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INTERNATIONAL ELECTROTECHNICAL COMMISSION

WIND TURBINES -

Part 24: Lightning

protection

FOREWORD

1) The International Electrotechnical Commission (IEC) is a worldwide organization for standardization comprising

all nptional electrotechnical committees (IEC National Committees). The object /0 is to |promote
international co-operation on all questions concerning standardization in the electrical and elegtronicfields. To

this ¢nd and in addition to other activities, IEC publishes International Standar:
Techpical Reports, Publicly Available Specifications (PAS) and Guides (
Publigpation(s)”). Their preparation is entrusted to technical committees; any K

ifications,
as “IEC
ipterested

in the subject dealt with may participate in this preparatory work. nd non-
govefnmental organizations liaising with the IEC also participate in this prepagation. 5 closely
with fthe International Organization for Standardization (ISO) in accordance Wwith hined by
agregment between the two organizations.

2) The fprmal decisions or agreements of IEC on technical matters ex rnational

consgnsus of opinion on the relevant subjects since each

interg¢sted IEC National Committees.

3) IEC Publications have the form of recommendations fo
Cominittees in that sense. While all reasongable effortg are
Publipations is accurate, IEC cannot be
misinterpretation by any end user.

4) In orfer to promote international uniformity
transparently to the maximum extent posgible |n th'
betwg¢en any IEC Publication and the corre
the Igtter.

5) IEC i
assegsment services ang, i
servi¢ S

6) All ugers should

7) Noli
mem
other
expe
Publip

8) Attentti
indis
9) Atten
pater

hbility shall

Internati
turbines.

épresentation| from all

National
t of IEC

which they are used or] for any

undertake to apply IEC Publications
and regional publications. Any diyergence

icated in
nformity

for any

erts and
gmage or
bes) and
her IEC

idations is

ubject of

8: Wind

This first edition replaces IEC/TR 61400-24, published in 2002.

It constitutes a technical

revision. It is restructured with a main normative part, while informative information is placed

in annexes.

The text of this standard is based on the following documents:

FDIS

Report on voting

88/366/FDIS

88/369/RVD

Full information on the voting for the approval of this standard can be found in the report on

voting indicated in the above table.

This publication has been drafted in accordance with the ISO/IEC Directives, Part 2.
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A list of all parts of the IEC 61400 series, under the general title: Wind turbines, can be found
on the IEC website.

The committee has decided that the contents of this publication will remain unchanged until
the stability date indicated on the IEC web site under "http://webstore.iec.ch" in the data
related to the specific publication. At this date, the publication will be

* reconfirmed,

* withdrawn,

» replaced by a revised edition, or
*+ amended.

A bilinqual version of this publication may be issued at a later date.



https://iecnorm.com/api/?name=e17605ade2086b21305fb5b221627e6d

-10 - 61400-24 © IEC:2010(E)

WIND TURBINES -

Part 24: Lightning protection

1 Scope

This International Standard applies to lightning protection of wind turbine generators and wind
power systems.

voltage
agnetic

Normafive references are made to generic standards for lightning
systems and high-voltage systems for machinery and installation
compatfibility (EMC).

This standard defines the lightning environment for wind_tuxbi icdti of the
environment for risk assessment for the wind turbine. It d ction of
blades,| other structural components and electrical and 3 St against both direct

and indirect effects of lightning. Test methods to valigate cors \n\ are recommended.

Guidance on the use of applicable i i oteciion N industrial electrical angd EMC
standafds including earthing is providgd

Guidan

Guideli

ument.
edition

The fol
For da
of the 1

IEC 60 nd test
require

IEC 60 vironmental testing

IEC 60974, (all parts), Insulation Co-ordination

IEC 60071-2:1996, Insulation Co-ordination — Part 2: Application guide

IEC 60099-4, Surge arresters — Part 4: Metal-oxide surge arresters without gaps for a.c.
systems

IEC 60099-5, Surge arresters — Part 5: Selection and application recommendations

IEC 60204-1, Safety of machinery — Electrical equipment of machines — Part 1: General
requirements

IEC 60204-11, Safety of machinery — Electrical equipment of machines - Part 11:
Requirements for HV equipment for voltages above 1 000 V a.c. or 1 500 V d.c. and not
exceeding 36 kV
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IEC 60243-1, Electrical strength of insulating materials — Test methods — Part 1. Tests at
power frequencies

IEC 60243-3, Electric strength of solid insulating materials — Test methods — Part 3:
Additional requirements for 1,2/50us impulse tests

IEC 60364-4-44, Low-voltage electrical installations — Part 4-44: Protection for safety —
Protection against voltage disturbances and electromagnetic disturbances

IEC 60364-5-53:2001, Electrical installations of buildings — Part 5-53: Selection and erection
of electrical equipment — Isolation, switching and control

Amendprent (2002) H

IEC 604164-2, Varnishes used for electrical insulation — Part 2: Methoqg

IEC/TS|60479-1, Effects of current on human beings and livestoe

IEC 60479-4, Effects of current on human beings and live

strokeg on human

IEC 60587, Electrical insulating materials used
methods for evaluating resistance to tracking and exosi

IEC 60664-1, Insulation coordination
Principles, requirements and tests

IEC 61p00-4-5, Electromagnretic ca

techniques — Surge imm

IEC/TR 61000-5-2, El¢

guidelimes — Sec

IEC/TS|61400-23,
rotor blades

IEC 616
connedft

IEC 61643-1
connedjted tolow-

vQltage power distribution systems — Selection and application princig

pects

ghtning

— Test

Part 1:

rement

figation

5ting of

levices

Hevices
les

IEC 61 DA DA L Irs £ ' ol H i) £ 4. O £ 44
It T, LUW VUNlayC ouryt pPruictulivo uUTVvIiLTo rdart rT. ouryc pruilculive

connected to telecommunications and signalling networks — Performance requirements and

testing methods

evices

IEC 61643-22, Low-voltage surge protective devices — Part 22: Surge protective devices
connected to telecommunications and signalling networks — Selection and application

principles

IEC 62153-4-3, Metallic communication cable test methods — Part 4-3: Electromagnetic
compatibility (EMC) — Surface transfer impedance — Triaxial method

IEC 62305-1:2006, Protection against lightning — Part 1: General principles

1) There exists a consolidated edition 3.1 (2002) that comprises IEC 60364-5-53 (2001) ant its Amendment 1

(2002).
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IEC 62305-2:2006, Protection against lightning — Part 2: Risk management

IEC 62305-3:2006, Protection against lightning — Part 3: Physical damage to structures and
life hazard

IEC 62305-4:2006, Protection against lightning — Part 4: Electrical and electronic systems
within structures

EN 50164-1, Lightning Protection Components (LPC) — Part 1. Requirements for connection
components

CLC HD©37 ST, Power instaliations exceeaing 1kV A.C.

ITU-T K.2, Resistibility of telecommunication equipment installed } cations

centre fo overvoltages and overcurrents

ITU-T K.21, Resistibility of telecommunications equipment insta 1 ' ises to
overvoftages and overcurrents

ITU-T [K.46, Protection of telecommunication lines mmetric confuctors

agains] lightning-induced surges

3 Terms and definitions

For thel purposes of this document, the/following\{e d definitions apply.
3.1
air-termination syste
part of|an external LPS

wires intended to f terceptlighthing
3.2

average steepness
average rate of change™\Q

btenary

NOTE It is expxessed b

N e end of
this interyat, divided by the time

interval At =1, — ¢, (see Figure A.3).

3.3
bonding bar
bar on| which® metal/installations, electric power lines, telecommunication lines and other
cables canbe bonded to an LPS

3.4

collection area

Ag

for a structure, area of ground surface which has the same annual frequency of direct
lightning flashes as the structure

3.5

connecting leader

lightning leader developing from a structure as a response to an external electric field
imposed either by a charged cloud overhead or by a downward leader approaching the
structure
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3.6

conventional earthing impedance
ratio of the peak values of the earth-termination voltage and the earth-termination current

which,

3.7

in general, do not occur simultaneously

coordinated SPD protection
set of SPD 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.

3.8

down-(
part of
to the 6

3.9
downw
lightnin

NOTE A
may incl

3.10

earth electrode

part or
contact

3.11

earth-termination sy

part of
earth

3.12
effectiy
H
foraw

3.13

external lighty

part of

tonductor system
an external LPS intended to conduct lightning current from
arth-termination system

ir-texminati

ard flash
g flash initiated by a downward leader from cloud

downward flash consists of a first short stroke, which can bg followed by sequent short str
de a long stroke.

a group of parts of the ear tem which provides direct el

h

an externg\i LP

ye height

nd tunp e hi oint the blades reach, i.e. hub height plus rotor radius

otection system
the -LPS “&q

ting of an air-termination system, a down-conductor system

earth—tTrmination system

system

bkes and

ectrical

nto the

and an

NOTE The down conductor is often placed inside wind turbine blades.

3.14
flash ¢

Oflash

harge

time integral of the lightning current for the entire lightning flash duration

3.15

foundation earth electrode
reinforcement steel of foundation or additional conductor embedded in the concrete
foundation of a structure and used as an earth electrode
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ground flash density

N,

g
the number of lightning flashes per square kilometre per year in the region where the

structu

3.17

re is located

internal lightning protection system
part of the LPS consisting of lightning equipotential bonding and/or electrical insulation of
external LPS

NOTE Compliance with the separation distance and the reduction of the electromagnetic effects of lightning

current wWithin the structure to be protected may be considered as parts of an internal light

3.18

interception efficiency

probab

3.19
leader

place in the air gap between test object and HV electrod

meet a

3.20
LEMP
LPMS

complefe system of protection measures

3.21
lightni
i

current

3.22
lightni
LEMP
electro

NOTE i

3.23

lightni
bondin
protect

3.24
lightni

otection. s

connection point

nd the discharge is initiated

brotection measures system

temsagainst LEMP

g current

flowing at the g

ve devices to reduce potential differences caused by lightning current

ng flash to a structure

lightning flash striking a structure to be protected

3.25
lightni

ng flash to earth

stem.

eaders

surge

electric discharge of atmospheric origin between cloud and earth consisting of one or more
strokes

NOTE A negative flash lowers negative charge from the thundercloud to the earth. A positive flash results in
positive charge being transferred from the thundercloud to the earth.
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3.26

lightning protection level

LPL

number related to a set of lightning current parameter values relevant to the probability that
the associated maximum and minimum design values will not be exceeded in naturally
occurring lightning

NOTE Lightning protection level is used to design protection measures according to the relevant set of lightning
current parameters.

3.27

lightning protection system
LPS
complelte system used to reduce physical damage due to lightning flashes/to a ructurJz

NOTE It consists of both external and internal lightning protection systems.

3.28
lightning protection zone
LPZ
zone where the lightning electromagnetic environment is de

NOTE The zone boundaries of an LPZ are not necessarily phygical soundariesAexg. walts, floor and ceilir|g).

3.29
lightnipng stroke
single dlischarge in a lightning flash to ea

3.30
long s{roke
part of the lightning flash Which dorrespotr

NOTE The duration time n ) of this

continuirlg current i&@
3.31

magnetic shield
closed,
part of

ted, or

NOTE T

3.32
metal installations
metal ifems.ih the stfucture, which may form a path for lightning current, such as the jhacelle
bed platejvelevator guide rails and wires, ladders, platforms and interconnected reirfforcing
steel

3.33
multiple strokes
lightning flash consisting on average of 3 or 4 strokes

The typical time interval between the strokes is about 50 ms.

NOTE Events having up to a few dozen strokes with intervals between them ranging from 10 ms to 250 ms have
been reported.
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3.34

natural component of LPS

conductive component installed not specifically for lightning protection which can be used in
addition to the LPS or in some cases could provide the function of one or more parts of the
LPS

NOTE Examples of the use of this term include:
— natural air termination;
— natural down conductor;

— natural earthing electrode.

3.35
numbefr of dangerous events due to flashes to a structure
Ny
expecté¢d average annual number of dangerous events due to lightnj shes, tola strycture

3.36
peak value
1
maximyim value of the lightning current

3.37
point df strike
point where a lightning flash strikes the eart
servicelline, tree, etc.)

NOTE A lightning flash may have more than ohe poit.of sti
3.38

receptor
a form Jof air terminatiq

blade surface CO@t

3.39
risk
R

value qf probable a al loss (humans and goods) due to lightning, relativg to the

prot udQ dtvlcture (e.g. structure, LPS,

or example discrete metal studs throligh the
tem

3.40
separation di

distancle betweentwgconductive parts at which no dangerous sparking can occur

3.41
service line
power line or telecommunication line connected to the structure to be protected

3.42
short stroke
part of the lightning flash which corresponds to an impulse current

NOTE This current has a time to half value T, typically less than 2 ms (see Figure A.3).

3.43

SPD tested with I,

SPDs which withstand the partial lightning current with a typical waveform 10/350 us require a
corresponding impulse test current Timp

NOTE For power lines, a suitable test current Iimp is defined in the Class | test procedure of IEC 61643-1.
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3.44
SPD tested with I,

SPDs which withstand induced surge currents with a typical waveform 8/20 us require a

corresponding impulse test current /

NOTE For power lines, a suitable test current 7 is defined in the Class Il test procedure of IEC 61643-1.

3.45

specific energy

W/R

time integral of the square of the lightning current for the entire flash duration

NOTE |Ifrepresents the energy dissipated by the lightning current In a unit resistance.

3.46
surge
transiept wave appearing as overvoltage and/or overcurrent caused\

NOTE 1| Surges caused by LEMP can arise from (partial) lightning currents,
loops anfl as residual surges downstream of SPD.

NOTE 2 | Surges may arise from other sources such as switching e

3.47
surge protective device
SPD
device [ntended to limit transient overvoltage

It contdins at least one non-linear com

3.48
thunddrstorm days
Ty

numbe

3.49
tolerah

inin

ttallation

. One or

3.50

upwardd

lightning fl

NOTE n upward flash~gbnsists of a first long stroke with or without multiple superimposed short strokeg
more shqrt‘strokes may be followed by a long stroke.

3.51

voltage protection level

Up

parameter that characterises the performance of the SPD in limiting the voltage across its

terminals, which is selected from a list of preferred values

This value shall be greater than the highest value of the measured limiting voltages.


https://iecnorm.com/api/?name=e17605ade2086b21305fb5b221627e6d

-18 - 61400-24 © IEC:2010(E)

4 Symbols and units

Ag
4;
A
Am
Cs
Ct

Collection area of lightning flashes to an isolated structure
Collection area of lightning flashes to a service line
Collection area of lightning flashes near a service line
Area of influence for lightning flashes near a structure
Latent heat of melting

Total value of structure in currency

Thermal capacity

Mean value of possible loss

Environmental factor

Location factor
Correction factor for a HV/LV transformer on the service li
Injury to living beings

Physical damage

Failure of electrical and electronic systems
Factor increasing the loss when a special hazard is
Current

Peak current

Nominal test current; discharge current
Current in cable shield
Impulse test current
Time derivative of currery
Current steepness betwee
Loss related to injury to livi

bnt

re)

e of internal systems (lightning flashes near a service
in a structure

line)

Number of dangerous events due to lightning flashes to a structure per annum
Number of dangerous events for component x per annum

Number of lightning flashes to a structure per annum

Number of lightning flashes near a structure per annum

Number of lightning flashes to a service line per annum

Number of lightning flashes near a service line per annum

Number of lightning flashes to a structure at the "x” end of a service line per
annum

Ground flash density per annum

Probability that lightning flashes to structure will cause shock to living beings
Probability that lightning flashes to a structure will cause physical damage
Probability of failure of internal systems caused by lightning flashes to the
structure
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Probability that lightning flashes to a service line will cause failure of internal
systems

Probability that lightning flashes near a service line will cause failure of internal
systems

Probability that lightning flashes near a structure will cause failure of internal
systems

Probability failure of internal systems given that SPD protection is applied
Probability that lightning flashes to a service line will cause injury to living beings
Probability that lightning flashes to a service line will cause physical damage
Probability that lightning flashes to a service line will cause failure of internal
systems

Probability of damage for a structure x
Probability that lightning flashes near a service line will
systems

internal

Factor reducing the loss due to physical damage de i i fire
Factor reducing the loss due to physical damage ds Y i taken
Factor reducing the loss of human life depending

Risk
Rolling sphere radius

Cable shield resistance per unit length
Tolerable risk
Risk component x
Spacing between earth rods
Time in hours per annum ip-
Time

Time interval
Time param
Time durgti

s.are present in a dangerous plage

er

Temperature coefficient of the resistance (1/K)

Material Hnneify

Permeability of air (vacuum)
Magnetic flux

Resistivity

Specific ohmic resistance at ambient temperature
Temperature

Start temperature

Melting temperature
Ambient temperature
Ampere

Kiloampere

Coulomb

degrees Celsius

Henry

Kelvin
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S Siemens

G Gram

kg Kilogram
MJ Megajoule
um Micrometre
mm Millimetre
cm Centimetre
m Metre

km Kilometre
ms Millisecond
Q Ohm

S Secomd

us Microsecond
\% Volt

Wb Weber

5 Abbreviations

LPS Lightning protection system
LPL Lightning protection level

LPZ Lightning protection zone
LEMP Lightning electromagpmetic impy
LPMS
SEMP Switching electromag
SPD Surge protective devjce
PE
OCPD
QA
GFRP
CFRP
CFC

6 Lig

6.1 (

lues to
defined

The lig
be use
in IEC

An infoymative discussion of the lightning phenomenon in relation to wind turbines is included
in Annex A.

6.2 Lightning current parameters and lightning protection levels (LPL)

In IEC 62305-1, four lightning protection levels (I to 1V) are introduced. For each LPL, a set of
maximum and minimum lightning current parameters is fixed.

The maximum values of lightning current parameters relevant to LPL | will not be exceeded
with a probability of 99 %. The maximum values of lightning current parameters relevant to
LPL | are reduced to 75 % for LPL Il and to 50 % for LPL Ill and IV (linear for /, O and di/d¢,
but quadratic for W/R). The time parameters are unchanged.
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Table 1 — Maximum values of lightning parameters according to LPL
(Table 5 in IEC 62305-1)

First short positive stroke LPL

Current parameters Symbol Unit | 1l ]| 1\
Peak current 1 kA 200 150 100
Short stroke charge Ochort C 100 75 50
Specific energy W/R MJ/Q 10 5,6 2,5
Time parameters T,/T, us / us 10/350

[ TITSTSNOTTNegative Soke @ EPE
Peak cufrent I KA 100 75 AN 50
yanN
Average|steepness di/dt kA/us 100 75/\ \ 5
Time paffameters T,/T, us / us 1/>Q0
Subsequent short stroke \ WL \)

Current parameters Symbol Unit | < \Q \ 1l | v
Peak cuffrent I KA /5(\ 37, 25
Average|steepness di/d¢ kAlus (20@ 150 100

| N S
Time paffameters T,/T, A / us \ X 0,25/ 100
Long stroke \ \ \ \ )\/ LPL

Currpnt parameters Symbol nit \t\ 1l ]| 1\
Long strpke charge Qiong & Q\ \Q0> 150 100
Time pafameter (\R@g/\ \ s\) > 0,5

A )
Ffa\sh ~ LPL

Currpnt parametsKs L \WI Urh\\ | 1 1] v
Flash chhrge Q > Q& 5/ 300 225 150
@ The upe of this wave <a;%\\c{hai Waﬂons and not testing.

The maximum value rrent parameters for the different lightning pratection
levels & re used to design lightning protection components (e.g. cross
section ngss of metal sheets, current loading capability of | SPDs,
separatli dangexous sparking) and to define test parameters simulating the|effects
of lightni pohents (see Annex D and IEC 62305-1)

NOTE For wind\turbi aced in certain geographical areas where they are exposed to high numbers of upward
lightning|partieularly during winter, it may be relevant to increase the required durability of air termination[systems
(e.g. regeptors) with regard to flash charge to more than lightning protection level I, Qq . = 300 C| as this
paramete f f f f f e of air

termination systems.

The minimum values of lightning current amplitude for the different LPLs are used to derive
the rolling sphere radius in order to define the lightning protection zone LPZ 0g, which is not
exposed to lightning attachment. The minimum values of lightning current parameters
together with the related rolling sphere radius are given in Table 2. They are used for
positioning of the air termination system and to define the lightning protection zone LPZ 0Og
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Table 2 — Minimum values of lightning parameters and related rolling sphere radius

corresponding to LPL (Table 6 in IEC 62305-1)

Interception criteria LPL

Symbol Unit 1 1l ] v
Minimum peak current 1 kA 3 5 10 16
Rolling sphere radius r m 20 30 45 60
7 Lightning exposure assessment
7.1  General
Wind turbines are tall structures and are often placed in such g e very
exposed to lightning. i to be
protected against lightning as a precaution against economicdl ge and
loss of i onnel)
and as|a means to reduce the maintenance required
The design of any lightning protection system shoutd take ightning
flashes [ to an
unprotg bl parts
and to |the electrical and control systgm urbines
are exgosed to hazards from step/touchk ightning
flash.
The gofal of any lightning protection syste : vel Rt.
The tolerable level is ba human safety is involved. If the risk is
below the level accept for further protection may be based on a
purely leconomic analys essing the cost of the lightning pratection
system|against thico
It is the responsibility aying jurisdiction to identify the value of tolerabhle risk.
A reprgsentative yé Ry, where lightning flashes involve loss of human life
or pernmpanent inj
NOTE givén in IEC 62305-2, Table 7
The risk s attaching to any structure is a function of structure height, the
local tdpogra e’local level of lightning activity. Risks associated with lightning can
be assg¢ssedtintde accordance with IEC 62305-2. However, as the procedures depcribed
therein| are~.quite etaborate, guidance is given here on how to make a simple lightning
exposufe.assessment for individual wind turbines, and how to extend it to groups ¢f wind

turbines and wind farms.

Information about local lightning conditions should be collected whenever possible (for

exampl

e at high latitudes where winter lightning may pose a special threat).

As a word of caution, it should be mentioned that such a risk assessment will never be more
accurate than the information entered into the calculation, and furthermore, because the
assessment is probabilistic, because lightning occurrence information is statistical averages,
and because the lightning event in itself is stochastic in nature, the user should not expect
very accurate short-term prediction of the number of lightning events for individual wind
turbines or wind farms. However, a risk assessment does make it possible to evaluate the risk
reduction achieved by applying lightning protection and will allow for example for comparison

of risks

for different wind turbine projects. Further details are provided in Annex B.
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7.2 Assessing the frequency of lightning affecting a wind turbine

The first stage in the lightning risk analysis is the estimation of the frequency of lightning
flashes to the wind turbine. IEC 62305-2 gives guidance on how this number can be
estimated. When assessing the frequency of lightning flashes to a structure, the collection of
data detailing the local ground flash density (V) is necessary. National organisations such as
weather bureaus are likely to be able to provide this information. If the ground flash density is
not available, it may be estimated using the following relationship:

N, =01-T, (1)

where

Ng [kmT2-year—1] is the annual average ground flash density;

T4 [year—] Braunic

The average annual number of dangerous events that ma 3 WA i may be
separated into:

Np [yeqr-1]

Ny [yejr—1]
N [yeqr"] urbine,
e wind
N, Iyea™] B wind
ing the
Np.p [ygar] at the
bine in
The aVerage ann; can be
assesspd as:
(2)
where
Aq [m?]
Cq is the environmental factor.

Appropriate values are Cy = 1 for wind turbines on flat land and C4 = 2 for wind turbines on a
hill or a mountain ridge.

NOTE 1 Wind turbines placed at locations known to be very exposed to lightning in general or to winter lightning
in particular may be assigned a higher environmental factor C, to consider upward lightning being triggered under
such conditions.

NOTE 2 Wind turbines placed off shore may have to be assigned an environmental factor C4 of 3 to 5 to get a
realistic estimate of the frequency of lightning attachment.

The collection area of a structure is defined as an area of ground surface which has the same
annual frequency of lightning ground flashes as the structure. For isolated structures, the
equivalent collection area is the area enclosed with a border line obtained from the
intersection between the ground surface and a straight line with a 1:3 slope which passes
from the upper parts of the structure (touching it there) and rotating around it.
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It is recommended that all wind turbines are modelled as a tall mast with a height equal to the
hub height plus one rotor radius. This is recommended for wind turbines with any type of
blades including blades made solely from non-conductive material such as glass-fibre
reinforced plastic.

Figure 1 shows the collection area produced by a wind turbine placed on flat ground. Clearly
this is a circle with a radius of three times the turbine height.

1:3 gradient

Wind turbine
position

3 x wind turbihe
N

IEC 1187/10

The following eq > . ysed when estimating the annual number of lightning
flashes|to a wind tub 9

=Ng-4g-107° =Ny -97-H?-107° (3)

where

H [m] |is theshe the wind turbine.

In morgComplex terrain, it is appropriate to consider the effective height of the wind |turbine
includi i Wi urbi ition, €.g. 1 X | idges (see
Figure 2). IEC 62305-2 provides guidance for structures in complex terrain or in proximity to
other structures.

IEC 1188/10

Figure 2 — Effective height, H, of wind turbine exposed on a hill
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Furthermore, wind turbines may be endangered by lightning flashes near the wind turbine:

where

Ap, [m?2

Ny = Ng - (4m — 44Cq) 1078

(4)

] is the collection area for lightning flashes near the structure which is the area

within a distance of 250 m.

When proper lightning protection is applied to a wind turbine and the service lines connecting
it, it may be assumed that the protection also includes protection against damage to the wind

turbine

lines connecting the wind turbine.

Large

and aldo usually connected to an external control centre via a
service

Figure

recomn

The nu

vind turbines are usually connected to a high-voltage powe

service

system
h these
it (see
hich is
.

sessed

(5)
And th ne line)
can belassessed as:

(6)
where
Cyq
Ce
Ct
A, [m?]
4; [m?]| is thesallectign area of lightning flashes near the service line — see Table 3.
The transformer factor C; = 1 if there is no transformer between the point of lightning
attachmeptand-thewindturbine—and =02 if thereis—Asthereisusualya-high-voltage

transformer in large wind turbines, C; = 0,2 can be assumed for the medium-voltage cables
connecting the wind turbine to the grid (see IEC 62305-2, Annex A).

NOTE 3

C,4=0 for submarine service lines (submarine high-voltage cables and communication cables).
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Table 3 — Collection areas 4, and A4, of service line depending
on whether aerial or buried (corresponds to Table A.3 in IEC 62305-2)

Aerial Buried

4 (Lo = 3(H, + Hy, ) 6 H, (Lo = 3(Ha + Hp ) Np

4, 1000 L, 25 Le +Jp

L, [m] is the length of the service line from the wind turbine to the next structure on the line. A maximum
value L, =1 000 m should be assumed.

H, [m] is the height of the wind turbine connected at the “a” end of the service line.

Hy [m]

H [m] is the height of the service line conductors above ground.

p [Qm] is the resistivity of the soil where the service line is burk lue
p =500 Qm should be assumed.

1:3 gradient
1:3 gradient

Wind tur Other structure

position

ine

Cable connectj x\@% \)\
of length f\c | \K )

k\/% X ILC \ é "
/AN K Y

\/ A\ is the collection area of lightnir

flashes to the service Iinﬁe
A= (Lo —3(Ha + Hp ) \p

«Q

ELC 1189/10

Lightning flashes | e the narrow area 4, along the cable route may penetrate to ang affect
the caljledirectly, while lightning flashes inside the wider area 4; may induce transiepts and
cause pimrhotepunctures of thecabteimsutation:

Figure 3 — Collection area of wind turbine of height H, and another structure of height
H\, connected by underground cable of length L

NOTE In wind farms, the collection areas of neighbouring wind turbines may often overlap. In such cases, the
collection areas should simply be divided between the turbines where the 1:3 gradient lines from the top of the
wind turbines intersect.

7.3 Assessing the risk of damage
7.31 Basic equation

The risk of lightning causing damage to a wind turbine installation and thereby financial
losses can be considered as the sum of many risk components. Each risk component may be
expressed by the following general equation
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Ry =Ny P L, (7)

where

Ny [year-1] is the number of dangerous events per annum;

Py, is the probability of damage to the structure (a function of various protection
measures);
Ly is the consequent loss.

This basic equation is to be used for assessing the risk of damage based on the probability of
damage of various types and the consequent loss (see Annex B).

In caseg the risk is found to be too high, protection measures have to be™spplied negessary
to reduge the risk to less than the tolerable risk Rt.

R, <R; (8)

NOTE The tolerable risk R, may be stipulated by authorities.
7.3.2 Assessment of risk components due to flashes t

For evgluation of risk components relat
relationship apply:

llowing

— component related to injury to living

(9)

. Iy (10)
— component re;l’e fe i

(11)
Paramegte S components are given in Table 4.

7.3.3 e risk component due to flashes near the wind turbine ($2)

For evaluation of the/risk component related to lightning flashes near the wind turbipe, the
following.retationship applies:

— component related to injury to failure of internal systems (D3)
Ry =Ny By Ly (12)
Parameters to assess these risk components are given in Table 4.

7.3.4 Assessment of risk components due to flashes to a service line connected to
the wind turbine (S3)

For evaluation of risk components related to lightning flashes to an incoming service line
connected to the wind turbine, the following relationship apply:

— component related to injury to living beings (D1)

Ry =(NL+Npp) Ry Ly (13)
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— component related to physical damage (D2)
Ry =(N_L+Npp)-Py - Ly
— component related to failure of internal systems (D3)

Ry =(N_+Npp)-Ry - Lw

Parameters to assess these risk components are given in Table 4.

(14)

(15)

7.3.5 Assessment of risk component due to flashes near a service line connected to

Fa H Py TR T (O A)
LTS WIiITTu tUTvimme (V&)

For evaluation of the risk component related to lightning flashes near a/s8rvj
to the wind turbine, the following relationship apply:

— component related to failure of internal systems (D3)

R, =(N,=N\) F,-L
For the| purpose of this assessment, if (¥, — N|) <0, then as
Paramgters to assess these risk components are gi

Tablg 4 — Parameters relevant to the ass
(corresponds_to Table 8%

nected

(16)

rbine

Average annéal ny_qber\e{ﬁa\ngé‘gus events due to flashes

Np [ygar] /1Q the w/inQuh{ine\ \

Ny lydar ] R neMe wind\w\hs'\ne\) \\/

N, [y¢ar~'] I }\\serw@hqe %w wind turbine

N, [ygar "] /\ \ ne>\<&er\hsike®ermg the wind turbine

Np, lys ar ] \/ to a\\tru&s@ a}ﬁy "b” end of a service line (see Figure 3)

/\\ P bal;m/'&\gMa flash to the wind turbine will cause

~

%chz\ta,]_iyaiﬁg beings

\ \f\hySI | damage

failure of internal systems

B Probability that a flash near the wind turbine will cause

failure of internal systems

Drnhahiliiy that a3 flash-to-a-service-line-will cause

injury to living beings

physical damage

failure of internal systems

Probability that a flash near a service line will cause

failure of internal systems

Loss due to

Ly=Ly, =r," L injury to living beings

Lg=Ly =ry g hee L physical damage

Le=Ly=Ly=L, =L, failure of internal systems

NOTE Values of loss Ly Lg Lg; factors r , r_, r 7 reducing the loss and factor 4, increasing the loss are given in

p Tar T
Annex B.
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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 a certain 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-I is/economjcally_optimal for
some wind turbines or wind farms, just as it may be advantageous to differentiate so t for example ‘'wind turbine
blades afe protected to a higher LPL while other parts repairable or replaceable at le cted to a
lower LPL.

8.2 Blades
8.2.1 General

Wind tdrbine blades are the most exposed parts of the i auld~experience [the full
impact|from the electric fields as associated wit} ighthing hment procegs, the
lightning currents, and the magnetic field assogiated formal
explanation of the attachment proc i tion is
describled in Annex A.

Wind tIrbine blades are placed in ligh b-1 and

shall b¢ protected accordingly.

A gengral description of ¢ Weerning lightning protection of blades is
included in Annex C.

8.2.2

The lightning protgsti St ghtning
flashes & ris i uctural
damag

Lightning/dam i eduled
mainte insp .

8.2.3

The ahility” 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.


https://iecnorm.com/api/?name=e17605ade2086b21305fb5b221627e6d

-30- 61400-24 © IEC:2010(E)

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.

8.241 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 o lade-sfructure
itself, gtomponents added to the blade, or combinations thereof.

The air scribed
in IEC system
design

The m in its
mounti nd the
expected wear due to wind, moisture, particles, etc/ As/ps \ icati ightning
protect 5ts and
other m

All inte ( ounting-6f the air terminations @nd the
connecti S{gN nternal
dischar

The m4g 3yStem so that service personnel can repair
or replace parts of it t 3 s>t_degraded by lightning or other environmental

effects ime due to erosion at lightning arc roofs. The
erosion i the lightning arc root(s) and the surface material
and ge m. Blades that receive large numbers of lightning

flashes acement of the air terminations. The lifetime of [the air
termingti S naximised through suitable selection of material and fdesign.
The manufactucer idance on how to inspect and maintain the air-termination

If the em is covered by, for example, a coating, the function gnd the
reparability ower)the lifetime of the blade must be maintained. Recommended tgsts for
determ|ning-the effectjveness of air terminations are described in Annex D.

The manufacturer shall define a pracedure 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 pccording to the distribution of the current between the paths.

All intefnal parts of the down conductor system and connection comp signed
to mini Y gt ing the
development of electrical discharges from structures elsew? ernal  air

termingtion system; whereby the risk of such internal discharge cl \ skin is
limited,

Externally mounted down conductors are defined /as air-terminati , ce the
requirements in 8.2.4.1 apply.

The manufacturer shall define a progedue § 4 i b down
conduﬁﬁor system and its connecti ) ‘ service
environments so that the condition an vals of

these pgarts can be verified.

Recommended tests for determini t ility hection

Verificgtion of t 0]
described in 8.2.

one as

8.2.4.3
In casq eights,
ables for sensors, warning lights, etc.) are present within the

tip bra

blade, {k
to condquc
conductive pa

Alternatively, it shall be documented by testing corresponding to the LPL and/or gnalysis
whethe ; ) er and

to the lightning protection system or not.

general be bonded to the lightning protection system, be dgsigned
of lightning current and be designed to prevent flashover between

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 IEC 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 ca
the initjal leader attachment test described in Annex D, Subclause D.2.1.

e~evaluatef using

Development of specific design details surrounding tip receptors, si imylar can
gain frgm the initial leader attachment test described in Annex D ‘

Improvement of the ability of the blade laminate to impe, brevent
them from puncturing the blade skin can be achieved by i kdown
field strength of the materials. The breakdown field”streng s and
coating| layers can be evaluated according to IEC F 0243-3
(impulsle voltage) and IEC 60464-2 (coating).

When electrical activity occurs on in 9 5 e , etc.),
the sunfface may deteriorate experienced etCtrical erosion. The impact, in
connecftion with moisture, may change/the propectie he insulating surface towards|a more
conductive nature, and hence increase S irect fightning attachment. The resfstance
to tracking of various blad i an be evaluated and compared using
IEC 60$87.

8.2.5.2 High-curre!

The air terminat§> ' affected by the impact of the charge in the lightning
flash (ile. the time i a g current), a phenomenon that can be evaluated by
the high-current i 3 n Annex D, Clause D.3.

Connegtion compongnts ts of the down conductor can be tested by the highjcurrent
physical ) [ Annex D, Clause D.3, or the EN 50164-1 without the
conditigni g aprli

The cufrent-test we orms and levels should include the first short stroke and if relevgnt 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
transiepi—protection—o stemsplacedouiside-the hub—suchas bladeactuate stems, and
of elecfrical and control systems in the hub connected to circuits extending to he Quiside of
the huf.

8.3.3 Spinner

Typically the hub has a glass fibre cover, called the spinner, w 'ch is"mounted\onthe Hub and

rotates|with it. As the rolling sphere model would always j - is a possipility of
lightninlg attaching to the front end of the spinner, lightning i all pe considgred.

some \ind turbine designs there are also electrical and e anlca conhtrol systems and
actuatdrs placed outside the hub and covered by th¢ spf . - ms shall be shielded

from lightning attachment with air termination syst ¢ € RO such systems are|placed

under the spinner, it may be reasonab i ightping puncturing throligh the
spinnef and not have any lightning pre i i : ever, in most cases|simple
and prgctical lightning protection of the syi e’made using the metal support
structufe for the spinner as air termination systexcand connection to the hub.

The ngcelle structure |5 G \the_lightning protection so that it is ensurgd that
lightning attaching to the na 3 to natural metal parts able to withstand the
stress ¢r attach i i i ination system designed for the purpose. Nacelles with
GFRP Eover or S ided“with a lightning air-termination system angd down
conducfors forming G dcelle. The lightning air-termination system including
exposeld conduc \ y€ shoyld be able to withstand lightning flashes corresgonding

to the |chosen_lightn g protecti ével. Other conductors in the Faraday cage shquld be
dlmen3|one to~withste share of lightning currents that they may be expoged to.
Lightning air- { ters for protection of instruments, etc. on the outside| of the
nacellel Showld\ b& desiged according to the general rules in IEC 62305-3, and down
conducor npected to the above-mentioned cage

A metgdl mesh could’be applied to nacelles with GFRP cover to provide shielding pgainst
externgl-electric and magnetlc fields, and magnetic fields from currents flowing |n thg mesh.
Alternati VETY, d ¥ ae eTTacettecoutdtbeptaced— osed eta ot 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 8.2 and 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 a magnetic shield will not be able to protect against effects of magnetic fields
from lightning currents flowing inside the nacelle, such as in the 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
equipofential bonding systems to make the best of the protection offe the zlaraday
cage. With regards to bonding of metal structures and systems insi uch as

ladderd, wires and rails, see 9.3.5.

The inferface towards the nacelle is usually closed with metal platfy which
can aldo serve as an electromagnetic shield closing the towg sion of
lightninig protection of the yaw bearing).

The tower interface to the earthing system is djg se 9. wer is
constrycted as a Faraday cage as described above, th f uire no
particular lightning protection. The task of ensurir j [ hereby
limited |to equipotential bonding and i circuits
extending to other lightning protectio e of the
tower.

Lattice e h there
will be bome magnetic fiel Qn 8 tower.
It is regsonable to deflne he si I ) duction
should| be via the Iat Ifil the
dimensfons required for \ G i - [ sharing
between paralle PN to be
bonded to the tow ion; this
is to be assessed by cals

In steqgl reinfe f i i ing down
conduction b LN to4 parallel vertical connections with sufficient cross sectiop which
connect hogi 2 , tom and for every 20 m in between. The steel reinforcement
will pro ite e agnetic field attenuation and lightning current reduction ingide the
tower if bond

8.3.6 Testing methods

Preliminary festing 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 bearipgs are operated without protection, it shall be demonstrated that ingCitgelf can
operatg for the whole design lifetime, after being exposed to the expectéd n ightning
current| penetrations. If the bearing is not able to operate for the ife time,
protectfon shall be applied (see 8.4.4).

8.4.3 Hydraulic systems

If hydraulic systems are in the lightning current path, it current

penetrati ider the
risk of 1 b

Protection measures such as sliding ponding @as an be used to make the
current

Hydraufi htion of
the tubp | ! ghall be bonded to the steel sfructure
of the ur has
sufficie xposed
to.

Similar

8.4.4

For by stuator systems, it shall be considered to use spark gaps or
sliding g systems including their connecting leads must in ord¢r to be
effectiv N ynce than the direct natural current path through the compongnt.
Spark paps and/ sliding contacts shall be able to conduct the lightning current it may be

expose(d to(at'the plage 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 Gah ha daona-—on-cealad madale bt oaoloylating
oo oY torCc oot CroT oottt ot T

and effects.

gqfactors

Informative testing methods are included in Annex D, Sublause D.3/4

8.5 [Electrical low-voltage systems and electronic syste
8.5.1 General

This clause deals with the protection of the electrica < ems of a wind [turbine
agains{ the effects of

e lightning flashes attaching to the
e leader currents developing from the

e indifect lightning flashes (i.e. effeg : of lightning flashes not affecting the
wing turbine directly).

NOTE 1 witching
electrom Hard. For
general Annex F for discussion of switching overyoltages.
Subclaug ive some information on the selection of SPDs with fegard to
overvoltg

All typs i ing A erateNightning electromagnetic impulses (LEMP).

NOTE 2 ite ¢trical equipment on machines described in IEC 60204-1 should be
observed.

8.5.2

Electrid tems are subject to damage from the LEMP. Therefore| LEMP

protect/on mea PMS) shall be provided to avoid failure of these systems. The e{fective
protect|on, of the etectrical and control system of a wind turbine against LEMP requires the
systemptic» approach of the lightning protection zones (LPZ) concept according to
IEC 62305-4tPMSTspartof thetightminmgprotectiomzome (EPZ)concept for the—tomplete
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:

e bonding — see Subclause 8.5.4;

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

e earthing — see Clause 9.

Additional methods include:

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

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

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

A win roughly “defi evel| of the
influenge of a lightning flash on components in that zone. Lhe djwsionwof th ne into
lightnin A s Uff|Ci of all
compoments of the wind turbine. These lightning fely ) are flefined
depend i d on the magn:l:ude of
the ligh AT s.expected in that zone (see
Table E.1). € i ensure that componepts, for
exampl s, can withstand the magndtic and
electric ene’in which the components are

placed,
from or

only necessary for cables passing

ertoa

higher d. This
approa LEMP
protect

Furthern

8.5.4

Equipo ensure
that po e wind
turbine during

a lightni
of dam
danger

bability
brevent

In ordefr t0’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
ground may be reduced by spatial shielding of the LPZ only. Surges induced into the
system via the connecting cabling can be minimised either by spatial shielding, or
routing and shielding (e.g. shielded cables bonded at both ends), or by a combination
methods.

nearby
control
by line
of both

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 b or formed by wir

equip
The use of shielding and line routing should be documentegd

Some further considerations about the shielding req
Annex [G.

8.5.6 Coordinated SPD protectio
8.5.6.1 General

installe

NOTE C(oordination of SPP prot&
completd systems.

Coordinated S
switchipg surges. ;

approa
systemp.
in Anng

¢ts of lightning surges and internally ge
slectrical and control systems requires a sys

ng and
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area of
d make
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tematic
control
e given
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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:

* as close as possible to the boundary of LPZ 1, SPDs tested with [;;,, (Class | test), as

classified in IEC 61643-1, shall be installed;

e 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 7, (Class |l test), as classified

in IEC 61643-1, shall be installed.

NOTE |If the length of the circuit between the SPD and the equipment is too long (i.e. in general when longer than

10 m), dropagation of surges can lead to an oscillation phenomenon — see [EC 623054,
D.2.4.

8.5.6.3 Selection of SPDs

SPDs yhich shall withstand a partial lightning current with th
require|a corresponding impulse test current Timp-
is defined in the Class | test procedure of IEC 61643-1.

SPDs which shall withstand induced surge currents witk
a correpponding impulse test current /. For power i
the Claps Il test procedure of IEC 61643-1.

SPDs ghall comply with

e |ECI61643-1 for power systems;
e |ECI61643-21 for telecommunicatio

8.5.6.4 Installation ok SP
SPDs ghall comply wit

o |EC60364-4
e |EC61643-22 fo

The ins
wiring
boundqri
require
fulfilled|.

Accord|ng 10 ,}EC B%

itable test gurrent /,, is de

s shall be documented e.g. by means of drawin
the LPMS. For the SPDs installed at the differe
ge protectlon components installed inside equme

05-4, considerations shall be made regarding the coordination o
in the electrical and control systems. Sufficient information shall be provided

.2.3 and

350 us
ent Iimp

require
fined in

gs and
nt LPZ
nt, the

f SPDs
in the

dOC me nio bhow ocaor dination-beaebnaan SDNe 1o anhinyg A
u lltauull Sh—RoWw-coorahatofnpetwee—oroSiSacrHevea-

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:

e ambient temperature;
e humidity;
e corrosive atmosphere;

e 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 syste
require/monitoring.

bS may

8.5.6.8 Selection of SPDs with regard to protection lg immuynity

In orde[ to identify the required protection level U, in 2 sary to establish the
immuni

e power lines and equipment terminal ing tOME and |IEC 60664-1;

e telegcom lines and equipment te ITU-T K.20 and

ITUT K.21;

. othIr lines and equipment ter
manufacturer.

m the

Manufa
immunity level mform
manufg

¢S should be able to supply the ne¢essary
standards. Otherwise the wind |[turbine

The es
protect

essary

Systent i
if appli

tected,

8.5.6.9

Specifi hporary
overvoltages within the electrical system of a wmd turblne In such cases, the releva t parts
of the ¢ J 3 identlfied by
analysis and/or testing and SPDs selected accordlngly 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 I, and impulse current
Iimp

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 /, and impulse current Timp

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 Annex F.

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 pCPDmstatted i the SPECITIC power CITCUIl does Notl operale.

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 windXurbin
of the [installation of SPDs within wind turbines, SPDs ghalk\beg
lightning flashes.

g and th ticall nature
withstand multiple

8.5.7 Testing methods for system immunity tes

Prelimipary testing methods are inclu

8.6 [Electrical high-voltage (HV) po

Large (wind turbines are usuaIIy coRnned via h-voltage (HV) transformer| to an
undergf g 8y conpgct an, array of wind turbines either dirgctly to
the grig or to a transforme ali pping Up the voltage to that of the sub-transmission
system

The wi
the tow

dced in the back of the nacelle, in the bottom of

HV sun ally referred to as surge arresters. In a wind [turbine

applicati 5tem in
genera turbine
earthin the HV
cable s of the
transfof 7 and
Annex

Assess e wind

turbine reqwres speual tranS|ent electr|cal network S|mulat|ons The studles 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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Aux. power

—O)

Gear SCIG @ HV trafo Grid

@By

—|_ HV surge arrester

Capacitor bank

Rotor IEC 1190/10
Figure 4a — Squirel cage induction generator (SCIG @
Gear WRIG id
HV surge arrester
Rotor

Figure

High-vq
shown
be con
40mb
level o
instanc
transfof 3
that tthransfo

preferaply it should

IEC 1191/10

preferably be placed at the HV transformer termi
naximum protection for the transformer. However

acelle. If the transformer is placed outside the tower, it is i
rthing system is connected to the wind turbine earthing syst
€ one earthing system.

rcuits

hals as
it may
0 m to
ulation
e if for
for a
portant
m, and

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 a type 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 Ea

rthing 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 ge
used fd
recomn

because using the metal parts of the large foundation struct

possible
metal f
founda

Concer
failures
CENEL
to IEC/

9.1.1

against
protect

The ea

a) ensure persona

Two bsg

herally recommended that one earthing system is established fo

hended to include metal parts in the foundation structure

ions.

ning the design of the earthing system to pr
in high-voltage components, please refe

EC HD637 S1 or relevant natiops ;

S 60479-1 and IEC 60479-4.

Basic requirements

rthing sy

h faults;

wind turhines-

sic-types of earth electrode arrangements that are described in IEC 62305-3 3

a windNurbinge to be

re, it is
ystem,

%| lowest

om the

or cpncrete

due to
uch as

se refer

tection
turbine

during

pply to

e type A arrangement: 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
conductors on the structures;

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

down

e 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
(i.e. 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.
It is recommended that the first metre of a vertical earth electrode should not be regarded as
being rectve unaer imrost condaitions.

vell as
onents
ghtning
ductors

The edrthing system components shall be able to withstand lightp;
power [system fault currents. This is ensured by selecting ear
according to IEC 62305-3. The earthing system shall be constryc
current|into earth without thermal or electrodynamic damage,
shall be as short as possible.

Additiohal information is included in Annex |, Subclausé

9.2 Equipotential bonding
9.2.1 General
Equipoientialisation is achieved by inte

e structural metal parts;

e mefal installations;
e internal systems;

e extg¢rnal con ive parts 3 g connected to the structure.

When | 4 i sstablished to internal systems, part of the lightning
current j ms and this effect shall be taken into account.

The ing equipotential bonding of service lines such as
teleco ines is achieved is important and shall be discussed with the
operatg nication network, the electric power system operator ang other
operatg YOriti oficerned, as there may be conflicting requirements.

9.2.2 Lightning equipotential bonding for metal installations

Lightning—equipotenttat—bondingconmections statt—be made as ditect—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)
Cross section
Class of LPS Material 2
mm
Copper 14
I to IV Aluminium 22
Steel 50

Table

the bonding bar/point (Table 9 in IEC 62305-3)

ss secti
Class of LPS Material 5

NS

lto IV Aluminium /

NN
Steel A\ X\ N\s)

LPS r@d rbines.

9.2.3 Electrically insulated LPS

It is nol recommended to use an insulated

9.3  $tructural components

9.3.1 General

In geng hduct a
part of onents
shall b¢ made. Q

9.3.2 3

The tdg F) and
equipof

Due to Y 1 owers, direct lightning attachment to the tower structure must be
expecte¢d and_thtis ide onents

er. The
ghtning

and all
tower shall be used/as the down conductor and constructed in such a way that li
current|caf/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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9.3.4 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 Og. 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 ingide of the tower shall be defined as one or more lightning ones (\PZ) for
which the protection level required for internal equipment shall he & cypsed in
8.5.

Ladder I every
platform.

Rails, ¢ onents
passinc onding
should

The H\ stem. 1t
is not ightning
protect

9.3.6

Since the met of the
lightning or fau ectrical
connecfions to the {8 sidered
a part ¢

Electrig elwork
within fej e strifctures is considered to be electrically continuous if the major
parts of tal bars are connected. Connections between metal reinforcement
parts s S ‘ d, clamped or overlapped by a minimum of 20 times their digmeters
and bo ductive thread or otherwise securely connected. Special care should be
exercised,at the intefconnections to prevent damage to the concrete due to localised arcing
across |peor 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 reier 10 9.3.0.

In rocky areas, it may not be possible to reach a low earthing resistgz plishing
very eftensive earthing systems. In such areas, emphasis should{the oviding
surfacqg potential difference control to limit touch and step voltag a where

peopleland livestock are likely to be standing, such as by placing one \orR i ctrodes
around| the wind turbines and other installations, while i for all
service| lines connecting the wind turbines to the power cé ication
systemp (see 8.5).

9.3.8 Metal mono-pile foundation

A metgdl mono-pile foundation is by as the

primary earth electrode.

A ring electrode system for controlling\the S ndation
may beg necessary dependjnig i ,

9.3.9 Offshore fou

The resistivity o
foundation, such a system
requirements are co e, etc.

are required. tion of
collectipn system'ca - p

ffshore

Extern

9.4

The minimum lengtlyy" /4, of earth electrodes depends on the lightning protection level (I-1V)
and on|the.soil resistivity.

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

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,, of the area
enclosed by the ring earth electrode (or foundation earth electrode) shall not be less than the
value /4:

ro> I (17)
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Where [, is represented in Annex |, Figure |.1 according to LPS levels I, I, lll and IV.

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

I=14 —rg (18)
I, = (l4 — re)/2 (19)

The number of electrodes shall be not less than two.

The adflitional electrodes should be connected as equidistantly as possible

The st arthing
system guency
(50 Hz

Informati i istivi i G J garance time is of
utmost| i arthing

system

The sojl resistivity will differ very m : er of the soil. Methpds for
calculating the necessary earth electrod 3 cometyrical and physical shapes are
given i Annex I.

9.5 ind farms

A wind| farm typically consi Q c Uctures such as wind turbines, bufldings,

Each wind turbi ' acthirig system. The earthing systems of the individual
wind turbines and 'thé hig¥ station shall preferably be connected with hotizontal
earthin 2 an overall wind farm earthing system. This is parficularly

benefidial i carthy istance is difficult to obtain at each individual wind |turbine
position.

NOTE T acti between wind turbine earthing systems should be made with earthing cqgnductors
following 9

systemp,<because a low-resistance earthing system reduces the potential difference between

The edrthi m/of a wind farm is very important for the protection of the eIEctricaI
the different structures of the wind farm and so reduces the interference injnrfnd ihto the

electrical links.

In order to reduce the probability of direct lightning flashes to cable routes in 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

assemb
other hp
any case, there is usually up to a few weeks of post erection compl
turbine|is commissioned. During this time, many people work |n
turbine| and they are at considerable risk of being affected if lightn

Therefgre safety procedures with regard to lightning shoul edures

should finclude:
e reglilar checking of local weather forecasts (e.g. [ev

e firsf aid training for personnel in relation to i j e injuri ectrical
accjdents;

e application of intermediate earthing
e identification of safe locations;

or lightning w% to syerybody on the site;

e information about signa

e personnel instructigns te
— keep lookout fo

- pe awar'
bn end, cragklj

5ystems;

anding
ination

ealised

ruction
ce and

Such s
site an
mainte

Weathgr sbureaus usSually provide reasonably accurate thunderstorm forecasts ang even
providg warning services by telephone, fax or internet, which should definitely be congidered.
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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if lightning strikes the wind turbine. They should therefore be instructed to stop work and go to
safe locations until the danger is over.

Platforms inside tubular towers are in general considered safe locations, as the tower is a
near to perfect Faraday cage. People in the wind turbine should be instructed to stop work
and go to the closest platform inside the tower and stay there until the thunderstorm has
passed. Other safe places are inside metal roof vehicles, metal containers, etc.

NOTE 1 People should be instructed to stand or sit on the platforms and avoid touching electrically conducting
systems extending vertically in the tower such as electrical systems.

As it may be difficult to communicate effectively in a construction area, some kind of acoustic
warnin* signal, radio or equivalent effective means of wide area warning Sho be agreed (it
could j

pcessary

NOTE 2| The wind turbine documentation should define safe locations in the W
a provides

safety distances and other precautions to be taken by people while at the
guidancqg on how to make a detailed evaluation of the safety distance.

11 Dqcumentation of lightning protection syst

11.1 General

This clause summarises all documentation r&qs i auses. The descriptigans are
shorterled and grouped for improved owervie

Documgntation during assessment f i i is given in 11.2, and for site
assessment in 11.3. Documentation nee j ingpé&ction of lightning protection slystems
is given in 11.4, and manuy >

The decumentation document, or references to the s{andard

documeéntation.

11.2 Documentatid etes A g assessment for design evaluation

Generdl documens ) ave the focus on the wind turbine as a whole showing the
protectlon philosqpky ey shall have links to the other, more detailed documgnts for
rotor b fragica trical, bonding, earthing and other systems (11.2.2 {hrough

11.2.6)

11.2.1

a) [General arranhgement drawing (single-line representation) of the wind tlrbines
ighthing-protection, comprising:

1) the separate structures and the connections;

2) circuit diagrams showing LPZ and their boundaries, Annex E give basic examples
for such a documentation;

3) lightning air termination systems;
4) location of lightning down conductors;
5) earth electrodes and surface potential control;
6) location of the bonding conductors and bonding bars;
7) location of SPDs;
8) cable shield bonding points.
b) Design

1) description of how the lightning current is conducted away from the interception
points;
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2) lightning protection level used for the design;
3) if less than LPL | is used the risk assessment should be documented;
4) an analysis of the lightning current distribution within the wind turbine;
5) selection and verification of SPD’s energy coordination.

c) Personnel Safety procedures with regards to lightning.

11.2.2 Documentation for rotor blades
a) Drawing of the rotor blades containing:

1) down conductor cross sectional areas;

2\ _anv additional candiictiva caomnanantc:
SETrtroHa - GO ot e-coporeHtSs

Ty ot

3) bonding details.
b) PDescription containing:

1) mounting of the air termination and down conductor systen
P) measures taken to avoid internal arcing in the bladef

3) definition of the required inspection and ma
system, spark gaps or sliding contacts;

1) definition of required inspection and mai
connection components;

b) instructions for inspection apthmain

11.2.3

ts prove ch
measures:

d) maintenance Plan for SPD’s;

termination

em and

ination

om the
ence of
tection

regular

»Y
.

e) anatysis defining the need for high vottage arresters.

11.2.5 Documentation of earthing and bonding systems

a) general electric equipotential plan for all bonding and earthing in the turbine, showing

the general electrical equipotential bonding system;
b) descriptions and drawings containing relevant data;
c) description of QA control to be made to connections.

11.2.6 Documentation of nacelle cover, hub and tower lightning protection systems

a) Drawing containing the following information:

1) nacelle cover, spinner showing metal parts used as lightning air termination

system;
2) air termination systems;
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3) bonding;
4) metal nets or closed metal conduits, where applicable;
5) the shielding measures for the hub and nacelle.

b) Testing reports, if applicable.

c) Bonding of external lightning protection systems for concrete towers to the
reinforcement metal of the tower.

d) Lattice tower structural elements dimensions.

11.3 Site specific information
a) Lightning occurrence in the region of the wind farm site.

b) For earthing documentation additionally:

1) soil resistivity;

P) earth fault current;

3) earth fault clearance time;

c) Health and safety plan for the construction site.

11.4 Documentation to be provided for LPS inspegc
a) pescription of the LPS;
b) Hescription of earthing system;
c) freports of previous inspection &

11.4.1 | Visual LPS inspection repor

11.4.2 | Complete LPS inspection ref

11.5 Tlanuals

The following manuals issues with regards to lightning protection and

earthinp system

D

uality manua

o O T

)
)
)
)
)

D

12.1 Scope of Inspection

As part of the lightning protection concept an inspection programme shall be established. The
objective of the inspections is to ensure that:

e the LPS continues to conform to the original design based on this standard;
e all components of the LPS are in good condition and capable of performing their designed

functions.

The LPS shall be designed in a way that enables the operator to inspect the vital parts of the
system.

The manufacturer of the wind turbine is responsible for making an inspection plan/inspection
instruction and including self policing points in work instructions, wind turbine service and
maintenance manuals, and foundation maintenance manual, etc.
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12.2 Order of inspections
12.2.1 General

An inspection programme shall be established. Inspections should be performed in
accordance with 12.1 and shall at least be performed during the following processes:

e production of the wind turbine;

e installation of the wind turbine;

e commissioning of the wind turbine;

e at reasonable intervals with regard to the location of the wind turbine (general maximum
intervaftsbetweenm regufar mspections are given im 1apte 7);

e aftdr situations where parts of the wind turbine have been dism
blages, main components, controls systems, etc.).

12.2.2 | Inspection during production of the wind turbine

The ingpection programme can be done by quality inspecto
statements in the inspection plan. During the production,

turbine|it shall be secured that all installations and meas
are done properly. All important details shall be des

tection

12.2.3

The ea us on:

e me
e mec¢hanical stability dupin

e elegtrical connectivity to oth
. con[::ection to foundatiomea

ection t
anic corrosiq

e CONn

e gQa

There jch will
require

12.2.4 tion
As par

inspect ntinuity

measutfement in places where the LPS cannot be inspected.

When the inspection plan is made, it is important to take the following points into

consideration:

e erosion and corrosion of air termination elements (only periodic inspection);

e mechanical and electrical properties of conductors, connections, sliding contacts or spark
gaps;

e condition of connections, equipotential bonding, fixings, etc.;

e conditions of SPDs;

e corrosion of earth electrodes (only periodic inspection).

With certain intervals (given in Table 7), a complete inspection including measurements of

continuity in vital parts of the LPS and inspection of SPDs that are not monitored shall be
performed.
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The blade manufacturer and the wind turbine manufacturer may in his service and
maintenance manuals define specific LPS inspection intervals as a function of Ny, the number
of lightning flashes to the wind turbine per annum based on the durability of the lightning
protection design documented by analysis and testing.

Continuity measurements can be performed as measurements with DC current or similar
methods. The main goal is to ensure the continuity of the connection and not to get a certain
value. The specific values can be used as references between periodic measurements.
Measuring points and measurement limits shall be well defined in the service and
maintenance manual.

Continuity of down conductors in wind turbine blades should be ensured by the construction
of the gystem and checked during manufacturing so that continuity measgrentents in~the field

are not|needed.
Table 7 — LPS General inspection interv&

(every X year)

. . . Co te)inspection inclluding
Visual inspection )
Protection level gntfuity medsuremgnts
eve

X year)
I and Il 1 ~ 2
Il and IV 1F\\ )/ P 4
12.2.5
After dismantling or repair of main parts of thelwi i that all
installations related to the LPS are restoré \ hall be

he’ inspection frequency will be deterntined in

accordance with the 3 3 ditions, but it shall be secured that tHe wind
turbinelis inspe & f neles given in Table 7.

Regula amental condition for a reliable maintenance of a wind |turbine
LPS.

If the dlesig S omprises wear parts (air termination points, mechanical|sliding
contac ' surge protection devices, etc.), it shall be secured that these parts are

maintained regula during the periodic inspections — and in accordance with their expected
service| lifetimes — or that they are monitored by an automatic monitoring system that [nforms
the opdratar of the wind turbine that a component is faulty

All worn or defective components shall be changed without delay.
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Annex A
(informative)

The lightning phenomenon in relation to wind turbines

A.1 Lightning environment for wind turbines

A.1.1 General

Theob' htsAnfrexA-tsto-presen in-short-formthe-mostnecesss y—H about
the lig enon._gnd the
processes involved when lightning interact with wind turbines. ¢ prehensive
informdtion is available in the literature [1]2).

A.1.2 The properties of lightning

A lightging can be regarded as a current source, and the ¢ T:ers of
concern in connection with design and dimensioning peak
lightnin charge
transfer

The m3xi ingle stroke is in thel region

of 2 kA

nsfer and specific enefgy are

some | , 0 y_rare.occasions, up to 20 MJ/Q, respectively.
These [i [ ; \of physical damage that is qone to
wind ty i i gtem hardware. The stroke durrents
produce ture blade composite structures. They also

influen¢
charge
and at [other pl
effects| of the

ightning attachment, such as the reg

s’on electrical and electronic systems. The

eptors,

ust pass across gaps in the current path. The
parameters on lightning protection systems are

The m 3 € eseNparameters occur in only a small percentage of lightning

flashes] 8 peak lightning current is approximately 30 kA with median
values S \ specific energy of 5 C and 55 kJ/Q, respectively. In addit|on, the
electrig haractegistics of a lightning current vary with the type of lightning flash, season of

the yea

connectlon Ieaders mduced by these flelds from mternal conductmg elements

A.1.3 Lightning discharge formation and electrical parameters

Lightning flashes are produced following a separation of charge in thunderstorm clo

of the
ucture,

grs and

uds by

processes described in the scientific literature (e.g. [1]). A lightning is observed when this
charge is discharged to the earth or to a region of opposite polarity charge within the same
cloud or a neighbouring cloud. The discussion that follows is concerned only with lightning
flashes striking earth, resulting in the transfer of charge between a thundercloud and the

earth.

2) Figures in square brackets refer to the Bibliography.
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A lightning flash usually consists of several components. The whole event following the same
ionised path is called a lightning flash, which lasts up to about 1 s. The individual components
of a flash are called short strokes and long strokes, which are more commonly known as
continuing currents.

Lightning flashes are one of two basic types, downward or upward initiated. A downward
initiated flash starts at the thundercloud and heads towards the earth. In contrast, an upward
initiated flash starts at an exposed location on the earth (for example a mountain top) or at the
top of a tall earthed structure and heads towards a thundercloud. Commonly, these basic
types are referred to as “cloud-to-ground flash” or “downward flash” and “ground-to-cloud
flash” or “upward (initiated) flash”, respectively.

harge-rgmoved

Both types of lightning are further sub-divided according to the polarity of/the
from thje thundercloud. A negative flash lowers negative charge from b
earth. A positive flash results in positive charge being transferred from\he thunderelqud to the
earth. The majority of lightning flashes are negative, making up
ground|flashes. Positive discharges make up the remaining abgut 10 3 d4{ground

higher I, 0 and W/R), while the negative flashes exhibit
highes{ di/dr).

bduced
ne next
can be

Each lightning flash is different due to the natural vari
it and fhe individual paths to ground. For exampig,\i
lightninig flash to a particular structure Al hav

said is 5h with
current

Probabijli ightning
stroke [2] [3].
This s tection
standa coming
availab) ms can
record

The pr ifferent
for ea opriate
probablli type of
dischar current

paramse

A1.4 Cloud-to-gxound flashes

A cloudl-to:ground ftdsh (downward initiated discharge) is initially formed by a preljminary
breakdpwh within the cloud. The physics of this process are not fully understood at th|s time.
The parts of the discharge process taking place below cloud level are much better known.

A.1.4.1 Negative cloud-to-ground flashes

In the case of a negative flash, a stepped leader descends from the cloud towards the ground
in steps of several tens of metres with a pause time between the individual steps of
approximately 50 us. The steps have short-duration (typical 1 us) impulse currents of more
than 1 kA. The leader channel contains, when fully developed, a total charge of about 10 C or
more. The channel diameter is in the range of up to a few tens of metres. The total duration of
the stepped leader process is a few tens of milliseconds. The faint leader channel is usually
not visible to the naked eye.

The end of the leader, the leader tip, is at a potential in excess of 10 MV with respect to the
earth. As the leader tip approaches the earth, this high potential raises the electric field
strength at the surface of the earth. When the electric field at ground level exceeds the
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breakdown value of air, “answering” (upward moving) leaders are emitted from the earth or
from structures on the ground. These upward moving leaders are commonly called connecting
leaders. Connecting leaders play an important role in determining the attachment point of a
lightning flash to an object.

When the descending stepped leader meets the upward moving connecting leader, a
continuous path from cloud to ground is established. The charge deposited in the leader
channel is then discharged to ground by a current wave propagating up the ionised channel at
about one third the speed of light. This process is called the first return stroke. The first return
stroke may have a peak value of up to a few hundred kilo amperes and duration of a few
hundred microseconds. The process of downward propagating lightning attachment is
illustrated in Figure A.1.

o o ™ N

IEC 1192/10

After alti stroke
sequen aken by the first return stroke. The (dart) leader preceding
these ign of a
few mili strokes
(includi sh.

Followi stroke)
may flgw throughthe still ionised channel. Continuing currents are quite different compared to
the shqrt<duration, high-amplitude currents of return strokes: the average current ampljtude is
in the ri nge of a few hundred amperes_while the duration may he as Inng as several Hundred
milliseconds. Continuing currents transfer high quantities of charge directly from the cloud to
ground. About one-half of all cloud-to-ground flashes contain a continuing current component.

Figure A.2 shows a typical profile of the lightning current in a negative cloud-to-ground flash.
Following the contact of the stepped leader and the connecting leader, there is a first return
stroke resulting (at ground) in a high amplitude impulse current lasting for a few hundred
microseconds. The current peak value is in the range of a few kA to 100 kA, the median value
being about 30 kA (Table A.1). Following the first return strokes, subsequent return stroke(s)
and continuing current(s) may occur. Although subsequent return strokes generally have a
lower current peak value and a shorter duration than first return strokes, they generally have
a higher rate of rise of current. Negative cloud-to-ground discharges may be composed of
various combinations of the different current components mentioned above, as demonstrated
in Figure A.5.
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I —>
IEC 1/02

Figure A.2 — Typical profile of a negative cloud-to-g
(not to scale)

A lightnjing current consists of one or more different stroke

e shoft strokes with duration of less than 2 ms (Figupé

e long strokes with duration of more than 2 ms (Figd

90 % i(t2)

10 % it N

011 < 1o \)
= T1 =
7\ { ——
T

IEC 1193/10

04 virtual origin

L peak current
g

i current
t time
T, fronttime

T, time to half value

Figure A.3 — Definitions of short stroke parameters (typically 75 < 2 ms)
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Qlong
10 % 10 %
t ——=
Tlong
IEC 2065/05
Key
Tiong duration time
Oiong long stroke charge
Figure A.4 — Definitions of long stroke parameters (typical n

(Figure A.2 in IEC 62305-1)

Table A.1 — Cloud-to-ground lightning

(adapted from Table A.1 in/LEG\

i Values \/
parrorer | Fratogtoer L [ DI N e ot s
1 (kA) 498 %) [20(80'%) | C 904" \Eilstnegative short stroke
50 4,9 }\\8 \{8,6 \Su/béequent negative short strokge
200 4,6 /4 35 23’6\ First positive short (single) strokp
Ofach (C 13 \ | (1, 40 ) | Negative flash
300 /N[ /20~ S60) | 856 | Positive flash
Oshort (C “ 1.1 4,5 V 20 First negative short stroke
0,22 \Q%/ 4 Subsequent negative short strokp
1 2 @ 150 First positive short (single) strokp
W/R (kJ/Q) b\ 55 550 First negative short stroke
\/\ \9/5‘5\ 6 52 Subsequent negative short strokge
(\0 00 25/ 650 15 000 First positive short stroke
di/dtmax 9,1 24,3 65 First negative short stroke
(kA/us) \ 9,9 39,9 161,5 Subsequent negative short strokge
<\ \20 0,2 2,4 32 First positive short stroke
di/dr50/00)s, (KAs) T\ 200 4.1 20,1 98,5 | Subsequent negative short strokp
Oiong (C), }00 Long stroke
liong (8) 0,5 Long stroke
Front dutation 1.8 55 18 First negative-short stroke.
(us) 0,22 1,1 4.5 Subsequent negative short stroke
3,5 22 200 First positive short (single) stroke
Stroke duration 30 75 200 First negative short stroke
(us) 6,5 32 140 Subsequent negative short stroke
25 230 2 000 First positive short (single) stroke
Time interval (ms) 7 33 150 Multiple negative strokes
Total flash 0,15 13 1100 Negative flash (all)
duration (ms) 31 180 900 | Negative flash (without single)
14 85 500 Positive flash

NOTE The values of 7 = 4 kA and I = 20 kA correspond to a probability of 98 % and 80 %, respectively.
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First short stroke
Long stroke

Positive or negative t Positive or negative
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b~gfoeund flash is shown in Figure A.6. Typical electrical parameters are sumr
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Figure A.6 — Typical profile of a positive cloud-to-ground flash
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A.1.5 Upward initiated flashes

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

An upward initiated flash starts with a continuing current phase. On the continuing current
impulse, currents can be superimposed (Figure A.7). The continuing current phase may be
followe . kes are
quite sjmilar to the subsequent return strokes of cloud-to-ground flas ipitiated
flashes| do not contain a component analogous to the first return stgok ground
flashes| The location where an upward lightning flash attaches t i ply the
same ploint where the upward leader is formed.

I —
Q w IEC 1847/02
igure A ypical profile of a negative upward initiated flash

Measufements of: i ed flash parameters are made on tall objects that are prone to
this type 3 i mation from world-wide observations as well a comprehensive
discusdi s by Rakov and Uman can be found in [1]. In recent years, upward
flashes

The following informvation on current parameters relates to upward negative flasheq since,
although~observed, upward initiated positive flashes are rare.

Although the current peak values of about 10 kA are relatively low, the charge transfer
associated with the initial continuing current has in rare cases been as high as 300 C as
shown in Table A.2 [1]. Upward initiated flashes, too, may be composed of various
combinations of the different current components mentioned above, as demonstrated in
Figure A.8.

In general, upward initiated flashes have lower current parameter values as compared to
downward lightning flashes, possibly with the exception of the total charge transferred.
Furthermore, it is evident that tall objects placed at exposed locations may experience very
frequent upward lightning flashes, particularly during winter thunderstorms when tens of
upward lightning flashes have been observed on very exposed tall objects.

This is highly relevant for wind turbines because high and exposed locations are preferable
for wind turbines due to favourable wind conditions. Hence it is necessary to consider the risk
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of upward lightning flashes, and developers are advised to seek information about winter
lightning conditions at prospected sites. As upward lightning flashes originate from the
extremities of the wind turbines (i.e. the blades and the air termination systems protecting the
meteorological instrumentation on the nacelle), the point of attachment is given, and provided
that the lightning protection is properly designed, it can be expected to function well also for
upward lightning flashes.

However, a high frequency of winter lightning may make more durable air termination systems
or periodic exchange of air termination systems necessary.

Table A.2 — Upward initiated lightning current parameters

Parameter Maxinﬁn\\m{{e

Total charge transfer C 0

Total duration s ( 0, to}\,Q

Peak current kA \ \2\)\

Average rate of rise superimposed impulse currents kA/us \ \ZQ \/

Number of superimposed impulse currents & \ \ 50\

&
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+i +i
Superimposed
short strokes
Short stroke
Long stroke
First
I long stroke
Positive or negative t Positive or negative t
- -
Subsequent

short strokes

WA

Negative

A
i SQ\

Po ve\Neg 'V 1EC| 2067/05

AN

Figure A.8 — Possible components of upward flashes
(typical to exposed and/or higher structures) (Figure A.4 in IEC 62305-1)

A.2 Lightning current parameters relevant to the point of strike

The lightning current parameters playing a role in the physical integrity of an LPS are in
general the peak current I, the charge Q, the specific energy W/R, the duration T and the
average steepness of the current di/ds. Each parameter tends to dominate a different failure
mechanism. The current parameters to be considered for tests are combinations of these
values, selected to represent in laboratory the actual failure mechanism of the part of the LPS
being tested. Table A.3 records the maximum values of 7, O, W/R, T and di/dt to be considered
for tests as a function of the protection level required (see IEC 62305-1, Annex D for further

details).
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Table A.3 — Summary of the lightning threat parameters to be considered in the
calculation of the test values for the different LPS components
and for the different LPL (Table D.1 in IEC 62305-1)

Main . .
Component problem Lightning threat parameters Notes
Erosion at LPL Qiong T
attachment C
. oint (e.g.
Ar thin m(etagl ' 200 <1 (apply
termination ina
sheets) I 150 Qiong
single shot)
H-1v 100
Ohmic LPL W/R T
heating kJ/Q \ Dimegsioning with
[ 10 000 Apply W/R in £ p2805-p
an adiabatic Ing
Air I 5600 configuration S
terminatipn Hi-1v 2500 (\
and dowp Mechanical LPL I W/R \ Y
conductqr effects KA )
| 200 100 D)
1 150 5 800
-1V 100 (2\5
_ 100 | \( 8
Combined LPL 1 /R
effects kJ
(thermal, I 5 VRSSO
Connecting medchanllcal, (<a§pr|T;,S[
compongnts and arcing) I 50 Q 0 and W/R
Ny 0 2 50 !n a
single
T\ impulse)
L Qlo T
c Dimensioning
Earth Erosi t | 200 usually det¢rmined
terminatipns | 2ttachmedt <1s (apply by mechanigal/
point | i>1 0 Olonq iN @ chemical agpects
¥long .
NV 100 single shot) (corrosion, gtc.)
1 di/d¢
WA Qs&ort W/R kJIQ kAl; i Apply I, Q_srorh and
SPDs H W/R in a sirlgle
containin 200 100 10 000 200 impulse (duration
spark ga T < 2 ms); gpply
150 75 5600 150 | di/dtin a sdparate
100 50 2 500 100 | mpulse
LRl STOTU
Energy Both aspects need
effects | 100 to be checked
SPDs (overload) I 75
containing -1V 50
metal-oxide
resistor LPL 1 T Separate tests can
blocks Dielectric kA be considered
chlfecr: y | 200 <2ms
ashover/cr ;
- (apply 7in a
acking) I 150 single
-1v 100 impulse)
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A.3 Leader current without return stroke

Upward leaders are initiated from the wind turbine itself when high electrostatic fields are
present due to thunderclouds overhead or approaching leaders from thunderclouds. When
such upward leaders do not connect to a leader from the cloud, there is no return stroke. The
impulse currents associated with leaders are typically a few kA and can be up to 10 kA. The
leaders can only start where high electrostatic fields can be generated.

A.4 Lightning electromagnetic impulse, LEMP, effects

LEMP effects cause overvoltages, which may include less energy than surges, caused by
direct ljghtning strikes but which might occur more frequently. This kind 6f owervoltages and
surges [might result from:

e conducted partial lightning currents;
. ind\tctive/capacitive coupling;

e lightning flashes near the wind turbine;

e trarlsmitted by line (power lines and/or communicati
nedr these lines).

&

s to or
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Annex B
(informative)

Lightning exposure assessment

B.1 General

In Clause B.2 of this annex, the terms used for damage and loss (B.2.1), for risk and risk
components (B.2.2), for composition of risk components related to a wind turbine (B.2.3), for

compogitionmo RCOTITPONE ctatedtoaservice (B 24 arc expiained:

In Clause B.3, the values of the probabilities, Py, for various types QX dam@agecare.as
according to IEC 62305-2, Annex B, and commented with regard tg releyance fot app

sessed
ication

In Clause B.4, the amount of loss, Ly, is assessed accord -2, Annex|C, and
commefnted with regard to relevance for application to wind

In Clayse B.5, the assessment of probability P’ Y a/service is agsessed
according to IEC 62305-2, Annex D, and comm g h regarch\to relevance for application
to wind|turbines 6

In Clause B.6, the assessment of the am i érvice is assessed according to
IEC 62805-2, Annex E.

In Clause B.7, the loss is assessed according to

IEC 62B05-2, Annex G

B.2

B.2.1

Terms
terms &

The lig
dependi

S1: lightning striking the wind turbine;

led the

defined

82 hahtnina strikina near 2 wind turhing-
. HgAHHRg-SsHHHR g Read—a—-WHhRaettuHoHes

S3: lightning striking a service (e.g. power cable or telecommunication cable);
S4: lightning striking near a service.

NOTE 1 S2 Lightning striking near a wind turbine is not considered a threat when protection against direct

lightning is provided.

NOTE 2 S84 Lightning striking near a service is not considered a threat when protection against direct lig
provided.

Three basic types of damage caused by lightning are considered (see Table B.2):

D1: injury to living beings;
D2: physical damage;
D3: failure of electrical and electronic systems.

htning is
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The damage to a wind turbine caused by lightning may be limited to a part of the wind turbine
or may extend to the entire wind turbine.

Lightning affecting a service can cause damage to the service system itself (e.g. the service
cable) or to electrical and electronic systems connected to the service.

Each type of damage, alone or in combination with others, may produce a consequential loss
in the wind turbine. The types of loss considered relevant for wind turbines are:

L1: loss of human life;
L4: loss of economic value (repair costs damages to the wind turbine and loss of revenue).
NOTE 3 for wind
turbines.
The ty ication
cable)
L"4: ue).
NOTE 4

Tlable B.1 — Sources of damage, types of damage/and loss according

to point of strike (C}pﬁspon s t 62305-2)
W\]\\t\\bin\e\ \ Service
Point of strike Source of Type of amage Ioss Type of damage Type pf loss
damage
Striking [wind \ﬁb
turbine
L1, L4 D2 L4

Q L12, L4 D3 U4

Striking|near to
wind turpine L12 L4

J

Striking|sepvice \ D1 L1, L4P
line \
S D2 L1, L4 D2 L4
D3 L12, L4 D3 U4

Striking near to

. . S4 D3 L1, L4 D3 L4
service line

2 only if failures of internal systems immediately endangers human life

b only where animals may be lost (e.g. if livestock can be within 3 m from wind turbine tower)



https://iecnorm.com/api/?name=e17605ade2086b21305fb5b221627e6d

- 68— 61400-24 © IEC:2010(E)

Table B.2 — Risk in a wind turbine for each type of damage and of loss
(corresponds to Table 2 in IEC 62305-2)

Loss L1 L4
Damage Loss of human life Loss of economic value
b
D1 Ry Rg

Injury to living beings

D2 Re Re

Physical damage

D3 Ry’
Failure 9¢f electric or electronic systems aN

a8  Only [f failures of internal systems immediately endangers human life.
b Only where animals may be lost (e.g. if cattle can be within 3 m from wing/ﬂxQn tower)

DNV

B.2.2 Risk and risk components

The ris|
appear

pe of loss which may
valuated.

The ris

Ry: i
Ry: i

The ris
R'y:

To eva
and typ

gk components (partial risks depending on the|source
nd calculated.

Each ri i s risk components. When calculating a risk, the risk compgonents
may bel grotped agcording to the source of damage and the type of damage.

Risk cd wind turbine due to lightning striking the wind turbine are:

Rp: Component related to injury to persons inside the wind turbines and injury tp living
hpingq caused hy touch and step \/nltagpe in the zaones up to 3 m outside the wind

turbine tower. Loss of type L1 and in the case of livestock also L4 may arise.

Rg: Component related to physical damage caused by dangerous sparking inside the
structure triggering fire. Loss of type L1 and L4 may arise.

Re: Component related to failure of internal systems caused by lightning electromagnetic
pulse, LEMP. Loss of type L4 may arise or L1 in case failure of internal systems
immediately endangers human life.

Risk components for a wind turbine due to lightning striking a service connected to the wind
turbine are:

Ry: Component related to injury to persons caused by touch voltage inside the wind
turbine, due to lightning current injected in a line entering the wind turbine. Loss of
type L1 may arise.
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Ry: Component related to physical damage (fire triggered by dangerous sparking between
external installations and metallic parts generally at the entrance point of the line into
the wind turbine) due to a lightning current transmitted through or along the incoming

service. Loss of type L1 and L4 may arise.

Ry Component related to failure of internal systems caused by overvoltages induced in
incoming lines and transmitted to the wind turbine. Loss of type L4 could occur or L1

in case failure of internal systems immediately endangers human life.

Risk component for a wind turbine due to lightning striking near a service connected to the

wind turbine:

R: Component related to failure of internal systems caused by overvoltages induced in

mcecoming fnnes anda transmitied to tne wina turpine. Loss Or lype
in case failure of internal systems immediately endangers huma

Risk cq
are:

R’y: |Component related to physical damage due to mecha
R'\y: [Component related

Risk cdmponent for a service due to lightning stpikj
turbine

R’z:  |Component related to failure

Risk cdmponents for a service due to light
connected are:

o

Uuld ocCcC

caus

r or L1

turbine

ects of
ed by
e wind

ed by

rvice is

R’g:  |Component relp ical d@mage due to mechanical and thermal effects of
lightning current i . Loss of type L’4 may arise.
R'c: Compon@? Fali anected equipment due to overvoltages by resistive
coupling. s X - '
B.2.3 ents related to a wind turbine
Risk cgmpongntsto\be\co ed for each type of loss in a wind turbine are listed belgw:
Ry:
R»] :RA+RB+RCS)+RU+RV+RW3)+RZS) (B1)
R4; Risk of loss of economic value:
R4 :RA4)+RB+RC+RU4)+RV+RW+RZ (B2)
Composition of risk components with reference to the source of damage:
where
3) Only in case failure of internal systems immediately endangers human life.

4) Only for wind turbines where animals may be lost (e.g. if livestock can be within 3 m from wind turbine tower).
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Rp is the risk due to lightning striking the wind turbine (source S1) which is defined as the

sum:

RD=RA+RB+RC

(B.4)

R, is the risk due to lightning influencing the wind turbine but not striking the wind turbine

(sources: S3 and S4) which is defined as the sum:

Ri=Ry+Ry+Ry+Ry (B.5)
Composition of risk components with reference to type of damage:
R =Rg+ RE+Rg (B.6)
where
Rg is the risk of injury to living beings (D1) which is defined as ¢
(B.7)
Rgis th
(B.8)
Rg is th
(B.9)
B.2.4
Risk co
R4 risk
(B.10)
Compogij gnents with reference to source of damage:
R =Rp+ R (B.11)
where
R'p is the risk due to flashes striking the service line (source S3); defined as the sum:
Rp =Ry +Ry (B.12)
R’| is the risk due to flashes influencing the service line without striking it (sources S1 and
S4); defined as the sum:
R =Rg+Rc+R5 (B.13)
Composition of risk components with reference to the type of damage:
R =Rg+Rg (B.14)
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where

R’r is the risk due to physical damage (D2); defined as the sum:

R,F = R,V + R,B (B15)

R’ is the risk due to failure of internal systems (D3); defined as the sum:

R’O = R’W + R’z + R,C (B16)
B.3
B.3.1 to
The va from a
lightnin tection
measuilles are as given in Table B.3. If more than one of th en, the
value of P, is the product of the corresponding P, valu

Table|B.3 — Values of probability, P,, that a li cause
shock to living beings due to da
(corresponds to\JTable
Protection measure )AA Comments
No proteftion measures ( 1(‘\ >
Electrical insulation of exposed dowg- 10’2\3 No{ relevant for wind turbines using the towpr
conductdr (e.g. at least 3mm cross- siructure as down conductor.
linked pdlyethylene) N ~
Effective|soil equipotentialigatio 10~ Mandatory for wind turbines holding HV eqyipment
/\ according to typical electrical codes.
Warning [notices }9’1
")

B.3.2 Probability\P th\a\l@ring flash to the wind turbine will cause physical
The vally Pg, of physical damage caused by a lightning flash to tHe wind

turbine ; i lightning protection level (LPL) are given in Table B.4.

Table

es Of probability, Pg, depending on the protection measures to reduce
physical damage (corresponds to Table B.2 in IEC 62305-2)

Characteristics of wind turbine Class of LPS Py
Wind turbine not protected by LPS - 1
Wind turbine protected by LPS v 0,2
1" 0,1
I 0,05
| 0,02
Wind turbine with lightning protection of blades and nacelle conforming to LPS | and the tower acting 0,01
as a continuous natural down conductor
Wind turbine with lightning protection of blades, metal roof nacelle (or equivalent metal mesh) with 0,001

complete protection of any nacelle roof installations against direct lightning attachment and the tower

acting as a continuous natural down conductor

NOTE Values of Py other than those in Table B.4 are possible if based on a detailed investigation — refer to

IEC 62305-2, Clause B.2.
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B.3.3 Probability, P, that a lightning flash to the wind turbine will cause failure of
internal systems

The values of probability, Pg, of failure of internal systems caused by a lightning flash to the
wind turbine depend on the adopted coordinated SPD protection:

Pe=Pspp (B.17)

Values of Pgpp depend on the lightning protection level (LPL) for which the SPDs are
designed as shown in Table B.5.

Ta PDs

SPD
are designed (Table B.3 in IEC 62305-2)

LPL Pgp

No coordinated SPD protection
Hn-1v

I

|

See Note 3
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B.3.5 Probability, P, that a lightning flash to a service line will cause injury to living
beings

The values of probability, Py, of injury to living beings due to touch voltage caused by
lightning flashes to a service line (power cable or communication cable) entering the wind
turbine depends on the characteristics of the service line shield, the impulse withstand
voltage of internal systems connected to the service line, the typical protection measures
(physical restrictions, warning notices, etc. (see Table B.3) and the SPDs provided at the
entrance of the service line.

When SPDs are not provided for equipotential bonding in accordance with IEC 62305-3, the
value of P is equal to the value of P , where P p is the probability of failure of internal
systems due to a lightning flash to the connected service line.

Values of P are given in Table B.6.
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When SPDs are provided for equipotential bonding in accordance with IEC 62305-3, the value

of P, is the lower value between Pgpp (Table B.5) and P| .

NOTE Coordinated SPD protection according to IEC 62305-4 is not necessary to reduce P|j in this case. SPDs

according to IEC 62305-3 are sufficient.

Table B.6 — Values of probability, P| p, depending on the resistance, Rg, of the cable

screen and the impulse withstand voltage, Uy, of the equipment
(Table B.6 in IEC 62305-2)

Uy 5<Rg <20 1<Rg <5 Rg <1
kv Q/km Q/km Q/km
1,5 1 0,8 0/4
2,5 0,95 0,6

4 0.9 0,3 04
6 0,8 0,1 0

Ry [Q/km] is the resistance of the cable shield. \ \ \

For unghielded service line, P p = 1 shall be taken.

When protection measures such as physi S % , pvided,
the prci:bability, Py, shall be further reduced iplying it by/the values of probability, P,
given in Table B.3.

B.3.6 Probability, Py, th
damage

The values of probabiljty i rage caused by a lightning flash to a serv
cteristics of the service line shield, the i

entering the wind turbipe
withstaphd volta
When {

Pyise
to a fla

Values

When §
of Py, is

ce line
mpulse

alue of
ms due

e value

NOTE Coordinated SPD protection according 1o 1TEL ©6235U0-4 1S NOT necessary 1o reauce £, In tis Cas

according to IEC 62305-3 are sufficient.

e. SPDs

B.3.7 Probability, P\, that a lightning flash to a service line will cause failure of

internal systems

The values of probability, Py, of failure of internal systems caused by lightning flash to a
service line entering the wind turbine depend on the characteristics of the service line
shielding, the impulse withstand voltage of internal systems connected to the service line and

the SPDs provided.

When coordinated SPD protection conforming to IEC 62305-4 is not provided, the value of Py,
is equal to the value of P, where P, is the probability of failure of internal systems due to a

lightning flash to the connected service line.

Values of P  are given in Table B.6.
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When coordinated SPD protection conforming to IEC 62305-4 is provided, the value of Py, is
the lower value between Pgpp (see Table B.5) and P .

B.3.8 Probability, P,, that a lightning flash near an incoming service line will cause

failure of internal systems

The values of probability, P, that a lightning flash near to a service line entering the structure
will cause a failure of internal systems depend on the characteristics of the service line shield,
the impulse withstand voltage of the system connected to the service line and protection
measures provided.

When coordinated SPD protection conforming to IEC 62305-4 is not provided, the value of P,
is equdl to the value of P|,, where P, is the probability of failure of inter tems-due to a
lightning flash near the connected service line.

Values|of P, are given in Table B.7.

When ¢oordinated SPD protection conforming to IEC 62305-4 \
the lower value between Pgpp (see Table B.5) and Py ;.

f P is

Tab

able

N
[l No shield Shield Shield quuipotential bonding bar|{and
bonded t equipment ected to the same bonding|bar
K equipotential
bonding bar t
which equipment
s Conmec di‘:\\>5< %0 1<Rg <5 Rg 41
N 7km Q/km Q/km
1 5 ~— 015 0,04 0,0p
QO, 0,2 0,06 0,02 0,0p8
) 0, 0,03 0,008 0,0p4
/\ 1 , 0,02 0,004 0,0p2
Rg (Q/km) is the resistance sf.the cabl teld.
NOTE evaldation Kg for shielded and unshielded sections can be found in
ITU Re

B.4 |Assessing the amount of loss, Ly, in a wind turbine

B.4.1 General

The values of the amount of loss, Ly, should be evaluated and fixed by the lightning
protection designer (or the owner of the wind turbine). The typical mean values given here are
merely values proposed by the IEC. Different values may be assigned by each national
committee (or agreed between purchaser and customer).

B.4.2 Average relative amount of loss per year

The loss, Ly, refers to the mean relative amount of a particular type of damage which may be
caused by a lightning flash considering both its extent and effects.

Its value depends on:

e the number of persons and the time for which they remain in the hazardous place;

e the value of lost production;
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e the value of wind turbine components affected by the damage.

The loss, Ly, varies with the type of loss (L1, L2, L3 and L4) considered and, for each type of
loss, with the type of damage (D1, D2 and D3) causing the loss. The following symbols are
used:

e [, is the loss due to injury from touch and step voltage;
e [L;is the loss due to physical damage;

e L, is the loss due to failure of internal systems.

B.4.3 Loss of human life

The value of L;, L; and L, may be determined in terms of the relative nuphberqf victims from
the follpwing approximate relationship:

Ly=(np I ny)-(t,/ 8760) (B.18)

is {he number of possible endangered persons (vigc

I is place,
ou

Loss o bse are
taken i

(B.19)

(B.20)

(B.21)

Lo=ILy=Lw=Lz=Lgo (B.22)
where

Ly IS Q injury to living beings;

ucture related to physical damage (flashes to structure);

Le i less related to failure of internal systems (flashes to service line);

Ly is loss related to failure of internal systems (flashes near structure);

Ly s loss related to injury of living beings (flashes to service line);

Ly isloss in a structure due to physical damage (flashes to service line);

3 is a factor reducing the loss of human life depending on the type of soil (see Table B.8);

ry is a factor reducing the loss of human life depending on the type of floor (see
Table B.8);

o is a factor reducing the loss due to physical damage depending on the provisions made
to reduce the consequences of fire (see Table B.9);

¥ is a factor reducing the loss due to physical damage depending on the risk of fire in the
wind turbine (see Table B.10);

hz is a factor increasing the loss due to physical damage when a special hazard is present
(see Table B.11).
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Table B.8 — Values of reduction factors r, and r, as a function of the type of surface of
soil or floor (corresponds to Table C.2 in IEC 62305-2)

Type of surface Contact resistance r,and r,
kQ 2
Agricultural, concrete <1 1072
Marble, ceramic 1t0 10 10-3
Gravel 10 to 100 10~
Asphalt, wood > 100 1075

a Values_measured bhetween a 400 cm?2 electrode r'nm'nrneend with force of 500 N at a 'nninf of infinify

Table B.9 — Values of reduction factor rpasa function of provisigfis taKemto-redyce the
consequences of fire (Table C.3 in IEC 623@2{

Provisions 4 A S

No provigions /\\ \\ \ 1

o

One of the following provisions: extinguishers; fixed manually oper. g 0,
installatipns; manual alarm installations; hydrants; fire proof com rtment N
routes

>

One of the following provisions: fixed automatically operated e th in staltations; 0,
automatif alarm installations @

a8  Only |if protected against overvoltages and\t.Qer}z\\AQe an\klf flr en ca arrive within less than 10 njin.

uewof 7 shall be taken as the lowesft of the

If more|than one provision has been taken
relevant values.

o

NOTE 1 | Risk of explosion i t¥ar wind/ turbines.
Table B.10 — Va i a function of risk of fire of the wind turbine
ble C.4 in IEC 62305-2)
It
10~!
1072

Lo%\ 10-3
X\Noyé 0

NOTE 2| Struetures considered as having a high risk of fire may be assumed to be structures with surface
materiald (blades and nacelle roofs) made of combustible materials with a specific fire load larger than 800 MJ/m?Z.

NOTE 3 Structures considered as having an ordinary risk of fire may be assumed to be structures with surface
materials (blades and nacelle roofs) made of combustible materials with a specific fire load between
800 MJ/m? and 400 MJ/m?2.

NOTE 4 Structures considered as having a low risk of fire may be assumed to be structures with surface materials
(blades and nacelle roofs) made of combustible materials with a specific fire load less than 400 MJ/m?2.

NOTE 5 Specific fire load is the ratio of the energy of the total amount of the combustible material in a structure
and the overall surface of the structure.
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Table B.11 — Values of factor £, increasing the relative amount of loss in presence of a

special hazard (corresponds to Table C.5 in IEC 62305-2)

Kind of special hazard hy
No special hazard 1
Low level of panic (few and professional persons) 2
Difficulty of evacuation 5

NOTE 6 Loss of service to the public is not considered relevant for wind turbines, as loss of revenue from

produced electricity should be considered economically only.

NOTE 7 | Loss of irreplaceable cultural heritage is not considered relevant for wind turbi

B.4.4 Economic loss

The value of L;, L; and L, can be determined in terms of the rg ible loss
from the following approximate relationship:

(B.23)
where
¢ ig the mean value of possible ldss O ¢hdding its content, eanning of

¢t ig the total value of the wind tu s content and earning of revenhue) in
cjrrency.
Typicallmean values of L ¢ determination of ¢ and ¢, is unceftain or

difficulf are givenin T

L 10~

Loss of economical value is affected by the characteristics of the structure. These are taken

into account by increasing (47) and decreasing (rp . ra T5, 1) factors as follows:
Lp=ry-Lt
Ly=n,-L;
Lg=Ly =Vp'hZ'rf -Lg

Lo=Ly=Lw=Lz=Lg

(B.24)

(B.25)

(B.26)

(B.27)
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where

L, is loss related to injury to living beings;

Lg isloss in a structure related to physical damage (flashes to structure);
Lc  is loss related to failure of internal systems (flashes to service line);
Ly is loss related to failure of internal systems (flashes near structure);
Ly, is loss related to injury of living beings (flashes to service line);

Ly, s loss in a structure due to physical damage (flashes to service line);

3 is a factor reducing the loss of human life depending on the type of soil (see
Table B.8);

a factor reducing the loss of human life depending on the( type™of , flog
able B.8);
b ig a factor reducing the loss due to physical damage dependi
t¢ reduce the consequences of fire (see Table B.9);
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wind turbine (see Table B.10);

hz i a factor increasing the loss due to physical daps
see Table B.11).

azard is present

B.5 |Assessment of probability

B.5.1

B.5.1.1 ce line
is connected v

The prpbability P'g that aflas i o which a service line is connected will

at a flash to the wind turbine to which the
of the service line equipment are related to the
aracteristics of the service line, the number of
nd the adopted protection measures.

cause physical damag
service| line is copnec
failure |current Ig :;>
incoming service lirigs

For uns q must be assumed.

For shi ailure current 7,(kA) shall be evaluated according to:

I3.=25n Uy /! (Rg - Ky " Kp) (B.28)

where

Ky is-a-factor-depending-on-characteristies-ef-the-service-line{seeFable B3,

K, is a factor taking into account the effects of adopted protection measures (see
Table B.14);

Uy [kV] is the impulse withstand voltage (see Table B.15 for cables and Table B.16 for
apparatus);

Rg [Q/km] is the shield resistance of the cable;

n is the number of service lines incoming to the wind turbine.

NOTE SPDs at entrance point into the wind turbine increase the failure current I, and may have a positive
protection effect
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Table B.13 — Values of factor K4 as a function of the characteristics of the shielded
service line (corresponds to Table D.1 in IEC 62305-2)

Service line Ky
With shield in contact with the soil 1
With shield not in contact with soil 0,4

Table B.14 — Values of factor K as a function of the protection measures
(Table D.2 in IEC 62305-2)

Protection measure ((p\

No protection measure /\\1
Additional shielding wires — One conductor® (\ 0,6\
Additional shielding wires — Two conductors® 0,

Lightning protective cable duct \ b\\1 \/
Lightning protective cable Q \ \0,0)\

Additional shielding wires — steel tube N \W

@ The shielding wire is installed about 30 cm ab ve the cable {wo I ng wires are
located 30 cm above the cable symmetrlcallffd@ os 7e\spe of the axis of the cable.

Table B.15 — Impulse withstandwoltage U\, \as an the type of cabl
(Tabl 3in 62305-2

Type of cabl Q U, Uy
kv kV

TLC - Papef\m\sul\te\d - 1,5

TLC NC,LQE mshs}%d\ \ - 5

Power /N \_ <1 15

4

Power/\ﬂ \/\ 3 45

Powdy  \ D4 6 60
AN E :
< Pwer,_ -\ 15 95

POWED\ N ) 20 125

TaTIe B.mlse withstand voltage Uy as a function of the type of apparatus

(Table D.4 in IEC 62305-2)

Type of apparatus Uy

kV

Electronic 1,5
Electronic user apparatus (U, < 1 kV) 2,5
Electrical network apparatus (U, < 1 kV) 6

The values of P’y and P’ as function of the failure current 7, are given in Table B.17.
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Table B.17 — Values of probability P’'g, P’¢c, P’y and P’y as function of the failure

current I, (Table D.5 in IEC 62305-2)

Ia P’B’ P,C’ P’V’ P’W

KA

0 1

3 0,99

5 0,95

10 0,9

20 0.8

30 0,6 (

40 04 {7 (O
50 08 \

60 (N NON N
80 NER RN
100 \\Q\\Q‘S\ >
150 / 20,02

200 U0 «Nooi

300 N\ () 0.0ps

400 N N oNX 0,002

600 PN 0,001

B.5.1.2

The prpbability Py, that a\flas

probab
related
line an

to the faj
i on the p '

For unghielded se

For shiglded

ilure current I,.(kA) shall be evaluated according to:

es

nd the

service

(B.29)

Ky is a factor depending on characteristics of the service line (see Table B.13)

K, is a factor taking into account the effects of adopted protection measures (see
Table B.14);

Uy [kV] is the impulse withstand voltage (see Table B.15 for cables and Table B.16 for
apparatus);

Rg [Q/km] is the shield resistance of the cable.

When evaluating P’y for telecommunication lines, the maximum values of failure current /7, to

be assumed are as follows:

I, = 40 kA for cables with lead shield;

I, = 20 kA for cables with a

n aluminium shield.
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NOTE These values are a rough estimation of the test current (7,) damaging typical telecommunication cables at
the lightning striking point. If any evidence exists that these values are not applicable for a given cable design,
other values may be used. In this case, tests should be used for the evaluation of the failure current.

The values of P’y, and P’y as a function of values of the failure current 7, are given in Table B.17.

B.5.1.3 Probability P’; that a flash near the service line will cause damage

The probability P’, that a flash near the service line will cause failure of connected apparatus
depends on the characteristics of the service line and on the protection measures adopted.

When SPDs conforming to IEC 62305-4 are not provided, the value of P’; is equal to the
value of P

Values|of P, are reported in Table B.7.

When $PDs conforming to IEC 62305-4 are provided, the val o] ars the\low€r| values
between Pgpp (see Table B.5) and P|,.

B.5.1.4 Fibre optic lines

Under ¢onsideration.

B.6

B.6.1

The log cular type of damage which maly occur
as the fesult of a flash to a i idec e’ extent and consequential effects.

Its valu

— the
— the

The log Ari i of loss (L’4, L' and L’,) considered and, for each ftype of
loss, w & DR and D3) causing the loss. The following symbols are [used:

L’f 1g¢

NOTE loss ©of serviceto’the public is not considered relevant for wind turbines, hence the loss L'y in a gervice is
only congidered as an economic loss.

B.6.2 Economic loss

The value of L’; and L’y can be determined in terms of the relative amount of possible loss
from the approximate relationship:

L'y=cle (B.30)

where

¢ is the mean value of possible loss of the wind turbine, its content and relevant activities, in
currency;

c; is the total values of L’y and L', for use for all types of service lines when the
determination of ¢ and ¢, is uncertain or difficult, are as follows:

L,f = 10_1
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L'y=10"3
The loss of economic values is affected by service characteristics as follows:
L'g=Ly=L% (B.31)

Le=Lyw=Lz=1L, (B.32)

B.7 Evaluation of costs of loss

The costoftotatHHoss CL may becatcutatedby-thefottowingequation:
CL = <RA + RU )CA + (RB + RV )(CA + CB + CS + Cc) + <RC + RM + RW RZ " (B33)
where
R, and[R, are the risk components related to loss of animpe sures;
Rg and|R,, are the risk components related to tection
measures;
Re, Ryl Ry, R are the risk components related to fa stems,
without protection measures;
Chp is the cost of the animals;
Cp
Cs
Ce is the cost of
The tofal cost Cg of by the
means |of the formula:
CrL = (R'A+ Ry ;QA (B.34)
where
R’5 ang tection
R’g ang the risk components related to physical damage, with prgtection
easures;
R, R\, Ry R’z are the risk components related to failure of electrical and elgctronic
systems, with protection measures.

The annual cost Cp), of protection measures may be calculated by means of the equation:

CPM = CP . (l +a+t+ m) (B35)

Cp is the cost of production measures;
i is the interest rate;

a is the amortisation rate;

m is the maintenance rate.
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The annual saving S of money is:
S = CL — (CPM + CRL) (B36)

Protection is convenient if the annual savings S > 0.

B.8 Case studies

Under consideration.

@%
o
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Annex C
(informative)

Protection methods for blades

C.1 General

c11 Types of blades and types of protection methods for blades

yind bine blades are large hollow es manufa ed O
ds glass fibre reinforced plastic (GFRP), wood, wood laminatg

the cas
a lightn

The tw
glass f edges
and to ere are
large a ing the
entire |

of the in one

There hanism
employ
Figure
Type A type A
blades, severe

damag
usually|i

s section of the steel wires used for operating thq flap is
g the lightning current.
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CFC in blade for

\ structural purposes

Flap—W

Steel wire

Steel wire—

IEC 1194/10

ine blades

Type B blades use a tig by a spring and released at exgessive
rotational speed by cg ¥ blades, lightning attachment points are
predontinantly seen withiq g.fe S netrés from the outermost tip, or on the gides of

the tip|at the positi of the tip shaft. From the attachment point, a
lightning arc is f{%d it 0 the outermost end of the tip shaft, and fflom the
other epd of the shaf
at the plade root. Su

ide the main blade down to the steel mounting flange
pvariably cause catastrophic destruction to the blade.

Blades 3 G momy used with older wind turbines as large as 100 k\V.
Type Qi W i ake controlled by a steel wire. With type C blades, lightning
attachmg ints predominantly found within a few tens of centimetres from the

outerm i de, or on the sides of the tip at the position of the outermost end of the
tip shaft. 5 as with type B blades, a lightning arc formed inside the tip jsection
between the“attachment point and the outermost end of the shaft causes severe damgge. On
type C blades, damage to the main blade is mostly seen when the steel wire has been|unable
to carry the lightning current. Steel wires used for this purpose are of a minimum dianjeter of
10 mm or 12 mm for 17 m long blades. Such wires are capable of conducting most lightning
currents, and thereby protecting the main blade from damage (see Clause C.6 for further
discussion on dimensioning of protection systems).

Type D is 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 to the 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 a blade 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, as the centre spar and main laminate. Due to 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 a non-conducting blade sprayed with saline water
practically as if the 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 a surface more easily than through air, and especially if the surface
is contaminated with saline pollution and water. In any case, practical experience shows that
severe lightning damage to both non-conducting blades (type D) and blades containing CFC
(type EJ) is quite common and hence lighining profection is needed.

NOTE References to the literature are numbered [X] in this Annex and are listed in
Cc.1.2 Blade damage mechanism

Typical| types of damage at the lightning attachment points H ineration
of the $urface composite material, and heating or melting{of metallic ving as
the attgchment point.

The mgst severe damage to wind turbine blades_oCcur, ef i i ns high
energy|arcs inside the blade due to att Y te in. The
arcs may form in the air volume insidég tf : y ‘ i nal surfaces. Another type
of dampge is seen when the lightning ~ | dyers of
composite materials or in glue crack
presuniably because such layers and cra
caused

I bystem,
moisture. The pressure shock wave
e skins

cks hold

apart dlong the edges apd ing . e seen
ranging ¢ cases,
pressufe waves have DI Q 3 nd into

the othg

Internal arcs ofte
some donducting
the tip |section, ; A de is unharmed. Damage to type C main blades has

normal an b arc has formed inside the main blade. Typically, this has
happen & steel wire controlling the tip brake was of insufficient cross
section L thetlightning current from the tip shaft to the hub. With type A blades, the
main blade i

The pH ponsible for the severe structural damage to wind turbine blades is
therefofecthe’formation of a pressure shock wave around an arc of lightning inside thg blade.

Minor ¢ htning arc is formed on the outside surface or wlen 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.21 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

conductor Metal mesh

Steel wire

64/02

Fig les
C.2.2 he
Metallig » ade surface serving as an air-termination system or @ down
condug ghtning
attachme heeded
in ordg ion for
alumini Q_mmA and achieving reliable fixing of such conductors may be problgmatic.
Furthemqmore, contiuctars mounted on the blade surface may compromise the aerodynamics of

the blafle{er-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 on the 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] [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
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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].

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

C.2.4 —Internal-down-conductorsystems

A solution to the problems with conductors placed on the blade
lightning conductors placed inside the blade. Metallic fixtures for
the blagle surface and serve as discrete lightning receptors. Such p
on aircfaft [10].

gve the

e used

The lightning protection system used on many blades cu iscrete

lightning receptors placed at the blade tip (types A and . ceptors
at the tjp, an internal down conductor system leads the lightnj ‘ ot. For
blades |with tip brakes, the steel wire controlling the(tip (S used\as a~dow ype A).
If the bjade is without tip brake, then a copper wj >ed i i bd as a

down cpnductor (type B).

Severa] thousands of blades with this lightnia i system (types A and B in
Figure |C.2) have been produced. Thg i th_this lightning protection sysiem for
blades 1 iciple with one or more extefnal air
termindtions connected tg G has up till the date of publicatign been
used wjdely by many manufact to"60 m. For such long blades, expgrience
has shpwn that there|is i i lightning attachment through the laminate| to the
internal down conductor causjng o blade damage. These problems appear to beg linked
to uncantrolled eloping from the internal conductive parts (the down
conducttor, connestid

When $uch low-é ) i afges are allowed to be incepted from the interior metal
parts of the blade\they W opagate equally fast as the ones incepted from the redeptors.
Once t ese N i 3trike the interior surface of the blade, they will, in conpection
with partidhdischarges-or the“blades’ exterior, intensify the electrical stress experierlced by
the la X d stress might not be a problem for a limited number of rapid field
changes (I| Rining steiking receptors or nearby structures), but when the blade is exppsed to
several impaets ing its entire service lifetime, the stress might eventually develop into a
compl eakdown. The physical impact on the blade from such a high poltage

breakdpwnh/channel is rather limited, but the damage associated with the following lightning
current wWill be disasirous as commenied In C.71.2.

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.2.5 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 under the 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 FC structural components
Carbon| fibre composites (CFC) have been used for tip shafts fors now a
commaonly used material for reinforcement of large blades. Th&€ material s j for the

hanical
properties. The use of CFC for structural components is expec ther as

The main issue with CFC is how it reacts to the\iR rem ossibly
entering and flowing within the matenrial. \ @al properties of CFC make it
remarkpbly different than isotropic cé drials(\likenmetafs, the DC conductiViity and

the dedree of anisotropy.

The d.¢. : er than
that of aluminium, i.e. 3,5 104 0 imate value found for biaxial woven CFC
plates lised for small aircraft ski > Saray i 6] [21].

exhibit
vionics
itude for

Depending on the act
a very |high de
industry, the conductixi

different current dirg

Therefq ght be

critical, &Ci { ghtping attachment points where high currents enter a| rather
confine c due to joule losses might exceed the evaporation tempgerature
of the matcix (a 2p imately 200 °C). When the matrix evaporates, the pressure from gvolving
gases ¢ and delamination of the CFC layers. The CFC may even incinerate,

in parti¢

Where
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 at the 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 in the blade besides
the receptors and down conductor system described in Clause C.2, and the possible CFC
describled in Clause C.3.

Sensor or light and wiring

\
Vinduced \
.

Lig
Magnetic flux ¢
Vinduced = iL X Rg + dgld¢
IEC 119510
Fig ages between lightning conductor or structure
Wiring on qr inside blades may be exposed to strong magnetic fields that
can pr ing\.volktages between the lightning conductor and other wiring|in the
blade, i &”C.3. Such wiring should be avoided if possible. If ngt, both
sensor$Sa Wi ust\be protected by appropriate equipotential bonding to th¢ down

conduc : 5 shielded or covered by the external lightning receptors. Having well
expose al lightning receptors directly outside of internal conducting components
should [protect the intérnal structures from direct lightning attachment. Furthermore, thg risk of
getting|paftial discharges from internal wiring is minimised by covering the conductive wiring
carefullywith—efectricatty insutating Tmateriats—Note—thratigh—currents—and—vottages Thay be
induced in isolated conductor loops in the 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 in the 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, i.e. blade tip navigation light,
lightning sensors, condition monitoring equipment, etc., it must always 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 an issue with the lightning protection methods using discrete air-
termination systems placed on the blade surface. Any air terminations and extensions of air
termingti ' T ced in
such a|way that the likelihood of lightning puncturing a non-conducting .gurfaceNs yed
an acceptable level.

The placement of air terminations would be such that the flashqvex voltage aiqQn e blade
non-copducting surface is smaller than the breakdown voltage Nn practice,
both thg breakdown voltage of the blade skin and the surface Il be difficult
to estaplish, as variations due to different composite matexials &) ageing,
cracks,[ humidity and pollution must be expected. Fur e, the i sption efficiency of
segmented diverters and of discrete receptors wil i bf con-

ducting materials inside the blade [10].

For blades up to 20 m long, receptof frave proven to be adgquate.
Recent| publication of lightning attachme glass fibre blades shows that
the majority of lightning flashes attaches ‘ egion of the blade (88 %) wherg¢as the
remain|ng strikes attached to the receptor ink 3 tip [30].

High-vd e o cimens representing the design are useful for
revealing insufficient r¢ ion. further studies are needed, particylarly of
the effgcts of wet, poll

Numerical metho
estimafes of the a
current
unders
these s

lightning flash attachments to certain structures are
Once the potential and use of these models are fully
estimate the surfaces where lightning may possibly strike if
or had receptors. It is not likely, however, that numerical
st’'with certainty whether a non-conductive blade structurg¢ would
the number and location(s) of receptors necessary to prevent
. the complexity of most blade structures, and the dynamics of
multiplg¢ strea igination and growth. Thus the numerical methods may become useful
design [tools,,"but high-voltage attachment tests, as described in Clause D.2, of capdidate
designs$ should be used to provide additional assurance of protection effectiveness.

ikely attachment areas on blades and naceIIFs and

be pun
punctu

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 25))

Nominal cross-

sectional area

Material Configuration Comments’
mm?
Copper Solid tape 50h 2 mm thickness
Solid round? 50" 8 mm diameter
Stranded 50" 1,7 mm diameter of each strand
Sotidrotrmt—— 200 45 u'ialllctcy\
Tin plated c¢pper® Solid tape 50h 2 mm thickn
Solid round? 50" 8 mm di r
Stranded 50" 1,7 mm Yiametex of each stran
Aluminium Solid tape 70 3 m\tﬁv'%ei \>
Solid round 50" mmy diamet
Stranded 50" \1\7 Me r of each sfrand
Aluminium ajloy Solid tape 50" SWSS
Solid round 0 8\mm_diamefer
Stranded 50 37 mmdiameter of each strand
Solid round® 20 15 mm diameter
Copper coated solid roun 0] 50 ym min. radial copper coating 99,9 %
Z, o~ copper content
Hot-dip galvanised Solid tape Q 50 2,5 mm thickness
steel” Solid rou 8 mm diameter
Stran h 1,7 mm diameter of each strand
/SQIid ound® % 200 15 mm diameter
Stainless stgel® \/ﬁ 50" 2 mm thickness
50 8 mm diameter
70" 1,7 mm diameter of each strand
/\é& 200 15 mm diameter
Steel 50 250 um min. radial copper coatihg 99,9%

O\

ANN

C&h&er\ﬁ\t&k{olid round

copper content

Hot dippg¢d or

ctﬁlat

Mum thickness coating of 1 um.

B50 g/m? for

not critical,

b The coafing should smopth, continuous and free from flux stains with a minimum weight of coating of
solid roupd canductors 500 g/m? for solid tape conductors.

¢ Applicable\fer7air termination rods only. For applications where mechanical stress such as wind loading is
a 10 mm UlidIIIUtUI, 1 L iUIIU IIId)\iIIIUIII dil tUIIIIiIIdtiUII IUL; Wltil arl ddditiulldi fi)\illy iay IUU UBUUI.

d Applicable to earth lead-in rods only.

¢ Chromium > 16 %, nickel > 8 %, carbon < 0,07 %.

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

9 50 mm? (8 mm diameter) may be reduced to 28 mm2 (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.

h

and to 78 mm? for solid round.

(stainless steel) for a specific energy of 10 000 kJ/Q. For further information, see Annex E of IEC 62305-3.

Allowable tolerances for the cross section area are 3 %.

If thermal and mechanical considerations are important, these dimensions can be increased to 60 mm? for solid tape

The minimum cross section to avoid melting is 16 mm? (copper), 25 mm2 (aluminium), 50 mm?2 (steel) and 50 mm?

5) To be 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 of the final solution is recommended.

Components under load such as the steel wires for tip 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
currentg even for wires of up to 10 mm diameter (cross-seclional area 78 pim

The temperature rise of conductors carrying lightning current can be own in
equatidn C.1 (see also IEC 62305-1). The constructor must consid rise of
all compponents subjected to all or parts of the lightning cu t such
oke.

(C.1)
where
0— 6 |[KI]
o [1/K]
W/R [J/Q]
£0 [@m] is the spe B
q [m2]  is the gros
y [kg/m3] i<>
Cw [J/kgK] is the
Table €.2 shaws\the\inp his”equation for common materials, and Table C.3| shows
temperpture fisesfor di sonductors. It should be noted that in the case of prejloaded
wires, the te not have to reach the melting point to cause failure.
Table C. ‘ aracteristics of typical materials used in lightning prote¢tion
systems (Table D.2 in IEC 62350-1)
Material
Quantity
Aluminium Mild steel Copper Stainless steel”
po [Qm] 29 - 10-9 120 - 10-9 17,8 - 109 0,7 - 10-6
a  [1/K] 4,0-10-3 6,5 10-3 3,92 - 10-3 0,8 - 10-3
¥y [kg/m3] 2 700 7 700 8 920 8,0 - 103
0, [°C] 658 1530 1080 1500
¢, [J/kg] 397 - 103 272 - 108 209 - 103 -
¢, [J/kgK] 908 469 385 500
Og [°C] is the melting temperature;
cg [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”
Seﬁfgg“ W/R W/R W/R W/R
MJ/IQ MJ/Q MJ/IQ MJ/IQ
2,5 5,6 10 2,5 5,6 10 2,5 5,6 10 2,5 5,6 10
4 _ _ _ _ - _ - _ - _ — -
10 564 169 542 —
16 146 454 - 1120 - - 56 143 309 - — -
25 52 132 283 211 913 - -
50 12 28 52 37 96 211 D40
100 3 7 12 9 20 37 90
* Austenitic non-magnetic.

Consid
cathod
used fq
The m4g

pde-or-
root is
metal.

(C.2)

Using a {ypical anode-or-cathode voltage u, . drop of a few tens of volts, the model Igads to

an overcstimmate of the metted votume:
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Blade-to-hub connection

At the root of the blade, the down conduction system is usually either terminated to the 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 a sliding contact or a flexible 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 blad
be pro

flashovers from the rod to the cylinder housing. Usually, the hydraulic
diverting the lightning via a flexible bonding strap with sufficient sla

or alte
hydrau
[24].

Care m
drop a
cylinde

fected. Standard hydraulic cylinders that are normally use

ust be taken to reduce the slack in such bopding stkap e\the inductive
Lross the slack may become very high, thus reSulting Ny ine

@@

ire, must

ped by
cted by
motion,
om the
scribed

voltage
of the
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Annex D
(informative)

Test specifications

D.1 General

This annex describes possible test methods for developing new blade designs or verifying
existing blade designs with respect to their capablllty of handling the |mpact of a lightning
dischamge: SHIS are de bedfor btade STeiTT, DU Jay atso be appiedo otherjbjects
such a$ spinner, hub, nacelle or parts thereof.

The itgms to be tested would be specimens of the blade, including the tip,.aad syfficient
portiong of the blade inboard of the tip to represent the complete lighthing. protectigr|design
and the blade specimen structure, as well as the interaction<of inNterminatijon gystem,
lightning down conductors, down conductor connection compone ercompdnents of the
lightning protection system, and the blade specimen st o. (Nbe test specification is
divided|into two sub-sections.

-conducting materials guch as
ffow during these tegts are

e much more intense| stroke
current j o skow the path(s) that may be tgken by
lightning discharges. The damage cause gse tests is not comparable to possible

to fine specific lightning
attach ent points and breakdown pat s.across\or th ouh@n
[ t

The high-current physiic ests@re used to assess actual damage from lightning
currents. ds icable to both complete tip designs, |and to
smallel] sections of 3 ike connection components, etc. These tests|do not

NOTE R g lite umbered [X] in this Annex and are listed in the Bibliography.
D.2

These fests-are used to determine lightning attachment points and breakdown paths adross or
through non=conducting materials.

D.2.1 Initial leader attachment test
D.2.1.1 Test purpose

This test is intended for wind turbine blades, but may be applied to nacelles fabricated of
glass fibre or other non-conducting materials. This test can be used to assess:

e location of possible leader attachment points and flashover or puncture paths on blades
and other non-conducting structures;

e optimisation of the location of protection devices (air termination systems, receptors);

o flashover or puncture paths along or through dielectric surfaces;

e performance of protection devices.
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D.2.1.2 Test specimen

The test specimen should be a full-scale blade or blade section. The section of the blade that
needs to be tested depends on the structural details of the blade and on the lightning
protection design. Some guidelines for selection of blade specimens are as shown below. The
principles are to expose all aspects of the blade and its protection design to the electric fields
that precede lightning leader attachment.

e If the blade has the same composite material thicknesses throughout most of the blade
length, an outer section of the blade may be tested.

e If the blade lightning protection utilises only one or two discrete air terminations located in
the tip area, then an outer section of the blade may be tested, but if the lightning
confductor is inside the blade, the tesied section must be of sufficient f/engih o velify that

punictures will not occur inboard from the tip through the skin to.( ynncenductor
sysiem.

o If the blade lightning protection utilises an air termination syste Qnsisting. of Multiple
disgrete pairs (i.e. terminals on opposite surfaces of the blade i inations spaced
x metres apart and the purpose is to determine the maxixaum “di ~ then the test
specimen must include at least two pairs of air terminations p inin half of

the|distance to the next inboard air terminations. Spewsi 3 bduced

e If the blade lightning protection utilises other d€sig inati down
conductors, the size of the specimen shouyld details to be tested. For
externally mounted conductors, the means
of gonducting toroids to avoid uninte

o If tHe test purpose is to investigate 2
as aII portlon of a blade (| e. th

design option that involves only
d, section of the blade), then pmaller
&d. However, it must be noted {hat the
elegtric f|eId present Ket ¢ and the opposite electrode is different
thap when the entixe bla i : ese differences, field grading torjoids or

slightly rounded opposite ight~be’necessary to prevent unrealistic flaghovers
from the inbo simeqs, depending on the actual geometry.

e Spgcimen le 9 d” results similar to service experience, with the
purpose of opti ign's, have ranged from 3 m to 6 m in length.

Any sufface finishes a hawtd be included to ensure realistic test results.

Electriqal ) lights and sensors and the lightning
conduct alled on or within the test specimen (a single blade, a blade [tip or a
mid se¢tionaf a=® hould be represented within the test specimen.

These |tems_must be’positioned at the same locations within the test specimen as they would
be in the.blade or nacelle installation. If the conducting specimens may be oriented in geveral
positions, those that represent worst cases should be represented in the tesis. Normally these
are the positions that result in the smallest distances to the non-conducting skins, or the
strongest electric field intensities in directions normal to the exterior surface. Either new blade
samples or samples that have previously been aged mechanically could be used as long as
they are undamaged by the mechanical aging process.
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D.2.1.3 Test setups

There are three test arrangements, designated test setup A, test setup B and test setup C,
which can be used. Test setups A and B are most appropriate for tests on complete blades
used for design development and verification. Test setup C is most appropriate for
developmental tests to evaluate skin panel construction and possible diverter strip
configurations.

Each test arrangement is intended to result in initiation of electrical activity, such as corona,
streamers and leaders, at the test specimen (and not at the external electrode) as occurs at a
wind turbine blade just before a lightning attachment. Once ionisation of the air at the test

specimen is initiated, the streamer will osite electrode which is to be
a large some
distance from a blade extremity. In this way the influence of the extern on test
results|i inimi . i i igh-\oltage*generator,
test spg i [ re D.1

Figure D.3, Figure D.4 and Figure D.5.

Test sgtup A is the most desirable arrangement, since i L allows a larder dimension
externgl electrode (i.e. a conductive surface on the labora ealistic
electrid field environment around the blade specimen t6 be provi

Test sdtup B is intended to create a similar elect d a ecimen
as in tgst setup A while allowing larger’‘orheay i s to be
placed|on the laboratory floor. In thi e ust be
suspended above the test specimen. A Is lic field
intensiflications due to the edges of the/suspends

Test sg¢tup C is most apgroptiate e iplectric
strengths of candidate ski ateri 3 i i ests  of
panels [should not be e ~ ification omplete protection deS|gns since th= panel

catures of the non-conducting structures being

specimgens do nok rep
verified.
D.2.1.3

The ge
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g
)

HV generator

Blade specimen tested in several positions
to represent blade position with respect to

approaching lightning leaders
Voltage ]
divider
%
1Al \/
: < -
>2m >1,5m , Leader connection needs to Q x N
>‘/ be near the ground plane
[
& N

2 /7$<</

Gn e sufficiently large to prevent

=]

s er d elopment from edges

IEC 1196/10

ment esp AXspecimen should be tested in several

resenting differentidirectjons of the approaching leader)

Figure|D.1 - Initial lead
positions re

The tegt specimey h ing i g protection system connected to the output of [a Marx
generagor, is eI 3 ‘ termal™efectrode, a large area ground plane. The [ground
plane must be fici i i i.e. to avoid having flaghovers
termingti ane. The test specimen should normally be tgsted in

severa t electric field directions that this part of the test spgecimen
may ex

An exdmple~of sdgh orientations is given in Figure D.2. Here three different angleg of the
blade relative t 1 plane is used (90°, 60° and 30° with horizontal), and four different
pitch a B ing”three discharges of each polarity and at each orientation, the blade
will expgeri i

5° onrl 10° from hCr Zontal

oo a4 ot

Long &
representing the greater p035|b|I|ty of Ilghtmng Ieaders approachmg within striking distance of
a location inboard of the blade tip while when the blade happens to be in the horizontal
position.

Practical limitations of vertical space and overhead crane availabilities may necessitate that
tests in the 60° and 90° positions be applied to shorter blade specimens, perhaps 2 m to 4 m
long.
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4 90° with horizontal

60° with horizontal

30° with horizontal

Sround plane

A :

wind ward side trailing edge
facing ground facing ground
electrode electrode

=

IEC 1197/10

Fi . i j he initial leader attachment test setup|A

Two co

a) 3 Bame ould occur in the lower part of the air gap betwgen the

] enground plane, i.e. more than half the flashover distance away
/ This can be confirmed by photographs of the flashovelrs. The
ctlon 0|nt is shown in Figure D.3. The requirement is usually met by

plane should be at least 2 m from the closest conductive glement

P)\"The ground plane should be at least 1,5 m from the nearest test specimen gkin but
condition (a) prevails.

b) The streamer from the ground plane must not originate from the edge of the ground
plane. In such case, the size of the ground plane must be increased.
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To voltage divider
\

Receptor .
Blade specimen

. o — Leader coghec Ground plane
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5 SN /

IEC 1198/10

Specifi

D.2.1.3.

The ge

Specim
approa

gral positions representing different directions |of the
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Sufficient to prevent flashavers from edges ( )

HV generator

I at least 44
i

W External electrode

Leader connection needs to be/
near the external electrode \, >1.5m

- \
Receptor Voltage
divider

Blade/test
specimen

d Non conductive
support

L|ghtn|ng cond r

EC 1199/10

Test sd arge to elevate in the test facility quch as
meteor spinners, etc. This arrangement has the
disadv , the test facility floor may distort the electric fieId near

[ 8. mi 0060-1
trodes.
d other
vith the

idd. The
having
should
normally be tested with two or more orientations, to represent the possible electric field
directions that this part of the blade or other structures may experience in service.

Three conditions should apply to a valid test when test setup B is used:

a) Connection of the streamers should occur in the upper part of the air gap between the
energised external electrode and the test specimen, i.e. more than half the flashover
distance away from the test specimen. This can be confirmed by photographs of the
flashovers. The leader connection point is shown in Figure D.4. The requirement is usually
met by keeping the following distances.

1) The external electrode should be at least 2 m from the closest conductive element
(inside or outside the test specimen).

2) The external electrode should be at least 1,5 m from the test specimen skin, but
condition (a) prevails.
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b) The streamer from the external electrode must not originate from the edge of this

electrode.

c) The end termination of the protection device or other conductive elements within the
specimen must be elevated above the ground plane by a distance larger than 1,5 times
the distance between air termination on the test specimen and the external electrode.

Specific dimensions and test specimen orientations should be described in the test plan.

D.2.1.3.3 Test setup C

The general test arrangement for test setup C is illustrated in Figure D.5.

In this jarrangement, candidate protective devices and device locations ¢n a
skin specimen can be evaluated prior to establishing a protection dest
deviceg on a larger, more complete test specimen.

n-conductive
and installing such

A typical skin panel would be a square of 1 m2 to 2 m2, althoug es may
be acceptable, sufficient to accommodate a full-scale arrangemen ion devices.
Production-like skin materials, surface finishes and paints¢show|d use of
this te i nacelle
surfaceg.

A moc at an
appropfi prmally
at test . In order to apply a
realisti midway
betwee ind the
edge o pve the
panel s smaller
dimensi| ips may be reposmoned at a larger or

smallerf spacing to optifr 3 2 puncture.

Electrode
/ S d

- \
°

e Hardware]
H « mockup
[

ki

®

[

=]

(5]

[

(5]

(5]

[©) a

E |~ Diverter
o o Ground wire
e H /e

° H

o Dielectric |e

o [

° panel |o

o ]

Determining distance D as a function of proximity d to an internal conductor
Distance « is the shorter dimension of the panel's width or height

IEC 1200/10

Figure D.5 — Arrangement for local protection device (e.g. diverter)
— Evaluations test setup C
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The arrangement of Figure D.5 is not equivalent to the verification test arrangement of test
setups A and B, but experience has shown that diverter spacing determined from
development tests as illustrated in Figure D.5 have proved successful in subsequent
verification tests of local protection arrangements such as diverter extension of air termination
systems on blade skins, employing similar diverter spacing. A verification test should be made
using test setup A or B.

D.2.1.4 Test voltage waveform

The voltage waveform used should be a double exponential switching type impulse voltage
with time to peak 250 us + 20 % and decay time to half value of 2 500 us + 60 %. This voltage
waveform is selected since it is the most representative of the electric field in the vicinity of a

structu voltage
will be m. The
time bg $t be at
least 5

Such waveforms might be achieved by using the switc
IEC 60060-1. Since the voltage is applied as a rise to fla
particular interest. A typical test voltage waveform is show

age in
s arg not of

Flashover

<

\/ 0 100 ps 200 ps 300 ps

IEC 120§/10

Figure D.6 — Typical switching impulse voltage rise to flashover
(100 us per division)

At least three discharges of each polarity and each orientation of the test specimen with
respect to the opposite electrode should be applied [30] and [34]. Testing with several
different orientations of the test specimen with respect to the opposite electrode ensures a
significant possibility of failure in case of improper blade design.

In case punctures of the blade skin occur during tests, the damage may be cleaned and
repaired using suitable polymer resin. However, experience has shown that specimens
subjected to a large number of impacts will degrade electrically over time; a situation not only
affecting the repaired punctures but also the main laminate. Hence the manufacturer must be
aware that the number of discharges to each test sample should not exceed approximately
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100 discharges to avoid damage due to electrical aging. The test procedures in D.2.1.6 are
defined to minimise the impact of electrical aging throughout the test.

The matter of electrical aging of blade laminates due to the impact of lightning is not fully
understood at the time of publication. Sections considering these issues will hopefully be
improved in future editions.

The HV generator discharge current is typically less than 2 000 A, which encompasses most
leader currents. The physical effects of this current will not, therefore, represent those of a
much more severe stroke current, or of continuing currents, that may take the same path as
the leader.

D.2.1.5——Measuremenisand datarecording

The following measurements and data recordings should be made.

e Phdtographs and description of each test setup.
e Wayeform plots of the test voltage waveforms.

e Phqtographic records of all tests. These should have g ‘ tested
aregas of the specimen. One camera should enable im iat fminany ig of the
tesf to be made so that any punctures are identifi i Iooking
intol the interior of the blade sample might be /leader
behaviour during tests.

e Phqtograph of each electrode position
e Phg

e Redords of laboratory environmen S , midity),

e Redord of any deviatia

e Redords of the resét de and

way\eforms.

s. Test
gpacitor
5t area.

1) KCarefully inspect the test specimen for any blemishes that might later be confusied with
effects of the tests, and identify these so that they are not confused with subsequent
test results.

2) Cover the surfaces that are towards the opposite electrode (i.e. ground plane) with a
conductive foil and connect this to the blade lightning down conductor.

3) Select the initial polarity and initiate a test to the foil while measuring the applied
voltage. It is advisable for the initial test specimen polarity to be positive (+),
regardless of whether test setup A or test setup B is used. Experience has shown that
this condition results in a lower probability of puncture of non-conducting materials
since streamers originating from test specimen protective devices progress further into
the air gap before being joined by opposing streamers from the negative electrode.

4) If the waveform is not correct or the flashover did not occur on the rising wave front
before the crest of the voltage waveform, adjust the generator parameters or air gap
between specimen and opposite electrode as necessary to obtain the specified
waveform and flashover.
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Repeat steps 3) through 4) as necessary to obtain the required conditions.
Remove the foil from the test specimen.

d) Clean the test specimen with appropriate technique to remove moisture, dust, debris, and
other contaminants which could affect test results.

e) Apply a discharge to the test specimen, while measuring the applied voltage and taking
photographic evidence of the path of the flashover. Ensure that the flashover still occurs
on the rising wave front before the crest of the voltage waveform.

f) Inspect the test specimen and document the results.

g) If puncture has occurred, perform an assessment to determine if the test specimen has
failed the test. If it is deemed to have failed, then the test sequence may need to be

ter
Sys

h) Repeat steps e) through h) until three discharges of positive pg
undrr the same conditions.

fmated; or repairs of testdamage or modifications to the btade
em made before continuing with the tests.

g pr

tection

applied

i) Swifch the polarity of the HV generator to ensure the poj4 g mple¢ being
neg S B).
j) Cal
1)
2)
3) e front
@ir gap
ecified
4)
5)
k) Req applied
und

Initial I¢ader a

Since fll

punctu

Howevé

l) Reposition t
required by thete

m) Repeat steps ¢

edge bpnds; where_pdnctures are known to have occurred. Thus, tests of blade spe

with w

tted-and/or contaminated interior surfaces may be appropriate if such conditi

B) as

NS.

making
rfaces.
b blade
cimens
DNS are

believed 10 exist within a blade under service due to environments

NOTE Since a wind turbine is usually designed to operate for 20 years with only a minimum of maintenance, it is
important that the number of discharges is comparable with the expected threat for the actual wind turbine location.
Therefore a minimum of 3 discharges for each polarity and orientation should be applied for proof and
demonstration purposes, whereas a higher number of tests could be conducted during development of new

designs.
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D.2.1.7 Data interpretation

Test specimens should undergo a thorough post-test evaluation to determine the adequacy of
the design with respect to the pass/fail criteria.

D.2.2 Swept channel attachment test
D.2.2.1 Test purpose

This test is normally applicable to surfaces of a wind turbine blade that are exposed to initial
leader attachment when the blade is rotating, so that a leader may “sweep” along the surface
a short distance prior to first stroke arrival. This test can be used to assess:

e poskible puncture locations on non-conducting (i.e. dielectric) surfaces;

e flashover paths over non-conducting surfaces; or

e the|performance of protection devices, such as diverter strips

D.2.2.2 Test specimen

The test specimen should be a section of a full- scaI blad v ip gr other
surface i inishes,
includir 3 gshover
characferistics. If the blade protection design in : i indide the

blade, the test specimen should also er

D.2.2.3 Test setup
The tedt setup is as follows.
e An |overview of a typi NS showi i i he test

specimen and typipa should
usuplly be applied ions of

leadler swee;@
e Sugport the te 5

minimum flashove

imes the

e The ground
poténtial

e Cor e. The
eleq face of

the S
be ptressed<{o represent the voltage applied by a lightning channel sweeping o
surfacelof the test’'specimen.

men to
ver the

e Setlup'equipment to measure and record the applied test voltage
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Receptors connected Swept leader outside

to ground
HV electrode

Blade motion <:I

Blade cross section

Puncture

Swept leader inside

Ground plane or laboratary floor

on conductive
upports

D.2.2.4

in IEC
and a
Figure

air gap
wave fi

ent

Test voltage waveform

IEC 1202/10

Ises of
c fields
Hefined
1,2 us
own in

ise the
on the

77=0374=05T

Figure D.8 — Lightning impulse voltage waveform (Figure 6 in IEC 60060-1)

IEC 1203/10
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D.2.2.5
The fol

shfowing flashover
60-1)

dentified immediately. An extra camera look
ight be useful to monitor streamer/leader be

ofds of the results of each test showing voltage polarity, amplitude and wavefor

he test
shot to
ng into
haviour

midity),

m.

D.2.2.6

Test procedure

The test procedure is as follows.

a) Measure laboratory environmental conditions.

b) Review and implement safety procedures. Some areas of concern are as follows: Test
areas must be safe and clear of personnel prior to charging of test equipment. Capacitor
banks must be shorted out after test and prior to re-entry of personnel into the test area.

Eye

and ear protection may be required.

c) Carefully inspect the test specimen for any blemishes that might later be confused with
effects of the tests and identify these so that they are not confused with subsequent test
results.

d) Cali

brate the generator and instrumentation as follows.

1) Drape the test specimen with a conductive foil.


https://iecnorm.com/api/?name=e17605ade2086b21305fb5b221627e6d

- 110 - 61400-

2) Tests should be conducted with the electrode at both positive and
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negative polarity.

Select the initial polarity and initiate a test discharge to the foil while measuring the

applied voltage. It is advisable for the initial electrode polarity to be
places the test specimen at positive polarity. Experience has shown
results in a lower probability of puncture of non-conducting material

negative (=). This
that this condition
s since streamers

originating from protective devices on the test specimen progress further into the air
gap before being joined by opposing streamers from the negative electrode.

3) If the required waveform is not correct, adjust the generator param
spacing as necessary to obtain the specified waveform.

4) Remove the foil.
e) Clean test specimen with appropriate technique to remove dust,

eters or electrode

debris and other

contaminants which could atfect test results.

f) Apgly a discharge to the test specimen while measuring the appli
photographs of the flashover.

g) Inspect the test specimen and document the results. Mark and
or dther effects on the test specimen.

h) If puncture has occurred, perform an assessment to geterm

i) Repeat steps e) through i) for each of the tegsts, ele
posjtions called for in the test procedures.

NOTE $ince a wind turbine is usually designed\o operatg
important that the number of discharges is corjpara

Thereforg, a minimum of 3 discharges for ‘e
demonstfation purposes, whereas a higher nu
designs.

D.2.2.7

Test sq
the degi

D.3 High-cu@

D.3.1

These
surfacs

e the effects of a lightning attachment to
ay from such an attachment. These effects

at the poi 3 oh ent\and along the path taken by the lightning current.

D.3.2

D.3.2.1 Test purpose

taking
hctures

en has
ed.

pctrode

nce, it is
location.
oof and
of new

bacy of

a blade or jhacelle
can be evaluated

This test is applicable to structures such as wind turbine blades and
exposed to direct lightning attachment or conducted lightning currents.

The test is used to determine the direct (physical damage) effects that
locations of possible lightning channel attachment to a blade or where

nacelles that are

may result at the
high current and

energy densities may flow away from a point of entry during a lightning attachment. Examples
are blade air termination systems and associated electrical conductors, metal foils, diverter

strips and fittings and connectors in the lightning current path.

The test can be used to assess:

e arc attachment damage;

e hot spot formation;
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metal erosion at air termination systems;

ade

quacy of protection materials and devices;

magnetic force effects;

blast and shock wave effects;

beh

aviour of joints and hardware assemblies;

voltages and currents at points of interest throughout a lightning protection system.

D.3.2.2

Test specimens

These tests may be performed on full-scale production items or representative prototypes.
These
wind ty
approp
protect
the len
current

D.3.2.3

The tes

Gro

Cor
awdg
stru
cur
not

€sts may also be performed on panels, coupons or sub-sections
rbine assembly. The panels, coupons or sub-sections should
riate manufacturing processes, paints and other finishes, joi

Test setup

t setup is as follows.

y from the test specimen in a

ative of when the blade or na
ck by Iightning Ensure that '

blade_or other

ith the

idls. For

strips,
e high-

tning currents are conducted

celle is
bd with
and do

dluated.

For| most arc eaqtr own in
Figlre D.1o@ k wave
effgcts of natura nhaterial
that i i

e Set v to>regative in order to produce maximum damage since arc
roofs are

e Afip irect the
arc pful for
generato se e e wire,
whith vaporizes ag>soon as current begins to flow.

e Set|upssensing and recording equipment.

D.3.2.4 Test current waveforms

The test currents to be applied are taken from Clause 8 of IEC 62305-1. These include the
first short stroke and the long stroke. These are usually applied in one discharge. The
important parameters of these test currents are shown in Table A.1.

The parameters I, W/R and QOy,gn Within their tolerances are to be obtained in the same
impulse. This can be achieved by an approximately exponentially decaying current with T, in
the range of 350 us accompanied by a continuous current supplying the remaining charge.

The specific test currents to be applied are determined by the protection level (LPL) that has
been assigned to the part of the blade or other wind turbine structure that is being tested.
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D.3.2.5 Measurement and data recording
The following measurements and data recordings should be made.

e Photographs and description of the test setup.

e Photographs of the test specimen before, during and after each test. Infrared video
camera to determine local hot spot areas during tests might be beneficial.

e Photographs and description of damage to the test specimen.

e Records of laboratory environmental data (such as temperature, pressure and humidity),
dates of testing, personnel performing and witnessing the tests, and test location.

o Recordof any deviations from the test procedure

e Redords of the results of each test showing polarity, current a bforms,

spegific energies and charge transfers at applicable test points.

NOTE Indirect effect measurements are sometimes required for electrical systexms ters and

control densors that are to be installed in the part being tested (see CI of these
measurements can be made during the direct effects tests, as long as key wavefor eak rate
of rise, alre correct or otherwise accounted for.
o)
Electrode
e
| Arc jgt
Fireclay o
(insulating =~ o~ Nifating
Insulating surface) wirg
ball

+ >
\ Test specimen

<L

EC 1205/10

Figure D.10 — Typical jet diverting test electrodes

D.3.2.6 Test procedure
The test procedure is as follows.

a) Measure laboratory environmental conditions.

b) Review and implement safety procedures. Some areas of concern are as follows: Test
areas must be safe and clear of personnel prior to charging of test equipment, and
capacitor banks must be shorted out prior to entry of personnel into the test area. Eye
and ear protection may be required.

c) Calibrate the generator and instrumentation as follows.

1) Insert a conductive bar or panel in place of the test specimen with material
properties similar to the test specimen.

2) Connect the bar or panel to the generator test current return.
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3) Initiate a test to the bar while measuring the applied current waveform(s).
4) If the current level or waveform(s) are not correct, adjust the generator parameters.
5) Repeat steps 3) through 4) as necessary to obtain the required waveform(s).
6) Remove the bar or panel and install the test specimen.
d) Apply a test to the test specimen.
e) Inspect the test specimen and document the results.

f) If required, place the electrode at a new position on the test specimen and repeat
steps d) through e).

In general, this test method should at least represent the expected threat from actual lightning

attachments to the blade during its service lifetime of e.g. 20 years. Co g the specific
energy|land the magnetic forces, only the highest current level is of congern, and'enly a few
discharges at this level should be applied (EN 50164-1). Consideri 3 ergsion of
air-ternpination systems due to the conducted charge, the damageds & fvey means
that the accumulated charge conducted during testing will help determi inspection
interval/frequency of replacement, as long as a realistic total a is applied.

D.3.2.7 Data interpretation

Test sgecimens should undergo a thorough post-test eva 3 mi bacy of
the degign with respect to pass/fail criteria. In c i 5, such
criterial|should encompass noise as a gqQnseq ement,
etc.

D.3.3 Non-conductive surfaces tes

D.3.3.1 Test purpose

This tept is applicable fo nen-co ive Su uch as wind turbine blade surfacgs. This
test is lJused to determine the of “a lightaing channel sweeping over non-conductive
surfacgs, foIIowmicor ect atfa ir-termination system.

For ngn-conductive/paxts; cture and subsequent attachment to underlying
conducti astening of air termination systems, down conductor systems,
etc.), th ent t€st in D.2.2 should also be performed. If puncture{occurs
during achment test, the design of the structure must be improved tp avoid
such d i € . test can be used to assess:

o effdcts of “surface\arcing on conductive structures embedded in or beneath the blade
surface((metallis meshes beneath the surface used as down conductors, CFC located just
belowithe surface, etc.);

e non-conductive surface to frame attachment integrity, in case of structural components
supporting the blade skin.

D.3.3.2 Test specimen

Depending on the aim of the test, the test specimen should be a full-scale production item, a
representative prototype or a smaller coupon containing the areas of interest. The parts of the
blade to be tested would be the areas in the vicinity of air-termination systems (e.g. tip and
side receptors), insulating surfaces above CFC and/or conductive metal meshes. The
assembly should be sufficiently complete to evaluate possible damage without affecting the
test results. If the intent of the test is to compare different designs, all samples should have
the same size.

D.3.3.3 Test setup

The test setup is as follows.
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e Support the test specimen in a fixture that elevates the specimen to a sufficient distance
from other conductive surfaces so that these do not influence the test results. Figure D.11
shows a typical arrangement.

Initiating wire represents path
of the lightning sweeping
along blade surface

H Arc jet diverting
electrode

Receptors grounded to test
current generator return

Bladel motion <:|

Blade|cross section 1206/10

e Gro

e Cor ducted

aws lade is
stru ed with
cur

e Poi of the
test

e Cor

e For

o A fipt e Wike, not exceeding 0,1 mm diameter, should be used to direct the arc to a

spegifi t on the test specimen. The initiating wire path should be filom the
elegtrode.directly across the non-conductive surface along the direction of a swept|leader.
The initiating wire’should be approximately 20 mm above the specimen surface.

e Setlup'sensing and recording equipment

D.3.3.4 Test current waveforms

The test currents to be applied are taken from Clause 8 of IEC 62305-1 and are described in
D.3.2.4.

D.3.3.5 Measurements and data recording
The following measurements and data recordings should be made.

e Photographs and description of the test setup.

e Photographs of the test specimen before, during and after each test. Infrared video
camera to determine local hot spot areas during tests might be beneficial.

e Photographs and description of damage to the test specimen.
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Records of laboratory environmental data (such as temperature, pressure and humidity),

dates of testing, personnel performing and witnessing the tests and test location.

Record of any deviations from the test procedure.

Records of the results of each test showing polarity, current amplitudes, waveforms,

specific energies and charge transfers at applicable test points.

D.3.3.6 Test procedure

The test procedure is as follows.

D.3.3.7]

The teq
of the
point(s
unders

D.3.4

a) Measure laboratory environmental conditions.

capacitor banks must be shorted out prior to entry of personn
and ear protection may be required.

c) [alibrate the generator and instrumentation as follows.

1)

P)
B)
A)
D)
) Remove the bar.

d) Clean the test specjmen to re
pffect test results.

Conducted current test

naterial
will not

s).
neters.

h could

, entry
vide an

D.3.4.1 Test purpose

This test is applicable to lightning down conductors, connection components and other
mechanical fixed or flexible components that are in the current path(s) between the air
termination system and the wind turbine earthing system. The test is comparable to the test
methods in EN 50164-1 without the conditioning/aging applied. If EN 50164-1 is used for
verification of lightning connection components on wind turbines, the current test levels
should be selected according to the first short stroke of the selected LPL.

This test can be used to assess:

lightning current conducting abilities;

temperature rises in conductors and connections;

arcing and sparking in bearings, sliding contacts, brushes and general connection

components;
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e magnetic force effects;
e conducting adequacy of carbon fibre composite materials and interfaces.

D.3.4.2 Test specimen

The test specimen should be a full-scale production item such as sections or sub-sections of
lightning conductors or conducting structures that include interfaces between structural

members or assemblies, such as adhesive bonded joints, fastened joints, beari

ngs or

brushes. The structure specimens should be large enough to allow a representative lightning

current distribution to be achieved.

D.3.4.3 Test setup

The tedt setup is as follows.

NOTE
e specimen and to achieve 4
pical arrangement for testing a seg

wind turbine blade. Measurements of induced \voltages.inte ricap>wiring that may be installed within
can also|be made during the congducted current test, crib inClause 8.

D.3.4.

The tegt current Clause 8 of IEC 62305-1, and are desc
D.3.2.4.

The spgcific test edare determined by the protection level that hg
assigngd to the \pa wid turbine structure that is being tested. The test

re (e.9 o parallel down conductors within a blade)) must be
G erntge of the spemmen cross section to the entire cross section (as|

nts are
r other
levant.

ithin the

magnetic
realistic
tion of a
a blade

ibed in

s been
current
B Cross
scaled
suming
ossible

The following measurements and data recordings should be made.

e Photographs and description of the test setup.

e Photographs of injection points.

e Photographs of the test specimen before, during and after each test. Infrared video

camera to determine local hot spot areas during tests might be beneficial.
e Photographs and description of damage to the test specimen.

e Records of laboratory environmental data (such as temperature, pressure and hu
dates of testing, personnel performing and witnessing the tests and test location.

e Record of any deviations from the test procedure.

midity),

e Records of the results of each test showing polarity, current amplitudes, waveforms,

specific energies and charge transfers at applicable test locations.
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Other arrangements validated for high current tests, like the crowbar principle,
are allowed as well.

Switch

S
3 Cufr&nt geherator

EC 1207/10

emient for conducted current tests

vs: test
nt, and

Calibrate the

1 )\"Detach the generator high and return current from the test specimen and gonnect
them to a conductive bar near or in place of the test specimen. The bar should
have material properties that are similar to the test specimen.

enerator and instrumentation as follows.

d

2) Apply a test to the bar while measuring the applied current waveform(s).

3) If the current level or waveform(s) are not correct, adjust the generator parameters.
4) Repeat steps 2) through 3) as necessary to obtain the required waveform(s).

5) Remove the bar and reattach the generator to the test specimen.

d) Clean test specimen using the appropriate technique to remove dust, debris and other
contaminants which could affect test results.

e) Apply a test to the specimen.
f) Inspect the test specimen and document the results.
g) Repeat steps e) and f) to apply additional tests as called for in the test plan.
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NOTE It is often appropriate to apply lower amplitude currents to the test specimen to determine the generator
settings necessary to achieve the desired full-scale currents. If this is done, step c) can be omitted.
D.3.4.7 Data interpretation

Test specimens should undergo a thorough post-test evaluation to determine the adequacy of
the design with respect to pass/fail criteria.

General pass/ fail criteria are defined in EN 50164-1, which could be adopted.

@%
o



https://iecnorm.com/api/?name=e17605ade2086b21305fb5b221627e6d

61400-24 © IEC:2010(E) - 119 -

Annex E
(informative)

Application of lightning protection zones (LPZ) concept
at a wind turbine

E.1 Definition of lightning protection zones

In order to design a lightning protection system for a structure, it is convenient to divide it into
lightninlg protection zones (LPZ) where the Tightning eleciromagnetic envifonment is.defined.
Table B.1 lists the definitions of lightning protection zones according to

Table E.1 — Definition of lightning protection zones accordin

Outer zones Q \ \

LPZ 0 Zone where the threat is due to the unattenuated Ilght ng ectro netlc Id and wherg the
internal systems may be subjected to full or partial li g s
LPZ 0 is subdivided into:

field. The internal systems may be subjected | ligh{ning surge current.

LPZ 0, Zone where the threat is due to the direct li &Wﬁh and e anlng electromagrnetic

LPZ 0g Zone protected against direcJight ng Ias e but ere at is the full lightning
electromagnetic field. The inte aI te be's jected o partial lightning surge cufrents.

nner

LPZ 1 Zone where the surge current lim ré\%s'?nng and by SPDs at the boundary. Bpatial
shielding may}ﬁ‘enuate lig tn|n ele romagn field.

electroma ne

LPZ 2,...h Zone where the urg urrent e further ited by current sharing and by additional BPDs at
the bound Ad t|onal S aI shighding may be used to further attenuate the lightning

NOTE 1| In gener th hi
parametgrs

i d|V|duaI zone, the lower the electromagnetic envjronment

NOTE 2 | Current lim s to reduction of the current loading of individual conductprs of a
lightning|protection s ste e to istriqution of the original lightning current between several conductors.

sphere
grked in
turbine

direct
1e wind
turbine — such areas are consequently LPZ 0,. Computer models can also be used; these
models will typically be based on the rolling sphere method. The internal systems of LPZ Oy
may be subjected to partial lightning surge currents.

By means of air terminations (for example lightning rods) placed at the rear edge of the
nacelle cover, an LPZ Og may be created at the top of the nacelle whereby meteorological
instruments can be protected against direct lightning attachment. At the foot of the wind
turbine there is also an LPZ Og where a transformer kiosk, if any, will be protected against
direct lightning attachment.

The air-termination system positioning tools (rolling sphere, protective angle, etc.) in
IEC 62305-3 do not apply to wind turbine blades. Therefore, the air-termination system design
must be verified according to 8.2.3.
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E.3 POther zones

The boundary between LPZ 0, or LPZ OB : the top
cover of the nacelle if thefre uffie protect
compoments inside (a Fa case of
GFRP hacelle covers, Nt i ed into
the nagelle cover to defing) & i ¢ area within as zone Og to protect nacelle
compomnents fro irest li piNg 8 or leader current without return strokg (see
Figure E.2 and @T S ded'thoroughly to the mechanical drive train bgedplate
of the pacelle. Ideal a GFRP cover should be integrated into thig frame

to defi e the nace ‘ sh with large mesh dimension, up to a few metres in
i le /against direct lightning attachment and leader |current

withouf] v have small attenuation against magnetic and electrical|fields.
A meshi | size will also protect against direct lightning attachment and| leader
current|{ with Q tcoke. Depending on the mesh size and the thickness of the mgsh, the

mesh d¢an havechigh\attenuation against magnetic and electrical fields. As a rule of [thumb,
attenudtion/will be~effective at a distance from the mesh equal to the mesh size.

Figures E-5and E-6 show how the interior of the wind turbine may be divided into protection
zones LPZ 1 and LPZ 2. The nacelle (with some mesh in the cover), the tower and the trans-
former kiosk are protection zone LPZ 1. The devices inside metal cabinets in LPZ 1 areas are
in protection zone LPZ 2 (see Note). For instance, controls inside a cabinet inside a metal
tower are in LPZ 2, but in a metal cabinet outside the tower it is LPZ 1 or LPZ 2 (Note 1).

If the tower is made of a metal tube and there is good electrical connection between the parts
of the tower, the LPZ inside the tower can be defined as LPZ 2. A steel tubular tower is a very
effective Faraday cage, provided it is electromagnetically closed at top and bottom.

Very sensitive equipment may be placed within a still more protected zone, LPZ 3, in another
level of metal cabinets (Note 1). It is the sensitivity of the components in a given zone (i.e.
withstand limits) that defines the level to which the lightning influences (such as current,
voltage magnetic and electrical field) must be reduced to in that zone. Therefore, no specific
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values of current, voltage and electromagnetic field in each zone are recommended in
IEC 62305 series.

NOTE For a metal cabinet, the attenuation against magnetic and electrical fields is dependent on the way the
metal cabinet is designed. For EMC cabinets, the manufacturer can provide measurements of the attenuation of
magnetic and electrical fields.

» with GFRP cover

IEC 1210/10

E.4 Zone boundaries

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

The amount of necessary components for protection against overvoltages (SPDs) can be
reduced by means of appropriate division into zones, appropriate positioning of cables, use of
shielded cables and use of optical fibres for transmission of signals and data.
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Successive zones are characterised by significant changes in the LEMP severity. The
boundary of an LPZ is defined by the protection measures employed for the attenuation

against

magnetic and electrical fields.

In some special situation, it can be necessary to go directly from LPZ Og to LPZ 2. This places
higher demands on the protection components at the zone boundaries which must attenuate
the influencing parameters to the necessary level.

Lightning protection zones can be connected via the shields of shielded cables or via
shielding cable ducts, whereby for example two control cabinets placed some distance apart
can be connected without having to use SPDs on circuit cores (see Figure E.4). Likewise, a

cabinet _defined as LPZ 2 can be extended with a shielded cable to_include an externs

| metal

sensor

E.5

To avo
given Z
or elec
test an

shieldin

J verification m
Protection may bj i

housing also defined as LPZ 2.

AN

LPz2 —) H L
QX

) Cc 1211/10

Figure E.4 — Two cabinets both defined a ected via the shield

of axshields

g cable ro

vithin a
rences
mands,

y using
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{i LPZ 0,
I LPZ 0

Nacelle

Electromagnetic shield

Shielded cable route

Operation building

LPZ 1 [
_F';__;Z____.ﬁ

Shielded pipe
or the like

LPZ 2

ol

IEC 1R12/10

Shielded cable/

High S 3 /
bl shielding cable route

voltagei b < k

Low voltage
switch gear

[7 Shielded cable/
) | shielding cable route

Power — |
electronics | 1
= Power supply A Q P I
|_—‘ control ‘ E‘ Shielded cable/ S | | Power supply

T—equiprent—] shrefdmgcabte route———1 T

Shielded
cable /
-~ shielding
cable route

Tower base Tower Nacelle

IEC 1213/10

Figure E.6 — Example of how to document LPMS division of electrical system into
protection zones with indication of where circuits cross LPZ boundaries and showing
the long cables running between tower base and nacelle
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Annex F
(informative)

Selection and installation of a coordinated SPD protection
in wind turbines

F.1 Location of SPDs

IEC 62305-4 includes detailed information about the location of SPDs. It includes information

on the[ Timitations of the cable distance where an SPD provides profe n duelto the

oscillatjon phenomenon and induction effects.

IEC 61643-12 includes some further examples where additional prd be_necgssary,

such a$ where:

e very sensitive equipment is present;

e the|distance between SPD located at the entrance \ sd equipment to be
profected is too long;

e elegtromagnetic fields inside the structure are gre i nal Teterference sourges.

Clause distance. The osgcillation

protectlon distance is the maximum length © etween the SPD and the equ|pment,

for whi¢ olnt the oscillation phengmenon

and calpacitive load. The oscillation henomenn ay\be disregarded if the length| of the

circuit petween the SPD and the equ i 10 m or if the effective prgtection

level is|50 % of the rated el of the downstream equipment

Clause| D.2.4 of IEC oblem of induction protection distange. The

induction protecti 3, length of the circuit between the SPD and the

equipment for v@ still adequate, taking into account the induction

effect. [The induct imised by using spatial shielding and line shiglding —

see alsp Annex G

Due to
wind tu

connedig

F.2

overyoltage 8 caused e.g. by switching operations or fuse operatior
rbine or in the electrical power system to which the wind tu
ted, s within an LPZ might be necessary — see also Clause F.7

Selection.of SPDs

in the
bine is

SPDs @

anin gpnpml he selected based on the SPD data sheets and prndlmt informatiaon.

NOTE IEC-CB test certificate gives an independent proof that SPDs comply with the relevant standards
IEC 61643-1 and IEC 61643-21.

F.3

Installation of SPDs

With the increasing length of the connecting leads of SPDs, the effectivhess of protection

against overvoltages is reduced. To gain maximum protection,

length should be kept as short as possible.

For the
e tis
e the

installation of SPDs in wind turbines:

recommended that the total connection lead length does not exceed 0,5 m;

so-called point-to-point installation scheme must be according to Figure F.1;

the total connection lead
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