42 134.22 111.4% 116.21 126.28 119.91

2 137.02 134.84 112.69 116.88 125.64 118.48

3 155.68 133.96 111.50 116.13 122.53 126.14

4 139.08 134.52 11170 116.45 123.31 115.69

5 136.03 134.84 110.71 116.82 120.08 120.64

LQ%EJ 135.45 134.47 111:59 116.50 123.57 120.17




64

AINNISNAADULIDINAINAUDIAIA UM UALL AT AT UNIULIADWEIAUBIAU
o o @ i | | ~ o & 1
YR UUSIaBI LAY MUATSIT 4.8-4.10 wunlawdiuunn Weaudumuinndu agly
AusasulunISUSNATILRINEINIANINTUANN LALsIRuTURsuLUaslUTullAfeadnties

Tlandusgraiuladn



uni 5
dsunanismaaag

5.1 dyUranisaniiueu
wuuiassisiuaunldlunisnageviilunefiransnisdesiuiiniyiavun 3 snwaus

[¥]

N

ZDe

d‘q qy/ £=% il: o L7 ]
NAARIEDNILUUAAAIRISUN A
innAnssaafwuuRnfLdumimeunssauluns

3. luiaiRnseaefuuuRnssiiwuUlasIaIgY

Qe

&

MIvadsuLUUIaRsviuaNasaasUNa LAl

- mswmaammuq’haaaﬁ’qﬁuauﬁammﬁ’uqqnmmmﬁ%au WewAuaunsoly
nsae1vesluiausazuuulufsiuay Tngn1sMIAILSIRULUSAATINRINEINA Bausasy
winandadssuansindanuaiisalunisaeniid Teenanisueassnuinluiailestaas
maaﬂuwummLaummwaaLLmiau’LuwM‘anmuLmnm'auuawaﬂm’lumwm A uag
AIUNLYL B 1/1LUuLﬂuuuLwﬂvanwsuvmwmmmmaaﬁmmmmauﬂaumnwam

- MsnageuIsuiisudumisnsiialusnaifsusafuganse ELART 928 Y
Lwaﬂﬂmwawlﬂmﬂnﬁwmaam’nﬂuiﬂmwaanLmumsﬁmﬂuﬁmﬂamalu lnudaing
fumialiinn1siwsnanad wuitnisiesenistestuiindvosluiaie 3 Snuvay @unsa
Unaiiurmnlaasa

= mimaauLLUUﬁwamﬁ’ﬂﬁuamLLUUsiaﬁ"aéf’lumuﬁaﬂLLiaﬁufgaﬂizLiamN%’Jamﬁa
Wisuileudvswavesmudumuuiuaruanansalunisdeh Taedannainissdun
AaMuLazdunUIsuiisuiunaniseaeuwuulidafdIunIu Han1sAR BRI 1A9 Y
é’wumuﬁuﬁﬁawﬁaﬁaﬁwmﬁuﬁwaLﬁaaLﬁnﬁaaﬁiafiwLmﬁuLmﬂmuﬁmummﬂmaaﬁqﬁwa’a
Wiusianingm ImaLmﬂuLU3nmnu%umﬂsuul,uammmumumummawu

muu’LumsaanLLUU’lmwuaiamwLi,uﬂ,uu‘wavlﬂuwmw’lmammmmaaﬁmwmmm
wusiimaanssauluiawszausates ﬂuﬁwﬂqum

5.2 Uywuazdaiauauus

il Lﬁaqmﬂlumswmaaulﬁawmsnmmuammﬁua Ml vrldansnaaeud
IFonaiinupaiaadou muwmmaaumimulwmwmmmﬂsuamwn:uLLavmm‘zjulﬂ
Lwamv'l,mmamsmaawmnmamaumummuaunumwm

2. levnluiiavesfeiuauillflunueieiisusreiidudoudaiannsasonuuiuas
Usenavasialuinvesiuudnassisiuadliilidnvasmiiounosasld



(1]

66

LPNE1D19D4

2 1
=

d1770 dedazenn, AAanssuludusege, Audased 3, nganw, aun. uIaensel
UUINERE, 2549.

NINRALINANIUNALNULAZ DYSNENANIUNTENTHNTSY, wUU, A191UNTUNFIUY
nauny, (eaulat), undafiun: http://webke.dede.go.th/testmax/node/1326 (20 Savay
2558)

uningrdemaluladsvuseadyyd wznsuiamdumawnuuazoynindndsy
NeNTNdRY, u.U.U, lasamsAnen 9 Waun adesunuuwmaluladfaiuaundsalnia
mﬂm%aam‘i’ﬂ, (oulau), waeiiun: http://e-lib.dede.go.th/mm-data/Bib12209-aUy
auysal.pdf (22 Fwnau 2558)

IEC 61400-24, Wind turbines, Part 24, Lightning protection. 2010-06

IEC 62305-3, Protection against lightning, Part 3, Physical damage to structures and
life hazard, 2010-12

AN AUATEING Wy AMY, “N1TRRNLUULALIATIZUaR a0 Design and analysis
air terminal,” U3sysyatinus n1advrdminssuluinigs angimnssumans aandu
waluladnszaeunandinummsmanseds, U 2551,



AMARNUIN



ATAKNUIN N
UNAIMUITINAG

68



69

= 9/ o Y 1 o
m‘mnmszuuﬂmnuﬂmwqnwuau

The studying of lightning protection for wind turbine
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Abstract

Wind turbine is a renewable source for electrical generation.
It is one of higher constructions compared with normal buildings.
Therefore, it has a high chance to get struck by lightning. This research
investigated efficiency of lightning protection types for wind turbine and
the effect of position of lightning protection installation. The design of
lighting protection for wind turbine types was referred to IEC 61400-24
. The design of lightning conductor had 3 different forms which were:
receptor installation (Type A), copper line conductor around the
propellers installation (Type B) and conductor in lattice form installation
(Type C). Then, each type of lightning protections was verified by DC
voltage testing experiment to observe the streamer and the breakdown
points. It was found that copper line conductor around the propellers

installation provided the best efficiency for lightning protection of wind

turbine while receptor installation provided the lowest efficiency

compared with others.

Keyword Lightning, Lightning protection, Wind turbine, Streamer, Air

terminal
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elements shall be specified by the designer or installer, in cooperation with the builder and the
civil engineer.

For structures utilizing steel-reinforced concrete (including pre-cast, pre-stressed reinforced
units), the electrical continuity of the reinforcing bars shall be determined by electrical testing
between the uppermost part and ground level. The overall electrical resistance should not be
greater than 0,2 W, measured using test equipment suitable for this purpose. If this value is
not achieved, orit is not practical to conduct such testing, the reinforcing steel shall not be
used as a natural down-conductor as discussed in 5.3.5. In this case itis recommended that
an external down-conductor system be installed. In the case of structures of pre-cast
reinforced concrete, the electrical continuity of the reinforcing steel shall be established
between individual adjacent pre-cast concrete units.

NOTE 1 For further information on the ¢ ontinuity of steelwork in reinforc  ed concrete structures, see Annex E.

NOTE 2  In several countries, the us e of reinforced concrete as a part of the LPS is not allowed.

NOTE 3 Clamps to establish the continuity of steelwork in reinforc ed concrete should comply with the future
IEC 62561-1.

5 External lightning protection system

5.1 General

5.1 Application of an external LPS

The external LPS is intended to intercept direct lightning flashes to the structure, including
flashes to the side of the structure, and conduct the lightning current from the point of strike to
ground. The external LPS is also intended to disperse this current into the earth without
causing thermal or mechanical damage, or dangerous sparking which may trigger fire or
explosions.

5.1.2
Choice of external LPS
In most cases, the external LPS may be attached to the structure to be protected.

An isolated external LPS should be considered when the thermal and explosive effects at the
point of strike, or onthe conductors carrying the lightning current, may cause damage to the
structure or to the contents (see Annex E). Typical examples include structures with
combustible covering, structures with combustible walls and areas at risk of explosion and
fire.

NOTE The use of an isolated LPS may be convenient where it is predicted that changes in the structure, its
contents or its use will require modifications to the LPS.

An isolated external LPS may also be considered when the susceptibility of the contents
warrants the reduction of the radiated electromagnetic field associated with the lightning
current pulse in the down-conductor.

5.1.3 Use of natural components

Natural components made of conductive materials, which will always remain infon the
structure and will not be modified (e.g. interconnected steel-reinforcement, metal framework
of the structure, etc.) may be used as parts of an LPS.

Other natural components can only be considered as being additional to an LPS.

NOTE For further information, see Annex E.
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5.2  Air-termination systems

5721 General

The probability of structure penetration by a lightning current is considerably decreased by
the presence of a properly designed air-termination system.

Air-termination systems can be composed of any combination of the following elements:

a) rods (including free-standing masts);
b) catenary wires;

c) meshed conductors.

To conform to this standard, all types of air-termination systems shall be positioned in
accordance with 5.2.2, 5.2.3 and Annex A. All types of air terminals shall comply in full with
this standard.

For all types of air terminals only the real physical dimensions of the metal air-termination
systems shall be used for the determination of the volume protected.

The individual air-termination rods should be connected together at roof level to ensure
current division.

Radioactive air terminals are not allowed.

522 Positioning

Air-termination components installed on a structure shall be located at corners, exposed
points and edges (especially on the upper level of any facades) in accordance with one or
more of the following methods.

Acceptable methods to be used in determining the position of the air-termination system
include:

— the protection angle method;
— the rolling sphere method:;

— the mesh method.

The rolling sphere method is suitable in all cases.

The protection angle method is suitable for simple-shaped buildings but it is subject to limits
of air-termination height indicated in Table 2.

The mesh method is a suitable form of protection where plane surfaces are to be protected.

The values for the protection angle, rolling sphere radius and mesh size for each class of LPS
are given in Table 2 and Figure 1. Detailed information on the positioning of the air-
termination system is given in Annex A.
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Table 2 —Maximum values of rolling sphere radius, mesh size
and protection angle corresponding tothe class of LPS
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Protection method
Class of LPS Rolling sphere radius r Mesh size wm Protection angle
m a°
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NOTE 1 Not applicable beyond the values marked with -. Only rolling sphere and mesh methods apply in these

cases.

NOTE 2 his the height of air-termination

NOTE 3 The angle will not change for  values of h below 2 m.

Figure 1 -

above the ref erence plane of the area to be protected.

Protection angle corresponding to the class of LPS

523 Airterminations against flashes to the side of tall structures

5.2.3.1 Structures less than 60 m tall

Research indicates that the probability of low amplitude strikes to the vertical side of a
structure of less than 60 m in height are low enough that they need not be considered. Roofs
and horizontal protrusions shall be protected in accordance with the class of LPS determined
by the risk calculations of IEC 62305-2.

5232 Structures 60 m

in height or more

On structures taller than 60 m, flashes to the side may occur, especially to points, corners

and edges of surfaces.
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NOTE 1 In general the risk due to thes e flashes is low bec  ause only a few per cent of all flashes to tall structures

will be to the side and moreover their parameters are significantly lower than thos e of flashes to the top of
structures. However, electrical and electronic equipment on walls outside structures may be destroyed even by
lightning flashes with low current peak values.

An air-termination system shall be installed to protect the upper part of tall structures (i.e.
typically the topmost 20 % of the height of the structure as far as this part exceeds 60 m in
height) and the equipment installed onit (see AnnexA).

The rules for positioning the air-termination systems on these upper parts of a structure shall
meet at least the requirements for LPL IV with emphasis on the location of air-termination
devices on corners, edges, and significant protrusions (such as balconies, viewing platforms,
etc.).

The air-termination requirement for the side of a tall structure may be satisfied by the
presence of external metallic materials such as metal cladding or metallic curtain walls
provided they meet the minimum size requirements of Table 3. The air-termination
requirement may also include the use of external down-conductors located on the vertical
edges of the structure when not provided by natural external metallic conductors.

The installed or naturally occurring air-terminations meeting these requirements may utilize
installed down-conductors or be suitably interconnected with natural down-conductors such as
the steel frame of the structure or the metal of electrically-continuous  reinforced concrete
meeting the requirements of 5.3.5.

NOTE 2  Use of suitable earth-termination and natural down-conductors is encouraged.
5.2.4 Construction

Air-terminations  of an LPS not isolated from the structure to be protected may be installed as
follows:

— if the roof is made of non-combustible material the air-termination conductors may be
positioned on the surface of the roof;

~ ifthe roof is made of readily-combustible material, due care needs to be taken with regard
to the distance between the air-termination conductors and the material. For thatched
roofs, where no steel bars are used for mounting of the reed, a distance of at least 0,15 m
is adequate. For other combustible materials a distance not lower than 0,10 m is
considered adequate;

— easily-combustible parts of the structure to be protected shall not remain in direct contact
with the components of an external LPS and shall not remain directly under any metallic
roofing membrane that might be punctured by a lightning flash (see 5.2.5).

Account shall also be taken of less combustible membranes such as wooden sheets.

NOTE If itis likely that water may accumulate on a flat roof, air-terminations should be installed above the highest
probable water level.

525 Natural components

The following parts of a structure should be considered and may be used as natural air-
termination components and part of an LPS in accordance with 5.1.3.

a) Metal sheets covering the structure to be protected provided that

— the electrical continuity between the various parts is made durable (e.g. by means of
brazing, welding, crimping, seaming, screwing or bolting),

— the thickness of the metal sheet is notless than the value t given in Table 3 if itis not
important to prevent puncture of the sheeting or to consider ignition of any readily-
combustible materials underneath,
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— the thickness of the metal sheet is not less than the value t given in Table 3 if it is
necessary to take precautions against puncture orto consider hot spot problems,

NOTE 1 Where hot spot or ignition problems may aris e, it should be verified that the temperature rise  of the
inner surface at the point of strike does not constitute a danger. Hot spot or ignition problems can be

disregarded when the metal sheets lies inside an LPZ0 B or higher.

— they are not clad with insulating material.

Table 3 —Minimum thickness of metal sheets or metal pipes in air-termination systems

Thickness a Thickness
Class of LPS Material t t¢ P
mm mm
Lead - 2,0
Steel (stainless, 4 0,5
galvanized)
lto IV Titanium 4 0,5
Copper 5 0,5
Aluminium 7 0,65
Zinc - 0,7
t prevents puncture.
b
t only for metal sheets if it is not important to prevent puncture, hot spot or
ignition problems.

Metal components of roof construction (trusses, interconnected reinforcing steel, etc.),
underneath non-metallic roofing, provided that damage to this non-metallic roofing is
acceptable.

Metal parts such as ornamentation, railings, pipes, coverings of parapets, etc., with cross-
sections not less than that specified for standard air-termination components.

Metal pipes and tanks on the roof, provided that they are constructed of material with
thicknesses and cross-sections in accordance with Table 6.

Metal pipes and tanks carrying readily-combustible or explosive mixtures, provided that
they are constructed of material with thickness not less than the appropriate value of t
given in Table 3 and that the temperature rise of the inner surface at the point of strike
does not constitute a danger (for detailed information, see Annex D).

If the conditions for thickness are not fulfilled, the pipes and tanks shall be included into the
structure to be protected.

Piping carrying readily-combustible or explosive mixtures shall not be considered as an air-
termination natural component if the gasket in the flange couplings is not metallic or if the
flange-sides are not otherwise properly bonded.

NOTE 2 Athin coating of protective paint or about 1 mm asphalt or 0,5 mm PVC is not regarded as an insulator.
Detailed information is given in E.5.3.4.1 and in E.5.3.4.2.

5.3

5.3.

Down-conductor systems

1 General

In order to reduce the probability of damage due to lightning current flowing inthe LPS, the
down-conductors shall be arranged in such away that from the point of strike to earth:

a)
b)

several parallel current paths exist;
the length of the current paths is kept to a minimum:
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c) equipotential bonding to conducting parts of the structure is performed according to the
requirements of 6.2.

NOTE 1 Lateral ¢ onnection of down-c  onductors is considered to be good practice.

The geometry of the down-conductors and of the ring conductors affects the separation
distance (see 6.3).

NOTE2 The installation of as many down-c onductors as possible, at equal spacing around the perimeter
interc onnected by ring conductors, reduc es the probability of dangerous sparking and facilitates the protection of
internal installations (see IEC 62305-4). This condition is fulfiled in metal framework structures and in reinforced
concrete structures in which the interc onnected steel is electrically continuous.

Typical values  of the preferr ed distance between down-conductors are given in Table 4.

More information on partitioning of the lightning current amongst down-conductors is given in Annex C.

5.3.2 Positioning for an isolated LPS

The positioning shall be as follows:

a) If the air-termination consists of rods on separate masts (or one mast) not made of metal
or interconnected reinforcing steel, at least one down-conductor is needed for each mast.
No additional down-conductors are required for masts made of metal or interconnected
reinforcing steel.

NOTE In several countries, the us e of reinforced concrete as a part of the LPS is not allowed.

b) Ifthe air-termination consists of catenary wires (or one wire), at least one down-conductor
is needed at each supporting structure.

c) If the air-termination forms a network of conductors, one down-conductor is needed at
least at each supporting wire end.
5.3.3 Positioning for a non-isolated LPS

For each non-isolated LPS the number of down-conductors shall be not less than two and
should be distributed around the perimeter of the structure to be protected, subject to
architectural and practical constraints.

An equal spacing of the down-conductors is preferred around the perimeter. Typical preferred
values of the distance between down-conductors are given in Table 4.

NOTE The value of the distanc e between down-c onductors is correlated with the separation distanc e given in 6.3,

Table 4 —Typical preferred values of the distance between down-conductors
according to the class of LPS

Typical distances

Class of LPS o

| 10
Il 10

I 15
v 20

A down-conductor should be installed at each exposed corner ofthe structure, where this is
possible.
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534 Construction

The down-conductors shall be installed so that, as far as practicable, they form a direct
continuation of the air-termination conductors.

Down-conductors  shall be installed straight and vertical such that they provide the shortest
and most direct path to earth. The formation of loops shall be avoided, but where this is not
possible, the distance s, measured across the gap between two points on the conductor and
the length, |, of the conductor between those points (see Figure 2) shall conform to 6.3.

&
1

I=h+2+13

A
IEC 2647/10

Figure 2 —Loop in a down-conductor

Down-conductors, even if covered in insulating material, shall not be installed in gutters or
water spouts.

NOTE The effects of moisture in the gutters  lead to intensive corrosion  of the down-conductor.

Itis recommended that the down-conductors be positioned such that a separation distance in
accordance with 6.3 is provided between them and any doors and windows.

Down-conductors ofan LPS not isolated from the structure to be protected may be installed
as follows:

— if the wall is made of non-combustible material, the down-conductors may be positioned
on the surface orin the wall;

~ ifthe wall is made of readily-combustible material the down-conductors may be positioned
on the surface of the wall, provided that their temperature rise due to the passage of
lightning current is not dangerous for the material of the wall;

- if the wall is made of readily-combustible ~material and the temperature rise of down-
conductors is dangerous, the down-conductors shall be placed in such a way that the
distance between them andthe wall is always greater than 0,1 m. Mounting brackets may
be in contact with the wall.

When the distance from down-conductor to a combustible material cannot be assured, the
cross-section of the steel or thermal equivalent conductor shall be notless than 100 mma.

5.3.5 Natural components

The following parts of the structure may be used as natural down-conductors:

a) the metal installations provided that
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— the electrical continuity between the various parts is made durable in accordance with
5.5.3,
~ their dimensions are at least equal to that specified in Table 6 for standard down-
conductors.

Piping carrying readily-combustible or explosive mixtures shall not be considered as a
down-conductor natural component if the gasket inthe flange couplings is not metallic or if
the flange-sides are not otherwise properly bonded.

NOTE 1 Metal installations may be clad with insulating material.

b) the metal of the electrically-continuous  reinforced concrete framework of the structure:

NOTE 2 With prefabricated reinforced concrete, it is important to establish interconnection points between
the reinforcing elements. It is also important that reinforc ed concrete contains a conductive connection
between the interconnection points. The individual parts should be connected on-site during assembly (see
Annex E).

NOTE3 In the case of pre-stressed concrete, attention should be paid to the risk of causing unacceptabl e
mechanical consequenc es, due either to lightning current or as a result of the connection to the lightning
protection s ystem.

c) the interconnected steel framework of the structure:

NOTE 4 Ring conductors are not nec essary if the metal framework of steel structures or the interconnected
reinforcing steel of the structure is used as down-c onductors.

d) the facade elements, profile rails and metallic sub-constructions of facades, provided that

— their dimensions conform tothe requirements for down-conductors (see 5.6.2) and that
for metal sheets or metal pipes thicknesses shall be notless than 0,5 mm,

— their electrical continuity ina vertical direction conforms to the requirements of 5.5.3.

NOTE 5 For more inf ormation, s ee Annex E.

536 Test joints

At the connection of the earth-termination, a test joint should be fitted on each down-
conductor, except in the case of natural down-conductors combined with foundation earth
electrodes.

For measuring purposes, the joint shall be capable of being opened with the aid of atool. In
normal use it shall remain closed.

5.4  Earth-termination system

541 General

When dealing with the dispersion of the lightning current (high frequency behaviour) into the
ground, whilst minimizing any potentially dangerous overvoltages, the shape and dimensions
of the earth-termination system are the important criteria. In general, a low earthing
resistance (if possible lower than 10 W when measured atlow frequency) is recommended.

From the viewpoint of lightning protection, a single integrated structure earth-termination
system is preferable and is suitable for all purposes (i.e. lightning protection, power systems
and telecommunication systems).

Earth-termination systems shall be bonded in accordance with the requirements of 6.2.

NOTE1 The conditions of separation and bonding of other earth-termination systems are usually determined by
the appropriate national  authorities.

NOTE 2 Serious corrosion problems can occur when earthing systems made of different materials are ¢ onnected
to each other.
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5.4.2 Earthing arrangement in general conditions

For earth-termination systems, two basic types of earth electrode arrangements apply.

Type A arrangement
5.4.2.1

This type of arrangement comprises horizontal or vertical earth electrodes installed outside
the structure to be protected connected to each down-conductor or foundation earth
electrodes not forming a closed loop.

Intype A arrangements, the total number of earth electrodes shall be not less than two.

100

90

80

| Class|

o | Class Il

20 r

10 / |

Class lll-IV

0 500 1000 1500 2000 2500 3000
r (Wm)

IEC 2648/10

NOTE Classes lll and IV are independent of soil resistivity.

Figure 3 —Minimum length I1 of each earth electrode according to the class of LPS

The minimum length of each earth electrode at the base of each down-conductor is

- N for horizontal electrodes, or
- 05N for vertical (orinclined) electrodes,
where It is the minimum length of horizontal electrodes shown in the relevant part of Figure 3.

For combined (vertical or horizontal) electrodes, the total length shall be considered.

The minimum lengths stated in Figure 3 may be disregarded provided that an earthing
resistance of the earth-termination system less than 10 W (measured at a frequency different
from the power frequency and its multiple in order to avoid interference) is achieved.

NOTE 1 When the above-mentioned requirements cannot be met, atype B earth arrangement shall be used.

NOTE 2 Reduction of earthing resistance by the extension of earth electrodes is practically convenient up to
60m. In scil with resistivity higher than 3000 Wm, the use of type B earth electrodes or earthing enhancing
compounds is recommended.

NOTE 3  For further information, refer to Annex E.
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5422 Type B arrangement

This type of arrangement comprises either aring conductor external to the structure to be
protected, in contact with the soil for at least 80 % of its total length, or a foundation earth
electrode forming aclosed loop. Such earth electrodes may also be meshed.

NOTE Although 20% may not be in contact with the soil, the ring conductor must always be completel y
connected throughout its total length.

For the ring earth electrode (or foundation earth electrode), the mean radius re of the area
enclosed by the ring earth electrode (or foundation earth electrode) shall be notless than the
value I1;

re 1 (1)
where |1 is represented in Figure 3 according to LPS class|, II, Il and IV.

When the required value of | 1is larger than the convenient value ofy , additional horizontal or
vertical (or inclined) electrodes shall be added with individual lengths Ir (horizontal) and Iv
(vertical) given by the following equations:

Ir = l1-re (2)
and v =(1—re) /2 (3)

It is recommended that the number of electrodes shall be not less than the number of the
down-conductors, with a minimum of two.

The additional electrodes should be connected to the ring earth electrode at points where the
down-conductors are connected and, for as many as possible, equidistantly.

543 Installation of earth electrodes

The ring earth electrode (type B arrangement) should preferably be buried at a depth of at
least 0,5 m and at a distance of about 1 m away from the external walls.

The earth electrodes (type A arrangement) shall be installed ata depth of upper end at least
0,5m and distributed as uniformly as possible to minimize electrical coupling effects in the

earth.

NOTE 1 If the type A earth electrode is positioned within an inspection housing which, in turn, is located in high
resistanc e paving or adjoining concrete, then the 0,5 m requirement can be disregarded.

Earth electrodes shall be installed in such a way as to allow inspection during construction.

The embedded depth and the type of earth electrodes shall be such asto minimize the effects
of corrosion, soil drying and freezing and thereby stabilize the conventional earth resistance.
It is recommended that the upper part of a vertical earth electrode equal to the depth of
freezing soil should not be regarded as being effective under frost conditions.

NOTE 2 Hence, for every vertical €lectrode, in
5.4.2.1and 5.4.2.2. 0,5m should be added to the value of the length |1, calculated

For bare solid rock, atype B earthing arrangement is recommended.

For structures with extensive electronic systems or with high risk of fire, type B earthing
arrangement is preferable.
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5.4.4 Natural earth electrodes

Interconnected reinforcing steel in concrete foundations in accordance with 5.6, or other
suitable underground metal structures, should preferably be used as an earth electrode.
When the metallic reinforcement in concrete is used as an earth electrode, special care shall
be exercised at the interconnections to prevent mechanical splitting of the concrete.

NOTE 1 In the cas e of pre-stressed concrete, consideration should be given to the consequences of the passag e
of lightning discharge currents which may produc e unacceptable mechanical stresses.

NOTE 2 Ifafoundation earth electrode is used, a long-term increase in  earthing resistanc e is possible.

NOTE 3 More extensive information on this topic is reported in Annex E.

55  Components
5.5.1 General

Components of LPS shall withstand the electromagnetic effects of lightning current and
predictable accidental stresses without being damaged. This can be achieved by choosing
components that have successfully been tested in accordance with the future IEC 62561
series.

Components of an LPS shall be manufactured from the materials listed in Table 5 or from
other materials with equivalent mechanical, electrical and chemical (corrosion) performance
characteristics.

NOTE Components made of material other than metal may be us ed for fixing.
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Table 5—LPS materials and conditions of use a

Material Use Corrosion
May be
destroyed by
In open air In earth In concrete Resistance Increased K]
. salysms
y with
Copper Solid Solid Solid Good in many Sulphur
environments compounds
Stranded Stranded Stranded P -
. Organic
As coating As coating maﬁerials
Hot Solid Solid Solid Acceptable in air, High Copper
galvanized in concrete and in | chlorides
Steelc ae |Stranded b Stranded b benign s oil content
Steelwith | Solid Solid Solid Good in many Sulphur
electro- environments compounds
deposited
copper
Stainless Solid Solid Solid Good in many High -
steel environments chlorides
Stranded Stranded Stranded content
Aluminium Solid Unsuitable Unsuitable Good in Alkaline Copper
atmospheres solutions
Stranded containing low
concentrations  of
sulphur and
. chloride
Solid Solid Unsuitable Good in Acid soils Copper
. ) atmosphere with .
As coating As coating high R I Stainless
concentration of steel
sulphates

® This table gives general guidance only. In special circumstances more careful corrosion immunity
considerations are r equired (see Annex E).

Stranded conductors are more vulnerable to corrosion than solid conductors. Stranded conductors are also
vulnerable where they enter or exit earth/c oncrete positions. This is the reas  on why stranded galvanized steel is
not r ecommended in earth,

Galvanized steel may be ¢ orroded in clay s  oil or moist soil.

Galvanized steel in concrete should not extend into the soil due to possible corrosion of the steel just outside
the c oncrete.

Galvanized steel in contact with reinforcement steel in concrete should not be used in coastal areas where
there may be s alt in the ground water

f i .
Use of lead in the earth is often banned or restricted due to environmental conc €ms.

5.5.2 Fixing

Air-terminations and down-conductors shall be firmly fixed so that the electrodynamic or
accidental mechanical forces (for instance vibrations, slipping of slabs of snow, thermal
expansion, etc.) will not cause conductors to break or loosen (see Annex D of IEC 62305-1:2010).

NOTE Recommended distances between fixings are reported in Table E.1.
bib:3 Connections

The number of connections along the conductors shall be kept to a minimum. Connections
shall be made secure by such means as brazing, welding, clamping, crimping, seaming,
screwing or bolting.
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To achieve this, connections of steelwork within reinforced concrete structures shall conform
to 4.3 and shall comply with the requirements and tests according to the future IEC 62561-1.

5.6 Materials and dimensions

5.6.1 Materials

Material and its dimensions shall be chosen bearing in mind the possibility of corrosion either
of the structure to be protected or of the LPS.

56.2 Dimensions

Configurations and minimum cross-sectional areas of air-termination conductors, air-
termination rods and down-conductors are given in Table6 and shall comply with the
requirements and tests according tothe future IEC 62561 series..

Configurations and minimum dimensions of earth electrodes are given in Table 7 and shall
comply with the requirements and tests according to the future IEC 62561 series.
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Table 6 — Material, configuration and minimum cross-sectional area of air-termination
conductors, air-termination rods, earth lead-in rods and down-conductors

. . Cross-sectional area
Material Configuration i
Solid tape 50
Copper, Salid faiid b 50
Tin plated copper SHsiAa 50
Solid round ¢ 176
Solid tape 70
Aluminium Solid round 50
Stranded 50
Solid tape 50
Solid round 50
Aluminium alloy
Stranded 50
Solid round ¢ 176
Copper c oated aluminium alloy Solid round 50
Solid tape 50
Hot dipped galvanized steel Solid round 50
Stranded 50
Solid round « 176
Solid round 50
Copper c oated steel -
pp Solid tape 50
Solid tape 4 50
' Solid round 4 50
Stainless steel Stranded
70
Solid round ¢ 176

?  Mechanical and electrical characteristics as well as corr osion resistanc e properties shall meet
the requirements  of the future IEC 62561 series.

b 50 mm 2 (8 mm diameter) may be reduced to 25 mm 2in certain applications where mechanical
strength is not an essential requirement. C onsideration should in this case, be given to
reducing the spacing between the fasteners.

¢ Applicable for air-termination rods ~ and earth lead-in rods. For air-termination rods where
mechanical stress such as wind loading is not critical, a 9,5 mm diameter, 1 m long rod may
be used.

*  Ifthermal and mechanical ¢ onsiderations are important then thes e values should be increas  ed
to 75 mm?2.
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Table 7 —Material, configuration and minimum dimensions of earth electrodes

89

ae
Dimensions
Material Configuration Earth rod Earth
. diameter conductor Bai Blate
2 mm
mm mm
Stranded 50
Solid round 15 50
Solid tape 50
Copper
Tin plated copper [ pjpe <V
Solid plate 500 ° 500
Lattic e plate < 600 " 600
Solid r ound 14 78
Pipe 25
90
. Solid tape
Hot dipped -
galvanized steel Solid plate 500 * 500
Lattic e plate < 600 600
Profile ¢
Stranded 70
Bare steel v Solid round 78
Solid tape 75
Solid round 14 50
Copper c oated olid Faur :
steel Solid tape 90
Solid round 15 78
Stainless steel Solid tape 100
*  Mechanical and electrical characteristics as well as corr osion resistanc e properties shall meet the
requirements of the future IEC 62561 series.
®  Shall be embedded in concrete for a minimum depth of 50 mm.
° Lattice plate ¢ onstructed with a minimum total length of the conductor of 4,8 m.
*  Different profiles are permitted with a cross-section of 290 mm andz  a minimum thickness of 3 mm, e.g.
cross profile.
® Incaseof aTypeB arrangement foundation earthing s ystem, the earth electrode shall be correctly
connected at least every 5 m with the reinforcement steel.
" Insome c ountries the diameter may be reduc  ed to 12,7 mm.

g Internal lightning protection system

6.1 General

The internal LPS shall prevent the occurrence of dangerous sparking within the structure to
be protected due to lightning current flowing in the external LPS or in other conductive parts

of the structure.

Dangerous sparking may occur between the external LPS and other components such as:

— metal installations;
— internal systems;
— external conductive parts and lines connected tothe structure.
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8 Lightning protection of subcomponents

8.1 General

Unless otherwise shown by risk analysis, all subcomponents should be protected according to
LPL-I.

Lifetime compliance with acertain LPL may require maintenance and inspections which may
be site specific. Maintenance and inspection requirements for the lightning protection system
including the earthing system should be described in the service and maintenance manuals.
Maintenance and inspection procedures are outlined in Clause 12.

NOTE A detailed risk assessment may reveal that a protection level less than LPL-l is economically optimal for
some wind turbines orwind farms, just asit may be advantageous to differentiate so that for example wind turbine
blades are protected toa higher LPL while other parts repairable orreplaceable atless costs may be protected to a
lower LPL.

8.2 Blades
8.2.1 General

Wind turbine blades are the most exposed parts of the turbine, and would experience the full
impact from the electric fields as associated with the lightning attachment process, the
lightning currents, and the magnetic field associated with lightning currents. The formal
explanation of the attachment process and the following current/charge conduction is
described in Annex A.

Wind turbine blades are placed in lightning protection zone OA according to IEC 62305-1 and
shall be protected accordingly.

A general description of the different issues concerning lightning protection of blades is
included in Annex C.

8.2.2 Requirements

The lightning protection shall be sufficient to enable the blade to accept LPL I lightning
flashes (unless a risk analysis shows that LPL-Il or LPL-lll is sufficient) without structural
damage that would impair the functioning of the blade.

Lightning damage shall be limited to that which can be tolerated until the next scheduled
maintenance and inspection.

8.2.3 Verification

The ability of the air-termination system and down-conductor system to intercept lightning
flashes and conduct lightning currents shall be verified by one of the following methods:

a) high-voltage and high-current tests in accordance with 8.2.5:

b) demonstration of similarity of the blade type (design) with a previously verified blade
type, or a blade type with documented successful lightning protection;

c) using analysis tools previously verified by comparison with test results or with blade
protection designs that have had successful service experience.

To claim verification by similarity, the blades must exhibit the same material composition, the
same system of lightning protection and have the same structural characteristic dimensions.
Significant changes which would affect lightning susceptibility should not be allowed without
verification. However, assessments that would be identical to those performed on a previously
verified blade design would not have to be repeated.
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The blade manufacturer shall produce documentation that describes which of the above
methods are used and the results of the verification.

8.24 Protection design considerations

The following subclauses describe the issues which are important for design and
incorporation of the lightning protection systems associated with the blade.

8.2.4.1 Air-termination system

The lightning air-termination systems are placed in the surface areas on the blade where
connection leaders might originate and cause lightning flash attachments or punctures if no
air terminations are present. The air-termination systems may be part of the blade structure
itself, components added to the blade, or combinations thereof.

The air-termination system positioning tools (rolling sphere, protective angle, etc.) described
in |EC 62305-3 do not apply to wind turbine blades. Therefore, the air-termination system
design shall be verified according to 8.2.3.

The manufacturer shall ensure that the air termination system is properly fixed in its
mountings, and he shall design the air termination system so that it can withstand the
expected weardue to wind, moisture, particles, etc. Aspart of such verification, the lightning
protection components shall be present in the final blade design, preceding fatigue tests and
other mechanical tests.

All internal parts of the air-termination system, the mounting of the air terminations and the
connections to the down conductor shall be designed to minimise the risk of getting internal
discharges (i.e. streamers and leaders) forming from these parts.

The manufacturer shall design the air-termination system so that service personnel can repair

or replace parts of it that may be damaged or degraded by lightning or other environmental
effects. The air terminations will wear over time due to erosion at lightning arc roots. The
erosion is related to the charge entering at the lightning arc root(s) and the surface material
and geometry of the air termination system. Blades that receive large numbers of lightning
flashes may eventually require replacement of the air terminations. The lifetime of the air
termination system should be maximised through suitable selection of material and design.
The manufacturer shall provide guidance on how to inspect and maintain the air-termination
system.

If the air-termination system is covered by, for example, a coating, the function and the
reparability over the lifetime of the blade must be maintained. Recommended tests for
determining the effectiveness of air terminations are described in Annex D.

The manufacturer shall define a procedure for regular inspection of the air-termination
systems so that the estimated design life-time and service/replacement intervals can be
established and verified.

Verification of the air-termination system efficiency shall be done as described in 8.2.3.

8.24.2 The down conductor system and its connection components

The down conductor system and its connection components is the system for conducting the
lightning current from the air-termination system to the termination in the root end of the
blade.

The connections to the down conductor system shall be firm and permanent and ensure that
the entire system can withstand the combined impact of the electrical, thermal, and
electrodynamic effects of the lightning current. The ability of the lightning protection systems
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to withstand the mechanical stresses in the blades shall be verified, preferably by installing
the system in a blade which is subjected to the tests in IEC/TS 61400-23.

The cross section of the down conductor and natural conductive parts of the blade used as
down conductor shall be able to conduct lightning current corresponding to the chosen LPL.
Metal conductors shall in general be selected according to IEC 62305-3.

Testing of connection components shall be done in accordance with EN 50164-1 without the
conditioning/aging applied. The current test levels should be selected according to the first
short stroke of the selected LPL. If non-rigid connections are used, such as rotating links,
bearings or spark gaps, then testing should be done with the long stroke current as well. If
several paths for the lightning current exist, the test current amplitudes for each path may be
scaled according to the distribution of the current between the paths.

Allinternal parts of the down conductor system and connection components shall be designed

to minimise the risk of internal discharges forming from these parts. This aims at impeding the
development of electrical discharges from structures elsewhere than the external air
termination system; whereby the risk of such internal discharges puncturing the blade skin is
limited.

Externally mounted down conductors are defined as air-termination systems, hence the
requirements in 8.2.4.1 apply.

The manufacturer shall define a procedure for regular inspection of any parts of the down
conductor system and its connection components that may be degraded by service
environments so that the condition and estimated design life time and service intervals of
these parts can be verified.

Recommended tests for determining the capability of down conductors and connection
components are described in Annex D

Verification of the down conductor system and its connection components shall be done as
described in 8.2.3,

8.243 Additional conductive components

In case additional conductive components (conductive structural components, CFC, weights,
tip brake cables, electrical cables for sensors, warning lights, etc.) are present within the
blade, these parts shall in general be bonded to the lightning protection system, be designed
to conduct their share(s) of lightning current and be designed to prevent flashover between
conductive parts.

Alternatively, it shall be documented by testing corresponding to the LPL and/or analysis
whether additional conductive components, CFC structures etc. shall be bonded together and
to the lightning protection system or not.

Bonding methods for these additional conductive components shall be proven by high-current
testing as described in 8.2.5.2.

In case conductors form parallel current paths within the blade, such conductors shall be
interconnected according to |EC 62305-1, and attention must be paid to the effects of
electrodynamic forces.

8.24.4 Electrical field stress impact on composite material design

Due to the elevation and exposure of wind turbine blades, the entire structure of the blade will
be exposed to high electric fields many times during its service life. High static and transient
electric fields are produced by thunder clouds and electrically applied to the blade structure.
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Approaching lightning leaders expose the blade structure to higher electric fields. In both
cases, the electric fields may over time degrade the insulating properties of composite
materials. Therefore, the lightning protection systems should be designed considering high
voltage insulation design principles.

8.2.5 Test methods

The following test methods apply to entire blade designs or sub-sections such as blade tips or
laminate coupons.

8.2.5.1 High-voltage tests

Interception effectiveness of the air termination systems on the blade can be evaluated using
the initial leader attachment test described in Annex D, Subclause D.2.1.

Development of specific design details surrounding tip receptors, side receptors or similar can
gain from the initial leader attachment test described in Annex D, Subclause D.2.1.

Improvement of the ability of the blade laminate to impede internal discharges and prevent
them from puncturing the blade skin can be achieved by increasing the electrical breakdown
field strength of the materials. The breakdown field strength of insulating composites and
coating layers can be evaluated according to IEC 60060-1, IEC 60243-1 (a.c.), IEC 60243-3
(impulse voltage) and IEC 60464-2 (coating).

When electrical activity occurs on insulating surfaces (streamers, surface flashovers, etc.),
the surface may deteriorate experienced as tracking and electrical erosion. The impact, in
connection with moisture, may change the properties of the insulating surface towards a more
conductive nature, and hence increase the risk of direct lightning attachment. The resistance
to tracking of various blade and coating materials can be evaluated and compared using
IEC 60587.

8.2.5.2 High-current tests

The air termination systems will be largely affected by the impact of the charge in the lightning
flash (i.e. the time integral of the lightning current), a phenomenon that can be evaluated by
the high-current physical damage test in Annex D, Clause D.3.

Connection components and parts of the down conductor can be tested by the high-current
physical damage test in AnnexD, Clause D.3, or the EN 50164-1 without the
conditioning/aging applied.

The current test waveforms and levels should include the first short stroke and if relevant also
the long stroke (continuing current) defined for the selected LPL.

8.3  Nacelle and other structural components

8.3.1 General

Lightning protection of the nacelle and other structural components of the wind turbine should

be made using the large metal structures themselves as much as possible for lightning air
termination, equipotentialisation, shielding and conduction of lightning current to the earthing
system. Additional lightning protection components such as air termination systems for
protection of meteorological instruments and air craft warning lights on the nacelle, down
conductors and bonding connections shall be made and dimensioned according to
IEC 62305-3. The wind turbine should be divided into lightning protection zones, LPZ (see
Annex E).
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8.3.2 Hub

The hub for large wind turbines is a hollow cast iron sphere of 2 m to 3 m in diameter. Hence

the material thickness alone ensures that the hub structure itself is immune to lightning. In
most cases, electrical and mechanical control systems and actuators are placed in the hub
with circuits going to the outside of the hub, to the blades and to the nacelle. The hub should

be made into a Faraday cage by providing magnetic shields in the openings in the hub
towards the blades, the front and the nacelle (i.e. the hub should be defined as a LPZ). In
many cases, these openings are closed by blade flange plates and the main shaft flange,
which can be considered very effective magnetic shields. When the openings are closed with
magnetic shields as described above, the contents of the hub require no particular lightning
protection. Lightning protection of the hub is then limited to equipotential bonding and
transient protection of systems placed outside the hub, such as blade actuator systems, and
of electrical and control systems in the hub connected to circuits extending to the outside of
the hub.

8.3.3 Spinner

Typically the hub has a glass fibre cover, called the spinner, which is mounted on the hub and

rotates with it. As the rolling sphere model ~ would always indicate that there is a possibility of
lightning attaching to the front end of the spinner, lightning  protection shall be considered. In
some wind turbine designs there are also electrical and mechanical control systems and
actuators placed outside the hub and covered by the spinner. Such systems shall be shielded

from lightning attachment with air termination systems. In case no such systems are placed
under the spinner, it may be reasonable to accept the risk of lightning puncturing through the
spinner and not have any lightning protection of the spinner. However, in most cases simple
and practical lightning protection of the spinner can probably be made using the metal support
structure for the spinner as air termination system and connection to the hub.

8.34 Nacelle

The nacelle structure should be part of the lightning protection so that it is ensured that
lightning attaching to the nacelle will either attach to natural metal parts able to withstand the

stress or attach to alightning air-termination system designed for the purpose. Nacelles with
GFRP cover or similar should be provided with a lightning air-termination system and down
conductors forming acage around the nacelle. The lightning air-termination system including
exposed conductors in this cage should be able to withstand lightning flashes corresponding
to the chosen lightning protection level. Other conductors in the Faraday cage should be
dimensioned to withstand the share of lightning currents that they may be exposed to.
Lightning air-termination systems for protection of instruments, etc. on the outside of the
nacelle should be designed according to the general rules in IEC 62305-3, and down
conductors should be connected to the above-mentioned cage.

A metal mesh could be applied to nacelles with GFRP cover to provide shielding against
external electric and magnetic fields, and magnetic fields from currents flowing in the mesh.
Alternatively, all circuits inside the nacelle could be placed in closed metal conduits or cable
trays etc.. An equipotential bonding system shall be established in which the major metal
structures in and on the nacelle are included, as it is required in the electrical codes, and as it

will provide an efficient equipotential plane to which all earthing and equipotential bonding
connections should be made.

Lightning current from lightning attaching to the blades should preferably be conducted

directly to the above-mentioned cage thereby completely avoiding lightning current passing

through the blade pitch bearings and drive train bearings (see 8.2and 8.4 for discussion of
protection of blades and bearings). Different kinds of brush systems are commonly used for
diverting lightning currents away from bearings. However, the efficiency of such discrete

brushes may be low, as it is very difficult to construct the brush and earth lead systems with
impedance low enough to significantly reduce the current going through the low impedance of

the main shaft and bearing systems to the nacelle bed plate.
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NOTE A nacelle cover with such amagnetic shield will not be able to protect against effects of magnetic fields
from lightning currents flowing inside the nacelle, such as inthe main shaft.

8.3.5 Tower

A tubular steel tower, as predominantly used for large wind turbines, usually fulfils the
dimensions required for down conductors stated in IEC 62305-3 and can be considered an
almost perfect electromagnetic shield Faraday cage, as it is electromagnetically almost closed

both at the interface to the nacelle and at ground level. It would therefore in most cases be
reasonable to define the inside of the tower as lightning protection zone LPZ1 or LPZ2. In
order to keep the tower as electromagnetically closed as possible, there should be direct
electrical contact all the way along the flanges between tower sections. The tower and all
major metal parts in it should be integrated into the protection earth conductor (PE) and
equipotential bonding systems to make the best of the protection offered by the Faraday
cage. With regards to bonding of metal structures and systems inside the tower such as
ladders, wires and rails, see 9.3.5.

The interface towards the nacelle is usually closed with metal platforms and hatches, which
can also serve as an electromagnetic shield closing the tower (see 8.4.2 for discussion of
lightning protection of the yaw bearing).

The tower interface to the earthing system is discussed in Clause 9. If the tower is
constructed as a Faraday cage as described above, then the contents of the tower require no
particular lightning protection. The task of ensuring lightning protection of the tower is thereby

limited to equipotential bonding and transient protection of electrical and control circuits
extending to other lightning protection zones such as into the nacelle and to the outside of the

tower.

Lattice towers naturally cannot be considered a very effective Faraday cage, although there
will be some magnetic field attenuation and lightning current reduction inside the lattice tower.

It is reasonable to define the inside of a lattice tower as LPZO0g. Lightning down conduction
should be via the lattice tower structural elements, which therefore have to fulfil the
dimensions required for down conductors stated in IEC 62305-3 taking current sharing
between parallel paths into account. Shields of cables in lattice towers may need to be
bonded to the tower at certain interspacing in order to avoid puncture of cable insulation; this

is to be assessed by calculation (see IEC 62305-2, Annex D).

In steel reinforced concrete towers, the reinforcement can be used for lightning down
conduction by ensuring 2 to 4 parallel vertical connections  with sufficient cross section  which
connect horizontally at top, bottom and for every 20 m in between. The steel reinforcement
will provide quite effective magnetic field attenuation and lightning current reduction inside the

tower if bonded in this way.

8.3.6 Testing methods

Preliminary testing methods are included in Annex D.

8.4 Mechanical drive train and yaw system

8.4.1 General

The wind turbine will in general have a number of bearings for blade pitching, main shaft
rotation, gearbox, generator, and yawing systems.

Hydraulic or electrical actuator systems are used for control and operation of main
components.

Bearings and actuator systems have moving parts that directly or indirectly bridge different
parts of the wind turbine where lightning current may flow.
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All bearings and actuator systems that may be in a lightning current path shall be protected as
necessary to reduce the level of current passing through the component to a tolerable level.

8.4.2 Bearings

Bearings are difficult to monitor, and it is not acceptable that bearings have to be inspected
after lightning attachment to a wind turbine. Systems for protecting bearings therefore shall be
well proven and documented.

Protection can be a part of the bearing structure itself or it can be an external system installed
across the bearing to bypass the current.

If bearings are operated without protection, it shall be demonstrated that the bearing itself can
operate for the whole design lifetime, after being exposed to the expected number of lightning

current penetrations. If the bearing is not able to operate for the whole design life time,
protection shall be applied (see 8.4.4).

8.4.3 Hydraulic systems

If hydraulic systems are in the lightning current path, it shall be ensured that lightning current
penetration will not affect the system. With hydraulic systems, it is necessary to consider the
risk of fluid leaks due to damage at fittings and ignition of the hydraulic oil.

Protection measures such as sliding contacts or bonding straps can be used to make the
current bypass actuator cylinders.

Hydraulic tubes exposed to lightning current shall be protected to avoid current penetration of

the tubes. If hydraulic tubes have mechanical armour, it shall be bonded to the steel structure

of the machinery at both ends of the tube. It shall also be ensured that the armour has
sufficient cross section to conduct the parts of the lightning current which it may be exposed
to.

Similar considerations may apply to water cooling systems.

8.4.4 Spark gaps and sliding contacts

For bypassing bearings and actuator systems, it shall be considered to use spark gaps or
sliding contacts. Such bypassing systems including their connecting leads must in order to be
effective have less impedance than the direct natural current path through the component.

Spark gaps and sliding contacts shall be able to conduct the lightning current it may be
exposed to at the place of use in the wind turbine.

Both spark gaps  and sliding contacts shall be designed to maintain  the required performance
regardless of environmental effects such as rain, ice, pollution with salt, dust, etc.

If spark gaps or sliding contacts are used, these must be considered to be wear parts and the

service lifetime of these devices shall be calculated and documented. Spark gaps and sliding
contacts shall be inspected regularly in accordance with the service and maintenance
manuals.

8.4.5 Testing

All systems for protection of bearings and actuator systems shall have a documented
functionality. It is recommended to perform tests with impulse current representing the natural
lightning current.
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It is recommended to perform impulse current tests on full-scale test objects where the
important parts of the system are represented in a test mock-up.

It shall be demonstrated that the protection system can withstand the damaging effect of the
first lightning stroke combined with the long stroke current.

If sliding contacts are used as part of the system, mechanical tests shall be performed in
order to document the stability of the system with special focus on wear of the contact with
and without the erosion effects of lightning current. The wear has to be low enough to allow
unaffected operation between the planned service intervals.

Tests can be done on scaled models, but calculations shall demonstrate the scaling factors
and effects.

Informative testing methods are included in Annex D, Sublause D.3.4.

8.5  Electrical low-voltage systems and electronic systems and installations

8.5.1 General

This clause deals with the protection of the electrical and control systems of a wind turbine
against the effects of

LU lightning flashes attaching to the wind turbine;
UL leader currents developing from the wind turbine;

JL indirect lightning flashes (i.e. effect through LEMP of lightning flashes not affecting the
wind turbine directly).

NOTE 1 Transient overvoltages and surges caused by switching operations in electrical systems (switching
electromagnetic impulse, SEMP) must be considered as well. However, itis outside the scope of this standard. For
general information, the reader is referred to IEC 62305-2 Annex F for discussion of switching overvoltages.
Subclause 8.5.6.9 and Clause F.7 of this standard give some information on the selection of SPDs with regard to
overvoltages created within wind turbines.

All types of lightning flashes generate lightning electromagnetic impulses (LEMP).

NOTE 2 The general requirements for electrical equipment on machines described in IEC 60204-1 should be
observed.

8.5.2 LEMP protection measures (LPMS)

Electrical and control systems are subject to damage from the LEMP. Therefore LEMP
protection measures (LPMS) shall be provided to avoid failure of these systems. The effective
protection of the electrical and control system of a wind turbine against LEMP requires the
systematic ~approach of the lightning protection zones (LPZ) concept according to
IEC 62305-4. LPMS is part of the lightning protection zone (LPZ) concept for the complete
wind turbine, described in 8.5.3. Examples of the application of the lightning protection zones

(LPZ) concept in a wind turbine are given in Annex E.

The wind turbine manufacturer shall provide a LEMP protection measures system (LPMS)
according to IEC 62305-4 for the complete electrical system.

NOTE It can be assumed that effective LEMP protection measures also provide effective protection against the
effects of indirect lightning flashes.

Basic protection measures in an LPMS according to IEC 62305-4 include:

00 bonding — see Subclause 8.5.4;

U0 magnetic and electrical shielding of cables and line routing (system installation) — see
Subclause 8.5.5;
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UL coordinated SPD protection — see Subclause 8.5.6;

00 earthing — see Clause 9.
Additional methods include:

OO isolation, circuit design, balanced circuits, series impedances, etc.

For the LPMS, the following basic information shall be documented (see also Clause 11):

00 definition of lightning protection level (LPL) according to IEC 62305-1;
U0 drawings of the wind turbine defining LPZ and their boundaries;

UL circuit diagrams showing SPDs, cable shields and cable shield bonding points.

Figures E.5 and E.6 provide basic examples of such documentation.

8.5.3 Lightning protection zones (LPZ)

A wind turbine can be divided into physical areas which roughly define the level of the
influence of a lightning flash on components in that zone. The division of the wind turbine into

lightning protection zones is a tool to ensure systematic and sufficient protection of all
components of the wind turbine. These lightning protection zones (LPZ) are defined
depending on whether or not direct lightning attachment is possible and on the magnitude of
the lightning current and associated magnetic and electrical fields expected in that zone (see
Table E.1). Lightning protection methods are then applied to ensure that components, for
example machinery, electrical systems or control systems, can withstand the magnetic and
electrical fields and lightning current that may 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 more sensitive components (i.e. from a lower LPZ number to a

higher LPZ number), whereas internal connections within the zone may be unprotected. This
approach is detailed further in IEC 62305-4, Clause 4 “Design and installation of a LEMP
protection measures system (LPMS)”, and it is discussed in Annex E.

Further guidance on how to fulfil these requirements is given in Annex E.

8.5.4 Equipotential bonding within the wind turbine

Equipotential bonding according to IEC 62305-4 shall be used within a wind turbine to ensure

that potentially dangerous sparking cannot take place between conducting parts of the wind
turbine. These equipotential bonds provide protection against touch and step voltages during
a lightning  attachment. Equipotential bonds play an important role in reducing the probability
of damage to electrical and control systems. Low impedance bonding connections prevent
dangerous potential differences between equipment inside the wind turbines.

In order to be most effective, the bonding connections shall make maximum use of the large
metal structures of the wind turbine (i.e. mainly tower, nacelle bed plate, nacelle frame and
hub). Such bonding conductors may additionally reduce the magnetic field levels caused by
lightning. For example, if bonding connections are placed between metal platforms and the
tower wall at several positions distributed around the platform-tower interface, it will
effectively provide electromagnetic shielding of the inside of the tower.

Much of the damage experienced in wind turbine control systems can be prevented by means
of effective bonding and shielding. Some further considerations about the bonding needed in
a wind turbine are discussed in Annex G.

8.5.5 Shielding and line routing

Shielding is the means by  which electromagnetic field levels are attenuated. The reduction of
electromagnetic fields can substantially reduce levels of voltages induced into circuits.
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The magnetic field caused inside an LPZ by lightning flashes to the structure or the nearby
ground may be reduced by spatial shielding of the LPZ only. Surges induced into the control
system via the connecting cabling can be minimised either by spatial shielding, or by line
routing and shielding (e.g. shielded cables bonded at both ends), or by a combination of both

methods.

Magnetic shielding and line routing according to IEC 62305-4, Clause 4 should be used, and
the general guidelines on EMC-correct installation practices described in IEC/TR 61000-5-2
should be followed.

When lightning currents flow through a wind turbine, large magnetic fields are produced. If
these changing magnetic fields pass through a loop formed by wiring or formed by wiring and

the wind turbine structure, they will induce surge voltages and currents within that loop. The
magnitude of the surges is related to the rate of change of the magnetic field and the area of

the loop in question. The designer shall consider the magnitude of induced voltages and make

sure that such surges do not exceed the withstand level of the cabling and connected
equipment.

The use of shielding and line routing should be documented by analysis and/or testing.

Some further considerations about the shielding required in a wind turbine are discussed in
Annex G.

8.5.6 Coordinated SPD protection
8.5.6.1 General

Coordinated SPD protection consists of a set of SPDs properly selected, coordinated and
installed to reduce failures of electrical and electronic systems.

NOTE Coordination of SPD protection must include the connecting circuits to provide insulation coordination of
complete systems.

Coordinated SPD protection limits the effects of lightning surges and internally generated
switching surges. The protection of the electrical and control systems requires a systematic
approach of coordinated SPDs for both electrical low-voltage power systems and control
systems. The recommendations for coordinated SPD protection within wind turbines are given

in Annex F.
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8.5.6.2 Location of SPDs

According to IEC 62305-4, in an LPMS, SPDs shall be located at the line entrance into each
LPZ:

C0 as close as possible to the boundary of LPZ 1, SPDs tested with /imdClass | test), as
classified in IEC 61643-1, shall be installed;

I as close as possible to the boundary of LPZ 2 and higher, and if necessary as close as
possible to the equipment to be protected, SPDs tested with In (Class Il test), as classified
in IEC 61643-1, shall be installed.

NOTE If the length ofthe circuit between the SPD andthe equipment is too long (i.e. ingeneral when longer than
10 m), propagation of surges can lead to an oscillation phenomenon - see IEC 62305-4, Subclause D.2.3 and
D.2.4.

8.5.6.3 Selection of SPDs

SPDs which shall withstand a partial lightning current with the typical waveform 10/350 _s
require a corresponding impulse test current fimp. For power lines, a suitable test current fimp
is defined in the Class | test procedure of IEC 61643-1.

SPDs which shall withstand induced surge currents with the typical waveform 8/20 Us require
a corresponding impulse test current In. For power lines, a suitable test current In is defined in
the Class Il test procedure of IEC 61643-1.

SPDs shall comply with

L0 |IEC 61643-1 for power systems;
00 1EC 61643-21 for telecommunication and signalling systems.

8.5.6.4 Installation of SPDs
SPDs shall comply with the installation rules given in

00 1EC 60364-4-44, |IEC 60364-5-53 and IEC 61643-12 for the protection of power systems;
D0 IEC 61643-22 for the protection of the control and communication systems.

The installation locations of the SPDs shall be documented e.g. by means of drawings and
wiring diagrams according to the LPMS. For the SPDs installed at the different LPZ
boundaries and possible surge protection components installed inside equipment, the
requirements for energy coordination according to IEC 62305-4 and IEC 61643-12 shall be
fulfilled.

According to |EC 62305-4, considerations shall be made regarding the coordination of SPDs
in the electrical and control systems. Sufficient information shall be provided in the
documentation on how coordination between SPDs is achieved.

Further guidelines for the bonding (earthing) and cabling of electrical and control systems and
installations are given in 8.5.4 and 8.5.5 and exemplified in Annex G.

8.5.6.5 Environmental stresses

SPDs shall withstand the environmental stresses characterising the installation place such as:

0 ambient temperature;
U humidity;
L0 corrosive atmosphere;

U vibration and mechanical shock.
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Depending on conditions at the point of installation within the wind-turbine, additional and
specific requirements on the performance and installation of SPDs might arise. If necessary,
the manufacturer of the wind turbine should take into account the environmental conditions for
specific points of installation, e.g. nacelle and hub.

8.5.6.6 Maintenance
Maintenance and replacement of SPDs shall be done according to a maintenance plan.

SPDs shall be installed in such a way that they can be inspected.

NOTE The SPD manufacturer can provide information on SPD service life time.
8.5.6.7 SPD monitoring

SPD protection of critical parts of the electrical and control systems of wind turbines may
require monitoring.

8.5.6.8 Selection of SPDs with regard to protection level ( Up) and system immunity

In order to identify the required protection level Upin an LPZ, it is necessaryto establish the
immunity levels of the equipment in the LPZ, e.g. of

U power lines and equipment terminals according to IEC 61000-4-5 and |IEC 60664-1;
L telecom lines and equipment terminals according to IEC 61000-4-5, ITU-T K.20 and

ITU-T K21;

U other lines and equipment terminals according to information obtained from the
manufacturer.

Manufacturers of electrical and electronic components should be able to supply the necessary
immunity level information according to the EMC standards. Otherwise the wind turbine
manufacturer should have tests performed to establish the immunity level.

The established immunity level of components in an LPZ directly defines the necessary
protection level to be achieved at the LPZ boundaries.

System immunity shall be verified including all SPDs installed and equipment to be protected,
if applicable. Possible testing methods are described in Annex H.

8.5.6.9 Overvoltages created within wind turbines

Specific requirements might apply to SPDs due to large voltage variations and temporary
overvoltages within the electrical system of awind turbine. In such cases, the relevant parts
of the electrical systems and voltage levels, current levels and duration shall be identified by
analysis and/or testing and SPDs selected accordingly. Examples hereof are given in
Annex F.

Evidence shall be provided that the selected SPDs can withstand these specific stress levels.

8.5.6.10 Selection of SPDs with regard to discharge current In and impulse current
Timp

An analysis of the lightning current distribution within the wind turbine according to
IEC 62305-4 is recommended. Based on these calculations, SPDs can be selected with
regard to discharge current  /n and impulse current  Jimp.

SPDs for particularly exposed circuits may require higher rating as compared to the levels
given in IEC 60364-5-53 or such circuits could be shielded. Such circuits particularly exposed
to either high stresses or repeated stresses should be identified by analysis. If applicable,
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such exposed circuits within the electrical and control systems of a wind turbine shall be
documented in the wiring diagrams by the wind turbine manufacturer. Further information
hereof is given in AnnexF.

8.5.6.11 Selection of SPDs with regard to short-circuit current, the follow current
interrupt rating and duty cycle (service lifetime) of the SPDs

The short-circuit withstand current rating of the combination of the SPD and the overcurrent
protective device (OCPD — e.g. a fuse) and the follow current interrupting rating of the SPD as
declared by the SPD manufacturer shall be equal to or higher than the maximum short-circuit

current expected at the point of installation. In addition, when a follow current interrupting
rating is declared for the SPD, it shall be confirmed by either calculation or testing that the
actual OCPD installed in the specific power circuit does not operate.

NOTE The SPD manufacturer can provide information on SPD service life time.
8.5.6.12  Behaviour of SPDs in case of multiple lightning flashes

Due to the relatively high frequency of lightning flashes to wind turbines and the critical nature
of the installation of SPDs within wind turbines, SPDs shall be able to withstand multiple
lightning flashes.

8.5.7 Testing methods for system immunity tests

Preliminary testing methods are included in Annex H.

8.6  Electrical high-voltage (HV) power systems

Large wind turbines are usually connected via a high-voltage (HV) transformer to an
underground HV cable system which may connect an array of wind turbines either directly to
the grid or to a transformer station stepping up the voltage to that of the sub-transmission
system at for example 132 kV.

The wind turbine HV transformer may be placed in the back of the nacelle, in the bottom of
the tower or next to the wind turbine tower.

HV surge protection devices are usually referred to as surge arresters. In a wind turbine
application, surge arresters serve to protect the transformer and the high-voltage system in
general against earth potential rise due to lightning currents passing through the wind turbine

earthing system, and to protect against transients entering the wind turbines from the HV
cable system outside the wind turbine. The need for surge arresters on the HV side of the
transformer should be evaluated based on the principles in IEC 62305-2 (see Clause 7 and
Annex B).

Assessment of the levels of transients coming from the HV cable system outside the wind
turbine requires special transient electrical network simulations. The studies should be made
according to IEC 60071 series. In case such studies are not performed, HV surge arresters
are advisable as a general precaution.

HV surge arresters should be metal-oxide surge arresters without gaps in accordance with
IEC 60099-4 and should be selected and applied in accordance with IEC 60099-5.
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Figure 4a —Squirel cage induction generator (SCIG)
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Figure 4b —Wound rotor induction generator (WRIG)

Figure 4 — Examples of placement of HV arresters in two typical main electrical circuits
of wind turbines

High-voltage surge arresters should preferably be placed at the HV transformer terminals as
shown in Figure 4 thereby providing maximum protection for the transformer. However, it may

be convenient to place surge arresters at the switchgear. | general, a distance of 10 m to
40 m between arrester and component to be protected is possible depending on the insulation

level of the component, if the distance is larger, a closer study is necessary to decide if for
instance arresters at the bottom of the tower can provide the needed protection for a
transformer placed in the nacelle. If the transformer is placed outside the tower, it is important

that the transformer earthing system is connected to the wind turbine earthing system, and
preferably it should be one earthing system.

SPDs on the low-voltage (LV) side of the HV transformer are probably an appropriate general
precaution, particularly if significant transients may pass through the transformer from the
high-voltage side, in which case atype of SPD for transformer application should be chosen
(i.e. SPDs with high energy absorption capability). The transient capacitive and inductive
coupling between HV and LV sides of a transformer, and therefore also the transient levels
transferred to the LV side, depend very much on the design of the transformer and particularly

on the earthing connection of the LV winding (refer to IEC 60071-2, Annex E for further
information). It is therefore advisable as a general precaution to install SPDs on the LV side of

the transformer, or alternatively to obtain a sufficiently detailed transformer model from the
manufacturer for transient studies in order to decide if SPDs are required on the LV side of
the transformer.

NOTE The general requirements for high-voltage systems on machinery in IEC 60204-11 should be observed.
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9 Earthing of wind turbines and wind farms

9.1 General

To disperse lightning currents and prevent damage to a wind turbine, an efficient earthing
system for the machine is essential. The earthing system shall furthermore protect people and

livestock against electric shock. When faults occur in the electrical grid, it is necessary to
keep the touch and step voltages and the overall earth potential rise to a safe level until
protection devices have tripped and safely interrupted the flow of fault current. For lightning
flashes, the earthing system must disperse and conduct high frequency and high energy
lightning current into the earth without any dangerous thermal and/or electrodynamic effects.

It is generally recommended that one earthing system is established for a wind turbine to be
used for lightning protection as well as for power system earthing purposes. Furthermore, it is
recommended to include metal parts in the foundation structures in the earthing system,
because using the metal parts of the large foundation structures will result in the lowest
possible earthing resistance, and because attempting to separate an earthing system from the

metal parts of the foundation would represent a structural hazard, particularly for concrete
foundations.

Concerning the design of the earthing system to prevent high step and touch voltages due to
failures in high-voltage components, please refer to high-voltage electrical codes such as
CENELEC HD637 S1 or relevant national standards. In relation to human safety, please refer

to IEC/TS 60479-1 and IEC 60479-4.

94141 Basic requirements

The earthing system of the wind turbine shall be designed to provide sufficient protection
against damage due to lightning flashes that correspond to the LPL for which the wind turbine
protection system is designed.

The earthing system shall be designed to meet four basic design requirements:

a) ensure personal safety with regard to the step and touch voltages which appear during
earth faults;

b) prevent damage to equipment;

c) withstand the thermal and electrodynamic forces it will be subjected to during a fault;
d) have sufficient long-term mechanical strength and corrosion resistance.

9.1.2 Earth electrode arrangements

Two basic types of earth electrode arrangements that are described in IEC 62305-3 apply to
wind turbines:

OO type Aarrangement: This arrangement is not recommended for wind turbines, but can be
used for minor buildings (for example buildings containing measurement equipment or
office sheds that are connected to a wind turbine farm). Type A earthing arrangements are
made with horizontal or vertical electrodes connected to not less than two down
conductors on the structures;

NOTE For further information on type A arrangements, see I[EC 62305-3, Subclause 5.4.2.1.

U0 type B arrangement: The type B arrangement is recommended for use with wind turbines.
This type of arrangement comprises either an external ring earth electrode in contact with
the soil for at least 80 % of its total length or a foundation earth electrode. The ring
electrodes and metal parts in the foundation shall be connected to the tower structure.
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9.1.3 Earthing system impedance

The conventional earthing impedance of the earthing system does not affect the efficiency of
the air termination system and down conducting system. The earthing system shall be
designed to have as low an impulse impedance as possible to reduce the total voltage drop
(iLe. minimise the earth potential rise), to reduce the partial lightning current flowing into the
service lines connecting the wind turbine and to reduce the risk of sparks to other service
lines close to the earthing system.

The embedded depth and the type of the earth electrodes shall minimise the effects of
corrosion, soil drying  and freezing and thereby stabilise the conventional earthing resistance.
Itis recommended that the first metre ofa  vertical earth electrode should not ~ be regarded as
being effective under frost conditions.

The earthing system components shall be able to withstand lightning currents as well as
power system fault currents. This is ensured by selecting earthing system components
according to IEC 62305-3. The earthing system shall be constructed to disperse the lightning
current into earth without thermal or electrodynamic damage, and the length of the conductors

shall be as short as possible.

Additional information is included in Annex I, Subclause 1.2.2.

9.2 Equipotential bonding
9.2.1 General

Equipotentialisation is achieved by interconnecting the LPS with

CC  structural metal parts;
LU metal installations;

LU internal systems;
external conductive parts and service lines connected to the structure.

When lightning equipotential bonding is established to internal systems, part of the lightning
current may flow into such systems and this effect shall be taken into account.

The manner in which lightning equipotential bonding of service lines such as
telecommunication and power lines is achieved is important and shall be discussed with the
operator of the telecommunication network, the electric power system operator and other
operators or authorities concerned, as there may be conflicting requirements.

9.2.2 Lightning equipotential bonding for metal installations

Lightning equipotential  bonding connections shall be made as direct and as straight as
possible.

The minimum values of the cross section of the bonding conductors connecting different
bonding bars/points and of the conductors connecting the bars/points to the earth termination
system are listed in Table 5.

The minimum values of the cross section of the bonding conductors connecting internal metal
installations to the bonding bars/points are listed in Table 6.
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Table 5 — Minimum dimensions of conductors connecting different bonding bars/points
or connecting bonding bars/points to the earth termination system (Table 8 in

IEC 62305-3)
i Cross section
Class of LPS Material
mm2
Copper 14
Ito IV Aluminium 22
Steel 50

Table 6 — Minimum dimensions of conductors connecting internal metal installations to
the bonding bar/point (Table 9 in IEC 62305-3)

Cross section
Class of LPS Material
mm2
Copper ?
Ito IV Aluminium 8
Steel 16

9.23 Electrically insulated LPS

It is not recommended to use an insulated external LPS for wind turbines.

9.3  Structural components

9.3.1 General

In general, all structural conducting components of the wind turbines will be able to conduct a
part of a lightning current and thus equipotential bonding of structural conducting components
shall be made.

9.3.2 Metal tubular type tower

The tower shall be considered as the primary protection earth conductor (PE) and
equipotential bonding connection.

Due to the height of the towers, direct lightning attachment to the tower structure must be
expected and thus considered in the design of the tower. All electrical conducting components

and all major metal parts that may conduct lightning current shall be bonded to the tower. The

tower shall be used as the down conductor and constructed in such a way that lightning
current can flow along it without obstacle.

9.3.3 Metal reinforced concrete towers

The tower shall be considered as the primary protection earth conductor (PE) and
equipotential bonding connection. Due to the height of the tower, direct lightning attachment
to the tower structure must be expected and thus considered in the design of the tower (see
IEC 62305-3, Subclause E.4.3).

External lightning protection systems can be considered for use with concrete towers, but
should always be bonded to the steel reinforcement of the tower.

Equipotential bonding outlets connected to the steel reinforcement shall be placed at strategic
termination points for bonding of equipment inside the tower. The reinforced concrete tower
shall be designed according to 9.3.6.
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9.34 Lattice tower

A lattice tower protects the inside of the tower against direct lightning attachment and
provides some reduction of the lightning electromagnetic field, hence the space inside the
tower is defined as LPZ 0g. The lightning down conduction should be done via the lattice
tower structural elements, which therefore have to fulfil the dimensions required for down
conductors stated in IEC 62305-3 taking current sharing between the parallel paths into
account.

Some protection for cables can be achieved by placing them in the inside corners of the tower
leg metal profiles. Shielding cable conduits or trays placed inside the lattice tower will also
provide protection.

9.3.5 Systems inside the tower

The inside of the tower shall be defined as one or more lightning protection zones (LPZ) for
which the protection level required for internal equipment shall be evaluated as discussed in
8.5.

Ladder systems shall be bonded to the tower at each end, for every 20 m and at every
platform.

Rails, guides for  hoists, hydraulic piping, wires for personal  protection and other components
passing through atower shall be bonded at each end. In addition, for lattice towers, bonding
should be made for every 20 m, if possible.

The HV transformer earthing system should be bonded to the wind turbine earthing system. It
is not recommended to use separate earthing systems for power systems and lightning
protection.

9.3.6 Concrete foundation

Since the metal reinforcement of the wind turbine foundation will always be part of the
lightning or fault current path to remote earth due to the mechanical and -electrical
connections to the tower, the metal reinforcement  in a foundation shall  always be considered
a part of the LPS.

Electrical continuity of steelwork in reinforced concrete structures shall be ensured. Steelwork

within reinforced concrete structures is considered to be electrically continuous if the major
parts of vertical and horizontal bars are connected. Connections between metal reinforcement

parts shall be either welded, clamped or overlapped by a minimum of 20 times their diameters

and bound by conductive thread or otherwise securely connected. Special care should be
exercised at the interconnections to prevent damage to the concrete due to localised arcing
across poor contacts.

The connections between reinforcement elements shall be specified by the designer, and the
installer shall carry out QA control of connections. The requirement for short and straight
connections for the lightning protection earthing shall be recognised at all times.

If the metal reinforcement is used for the power system protective earth, the thickness of the
metal reinforcement rods and the connections shall comply with the requirements for power
system earthing systems which are usually stipulated in the electrical code.

Outlets for additional bonding, measurement or expansion of the earthing system shall be
made at appropriate locations on the foundation.
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9.3.7 Rocky area foundation

In rocky areas, the lowest resistivity is normally in the surface of the rock.

The B type earth termination system shall be used. See Subclause 1.1.1 for further information
on design details.

It is recommended to use at least two concentric ring electrodes for step and touch voltage
protection, which may be combined with vertical electrodes drilled into the rock.

Rock anchor bolts shall be interconnected to each other and to the ring earthing system. If
metal reinforced concrete is used, please referto 9.3.6.

Inrocky areas, itmay notbe possibletoreacha low earthing resistance without establishing
very extensive earthing systems. In such areas, emphasis should therefore be on providing
surface potential difference control to limit touch and step voltages at the surface where
people and livestock are likely to be standing, such as by placing one or more ring electrodes

around the wind turbines and other installations, while providing surge protection for all
service lines connecting the  wind turbines to the power collection system and communication
systems (see 8.5).

9.3.8 Metal mono-pile foundation

A metal mono-pile foundation is by nature a large earth electrode. It shall be used as the
primary earth electrode.

Aring electrode system for controlling the surface potential gradients close to the foundation
may be necessary depending on soil resistivity.

9.3.9 Offshore foundation

The resistivity of seawater is considerably lower than most soils. Therefore, for an offshore
foundation, such as a mono-pile or metal reinforced concrete foundation, the earthing system
requirements are considered fulfilled and no additional measures such as  ring electrode, etc.
are required. Interconnection of offshore foundations other than by the connection of
collection system cable shields is generally not required.

External earthing systems of copper cannot be used off shore due to corrosion issues.

9.4  Electrode shape dimensions

The minimum length, / 1, of earth electrodes depends on the lightning protection level (I-1V)
and on the soil resistivity.

For soil resistivities higher than 500 Cm, the minimum length, /1, increases linearly up to
80 m at a soil resistivity of 3 000 om.

A type B arrangement comprises either a ring conductor external to the structure to be
protected, in contact with the soil for at least 80 % of its total length, or a foundation earth
electrode. Such earth electrodes may also be meshed.

For the ring earth electrode (or foundation earth electrode), the mean radius, r e, of the area
enclosed by the ring earth electrode (or foundation earth electrode) shall not be less than the
value /1:

re OO0 M (17)
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Where [1is represented in Annex |, Figure 1.1 according to LPS levels I, II, Il and IV.

When the required value of [, is larger than the convenient value of r e , additional horizontal or
vertical (or inclined) electrodes shall be added with individual lengths /r (horizontal) and W
(vertical) given by the following equations:

I=H1-re (18)

N=(1-re)2 (19)

The number of electrodes shall be not less than two.

The additional electrodes should be connected as equidistantly as possible.

The stated minimum length, /4, can be disregarded if the earthing resistance of the earthing
system is less than 10 LUUOmeasured at a frequency different from power frequency
(50 Hz to 60 Hz) and low order harmonics hereof.

Information about the soil resistivity, prospective earth fault current and clearance time is of
utmost importance in the planning of the correct design and installation of the earthing
system.

The soil resistivity will differ very much depending on the character of the soil. Methods for
calculating the necessary earth electrode according to geometrical and physical shapes are
given in Annex .

9.5 Wind farms

A wind farm typically consists of a number of structures such as wind turbines, buildings,
cable or overhead line infrastructure, high voltage substations and signal cables.

Each wind turbine shall have its own earthing system. The earthing systems of the individual
wind turbines and the high voltage sub-station shall preferably be connected with horizontal
earthing conductors, to form an overall wind farm earthing system. This is particularly
beneficial in case good earthing resistance is difficult to obtain at each individual wind turbine

position.

NOTE The connections between wind turbine earthing systems should be made with earthing conductors
following the routes ofthe power collection cables connecting the wind turbines.

The earthing system of a wind farm is very important for the protection of the electrical
systems, because a low-resistance earthing system reduces the potential difference between
the different structures of the wind farm and so reduces the interference injected into the
electrical links.

Inorder to reduce the probability of direct lightning flashes to cable  routesin the ground and
to reduce induced lightning effects on the cables an earthing conductor or, in the case of
wider cable routes, a number of earthing conductors are recommended to be installed above
the cable routes.

9.6  Execution and maintenance of the earthing system

The earthing system designer shall prepare an installation plan, which describes the layout of
the earthing system with details of connection points, the use of connectors, clamps and
welds, the position and amount of outlets and their type and quality.

Inspection  shall be carried out during construction work, particularly before casting of
concrete.
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NOTE Electrical codes may require measurement of the earthing resistance.

A service and maintenance manual shall describe how often and how to inspect and maintain

the earthing system. The inspection intervals should be agreed between the designer and the
operator of the wind turbines. It should take into account aggressive environments where
more regular inspection might be necessary. If components in the earthing system are
expected to have a certain service life time, the inspection  interval cannot be longer than the
shortest expected service life time of the components.

10 Personal safety

Erection of large wind turbines on land takes several days when including the time it takes to
assemble and disassemble the very large cranes that are used. Offshore wind turbines on the

other hand may be erected within less than a day by the use of special vessels or jack-ups. In

any case, there is usually up to a few weeks of post erection completion work before the wind

turbine is commissioned. During this time, many people work in, on and around the wind
turbine, and they are at considerable risk of being affected if lightning strikes the wind turbine.

Therefore safety procedures with regard to lightning should be established. Such procedures
should include:

2 regular checking of local weather forecasts (e.g. every morning);

1L first aid training for personnel in relation to lightning injuries and injuries due to electrical
accidents;

UL application of intermediate earthing system connections as soon as possible;
L identification of safe locations;

C0  information about signal for lightning warning to everybody on the site;
L personnel instructions to

— keep lookout for developing thunderclouds, audible thunder and visible lightning;

— be aware of signs of high electrical fields from thunder clouds, such as hair standing
on end, crackling sounds or light glow from pointed extremities such as air termination
systems;

— interrupt work and go to nearest safe location when lightning threat has been realised
or lightning warning signal is received.

Such safety procedures should be included in the health and safety plan of the construction
site and should be included in the wind turbine erection manual as well as the service and
maintenance manual provided by the wind turbine supplier.

Weather bureaus usually provide reasonably accurate thunderstorm forecasts and even
provide warning services by telephone, fax or internet, which should definitely be considered.
However, it should not replace instruction of people on site to keep lookout for developing
thunderclouds, thunder (audible within 10 km to 15 km) and lightning (visible within ~ 30 km).

Local area and even portable lightning detection and thunderstorm warning devices, which
could be useful, are available from different manufactures.

Some lightning warning systems may not provide warning of all lightning flashes, especially of
the first lightning flash in a developing storm. Therefore it is essential that all personnel are
made aware of the risk of lightning to their personal safety.

During construction work, connection of cranes, generators, etc. to the earthing system
should be made as soon as possible.

People working on the outside of the nacelle and on the blades are definitely not safe, just as
people stepping out of the wind turbine tower, standing next to the tower, climbing ladders,
touching or working on electrical circuits, hardwired communication system etc. will be at risk
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Annex C
(informative)

Protection methods for blades

C.1 General

C.1.1 Types of blades and types of protection methods for blades

Modern wind turbine blades are large hollow structures manufactured of composite materials,
such as glass fibre reinforced plastic (GFRP), wood, wood laminate and carbon fibre
reinforced plastic (CFRP). CFRP 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, hopes were high that lightning would not strike blades made of non-
conducting material only, but practical experiences have clearly demonstrated that this is not
the case. Lightning does in fact strike blades without any metallic components, and whenever
a lightning arcis formed inside the blade damage is severe.

The two sides or surface skins of ablade 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. Alternatively, the blade skins also supply the mechanical strength
of the blade in which the load carrying spar is avoided. Finally, blades may be cast in one
piece and hence such blades are without the above-mentioned glued interfaces.

There are several types of blades depending on the control and braking mechanism
employed, and the use of insulating and conductive composites. Five main types are shown in
Figure C.1.

Type Ablades use aflap (aileron) inthe outer part of the leading edge for braking. Ontype A
blades, lightning attachment points are often found 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 insufficient for conducting the lightning current.
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Figure C.1 — Types of wind turbine blades

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 afew tens of centimetres from the outermost tip, oron 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 tothe 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 types A and B were commonly used with older wind turbines as large as 100 kW.

Type C is a 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 onthe sides of the tip at the position of the outermost end of the
tip shaft. With type C as with type B blades, 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 whenthe steel wire has been unable
tocarry the lightning current. Steel wires used for this purpose are of a minimum diameter of
10 mmor 12 mmfor 17 m long blades. Such wires are capable of conducting most lightning
currents, and thereby protecting the main blade from damage (see Clause C.6 for further
discussion on dimensioning of protection systems).

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

Type E is ablade where some of the structural components are replaced with carbon fibre
composite (CFC), since it has desirable mechanical properties. Depending on the specific
design, CFC can be used as reinforcement of the blade skin, as well as for load carrying
structural components, asthe centre spar and main laminate. Dueto its electrical properties,
it might be integrated into the lightning protection system forming parts of the down
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conductor. The issues of lightning protection of wind turbine blades containing CFC are
treated in Clause C.3.

Lightning flashes attaching to non-conducting blades or to insulating parts of blades
containing conducting parts 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 anon-conducting blade sprayed with saline water
practically as ifthe blade was metallic [9]. Another part of the explanation is that the blades
are simply in the way of lightning striking the wind turbine. In addition, it is known that
discharges develop along asurface more easily than through air, and especially if the surface
is contaminated with saline pollution and water. Inany case, practical experience shows that
severe lightning damage to both non-conducting blades (type D) and blades containing CFC
(type E)is quite common and hence lightning protection is needed.

NOTE References tothe literature are numbered [X] in this Annex and are listed in the Bibliography.
C.1.2 Blade damage mechanism

Typical types of damage at the lightning attachment points are delamination and incineration
of the surface composite material, and heating or melting of metallic components serving as
the attachment point.

The most severe damage to wind turbine blades occur, however, when lightning forms high
energy arcs inside the blade due to attachment to an unprotected part of the blade skin. The
arcs may form inthe air volume inside the blade or along the internal surfaces. Another type
of damage is seen when the lightning current or part of itis conducted in or between layers of
composite materials or in glue cracks in connection with the down conductor system,
presumably because such layers and cracks hold some moisture. The pressure shock wave
caused by such internal arcs may literally explode the blade, ripping the blade surface skins
apart along the edges and from the internal carrying spar. 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 unharmed. 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 blades, 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 anarc 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.

The high energy internal arcing responsible for the structural damage is not to be confused
with the low energy partial discharges commented in C.2.4.

C.2 Protection methods

C.2.1 General

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
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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 (see Figure C.2).

Down
conductor

A Receptor B C D

Metal mesh

Steel wire

IEC 1864/02

Figure C.2 - Lightning protection concepts for large modern wind turbine blades

c.22 Lightning air- termination systems on the blade surface or embedded in the
surface

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
attachment 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 of such conductors may be problematic.
Furthermore, conductors mounted on the blade surface may compromise the aerodynamics of
the blade or generate undesirable noise [10][11].

For lightning conductors embedded in the blade, wires or braids of either aluminium or copper
are used. In the literature, several protection systems are described where a metallic
conductor connected to the blade root is placed either onthe blade surface along the trailing
edge of the blade or embedded in the trailing edge. Some blade designs 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 [11] [12]
[13] [14]1[15].

C.2.3 Adhesive metallic tapes and segmented diverter strips

Adhesive aluminium tape placed on the blade surface has been used in several
investigations. However, such tapes tended to peel off within a few months [12] [16]. Provided
that the problem of keeping the tape on the blade can be solved, it is possible that metallic
tapes can be an interesting protection method, especially as a retrofit for existing unprotected



L1t
-88 — 61400-24 000 IEC:2010(E)

blades. It should, however, be noted that large pressure waves are associated with guiding
the flash close to the blade surface [10]. This may lead to structural damage.

Some promising experiments with segmented diverter strips have been performed in the past
[17] [18]. Such segmented strips are used on aircraft radomes because they do not interfere
with the radar signal. The use of long-lasting segmented diverter strips as part of the lightning
protection for a wind turbine blade containing CFC has been described in literature [26].

Itis possible that metallic tape can be used as one-shot protection requiring replacement after
a lightning stroke.

C.24 Internal down conductor systems

A solution to the problems with conductors placed on the blade surface is to have the
lightning conductors placed inside the blade. Metallic fixtures for the conductor penetrate
the blade surface and serve as discrete lightning receptors. Such protection systems are used
on aircraft [10].

The lightning protection system used on many blades currently in manufacture has discrete
lightning receptors placed atthe blade tip (types A and Bin Figure C.2). From the receptors
atthe tip, aninternal down conductor system leads the lightning current tothe blade root. For
blades with tip brakes, the steel wire controlling the tip is used as a down conductor (type A).
If the blade is without tip brake, then a copper wire placed along the internal spar is used as a
down conductor (type B).

Several thousands of blades with this lightning protection system (types A and B in
Figure C.2) have been produced. The experiences with this lightning protection system for
blades as long as 20 m are very positive [19]. The principle with one or more external air
terminations connected to an internal down conductor has up till the date of publication been
used widely by many manufacturers for blades up to 60 m. For such long blades, experience
has shown that there is a risk of direct lightning attachment through the laminate to the
internal down conductor causing severe blade damage. These problems appear to be linked
to uncontrolled partial discharges developing from the internal conductive parts (the down
conductor, connection components, etc.).

When such low-energy partial discharges are allowed to be incepted from the interior metal
parts of the blade, they will propagate equally fast asthe ones incepted from the receptors.
Once these internal discharges strike the interior surface of the blade, they will, in connection
with partial discharges onthe blades’ exterior, intensify the electrical stress experienced by
the laminate. The increased stress might not be a problem fora limited number of rapid field
changes (lightning striking receptors or nearby structures), but when the blade is exposed to
several impacts during its entire service lifetime, the stress might eventually develop into a
complete electrical breakdown. The physical impact on the blade from such a high voltage
breakdown channel is rather limited, but the damage associated with the following lightning
current will be disastrous as commented in C.1.2.

Such discharges may be impeded or delayed by encapsulating the internal down conductor
and other conductive parts in the blade with electrically insulating material, thereby reducing
the problem [27][28].

C.25 Conducting surface materials

An alternative to a lightning air-termination system placed on the blade surface is to make the
surface itself conducting. In the aircraft industry, lightning protection of glass and carbon fibre
composite material for wings and surfaces exposed to lightning is achieved by adding
conducting material to the outer layers, thereby reducing damage to a small area at the
attachment point. The conducting material may be metal sprayed onto the surface, metal
coated fibres in the outer layers of the composite material, metal wire woven into the outer
layers of the composite material, or meshes of metal placed just beneath the surface [10] [15]
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[21] and [20]. Lightning protection of wind turbine blades has been made with metal mesh
placed along the sides of the blades just underthe gel coat (D on Figure C.2). Sometimes the
extreme tip of the blade is either made of metal or covered with a metal sheet [12] [13] [14]
[15] [22] and [23].

The advantage of using metal meshes or other thin conducting surfaces for lightning down
conductors is that possible interior conductive elements (CFC) are shielded from the electric
field, and hence direct lightning attachments. The inductive voltage drop along the length of
the conductor associated with the high current gradient will be slightly reduced, an important
effect considering the risk of side flashes. However, the risk of getting direct lightning
attachment to the edge of such thin geometries, and the possibility of uneven current
distribution due to skin effects must also be considered.

C.3 CFC structural components

Carbon fibre composites (CFC) have been used fortip shafts for small blades and are now a
commonly used material for reinforcement of large blades. The material is used either for the
load carrying centre spar or directly in the blade skins due to its superior mechanical
properties. The use of CFC for structural components is expected toincrease even further as
the size of blades increases.

The main issue with CFC is how it reacts to the impact from the lightning current possibly
entering and flowing within the material. Here two electrical properties of CFC make it
remarkably different than isotropic conductor materials like metals, the DC conductivity and
the degree of anisotropy.

The d.c. conductivity of CFC is typically assigned avalue which isa 1 000 times lower than
that of aluminium, i.e. 3,501104 S/m. This is an approximate value found for biaxial woven CFC

plates used for small aircraft skins, measured parallel with the surface of the sample [25] [21].

Depending onthe actual construction and weaving technique, the conductivity of CFC exhibit
a very high degree of anisotropy. For CFC coupons used for lightning tests in the avionics
industry, the conductivity has been measured and varies within four orders of magnitude for
different current directions [29].

Therefore, the resistive heating of CFC when exposed to high current densities might be
critical. Especially at the lightning attachment points where high currents enter a rather
confined area, the temperature due to joule losses might exceed the evaporation temperature
of the matrix (approximately 200 CIC). When the matrix evaporates, the pressure from evolving
gases can cause rupture and delamination of the CFC layers. The CFC may even incinerate,
in particular atthe lightning attachment point [21].

Where CFC is used in aircrafts, it is considered mandatory that lightning protection is
provided for CFC components that may be struck by lightning or may conduct lightning current
[10].

There are examples of CFC tip shafts for wind turbine blades having been damaged by
lightning. Some laboratory experiments have also demonstrated problems with CFC shafts
conducting lightning current [24]. Laboratory tests of blades with CFC skin have shown
surface delamination and incineration atthe lightning attachment point [9] [26]. Protection of
the CFC surfaces against direct lightning attachments is therefore required, either by means
of encapsulation by a sufficient layer of insulation material or shielding by external lightning
capturing devices.

Since the conductive CFC is most often a parallel path to the lightning current, relative to the
down conductor, proper bonding between CFC and other conducting components must be
made. For each specific blade design, it should be determined whether the spacing between
equipotential bondings is small enough to avoid the development of critical voltages between
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the CFC and the down conductor. Critical voltages in this context are voltages that can
potentially puncture the insulation layer between the CFC and the down conductor, affecting
the mechanical strength of the structure.

Once the lightning current has been distributed over a wide cross sectional area of the CFC,
such structures may be able to conduct lightning current without being damaged.

C.4 Particular concerns with conducting components

Conductive components in this clause cover all other conductive parts inthe blade besides
the receptors and down conductor system described in Clause C.2, and the possible CFC
described in Clause C.3.

Sensor or light and wiring

\
N

Conductor or structure resistance Rs Mggnetic flux

T Y

Lightning current iL

<

MmN
Vinduced = iL CI[1RS + d[/dt
Equivalent circuit
IEC 1195/10

Figure C.3 - Lightning induced voltages between lightning conductor or structure
and sensor wiring

Wiring for sensors placed on or inside blades may be exposed to strong magnetic fields that
can produce damaging voltages between the lightning conductor and other wiring in the
blade, as illustrated in Figure C.3. Such wiring should be avoided if possible. If not, both
sensors and wiring must be protected by appropriate equipotential bonding to the down
conductor system and shielded or covered by the external lightning receptors. Having well
exposed external lightning receptors directly outside of internal conducting components
should protect the internal structures from direct lightning attachment. Furthermore, the risk of
getting partial discharges from internal wiring is minimised by covering the conductive wiring
carefully with electrically insulating materials. Note that high currents and voltages may be
induced in isolated conductor loops inthe vicinity of the down conductor system. Such surges
can possibly result in internal sparking. It is possible that designs which integrate electrical
wiring associated with sensors, lights and other systems with the lightning protection system,
including the lightning down conductor, may be the most successful in avoiding damage to
these systems. Careful coordination of designs of all systems contained within a blade is
essential for successful lightning protection of the blade and functioning of the systems
contained within the blade.

Metallic structural components within the blade, i.e. weights, dampers, platforms, etc. must be
treated similarly. All conductive parts inthe blade must be designed to minimise electric field
enhancement and be connected by equipotential bonding to reduce the risk of internal
discharges. As with the wiring, it is important that the external air terminations shield off the
internal conductive components from the electric field, hence protecting these areas from
direct lightning attachment.
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If other conductive components are located within the blade, ie. blade tip navigation light,
lightning sensors, condition monitoring equipment, etc., it mustalways be shielded by external
lightning receptors thereby minimising the risk of direct lightning attachment to the structures.
As described previously, the risk of internal discharges possibly leading to puncture of the
blade skin can be minimised by encapsulating all internal conductive parts carefully in
electrical insulation material.

C.5 Interception efficiency

The interception efficiency is anissue with the lightning protection methods using discrete air-
termination systems placed on the blade surface. Any air terminations and extensions of air
terminations (solid conductors and segmented diverters on the surface) must be placed in
such away that the likelihood of lightning puncturing a non-conducting surface is reduced to

an acceptable level.

The placement of air terminations would be such that the flashover voltage along the blade
non-conducting 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 con-
ducting materials inside the blade [10].

For blades up to 20 m long, receptors at the tip of the blade have proven to be adequate.
Recent publication of lightning attachment distribution for 39 m glass fibre blades shows that
the majority of lightning flashes attaches to the tip region of the blade (88 %) whereas the
remaining strikes attached to the receptor 5 m inboard the tip [30].

High-voltage strike attachment tests on test specimens representing the design are useful for
revealing insufficient receptor protection. However, further studies are needed, particularly of
the effects of wet, polluted and aged blades.

Numerical methods used to determine likely attachment areas on blades and nacelles and
estimates of the annual number of direct lightning flash attachments to certain structures are
currently being developed [32] [33]. Once the potential and use of these models are fully
understood, they can be used to estimate the surfaces where lightning may possibly strike if
these surfaces were conductive or had receptors. It is not likely, however, that numerical
simulation methods can predict with certainty whether a non-conductive blade structure would
be punctured, or establish the number and location(s) of receptors necessary to prevent
punctures. This is due to the complexity of most blade structures, and the dynamics of
multiple streamer origination and growth. Thus the numerical methods may become useful
design tools, but high-voltage attachment tests, as described in Clause D.2, of candidate
designs should be used to provide additional assurance of protection effectiveness.

C.6 Dimensioning of lightning protection systems

The materials used for lightning protection of wind turbine blades must be able to withstand
the combined effects of the electric, thermal and electrodynamic stresses imposed by the
lightning current. Nominal dimensions for materials used for air termination and down
conductors are listed in Table C.1 (see also IEC 62305-3).
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Table C.1 — Material, configuration and minimum nominal cross-sectional area of air-
termination conductors, air-termination rods and down conductors
(corresponds to Table 6 in IEC 62305-3, future edition 2 5))

Nominal cross-
Material Configuration sectional area Comments
mmz2 i
Copper Solid tape 50n 2 mm thickness
Solid round g 50n 8 mm diameter
Stranded 50n 1,7 mm diameter of each strand
Solid round ¢, d 200 15 mm diameter
Tin plated copper a Solid tape . 2mm thickness
Solid round g 50n 8 mm diameter
Stranded 50n 1,7 mm diameter of each strand
AT Solid tape 70 3mm thickness
Solid round 50n 8 mm diameter
Stranded 50n 1,7 mm min. diameter of each strand
Aluminium alloy Solid tape 50 2,5 mm thickness
Solid round 50 8 mm diameter
Stranded 50n 1,7 mm diameter of each strand
Solid round ¢ 200 15 mm diameter
Copper coated solid round 50 250 pm min. radial copper coating 99,9 %
copper content
Hot-dip galvanised Solid tape 50n 2,5 mm thickness
steel v Solid round 50 8 mm diameter
Stranded 50n 1,7 mm diameter of each strand
Solid round e, d 200 15 mm diameter
Stainless steel e Solid tape f 50h 2 mm thickness
Solid round ¢ 50 8 mm diameter
Stranded 70n 1,7 mm diameter of each strand
Solid roundc, d 200 15 mm diameter
Steel Copper coated solid round 50 250 Cmmin. radial copper coating 99,9%
copper content

Hot dipped or electroplated minimum thickness coating of 1 CUm.
The coating should be smooth, continuous and free from flux stains with a minimum weight of coating of 350 g/m 2 for
solid round conductors and 500 g/m 2 for solid tape conductors.

Applicable for air termination rods only. For applications where mechanical stress such as wind loading is not critical,
a 10 mm diameter, 1m long maximum air termination rod with an additional fixing may be used.

Applicable to earth lead-in rods only.

Chromium 17716 %, nickel 8 %, carbon 100,07 %.

For stainless steel embedded in concrete, and/or in direct contact with flammable material, the minimum sizes should
be increased to 78 mmz2(10 mm diameter) for solid round and 75 mm 2(3 mm minimum thickness) for solid tape.

50 mmz (8 mm diameter) may be reduced to 28 mmz(6 mm diameter) in certain applications where mechanical

strength is not an essential requirement. Consideration should, in this case, be given to reducing the spacing of the
fasteners.

If thermal and mechanical considerations are important, these dimensions can be increased to 60 mm2 for solid tape
and to 78 mm 2 for solid round.

The minimum cross section to avoid melting is 16 mm 2 (copper), 25 mm2 (aluminium), 50 mmz (steel) and 50 mmz
(stainless steel) for aspecific energy of 10 000 kJ/ (. For further information, see Annex E of IEC 62305-3.

Allowable tolerances forthe cross section areaare 3 %.

5) Tobe published.
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The cross-sectional areas given above are meant as a guideline derived for simple
conductors. For such geometries, the temperature rise associated with the lightning current
might be evaluated analytically or numerically. Considering components for special
applications, such as flexible down conductors, and more complex geometries such as
receptors, connection components, expanded foil, etc., different dimensions can be
considered; for such components, the design verification should be based on laboratory tests.
When the individual lightning protection components are put together forming the entire blade
installation, testing ofthe final solution is recommended.

Components under load such as the steel wires fortip brakes may have to be even more solid
as the mechanical strength is reduced if heated to high temperatures. There are a few
experiences with steel wires for tip brake control that have broken or melted due to lightning
currents even for wires of upto 10 mm diameter (cross-sectional area 78 mm2).

The temperature rise of conductors carrying lightning current can be evaluated as shown in
equation C.1(see also IEC 62305-1). The constructor must consider the temperature rise of
all components subjected to all or parts of the lightning current and ensure that such
components have sufficient strength to fulfil its function immediately after a lightning stroke.

00000 BeEED000exp000(W/ RO
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oo 0O000ewOO og
where
0 =10 [K] is the temperature rise of the conductors;
oo [1/K] is the temperature coefficient of the resistance;
w/R  [JI0]  isthe specific energy of the current impulse;
Lo [Cm] isthe specific ohmic resistance of the conductor at ambient temperature;
q [m2] is the cross-sectional area of the conductor;

[kg/m 3] is the material density;

T [J/kgK] is the thermal capacity.

Table C.2 shows the inputs to this equation for common materials, and Table C.3 shows
temperature rises for different conductors. It should be noted that in the case of pre-loaded
wires, the temperature rise does not have to reach the melting point to cause failure.

Table C.2 - Physical characteristics of typical materials used in lightning protection
systems (Table D.2 in IEC 62350-1)

Material
Quantity
Aluminium Mild steel Copper Stainless steel *
Ho (Ll 29+ 10-9 120 - 10-9 17,8 - 10-0 0,7 - 10
0o [1/K] 4,0 -10-3 6,5 - 10-3 3,92 - 10-3 0,8 - 10-3
0 [kag/m 3] 2700 7700 8920 8,0 - 103
s [°C] 658 1530 1080 1 500
cs  [Jikg) 397 - 103 272 - 103 209 - 103 -
cw LkgK] 908 469 385 500
s [*C] is the melting temperature;
cs [J/kg) is the latent heat of melting.

*  Austenitic non-magnetic.
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Table C.3 — Temperature rise [K] for different conductors as a function of W/R
(Table D.3 in IEC 62305-1)
Material
Cross- Aluminium Mild steel Copper Stainless steel *
section W/R W/R W/R W/R
e MJ/00] MJ/O0 MJ/O0 MJ/00
25 56 10 25 56 10 | 25| 56 10 25 | 58 | 10
2 - - A z = - = = ) s = =
10 564 - - = - = 169 | 542 - - - -
16 146 | 454 G L - R3] 13 g | - | - | =
25 52 132 283 | 211 913 = 22 | 51 98 | 940 - -
50 12 28 52 37 96 211 5 12 22 190 | 460 | 940
100 3 7 12 9 20 37 1 3 5 45 100 190
* Austenitic non-magnetic.

Considering the impact onthe air termination, IEC 62305-1 suggests the use of the anode-or-
cathode voltage drop model. The model assumes that all the injected energy inthe arc root is
used for evaporation of the bulk material, hence neglecting heat diffusion within the metal.
The melted volume using this conservative approach can be found using equation C.2.

V EERe ac UQ Ullew

1 0o (Us OCu) BBes \2)
where
14 [m3] is the volume of metal melted:;
uac [V] is the anode-or-cathode voltage drop (assumed as constant);
0 [C] is the charge of the lightning current;
y [kg/m 3] is the material density;
ew  [JIkgK] is the thermal capacity;
os  [°C] is the melting temperature;
6u [*€] is the ambient temperature;

cs [J/kg] is the latent heat of melting.

Using a typical anode-or-cathode voltage uac drop of a fewtens of volts, the model leads to
an overestimate of the melted volume.
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C.7 Blade-to-hub connection

At the root of the blade, the down conduction system is usually either terminated tothe blade
mounting flange or to the hub.

If the blade is pitch regulated (type D), the lightning current is either allowed to pass
uncontrolled through the pitch bearing or some kind of bonding across the bearing is provided
such as asliding contact or aflexible bonding cable with enough slack to allow for the pitch
motion. The flexible bonding across the bearing can be combined with the innermost part of
the down conductor from the blade.

In blades with tip brake (type C), the hydraulic system, which actuates the control wire, must
be protected. Standard hydraulic cylinders that are normally used can be damaged by
flashovers from the rod to the cylinder housing. Usually, the hydraulic cylinder is protected by
diverting the lightning via a flexible bonding strap with sufficient slack to allow for the motion,
or alternatively a sliding air gap or brush is used to divert lightning current away from the
hydraulic cylinder. Another approach with a sliding air gap construction has been described

[24].

Care must be taken to reduce the slack in such bonding straps, since the inductive voltage
drop across the slack may become very high, thus resulting in inefficient protection of the
cylinder [24].
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