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INTERNATIONAL ELECTROTECHNICAL COMMISSION

WIND TURBINE GENERATOR SYSTEMS -

Part 24: Lightning protection
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1400- e 88:

Enquiry draft Report on voting
88/128/CDV 88/142/RVC

Full information on the voting for the approval of this technical report 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 3.

This document, which is purely informative, is not to be regarded as an International
Standard.


https://iecnorm.com/api/?name=a25b62cb73327c84c383ae282f1f1930

-6- TR 61400-24 O IEC:2002(E)

The committee has decided that the contents of this publication will remain unchanged until
2007. At this date, the publication will be either

* reconfirmed;

* withdrawn;

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

During the last few years damage to wind turbines due to lightning strokes has been
recognized as an increasing problem. The increasing number and height of installed turbines
have resulted in an incidence of lightning damage greater than anticipated with repair costs
beyond acceptable levels. The influence of lightning faults on operational reliability becomes
a concern as the capacity of individual wind turbines increases and turbines move offshore.
This is particularly the case when several large wind turbines are operated together in wind
farm installations since the potential loss of multiple large production units due to one
lightning flash is unacceptable.

Unlike other electrical installations, such as overhead lines, substations _and powercplants,
where protective conductors can be arranged around or above the insfallati i stion,
wind|turbines pose a different lightning protection problem due to and
nature. Wind turbines typically have two or three blades with a dia more
rotatijng 100 m above the ground. In addition, there is extensive osite
matefials, such as glass fibre reinforced plastic, as load-g tning
protgction system has to be fully integrated into the different\ part ines to
ensufe that all parts likely to be lightning attachment poin impact
of the lightning and that the lightning current may be conductes , the attachment
points to the ground without unacceptable damage or d f

To that end this report was developed to mform idation
agengies and installers of wind turbing ghtning protection of(wind

turbimes.
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WIND TURBINE GENERATOR SYSTEMS -

Part 24: Lightning protection

Scope

During the last few years, all major wind turbine manufacturers have made dedicated efforts
towards developing adequate lightning protection systems, and the first experiences
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Definitions

For the purposes of this technical report, the following definitions apply.

21

accepted lightning flash frequency (N,)
maximum accepted average annual frequency of lightning flashes which can cause damage to
the structure

2.2

air-termination system

part

of the external LPS which is intended to intercept lightning flashes
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bonding conductor
conductor interconnecting separate installation parts to equalize potentials between them

24

bonding bar
bar on which metal installations, electric power and telecommunication lines, and other cables
can be bonded to an LPS

2.5
dan

erous sparking

unac
prote

2.6
direg
expe

2.7

down-conductor system

part
systg

2.8

downward flash

lightn
of a
long

29
eartH
part
contd

2.10
eartH
part
earth

2.1
effed
effec|
rotor

ceptable electrical discharges caused by lightning currents in the structure~t
cted

t lightning flash frequency to a structure (V)
cted average annual number of direct lightning flashes to th

pbf an external LPS which is intended to conduc om the air-termin

m to the earth-termination system

ing flash initiated by a downward le=

irst short stroke, which can be followed by
stroke

electrode

or a group 3 € ation system which provides direct eleg
ct with an : i gnt to the earth

tive heig
tive height o
radius

aWwind turbine is the highest point the blades reach, i.e. hub height

ation

sists
de a

trical

o the

plus

2.12

efficiency of LPS (E)
ratio of the average annual number of direct lightning flashes which cannot cause damage to
the structure to the direct lightning flash number to the structure. E can be expressed as the
product of the interception efficiency (£,) and sizing efficiency (Eg) expressing the probability
with which the LPS protects the structure against direct lightning flashes

2.13

equivalent collection area (4,)
equivalent collection area of a structure is defined as an area of ground surface which has the
same annual frequency of direct lightning flashes as the structure
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214

external lightning protection system

consists of an air-termination system, a down conduction system and an earth termination
system

2.15
flash charge (Qfasn)
time integral of the lightning current for the entire lightning flash duration

2.16

foundation earth electrode
reinforcement steel of foundation or additional conductor embedded in the coenkcrete
foundation of a structure and used as an earth electrode

2.17
freqyency of damage by direct lightning flashes
average number of direct lighting flashes to the structure

2.18
grou;ld flash density (V)

average annual ground fFash density is the number ©
per year, concerning the region where the structure

S\ per square kilometre

2.19
interception efficiency (E;)
probability with which the air-terminatiop-% O ercepts a lightning stroke

2.20
inter|
all measures additional to i i i i stem
includi el ANC jon of
the €

2.21
lighthi
the (
lightni

ts of

2.22
lighthi
curreg

2.23

the LPS or in some cases could prowde the function of one or more parts of the LPS

2.24
peak value (1)
maximum value of the lightning current

2.25

lightning equipotential bonding

bonding of separated conducting installation parts by means of direct conductors or SPD,
involved into an internal LPS, to reduce potential differences between these parts caused by
lightning current
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2.26
lightning stroke
single discharge in a lightning flash to earth

2,27

lightning flash to earth

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

2.28
lightning protection zone (LPZ)
zonep where lightning electromagnetic environments are to be defined and controlled

2.29
long|stroke

stroke with duration time 7,4 (time from the 10 % value on the fro
tail) of the current typically more than 2 ms and less than 1 s (¢

n the

2.30
metal installations
extended metal items in the structure to be protected a, path for the lightning
currgnt, such as the nacelle bed plate, the towe :
inter¢onnected reinforcing steel

2.31
mult|ple strokes
lightning flash consisting in average o
abouft 50 ms

2.32
point of strike

pointfwhere a Iig@

2.33
protection level
number denoting

2.34
risk of d
probable

ann

2.35
safely distance
minirpum’distance between two conductive parts within the structure to be protected between
which no dangerous sparking can occur

2.36
short stroke
stroke with time to half value T, of the impulse current typically less than 2 ms (cf. IEC 61024-1)

2.37

sizing efficiency (E)

probability that the intercepted lightning stroke does not cause damage to the structure to be
protected
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2.38

specific energy (W/R)

time integral of the square of the lightning current for the flash duration; it represents the
energy dissipated by the lightning current in a unit resistance

2.39

surge arrester

device designed to protect electrical apparatus from high transient voltage and to limit the
duration and frequently the amplitude of follow-current. The term “surge arrester” includes any
external series gap which is essential for the proper functioning of the device as installed for
service, regardless of whether or not it is supplied as an integral part of the device

2.40
surgp protective device (SPD)

devide that is intended to limit transient overvoltages and divert surg ts

2.41
thunderstorm days (7y4)
number of thunderstorm days per year obtained from isoceg

2.42
upward flash

lightjing flash initiated by an upward leader frq
flash|consists of a first long stroke witk i
can he followed by subsequent short s

ward
vhich

3 Lightning and wind turbines

3.1 | The properties of {ightning

A ligltning stroke can gurce. The maximum recorded value of [light-
the region of 300 kA. Similarly, the maximum

ning [current pro e
reconded values peeific energy are 400 C and 20 MJ/Q respectivgly.

These maximum i a small percentage of flashes worldwide. The median
valug of peak lig issapproximately 30 kA with median values of charge transfer
and s$pecific ) nd 55 kJ/Q, respectively. In addition, the electrical character-
istice of a stroke varywi ype of lightning flash and the geographical location.

3.2 | Lightning\di arge formation and electrical parameters

Lightnhing sfroKes “arg”produced following a separation of charge in thunderstorm cloufls, a
procgss, detailed in a number of publications [1]T [2] [3]. A lightning stroke is obs
wher| this’ charge is discharged to the earth or to a neighbouring cloud. This chapfer is
conce i i '
and the earth.

A lightning discharge usually consists of several components. The whole event following the
same ionized path is termed flash and may last more than 1 s. The individual components of
a flash are called strokes.

Lightning discharges are one of two basic types, downward or upward initiated. A downward
initiated discharge starts at the thundercloud and heads towards the earth. In contrast an
upward initiated discharge starts at an exposed location of the earth (for example mountain
top) or at the top of a tall earthed structure and heads towards a thundercloud. Commonly,

1 Numbers in square brackets refer to the Bibliography.
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these basic types are referred to as “cloud-to-ground flash” or “downward flash” and “ground-
to-cloud flash” or “upward (initiated) flash”, respectively.

Both types of lightning are further sub-divided according to the polarity of the charge removed
from the thundercloud. A negative discharge lowers negative charge from the thundercloud to
the earth. A positive discharge results in positive charge being transferred from the
thundercloud to the earth. The majority of lightning discharges are negative, making up about
90 % of all cloud-to-ground flashes. Positive discharges make up the remaining 10 % of all
cloud-to-ground flashes. Normally, the latter exhibits higher electrical parameters.

Each lightning stroke is different due to the natural variations in the thundercloud that
prodliced it. For example, it is not possible to predict that the next lightning stroke|to a

partig dt the
structure has a given probability of being struck by a lightning stroke\exceediqg-a certain
valug.

Prob tning
strok wers
[33] | ional

lightni mate

the p

The b are
differn \ \ositive/negative). The appropriate
probability distributions are described i pe of
discHarge. The probablllty level given trical
s to
estin

3.3 | Cloud-to-ground

A clqud-to-ground, flas nary
breakdown witl-@ - time.
The parts of the 3

3.31

In th 1, a stepped leader descends from the cloud toward$ the
ground i ¥$ of meters with a pause time between the individual steps of
approxin steps have short duration (typical 1 pus) impulse currents of more
than [1 kKA. hafinel contains, when fully developed, a total charge of about 10|C, or
morel. eter is in the range of up to a few tens of metres. The total duration of

the gtepped-leader~grocess is a few tens of milliseconds. The faint leader channel is 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
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 termed
connecting leaders. Connecting leaders play an important role in determining the attachment
point of a lightning flash to an object.
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When the descending stepped leader meets the upward moving connecting leader a
continuous path from cloud to ground is established. The charge deposited in the leader
channel, is then discharged to ground by a current wave propagating up the ionized channel
at about one third the speed of light. This process is termed the first return stroke. The first
return stroke may have a peak value of up to a few hundred kilo amperes and a duration of a
few hundred microseconds. The process of downward propagating lightning attachment is
illustrated in figure 1.

A - S SR

IEC 1840/02

After|a certain time int ke sequences may follow the path {aken
by the first return stroks < ding these subsequent return strokes is

usually not stepped and ’ of a few milliseconds). The pause time between
successive retu@ ‘ is W the order of 10 ms to a few hundred milliseconds. On
average, a lightni > ains 3 to ¥ return strokes (including the first one). The return
strokes constitute th'e vist X of ghtning flash.

Following ongo eturn strokes a continuing current may flow through the¢ still
ionized chanxel. in ing rents are quite different compared to the short duration | high
ampljtud etiurn strokes: the average current amplitude is in the range of a few
hundred ile the duration may be as long as several hundred millisecpnds.
Cont|nuing cwyents txansfer high quantities of charge directly from the cloud to ground. About
one-half of all ¢loud-torground flashes contain a continuing current component.

Figune < shows a typical profile of the lightning current in a negative cloud-to-ground {lash.
Follo A/ing the contact of the anppnd leader and the r\nnnor\fing Inadnr’ there is g 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 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 3.



https://iecnorm.com/api/?name=a25b62cb73327c84c383ae282f1f1930

TR 61400-24 O IEC:2002(E) -15 -

Parameter Stroke type
e NR TR

Peak current kA 1st negative f\\) /\14 30 90

supsequent pégdkive® (| X kg | 12 30

Posit\iw\ \ yé 35 250

Total charge 2 c | 1st n/eg?tive 1.1 5,2 24

Subs que{t\nagati\v\\ 0,2 1,4 11

’M\ D) \\> 20 80 350

*(st\negkti\k\ j 6,0 55 550

S\uks}qun}xgegative 0,55 6,0 52

osit\ivi 25 650 | 15000
\Wive 9,1 24 65
S%}gequent negative 10 40 162

Positive 0,2 2,4 32
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f —> )-|>
IEC 1842/02 IEC-'1843/02
a) b

t 4>
IEC 1845/02
c
a) | First return strokKe oqly.
b) | First return stro
c) | First return stroke 'wj
d) | First return stroke’Wi
Fi profites of negative cloud-to-ground flashes (not to scale)

3.3.2

In contrastto.negativé flashes, positive cloud-to-ground flashes are initiated by a continupusly
downward jpropagating leader which does not show distinct steps. The connecting Igader
and returh stroke phases are similar to the processes described in 3.3.1. A positive c|oud-
to-ground ifash usually consisis ol only one return siroke which may be followed by a
continuing current.

Positive cloud-to-ground flashes are of great importance for practical lightning protection
because the current peak value, total charge transfer, and specific energy can be much larger
compared to the negative flash. The return stroke tends to have a lower rate of current rise in
comparison to a negative first return stroke. A typical current profile for a positive cloud-
to-ground flash is shown in figure 4. Typical electrical parameters are summarized together
with the parameters of negative discharges in table 1 [33] [34].
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t —>

IEC 1846/02

3.4 | Upward initiated flashes

The ¢harge in the thundercloud causes an elevation of the electric fi S f the
earth, but usually not sufficient to launch an upward moving leader. : iq field
may |be significantly enhanced at mountains, objects plac i t tall

struc may
beco the
thung (like
mode

An u rrent
impu y be
folloy 5 are
quite| ward
initia loud-

to-grpund discharges. The location where dn upward
simply the same point whefeNthe rd\leaderi

t —>

IEC 1847/02

Figure 5 — Typical profile of a negative upward-initiated flash

Measurements of upward initiated discharge parameters are made on tall objects that are
prone to this type of stroke. One example is the CN tower in Toronto, Canada that receives at
least 50 such flashes per year [5]. Work reported in [6] and [7] has also detailed the form and
current parameters of upward flashes at the Peissenberg telecommunication tower in Bavaria,
Germany. The following information on current parameters relates to upward negative flashes
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 can be as high as 300 C as shown in table 2 [6].
Upward initiated discharges, too, may be composed of various combinations of the different
current components mentioned above, as demonstrated in figure 6.
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Table 2 — Upward initiated lightning current parameters

Parameter Maximum value
Total charge transfer C 300
Total duration s 0,5-1,0
Peak current kA 20
Average rate of rise superimposed impulse currents kA/us 20
Number of superimposed impulse currents 50

N
t —>» Ty
IEC 1848/02 IEC /02

a) | G

(A\k} N | /KK _

N

€ 1850/0. IEC 1851/02
d)

LA |

V==

t —>

IEC 1852/02

e)

a) (Initial) continuing current only.
b) Initial continuing current with superimposed impulses.
c-d) Initial continuing current with superimposed impulses and subsequent return stroke(s).
e) Initial continuing current with superimposed impulses plus subsequent
return stroke(s) with continuing current.

Figure 6 — Different profiles of negative upward initiated flashes (not to scale)
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3.5 Lightning protection of wind turbines — the generic problem

Lightning protection of modern wind turbines presents problems that are not normally seen
with other structures. These problems are a result of the following:

— wind turbines are tall structures of up to more than 150 m in height;

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

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

— the blades and nacelle are rotating;

— the lightning current has to be conducted through the wind turbine strdcturexo the-ground,

whereby significant parts of the lightning current will pass through ly all
wiind turbine components;
— wind turbines in wind farms are electrically interconnected gcgtions
wlith poor earthing conditions.
Tall tures
excepe gshes
strikd se for
conce sides
may gdshes
increpses with height and becomes sig
Wind turbines are frequently located in hi i as coastal areas, on hills pr on
mour igh lightning occurrences. As |wind
turbines are also preferably i Q ding area and away from otherlf high
objeq e af ther issue with wind turbines placgd on
hills land mountain ridges\is earthing. conductivity at such locations is [often

relatively poor.

Bladé¢s for Iarge
fibre [reinforced pI Sii

glass
tured

of th poor
cond . , lightning protection of such blades is essential.
Som; e o be
prote

The isk of
lightni than

one | , Within
a petfiod ofrup to 1 s. This is sufficient time to expose more than one blade (for examplg a 3-
bladed<wind turbine rotating at 20 rpm moves the blades at 120°/s). When lightning strikds the
bladés~the current passes fhrnllgh the entire wind turbine structure to the grnllnd This
includes pitch bearings, hub and main shaft bearings, gears, generator bearings, bedplate,
yaw bearing and tower. Lightning current passing through gears and bearings may cause
damage, particularly when there is a lubrication layer between rollers and raceways or
between gear teeth.

Lightning protection techniques for electrical systems are readily available and described in
the IEC 61024 series and the IEC 61312 series. Special consideration must be paid to
account for the fact that a lightning current passing through the wind turbine will be in closer
proximity to electrical systems, as compared to electrical installations in buildings. This is also
a concern regarding personnel safety since it may not be possible to achieve minimum safety
distances set in standards such as IEC 61024-1.
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3.6 Existing IEC standards and technical reports dealing with lightning protection

The standards and technical reports listed in table 3 dealing with lightning protection have
been issued by the IEC. Also, table 4 lists standards and reports currently under
development. None of these directly address lightning protection of wind turbines. However,
the principles described can be used for wind turbines and it is strongly recommended to
follow the guidelines set out in these standards.

NOTE Table 4 is not up-to-date. Please consult the IEC Website for current documents.

The following discussion summarizes the applicability of these standards and their short-
comings with respect to wind turbines.

Table 3 — Standards and technical reports issued by IEC (Mid 20Q1)

Publication No. Title \ &
IEC §1024-1 Ed. 1.0 Protection of structures against lightning — Part\i\ G&Q\qu p\n\\/f-\ )
IEC §1024-1-1 Ed. 1.0 Protection of structures against l/ghtnmg Part en@ral princi
Section 1: Guide A: Selection of prote jon evels lgh ing Ry tectlon
systems

IEC §1024-1-2 Ed. 1.0 Protection of structures against PXL Wl principles —
Guide B — Design, installationy ma/nten d inspection of lightning
protection systems

IEC §1312-1 Ed. 1.0 Protection ag inst lightning Mo a tic impulse — Part 1: General
pr/nC/ples

IEC/TS 61312-2 Ed. 1.0 Protection agqinst ing electro agnet/ impulse (LEMP) — Part 2:
Shielding of structure ndm II’ISId ctures and earthing

IEC/TS 61312-3 Ed. 1.0 Protection againsttightn| ctromagnetic impulse — Part 3: Requiremerits of
surge protective devices\(SRD

=

IEC/TS 61312-4 Ed. 1.0 tection aga st /I ing elgttromagnetic impulse — Part 4: Protection d
N equiament in (Mg struciures

IEC/TR2 61662 Ed. 1.0 [ \Q&{assr&?\qth\%ﬁiamage due to lightning

IEC/TR2 61662- arr(E}>1 0 Ag }sq: S\Qf}bg/rrgk of damage due to lightning. Amendment No. 1
IEC §1663-1 Ed. 1.0 Lightgin otection — Telecommunication lines — Part 1: Fibre optic
/\

Imstall

IEC 41663-1 Corr. 1\ \(‘\OW 1

IEC §1663-2 E<\\ Lightning protection — Telecommunication lines — Part 2: Lines using metaflic
uctors

IEC ¢ 1024—1 tails the “basic principles and definitions for lightning protection of comimon
strucfures up.to igh. It provides information for the design, installation, inspection and
maintenance of effective systems for protection of the structures, as well as for pegople,
installations and contents in or on them. As the height of modern wind turbines freqyently
exce ding
60 m in height will be dealt with in IEC 61024-1, second edition (see table 4). In general, the
standard does not address the following subjects that may be relevant for wind turbines:
electrical distribution systems and generating systems, telecommunication systems, vehicles
and offshore installations.

IEC 61024-1-1 presents methods for evaluating the risk of lightning striking common
structures and methods for selecting a protection level that will reduce the risk for people to
an acceptable level. IEC 61024-1-2 is a guide on how to design lightning protection systems
for common structures.

IEC 61312-1 gives a basis for protection of electrical and electronic systems against the
adverse effect of electromagnetic pulses produced by lightning current as well as direct
conduction of parts of the lightning current itself. This standard does not address vehicles and
off-shore installations.
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More details concerning protection of electrical and electronic systems against lightning
electromagnetic pulses by shielding, bonding, surge protective devices (SPDs) and earthing,
as well as application issues are described in technical specifications IEC 61312-2,
IEC 61312-3, IEC 61312-4 and IEC 61312-5 (see table 4).

The technical report IEC 61662 presents detailed methods for evaluating the risk of damage
due to lightning strokes. It supplements IEC 61024-1-1 by including reliability issues and
economic considerations.

IEC 61663-1 and 61663-2 deal with the lightning protection of telecommunication systems.

Finally, technical report IEC 61819 (see table 4), gives the basic parameters to be Usgd in
laborfatory environments to simulate the effects of lightning on comp s oflightning
protgction systems including SPDs. The report may be of particular”in Waen tgsting
lightning protection components, such as blade protection systems.

NOTE Table 4 is not up-to-date. Please consult the IEC Website for@

Publication No.

IEC §1024-1 Ed. 2.0 Lightning protection of structu s t1:; Wamst physical damgges
and life hazards by means/of\L IS.

N

IEC §1312-3-am1 TS Ed. 1.0 | Amendment W122§@. %}ordl(atl n fSPP>w1thm existing structures,
ACDV.

IEC §1662 Ed. 2.0 Management ris due /I tnl\g\AC\bk/

IEC §1819 TR Ed. 1.0 Test parametérs simulatingthe effetts of lightning protection system (L.P.S
components, Eﬁl\

4 [Damage statisti

4.1 Data on v@

Wind turbine databs A € than
4000[ wind turbines. 1 i i rbine
owndrs and i i ecific

~

subs|dy programmesy ént-based, or subsidized, organizations assemble summaries
of these Statistics\qonthly or annually. Lightning caused fault or damage statistics compiled
from|thes are presented here to help identify the risks involved. This is to 3ssist
wind|turbine rs and owners when assessing and specifying lightning protgction
systgms.

4.2 | Damage statistics

4.2.1 Damage event frequency

Damage events are registered in the databases as turbine faults caused, in the judgement
of the reporting person, directly or indirectly by lightning. A summary of these faults is
shown in table 5 for Germany, Denmark and Sweden. The lightning caused faults vary from
3,9 to 8 events per 100 turbine years. Restated, in Northern Europe one would expect that 4
to 8 turbines of every 100 would be damaged by lightning in a given year.
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Table 5 — Lightning damage frequency

. . Capacity . . . Faults per
Country Period Turbines in Turbine Lightning 100 turbine
database years faults
MW years
Germany 1991-1998 1498 352 9204 738 8,0
Denmark 1990-1998 2839 698 22000 851 3,9
Sweden 1992-1998 428 178 1487 86 5,8

These summary numbers are, of course, subject to a great deal of variables including local

thung

local|terrain.

erstorm activity,

turbine overall

height,

turbine protection
protected turbines would not show up in database if no damage is associ

The local terrain and regional risk effects for Germany are shown ir\table"g

Table 6 — Regional effect on lightning dyge (Ge

(stroke events to

well
ith it)~and the

and

ly, the wind
ge (14 faults
(for further details p

e 7 shows\the re
igure-8.-dispta

ationship in a bar chart for several categories from the German
the results of the Danish database using the same analysis.

Site Turbines Capacity Turbine Lightning UIN'-\ iect Indirgct
0 bine strokes strokes @
category number MW years faults o o
a ear % %
Coaslal 616 178 NN 33,6 % 65,9 %
NortHern 519 88 32 N\ 239 7 23,4 % 76.6| %
lowlapds
Low 363 86 ﬁ 27\ 14,0 30,3 % 69,3 %
mourtains ~
Total 1498 52 &204\ 9 8,0 291 % 70,6| %
a  Dpmage caused by indirect s okeMplies Mca\w)ed lightning stroke not hitting the structure direcfly.

risk

data,
It is

interestirig to note that although the categories are not identical, 40 % to 50 % of all repprted
events.attributable to lightning cause damage to the control system.
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A summary,'of the Swedish database is shown in table 7. The Swedish data indicate that
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Figure 7 — Faults by compone
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igure 8 — Faults by component (Denmark)

43 %

of all .e¥ents impact the control system, and 5,8 lightning damage events occur pern 100
tUl'bI P [ harld b aaoted-tbhat danaaoa + NP H A7 Of oo [H Lttt datab se If
e ‘YUGII\J. LLABEARAA% LAY B A AR B AV S AV Ru S R Lo ) Y UGIIIGHU U ' VIidUCo To 7T /0 TTTUTG IIl\UIy mrumno udiltdav

the turbine is configured with tip brakes.
Table 7 — Lightning fault summary (Sweden)
Type Unit years Lightning F?(L)J(I)tzr?itter System faults per 100 unit years
faults years Blade Control Power Other
Tip brake 586 43 7,3 0,7 3,1 2,4 1,2
No tip brake 901 43 4,8 0,3 2,2 1,3 0,9
Total 1487 86 5,8 0,4 2,6 1,7 1,0
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It is useful to assess the distribution of component damage as a function of wind turbine size.
As has been pointed out, recent turbines are both larger (height and rated power) and more
effectively protected against lightning damage. For the sake of comparison, turbines above
450 kW were considered to be of recent construction. These turbines should reflect some
implementation of lightning protection. Figures 9 (Germany) and 10 (Denmark) show the
distribution of component damage for new and old constructions using this 450 kW delimiter.

Faults %
40 er <450 KW 909 faults
T N New >450 kW, 123 faults
30 2 /\
r
17
~
N N\
207 N S
N DN
N1
107NN
N AN
0N N

Itis i
older
dama

sugg

hteresting to note
turbines. With o

ge to the '

psts that theig

Control system
Electric system

Generator
Structural parts

IEC 1855/02

aul

K

20

Older <450 kW, 988 events
New >450 kW, 29 events

\Y:Z

Control system
Electric system
Generator
Rotor blades
Mechanical brake —}
Yaw system —
Hydraulic system —
Bearings —
Tower —
Entire wind turbine
Other

EC 1856/02

Figure 10 — Faults by component (Denmark)

different for newer turbines as compared to
while

as it
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4.2.4 Damage repair cost

The average repair cost (in DEM) of lightning fault events per component is shown in
figure 11 from the German database. This includes the reported cost of replacement or repair,
including labour, parts and crane costs, etc. By far, blade damage is the most expensive type
to repair and, as one would expect, the larger turbines are more expensive to repair for most
types of damage.

Average repair costs, DEM

40 000 -
Older <450 kW
] New =450 K\
30 000 /\(\
20 000 -
10 000 | >
O ] 2N \

Generator

Rotor blades

Structural pa

IEC 1857/02

and size (Germany)

4.2.5

A turpine damaged by|a lig has\some downtime associated with the diagnosis of
damage and the epair.-Lost Bpepgy resulting from this downtime is lost incomne to
the turbine owne . i he dverage downtime attributable to such faults,| also
sepafated by compehnent man data. Generator and blade damage result in Jarge
dowrftimes, prob i it lead times and shipping. Surprisingly, control system

repai

rs also lead

Older <450 kW
New >450 KW
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A
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Figure 12 — Average down time by component and size (Germany)
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It is interesting to compare the lost production and availability from lightning damage to those
resulting from other faults. Such a comparison is shown in table 8 for the Danish database for
the years 1992-1997. Undoubtedly, lightning faults have a larger impact than the average

fault.
Table 8 — Energy and availability loss compared to other faults
Average wind turbine Average lost ener
Number of incidents downtime g KWh gy
Faults h
DK DK DK

All fgutts 0192 ot 2249

Lightning faults 461 110 /\3 200

Diffefence from average fault - +20,8 % N (\+4\2>Q%
4.2.6 Seasonal fault distribution \>
As iy discussed elsewhere in this report, lightning behaves tically\ LigHtning agtivity
and lightning incidences to ground vary in a seasonal an igure 13 shows

wind|turbine lightning fault incidence tracking the arfnua
Denmark.

Thunderstorm days and IightWamag}@\

0
20
i /\ ¢ Damag W%S percent of installed
RPN >/\ VAN
i m

FigurLc)as 3 shaw information from the Danish and German databases that displa
. Note that in both countries winter thunderstorms cayse a

variapili
relatively high
lower thantin*the suivimer months.

B Lightning damage events [] Average number of thunderstorm days %

of\thuriderstorm da

of lightning faults even though the thunderstorm frequency is

ys in

y this

much
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| Total events: 851 L
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Figure 14 — Faults caused by lightning (Denmark 1990-1998)
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Figure 15 — Lightning damage events (Germa

4.3 Database merits and weaknesses

Therg¢ are wind turbine operation and maintenance™ @ S \ bfe for significant
numbers of units in Sweden, Denmark, and Germany. sases ave some meritg and

ariations in | S
ariations in r rt

g faults. How these are included in the data procepsing
o report the damage can be quite variable. Also, the natyre of

11 not
urbine

ese databases to quantify the level of risk would therefore have a
restimation — especially in the case of recently installed (better

4.3.2 Denmark

A + ) I} b 1 Hy [ H H | £ I} )l il 1—000
ratmet TUTUUYIT UPTT AatluTTs artu TitdimiteTiarict Udiaddstt 15 avdaildulc TUT aDUUL 270 UT T I

turbines installed in Denmark which is maintained by:

Energi og Miljoedata
Niels Jernes Vej 10
DK 9220 Aalborg, Denmark

This is frequently reported on in Windstat's magazine.

4.3.3 Germany

The data concerning lightning events in Germany are taken from the “250 MW-Wind”
Programme and the accompanying Scientific Measurement and Evaluation Programme
(WMEP) operated by
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stitut fur Solare Energieversorgungstechnik e. V. (ISET)

Koénigstor 59
D-34119 Kassel, Germany

All wind turbine operators funded under this programme are obliged to deliver to ISET
maintenance and repair reports for a minimum time period of 10 years. These reports have to
be filled out in the case of turbine faults, including the assumed causes such as lightning
strokes. Due to the obligation of the operators to participate in the WMEP to receive funding
and the permanent data checks within the ongoing programme, the relatively high reliability of
these data should be mentioned.

4.3.4—Sweden

Swe(
Sweq

S
P
S

4.4

4.41

The presented data above emphasize

The 1

s ma

Howgver, it sho

folloV

-V

ish turbine owners must submit monthly maintenance and prod eports.
ish database is maintained by:

wedPower AB, Vindstatistik
.O. Box 527
162 16 Stockholm, Sweden

Conclusions and recommendations

Conclusions

eported data shows that

d be)noted that there are caveats which should be stated with the data
ving are*examptés:

This

thern

tning

ntime

y far

The

briations in local stroke frequency can be large even within a given country or region

— lightning events (direct or indirect) to well-protected turbines do not show up in the
database if they do not cause a fault;

— the differences in turbine heights, protection levels, and local topography impact these
statistics;

— variations in reporting practices influence these statistics.

4.4.2

Database improvements

To improve the understanding of the impact of various damage mechanisms it would be useful
to include more cost information in the wind turbine owner reports. This is not always feasible
but recommended where possible.
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A suggested lightning damage questionnaire is found in annex A. Use of this is recommended
to provide consistent reporting between each country’s maintenance database.

5 Evaluation of the risk of lightning damage to a wind turbine

5.1 Introduction

The design of any lightning protection system should take into account the risk of lightning
striking and/or damaging the structure in question. The risk of lightning striking any structure
is a function of structure helght the local topography and the local level of lightning activity.
Lightp
or explosmns and flres caused by a Ilghtnmg flash nghtnlng damage cah-also be ph)SlcaI
damage to the structure or its contents. Information about local lightning ithe Id be
collected whenever possible (for example at high latitudes where wintg i bse a
speclal threat).

The goal of any lightning protection system is to reduce this d4 The
tolerable level is based on an acceptable risk if human s \ afety
need| not be considered, or if the risk of damage is below the aeck ' | then
any gnalysis is purely economic. This is done by asse i ction
systgm against the cost of the damage it will prevent

The |standard IEC 61024-1-1 p 64662 both include fome
information relating to the evaluatioQ of\th& li i i 3/structure. The information
contgined within these publications 1 iZ§ S and used to illustrate $ome
impoftant issues specific to wind turbinexrisk is, however, a limited ong and
shoul|d not be used as a worked exampl dard or technical report shoul|d be
referfed to.

5.2 | Assessing the li
The first stage ip~an is the estimation of the frequency of lightning
flashes. IEC 61 the lightning flash frequency can be estimfated.
When assessing tke pency to a structure, the collection of data detgiling
the Ipcal ground flas ; i¥ necessary. National organizations may be ablle to
provide this inforR \ Qund/flash density is not available, it may be estimated psing
the following hi

(1)

is the annuabayérage ground flash density per km?2;

T4 is’the number of thunder storm days per year obtained from isoceraunic maps (typjcally
available from national meteorological organizations).

The average annual frequency of direct lightning flashes to the structure can be assessed
from

Ng = Ng x 4gxCyqx107° (2)

where

Ny is the annual average number of direct lightning strikes to the structure;
NQ
Aq  is the equivalent collection area of direct lightning strikes to the structure;

is the annual average ground flash density;

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 knoll.
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The equivalent collection area of a structure is defined as an area of ground surface which
has the same annual frequency of direct lightning 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.

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 true for wind turbines with any types of blades
including blades made solely from non-conductive material such as glass reinforced plastic.

n flat

d. Clearly this is a circle with a radius of three times the turbine heig

Wind turbine
position

IEC 1862/02

tning

3)

h g the effective height of the wind turbine in metres.

IEC 61024-1-1 provides guidance when the turbine is in complex terrain or in proximity to
other structures.

5.3 Use of IEC 61024-1-1

Once an estimate of the lightning flash frequency to a structure has been arrived at, a suitable
lightning protection system must be selected. A failure of the lightning protection system
results in what is known as a critical event. If a failure of the lightning protection system may
result in the loss of human life, the permitted annual number of critical events may be set by a
national or local statutory or regulatory authority. When any losses due to lightning will be
purely economic, the permitted annual number of critical events may be set by the owner of
the structure.
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The permitted number of critical events generally varies according to the usage of the
structure, the location, the construction and the average number of people within or near it at
any given time.

IEC 61024-1-1 states that the number of permitted annual critical events (N;) must be greater
than or equal to the product of the annual average number of direct lightning strikes to the
structure (N4) and one minus the lightning protection system efficiency (1 — E).

Ng = Ngx(1-E) (4)

wherg

E is the lightning protection system efficiency;

Ny |is the number of annual average number of direct lightning strike
is the permitted annual number of critical events.
, the

hduct
g htnmg protgction

The [lightning protection system efficiency is a product of
inter¢eption efficiency (ability to intercept a flash) and the sizing
the flash current). This concept is taken up in I[EC 61024-
systgm efficiency can be defined using the following equati

N,
>q1-_c
S (5)
NOTE| In the new revision of 61024-1 E is defin€s
E=1- R, /Rd (6)

Ry iE the risk of damage;

IEC 61024-1 defines fpur\l [ on system levels, level | through level V. These

have|the efficien@s

pihg protection system levels

. |\on{ff|0|ency Sizing efficiency Efficiency
Protectlon(éﬁﬂ&\ \ E, E = xE,
\
A\ 0,99 0,99 0,98
\LJ\\ \ ) 0,97 0,98 0.95
I N 0,91 0,97 0,90
N 0,84 0,97 0,80

Physlcally the mare efficient lightning protection system will have larger conductor diamleters
and larger earthing systems (to improve the sizing efficiency) and will be designed with an
increased quantity and/or reduced spacing of lightning interception points (to improve the
interception efficiency). The current, specific energy, rate of current rise and charge transfer
levels needed to obtain the various lightning protection system sizing efficiencies are shown
in table 10.
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Table 10 — Maximum values of lightning parameters corresponding to protection levels

Protection level

Peak current

Specific energy

Average rate
of current rise

Total charge
transfer

kA kJQ-1 kA/us C

[ 200 10 000 200 300

1l 150 5600 150 225

m 100 2 500 100 150

\Y
A leJel T Tightning profection system must, Tor example, be able o carry a peak currdnt of
200 KA without damage.
Example
Take|a wind turbine with a hub height of 60 m and a rotor diamg in an
area |of flat ground with a ground flash density of 0,2 flashes year.
The permitted annual number of critical events is 1 in 190 0QQ (a sed in the United
Kingtfom) As the wind turbine will not contain personpe , the
permjitted number of critical events can be modified plied
by 1 o). The estimated lightning flash frequency must fiy
Ng § Ngx9mh? x107°
Ng F0,2x97(90)% x10~° (7)
Ng4 F 0,046 year -
The lightning protectio must be such that no more than 1 in 1 000
criticpl events perfea PS efficiency can therefore be found.
E =2(1- ——
E =|(1 (8)
E 2|97,
In this location efficiency of 97,8 % is required so a level | lightning protection system
would have to be led.
5.4 | Use'of IEC 61662

While IEC 61024-1-1 allows the assessment of the level of lightning protection system to be
provided for a particular object, a more rigorous analysis of lightning protection system

requi

rements for a structure can be performed using the technical report IEC 61662.

IEC 61662 allows the assessment of the risk of both direct and indirect (magnetically coupled,
transferred overvoltages, etc.) lightning damage in terms of safety or cost. In a similar manner
to IEC 61024-1-1, a risk is calculated for a structure and compared with an acceptable risk

level.

If the calculated risk level exceeds the acceptable risk level, the lightning protection

system on the structure must be improved. This is especially the case when there is a risk to
human life.
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The maximum cost of a lightning protection system can also be justified in terms of comparing

the a
type

nnual cost of installation with the annual cost of lightning damage that it prevents. This
of analysis can be performed if the risk to human life is zero or has been shown to be

below the acceptable risk.

For t

he purposes of a wind turbine, the standard can be used as follows. Direct lightning

damage, occurring when lightning strikes the wind turbine, takes one or more of a number of
forms

injury/loss of human life due to excessive step or touch voltages, debris, explosion and fire;

— fif

- d

(]

Dired
struc
nearl

— fif

If the
as th
of i
frequ
prote
of lig

Cam

wher
Ftotal
Clossd

The
given

vervoltage damage to electronics contained within the w
hmage to the blades2.

t lightning damage is always proportional to the lightning ~ hat the
ture in question will receive. In contrast, indirect damage oc¢surs i ikes a

vervoltage damage due to the rise in potential of

e/explosions and overvoltage damage due tq the ri ) jd i ithip the
ind turbine due to coupled magnetic fields

ndirect damage frequency varies_actg i [ okes

total frequency of Ilghtmng dam an the acceptable level, measures|such

e installation of a b ) em must be taken. Once the freqyency
jhtning damage causi as” been reduced below the acceptable
ency, a cost cent i jed out. The annual cost of any lightning
ction system, c;, d the annual cost of lightning damage (the freqyency
htning damg i NI his is expressed in the equation below.

systg

¢st (z§

 Fiotal X Closses (9)
is the

o |

hnnual co e turbine lightning protection system can be found using equation 10 as
in IEC61662,_This equation relates the total cost of the turbine lightning protgction

m, ¢, (during the lifetime of the turbine) with the annual cost using amortization (a),

and malntenance (m) rates Subs’ututlng this into equatlon 9 leads to equatlc n 11
z roti—ofmoney—that-ean—econories y rbine

lightning protection system

Cam = ¢pmla *+ i+ m) (10)
Frol X €
< otal - 0sses (1 1 )
pm (a+i+m)
2 This type of damage has been added into the calculation but is not an inherent feature in the technical report

IEC 61662. A method of modifying the standard to account for this is described.
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where

Cpm is the total cost of the turbine lightning protection system;
a is the amortization rate;

i is the interest rate;

m is the maintenance rate.

This method of calculation does not involve the use of a defined level of acceptable risk but
relies purely on an economic analysis.

As the—costof Hgm:\gn to the hlades will he different to the cost of rlnmngn to-the control
systgm, it is suggested that the cost of protection measures be analyzed once for the blade

lightjing protection system and once for the control system. In bot hnual
frequency of lightning damage will be different as will the expected 5. An
exanjple of such an analysis is given below.

5.5 | Analysis of blade lightning protection system costs

Take| the wind turbine detailed previously with a hub height © er of
60 m| The estimated annual lightning flash frequency wa 3 per year. Assume
that all of the lightning flashes that the turbine recei ttack rbine

with
blade

If we

=

Ever
annu

Csave

wher

Csavefd

wherg
Ny |is an estir@ 3

b the

vould

(12)

bef of blade faults that will be prevented with 1 %
ing protection system.

gtem efficiency increase will result in a reduction ip the
age. There is a cost-saving associated with this reduction

(13)

is .the cost-saving resulting from a decrease in the annual frequency of lightning
damage;

Cdamage

IS the cost associated with the replacement ot a blade following a lightning stroke.

The cost of blade damage can be represented as a percentage of the turbine cost. If each
blade is 5 % of the turbine cost, then the equation above can be re-written as:

Csaved = V) X Cdamage

Csaved = 0,00046 % 0,05 X ctyrpine (14)

Csaved = 0,023 X cyyrpine x10 -

where cy,pine IS the cost of the wind turbine.
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It is only economic to install a blade lightning protection system if the annual cost of the
system over the turbine lifetime is less than the cost-saving that results from the installation.
From the equations described earlier, it can be said:

< Csaved ( 1 5)

c
M (a+i+m)

Take the case where a =4 %, i = 8 % and m = 1 %. Using the previously derived expression

for cgaveq:

| 0,023 % cyine 1072
[ (a+i+m)

(16)
cpm F 018X cyyrpine X1 03

ction
ever,

An eixpression giving the maximum cost of 1 % efficiency of\the b ade
systgm as a function of the turbine cost has now been prodUsed\ The(eguation tan, how
be simplified further:

C,
P <018x1073
Cturbine (17)
C,
— P <0018 %
Cturbine
This equation shows that fo ink ximum cost of 1 % of blade lightning
protection system efficiertQy i bine cost. We could, therefore, say that
the ipstallation of a le ‘ icient)\dlade ljghtning protection system could cost up to
1,7% (95 % x 0,018 3 \ e'cost in an area with a relatively low apnual
ground flash den of \
5.6 | Analysis of li osts for wind turbine control systems
Unlike lightning damsa Wi bine blades, damage to control systems comes from a
number of di indi ources. Coupled with the more distributed and diverse nature of
wind|turbine tontrohsystems\this makes an analysis of the lightning protection costs for|wind

Take| as an example,\the turbine previously discussed. The turbine will receive 0,046 direct
lightning strokes anaually. The number of indirect strokes that will affect the wind turbing are,
howgver{ much greater. The turbine is situated in an area with a soil resistivity of 250 Qm.
Power.cables and a metallic SCADA system cable run from the turbine to a substation [sited
1 kmaway:

IEC 61662 states that these services will be affected by a number of lightning strokes to
ground. The average annual number of lightning strokes affecting the incoming services, N,
can be assessed as follows:

Nk = Ng x 4 x10 (18)

where

A, is the area of influence of the service in km2, this includes the effective collection area
of the service itself and the effective collection area of any adjacent structure connected
to the service under consideration.
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The procedure for assessing 4, is given in IEC 61662. In the example given, the power cable
would have an area of influence of 0,05 km?2 while the data cable would have an area of
influence of 1 km2. The total number of lightning strokes affecting these incoming services is
therefore 0,01 and 0,2 per year for the power and data cable respectively. In comparison to
estimated annual lightning flash frequency of 0,046 per year, it is clear that the data cable will
suffer by lightning flashes approximately four times that of the wind turbine itself. If a fibre-
optic cable with no metallic shield is used, the number of lightning strokes affecting the data
cable would have been reduced to zero.

Further damage mechanisms concerned with magnetic field coupling are given in IEC 61662
(amendment 1). The result is that damage to wind turbine control systems can occur with a
grea Uency | T

The earlier analysis concerning blade damage showed that the cost of"q li [ ction
systgm was proportional to the frequency and cost of damage. F i ; ntrol
systgms, the frequency of damage will be increased in comparisof to\b t the
cost jof such damage will fall. The effect on the maximum amounqt i ically

spent on 1 % of lightning protection system efficiency for theSturbing\controk sysiems would
depend on the exact configuration of the wind turbine, so i S pe of
this neport.

6 Lightning protection of wind turbine bladg

6.1 Blade structure

Modegrn wind turbine blades are large ho manufactured of composite materials,
such|as glass reinforced plastic (GR winate and carbon reinforced pjastic
(CRR). CRP is typically e blade structure or for special
components such as thecti 2 . ith tip brakes (tip-stall braking mechanlism).
Some parts and discr G 5 Wchxas maunting flanges, balancing weights, hipges,
bearings, wires, electrics i Spri dfixtures are made of metal. At some pojnt in

time [hopes were high that \ : strike blades made of non-conducting material
only,|but practi @ Pi ¢ demonstrated that this is not the case. Ligatning
does|in fact strikevblades wi \ tallic components, and whenever a lightning

rc is
form¢

The ides™® 5. of a blade are normally manufactured as separate shegts of
glass materials glued together along the leading and trailing €dges
and fo a'i -caqrying structure also made of glass fibre. Inside the blade, therg are
large| air fi o\ ed by the surface skin and the internal structure and stretching the

Ther¢ areseveral types of blades depending on the control and braking mechgnism
emplpyed. Four main types are shown in figure 17.

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

O

IEC 1863/02

Type ssive
rotat 5 are
pred ides of
the t nt, a
lightn e(ti i butermost end of the tip shaft, and frof the
other i ange

at th lade.

ake controlled by a steel wire. With type C blades
minantly found within a few tens of centimetres from the
the sides of the tip at the position of the outermost end ¢f the

Type
lightni
outer

tip sH pe B, a lightning arc formed inside the tip section betweep the
attachmer érmost end of the shaft causes severe damage. On type C
blades, © in blade is mostly seen when the steel wire has been unahle to
carry . Steel wires used for this purpose are of a minimum diamefer of

10 mm or 12(mx | 7 m long blades. Such wires are capable of conducting most lightning
currents, and thereby protecting the main blade from damage (See 6.5 for further discugsion
of th¢ sizing of materials).

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

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

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

the a

ttachment point.

The most severe damage to wind turbine blades is caused, however, when lightning forms
arcs inside the blade. The arcs may form in the air filled cavities inside the blade or along the
internal surfaces. Another type of damage is seen when the lightning current or part of it is
conducted in or between layers of composite materials, presumably because such layers hold
some m0|sture The pressure shock wave caused by such internal arcs may Ilterally explode

the b

spar| All grades of damage are seen ranging from surface cracking to comptete disintegs
of the blade. In some cases, pressure waves have propagated fro

lighting through the hub and into the other blades causing pressure d

Internal arcs often form between the lightning attachment poi

somg

the t|p section, whereas the main blade is unharmed. Damags il bladeg
normfally been seen when an arc has formed inside the mai de. pically, this
happened in cases where the steel wire controlling the ihsufficient ¢
sectipn to conduct the lightning current from the tip Sha 1b. WNth type A bladeg,
main|blade is destroyed

The

therdfore the formation of a pressure shock

Mino

lightni

6.3 | Lightning protecti
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A Receptor B C D
X Down /

conductor

Metal mesh

Steel wire

6.3.2

gerving as an air termination system or a flown
pss-section to be able to withstand a direct lightning

Metallic conduc
condpctor syste

stroke and condug g cdrrent. In addition, certain dimensions are needgd in
ordel to achieve S 9 blade surface. The minimum cross-section for alum{nium
is 50lmm?Z2 a achi eliable fixing of such conductors may be problematic. Furthermore,
condpctors G k surface may compromise the aerodynamics of the blafe or
generate i i

For lightning rs embedded in the blade, wires or braids of either aluminium or copper
are psed. in_the-\litetature, several protection systems are described where a matallic
condyctor-connected to the blade root is placed either on the blade surface along the trgiling
edge| of the blade or embedded in the trailing edge. Some blade constructions have matallic
conductors plar\nrl alnng bhoth the Inading and the +r9i|ing ndga (fypo (‘) ln ar'lr'lifinn, 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].

6.3.3 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 for existing unprotected blades. It
should, however, be noted [10] that large pressure waves are associated with guiding the
flash close to the blade surface. This may lead to structural damage.
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Some promising experiments with segmented diverter strips have been performed recently
[17] [18]. Such segmented strips are used on aircraft radomes because they do not interfere
with the radar signal. However, no application of segmented diverter strips on wind turbine
blades has been reported.

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

6.3.4 Internal down conductor systems

A solution to the prnhlnme with conductors plnnnd on the blade surface is to have the
lightning conductors placed inside the blade. Metallic fixtures for the conductor penegtrate
the b used
on ai

The such
discre t the
tip, 2 For
bladg e A).
If the as a
down

Withi stem
(type stem
for b esis
insuffici

6.3.5

An al;e e the
surfa ) fibre
composite materja 3 i i i i iding
condpcting mat : éreby reducing damage to a small area at the
attachment point. 9 (i \ j metal
coatd puter
layer| [15]
[21] mesh
placd 5 the
extre [14]
[15]

6.4 | Interception efficiency

The interception efficiency is an issue with the lightning protection methods using discretg air-
termination systems placed on the blade surface. Solid conductors and segmented divgrters

on the surface and discrete receptors penetrating the surface must be placed in such a way
that the likelihood of lightning attaching to the unprotected part of the surface is reduced to an
acceptable level.

The spacing of discrete receptors giving an interception efficiency equal to that of solid
conductors would in theory be the spacing where the flashover voltage along the blade
surface is smaller than the breakdown voltage of the blade skin. In practice, both the
breakdown voltage of the blade skin and the surface flashover voltage will be difficult to
establish as variations due to different composite material as well as influence of ageing,
cracks, humidity and pollution must be expected. Furthermore, the interception efficiency of
segmented diverters and of discrete receptors will be influenced by the presence of con-
ducting materials inside the blade [10]. For instance, on aircraft radomes solid conductors
are placed on the surface with spacing ranging from 30 cm to 60 cm, however, the inter-
ception efficiency is not 100 %, as occasional puncture of protected aircraft radomes occur.
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Conductors placed on the inside of the radome are for mechanical reasons fixed every 15 cm
with fasteners protruding to the outside and serving as receptors [10].

For blades up to 20 m long, it appears that receptors at the tip of the blade are adequate. It
may be necessary for longer blades to have more than one receptor to obtain the desired
interception efficiency. Documentation of practical experiences and further research into the
problem of designing adequate air-termination systems for wind turbine blades longer than
20 m is needed.

6.5 Sizing of materials

The materials used for lightning protection of wind turbine blades shall be able to withgtand
the dlectric, thermal and electrodynamic stresses imposed by the lightni rent. (Minfmum
dimepsions for materials used for air termination and down conductio ed~in)table 11
(seefalso IEC 61024-1).

Material Air ter:]nrﬂlr:gatlon mdw

Copper

Aluminium

Steel

and
e 12

FurtHer, dimensions which take into
predictable accidental stresses are u
(seefalso IEC 61024-1).

Taple 12 - Proposed Wdl\mw\

ghtning protection system materials

N aN
Material Coafiguration Minimum cross-sectional area
AR N\
Coppler \ Solid tap 50
io\r d 50
Stranded 50
Solid round for air termination rods 200
Alum|nium \ Solid tape 70
Solid round 50
Stranded 50
Alum|nium aIon\> Solid tape 50
Solid round 50
Stranded 50
Solid round for air termination rods 200
Hot dip galvanized steel Solid tape 50
Solid round 50
Stranded 50
Solid round for air termination rods 200
Stainless steel Solid tape 60
Solid round 78
Stranded 70
Solid round for air termination rods 200
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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
currents even for wires of up to 10 mm diameter (cross-sectional area 78 mmZ2). The
temperature rise of conductors carrying lightning current can be evaluated as shown in
equation 19 (see also IEC 61819). The constructor must consider the temperature rise of all
components subjected to all or parts of the lightning current and secure that such components
have sufficient strength to fulfil its function immediately after a lightning stroke. Equation 19
may be used to calculate the temperature rise:

1 [ r(W/Rxnfxnn—l ]
-6 =—Xx exp‘z—'” =1 (19)
T e 1]

06— g, isthe temperature rise of the conductors (K);

a is the temperature coefficient of the resistance (1/K);

W/R is the specific energy of the current impulse (J/Q);

20 is the specific ohmic resistance of the condu pecdature (Qm);

q is the cross-sectional area of the conductor

y is the material density (kg/m3);

Cw is the thermal capacity (J/kg

Tabl¢ 13 shows the inputs to this egquati umon materials and table 14 shows
tempgrature rises for different conductors goted that in the case of pre-loaded

wireq the temperature rise he melting point to cause failure.

Tablﬁ/ﬁ{h Si
N Material
Quantity (\ Coppey Aluminium Mild Steel Stainless steel °
P CanN N7 B 100 ) 29 x 10-9 120 x 10-9 0,7 x 10-
a 1/ 3,92 x 105 4,0 x 10-3 6,5 x 10-3 0,8 x 10-
y N 8 920 2700 7 700 8 000
g, (mpelting port\ \EO | \ 1080 658 1530 1500
¢ O\ Wkg™ 209 x 109 397 x 103 272 x 103 -
Cu JIkgRy 385 908 469 500
@ Austenitic nen magneti
Material
Cross- Aluminium Steel Copper Stainless steel
section W/R W/R W/R W/R
mm?2 MJ/Q MJ/Q MJ/Q MJ/Q
2,5 | 56 10 25 | 56 10 25 | 56 10 2,5 | 56 10
4 _ _ _ _ _ _ _ _ _ _ _ _
10 564 - - - - - 169 | 542 - - - -
16 146 | 454 - 1120 | - - 56 143 | 309 - - -
25 52 132 | 283 | 211 | 913 - 22 51 98 | 940 - -
50 12 28 52 37 96 | 211 5 12 22 190 | 460 | 940
100 3 7 12 9 20 37 1 3 5 45 100 | 190
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6.6 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 blades with tip brake (type C), the hydraulic system, which actuates the control wirg, [must
be protected. Standard hydraulic cylinders that are normally used can be damaged by
flashpvers from the rod to the cylinder housing. Usually, the hydraulic bd by
diverting the lightning via a flexible bonding strap with sufficient slack btion.
Another approach with a sliding air gap construction has been des

Care[ must be taken to reduce the slack in such bonding stra e the i bi Itage
drop|across the slack may become very high, thus resulting_i i f the
cylinder [24].

6.7 | Carbon reinforced plastic (CRP)

Carbpn reinforced plastic (CRP) is rre-

infor¢ement of the blades. The use o

The ibres.
Althdugh carbon fibres are electrlcall ing materials, where layers of carbon
fibreg are fixed in a matrix; R 000 times lower than aluminium [25]
and [21]. Therefore, the re & RP sonducting current is very high, and dases
develop in the mater)a iIX-evs s at about 200 °C. The pressure |from
evapprating gases ca and™delamination of the layers. The CRP may |even
incinerate, in pa ar's i 3

In aifcraft where CRR idered mandatory that lightning protection is proyided
for C @ 1 ¢k by lightning or may conduct lightning current [10].
Cas¢ AT RP Aip shafts for wind turbine blades have been damaggd by
lightni ; experiments have also demonstrated problems with CRP ghafts

condlcti ighining ~eurrent [24]. Laboratory tests of blades with CRP skin have shown

CRP(shodld-be considered as a conductor and hence proper bonding between CRP and pther
conductlng components must be made CRP components of large dlmenS|ons may be able to
cond ‘
not suff|0|ent |nformat|on avallable about the Ilghtnlng current carrymg capablllty of CRP
materials in general, and particularly, not of the specific CRP materials and configurations
used in wind turbine blades.

6.8 Wiring inside blades

Wiring for sensors placed on or inside blades must be protected by appropriate equipotential
bonding to the down conduction system. Wiring should either be shielded cables or placed in
metal tubes. The shielded cable or metal tube should be placed as close as possible to the
down conductor and bonded to it.
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7 Protection of bearings and gearbox

71 Damage to bearings due to AC and DC currents

Electric currents are known to cause damage to bearings. Most experience of this originates
from machinery in which AC or DC currents pass through bearings which form a path in an
electrical circuit. Such currents cause damage over time even at current densities lower than
2 A/mm2. At a current density of 1,4 A/mmZ2, bearings are damaged within a few thousand
hours and even at 0,7 A/mm?2, damage is to be expected. The lower limit, at which only a
small risk of damage remains, is about 0,1 A/mmZ2 [27]. Other relatively well-known sources of
damage are welding currents and recurring electrostatic discharge currents passing through
bearimgsto ground:

7.2 | Damage to bearings due to lightning currents

Clearly, lightning currents have a much shorter duration compared g - entioned
AC gnd DC currents. Arcing between bearing raceways and rglling \ disgipate

Practical experience with lightning damage to wind turb iDYSN , i wind
turbine bearings are not normally checked after lightning ikes. it i ifficdlt to
establish the chain of evidence as it may take /yes S i has
developed. Furthermore, such delayed damage i * ments and racewgys is
not easily attributed as caused by A ing c 5 ling and molten material
originating from the lightning current [ < & ) more material from the rpllers
and raceways is milled inside the beari y h cgases of delayed damage are
probably never identified as being causec JhtRi

Therg have been cases, hgWwever, v i grs to have been the cause of damage
to bearings. In particula Si i wind
turbipes should be mpp \ i least
becapse of the high re it by

lightging causin main
bear:l‘ngs develo
turbipes located o

wind
Recently, four wing 3 ] i i ing. er, a
powdgr ut|I|ty desids [ i i i the
bearings. ftroke
sincg oRe bie 2 Y Bsion
damage of: nding
number of simi i ing. aring
manyfacturér-subsegdently estimated that such damage would result in a reduction df the
remafining bearing lifetime by a factor of 3.

7.3 Laboratory investigations

Few investigations of the damaging effect of lightning current on bearings have been made. In
one investigation [28], it was found that lightning current caused abrasions at the points of
formation of arcs between rollers and raceways. Damage to a bearing was found to occur at
current densities above a threshold of approximately 4 kA/mm2. The damage threshold
increased with increasing mechanical load on the bearing. Bearings with low mechanical
loads had discrete pitting and abrasions, but those with higher loads exhibited damage in the
form of a flute shape along the contact zone between rollers and raceway. At higher current
values the characteristic shapes remained the same, but, the amount of molten material and
the damaged area increased. Apart from the current density and the load, it was found that
the amount of damage was reduced when the bearings were lubricated.
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Another set of results have been produced by other researchers who applied lightning
currents to pitch bearings and generator bearings [24]. They made identical tests to a rotating
and a stationary generator bearing, and they only observed damage on the rotating bearing.
The cause of damage is the arcing between rolling elements and raceways at the breakdown
points through the insulating hydrodynamic lubrication layer present in the rotating bearing.

It is evident that further investigations into the damage mechanisms of bearings is required.
Investigation of the lightning current distribution from the wind turbine hub to the tower have
shown that 80 % of the applied lightning current pulse passed through the outermost main
shaft bearing. The other 20 % was distributed through the second main shaft bearing, the
gearhox and the generator [29]

7.4 | Lightning damage to gearbox

Except for the above-mentioned investigation [29] which documented
currgnt which will enter the gearbox, there is no solid evidence
gears due to lightning.

Ther¢ have been cases where gears and shaft bearings<have

with |ightning striking the wind turbine blades. Howeve z
such|damage is a secondary effect of main bearing”lightning tlamag
pitting has been found in dismantled gearboxes, but agaip i
solid|chain of evidence.

7.5 | Lightning protection of bearing

It is |possible that large heavily load le to
condpct the lightning current without s f the
slow| moving pitch bearjrig 3 it is
recommended that an alte i ; ith a

flexile conductor, a sl

As far as the it is
diffichlt to combine tk ntact
needed to conducinlig ‘ rents
pass|ng through ¢he\main $ i iding
contacts, bru 3

strucfures h N i > with

their [conpections (o Toecahgroimhd have higher impedances. Therefore, such measures cgnnot
divert albaf thel {

Som¢é manufacturers use diversion components, such as carbon brushes, designed for much
lower current levels. This may result in arcing across or through the component when

subjgctéd—to lightning current. Furthermore, wear of brushes may require frequent
replawmiaumwmwmmmmmmJ

In order to reduce the lightning current through bearings, the lightning current must be
diverted via a low impedance path, and the impedance of the bearing structure must be
increased by incorporating a resistive or insulating layer somewhere in the current path
through the bearing [30] and [31]. Figure 19 shows how such an alternative current path can
be established at the front end of the low speed shaft, while at the same time introducing
insulating layers in all the current paths through the bearings, the gearbox and the high speed
shaft to the nacelle bedplate (local ground plane). Many manufacturers make use of a flexible
coupling inserted in the high speed shaft, which may also provide the needed insulation and
thereby protect the generator from lightning currents entering into the generator shaft [32].
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s chapter, t

ction methoddloyg
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pective\\of iR oice of generator, control principles, voltage levels and phy
gement of the ‘electrical equipment, similarities are found in all wind turbine eleg

ms« Four different equipment sections can be identified. Starting from the generato

b can
must

Jlogy

hding

sical
trical
r and

progt

pqcing toward the inr‘nming cables _the sections are:

— generator section,

— low voltage switchgear and power conditioning section,

- tr

ansformer section, and

— medium voltage switchgear section.

Depending on the size of the wind turbine, the last two sections may be common to a group of
wind turbines. For turbines with a rated power of 250 kW and above, it is customary for each

wind

turbine to have its own transformer. Figure 20 describes the latter situation.
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section
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IEC 1866
Figure 20 — Principle configuration of electrical equipment
in a grid-connected wind turbine

The medium voltage switchgear in the switchgear section serves two purposes:

— to route the cables from one wind turbine to the next and to provide a disconnect facility so
that sections of the cable grid, typically radial connections, can be isolated and earthed

when service or repair are needed;

— to protect the wind turbine by breaking the supply from the grid to the wind turbine if faults
occur in the transformer or power system of the wind turbine. This is accomplished using
medium voltage fuses or circuit-breakers. This section is always situated at ground level,
either in an external transformer housing or inside the tower, if the transformer is placed

inside the wind turbine.


https://iecnorm.com/api/?name=a25b62cb73327c84c383ae282f1f1930

—48 — TR 61400-24 O IEC:2002(E)

The transformer in the transformer section raises the voltage from the generator voltage,
typically low voltage (i.e. below 1 kV), to the medium voltage level (i.e. below 36 kV) used in
the power collection system in the wind farm. The star point on the low voltage side of the
transformer is connected to the earthing system of the installation and to the central earthing
busbar of the wind turbine. The transformer is placed either in an external transformer
housing, together with the medium voltage switchgear, in the bottom of the tower or in the
nacelle. The transformer is typically oil insulated if placed in an external housing, and with
dry-type insulation if placed inside the wind turbine.

The low voltage SW|tchgear and power conditioning sect|on fulflls a number of functions. The
followin [l wind
turbimes. They provide an outlet to an auxiliary transformer stepping the voltage down|from
the generator level to the standard level used in industrial installations™(400/230V or
190/110 V depending on local standards). Pumps, control systems, ) are

supplied from this transformer. A moulded case circuit-breaker (MCQGB it and
therr:ral overload tripping connects to the primary power circuits The cap s for
reacfive power compensation are connected immediately afte e ough
fuseg or through smaller MCCBs. The capacitors are SWItChe G ing on
the tlype of turbine, variable speed or not, power electrp ica i of a
frequency converter (variable speed) or a thyristor so > i [ ction
generator) — are inserted directly before the generatef. Tt i i ction
follows the location of the transformer.

The generator is found in the nacelle An ' ¢ : ng a
doubly fed induction generator where\xthe ower
circult. This and the necessary rotor power e i ; i i art of
figure 20.

8.2.2 Control system

The control system fgts a s cab g i . (see
figur$121). Power to th y r via
automatic fuses . This is converted to an approiriate

voltape level fo micfoprocessors, sensors, transducers and similar
equipment which fox tepi. The major part of the control system is located in
the Rottom of th N e naIIe In many cases, a decentralized system is placed

in the hub, controNjing\and ing the blade movement.
Compmunjeation linesNare\ required between the various control system components whether

they |areNin the the nacelle or the hub. These internal links are often fibre |optic
cablgs. SO o metallic wire they protect the equipment at both ends |[from
overyoltagessinduced Yy lightning currents.
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Figure 21 — Principle control system configuration

Remote control and supervision is usually by modem and telephone cables or supervisory
control and data acquisition link (SCADA link). If not properly protected by overvoltage
suppressors, this line can be the source of a major part of the faults in the control system
caused by lightning flashes not directly hitting the wind turbine. It should be noted that as the
control system operates at substantially lower voltages than the power system, it is much

more vulnerable to lightning damage.
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8.3 Lightning protection zones

A wind turbine can be divided into physical areas which roughly define the nature of the
influence of a lightning flash to components in that zone. The division of the wind turbine into
lightning protection zones is a tool for ensuring systematic and sufficient protection of all
components of the wind turbine. These lightning protection zones (LPZ) are defined
depending on whether or not direct lightning attachment is possible and the magnitude of the
lightning current and associated electromagnetic field expected in that zone (see table 15).
Lightning protection methods are then applied to ensure that components, for example
machinery or control systems, can withstand the electromagnetic field and lightning current
that might enter the zone in which the components are placed. For instance, protection
against avervoltages is only necessary for cables passing from one zone into a zone with a
lower protection level, whereas internal connections within the zone may be unprotected, This
approach is detailed further in IEC 61312, and it is discussed below.

Table 15 — Lightning protection zones

LPZ 0, Direct lightning attachment, full lightning current, unatte{éﬁ%d\écht}Qm}ngti ield

LPZ 0g No lightning attachment, full lightning current, unatt atéq eI@mag\a\etic\mﬁd

LPZ 1 No lightning attachment, reduced lightning curﬁ_n_t,\\auquht% e\e\\ctﬁo{n@netic field

LPZ 2 Further reduced lightning current, further a}{énuated\eie\cwgne}@ field

NOTE| Lightning protection zones with higher nu detindd f@rther eduction of lightning influ¢nces.

8.3.1 Zone 0

The poundary between LPZ 0, and I/PZ Qg is b ied by means of the rolling sphere
modg¢l as shown in figure 22 (see alsq \The areas marked in grey are LRPZ Og
where a lightning flash gan : rest, of the surface of the wind turbipe is
LPZ p,. Locations against\whisf) the sple ot roll are protected against direct sfroke
attachment. As can be attach to most of the surface of the|wind

turbine — such argas lare OA By means of air-terminations (for exgmple
lightging rods) p@ acelle cover, a zone LPZ Og may be created at
the tpp of the n v F
lightning attachme

irect
transfformer cubicg

wind turbine there is also a zone LPZ Og wh
cted against direct lightning.

re a

IEC 1868/02

Figure 22 — Rolling sphere model
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Other zones

The boundary between LPZ 0, or LPZ Og and LPZ 1 can be made at the tower or at the top
cover of the nacelle if there is a metal cover (or sufficient metal content) to protect
components beneath with a Faraday cage. In the case of GRP nacelle covers, it is
recommended that a metal frame or strapping be integrated into the nacelle cover to, as a
minimum, define the area within as Zone Og to protect nacelle components from direct strokes
(see figure 23). This should, of course, be bonded thoroughly to the bedplate. Ideally, a mesh
of metal in a GRP cover should be integrated into this frame to define the nacelle as LPZ 1.
It is recommended that such a mesh has a maximum grid size equal to half the distance to the
nearest component at risk.

Figurle 23 also shows how the interior of the wind turbine may be divided ipto~protection/4ones

LPZ
formé
are i
in LP

Very|sensitive equipment may be placed within a still more~pro € Y

level|of metal cabinets. It is the sensitivity of the compon®nts i a given zoxe (i.e. with
limitd) that defines the level to which the lightning i 9 : yfent, voltage
electromagnetic field) must be reduced to in that/zone. o specific valu
currgnt, voltage and electromagnetic field in each mehded in IEC 61312,

8.3.3 Zone boundaries

At each zone boundary, it must be ensured that es and wires crossing the bounda
not gonduct large parts of the lightning ent, o ge transients into the protection
with [the higher number. This is acco pI b eafis of proper bonding and shig
pracfices and overvoltag bles“and wiyes at the zone boundary. The goal

redug¢

with

The

redu¢

shiel
Surg
indic
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br cubicle are protection zone LPZ 1. The devices inside metal
 protection zone LPZ 2. For instance, controls inside a cabing

reas
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other
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bs of
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Figure 23 — Example of the division of the interior of a wind turbine
into protection zones
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Zone protection requirements

To avoid the occurrence of damage or unacceptable failure, it should be ensured that within a
given zone no components are exposed to parts of the lightning current, voltage differences,
or electromagnetic fields above their withstand levels. Example requirements for the various
zones are given in table 16.

Table 16 — Examples of component requirements in given zones

Zone Lightning protection requirements

LPZ 0, Components in this zone must be able to tolerate direct attachment of lightning flashes with
currents corresponding to the chosen lightning protection level, tolerate the unattenuated
electromagnetic field from the lightning current, and conduct the full Iightnin’gfcwt

LPZ 0g As in LPZ 0, except that the components do not have to tolerate direct I |n9_\altta ment.

LP r

Z | The electromagnetic field from the lightning current is attenuated 25 50 d uc
bound currents and voltages are limited by means of SPDs to, for example kA s) a d b6
(1,2/50 us), respectively.

T,
=
<

LPZ 2 The electromagnetic field is further attenuated by means of metal cakh% d Wtor boupd
currents and voltages are further limited by means of SP

8.4 | Surge coupling mechanisms
Lighthing currents can induce transie pious coupling mechan|sms.
Thesg can readily cause voltages high supplies, PC boards, s¢nsor
and o¢ther electrical and electronic devi e Yollowing iS7a description of the three |most
comron coupling mechanisms.
8.4.1 Conduction
Lighthing current will | find Afs ) hrough all available conductors and will be
distriputed accordh i conductive coupling into a circuit there hjas to

be an entry and

flashpver arcs ac air gaps. Conductive coupling can be minin
by providing prefere e paths for the lightning current. Proper insu
levels and good bond an prevent flashovers

8.4.2

High|frequenc steep voltage rises, like lightning, are readily transferred thr
capagitive colmg he“voltage rise is associated with an electric field, and conductg
that field can_dewve a potential proportional to the rate of change of the electric fielg
inverselyproportional to its distance from the source.

o the very high potentials involved, these ca

N be
hized
ation

ough
rs in
and

Cap

H [H bat + A . [N 2| PN
oIV eoUO P Ty e Tw o TTT OITC oUTITPUTTCT I armuarmotTeT oalmT ot ToUU T TU Iy

— shielding (a complete metal enclosure, braided wire sheath or wire mesh screen);

— increasing the distance between the interacting components (for example move the wires
close to a ground plane, use grounded metallic conduit, wire ways or race trays), and

— reducing the exposed surface.

8.4.3

Magnetic coupling

The steep current rise associated with a lightning stroke causes magnetic fields with a large
rate of change. This can be the source of damaging voltages induced into loops of conductors
in that field. Although avoidable, this is a major cause of lightning damage in a wind turbine
electrical system.
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As shown in figure 24, the surge current flowing in the conductor (bold line down the middle)
generates flux lines linking all of the circuits shown. In the first circuit (see figure 24a), the
loop area is very large, and the enclosed flux is significant enough to create a destructive
differential mode potential. Using a twisted-pair cable, the exposed loop area can be
minimized thereby safely reducing, or even eliminating, the induced surge.

In the second circuit (see figure 24b), although the wire is twisted, the loop area formed is
large and both ends are grounded. As a result, a common mode surge could be introduced
into the circuit. This can be resolved by removing the ground at one side. This should be done
with caution, however, as the induced voltage may exceed the flashover voltage. If the
mduced voltage can exceed the flashover voItage an SPD can be used for protection.

Large loop area

<)

Differential
mode noise

Twisted pair

Toroidal core

Twisted pair,

minimum loo
area

IEC [1870/02

IEC 1871/0.

Figure 24b

nagnetic fields can be reduced significantly with a metal enclosure [race
ways( pipes, shields, metal box). The magnetic disturbance is deflected and dissipate¢d as
efddy currents in a metal cover;

— avoid forming large-loop areas that are susceptible to flux linkage — keep conductors close
to metal components such as gearboxes and generators;

— twisted cables can reduce magnetic coupling because the area enclosed is very small and
the signal induced in the wire pairs should cancel at differential inputs.

8.5 Bonding and shielding

Bonding within a wind turbine is required to establish equipotential bonds between parts of
the wind turbine. These equipotential bonds provide protection against touch and step
voltages during a lightning stroke. Equipment bonds play an important role in defining the
probability of damage to electrical and electronic systems.

Shielding is the means by which electromagnetic field levels are attenuated. The reduction of
electromagnetic fields can substantially reduce levels on voltages induced into circuits.
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Much of the damage currently experienced in wind turbine control systems can be prevented
by effective bonding and shielding. Some considerations for the bonding and shielding
needed in a wind turbine are discussed below. It is strongly recommended to consult
IEC 61024-1 and IEC 61312 which give detailed guidance on the need for bonding and
shielding in structures.

8.5.1 Bonding

Due to the transient nature of the lightning current, the peak voltage drop along a conductor
can be approximated as

di
V=1- 20
7 (20)
wherp
L is the inductance of the conductor;

di/dt| is the maximum rate of change of lightning current.

The [nductance of a conductor can normally be consideréd to™e, i Re order of 1uH/m and
the maximum di/dt can vary from 0,2 to 200 kA/us dependi i) i d the
level| of current sharing between individual conducfors.~Th hding
strap| can therefore be up to 200 kV/m.

Congider the system shown in figure tallic
plangs inside a wind turbine nacelle. nd is
transfferred to the lower plane via a b . h the
bond|strap, the potential of cabinet 1 i rai itRerespest to cabinet 2. The possible regult of
this change in potential 1 | The

situation can be improved\by

Lightni . .
current : > Chbinet Signal wire
path A

| Bond strap

1
1 Cabinet 2

| 3

Lightning current path

IEC 1872/02

Figure 25 — Two control cabinets located on different metallic planes inside a nacelle

The use of multiple bond straps and minimizing the bond strap length will result in the lowest
possible voltage difference between the two metal planes.

Bonding within a wind turbine should therefore use multiple conductors that are:

— capable of carrying the predicted fraction of lightning current to pass through the path in
question;

— as short and straight as possible.
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Wiring can also be protected by routing wires in conduits/raceways or by using shielded cable
as discussed in 8.5.2.

8.5.2 Shielding

When lightning currents flow through a wind turbine large magnetic fields are produced. If
these changing magnetic fields pass through a loop they will induce voltages within that
loop. The magnitude of the voltage is proportional to the rate of change of the magnetic field
and the area of the loop in question. The constructor must consider the magnitude of induced
voltages and make sure that such voltages do no exceed the withstand level of the cabling
and attached equipment.

The fiagram below shows a loop of wire running next to a current-carry onductor] The
voltape drop across the impedance Z will be proportional to the ra hatige of the
magnetic field (see figure 26).

Conductor carrying
lightning current

IEC 1873/02

(21)

(22)
Therefore, the voltage induced in the loop is:
U =20 s AW | 9y 4 (23)
2 d dt dt
where

ug is the permittivity of air and the other dimensions are as given on the diagram;

M is described in the mutual inductance between the loop and the current-carrying
conductor.
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