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Introductory note

Requirements for safety systems for large scale wind turbines (> 1 MW)
H.J. Beurskens

H.J. Beurskens

Requirements for safety systems should be derived from safety
philosophies. Examples of safety philosophies are included in
the Dutch and Danish (draft) safety standards for small and me
dium scale wind turbines. See Rec. Pract. no. 6.
On the basis of the continuing work on the development of design
and testing cri teria and the establishment of national standards
two international programmes are aiming at reaching a common
phi losophy.

These programmes are:
* IEA R&D WECS programme, Annex XI, "Recommended Practices

for Wind Turbine Testing & Evaluation, Structural Safety".
* Commission of the European Communities (CEC), Directorate

of Energy (DG17). "Recommendations for a European Wind
Turbine Safety Standard"

The basic requirements on which most parties involved, tend to
agree are:
The wind turbine shall be equipped with at least two, independ
ently act ivated and independently operating safety systems,
which are not of the same type.
Each system separately shall be able to limit the.speed to .
acceptable values under normal and extreme operating modes.

One of the safety systems must be able to bring the rotor to a
complete stand sti l l under normal operating condit ions.



The rotor and other rotating components shall be able to be
locked for safe maintenance and inspection.

A point of discussion sti l l is whether to require one of the
systems to be aerodynamic or not.

The translation of these requirements for small and medium
size machines to large wind turbines leads to (often prohibi
t ing) increas ing cost .
In considering load cases (for definit ions, see annex 1) for
small and medium size machines in general only single combina
tions of extreme external factors and failure operational modes
are considered. I t is assumed that th is leads to sufficient ly
low r isk levels for the environment, al though this expectat ion
is not based on analysis.

In order to arrive at a safety philosophy and system require
ments which are more appropriate for large wind turbines, from
the previous remarks one major discussion item arises:

Would it be feasible to derive safety system requirements (and
load cases) for large wind turbines from stat ist ical analyses
of the occurence of external (extreme) conditions and internal
( fai lure) modes, rather than applying fixed rules?

In this respect the following subjects are suggested to be
adressed:

/Um^I(^(^ - Fai lure analysis of two independently working systems of
n>o t he same t ype compa red t o bas i ca l l y d i f f e ren t s ys tems .

*bwt"&Y*i&'« _ statist ical analysis of the occurence of operational
modes and external conditions.

A tnHi ' i " Are in t r ins ica l ly sa fe cont ro l sys tems feas ib le?
- Is free yaw control allowed with respect to safe

operat ion?
- Is yawing allowed as a safety action?
- E tc , e tc .
- Review of design and operation experiences with large wind

turbines. (MOD-2, MOD-5, WTS 3 and 4,
KAMEWA/Nassudden turbine, WEG 3 MW turbine, NEWECS-45,
GROWIAN, M0N0PTER0S, GAMMA 60, AWEC 60).

]IaA

JUhuvwm

^CMrCl^lAt^11



Kc rodyn»alc loads caused by:

nl Mean wind speed
n2 Turbulence
n3 Wind speed profile (vertical)
n4 Tower shadow
nS Skew flow a. stationary skew flow angle

b. chatting skew flow angle
n6 Cunt a
n7 Turbulence caused by wakes of other wind turbines
nS Unbalanced properties of rotor blndes

Inertia loads caused by:

n i l Cent r i fuga l fo rces
nl2 Cyroscopic
n l3 Cor io l i s
ni« Cravlty
nlS Rotor unbalance
nl6 Acceleration forces

Effects caused by other external factors such aa;

n2l Ice
n22 Snow
n23 Hail
n24 Birds Coll ision
n25 Teaperature
n26 Lightning
n27 Corrosion
n28 Seismic phenomena
n29 Crld induced phenomena a. higher hanaonlcs

b. disconnect ion from grid/ load

N l H o r a a l e n e r g y p r o d u c t i o n V ^ ^ i
H2 Noraal energy production V>VR
N3 Like HI or N2 combined with skew

flow and yawing
NA Starts & stops
H5 Shut down
N6 Locked

FI
F2
F3
F4
F5

F6
F7
F8
F9

.F10

F l l
F12
F13
F14
r is
F16

Emergency stop by aechanlcal brake
Eaergency atop by blaxie pitch control systea
A i r b r a k e s a c t i v a t e d , u x . a c c e p t a b l e r. p . o *
Fa i led yawing sys tea ( ro ta t ing ro tor )
Fai led pi tch contro l a. one blade

b . a i l b lades
Fai led safe ty sys tea
Fai led contro l system
Fai led e lec t r i ca l convers ion sys tem
Fa i led e lec t r i ca l c i r cu i t s a . d i sconnec t i on f rom g r id

b. shore circuit 2 phases
c . shor t c i r cu i t a l l phases

Shutdown combined with failed blade pitch control systea a. one blade
b. al l blades

" y a w i n g s y s t e a
" s a f e t y s y s t e a
- - • c o n t r o l s y s t e a

Uncontro l led aechanlcal brak ing
Loss of (part of) blada during norsal operat ion irvd control led stop
Free running rotor with only one «erodyr..u«lc brake functioning



Aerodynalc Loads caused by:
el Wind speed (peak wind speed/survival wind speed)
e2 Custs
e3 VInd speed profile (vert ical)
e*i Skew flow a* stationary skew flow angle'

b. changing skew flow angle

Effects caused by other external factors such as:

e l l I c e
el2 Snow
el3 Hal l
el£ Teaperature
elS Seismic phenomena
e!6 Crld Induced phenomena: higher ha monies



OVER 5 YEARS OF WIND TURBINE TESTING

AT THE NETHERLANDS ENERGY RESEARCH FOUNDATION ECN

Jos Beurskens

Wim Stam



1 . I n t r o d u c t i o n

At some time in 1986. the moment that the ECN test station should have

commemmorated its 5 years existence passed unnoticed.

Looking back i t is no surprise that everyone forgot about i t .
Last year was the year of establ ishing a formal cert ificat ion system for
wind turbines, an essential element in the newly launched Integral Wind

Energy Programme (IPW). This process was very demanding for the ECN
engineers involved. But there is hope for the future: soon there wil l be
the ceremonia l presenta t ion o f the fi f th so-ca l led Qual i ty Cer t ificate and
the test station workers are inventive in seeking reasons for compensating
the missed party.
While the certification process is well underway, it is now a good time to
dwell on the developments. How did the test station evaluate to its pre
sent status, what where the highlights from the past and how will the

t e s t s t a t i o n ' s f u t u r e l o o k l i k e ?

2. THE GOALS

In 1980 a modest start was made by building two foundations where com

mercial wind turbines could be instal led for quick safety tests. The idea
was to stimulate the use of safe and proven machines and also to assist
the manufacturers in improving their concepts.
The starting phase of the test station coincided with starting up some 10

demonstrat ion projects for decentral ized wind energy generat ion. In order
to minimize the chance of fai l ing projects because of mal-functioning wind



turbines, al l machines to be applied were previously tested at the test
s i te a t Pe t ten [1 ] .

From the very beginning the authorit ies which are responsible for issuing

bui ld ing l icences were also interested in the test ing resul ts of wind
turbines because the test station provided the only available independent
information by which an impression could be gained of structural and ope
rat ional safety and ( later) on acoust ic noise emission.

All though the test stat ion was set up as a faci l i ty for commercial tes
ting, the actual practice was different. Most of the machines were proto
types which had not been tested (or even operated) before. Thus, testing
under these circumstances had the character of development assistance to
the manufacturer. Something which was quite understandable, for necessary

faci l i t ies and expert ise to process stat is t ica l data (wind speed, power

output, r.p.m., etc.) with a low degree of coherency were not affordable
for individual industr ies. These measurements, however, were (and st i l l

are) essential in the development process because no simple and cheap met
hod exists to evaluate the effect of e.g. the adjustment of the blade

pitch control system on the power-wind speed curve (figure 1).

Because of the avai labi l i ty of a l l necessary fac i l i t ies (measurement

equipment, foundations) the test station was also used for the development
and testing of autonomous systems. The autonomous wind diesel system,

developed by the Technical University of Eindhoven and ECN was tested.
A commercial derivative was tested in Petten under contract of the Con

sultancy Services Wind Energy for Developing Countries (CWD), before it
was shipped to Cabo Verde.

Presently a 2.2 kW stand alone wind driven ice factory is tested under
cont rac t o f an indust ry.

In order to rationalize the testing in 1983 the procedures were standardi
zed as much as possible.

. For commercial wind turbines a certification procedure was developed.
See paragraph "Cer t ifica t ion" .

. As a development tool a set of measuring packages was offered. These
' measurements could be carried out both on the test field at Petten or at

locations elsewhere [11]. Table I gives a survey of possible measure
ments.
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Fig. 1. The importance of proper control system adjustment
The or iginal power character ist ic was far too low. After a
first adjustment of the passive blade pitch system by the manu
facturer the curve imporved (middle). Af ter the final adjustment
the power output met the specifications (upper curve).



Ta b l e I .
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1. Power performance measurements
- yearly energy production
- power curve (P-v)
- aerodynamic efficiency (C -A)
- power fluctuat ions
- c o n t r o l c h a r a c t e r i s t i c s
- system opt imizat ion
- f ue l sav ing

2. Mechanical measurements
- mechanical stresses
- ax ia l ro to r f o rces
- design assumptions

3 . V ib ra t ion ana lys i s- f ree v ib ra t ion f requenc ies
- resonance phenomena
- rotor imbalance

4. Noise measurements

5. Determination of blade and rotor geo
metry

6. Acceptance tests
- safety systems
- control systems
- s p e c i fi c a t i o n s

7. Detemr inat ion of e lect r ica l charac
t e r i s t i c s
- harmonic d is tor t ion
- reactive power
- cut-in phenomena

8. Application measurements
- load pat tern
- matching demand and supply
- load management
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In the same year the Association of the Netherlands Municipalities (VNG)

accepted the -Type Testing Report as a means to investigate whether the
wind turbine type concerned met the requirements which were laid down
in the recommended VNG building regulations, being used by most munici

p a l i t i e s [ 3 ] .
In 1985 a 150 kW rotor shaft driving facility (RAAF) was desired and

const.ructed in order to support the field tests. This faci l i ty which was
taken into operation in December 1985 has proved to be a very helpful de
vice to test and develop wind energy conversion systems in general and
AWDS-control systems in part icular.

At present the si tuat ion is essential ly the same with the exception that
the cert ificat ion procedure has been extended to the Qual i ty Cert ificat ion

Procedure, as a result of the introduction of the Integral Wind Energy

Programme. This procedure is formally independent from investigations car
r ied out for development support to the industry.
In conclusion one could say that at present a situation has been reached

which is close to the original ideas by which the test station was foun
ded. Also the necessary faci l i t ies are avai lable to carry out the desired

tes ts and inves t iga t ions (see tab le I I ) .

3. THE EVALUATION AND TESTING METHODS

To characterize the system performance of a wind turbine the relation of a
number of parameters as a function of wind speed have to be determined.
As under field condi t ions, a l l parameters vary in t ime, and at a first

glance show only a poor correlation, the measuring methods, its inaccura
cies and uncertaint ies have been subject to scient ific discussion from the

very beginning. An early conclusion of these discussions is not foreseen
e i t h e r .

Vibrat ion analysis of the whole structure, the measurement of transient

phenomena and the determination of the quality of electric power produc
tion are more or less of the classical type and have never been discussed
as in tens ive ly as the s ta t ionary charac te r i s t i cs .
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Ta b l e I I . Te s t S t a t i o n F a c i l i t i * *

. T e s t f o u n d a t i o n s : ■
- one for wind turbines up to 10 m rotor diameter;
- four for wind turbines up to approximately 25 m rotor diameter.

. Measu-rement equipment:
- three foundations are permanently equipped with instrumentation,

s ignal condi t ioning electronics and data col lect ion system for the
measurement of electr ic power, vibrat ion, mechanical stresses etc.;

- four mobi le test units for field measurements;

- a range of measurement instrumentation is available to support the

test ing of wind turbines e.g. recorders, telemetry systems for data
t ransmiss ion, v ideo recorder ;

- for some experiments the extensive data evaluation systems of the

25 m HAT research turbine is used.

Meteo towers:
- wind speed and wind direction are measured with three anemometer

units mounted on di fferent heights to the central test si te meteo

tower ;
- five t ranspor tab le meteo towers fo r fie ld tes t .

RAAF:
A 150 kW Rotor Shaft Driving Facility (RAAF) for testing wind turbine

dr ive trains, electr ical conversion systems and AWDS-control strategies



14

Another area of intensive discussion and research is the safety issue:
What type of requirements, safety and protection systems have to meet;
what are the design loads? Which subsystems should be designed for a -safe
life" and which for "fail safe" operation? And above all, once you know or

agree on certain criteria, how do you check whether a machine meets these
c r i t e r i a o r n o t ?

A special field of interest has been the development of a method to measu

re indi rect ly (and cheaply) the tota l ax ia l force the rotor exerts on the
tower. This axial force leads to an important design load.

In the fo l lowing sect ion we wi l l very br iefly address the stat ionary cha

racteristics, the safety issue and the mechanical measurements.

3 .1 . S ta t i ona ry cha rac te r i s t i cs

The most important characteristic of a wind turbine is its P-v curve, and
the problems connected with the determinat ion of this curve are simi lar ly

faced during determining other character ist ics l ike average axial forcepower

coefficient, electr ic parameters and torque versus wind speed.
Basic problem is that the definitions of system parameters are based on a
wind turbine which is operated under constant and uniform wind conditions.
In pract ice, however, the flow is not uni formly d is t r ibuted over the rotor

plane, the wind varies constantly in both magnitude and direction, and the
flow is turbulent. As the system is non-linear the magnitude of the averaged
value of the power output in principle varies with the averaging period. The

reference wind speed for determining the performance of the rotor is the
undisturbed wind speed taken some distance upstream. By terrain effects and
other instabilit ies one never knows for sure what the wind speed in the rotor

p lane i s .

In order to improve the comparability of measurements taken at different

sites and to make these measurements suitable for predicting long term

energy production by combining measured P-v curves and 10-minutes averaged
meteorological data, the International Energy Agency (R&D WECS programme)
in 1982 issued recommended practices for power curve measurements, based on

the so-called method of bins [A]. These have been used at most European
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test stations. The recommendations, however, give answers on a limited
number of questions.
Unanswered questions such as:
. how to deal with machine related conditions?

(blade pi tch errors, yawing errors, d i r t on b lades, hysteresis in the
momentary P-v curve, etc.),

. how to compensate for varying climatological conditions such as air

densi ty, ra in and ic ing in re lat ion to the type of control system?
. what are sensib le requirements for wind sensors (cal ibrat ion, dr i f t ,

overspeeding)?
. how to deal with flow distorsion by e.g. the terrain and temperature

e f f e c t s ?
. how to correct for s tat is t ica l and systemat ic errors?
. what is the effect of machine dynamics and coherence of signals in

relat ion to averaging t ime?

have been subject of common studies by European and Canadian test stations

[7] and by the Standing Group on Recommended Practices of the IEA R&D WECS
programme.
In the near future improved recommended practices will become available.

The I.EA will publish a revised version of the recommended practice in the

beginning of 1988. This document wil l present the best status for the time
being.
ECN leads an EC-project in which the European and Canadian test stations

participate. The project aims at an up to date concept standard for power
curve measurements. The results of this project will appear at the end of

1988.

3.2. Assessment of safety

The demands concerning safety factors, required safety-protect ion devices,

des ign ph i losoph ies (sa fe l i fe , fa i l sa fe ) fo r d i f fe ren t tu rb ine compo
nents, should be derived from a generally accepted risk level, which is
a product of the probabi l i ty of fai lure and the consequences of fai lure.
Such risk analyses have never been performed except for some specific

large WECS.
From practical experience (both commercial application and tests) an im

pression has been achieved by which mechanisms the most significant ha-
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zards can be ini t iated.
The test station has followed the practical - and the only possible - way
of drafting a safety philosophy which was based upon sound engineering

practice, from own experiences -and from experiences abroad. These ideas
were adopted by the Netherlands Standard Committee NEC 96 and were incor

porated in the draft standard NEN 6096.
At this moment structural safety assessment is part of the ECN certification

process and is evaluated by:
- design review with emphasis on design load and the strategy underlying

the safety and protection system;
- function test during which among others failures are simulated;
- inspection of the manufacturing process.

Meanwhile information from some research projects comes available which in
the near future might lead to a refinement of safety requirements and eva

luation methods. These projects are:
- NOW (Netherlands Wind Energy Research Programme) - project on design

cr i ter ia for wind turb ines, the resul ts now being t ranslated into the
final version of NEN 6096 [8];

- EC-project on systematic collection and evaluation of accidents and

i n c i d e n t s [ 6 ] ;
- EC-project to draft a European Safety Standard based on the accident

statist ics and the exist ing Dutch, Danish and possibly other stan
dards .

It has been proposed to the EC to initiate a project on European recommen
ded methods of assessing the structural and operational safety of wind

t u r b i n e s .

3.3. Determination of mechanical loads

From the beginning ECN has realised that the most important design aspect
of a wind turbine is the mechanical load spectrum, at same time realising

that reliable data were lacking. Therefore emphasis has been given to the

development of techniques to measure mechanical strains in the construction
components. Especially the measurement of strains in the rotating rotor re
quires advanced measuring systems, careful calibration procedures and an
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experienced eye.
From the measurement results the wind induced forces and torques can be

calculated and compared with the design assumptions. An example is given
in F ig . 2 .
An overview of derived axial rotor force data was used to verify existing
standards or guidel ines [12] .
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-4. CERTIFICATION

The present act iv i t ies of the test s tat ion are largely devoted to cer t i

fying machines to be used in the IPW.
The way in which the certification process developed into its present form
i s i l l u s t r a t e d i n f i g u r e 3 * «
The fol lowing remarks serve to better understanding of this figure.
The " letter of acceptance" was introduced with the aim to faci l i tate the

building l icence procedures. This letter was nothing more than a declara
tion by ECN that the wind turbine was considered safe enough to be instal
led and operated at the ECN compounds.
The fact that during the introduction of the letter of acceptance hardly any
criteria were available, made it necessary to introduce a better procedure,
the moment better criteria became available.
This happened when the Standard Committee NEC 96 produced its first docu
ments. In 1983 ECN started the type assessment procedure which should lead to

a safety certificate. In 198*4 and 1985 the type assessment was started for
several wind turbines. It appeared however that the wind turbines at that
time were not designed according to design rules derived from the draft stan
dards. As a result the required design information was not available.

With the introduction in 1986 of the IPW the situation changed consider

ably. A so-cal led Quali ty Cert ificate, issued by ECN, was required in
order to receive investment subsidies. The required documentation could be

provided much easier because cert ificat ion cr i ter ia were avai lable in the
form o f (d ra f t ) s tandards .

Already now, but certainly in the near future, the use of the standards is

becoming easier because results from the research project "Desigjn crite
r ia for smal l wind turb ines" [8] are being incorporated in the final vers ion
of the standard NEN 6096.

The Qual i ty Cer t ificate in fac t is an extent ion o f the Type Cer t ificate .
Besides safety also the measured energy production is evaluated. Addi

t ionally the acoustic noise production is measured and the results are
annexed to the cer t i fica te .
Until now *4 machines were certified. A survey of the present status is
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Development of Criteria Formal Document

1981 j Advisory Group
j Regulations forWind Turbines Report (May 1982)

1982

198-4

1988

1990

Neth. Standard Committeej 1
Wind Turb ine Safety lJ Work ing Documents
N E C 9 6 j I

Draft Standard
NEN 6096
(Sept. 1985)

I
Fina l vers ion
NEN 6096

Letter of Acceptance

Type Cer t i fica te

A -t
Q u a l i t y C e r t i fi c a t e 1 i

Extended Cert ificate

j .Existing Quality ControlStandards for Manu
facturing Processes

Figure 3*
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g i v e n i n t a b l e I I I .
The cert ificat ion process is control led by regulat ions which cover the

fo l lowing aspects [10] :
- subjects of certification;
- certification criteria;
- certification methods;
- data to be provided by the manufacturer;
- c o s t ;
- p u b l i c i t y ;

- accident and inc ident report ing;
- c o n fi d e n t i a l i t y .

The cert ificat ion procedure can be spl i t up into a theoret ical part (de

s ign ver ifica t ion) and a p rac t i ca l tes t . For the des ign ver ifica t ion a
complete set of documentat ion including drawings, descr ipt ion of c ircui ts
and systems, stat ic strength calculat ions and fat igue analyses is requi
red .

The pract ical test consists of inspection (both the manufacturing process
and a wind turbine of the type under cer t ificat ion) , funct ion of safety
and control systems, measurement of power production and acoustic measure
ments. In practice a sharp interaction appears to exist between the theo
ret ical and the pract ical par t : test resul ts of ten lead to changes in the

design assumptions (e.g. in the load spectrum) on one hand and the test
results often can be used to solve bott le necks in the design verificat ion
on the other hand.

5. EXPERIENCES AND FUTURE DEVELOPMENTS

In the passed years over 30 wind turbine systems were tested (see
table IV) on the test site or on other locations. These tests have

led to a large number (over 50) test and evaluation reports. Most of
these reports, of course, are confident ia l and only avai lable wi th
wri t ten permission of the manufacturer involved.
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Table I I I . Present s tatus of the ECN cert ificat ion of wind turb ines

Wind turbine Cont rac t C e r t i fi c a t i o n C e r t i fi c a t e
in progress issued at

Lagerwey 15/75 x X June 10, 1987
Bouma 20/160 x X Ju ly 9 . 1987
Trasco 250/22 x X Sept. 15. 1987
Bouma 2*4.5/250 x X
Wenergy M-450 x X
Polenko WPS20 x X
Windmaster 25/300 x X
GBO WG-12 X X
Bohes NBK 80/100 x X

j Bohes NBK 300 X
Bohes NBK 600 X
Berewoud 160.60 X X
Berewoud 220.150 X X
Aerotech Ik PI 50 X X
Aerotech 17 PI 85
Aerotech 23 PI 250 X X Aug. 12. 1987
Lagerwey MRT 6x15/75 X
Wincon M100 Ext
Nordtank NTK 300
Newecs-^5 X X
GBO WG-16 X X
GBO WG-18 X
GBO WG-16/KET X
Aiolos 32^ B-1.0
Aiolos 185 B-0.5
H-E 1000
H-E 1000 L
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From those results the following general trends in Dutch wind turbine

technology can be deduced:
- A gradual ly increasing overal l effic iency. Dur ing the last 6 years the

performance coefficient calculated from measured P-v curves.
- An improved reliabil i ty of safety and control systems which has consi

derably decreased the number of wind turbine outages.
- Better defined design approaches (load spectrum, accurate calculation

of stresses in major turbine components, fat igue analysis). As a result
the documents are better matched to the certification needs.

For the near future the fol lowing trends are foreseen.
- The developments in the U.S., Denmark and in our country show a clear

tendency towards large commercial machines. While in the beginning of
this decade the optimum rotor diameter in terms of energy cost was
10 m, around 198*1 16 m, the optimum configuration has a diameter of 20

to 35 n» and an installed power between 200 and 500 kW. As the cost of

temporarely instal lat ion of such large machines could become prohibit ive,
it might become necessary to extend the testing equipment for field
measurements in the near future.

However, looking at the measuring cost only, past experiences have

proven that a test at the test station can be done cheaper and faster
than at other locat ions.

- As a result of two national projects which aimed at the development of

cost effective designs (for the in crowd: KEWT and FLEXHAT) advanced

concepts begin to appear on the Dutch market. Such a concept is character
ized by a flexible rotor hub, passive aerodynamic (part ia l ) b lade pi tch
control and a variable r.p.m. conversion system. Testing these systems
will require more complex measuring procedures. Possibly these develop
ments migh t requ i re d i f fe ren t sa fe ty c r i te r ia .

- An extension of the aspects covered by the present cert ificate is anti

c ipated. The future cer t ificate wi l l a lso inc lude the assessment of

qual i ty control of the manufactur ing process. This is considered the
best way (and probably the only way) to check the structural rel iabi l i ty
of the wind turbine. The value of the certificate for the IPW, managing

author i t i es , the indus t ry, l i cens ing au thor i t i es and po ten t ia l owners ,
wi l l increase by th is ex tens ion.
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The value of the Quality Certificate has for the implementation of wind

turb ines in the Nether lands a l ready indicated that i t wi l l be a helpfu l
too l fo r expor t ing indust r ies . The wel l descr ibed cer t ifica t ion sys tem

gives then an opportunity to offer products of which the quality has
been assessed and documented by an independent organization.
As has been i l lustrated above, cert ificat ion requires a score of speci
fic Icnowhow .and faci l i t ies (and a good wind regime!). As cert ification
is a must, the test station cannot be missed in the succesful extension
of the instal led wind power.
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E x t e r n a l r e l a t i o n s

Natura l l y a tes t s ta t ion cannot ex is t w i thou t i t s ex te rna l re la t ions :
(na t iona l l y : ) manufac tu rers , l i cens ing au thor i t ies , governmenta l au thor i
t ies etc. and ( internat ional ly : ) other test stat ions, the European Commis
sion and the IEA. It is beyond the scope of this article to describe these

relat ions and their results in detai l . In order to get some impression we
wi l l confine ourselves to l is t ing the main re la t ions and the i r purpose.

1. Par t ic ipat ion in Neth. Standard
Committee on safety of wind turbines
NEC 96

2. Member of International Meetings of
Test Stations (IMTS)

Establ ish ing safety s tandard
for machines (with D <_ 20 m)

Informal exchange of information
and experiences. Discussion on
recommended evaluation methods.

3. Contractor of the Energy Research
Programme of the European Communities

A. Observer to Technical Working Group
IPW of the Assoc ia t ion o f Ut i l i t ies
VEEN

5 . O f fi c i a l c e r t i fi c a t i o n u n i t f o r t h e
IPW.

6. Observer to meetings of the Ministry
of Economic Affairs and Managing
Offices PEO and NEOM.

7. Par t ic ipant in the IEA Jo in t Act ion
on recommended practices for wind
tu rb ine tes t ing 4 eva lua t ion .

Projects on:- Adminis t rat ive procedures for
Cer t i fica t ion and L icens ing o f
Wind Turbines [5]

- Accidents and incidents sta
t i s t i c s [ 6 ]

- Power curve calcualt ion
- Power curve measurements (ac

curacy of) [7]
- Comparative tests of anemo

meters
- Draft performance measurement

standard
- Draf t safety standard

Contributing to the model specs
for ordering wind energy systems
[9].

Advising the Ministry of Econo
mic Affairs concerning IPW.

Recommended practices on:
- power performance measure;
- f a t i g u e c h a r a c t e r i s t i c s ;
- cost evaluat ion;
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8. Supervision of CWD test station for
water pumps at Almere.

9 . B i l a te ra l con tac t s .

- acoustic noise emission;
- e lect romagnet ic in ter ference;
- sa fe ty ;
- power qual i ty ;
- te rmino logy.

Providing independent checks on
measurements.

Providing consul tancy for set
t i n g u p t e s t i n g f a c i l i t i e s i n
o ther count r ies .
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CERTIFICATION OF WIND TURBINES

STATE OF THE ART

Wim Stam
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CERTIFICATION OF WIND TURBINES

ITEMS:

♦ INTRODUCTION

♦ CERTIFICATION PROCEDURE
♦ APPLICATION
♦ EXPERIENCES

♦ CONCLUSIONS

CERTIFICATION AND TESTING
OF WIND TURBINE SYSTEMS

ACTIVITIES:

•CERTIFICATION
♦ TESTS ON TEST STATION
• FIELD MEASUREMENTS
•DEVELOPMENT OF STANDARDS

AND PROCEDURES
•OTHER
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CERTIFICATION AND TESTING
OF WINDTURBINE SYSTEMS

FACILITIES:
#TEST SITE -5 TEST LOCATIONS

-METEO TOWER
-INSTRUMENTATION

*4 TRANSPORTABLE
MEASUREMENT SETS

*5 TRANSPORTABLE
METEO TOWERS

*ROTOR SHAFT DRIVING
FACILITY (RAAF)

r.FRTlFlCATION OF WIND TURBINES
HISTORY

i
ASSESSMENT CRITERIA APPLICATIONS

< 8 1 ! NONE NONE NONE

j

8 1 - 8 2
I

LETTER OF
ACCEPTANCE

EON LICENCING

8 3 - 8 6
i

TYPE
APPROVAL

NEC-96
DOCUM.

LICENSING

I
!

QUALITY
CERTIFICATE

i

NEN-6096
I +OTHER

-SUBSIDY
-LICENCING
-INSURANCE
-BUYERS

SPECS
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CERTIFICATION PROCEDURE

DEFINITION:

VERIFICATION IF
CERTAIN ASPECTS OF A
WIND TURBINE MEET
RELEVANT CRITERIA

CERTIFICATION PROCEDURE

WIND TURBINE TYPES

#SIZE (50kW - 1 MW)
*HAT ; VAT
*UP WIND : DOWN WIND
♦ STALL ; PITCH CONTROL
♦ CONSTANT / VARIABLE RPM
♦ STIFF / HINGHED / FLEXIBLE

BLADES
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CERTIFICATION PROCEDURE

INVESTIGATED ASPECTS:
*SAFETY

-STRUCTURAL INTEGRITY
-SAFETY SYSTEMS

-ELECTRIC SYSTEMS

-LABOUR SAFETY

-LIGHTNING PROTECTION
-INSPECTION AND MAIN

TENANCE SCHEDULES
-CORROSION PROTECTION
-QUALITY CONTROL SYSTEM

CERTIFICATION PROCEDURE
^ ^ — ~ — ^ — ^ ^ ^ m — ^ ^ ^ ^ ^ ^ ^ ^ ^ m ^ ^ ^ — m m ^ m — * ^ m i

INVESTIGATED ASPECTS:

• ENERGY PRODUCTION
- MEASURED POWER CURVE
- CONTROL SYSTEM
- POTENTIAL YEARLY

ENERGY PRODUCTION

• ACOUSTIC NOISE
- SOURCE POWER

DETERMINATION
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CERTIFICATION PROCEDURE

CRITERIA:

• STRUCTURAL INTEGRITY
-NEN 6096 (VERSION 1385)
-NEN 6096 (VERSION 1988)
-DEMONSTRATION BY ANALYSIS
-OTHER ACCEPTABLE STANDARDS

•SAFETY SYSTEMS
-NEN 6096 FILOSOPHY

CERTIFICATION PROCEDURE

DIAGRAM:

DESIGN h*
DOCUMENTATION f

WIND TURBINE
SPECIMEN

DESIGN CHANGES
OPERATIONAL EXPERIENCES

INCIDENTS
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CERTIFICATION PROCEDURE

TEST PROGRAM:

♦ WORK SHOP INSPECTION

♦ WIND TURBINE INSPECTION

♦ OPERATIONAL TEST

♦ENERGY PRODUCTION MEASUREMENT

♦ ACOUSTIC NOISE MEASUREMENT

♦ ADDITIONAL MEASUREMENTS

CERTIFICATION PROCEDURE

DOCUMENTS:

♦ CERTIFICATE (DUTCH)

♦ CERTIFICATE (ENGLISH)

♦ APPENDIX

♦ EVALUATION REPORT
(CONFIDENTIONAL)

♦NOISE MEASUREMENT REPORT

♦ENERGY PRODUCTION REPORT
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CERTIFICATE APPLICATION

♦ INVESTMENT SUBSIDY

♦ LICENSING
(BUILDING PERMIT ETC)

♦ BUYERS SPECIFICATION

♦INSURANCE COMPANIES

♦COMMERCIAL ITEM

CERTIFICATE APPLICATION

i 1
MANUFACTERER **** BUYER j<S, |>i ECN

i 2'.'1'1. . ' J"—
i ST^.TE^H^i O:i

" S T

LICENCE
APPLICATION

SUBSIDY
REQUEST

INSURANCE
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CERTIFICATION OF WIND TURBINES

ISSUED CERTIFICATES:

LAGERWEY
BOUMA
NEWINCO
TRASCO
BEREWOUD
BOUMA
MICON
NEWINCO
STORK FDO-WES
NCH
NEWINCO

LW 15m/75kW
20m/160kW
AEROTECH 23PI250
TWS 2 2m/17 5kW
WINDVANG 160.60 RWT
24.5m/250kW
M450 (250 kW)
AEROTECH 14PI50
NEWECS45 (1MW)
WG16m/60kW
AEROTECH 17 P1100

EXPERIENCES:

DURATION

MIN: 2.5 MONTHS
MAX: > 1 YEAR

DEPENDS ON:

♦ DOCUMENTATION SET
♦QUALITY OF DESIGN
♦CONFORMITY OF TEST TURBINE
♦TEST RESULTS
•PROTOTYPE OR PRODUCTION TYPE
♦ ECN-CAPACITY
♦ MANUFACTERERS ATTITUDE
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EXPERIENCES:

DESIGN CHANGES

• NEW TOWER DESIGN
• ADDITIONAL SAFETY SYSTEM
• YAW SYSTEM MODIFICATION
• LOWER VALUE RATED POWER
•OTHER ROTOR BLADES
• HUB MODIFICATION
•CONTROL SYSTEM ADAPTIONS

CERTIFICATION OF WIND TURBINES

CONCLUSIONS:

• CONSISTENT SET OF VERIFICATION
PROCEDURES

• ALL WIND TURBINE TYPES
• INTERACTION THEORY AND PRACTICAL

TEST ESSENTIAL
• CERTIFICATE REOUESTED BY

INTERESTED PARTIES
• CERTIFICATE IMPROVES QUALITY
• CERTIFICATION IS NO OBJECTIVE
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CERTIFICATION OF WIND TURBINES

FUTURE:

• CERTIFICATION OF WIND
TURBINES > 500 kW

• DEVELOPMENT DETAILED
CRITERIA FOR MW TURBINES

• ADDITIONAL VERIFICATION
OF PRODUCTION PROCES
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SAFETY REQUIREMENTS FOR

LARGE WIND TURBINES

Th. van Holten
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INTRODUCTION

T h e N e t h e r l a n d s i s o n e o f t h e c o u n t r i e s w h e r e a r e l a t i v e l y
complete set of safety requirements for windturbines has been
developed. The development of these requirements was based on
the operating experience with small and medium size turbines.
Nevertheless, prototypes of large windturbines have in the past
been required to comply with these same requirements. Looking
back, it can be concluded that this procedure in some instances
h a s l e d t o u n n e c e s s a r i l y e x p e n s i v e d e s i g n s o l u t i o n s , a n d
sometimes to safety systems whose effectiveness may be debated.

The following is an attempt to summarize the experiences, and to
suggest some modifications in the requirements so that they will
be better appl icable to large turbines.

for smal l and
THE DUTCH REQUIREMENTS FOR SMALL WINDTURBINES
The essentials of the Dutch safety requirements
medium-size windturbines are shown in fig.l.

Fig. 2 is a schematic presentat ion of fig. l .
T h e fi r s t l i n e o f b l o c k s r e p r e s e n t s t h e o p e r a t i o n w i t h o u t
f a i l u r e s . T h e s y s t e m c a n g o f r o m n o r m a l o p e r a t i o n t o a
" fundamenta l s ta te " and back aga in , us ing i t s norma l con t ro l
dev ices . The " fundamenta l s ta te " may be any th ing f rom f ree
w h e e l i n g a t f u l l s p e e d , i d l i n g a t l o w s p e e d , a f u l l s t o p , o r
parking with the rotor in a predetermined posit ion.

l i n e o f b l o c k s r e p r e s e n t t h e t w o s a f e t y
On bo th these leve ls the dec is ions and
log ic a re i r revers ib le (a l l a r rows a re to
finally to a state where the system may be

The second and third
levels superimposed.
commands by the system
the r i gh t ) , and l ead
blocked for repai r.
I t is usual ( though not expl ic i t ly required) . to arrange the first
safety level in such a way that it is the level which leads to a
fu l l s top . Accord ing to the ex is t ing requ i rements , the back-up
safety leve l is then a l lowed to leave the system in a genera l
fundamental state, which of course should be safe as well, be it
for a l imi ted per iod.
In the Dutch requirements i t is expl ic i t ly stated that the actual
implementing systems should be of a di fferent type on the twoleve ls .
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There are two points open to criticism in the above requirements:
1% Accord ing to the spec ifica t ion o f load cond i t ions in o ther
pa'ragraphs of the same requirements, the event of gr id fai lure
must be considered as a normal operating condit ion, due to i ts
r e l a t i v e l y f r e q u e n t o c c u r r e n c e . To b e c o n s i s t e n t , o n e s h o u l d
therefore a lso requ i re that both safe ty leve ls are independent
f rom externa l power ( inc lud ing the sensors . log ic c i rcu i ts and
a c t u a t o r s ) . I f t h e p r i m a r y s a f e t y l e v e l w e r e d e p e n d e n t o n
external power supply (which is allowed according to the present
r u l e s ! ) , a n y g r i d f a i l u r e w o u l d a l w a y s a c t i v a t e t h e b a c k - u p
safety level. The case of grid fai lure would not be safeguarded
a g a i n s t f u r t h e r f a i l u r e s i n t h e m e c h a n i c a l s y s t e m , w h i c h i s
unacceptable in view of the frequency of grid failures.
2 . No redundancy in the fina l s topp ing ac t ion a f te r fa i lu re i s
r e q u i r e d . I n p r a c t i c e p r o v i s i o n s m u s t b e m a d e s o t h a t
maintenance personel is ab le to pos i t ive ly s top and b lock the
t u r b i n e , i f i t h a s b e e n l e f t i n t h e f u n d a m e n t a l s t a t e b y t h e
back-up safety system. It could be accepted that such means are
not bui l t in, but take the form of special tools brought in and
temporari ly instal led by the repair crew.
COMPONENT SHARING
Acco rd ing t o t he Du tch sa fe t y r equ i remen ts , i t i s a l l owed to
have some component sharing between the normal operational level
and the pr imary safety level . This is schematical ly indicated in
fi g . 3 .
The turbine parts which are common to these two levels evidently
cannot inc lude the system log ic , s ince the normal operat iona l
commands are reversible, which is under no condition allowed on
the safety levels . Ext reme caut ion should be taken dur ing the
sys tem des ign , so tha t t he re can be no ove r ru l i ng o f sa fe t y
actions by the normal controls, e.g. along "hidden" paths in the
software !

T h e m o s t u s u a l f o r m o f c o m p o n e n t s h a r i n g i s f o u n d i n t h e
mechanical systems to stop or idle the rotor.
Ca re shou ld neve r the less be taken to make the sa fe t y l eve l
independent from external power supply, even in cases where the
normal operational control is dependent on it.

IMPLEMENTATION IN CASE OF SMALL/MEDIUM SIZE TURBINES.

1 . S ta l l - con t ro l l ed tu rb ines .
The implementation in many types of stall-controlled windturbines
is shown in fig.4.
There is component shar ing be tween the opera t iona l and fi rs t
sa fe ty leve l in the fo rm o f a mechan ica l b rake. The brake is
usua l l y sp r ing - l oaded (o f ten inco r rec t l y ca l led " fa i l - sa fe " ) so
that the activation does not depend on electrical power supply.

T h e b a c k - u p s a f e t y l e v e l o f t e n e m p l o y s a e r o d y n a m i c b r a k e
systems, e.g. centr i fugal ly act ivated blade t ips. Such means do
not have the capabil i ty to posit ively stop the rotor, so that the
back-up leaves the turbine in a fundamental state.
2 . P i tch-cont ro l led tu rb ines .
In the case of p i tch-control led turbines i t is of ten preferred to
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use aerodynamic braking both for normal operation as well as on
the.primary safety level. The reason is that blade feathering is
a smoother way to id le the machine, w i thout b le wear o f the
system.
As ' the pr imary sa fe ty leve l shou ld func t ion independent f rom
externa l power, o f ten hydrau l ic accumula tors a re employed to
feather the blades when a failure condition has been detected.
I f i t i s w i s h e d ( e v e n t h o u g h i t i s n o t s t r i c t l y r e q u i r e d ) t o
rea l i ze a fu l l s top on the p r imary sa fe ty leve l , a mechan ica l
brake is needed to finalize the feathering action.

The same mechanical brake may be used on the back-up level (but
now from the full speed or even from an overspeed condition) . •
This is an al lowed type of component sharing between the two
sa fe ty leve ls , s ince no redundancy i s requ i red as fa r as the
final stopping act ion is concerned. In the layout as descr ibed,
redundancy i s i ndeed p resen t un t i l r each ing the fundamenta l
s ta te , desp i te the component shar ing be tween the two sa fe ty
1eve1s.

IMPLEMENTATION IN CASE OF NEWECS-WINDTURBINES
F i g . 5 s h o w s t h e s t e p s i n t h e N E W E C S d e v e l o p m e n t l i n e o f
windturbines. The 25 m HAT, NEWECS-25 (300 kW) and NEWECS-45 (1
MW) have been bu i l t as exper imenta l tu rb ines , as s teps in a
process of gradual upscaling and gaining practical experience.
The last machine shown in the figure, the NEWECS-55, is a new
project the design of which has recently started. This stretched
version (55. meter, 1,5 MW) of the ear l ier 1 MW exper imental
machine will be designed as a commercial prototype.

N.EWECS-25 safety strategy.
A schematic diagram of the pitch control system of the NEWECS-25
i s s h o w n i n fi g . 6 . O n t h e l e f t s i d e o f t h e fi g u r e t h e h o l l o w
r o t o r s h a f t i s i n d i c a t e d , w i t h a c o n c e n t r i c b l a d e - f e a t h e r i n g
shaft ins ide. When there is no re lat ive movement between the
r o t o r s h a f t a n d t h e f e a t h e r i n g s h a f t , t h e b l a d e p i t c h r e m a i n s
constant. I f there is a relat ive rotat ion, the pi tch changes.
Fo r n o r m a l c o n t r o l p u r p o s e s o f t h e w i n d tu r b i n e , t h e d e s i r e d
relative rotation can be obtained by a set of gears and clutches.
What is important for the present discussion is the brake which
is schematical ly indicated at the far r ight of the diagram. This
brake is activated for emergency feathering actions. By the brake
t h e i n n e r , f e a t h e r i n g s h a f t i s fi x e d w i t h r e s p e c t t o t h e
turb ineframe. As long as the rotor is s t i l l in mot ion, the p i tch
angle o f the b lades is increased fur ther, unt i l the ro tor s tops
or the ful ly feathered blade posit ion is reached.
As the brake is spring loaded, no external power is needed for
the feather ing.

The principles.of the NEWECS-25 safety philosophy are shown in
fig.7. On the level of normal operat ion and the pr imary safety
sys tem, fea ther ing is used for id l ing the ro tor. Dur ing normal
o p e r a t i o n e x t e r n a l p o w e r i s n e e d e d , e . g . f o r t h e c o n t r o l
computer, and for unfeathering the blade from standsti l l .
I r reve rs ib le i d l i ng on the p r imary sa fe ty l eve l does no t need
external power, as explained above.
The back-up sa fe ty leve l u t i l i zes a mechan ica l , spr ing loaded
brake. The same brake is used on the operat ional and primary
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safety level to get the turb ine f rom id l ing into a fu l l s top. As
explained above, this type of component sharing is fully allowed
by«the Dutch requirements. In fact, both devices (feathering and
mechanical braking) are always activated at the same time. This
of course does not influence the principles involved.

N.EWECS-45 safety strategy.
Fig.8 shows a schematic of the blade feathering system of the
NEWECS-45 1 MW turbine. There is a strong resemblance with the
diagram of fig.6, except that the blade pitch is control led by a
h y d r a u l i c m o t o r w o r k i n g t h r o u g h a d i f f e r e n t i a l g e a r o n t h e
fea ther ing sha f t , wh ich i s aga in p laced ins ide the ro to rsha f t .
The sa fe ty fea the r ing fo l l ows exac t l y t he same p r inc ip les as
described earlier in the case of the NEWECS-25.

The safety strategy is different however, as shown in the diagram
o f fi g . 9 . T h e m a i n r e a s o n f o r d e p a r t i n g f r o m t h e p r i n c i p l e s
adopted in the smaller NEWECS-25 is found in the mechanical brake
system.
Mechanical brakes are feasible for medium size windturbines, but
become increasingly awkward when the machine size grows. Reasons
are :

* the large bulk, weight and costs
* large transient loads transmitted to drive train and rotor
* u n c e r t a i n r e p r o d u c a b i l i t y o f t o r q u e d u e t o w e a r ,

contamination, humidity* d a n g e r o f b r a k e f a d i n g d u e t o h i g h t e m p e r a t u r e s a f t e r
repeated brake application* Sometimes relatively large braking delays.

For these reasons the NEWECS-45 uses brake parachutes in the
rotorblade t ips as back-up safety system. This system choice is
f u l l y c o m p a t i b l e w i t h a l l t h e D u t c h s a f e t y r e q u i r e m e n t s ,
inc lud ing the requ i rement tha t the sys tems on the two sa fe ty
l e v e l s m u s t b e o f a d i f f e r e n t t y p e . I n f a c t , i n v i e w o f t h e
lat ter requirement, there was hardly any other pract ical design
choice possible.

A smal l capacity parking brake is used to final ize the stopping
procedure. The parking brake is a shared component of al l the
th ree l eve l s i n fig .9 .

NEWECS-45 DESIGN EXPERIENCE
As mentioned earlier, the safety strategy chosen for the N.EWECS-
45 was la rge ly determined by the a t tempt to comply w i th the
existing Dutch requirements, which have really been developed for
small and medium size turbines only.

The result has been, that a large number of design solutions had
to be developed for addit ional problems, inherent in the chosen
strategy. The following potential problems may be mentioned:* The parking brake presents a potential fire hazard. It is too
smal l to s top the ro to r a t an average w indspeed. In case o f
unintent ional act ivat ion of the brake, i t w i l l qu ick ly overheat .* Wind d i rect ion reversal af ter a s top by feather ing may be
d a n g e r o u s . D u e t o t h e p a r t i c u l a r a c t u a t o r t y p e ( u s i n g a
concentric feathering shaft with brake) the rotor and blade pitch
may "unwind" themselves when the rotor experiences reversed flow.
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w^nds^edrLebUrge .WiU " * * * abU " ° P^n t th is * " "* Brake parachutes cannot easily be tested. Therefore, in order
to be abso lu te ly sure about the i r cor rec t funct ion ing, per iod ic
servicing (typically once a year) is desirable. This adds to O&M
costs of the windturbine.* I t i s v i r t u a l l y i m p o s s i b l e t o g u a r a n t e e s i m u l t a n e o u s
deployment of the two parachutes. The resulting asymmetry causes
loads of a considerable magnitude.* The " fundamenta l s tate" of the windturb ine in the case of
parachutes or similar aerodynamic means will, depending on wind
condit ions, lead to a rotorspeed between idl ing and ful l speed
T h e r e f o r e , t h e r o t o r m a y s t a y f o r a c o n s i d e r a b l e t i m e i n a
speedrange which is close to the resonance frequency of a soft
tower.

SUGGESTED REQUIREMENTS FOR LARGE WINDTURBINES
For the above ment ioned problems design solut ions have been
found, but of course at a cer ta in cost . In h indsight i t can be
concluded that safety requirements for large windturbines should
be developed specifically for this kind of machine.
There are particular problems of scale to be taken into account.
On the other hand, the design of large windturbines may involve
more elaborate analyses and special tests, which would often not
be warranted for smaller turbines.

An important improvement would be, to drop the requirement that
the two independent safety systems should be of a different type.
However, complete redundancy must be required.

Rules which are based on this principle, should give attention to
the danger that common failure causes may exist which affect both
safety levels at the same time and in the same way (e.g. icing,
fire, excessive vibrat ion and the l ike). To avoid common fai lure
causes certa in design features might be required, such as fire
b a r r i e r s i n c r i t i c a l p l a c e s , o r s p e c i a l s e n s o r s t o g i v e e a r l y
warning in case of icing condit ions or increasing vibration.
F ina l l y, i t shou ld be a l l owed tha t des igne rs demons t ra te t he
uncr i t ica l i ty of possib le fa i lure modes by probabi l is t ic analyses
or specia l tests.

It would be in agreement with this principle to use the- m e c h a n i c a l l y s e p a r a t e d - b l a d e s o f a w i n d t u r b i n e a s
comp le te l y i ndependen t dev i ces to re tu rn to the fundamen ta l
state. In the case of a two bladed rotor one could in principle
assign a blade to each of the two independent safety and actuator
systems.
In practice one would probably prefer each safety level to work
on both the blades, on condit ion that no interference can occur
b e t w e e n t h e t w o s y s t e m s ( e . g . b l o c k i n g o f b o t h b e c a u s e o f
malfunctioning of one of the blade bearings).
I t shou ld be noted tha t such an ar rangement wou ld compr ise
components which are shared by the two independent safety levels.
Th is type o f component shar ing is c lear ly no t in confl ic t w i th
the suggested pr inc ip les . Apparent ly comple te redundancy and
component shar ing are not a lways mutua l ly exc lus ive o f each
o the r.
Taking into account these considerations, one can conclude that
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most of the large windturbine projects up to now have adopted
th is type of basic pr inc ip les.

D e s p i t e t h e d i v e r s i t y o f a c t u a l l a y o u t s o n e c a n p r a c t i c a l l y
always recognize two independent safety levels superimposed upon
an operational level. These safety systems are independent, i.e.
there is complete redundancy, although usually the systems are
of the same type. Apparent component shar ing is in fact non
essential and does not violate the redundancy.

A typical safety strategy adopted is shown in fig.11.
In the diagram just the actions leading to the fundamental state
a r e r e p r e s e n t e d . H o w e v e r , i n c o n t r a s t t o e a r l i e r d i a g r a m s
d i f f e r e n t b l o c k s a r e u s e d f o r t h e a c t u a t i o n a n d t h e a c t u a l
feathering of the blades.
The primary safety system employs a hydraulic actuator which is
common to all the blades. Independency from external power may be
rea l ized on th is leve l by dr iv ing the hydrau l ic pump f rom the
main gearbox of the windturbine.
The back-up safety system comprises hydraulic actuators, arranged
in series with the mentioned common actuator, pitch the blades
i n d i v i d u a l l y . T h e h y d r a u l i c p r e s s u r e i s o b t a i n e d . f r o m
accumulators.

NEWECS-55 PHILOSOPHY
Fig.12 i l lustrates the safety phi losophy intended in the case of
the 1,5 MW NEWECS-55. The rotor will be controlled by moveable
t ips. On the pr imary safety level the actuat ion system wi l l be
made independen t f rom ex te rna l power supp ly by d r i v ing the
hydraulic pump from the main gearbox.
The arrangement of the t ip mechanism is such that centr i fugal
f o r c e i s a b l e t o d r i v e t h e t i p s i n t o t h e f e a t h e r i n g p o s i t i o n ,
when hydraulic pressure is dumped.
This layout makes the implementat ion of an in termediate level
easily possible, by adding hydraulic accumulators and separation
valves so that the tips can be pitched independently. It has not
ye t been dec ided whe the r such an in te rmed ia te l eve l w i l l be
adopted.
CONCLUSIONS
Safety rules for large windturbines should not fol low r igidly the
established requirements for small or medium sized turbines. This
e a s i l y l e a d s t o m a n y, c o s t l y c o m p l i c a t i o n s , w h i c h i n h e r e n t l y
make the system less safe because of the added complexity.
Advantage can be taken of the fact that the design procedures for
l a rge w ind tu rb i nes a l l ow more e l abo ra te des ign ana l yses . I n
par t icu lar i t is important to a l low the safety systems to be of
the same type (so that some component sharing between the safety
l e v e l s i s p o s s i b l e ) w h i l s t m a i n t a i n i n g f u l l r e d u n d a n c y a n d
independency. To guard against common fa i lure causes careful
design is needed, and a demonstration of the correct functioning
by probabil ist ic analyses or tests. In this repect some guidance
by t he ce r t i fi ca t i on au tho r i t i es i s use fu l , conce rn ing requ i red
demonstration procedures as well as concerning recommended design
fea tu res ( in re la t ion to fi re hazard , excess ive v ib ra t ion , i c ing
cond i t i ons , e t c . ) .
Also some shortcomings in the exist ing requirements have been
m e n t i o n e d . I t i s r e c o m m e n d e d t o s p e c i f y t h e c o n d i t i o n s a n d
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necessary safeguards in case of grid fai lure. The safety of the
possible fundamental states of a turbine should be invest igated
f u ^ t h e ' r ( e . g . w h a t i s t h e p r o b a b i l i t y o f a s t a t e c l o s e t o
n a t u r a l f r e q u e n c i e s , a n d h o w l o n g c a n t h i s b e a l l o w e d ) .
Furthermore, the steps between operation in a fundamental state
(a f ter ac t iva t ion o f the back-up safe ty leve l ) and b lock ing for
repair deserve some further consideration.



49

S ta r t i ng po in t s

• Two sa fe ty sys tems

• I ndependen t l y ac t i va ted and ope ra t i ng

• No t o f same t ype

• Sys tems sepa ra te l y ab le t o l im i t speed

• One sys tem ab le t o s t op r o to r

• Lock ing sys tem
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REQUIREMENTS SMALL/MEDIUM SCALE WINDTURBINES

NORMAL OPERATION NORMAL CONTROLS FUNDAMENTAL STATE

FAILURE DETECTION PRIM.SAFETY SYST J STOPH
* BLOCKING

r
FAILURE DETECTION — * . BACK-UP SYSTEM FUND. STATE

- FUNDAMENTAL STATE: FREE-WHEELING, STOP, PARK, ...

-GRID FAILURE FREQUENT EVENT
- ADD'L REQUIREMENT RECOMMENDED: SAGETY SYSTEMS (INCL. SENSORS,
LOGIC, ACTUATORS) NOT DEPENDENT ON EXTERNAL POWER: SPRING,
KINETIC ENERGY ROTOR, HYDRAULIC / ELECTRIC ACCUMULATOR, ...
- NO REDUNDANCY REQUIRED IN STOPPING ACTION
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ALLOWED COMPONENT SHARING

NORMAL OPERATION

FAILURE DETECTION

PRIM.SAFETY SYST«g—> FUNDAMENTAL STATE

INDEP.EXT.POWER STOP

* BLOCKING

FAILURE DETECTION BACK-UP SYSTEM FUND. STATE

- NO OVERRULING OF SAFETY-LEVEL BY CONTROL LEVEL

IMPLEMENTATION STALL-CONTROLLED TURBINE

NORMAL OPERATION

FAILURE DETECTION

FAIL-SAFE
MECHANICAL
BRAKE

QVERSP. DETECTION AERODYN.BRAKE

STOP

STOP

9 BLOCKING

FUND. STATE
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2 5 m H A T N E W E C S 2 5 N E W E C S 4 5 N E W E C S 5 5
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Newecs 25

NEWECS-2;

NORMAL OPERATION<
FEATHERING

FAIL-SAFE

MECHANICAL

BRAKE

\ ^ * i m ^

INDEP.EXT.POWERFAILURE DETECTION

FAILURE DETECTION

- COMPONENT-SHARING BETWEEN SAFETY-LEVELS, ALLOWED SINCE NO
REDUNDANCY REQUIRED IN STOPPING ACTION
- SIMULTANEOUS OPERATION
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_t_

Newecs 45

NEWECS-4!

i

NORMAL OPERATION < & F E AT H E R I N G * — - »

FAILURE DETECTION > INDEP.EXT.POWER

OVERSP.DETECTION BRAKE
PARACHUTES

PARKING
BRAKE
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TYPICAL LAYOUT LARGE WINDTURBINE

NORMAL OPERATION

FAILURE DETECTION >H
COMMON

HYDR.ACTUATOR

INDEP.EXT.POWER

<«■—*>

OVERSP.DETECTION HYDR.ACCUM.+
BACK-UP
ACTUATORS

BLADE

FEATHERING

- COMPONENT SHARING BETWEEN SAFETY LEVELS

- SHARED PART DUPLICATED: NO LOSS OF REDUNDANCY

- SAFETY SYSTEMS PARTIALLY OF SAME TYPE: DEPARTURE FROM
REQUIREMENTS SMALL TURBINES
- ANALYSIS NEEDED OF COMMON FAILURE CAUSES: VIBRATION, FIRE,
ICING, ...
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NEWECS-

NORMAL OPERATION

FAILURE DETECTION

COMMON
HYDR.ACTUATION

INDEP.EXT.POWER

OVERSP.DETECTION CENTRIFUGAL
ACTUATION

BLADE
FEATHERING

PROCEDURE FOR FAILURE ANALYSIS TO BE AGREED ON IN REQUIREMENTS

DATA ON ICING CHARACTERISTICS NEEDED
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OPERATIONAL SAFETY SYSTEMS

IN

THE TJAEREBORG WINDTURBINE

Peter Christiansen
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INTRODUCTION

In the years 1986 and 1987 the Danish Windturbine Tjare-
borg-m0llen was constructed and built. The commissio
ning of the windturbine started in January 1988 and is
almost finished now (October 1988).

The windturbine is owned by the power plant I/S Vest-
kraf t s i tuated at Esbjerg. Construct ion, erect ion and
commissioning have been carried out in a combined work
ing team, counting members from Vestkraft, The Techni
cal University, ELSAMPROJEKT, and parts of the Danish
industry. Vestkraft and ELSAMPROJEKT are members of the
Danish uti l i ty cooperation, ELSAM I/S.

THE WINDTURBINE

Tjareborgm0llen is a horizontal-axis, upwind turbine
with a rotor diameter of 61 m. Above rated windspeed,
power is regulated by electrohydraul ic fu l l -span pi tch
control. The turbine has the following main data.

Rated power
Hub height
Rotor diameter
Number of blades
Or ien ta t ion
Ro to r t i l t ang le
Power regulation
Tip speed
A i r f o i l s e c t i o n
Operating pitch range
Blade weight
Rotor weight
Nacel le tota l weight
Gear box
Generator
Tower

2 MW
60 m
61 m
3
Upwind
3 deg.
Ful l span pi tch control
71.5 m/s
NACA 4412-43
0 to 35 deg.

9,000 kg
69,000 kg

225,000 kg
Combined epicyclic
Asynchronous, slip 2%
Reinforced concrete
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Yaw control
Yaw rotat ion rate
Hub
Pi tch cont ro l
Cut-in windspeed
Rated windspeed
Cut-out windspeed
Estimated annual energy output

Hydrau l i c , ac t i ve
0.4 deg./s
Rig id
Hydrau l i c , ac t i ve
5 m/s
i.5 m/s
25 m/s
.0,5 GWh/year

Technica l descr ip t ion

See figures 4 and 5.

The general appearance is traditional for Danish wind
turbines. The rotor is upwind and it has three blades
on a rigid hub. The power is controlled by electrohy-
d rau l i c f u l l - span p i t ch con t ro l .

The drive train - main shaft, two main bearings, plane
tary gear unit, high-speed shaft with brake and coup
lings, and the asynchronous generator - is mounted on
a welded box-type bedplate.

Yawing is performed by a hydraulic system arranged in
the cylindrical part between the bedplate and the con
crete tower.

3. SAFETY PHILOSOPHY

The basic guidelines for the design of the operational
safety systems are outl ined in fig. 7.

It is an outstanding feature that the mechanical brake
is not used dur ing automatical ly in i t iated safety stops.
It can only be set at manually initiated emergency stops
when danger exists to the operating personnel and then
only together with aerodynamic braking.
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Torquewise the brake is designed to hold the rotor at
windspeeds below 30 m/s and at a pitch-angle of 70
where the rotor develops maximum torque.

4. HYDRAULIC SAFETY SYSTEM

The principal design is shown in fig. 8.

The positions of the pitch axis of the blade (1) and
the cyl inder of the pi tch actuator (4) are fixed in re
lation to each other. The pitch actuator moves a yoke
(3) carrying the three safety cyl inders (2), one for
each blade. The torque arm on the blade is attached to
a l ink in the end of the safety cylinder piston rod for
the blade. The blade can move between two fixed stops,
one at +90° and one at -2°. The geometry of the move
ment is such that the safety cylinder, independently of
the position of the pitch actuator, can move the blade
to a position in the range 55° to 90 . The maximum
working range of the safety cylinder is 57 , which is
required when the pitch actuator is in the -2 posi
tion. The working range of the pitch actuator is 37 ,
corresponding to a range of -2 to +35 .

In the hub are, besides the three safety cylinders (2),
mounted 3 gas pressurized hydraulic accumulators (5),
one for each safety cylinder and the servo cylinder (4)
Two parallel emergency stop valves (6) are placed on
the hydraulic station in the rear of the nacelle. They
are e lect r ica l ly actuated spr ing return va lves of d i f
ferent types. One is a sliding spool valve, the other
one is a seat valve. The electrical signal to the
valves comes from the computer through the trip cir
c u i t s .
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5_. ELECTRICAL SAFETY SYSTEM

Fig. 9 shows the basic design of the electrical tr ip
c i r c u i t s .

The system consists of two parallel and identical sen
sor and tr ip circaits and the object circuits where
bo th t r i p c i r cu i t s deac t i va te the ob jec t c i r cu i t s .

The cr i ter ia (sensors) which in i t iate a safety stop are
shown in fig. 10, and the objects that are tripped are
l i s t e d i n fi g . 11 .

6^ RELIABILITY CONSIDERATIONS

The basic equat ions for the probabi l i ty o f cr i t ica l
fai lures in a single system (lvl) , a one-of-two system
(lv2), and a two-of-three system (2v3) are shown in
figures 12 and 13.

In fig . 14 the p robab i l i t y o f a c r i t i ca l f a i l u re o f t he
three types of systems are plotted against Xt where X
is the failure rate (1/MTBF) and t can be interpreted
as the time elapsed since the last test and repair (if
any) .

The curves to the right shows that there is no signifi
cant difference between the systems for values of Xt
between 0.1 and 1 and the obvious, but often overlooked
f a c t , t h a t t h e p r o b a b i l i t y o f c r i t i c a l f a i l u r e f o r t h e
2v3 system is larger than for the lvl system as Xt ap
proaches and exceeds 1.

A prerequis i te for the improvement in re l iabi l i ty which
can be obtained wi'th redundant systems is testing at
short intervals compared to the MTBF of the actual sy
s tem. I t i s i l lus t ra ted in the le f t curve on fig . 14
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where the improvement in reliability of a lv2 and a
2v3 system over a lvl system as function of Rt is shown

The main point I want to make here is that the dramatic
improvement in rel iabi l i ty which is possible with re
dundant system is only obtained when the testing inter
vals are in the order of a few per cent, of the MTBF
of the s\stem.

TESTING AND TESTING INTERVALS

As the hydraulic and mechanical systems are by far the
most complicated and have the lowest MTBF, the complete
blade movement including the gas accumulators is tested
by the control computer during each starting sequence.
The frequency varies, depending on the character of the
wind, from 2-3 times every hour to a few times a week.

The test procedure is as follows. With the unit braked
the blades are positioned in -2° by the pitch actuator
and the safety cylinders. When position switches indi
cate that a l l three b lades are in the -2 posi t ion,
the computer deenergizes the emergency stop valves and
measures the time it takes for the blades to reach the
+55° position. Normally it takes around 12 seconds for
the slowest blade. If the specified maximum time (15
seconds) is exceeded, the computer blocks further ope
ration, stops the hydraulic system and sets the alarm
"Blade movement defective", and as the turbine will
slow down to a safe speed with only two blades in 55
posit ion, the whole system is tolerant to a major fault
in one of the three blade sub-systems.

An overview of the test intervals for the components in
the safety systems is shown in fig. 15.
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8_. TRANSDUCER SUPERVISION

In order to avoid cr i t ical s i tuat ions due to transducer
failure the most important ones are redundant and conti
nuously supervised by the control computer as outlined
in fig . 16 . I f a fa i lu re is de tec ted the tu rb ine is
stopped immediatel/.

The presence of a large IP power oscillation (= with
the rotor frequency) indicates a serious fault (heavy
imbalance, misaligned blade) in the rotor. The control
computer therefore continuously calculates the ampli
tude of the IP-harmonic in the power signal by a DFT
and stops the turbine if the amplitude exceeds a cer
t a i n l e v e l .
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ABSTRACT

A summary of Swedish requirements and experienc from safety systems
for large horisontal wind energy conversion systems (WECS) is given in
this paper. The discussion is limited to blade related questions especially to
safety systems for overspeed protection of the turbine.
In-service experience during five to six years of operation of the two
Swedish prototypes, Maglarp and Nasudden, is discussed in the light of the
above topics. General safety philosophy and safety system function for the
two new (to be built) WECS is also discussed.

A safety system has to able to prevent critical events from happening, but
must also be able to reduce hazards at normal operation. In other words it
should guarantee the safety of life and economic losses, to a certain level.
Probability levels in the order of lO^may, for example, be applied on a
WECS built in sparcely populated areas.

National standards and codes for WECS safety systems should not give
specific rules for the principles of the overspeed safety system for large
WECS. If rules were given there might be a risk that new and innovative
concepts could be rejected because of inconsistent rules. It is up to the
manufacturer to prove that his philosophy and design fullfills the required
probability levels for catastrophic failure.



83

The following safety systems for blade overspeed protection is currently
in use or will be utilized:

Nasudden: Individual hydraulic pitch regulation of blades with one
(WTS 75-2) backup system for each blade.

Crack detection system in critical parts of the blade,
istalled but not used.
Primary shaft brake for parking purpose only.

Maglarp: Common hydraulic pitch regulation of blades, with two
(WTS-3) backup systems.

Primary shaft brake for parking purpose only.

Aeolus II: Common hydraulic pitch regulation of the blades with
(WTS 80-3) backup systems.

Scanvind 41 Nacelle yawing out of wind.
Full moment brake on primary shaft.
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1. INTRODUCTION

The objective of a general safety system is to eliminate hazards throughout
the WECS' total life, or rather, to reduce the probability of critical events
occuring to an acceptably low level. The system life cycle includes all
actions taken from design and fabrication throughout operation and
maintenance to final dismantling and site clean-up. With this definition of
a safety system it includes both the hardware built into each paricular unit
and the software such as formal procedures, design reviews, quality
assurance programs etc.

The safety system has to prevent critical events from happening but also to
reduce hazards at normal system operation. The hazards at normal
operation are those associated with rotating parts, electrical equpment,
work at high elevations and similar conditions. This definition can be
applied to the whole WECS during its total lifetime.

Presently Sweden does not have any specific standard for structural safety
of large WECS. Other documents in the area are, for example, technical
specifications for the two prototypes [1] and a proposal for structural
safety, [2]. The Swedish building code [3] is also used to some extent when
designing a WECS. The code distinguishes between three different safety
classes for building objects. The choice of class depends on what will be
the result of a catastrophic failure of a building. A WECS is assumed to be
in class 2. In this class risk of life and/or economical consequences are
considerable. A total probability level of IO"4 may represent an adequate
safety for a strucure of this type. With an adequately chosen reliability
for the different componts in the WECS, this probability level will
correspond to one serious structural failure in some 10000 WECS during
their total life.

The aim of this presentation and meeting is limited to safety systems for
blades and the procedures to prevent the blades from beeing loaded in a
critical way. This topic will therefore be adressed when discussing the
Swedish experience below.
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REQUIREMENTS FOR A SAFETY SYSTEM

* A safety system has to able to prevent critical events from happening.

* It should guarantee the safety of life and economic losses, to a certain risk level.

EXAMPLE OF EQUIPMENT NECESSARY TO INCLUDE

IN A SAFETY SYSTEM

* Control system with sensors for:
rotational speed
vibration
emergency
etc.

* Overspeed protection

* Vibration monitoring systems

* B r a k e s

* Personal resque equipment

* Fire extinguishing system

* Turbine locking system for parking at maintenance
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2. EXPERIENC FROM THE TWO SWEDISH PROTOTYPES

2.1 Maglarp (WTS-3)

Manufactured by Karlskrona Varvet
Current production 19444 MWh at 13403 hours on line (1.45 mean)

2.2 Nasudden (WTS-75-2)

Manufactured by NOHAB-KMW Turbine AB
Current production 13000 MWh at 11400 hours on line.
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SPECIFICATION MAGLARP, WTS 3

Rotor
Diameter
Number of blades
Pitch
Rotational speed
Position
Hub
Teeter bearing
Power control
Material

80 m
2
regulated
25 rpm
downwind
teetered
elastomeric+roller bearing
pitch
fiber glas reinforced plastic

Tower
Material
Hub height

steel
80 m

Safety system
Blade pitch with back up systems

Generator• Type
Rpm
Power

synchronous
1500
3 MW at nominal windspeed 14 m/s





Nr Benomning
1 lanksyttem. ventilplatla
2 Juslerlank nr 2
3 Ltinkled nr 2
4 Venl i lplol lo
5 Novfor lfingmng
6 Lbnknr2
7 Lank led nr 1
8 Jutterldnk nr I
9 Slyrning

10 lank nr I
11 Kam nr 1
12 Rulle
13 Styrarm
14 Bladvinkelgivare

0 0
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SPECIFICATION NASUDDEN, WTS-75-2

Rotor
Diameter 75 m
Number of blades 2
Pitch regulated
Rotational speed 25 rpm
Position upwind
Hub fixed
Teeter bearing fixed hub
Power control pitch
Material steel + fiber glas in secondary structure

Tower
Material concrete
Hub height 77 m

Safety system
Blade pitch with back up systems

Generator
Type asynchronous
Rpm 1500
Power 2MW
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Nasudden Wind Turbine 2 MW
Yearly Operating Statistics

Hours

6000-/

4C00-</

2000

HiYscsr 1985
Year 1986 •
Year 1987 !

Operating time

Availability

6/I

GWh

Target: 5Gwh//ear

Production
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Nasudden Wind Turbine 2 MW

Monthly Energy Production

MWh

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

Monthly Technical Availability

%

Year 1937
Year 1933

Jan Feb Mcr Apr May Jun July Aug Sept Cat Nov Dec
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3. FUTURE DEVELOPMENT.

3.1 Aeolus n (WTS-80-3)
NOHAB-KMW Turbine

3.2 Scanwind41
Scanvind AB
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SPECIFICATION AEOLUS II, WTS-80-3

Rotor
Diameter
Number of blades
Pitch
Rotational speed
Position
Hub
Teeter bearing
Power control
Material

80 m
2
regulated
two different rpm, 14/21
upwind

pitch
carbon-glass fiber

Tower
Material
Hub height

concrete
« 9 0 m

Safety system
Blade pitch with back up systems

Generator
Type
Rpm
Power

two winded induction
1000/1500 rpm
3MW
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SPECIFICATION SCANVIND 41

Rotor
Diameter
Number of blades
Pitch
Rotational speed
Position
Hub
Teeter bearing
Power control
Material

41m
2
fixed
17-48 rpm
upwind
teeter
elastomeric
yawing and variable rpm
fiber glas

Tower
Material
Hub height

steel
45 m

Safety system
Brake
Yawing

primary shaft full moment
out of wind, max 8°/sec

Generator
Type
Rpm
Power

DC/AC
544-1500
1MW
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4. CONCLUSION

* National standards and codes for WECS safety systems should not
give specific rules for the principles of the overspeed safety system
for WECS.

* Safety systems should be based on the basic safety philosiphy for the
WECS.

* It should be capable of providing a sufficiently low risk for
catastrophic failure of the WECS.

* Failure analysis should be carried out to prove reliability.

* Safety system requirements should not be limited to any specific size
of WECS.

* Experienc from safety systems in the two Swedish prototypes is
encourageing. Hydraulic pitch systems with backup have, up till
now, served without any incidents.
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THE ITALIAN APPROACH TO THE SAFETY OF LARGE WIND-TURBINES

S . Av o l i o ( 1 ) , C . C a s a l e ( 2 ) , E . D a l p a n e ( 3 ) , U . F o l i ( 4 )

1 . I n t r o d u c t i o n

W o r k o n w i n d - t u r b i n e g e n e r a t o r s ( W T G s ) i n v o l v e s

c o n s i d e r i n g a n e x t r e m e l y w i d e r a n g e o f d i f f e r e n t m a c h i n e s w i t h

respec t t o s i ze and concep tua l cha rac te r i s t i c s . Howeve r, f o r many -

years on ly a few types o f WTG have in p rac t i ce been accep ted by

the marke t and manu fac tu red i n s i gn i fican t numbers .

I n d e e d , i t i s d i f fi c u l t t o r e a l i z e h o w l o n g t h e w e l l - k n o w n

m e d i u m - s i z e , t h r e e - b l a d e d , s t a l l - r e g u l a t e d m a c h i n e s h a v e

c o n t i n u e d t o b e s o s u c c e s s f u l d u e t o t h e g e n u i n e t e c h n i c a l

a d v a n t a g e s t h e y o f f e r . T h e s e W T G s h a v e b e e n v e r y t h o r o u g h l y

t e s t e d a n d m u s t c e r t a i n l y b e r e g a r d e d a s a m i l e s t o n e i n t h e

r e c e n t h i s t o r y o f w i n d t u r b i n e s ; a n d y e t i t i s i m p o s s i b l e t o

g e n e r a l i z e a b o u t t h e e x p e r i e n c e g a i n e d w i t h t h e s e m a c h i n e s , f o r,

( 1 ) A e r i t a l i a S . A . I . p . A . - V i a V i t o r c h i a n o , 8 1 - I -
00189 Roma RM

( 2 ) E N E L - C e n t r o d i R i c e r c a E l e t t r i c a - V i a Vo l t a , 1 - I -
20093 Cologno Monzese MI

( 3 ) R i v a C a l z o n i S . p . A . - V i a E m i l i a P o n e n t e , 7 2 - I -
40133 Bologna BO

( 4 ) E N E A - FA R E - C R E C a s a c c i a - V i a A n g u i l l a r e s e , 3 0 1 - I -
00060 S . Mar ia d i Ga le r ia RM
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i f sa fe ty c r i te r ia are to be defined for la rge-sca le w ind- turb ine

i n s t a l l a t i o n s , w e s h o u l d n o t i g n o r e a l l t h e r e c e n t e x p e r i e n c e

that has emerged f rom the many innovat ive techn ica l so lu t ions

developed by a number of manufacturers, in part icular by Ital ian
ones.

General ly speaking, the ensur ing of adequate safety levels

for large-scale wind-turbines depends to a great extent - as in

the case of al l other kinds of industrial plant or equipment - on

t h r e e f a c t o r s : t h e e x i s t e n c e o f s t a n d a r d s o n t h e s u b j e c t ; t h e

development of adequate technology on the part of manufacturers;
and the issue of proper specifications by the user.

W i t h r e f e r e n c e t o e a c h o f t h e a b o v e f a c t o r s , t h i s p a p e r

a t t e m p t s t o i n d i c a t e s o m e o f t h e a s p e c t s t h a t h a v e t o b e
considered in dealing with safety problems.

A m o n g o t h e r t h i n g s , e x a m p l e s a r e g i v e n o f p o s s i b l e
inter faces between wind-turb ine manufacturers and organizat ions

concerned with standards, stressing how effect ive standards can

b e a r e a l h e l p i n a c h i e v i n g t e c h n i c a l i m p r o v e m e n t s a n d ,

therefore, in ensur ing an acceptable level of safety.
As f o r cus tomers ' spec i fica t i ons , a l i s t i s supp l i ed o f a l l

the points that should be considered in the drawing up of such

documents in the opinion of Ital ian users of large wind turbines.

Last ly, by way of an example, information is given .on the

des ign o f the "GAMMA 60" 1 .5-MW wind- tu rb ine genera tor, the

p r o t o t y p e o f w h i c h i s c u r r e n t l y b e i n g b u i l t i n I t a l y , w i t h

spec ia l r e fe rence to t he sa fe t y requ i remen ts and c r i t e r i a t ha t
have been taken into account.
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2. The Role of Standards

When we speak of safety problems, the meaning of the word

" s a f e t y " i s s o m e t i m e s u n c l e a r. I n p r i n c i p l e , i t i s p o s s i b l e t o
i n c l u d e i n t h i s fi e l d a l l t h a t i s r e l a t e d t o b o t h r i s k a n d

consequences associated with abnormal behaviour of the system.
I n p r a c t i c e , i t i s m u c h e a s i e r t o l i m i t t h e m e a n i n g o f

"sa fe ty " to a l l t ha t i s re la ted to the r i sk o f d i rec t damage to

persons.
This means that, in principle, standards may be expected to

p r o v i d e s e p a r a t e l y f o r d i f f e r e n t p r o b l e m s : f o r i n s t a n c e ,

q u e s t i o n s o f r e l i a b i l i t y , o r p u r e l y s a f e t y o r e n v i r o n m e n t a l

p rob lems, s ince each i s d i rec t l y re la ted to a d i f fe ren t t ype o f

potential damage:
- F inanc ia l damage to u t i l i t ies

- Direct physical damage to persons

- Indirect damage to persons.

F u r t h e r m o r e , s t a n d a r d s s h o u l d t a k e i n t o a c c o u n t a l l t h e

different condit ions that in some way define the category of the

system. From this point of v iew, the wind energy field is rather

complicated, since many different categories of system have to be
considered in accordance with the fol lowing factors:
- Type o f i ns ta l l a t i on s i t e (d i f f e ren t c lasses )

- Type o f ins ta l la t ion (g r id -connec ted s ing le un i ts , w ind- fa rms,

w i n d / d i e s e l , e t c . )
- Type o f mach ine (ver t i ca l /hor i zon ta l ax is , number o f b lades ,

operat ing and cont ro l p r inc ip les , e tc . )
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- Machine size (small, medium, medium -large, or large).

W i t h s p e c i fi c r e f e r e n c e t o p u r e l y s a f e t y p r o b l e m s , g r e a t

attention has to be paid to machine size, in order to define the

requirements for the acceptability of the WTG.

3. The Point of View of Manufacturers

From an industr ia l po int o f v iew, WTGs of d i f ferent s izes

ca l l fo r d i f fe rent degrees o f a t ten t ion , due to :
- Di f ferent matur i ty o f the technologies involved

- Differ ing impact of design costs on overal l cost

- Economy-of-scale factors.

F i x i ng s i ze ranges f o r WTGs i s a lways a ha rd t ask . Fo r

purposes of this report, three ranges have been considered, based
on var ious cons idera t ions , no t a l l o f wh ich a re s t r i c t l y re la ted

to sa fe ty :

- S m a l l * H i g h c o s t o f e n e r g y
(D<10m) * S u i t a b l e f o r i s l a n d

i n s t a l l a t i o n
* Re l i ab i l i t y ve ry impor tan t

- M e d i u m - s i z e * V e r y w e l l - t e s t e d t e c h n i c a l
( 1 0 < D < 2 5 m ) s o l u t i o n s

* Draf ts o f safe ty regu la t ions
already in existence

- M e d i u m - l a r g e a n d * N e e d f o r s p e c i a l a t t e n t i o n
l a r g e i n t h e d e s i g n p h a s e i n o r d e r t o
( D > 2 5 m ) c u t c o s t s

For each WTG range the foreseeable approach, dur ing the

des ign s tage , o f bo th i ndus t r y and s tandards o rgan iza t i ons i s
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shown in Figures 1, 2, and 3.

In pr inc ip le , the work o f a l l manufac turers in des ign ing a

new WTG prototype consists of roughly the same steps:
- Conceptual choices

- Genera l spec ificat ions

- Design

- Ve r i fi c a t i o n

On the cont rary, the leve l o f "a t ten t ion" pa id in a l l these

act iv i t ies is completely di fferent, depending on the WTG's size.

It may be expected that standards wil l be adaptable to the

size of each individual project. Figure 1 shows how some of the

l inks between indust ry and the s tandards organizat ions may be

g o v e r n e d b y s t a n d a r d s f o r t h e d e s i g n o f s m a l l W T G s . I n t h e
medium-size range (see Figure 2), a large number of experiments

have produced a lot of technical features that can be used as the

basis for the safe design of new machines. This is the typ ica l

approach in the most advanced countries.
As far as medium-large and large machines are concerned,

fur ther examinat ion is ca l led for (see F igure 3) in the genera l

spec ificat ion phase, in order to check the safe ty ph i losophy in
t h e l i g h t o f g e n e r a l q u a l i t y r e q u i r e m e n t s . T h i s a p p r o a c h i s

t y p i c a l o f t h e p r e s e n t c o n d i t i o n o f m a n y c o u n t r i e s w h e r e n o

spec ific s tandard i s app l i cab le .
To f ocus t h i s app roach on t he p rob lem fo r med ium- l a rge

WTGs, a s tandard needs to be dev ised for the des ign o f both

structural and "safety-active" components in the same way.

A s r e g a r d s t h e s t r u c t u r a l p a r t s i t i s r e l a t i v e l y e a s y t o

s e l e c t , f r o m a m o n g e x i s t i n g s t a n d a r d s , r u l e s t o d e fi n e t h e
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acceptabi l i ty cr i ter ia for the design. Once the basic assumptions

f o r t h e l o a d c o n d i t i o n s a r e d e fi n e d , a n d t h e l o a d c a s e s a r e

ident ified for each type of machine, the safety system l imi ts of

a c c e p t a b i l i t y c a n b e d e fi n e d i n a v e r y g e n e r a l w a y ( s e e , f o r

example, Table 1).
Since fa i lures in non-safe- l i fe act ive components should be

c o n s i d e r e d d u r i n g v e r i fi c a t i o n t h r o u g h F a i l u r e M o d e E f f e c t s

Ana lys i s (FMEA) ex tended to t he sa fe t y sys tem, a t heo re t i ca l
b a s i s o f u n d e r s t a n d i n g c o u l d b e d e fi n e d b y s t a n d a r d s . A

comprehens ive c lass i fica t i on o f componen ts to be used i n the

design of all types of machine could easily be devised. The way
of carrying out such FMEA could be described and governed by

a c c e p t e d s t a n d a r d s , a s i s t h e s t r u c t u r a l v e r i fi c a t i o n o f

components to be proved safe-life.
I n c o n c l u s i o n , i n t h e l a r g e s i z e r a n g e , p a r t i c u l a r

a t ten t i on to the sa fe ty p rob lem i s h igh l y des i rab le , espec ia l l y

a t the conceptua l s tage. The requ i rements s ta ted in s tandards

should be general enough to be helpful in the design of all types

of machine.

I t should be understood that a "general " requi rement does

n o t n e c e s s a r i l y n e e d t o b e " u n d e fi n e d " : a s i m p l i fi e d

p robab i l i s t i c app roach can be adop ted , r a the r t han gu ide l i nes
b a s e d o n p r e v i o u s e x p e r i e n c e , w h e r e t h e a p p l i c a t i o n o f

emp i r i ca l l y -based des ign ru les has p roved bo th unre l iab le and

c o s t l y.
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4. The Point of View of Users

I ta l i an use rs o f l a rge w ind tu rb ines ( * ) cons ide r tha t t he

s p e c i fi c a t i o n s s u p p l i e d f o r m a n u f a c t u r e r s w h e n o r d e r s a r e

placed should contain, on the one hand, al l information required
for designing and manufactur ing the machines correct ly and, on

the other, al l the manufactur ing and funct ional requirements that

cus tomers rega rd as essen t ia l f o r sa feguard ing bo th the w ind

power systems and staff in charge of them, not to ment ion the

publ ic in genera l .
I n p a r t i c u l a r , t h e c u s t o m e r s s h o u l d , w h e n g i v i n g t h e i r

spec ifica t ions , i nc lude a l l the po in ts l i s ted hereunder.

a ) S t a n d a r d s

Though there do not for the moment exist any specific standards

regarding the safety of wind turbines as such, customers should

a lways spec i fy to manufac turers any s tandards in fo rce in the
v a r i o u s e n g i n e e r i n g fi e l d s ( c i v i l , e l e c t r i c a l , e t c . ) t h a t s h o u l d

be observed when selecting or designing components and in setting

u p t h e w h o l e s y s t e m . I n p a r t i c u l a r, i n t h e a r e a o f e l e c t r i c a l

e n g i n e e r i n g , i t s h o u l d b e s p e c i fi e d t h a t r e f e r e n c e

(*) In 1987 ENEL (the Ital ian National Electr ici ty Board) placed
a n o r d e r w i t h A e r i t a l i a , t h e l e a d c o m p a n y o f a n a t i o n a l
consortium of manufacturers, for the supply of the prototype and,
subsequent ly, of two prel iminary uni ts of the "GAMMA 60" wind
turbine (1.5 MW, rotor diameter 60 m) . For i ts part, ENEA (the
National Committee for Research and Development on Nuclear and
A l t e rna t i ve Ene rg ies ) p rov i ded s i gn i fican t financ ia l back ing f o r
t h e d e v e l o p m e n t o f t h e a f o r e m e n t i o n e d p r o t o t y p e , w i t h i n t h e
f ramework o f i t s con t rac tua l re la t ionsh ip w i th Aer i ta l ia .
As regards safety aspects relat ing to the "GAMMA 60" machine,
b o t h E N E L a n d E N E A h a v e f o l l o w e d t h e l i n e s s t a t e d i n t h i s
document.
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must be made to IEC Standards.

b ) C h a r a c t e r i s t i c s o f t h e I n s t a l l a t i o n S i t e
Manufacturers should be provided with data to which to refer

when designing machines, with regard to both wind characteristics

proper (such as frequency distribution of wind speeds, turbulence

m o d e l , e t c . ) a n d a l l o t h e r c l i m a t i c c h a r a c t e r i s t i c s ( s u c h a s

t e m p e r a t u r e , r a i n f a l l , p r e s e n c e o f b r i n y v a p o u r, d i m e n s i o n o f

h a i l s t o n e s , p o s s i b i l i t y o f i c e f o r m a t i o n , a n d d e n s i t y o f

l i g h t n i n g s t r i k e s ) .
Fu r the r spec i fica t i ons shou ld be g i ven on the an t i se i sm ic

requirements to be complied with, the design of the foundations
of the var ious un i ts (wh ich shou ld be based on the resu l ts o f

geo techn ica l i nves t iga t ions conduc ted a t the ins ta l la t ion s i tes )
a n d t h e c o a t i n g o r t r e a t m e n t o f c o m p o n e n t s m a d e o f f e r r o u s

mater ia ls (espec ia l l y pa in t ing cyc les ) .

c ) G r i d C o n n e c t i o n
T h e m a n u f a c t u r e r s h o u l d b e p r o v i d e d w i t h c o m p l e t e

information regarding the grid to which the machine is to be

c o n n e c t e d , w i t h s p e c i a l r e f e r e n c e t o : r a t e d v o l t a g e a n d

frequency; maximum frequency variation; short-circuit power at
point of connection of the wind turbines; and circuit-breaker
reclosure cycles.

d) Availabil ity and Lifetime of Machine
T h e m a n u f a c t u r e r s h o u l d b e a s k e d t o m e e t s p e c i fi c

requirements regarding the avai labi l i ty of the machine and,
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e s p e c i a l l y, m e a n t i m e b e t w e e n f a i l u r e s ( M T B F ) , a s w e l l a s t h e

o p e r a t i n g l i f e o f t h e m a c h i n e .

W i t h r e g a r d t o o p e r a t i n g l i f e t i m e , t h i s s h o u l d b e a b o u t 2 0

y e a r s , t a k i n g t h e s y s t e m a s a w h o l e , w h i l e , f o r c e r t a i n

c o m p o n e n t s , a s h o r t e r l i f e m i g h t b e a c c e p t a b l e , w i t h p e r i o d i c

r e p l a c e m e n t s , p r o v i d e d t h i s w e r e p r e f e r a b l e f r o m t h e c o s t a n g l e

a n d d i d n o t c o n fl i c t w i t h a v a i l a b i l i t y a n d s a f e t y r e q u i r e m e n t s .

e ) S a f e t y B o u n d a r y

In the absence o f s tandards on the sub jec t , cus tomers shou ld

ask manu fac tu re rs t o ag ree w i th t hem in good t ime on the s i ze o f

t h e a r e a t o b e f e n c e d o f f a r o u n d m a c h i n e s , b a s e d o n s u c h

e v a l u a t i o n s a s m a y b e m a d e r e g a r d i n g t h e p o s s i b i l i t y o f fl y i n g

f r a g m e n t s .

f ) C o n t r o l

C u s t o m e r s s h o u l d r e q u i r e t h a t w i n d t u r b i n e r e g u l a t i o n a n d

p ro tec t i on sys tems be as f a r as poss ib l e r edundan t .

T h i s r e d u n d a n c y s h o u l d a p p l y b o t h t o d r i v e m e c h a n i s m s

a n d t h e i r c o n t r o l c i r c u i t s a n d t o t h e s e n s o r s u s e d t o r e c o r d t h e

q u a n t i t i e s e m p l o y e d b y r e g u l a t o r s a n d b y p r o t e c t i v e d e v i c e s .

g ) C a b l e s

I t s h o u l d b e s p e c i fi e d t h a t c a b l e s s h o u l d b e o f t h e n o n -

fi r e - p r o p a g a t i n g , l o w - s m o k e t y p e a n d g e n e r a t e n o t o x i c o r

c o r r o s i v e g a s e s .

h ) E l e c t r o m a g n e t i c C o m p a t i b i l i t y

I t w i l l a l s o b e a d v i s a b l e t o s p e c i f y r e q u i r e m e n t s t o b e m e t ,



113

a s r e g a r d s e l e c t r o m a g n e t i c c o m p a t i b i l i t y , b y e l e c t r o n i c

equipment, whether in plant or on the ground.

i ) O p e r a t i o n
I t shou ld be spec i fied t ha t t he mach ine mus t be ab le t o

operate not on ly under manual cont ro l , but a lso and above a l l

automatically and without having to be manned.

1 ) M a i n t e n a n c e
I t s h o u l d d e fi n i t e l y b e s p e c i fi e d t h a t , i n t h e e v e n t o f

maintenance work, i t be a lways possib le, mechanical ly, to b lock

the rotor and nacel le.

m ) A n c i l l a r y E q u i p m e n t

It should be required that the machine be suitably equipped

a s r e g a r d s l i g h t i n g a n d a u x i l i a r y p o w e r s u p p l y, v e n t i l a t i o n ,

fi re -figh t ing , in te rcom, ho is t ing , l i f t and emergency ladder, and
the aircraft warning system.

n ) Q u a l i t y C o n t r o l
Customers should require manufacturers to prepare a suitable

programme of qua l i ty assurance that w i l l ensure that machines

comply wi th a l l technica l and contractual specificat ions.
T h e p r o g r a m m e s h o u l d i n c l u d e , e s p e c i a l l y, t h e f o l l o w i n g

aspects : des ign qua l i ty, supp l ies , manufactur ing cont ro l , qua l i ty
c o n f o r m a n c e a n d o p e r a t i n g t e s t s o n s p e c i fi c c o m p o n e n t s ,

d e fi n i t i o n o f s y s t e m c o n fi g u r a t i o n a n d m o d i fi c a t i o n s t h e r e t o ,

final inspect ion, approval of product , check that programme has

been fully complied with, anomalies and hitches encountered with

product dur ing operat ion.
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5.' The GAMMA 60 Project: Aspects of Safety and Reliability

The GAMMA 60 Project concerns a large-size wind-turbine of

advanced design.

The application of a number of innovative concepts is aimed

at achieving the twofold objective of increasing power output and

at the same t ime reducing manufacturing costs. For this reason,

t h e w i n d - t u r b i n e i s a t t r a c t i n g a t t e n t i o n b o t h i n I t a l y a n d

i n t e r n a t i o n a l l y.
S i n c e t h e p r o j e c t i s o n e o f h i g h t e c h n o l o g i c a l c o n t e n t ,

particular care has been devoted to the design of the unit, using
state-of- the-ar t analyt ica l methods and inst ruments.

Apart from matters more specifical ly concerned with design,

e q u a l a t t e n t i o n h a s o b v i o u s l y a l s o h a d t o b e d e v o t e d t o

r e l i a b i l i t y , s a f e t y, a n d a v a i l a b i l i t y .

5 . 1 A e r i t a l i a ' s A i m s

In developing the GAMMA 60 Project , Aer i ta l ia , in addi t ion

to meet ing the cont rac tua l ly la id -down safe ty requ i rements , se t

i t s e l f t h e f o l l o w i n g o b j e c t i v e s :

A) The manufacture of an intrinsically safe machine.

B ) T h e a c h i e v e m e n t o f a h i g h d e g r e e o f r e l i a b i l i t y , w h i c h

t rans la tes i t se l f i n to h igh ava i l ab i l i t y (> 95%) .

The two above objectives mean that the thirty-year span of

usefu l l i fe p lanned for the un i t impl ies that :
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A) In the worst conditions that have a high degree of probabil ity
of occurring, there must not be any crit ical events caused by

the machine that have an impact on the outside world (collapse

o f the s t ruc tu re and /o r o f i t s componen ts , o r the fly ing o f f

of parts or pieces).

In add i t ion, any mal funct ion ing or breakage of a component

must not have catastrophic consequences for the outside world.

This therefore means that:
- I t must be impossible for structures to col lapse.

- I t must be impossible for pieces to fly off .

- Safety systems must be such as to be able to control and/or

e f fec t i ve ly in te r rup t sequences o f c r i t i ca l even ts .

B) The uni t must be in operat ion for at least 95% of the t ime

during which the wind permits operation.
This therefore inc ludes:
- A high degree of rel iabi l i ty of the various components.

- O p t i m i z a t i o n ( i . e . , f r e q u e n c y, t i m e t a k e n , c o s t ) o f a l l

routine and unscheduled maintenance work.

5 . 2 I n t r i n s i c a l l y S a f e M a c h i n e

5.2.1 Pyramid of Events

I n o r d e r t o b e a b l e t o m e e t t h e fi r s t o b j e c t i v e

( i n t r i n s i c a l l y s a f e m a c h i n e ) , t h e e v e n t s t h a t m a y l e a d t o
c r i t i c a l s i t u a t i o n s w e r e fi r s t o f a l l s u i t a b l y c l a s s i fi e d ( s e e

Fig. 4) .
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With reference to the pyramid of events shown in Fig. 4,

t h e o b j e c t i v e i s t h u s t o e l i m i n a t e c a s e s A a n d , o b v i o u s l y, t o

reduce to a minumum the probabilities and consequences of cases B,

5.2.2 Risk involving Outside Impact

For Type A r isks , there are the fo l lowing eventua l i t ies :
- Collapse of tower and/or its components.

- Co l lapse o f nace l le / ro to r /o ther par t .

- Detachment of blade or fragment thereof.

Th i s may happen because , i n some "c r i t i ca l " a reas , t he

stresses exceed the capacity for local resistance, due to:

1. Real stresses that exceed those foreseen at the planning stage.

2. Incorrect des ign.

3. Faulty manufacture.

The fo l l ow ing tab le summar i zes even ts , causes , and the

appropr iate prevent ive steps.

Event Cause Prevent ion

Col lapse of s t ructure

P i e c e s fl y i n g o f f

• Collapse

- Overloads

Detachment of
blade

- Other cause

Determination of
load condi t ions

Determinat ion of
loads for var ious
cond i t i ons

Suitable design
c r i t e r i a

Experiments and
checks in oper-
r a t i o n
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5.2.3 Determination of Loads and Analysis of Stresses

The point of departure in the designing of the wind-turbine

w a s t h e c o r r e c t d e fi n i t i o n o f t h e a e r o d y n a m i c d e s i g n o f t h e

rotor, opt imized in respect of the wind character ist ics la id down
i n a c c o r d a n c e w i t h r e q u i r e m e n t s a n d , s u b s e q u e n t l y , t h e

d e t e r m i n a t i o n b o t h o f t h e l o a d s i n v o l v e d ( a e r o - e l a s t i c ,

centr i fugal, gyroscopic, mass, and dynamic) and of possible load
condi t ions generat ing the most cr i t ica l s t resses.

The second step was to define a gusting model for fatigue

planning along conservat ive l ines as regards both ampli tude and
number of cycles assumed for the whole life of the machine.

The number of cycles assumed, equal to 1E8, basically makes

the des ign one of a machine of theoret ica l ly infin i te l i fe .

The th i rd s tep - that is , determinat ion of the aero-e last ic

loads - was based on Hamilton Standard experience and on the use

o f computer codes and mode ls , op t im ized on the bas is o f the

experimental results obtained with the WTS 3 and WTS 4 wind
turbines .

Special attention was paid to the study of the dynamics of
t h e w i n d - t u r b i n e a s a w h o l e ( f r e q u e n c i e s , d y n a m i c l o a d s ,

e l as t i c i t y o f sub -sys tems ) , wh i ch was a l so done by means o f

s p e c i fi c s t r u c t u r a l c o m p u t i n g p r o g r a m s t h a t t a k e i n t o a c c o u n t

aero-e last ic i ty phenomena, su i tab ly qual ified by compar ison wi th
t h e c o d e s u s e d b y H a m i l t o n S t a n d a r d , e m p l o y i n g t h e m o d e l s

relating to the GAMMA 60.
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5.2.4 Design and Manufacturing Solutions

The design of the components has been carried out on the

basis of definite loads, assuming the useful l i fe to be 30 years

and making use of:
- F i n i t e e l e m e n t s c o m p u t i n g m e t h o d s f o r d e s i g n i n g t h e m o r e

cr i t ica l components.
- Suitable materials and machining processes.

- Laboratory and field tests for exper imental checking

Specifical ly as regards the blades, there are the fol lowing
features :
- A b lade roo t and sys tem o f a t tachmen t deve loped by NASA

for the MOD-OA wind-turbine and tested on a scale of 1 : 1.
- F a t i g u e t e s t s o n s e v e r a l s a m p l e s o n a s c a l e o f 1 : 2 f o r

qual ificat ion of the type of a t tachment .
- Deve lopment o f the des ign to ach ieve the r igh t s tandard o f

safety at the free rotat ion speed of the rotor.
- U s e o f k n o w n a n d w e l l - t e s t e d m a t e r i a l s a n d p r o d u c t i o n

p r o c e s s e s t h a t m a k e p o s s i b l e t h e c o n s t a n t a c h i e v e m e n t o f a

product o f the des i red character is t ics .

5.2.5 Experimental Work and Checks in Operation

A specific programme of experimental work and checking has

been drawn up in order to ascertain, both in the workshop and in

the field, that the var ious sub-systems and components and the

un i t as a whole operate cor rec t ly and e ffec t ive ly, and in order

to obtain the necessary and/or useful feedback to improve both

design and product.
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5.2.6 Safety Standards and Associated Systems

The fi rs t ob jec t i ve was ach ieved no t on ly by p inpo in t ing

the causes and implement ing the prevent ive measures descr ibed

a b o v e , b u t a l s o b y d e fi n i n g a n d s e t t i n g u p a s u i t a b l e s a f e t y

system able to control and/or if necessary interrupt any sequence
o f c r i t i c a l e v e n t s .

This is done in the following stages:
- D e fi n i t i o n o f t h e m o d e s / p h a s e s o f o p e r a t i o n o f t h e s y s t e m

(e.g . , s ta r t -up , s topp ing, emergency, e tc . ) .
- Ident ificat ion for each mode/phase of cr i t ica l components and

parameters for purposes of the correct operation and control of
t h e u n i t .

- Adopt ion o f one or more c r i te r ia (ph i losophy) as a bas is fo r

s a f e t y.
- I d e n t i fi c a t i o n , t h r o u g h a s e r i e s o f d e s i g n i t e r a t i o n s a n d b y

us ing F.M.E.A. (Fa i lu re Mode Effec ts Ana lys is ) methodolog ies ,
o f t h e c r i t i c a l a r e a s f r o m t h e s a f e t y a n g l e , a s w e l l a s t h e

defin i t i on o f app rop r i a te so lu t i ons .
- C o m p a r a t i v e c h e c k i n g b y e s t i m a t i n g t h e r e l i a b i l i t y o f t h e

various solutions proposed and by pinpointing redundancy needs.
- C h e c k i n g o f t h e b a s i c c r i t e r i a a n d m o d i fi c a t i o n s a n d / o r

implementations as a function of F.M.E.A.
The basic criteria adopted were as follows:

- Breakdown/mal funct ioning occurr ing in one of the sub-systems

involved in the control and regulat ion of the machine (defined

as a Level 1 faul t ) cal ls for an emergency stop by act ivat ing

the appropriate safety system.
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- Breakdown/mal funct ion ing occurr ing in a safe ty system ca l led

upon to deal with a Level 1 fault (defined as a Level 2 fault)
is dea l t w i th by means o f su i tab le redundanc ies (a t sys tem,

c i rcu i t , o r component leve l ) .
In the case of GAMMA 60, the following safety features were

adopted:
- An emergency sys tem comple te ly independent o f the con t ro l

l o g i c .
- Redundancy of the actuat ing o leodynamic systems and of the

re levant cr i t ica l components.
- Redundancy of the sensors dedicated to the recording of the

quant i t ies used by the regulator.

5 . 3 H i g h R e l i a b i l i t y

W h a t w e h a v e s a i d i n t h e p r e v i o u s p o i n t i s d i r e c t l y

c o n n e c t e d w i t h t h e o b j e c t i v e " H i g h R e l i a b i l i t y " ( a v a i l a b i l i t y ) ,

which we set ourselves for the GAMMA 60 wind-turbine.

T h i s o b j e c t i v e i s a c h i e v e d , l e a v i n g a s i d e , i n t h i s

presentat ion, the specific technical solut ions adopted, by means
of dedicated design and manufacturing management.

The methods employed included, briefly, the fol lowing:
- Carefu l defini t ion of design requirements.

- S p e c i fi c a t t e n t i o n t o i n t e r f a c e p r o b l e m s ( b o t h p h y s i c a l a n d

operating) as between the various sub-systems.
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Careful selection of suppliers, who were evaluated in terms of

both designing and manufacturing capabi l i t ies.

Defin i t ion and imp lementa t ion o f a spec ific qua l i t y assurance

p lan .
Defin i t i on o f a se r ies o f bas ic c r i te r ia fo r ma in tenance work

and checking observance of the same.

ooo ===



Table 1
PRINCIPLES OF SAFETY PHILOSOPHY

STRUCTURAL PARTS SAFE LIFE

ACTIVE COMPONENTS
(RELEVANT TO THE
SAFETY SYSTEM,
SENSORS INCL.)

SAFE LIFE

NON SAFE LIFE

During the system life no failure
is assumed as possible

Depending on the logic of application,
three types of possible failures shall
be considered (*) :

1) SAFE FAILURES

2) NON CRITICAL
FAILURES

3) CRITICAL FAILURES

THE EMERGENCY SYSTEM SHALL
AUTOMATICALLY BRING THE MACHINE
INTO THE SAFE STATUS

NO EFFECTS ON SYSTEM BEHAVIOUR

MUST BE CHECKABLE AND NEED
A REDUNDANCY TO BECOME
EQUIVALENT TO A SAFE ONE (**)

(*): All failures due to total or partial loss of electric
power supply shall be safe or non critical.

(**): Two simultaneous critical failures shall be assumed
impossible, if automatic periodical checks are performed.
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INDUSTRY

- PARAMETERS OF THE WECS
- DIMENSIONS
- STRUCTURAL CHARACTERISTICS
- OPERATING CHARACTERISTICS

CONCEPTUAL
CHOICES

1
V

GENERAL
RECOMMENDATIONS -eH

LOAOS ANO
LOAD

CONDITIONS
SAFETY

PHILOSOPHY

APPROVAL
STRUCTURAL

PARTS

GENERAL
SPECIFICATIONS,

ACTIVE
COMPONENTS

EXISTING APPLICABLE
STANDARDS

DESIGN

CHECK OF COMPLIANCE WITH
GENERAL SPECIFICATIONS

1 VERIFICATION

TESTS

DESIGN AND APPROVAL APPROACH TO THE WTG SMALL SIZE SAFETY PROBLEMS

Figure 1
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INDUSTRY

- PARAMETERS OF THE WECS
- DIMENSIONS
- STRUCTURAL CHARACTERISTICS
- OPERATING CHARACTERISTICS

CONCEPTUAL
CHOICES

1

SAFETY REQUIREMENTS
BASED ON EXPERIMENTED

SOLUTIONS
m f r * \

SAFETY
PHILOSOPHY

GENERAL
SPECIFICATIONS

APPROVAL

EXISTING APPLICABLE
STANOARDS

EXAMINATION

CHECK OF COMPLIANCE WITH
GENERAL SPECIFICATIONS

VERIFICATION

DESIGN AND APPROVAL APPROACH TO THE WTG MEDIUM SIZE SAFETY PROBLEMS
Figure 2
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INDUSTRY

- PARAMETERS OF THE WECS
- DIMENSIONS
- STRUCTURAL CHARACTERISTICS
- OPERATING CHARACTERISTICS

CONCEPTUAL
CHOICES

n

QUALITATIVE SAFETY
REQUIREMENTS

LOADS AND
LOAD

CONDITIONS
DYNAMIC

SIMULATIONS

APPROVAL

V

STRUCTURAL
PARTS

EXAMINATION

a

STRESS VERIFICATION
IN COMPLIANCE

WITH LOAD
CONDITIONS

SAFETY
PHILOSOPHY

"POSSIBLE" FAIL.
DEFINITION

GENERAL
SPECIFICATIONS

i
ACTIVE

COMPONENTS DESIGN

V
FMEA BASED ON

"POSSIBLE" FAILURES
AND CHECK OF

COMPLIANCE WITH
SAFETY PHILOSOPHY

VERIFICATION

DESIGN AND APPROVAL APPROACH TO THE WTG MEDIUM-LARGE AND LARGE SIZE
SAFETY PROBLEMS.

Figure 3
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Outside impact

No outside impact

PYRAMID OF CRITICAL EVENTS WITH
REFERENCE TO OUTSIDE IMPACT

Figure 4
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SAFETY CATEGORIES

APPLICABLE

FOR WECS

Peter Leutenstorfer



128

1 . A b s t r a c t

Considering tradit ional plants or complex systems with inter
ac t ions o f s t ruc tura l , mechan ica l , e lec t r ic and e lec t ron ica l
subsystems well-defined technical standards state a lot of
different approaches to safe operation.

This differing standards has been gathered to elaborate a
system of 5 safety categories which may be applied in safety
related techniques controlled by microcomputers.

For hydraulic and pneumatic components which are often the
subsystems of plants like presses, cableways and aircrafts a
recently published paper succeeds in stating 5 complying
categor ies .

The systems of WECs will be separated into different
sect ions in order to easi ly apply the safety categories.

Explaining the categories al l the inherent "packages of
measures" will be mentioned.

Especial ly for microcomputer central control units of WECs
a classificat ion seems possible.

2 • i n t r o d u c t i o n

In contradict ion to wel l -known tradi t ional machines or
machine systems, the development of new machine systems
rises the question of necessary safety philosophy or safety
system applied to this machines. Such safety systems should
on one hand be in compliance with accepted "rules of
technique" and on the other hand take into record the public
in te res t in min imiz ing sa fe ty r i sks .
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Therefore there is a necessity of safety assessment of such
machines or its subsystems.

The main problem concerning the overall safety analysis or
safety assessment is the lack of well stated safety classi
fications for hydraulic and pneumatic components or sub
components as well as the safety assessment of the whole
machine system which contains a lot of different subcom
ponents .

Most of wind-energy-converters (WEC) are assemblies of
structural as well as mechanical parts and control units. In
some fields there are well stated safety margins or regula
t ions concerning the t reatment of d isturbances, fa i lures
e tc .
But in case of hydraulic and pneumatic components they were
missing. Hereunder it should be tried to apply safety
categories of some well-known machine systems to the WEC-
sys tems. Espec ia l l y fo r load car ry ing un i ts , e levators , fa i l
safe production plants and some other systems there are
existing assessments and requirements for safety precautions
which can be applied to WEC.

3 . Fo rma t ion o f sys tems i n a WEC

3•l structural and mechanical -systems and components

Hereunder we wil l state the fol lowing parts:

- tower
- foundat ion
- g o n d o l a ' s s t r u c t u r e S t r u c t u r a l s y s t e m s
- r o t o r



130

motors, generators
naves, axles, shaf ts
bear ings , p ivo ts
brakes, gear uni ts

Mechanical systems and
components

The above mentioned systems and components build the basical
system of a WEC.

3.2 Hydrau l ic and pneumat ic components

Such components are mostly incorporated to perform the
fo l l ow ing func t ions :

- brake service
- blade adjustment (pi tch unit)
- azimutal service

These hydraulic or pneumatic components support some
mechanical functions in a WEC.

3 . 3 E l e c t r i c a l a n d e l e c t r o n i c a l c o m p o n e n t s

Following components shall be included in this scope:

generators
motors
switch systems

Electr ical components

overal l system control
c o n t r o l u n i t s
switch systems
sensors

Electronical components



131

All the electr ical components representate mostly the
basical apparatus for energy convert ing, the electronical
parts those for control and indicat ion.

4. Definit ions in safety assessment

There are existing standards guidelines and code of
practices for well-known technical systems as load carrying
uni ts, e levators, cranes, fl ight systems or heavy product ion
systems which state safety related requirements.

In [1 ] the fo l lowing defini t ions were s tated for these
systems mostly excerpted from German standards as DIN 40002,
DIN 44300 and NTG 3004:

Safety

Danger

L i m i t
Risk

"Safety" is defined in DIN 31004 as: "A
s ta te o f a f fa i rs in wh ich the r isk is
smal ler than the l imi t r isk" . Accord ing to
th i s defin i t i on , sa fe t y i s a b i na ry quan t i t y
which gives information, in terms of a
yes/no statement, as to whether certain
defined cond i t i ons fu l fi l t he app rop ia te
requirements. The complement of safety is
defined as "danger". Any quant i tat ive state
ment concerning safety is thus based
on the concept of " l imi t r isk", defined as
the " la rges t r i sk spec ific to the p lan t
which can continue to be tolerated for a
defined technical process or state". On the
other hand, DIN 31004 states, in relation to
the es tab l i shment o f the l im i t r i sk : " In
genera l , the l imi t r isk cannot be spec ified
d i rec t l y as a s ta tement o f p robab i l i t y, i t
is in general defined by means of stipula
tions of technical safety which are made in



132

S t i p u l a t i o n s
of Technica l
Safety

the l igh t o f p reva i l ing techn ica l op in ion in
accordance with the objectives of the legis
la t i ve au thor i t i es in regard to sa fe ty " .
F inal ly, DIN 31004 defines "s t ipu lat ions
of technical safety" as "specific data con
cerning technical values and procedures, the
maintenance of which - in conjuction with
conventional technical measures - wi l l
ensure that by fa l l ing shor t o f the l imi t
r isk under the condit ions of operat ion that
are ant ic ipated, the object ives in regard to
safety will be achieved". Thus this handbook
conta ins a co l lec t ion of technica l safety
stipulations in the sense of DIN 31004.

F a i l u r e

Dangerous
F a i l u r e

Safety can be impaired in an equipment or a
system if it does not work in the desired
m a n n e r, i f i t f a i l s . " F a i l u r e " i s c a l l e d i n
accordance with the definition of NTG 3004
as "behaviour of a unit which is carrying
out some task which is not in accord with
i t s in tended or spec ified func t ion" .
Failures which do not in any way impair
safety wi l l not be concerned hereafter. Al l
the statements here are directed towards
"dangerous fai lure" which is defined here,
in agreement with NTG 3004, as "failure of
at least one of the functions which is
necessary for safety in a unit carrying out
some task". The path which leads from a
fault via a dangerous fai lure to an accident
is shown in Fig. 1.
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The German word "Fehler" ( l i terally trans
lated by "fault") is one of the terms which
is most frequently employed with different
i n t e r p r e t a t i o n s .

ACCIDENT

DANGEROUS
FAILURES

j.'-aNCEROUS
FAULTS

POTENTIALLY DANGEROUS
FAULTS

FAULTS'UITH
RELEVANCE TO SAFETY

ISAFETY RELEVANCE >

ALL FAULTS

OPERATIONAL
CONDITIONS

TRIGGERING
INPUT

F i g . . • ! : F a c t o r s o n the Path from Fault to Accident /GRS 1/
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F a u l t T h e r e a r e s e v e r a l s t a n d a r d s w h i c h d e fi n e
"Fault". NTG Recommendation 3004 presents a
col lect ion of defini t ions which is addressed
to the various English terms all covered by
the German word "Fehler":

" f a u l t " :

Inadmissable characterist ic of a given sys
tem that (can but need not) lead to the
fa i lure of that system;

" d e f e c t " :

Inadmissable deviation from some property of
a system or the non-fulfilment of. some speci
fied requirements by the value of some pro
p e r t y.

" e r r o r " :

The deviation between a calculated value (or
some determined condition) and the true, spe
c i fied o r t heo re t i ca l va lue (o r cond i t i on ) ;

"mistake" :

Human action which can lead to (but need not
lead to) some undesirable consequence.
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This shows clearly what a broad range of
meaning is possessed by the term "Fault"
("Fehler") in the German language. All these
meanings can be subsumed under the term
"Fault" which is the general term convering
all undesired or impermissible events or
states which can attach to the system under
consideration. Faults are the causes of dan
gerous fa i lu res .

Disturbance
One possible cause of faults is disturbance.
A "disturbance" is defined in NTG 3004 as
" impairment of a funct ion" . I t is expressly
indicated here that this term carr ies no
imp l i ca t i ons as to i t s admiss ib i l i t y o r
cause. Here the term "disturbance" is used
however only for those impairments of func
tion which originate from outside the system
under consideration: a disturbance is an
act ion, not a state.

Breakdown/
F a i l u r e

In this handbook several types of fault are
referred to. First in l ine to be named is
the "breakdown" or "failure" (in German:
"Ausfall"). In NTG 3004 it is described as
"the infr ingement of at least one of the
breakdown criteria in relation to a compo
nent which has praviously been free of
fau l t s as fa r as th is c r i te r ia i s con
cerned" .



136

Breakdown
C r i t e r i o n

The "breakdown criterion" is defined as the
" l imi t ing leve ls o f the permiss ib le va lue
for the deviat ion from i ts propert ies of a
component arising after demands start to be
made on i t " . Another f romulat ion: fa i lures
can only occur in something which was previ
ous ly f ree o f fau l ts .

Redundancy

The occurence of fai lures wil l general ly be
prevented by su ffic ient re l iab le const ruc
tion techniques and by using components of a
co r respond ing l y h igh re l i ab i l i t y. I n add i
t ion to this, every effort is made to amel io
rate the dangers arising as a result of
fa i lures, or to el iminate them completely,
by means of inspections, tests, and the
like. In many cases however, this wil l not
be suffic ient , and i t wi l l be necessary to
ensure the safe functioning of an equipment
or system by means of "redundancy", by means
of "the provision of technical means capable
of funct ioning as required, at a level
greater than that necessary for the pre
scribed function. Redundancy, in this con
text, is considered in a posit ive sense as
"useful redundancy".
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D i v e r s i t y

Redundancy in no way precludes the possibi
lity that the components which are "redun
dant" wi l l be ident ical wi th one another;
but in some cases, in order to be able to
br ing to l igh t sys temat ic fau l ts in the
redundant sections, these have to be in
corporated or programmed using diversity
techniques. "Divers i ty" is defined as
"dissimi lar technical devices used for the
purpose of achieving useful redundancy".

Turning to the question of software, i t must
be pointed out that diversity has to be
brought in when the init ial statements which
determine the solution are being considered.
That is to say, for example, that "d ivers i
fied so f twa re " w i l l s i gn i f y d i f f e ren t sou rce
programmes; the employment of identical
source programs on different microprocessors
w i l l no t cons t i t u t e d i ve r s i fied so f twa re .

Measures

Packages of
Measures

As a means of ensuring the safe functioning
of a system there are available, apart from
an appropr iate system structure, certain
safety "measures". "Measures" are all of
those functions which are implemented for
some particular purpose (in this case:
safe ty) , fo r example : tes t ing , moni tor ing ,
checking, etc. Hereafter, the measures are
complementary to the "structure". Measures
which are combined with one another to
attain some particular end are designated as
"packages of measures".
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In evaluating some safety measure, a know
ledge of the various t imes in the interplay
of the different events in an equipment, sys
tem, process, etc. is required. These are:

Time of
Breakdown

The "time of breakdown" is the point in time
at which the component fails (as per
NTG 3004; a component is a material entity
del imi table by construct ion or composi t ion).

Time of
F a i l u r e

The " t ime of fa i lure" is the point in t ime
at which the fai lure of an operat ional uni t
becomes evident(as per NTG 3004; an opera
t iona l un i t i s a un i t w i th the capab i l i t y o f
performing a function autonomousely. The
operat ional unit consists of one or several
components).

Latency
Per iod

The " latency per iod" for a faul t is the
interval of time between the occurrance of a
fau l t and i t s de tec t i on o r i t s resu l t i ng
outcome (as per NTG 3004).

Test Cycle
Time

The " test cycle t ime" is the reciprocal
va lue o f the repe t i t i on ra te o f a tes t ; i t
can be an exact value or a maximum value.

F a u l t
Tolerance
Per iod

The " faul t to lerance per iod" is the length
of time during which a process can be
affec ted by incor rec t cont ro l s igna ls
without moving into a dangerous state.
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All though above mentioned definit ions were stated in fields
of microcomputer systems and microcomputer controls they are
too adequate in describing safety principles in WEC,
especially concerning the hydraulic, pneumatic and
e lec t ron ica l con t ro l un i ts . Bu t a lso in re la t ion to the
structural and mechanical components they give a necessary
c l a r i fi c a t i o n i n s a f e t y r e l a t e d i t e m s .

5 . P r o p o s a l f o r s a f e t y c l a s s i fi c a t i o n

Depending on the intentional use of a system the introduc
t ion of a defined safety c lass is helpful . Safety c lasses
are to be defined concerning

- the manner and severity of injuries or damages
- the fau l t occurance probabi l i ty
- the number of undetected faults which may lead to

a dangerous failure.

Most proper i t would be to state a classification according
to the probabil i ty of fault occurance. To analyse the proba
bi l i t ies for such terms nevertheless is near ly impossib le
especially in the case of complex plants. Actually for WECs
this assessment is only possible with such an uncertainty
that there i t is not to ga in a wel l -defined descr ip t ion.

Concerning this problem the evaluation of exist ing technical
standards leads to a classificat ion compyl ing with the
number of faults which may - in connection - not lead to
dangerous failure. The safety classes are combined with
"packages of measures" which may be sufficient to prevent
fai lures fol lowing the general agreement of experts.
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Divers ified to the sor t o f p lant or the d i f ferent systems in
plants, different ways of safety assessment can be done.

%t<m-U 3«-©Uj>

A TUVv(Technischer Uberwachungs-Verein Bayern/Rheinland) has
e laborated hereaf ter s ta ted c lass ificat ion in co inc idence
wi th ex is t ing technica l s tandards [1 ] :

"Besides the general prohibition of the dangerous
s ing le fau l t , the regu la t ions cu r ren t l y in fo rce
call for technical measures - in the use of conven
t ional technologies - against dangerous fa i lure
wi th in some prescr ibed faul t detect ion in terval in
the presence of:

Category 1:

any number of individually non-dangerous faults, up
to oo; a dangerous failure is not accepted with any
combinat ion of faul ts

Representative regulation: DIN 57831/VDE 0831

Category 2:

up to 3 undetected, individually non-dangerous
f a u l t s

Representative regulation: TRA 200/101

Catagory 3:

up to 2 undetected, individually non-dangerous
f a u l t s

Representative regulation: DIN 57116/VDE 0116
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Category 4:

1 undetected dangerous fault

Representative Legislation: DIN 57113/VDE 0113 with
DIN 57160/VDE 0160

Category 5:

1 undetected dangerous fault using a simplified
fau l t cons ide ra t i on .

Whereas in categories 1-4 only the number of
faults is taken into account, i t seemed sensible,
and feasible, for the last category to take into
account in the classification scheme, by way of an
add i t iona l fac to r, the r igour o f the fau l t cons ide
rat ion involved. This s impl ificat ion has not been
included in the other categories, since an
evaluation of faults to be excluded and the number
of faults to be taken into account is not possible."

The hereafter mentioned arrangement of tradit ional plants
into a c lassificat ion system according to [1] is excerpted
from exist ing technical standards:

"Category 1:

- Control systems for Presses as per ZH1/456 and 457
- Electr ical s ignal l ing systems for Rai l roads as per

DIN 57831/VDE 0831
- Electronic tracking systems
- Escalator control systems as per EN 115
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Category 2:

- Control systems for hoists as per TRA 200/101
- Escalator control systems (insofar as not covered by

EN 115)

Category 3:

- Road Traffic Signalling Systems as per
DIN 57832/VDE 0832

- Electrical Equipment of Furnaces as per
DIN 57116/VDE 0116

- Remote Control Equipment for Gas and Oil Pipelines as

per TRGL 181
- Merry-go-rounds and so on (as currently in operation)
- Cableway Control Systems

Category 4:

- Medical Electrical Equipment as per
DIN IEC 601/VDE 0750

- Remote Control Radio Equipment for Cranes as per
ZH 1/547

- Manufacturing and Processing Machines as per
DIN 57113/VDE 0113

- F lame Moni tor ing Insta l la t ions
- Lifting Platforms as per VBG 14

Category 5:

- Household Equipment
- Ski Bindings and Related Adjustment Equipment
■- Document Disposal and Paper Shredding Equipment, etc.
- Power controlled Doors and Gates (Control Systems)
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Departures from this classification may be necessary
in special cases and taking into account all the
relevant circumstances."

6 . cons idera t ion o f sa fe ty fo r s t ruc tu ra l and
mechanical systems in WECs

6 . 1 s t r u c t u r a l s y s t e m s

Structural parts of a WEC which are mainly loaded statically
can be analyzed with usual application of well-defined
safety factors according to different design load cases:

- m a i n l o a d s ( H )
- main and addit ional loads (HZ)
- m a i n a n d s p e c i a l l o a d s ( H S )

This is for instance stated in DIN 18800.

For steel members following safety coefficients are valid:

V H = 1 , 7 1
V H Z » 1 , 5 0
V w q = 1 ^ 5 0 - 1 , 3 6W 1 ' , 1 0

For dynamically loaded structures regulations as "DIN 15018-
Cranes" or "Eurocode 3" may be applied. For instance in
DIN 15018 the safety coefficients are given with -
V = 1,3/1,1 at a service life of 90 % probability.

Concerning the structural system of WECs an arrangement
into safety categories seems not necessary,since there are
well-defined safety margins and analyses propositions.
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A dangerous failure of these parts which may lead to
injuries or damages can be excluded with the commonly
a p p l i e d s t a t i s t i c a l l y p r o b a b i l i t i e s o f c i v i l e n g i n e e r i n g
(see [2]) .

6.2 Mechanical systems and components

These systems and components consist of a lot of mechanical
parts which are as single parts due to a safety assessment.
The distinct function of such a system shall be under consi
derat ion in the next sect ion (pneumatic, hydraul ic) .

Al l the parts shall be designed for the predicted service
l i f e o r i nfin i te l i f e acco rd ing to the spec ific l oads and
load cycles.

The assessment of absolute load values and number of load
cycles is often difficult in designing elements of a WEC. In
case of load cycles above n = 2 x 10 there are not too much
Wohler-diagrams available.

But in general the choice of safety coefficients shal l done
in accordance to [5] or some similar technical standard.

Main, pr inc ipales in choosing safety levels hereaf ter
mentioned:

- re l iab i l i t y o f load assumpt ion
- consequences of a damage
- expense of restoring after damage

Recogniz ing th is for WECs a tota l safety coeffic ient
equalibr above O = 2,5 deems necessary.
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7 . C o n s i d e r a t i o n o f s a f e t y f o r h y d r a u l i c a n d p n e u m a t i c
components and subcomponents

7 • 1 G e n e r a l

The prevailing use of hydraulic or pneumatic parts in WECs
is for drive or servo units in brakes, pitch or yaw systems.

A fai lure of these systems in different way can contribute
to a "dangerous fai lure".

In general the use of hydraulic and pneumatic components
should be intended in such a way that they serve as passive
uni ts for example in brake l i f t ing (no act ive appl icat ion of
brake forces). Even in case of pi tch units the fai lure of
such components shall cause a safe position. This means for
example the active actuation is effected by spring-loaded
elements.

In re la t ion to the d i f ferent uses there can be c lass ifi
cation of hydraulic or pneumatic components into 5
categories according to [4]. Each category has its own
"packages of measures" to hold the necessary safety level.

Fur thermore the c lass ifica t ion conta ins th ree d i f fe ren t
cond i t i ons :

- no safety requirements
- safety requirements, personal damage is not possible
- safety requirements, personal damage is possible.
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7.2 Safe ty c lasses and measures for hydrau l ic and
pneumatic components

Category A

The plant can be brought into and remain in a safe position
in which i t is without pressure.

Measures:

The pressure source (motor, pump) only must obbey the re
quirements for disposal. Nevertheless it has to be sure that
the pressure medium can float back to the reservoir. It is
necessary to have two valves. The malfunction of one valve
must be detectable. Mostly this is arranged in that way that
malfunction of one valve leads to a float back of pressure
medium. Each of the valves needs its separate pipe back to
the reservoir. They must be completely separated in order to
allow a check. They have to be solid enough and installed in
a way not permitting damages from outside influences.

Fi l ter elements shal l be instal led on the pressure l ine of
the pump in the back-to-reservoir- l ines they shal l be
avoided. If they are in this position they need a bypass.

In general the back- to-reservoir - l ines shal l not contain any
parts which can contribute to a "embolism" in case of damage
or non suffic ient mainta in ing. I f i t is necessary to ho ld
the service of the system it may be necessary to design an
emergency pressure source.
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Category B

The plant can be brought into a safe state remaining
serveral parts under pressure.

Pressure medium can float back with a limited extent for
flow stream.

Measures:

The pressure source (motor, pumps) only must obbey the
requirements for disposal .

Parts which enclose the pressure medium shall be analyzed
with the necessary safety coefficients (see for example
TRA 200 and DIN 2413). A recoil valve with throttled bypass
has to limit the flow of pressure medium.

The recoi l valve has to be instal led direct ly at the
pressure reservoir or at the actuator.

If there are lines involved they must be designed for the
actual loads and be stress analyzed.

Category c

The plant can be brought into a safe state remaining several
parts under pressure. The pressure medium must not flow
back.



148

Measures:

As in category B.

However the recoil valve must not leak.
The rel iabi l i ty of such a valve has to sat isfy high require
ments. A defect like a broken pipe must be covered by this
va lve .

Category D

The plant has no safe state to remain in during status of
opera t ion .

The status of operation must be guaranteed in distinction
intervals wi th high rel iabi l i ty. Personal damages are not
poss ib le .

Measures:

P lan ts l i ke th is requ i res h igh re l iab i l i t y. The p ressure in
medium has to be hold during whole status of operation.

Pumps must be redundant and acompanied by emergency pump
systems. All the pipes and connectors are to designed for
serv ice l i fe , insta l led proper and mainta ined regular ly. The
cylinder is considered as a safe part (see TRA 200 and
DIN 2413).

Redundancy in design will be used. The arrangement of valves
is multiple to hold the most important procedures in case of
malfunction of one valve. The malfunction of a part must be
monitored.
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The plant has to be submitted to an extensive test procedure
before ins ta l l ing i t in order to exc lude cr i t ica l and non
re l iab le par ts . A fina l approvement a f te r i ns ta l la t ion i s
necessary.

Regularly maintenance with fai lure detection procedures is
necessary.

Category E

The plant has no safe state to remain in during status of
operation. Malfunction can cause personal damage.

Measures:

Implementing redundancy techniques must gain a certain proba
b i l i t y o f ma in ta in ing s ta tus o f opera t ion . Th is p robab i l i t y
at least has to comply with one of mechanical parts.

The measures in category D shall be valid however with
fo l lowing extensions.

Pumps and lines shall be installed multiple. In case of
defect of pumps there should be emergency systems.

The plants are to be divided in a protected and non protec
ted area. The minor important units can be shut off in case
of d.iminished pressure source performance.

Defects in a subaltern systems may not affect the function
o f l i f e impor tan t pa r t s .
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8 . C o n s i d e r a t i o n o f s a f e t y f o r e l e c t r i c a n d e l e c t r o n i c
systems and components

8 . 1 E l e c t r i c s y s t e m s

As far i t concerns to the instal lat ion and status of
electrical components the regulations of DIN- and VDE-
standards should be recognized.

The service of electromechanical parts (switches, relais
etc.) can be submitted to the above mentioned safety cate
gories .

Concerning the functional safety DIN - IEC 601/VDE 0750 -
"Safety of electromedical apparatus" can be applied.

8 .2 E lec t ron ic sys tems and components

Microcomputers are appl ied in the central control units of
WECs. The above mentioned 5 safety categories were directly
created in compliance with microcomputer applications in
sa fe ty re la ted con t ro l un i ts .

Especial ly for the control units in WECs it might be
necessary to stay in category 1, since malfunction may lead
to even personal damage.
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9. summary

We stated a sequence of safety categories derived from micro
computer appl icat ion in the field of safety re lated tech
niques.

As a conclusion for further papers the arrangement of the
different systems, components and subcomponents of WECs
under the above mentioned safety categories needs to be
done.

Detailed "packages of measures" can be applied to the
different systems in order to get an acceptable synoptic
safety level for WECs.
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Introduction

Safety systems have the task to maintain the integrity of the wind turbine, thereby keeping the
risk for the general public below a certain threshold and protecting the turbine from partial or
complete destruction. Requirements which may seem plausible and can be fulfilled without
excessive effort in the construction of small and medium size turbines, may lead to prohibitive
costs in the construction of large scale turbines.

Therefore it is of great importance that the safety requirements are based on a rational basis.
Then it will be clear why certain requirements have to be fulfilled and how this may be
achieved.

General Design Philosophy

{^ The prime requirement is that the safety system has to be designed in such a way that the
b \* failure of a single component will not lead to a failure of the whole system. This design philo-

jL^V sophy is based on the assumption that the simultaneous failure of two independent compo
nents Is so improbable that it does not have to be taken into consideration and also that each
single component is sufficiently reliable.

The main implication of this general philosophy is the redundancy requirement, i.e. that the

safety system itself consists of two completely independent braking systems. It is important
to note that only the safety system has to fulfil the redundancy requirement, not the other
parts of the wind turbine. This naturally leads to the question of what constitutes the safety
system, which will be addressed in the following.
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Another general requirement is the automatic activation if certain limiting thresholds are ex
ceeded and after that prevention of further operation of the turbine. The exceedance of these
thresholds is an indication that the turbine does not function as intended, and a manual reset
and some sort of maintenance is required.

Last not least it is important to note that the safety system has to function also if the external
power supply (e.g. electrical grid) breaks down.

Obviously there is a relationship between the load assumptions and the safety system. The ,
load assumptions are deducted from the consideration of certain scenarios, thus setting cer- </̂
tain requirements for the safety system. The activation of the safety system on the other hand ^ îteĵ
will cause certain, sometimes quite considerable, loads on the wind turbine.

Purpose and Function of the Safety System

As stated in the introduction, the safety system has to maintain the integrity of the wind tur
bine in the assumed scenarios. Therefore it is important that these scenarios cover to a rea
sonably high degree all the situations a windturbine will be exposed to during its lifetime.

Since the wind turbine is usually assumed to be in a safe state when it Is stopped, one of the
main functions of the safety system is to detect overspeed of the rotor and prevent racing.
Monitoring the rotor speed is not sufficient though, since loads on the structure may be ex
cessive even at moderate rotor speeds. Therefore the shaft power has to be monitored as
well, in conjunction with the rotor speed this is taken as a general measure of the loading on
the whole structure. Decelerating the rotor and limiting its speed is achieved by braking
systems, which each have to be capable of keeping the rotor speed below a critical value.

Definition and Identity of the Safety System

The safety system of a wind turbine consists of all those devices and components which mo
nitor certain parameters and are automatically activated upon exceedance of limiting
thresholds in order to maintain the integrity of the wind turbine.

As the general design philosophy requires the safety system to be redundant, there have to
be at least two completely independent braking systems.
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One of the main difficulties is often to draw the line between safety system and control
system. There may be components which are used by both. In this case naturally the safety
function has the higher priority. In this case of mixing with the control system it is particularly
important to clearly identify the safety system. In this way it will then be possible to check the
design requirements without being distracted by the control function.

Conceptional Design

The safety system is the last barrier against destruction by excessive loads and is only acti
vated in the case of a fault In the wind turbine. This is detected by the exceedance of certain
thresholds, primarily for rotor speed and shaft power. In normal operation the control system
will keep the system below these thresholds. Activation of the safety system therefore signals
a fault or some abnormal operating conditions which were not foreseen. The turbine will
therefore not be allowed to resume normal operation, a manual reset is necessary. If the
safety system is activated, it in turn has to activate the braking devices without delay. The re
dundancy requirement implies that there have to be at least two completely independent bra
king systems. Independence is to be understood in the sense of reliability theory and requires
that common cause failures be excluded through a proper design. It also implies redundancy
at all levels, i.e. energy supply, sensors, activation units and finally the braking device itself.

If there are torque-limiting devices in the drive train, they must not be between rotor and
brake.

Braking Systems

Often one braking device is used in normal operation, whereas the other one is an emergency
brake. The emergency brake may then be activated after a primary brake has been found un
able to perform its function.

Both braking devices each have to be able to bring the rotor to a complete stop. Both should
function without external power.

It is preferable that the braking systems are of a different kind. This diversity may be seen as
one more barrier against common cause failures.
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Since the loading comes from the aerodynamic action of the rotor, at least one of the braking
devices should act aerodynamically, thereby preventing high loads from being generated in
the first place. This is not feasible in ail designs. In that case at least one of the braking de
vices has to act on the main shaft, thereby being independent of a possible failure of the gear

box.

Conclusion

From the general design philosophy, requirements for the safety system have been deducted.
The purpose and function of the safety system has been described in relation to the assumed

load scenarios. This analysis and the evaluation of the safety system as well as an identifica
tion with regard to the control system. These general requirements have been summarized to

a certain extent in a conceptional design for the safety system, giving general rules which,
when followed, will result in a safety system conforming to the general requirements. Since

the braking devices constitute a decisive part of the safety system, particular attention has
been devoted to their function and design.

Hamburg, 15.03.1989

Mat/Sid/Rob
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OBJECTIVES

o Develop voluntary consensus standards for the wind
turbine industry

o Coordinate standards writing with other accredited
bodies, domestically and internationally

o Foster the safe and reliable development of wind
energy systems and their usage

AWEA STANDARDS PROGRAM
Standards Coordinating Committee

17 members representing
o manufacturers
o government
o financial and other institutions
o developers
o component manufacturers
o end users

There are ten subcommittees,
nine of which are active
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Subcommittee Work Status:

o Installation

o Design Criteria

o Wind/Diesel

o Performance

o Terminology

o Siting

o Certification

o Electric Power
Subsystems

Ballot 1988, Publish 1989

Ballot 1987, Publish 1988

Guide Book Draft 1988, Publish 1989. Technical
sessions 1987/88. Planned 1989

Published 1985, Revised 1988, cooperated with
ASTM, ASME, CSA, and IEA
Published 1985, Revised 1988, coordinated with
BWEA, IEA. Publish 1989
Published 1985, Revision publish 1989. New work on
array and micrositing
Work complete 1987-plan developed

SWECS interconnection document with IEEE
complete 1985, Published ANSI Standard 1988, Draftwind farm interconnection document undergoing
IEEE review

o Operations and
Maintenance

o Acoustics

First draft complete 1988

First tier draft and review complete 1988, Publish
1989, Second tier draft 1988, Publish 1989/90
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HIGHLIGHT ACCOMPLISHMENTS 1987

o Design criteria approved by industry ballot

o Performance measurement workshop with CANWEA, Hanover, NH

o Ballot completed revised performance standard

o Participate with IEEE to develop wind farm interconnection standard

o Complete draft installation document for industry review

o Siting Technical Session-Review of current standard

o Preliminary acoustics draft, first tier

o Plan activities for wind/diesel committee, hold Technical Session with
CANWEA-78 attendees from 6 countries

o Industry review second draft terminology

HIGHLIGHTS AND PLANS FOR 1988
o Revision of SMOP to be more compatible with ANSI and IEEE

o Apply to ANSI to be accredited standards writing body

o Complete Tier 1 acoustics-Review Tier 2 draft

o Plan review of design criteria and performance documents for usage and
corrections

o Interconnection Technical Session to inform members of work in IEEE
Subcommittee and receive recommendations

o Industry ballot installation document

o Siting Technical Session on current document, micrositing, and array effects
held in June-Recommendation to be sent to SCC

o Second Wind/Diesel Workshop at PEI, Canada-75 participants, 7 countries.
Complete Guidebook draft 1988

o Operations and maintenance first draft complete

o Terminology, second document undergoing resolution of industry
comments
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INTERNATIONAL ACTIVITIES

o Participate with DOE in IEA Activities Annex 8-Decentralized Applications
Standing Committee

o Participate with ANSI as Technical Advisor to IEC

o Presentation of AWEA acoustics work in a paper to 1988 International
Conference on Noise Control Engineering in France

o Coordinate AWEA Standards with IEA document, especially acoustics and
terminology

o Contributing observer to European wind standards safety, first document

o Provide standards information to EEC countries as well as Turkey, Egypt,
India, Algeria, Sweden, and others
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DESIGN CRITERIA

RECOMMENDED PRACTICES

WIND ENERGY CONVERSION SYSTEMS

R.W. Sherwin
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AMERICAN* WIND ENERGY STANDARD

T h e d e s i g n a t i o n AW E A S t a n d a r d i m p l i e s a c o n s e n s u s o f
t h o s e s u b s t a n t i a l l y c o n c e r n e d w i t h i t s s c o p e a n d
prov is ions . An AWEA Standard i s i n tended as a gu ide to
a i d t h e m a n u f a c t u r e r , t h e u s e r a n d t h e g e n e r a l p u b l i c .
The oxistance an AWEA Standard does not in any respect
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p u r c h a s i n g , o r u s i n g p r o d u c t s , p r o c e s s e s , o r p r o c e d u r e s
n o t c o n fi r m i n g t o t h e s t a n d a r d . A W E A S t a n d a r d s a r e
s u b j e c t t o p e r i o d i c r e v i e w a n d u s e r s a r e c a u t i o n e d t o
o b t a i n t h e l a t e s t e d i t i o n .

NOTICE: This AWEA Standard may be revised or withdrawn
a t a n y t i m e . T h e p r o c e d u r e s o f t h e A m e r i c a n W i n d
E n e r g y A s s o c i a t i o n r e q u i r e t h a t a c t i o n b e t a k e n t o
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A n y p a r t o f t h i s s t a n d a r d m a y b e q u o t e d . C r e d i t l i n e s s h o u l d r e a d :
"Fxt rac ted f rom Des ign Cr i ter ia Recommended Pract ices (AWEA 3.1-1988) .
W i t h c h e p e r m i s s i o n o f t h e p u b l i s h e r , T h e A m e r i c a n W i n d E n e r g y
A s s o c i a t i o n , 1 7 3 0 N . Ly n n S t . , 3 6 1 0 , A r l i n g t o n , VA 2 2 2 0 9 U S A . "

P r i c e d i n t h e U n i t e d S t a t e s o f A m e r i c a
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A W E A S t a n d a r d 3 . 1 - 1 9 8 8 D e s i g n C r i t e r i a

FOREWORD

T h i s f o r e w o r d i s i n c l u d e d f o r i n f o r m a t i o n a l p u r p o s e s a n d i s n o t p a r t
o f Design Cr i ter ia Recommended Pract ices, AWEA 3.1-1988.

Th i s s t anda rd i s one o f a se r i es o f s t anda rd documen ts be ing p repa red
b y t h e A m e r i c a n W i n d E n e r g y A s s o c i a t i o n t o f a c i l i t a t e u n i f o r m
p r a c t i c e s a n d c o m m u n i c a t i o n i n t h e t e c h n o l o g y o f w i n d e n e r g y
c o n v e r s i o n . To c o n t i n u e t o b e o f s e r v i c e t o t h o s e o r g a n i z a t i o n s a n d
i n d i v i d u a l s w h o u s e i t , t h i s d o c u m e n t s h o u l d n o t b e s t a t i c —
e s p e c i a l l y i n v i e w o f t h e r a p i d e v o l u t i o n o f w i n d e n e r g y t e c h n o l o g y.
J i uc j c j es t i ons f o r i t s imp rovemen t w i l l be we l l comed by t he Assoc ia t i on ;
a d d r e s s l e t t e r s t o S t a n d a r d s S e c r e t a r y , 1 7 3 0 N . L y n n S t . , $ 6 1 0 ,
A r l i n g t o n , VA 2 2 2 0 9 U S A

AWEA 3.1-1988 was developed by the Design Cr i ter ia Subcommit tee of the
AWEA Standards Program, establ ished in 19 81 under the chai rmanship of
John W. ' .Ves te rgaard . The pu rpose o f t h i s Subcommi t tee has been , and
c o n t i n u e s t o b e , t o d e v e l o p c r i t e r i a f o r t h e d e s i g n o f w i n d e n e r g y
conversion systems (WECS).
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EXECUTIVE SUMMARY

This document descr ibes the cr i ter ia to be used as recommended
p rac t i ces f o r t he des ign o f w ind ena rgy conve rs i on sys tems
( W E C S ) . [ t c o n s i s t s o f e i g n t s e c t i o n s , w i t h S e c t i o n L . O n o t i n g
t h e s c o p e a n d a p p l i c a t i o n o f t h e d o c u m e n t . S e c t i o n 2 . 0 c o n t a i n s
a p p l i c a b l e r e f e r e n c e p u b l i c a t i o n s , c o d e s , s t a n d a r d s , a n d p a p e r s ,
f o l l o w e d b y S e c t i o n 3 .0 o n t h e s i g n i fi c a n c e a n d u s e o f t h e s e
d e s i g n c r i t e r i a . G e n e r a l d e s i g n c r i t e r i a f o r t h e W E C S a r e c ov e r e d i n S e c t i o n 4 . 0 , w i t h e n v i r o n m e n t a l a n d s e r v i c e c o n d i t i o n
d e s i g n c r i t e r i a i n S e c t i o n S . O . S y s t e m d e s i g n c o n s i d e r a t i o n s
f o l l o w i n S e c t i o n 6 . 0 a n d c o m p o n e n t d e s i g n c r i t e r i a a r e l i s t e d i n
S e c t i o n 7 . 0 . M e c h a n i c a l , s t r u c t u r a l , a n d e l e c t r i c a l a t t a c h m e n t
condit ions between the WECS and other systems are noted in Sec
t ion 3. 0.

The in fo rmat ion p rov ided in th i s Des ign Cr i te r ia Recommended
Prac t i ces documen t i s i n tended as gu idance fo r t he des igne r,
m a n u f a c t u r e r , i n s t a l l e r , a n d u s e r o f W E C S e q u i p m e n t . I n a l l
c a s e s t h e d e s i g n e r , m a n u f a c t u r e r , I n s t a l l e r , o r u s e r I s r e s p o n s i
b l e f o r p r o v i d i n g s u i t a b l e a n a l y s e s , c a l c u l a t i o n s , h a r d w a r e , t e s t
d a t a , p r o c e d u r e s , e t c . , t o s u b s t a n t i a t e t h e a d e q u a c y a n d s a f e t y
of the WECS.

as data becomes ava i lab le fcom research centers , des igners , manu
fac tu re r s , and use rs o f WECS, t h i s documen t w i l l be p rog ress i ve l y
upda ted and rev ised In accordance w i th the p rocedures pub l i shed
b y AW E A . T h e u l t i m a t e o b j e c t i v e I s a g r e e m e n t a n d p u b l i c a t i o n b y
A m e r i c a n a n d I n t e r n a t i o n a l S t a n d a r d s O r g a n i z a t i o n s .
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•1. Scope

1.1 Document Use

These recommended prac t ices are app l icab le to w ind
energy conversion systems (WECS) and Include design
c r i t e r i a f o r s a f e a s s e m b l y a n d o p e r a t i o n u n d e r s p e c i
fied env i ronmenti ' i I condit ions to ensure system safety
f o r a s p e c i fi e d l i f e t i m e .

1 .2 Sys tem S ize and Outpu t

Th is document app l ies to WECS wi th ra t ings o f 1 ,000
k i l o w a t t s ( k W ) s e a l e v e l o u t p u t p o w e r o r l e s s , i n c l u
d i n g m e c h a n i c a l , e l e c t r i c a l , o r t h e r m a l o u t p u t s . I t
app l ies to WECS used in s ing le sys tems o r mu l t ip le
a r r a y s .

1 . 3 A p p l i c a t i o n t o S u b s y s t e m s

These recommended practices apply to al l WECS subsys
tems, such as con t ro l sys tems, p ro tec t ion mechan isms ,
s u p p o r t i n g s t r u c t u r e s a n d t o w e r s , g u y w i r e s , a n d i n t e r
n a l e l e c t r i c a l s y s t e m s .

1 . 4 A p p l i c a t i o n t o O t h e r I t e m s

Th is document a lso addresses :

Components and mater ia ls supp l ied by manufac tu rers ;

Adequacy o f assembly, main tenance and operat ing proce
dures ; and

Safety of the WECS af ter assembly.

1.5 Other AWEA Standards

Other Amer ican wind Energy Associat ion (AWEA) s tandards
s h o u l d b e c o n s u l t e d f o r I n f o r m a t i o n r e l a t i n g t o s i t i n g
o f WECS, u t i l i t y r equ i r emen ts f o r WECS i n te r connec t i on
to t he power g r i d , WECS pe r fo rmance t es t i ng , e f f ec t s o f
WECS on the environment, and WECS foundation design and
i n s t a l l a t i o n c r i t e r i a .

1 . 6 C o m p l l a n c e

Compl iance w i th th i s document does no t re l i eve any
p e r s o n , o r g a n i z a t i o n , o r c o r p o r a t i o n f r o m t h e r e s p o n s i
b i l i t y o f o b s e r v i n g a p p l i c a b l e l o c a l , c o u n t y , s t a t e a n d
f e d e r a l r e g u l a t i o n s .

1 . 7 D i s c l a I m e r
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Th is document covers min imum des ign c r i te r ia and i s no t
i n t e n d e d f o r u s e a s a c o m p l e t e d e s i g n s p e c i fi c a t i o n o t
ope ra t i ng manua l .

1.3 Document Usage by Others

T h i s d o c u m e n t I s i n t e n d e d t o f a c i l i t a t e e n g i n e e r i n g
design review of WECS and should be used as appropriate
f o r s p e c i fi c m o d e l s a n d d e s i g n s . I t i s p r e s e n t e d a s a n
a i d t o d e s i g n e n g i n e e r s , c o n s u l t i n g e n g i n e e r s , a n d
organ iza t ions concerned wi th WECS des ign and sa fe ty.

2 . A p p l i c a b l e D o c u m e n t s

2 . 1 R e f e r e n c e P u b l i c a t i o n s

T h i s d o c u m e n t r e f e r s t o t h e f o l l o w i n g p u b l i c a t i o n s .
W h e r e r e f e r e n c e i s m a d e i t s h a l l b e t o t h e l a t e s t e d i
t i o n , i n c l u d i n g a l l r e v i s i o n s p u b l i s h e d t h e r e t o , u n l e s s
o t h e r w i s e s t a t e d .

2 . 1 . 1 A p p l i c a b l e D o c u m e n t s

E lec t r i ca l and Bu i l d i ng Codes and S tanda rds

App l i cab le bu i l d ing code documen ts wh ich cove r the
sa fe and accep tab le des ign o f towers and suppor t
s t r u c t u r e s a r e i n w i d e s p r e a d u s e i n t h e i n d u s t r y.
They a re t he Na t i ona l E l ec t r i ca l Code (NEC-Na t i
o n a l F i r e P r o t e c t i o n A s s o c i a t i o n ) , E I A ( E l e c t r o n i c
I n d u s t r y A s s o c i a t i o n ) S t a n d a r d s , a n d t h e U n i f o r m
Bu i l d i ng Code (UBC- In te rna t i ona I Con fe rence o f
B u i I d i n g O f fi c l a l s ) . T h e s e d o c u m e n t s a r e i n c l u d e d
a s r e f e r e n c e a s i f s e t f o r t h i n f u l l h e r e , a n d
a p p l i e d t o s e c t i o n s a s n o t e d .

E l e c t r o n i c I n d u s t r y A s s o c i a t i o n ( E I A ) s t a n d a r d
S t r u c t u r a l S t a n d a r d s f o r s t e e L a n t e n n a t o w e r s a n d
an tenna suppor t i ng s t ruc tu res - RE 222 -C , March ,
1976

I n s t i t u t e o f E l e c t r i c a l a n d E l e c t r o n i c E n g i n e e r s
* ( I E E E ) " " "
Document - P 1021 - Recommended Practice for uti
l i t y i n t e r c o n n e c t i o n o f s m a l l w i n d e n e r g y c o n v e r
s i o n s y s t e m s , O c t o b e r, 1 9 3 5 . A N S I / I E E E

Othe r App l i cab le Bu i l d i ng Codes and Regu la t i ons
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U n i f o r m B u i l d i n g C o d e : A l l o f C h a p t e r 2 3 , s p e c i
fi c a l l y : S e c t i o n 2 3 1 1 ( a ) ( b ) ( c ) ( d ) ( e ) ( f ) ( h )
and Section 2312

Figure No. 4, Chapter 23
Tab le 23 -F
Table 23-G
Table 23-H

N a t i o n a l E l e c t r i c a l C o d e

N a t i o n a l E l e c t r i c a l M a n u f a c t u r e r s A s s o c i a t i o n
(NEMA) standard

A m e r i c a n N a t i o n a l s t a n d a r d s I n s t i t u t e ( A N S I ) S t a n
d a r d s
A.53 .1 M in imum Des ign Loads fo r Bu i ld ings and
o t h e r s t r u c t u r e s .
A .14 .3 -1974 Sa fe ty Requ i rements fo r Ladders .

A m e r i c a n I n s t i t u t e o f S t e e l C o n s t r u c t i o n - C u i d e -
1 ines
AISC Handbook - Gu ide l i nes fo r fas tener app l i ca
t i o n s u n d e r f a t i g u e l o a d i n g a n d o t h e r
condl t ions.

Environmental Documents
D o c u m e n t s r e l a t i n g t o e n v i r o n m e n t a l c o n d i t i o n s
bear ing on WECS systems design are l is ted below:
NASA Technical Paper TP-1359, Dated December 1973.

Engineer ing handbook on atmospher ic env i
r o n m e n t a l g u i d e l i n e s f o r u s e I n w i n d t u r b i n e
genera to r deve lopment .

OSHA - Occupat iona l Safe ty and Heal th Admin is t ra
t i o n P u b l i c a t i o n s ( S t a t e a n d N a t i o n a l )

2 . 2 Te r m i n o l o g y

Termino logy used is tha t conta ined in AWEA Standard
AWEA 5.1-1935, Wind Energy Conversion Systems Termino
l o g y.

3 . S i g n i fi c a n c e a n d U s e

3 . 1 C r i t e r l a u s a g e

These recommended pract ices should be used to evaluate
e n v i r o n m e n t a l , e l e c t r i c a l , a n d m e c h a n i c a l l o a d s i m p o s e d
on a WECS in the course of normal and extreme service.

3 .2 Coverage o f Document Sect ions

Genera l des ign cr i ter ia recommendat ions of the WECS are
c o v e r e d i n S e c t i o n 4 . 0 , w i t h e n v i r o n m e n t a l a n d s e r v i c e
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c o n d i t i o n d e s i g n c r i t e r i a i n S e c t i o n 5 . 0 . s y s t e m d e
s ign cons ide ra t i ons f o l l ow I n Sec t i on 6 .0 and componen t
d e s i g n c r i t e r i a a r e l i s t e d I n S e c t i o n 7 . 0 . A t t a c h m e n t
condit ions between the WECS and other systems are noted
i n S e c t i o n 8 . 0 .

3 . 3 R e s p o n s i b i l i t y o f D o c u m e n t U s e r s

T h e i n f o r m a t i o n p r o v i d e d i n t h i s D e s i g n C r i t e r i a R e c o m
mended Pract ices Document is in tended as gu idance for
t h e d e s i g n e r, m a n u f a c t u r e r, i n s t a l l e r, o r u s e r o f W E C S
e q u i p m e n t , w h o I s r e s p o n s i b l e f o r p r o v i d i n g s u i t a b l e
a n a l y s e s , c a l c u l a t i o n s , h a r d w a r e , t e s t d a t a , p r o c e
d u r e s , e t c . , t o s u b s t a n t i a t e t h e a d e q u a c y a n d s a f e t y o f
the WECS.

General Design Cr i ter ia Recommended Pract ices

The fo l low ing ma jo r des ign e lements shou ld be addressed in
the design of the WECS.

1 . E n v i r o n m e n t a l a n d o p e r a t i n g c o n d i t i o n s , b o t h n o r m a l ; i n d
e x t r e m e , d i s c u s s e d i n S e c t i o n 5 . 0 .

2 . S y s t e m d e s i g n c o n s i d e r a t i o n s , i n c l u d i n g s y s t e m l o a d s a n d
d y n a m i c d e s i g n c o n s i d e r a t i o n s , d i s c u s s e d i n S e c t i o n 5 . 0 .

3 . C o m p o n e n t d e s i g n c r i t e r i a , d i s c u s s e d i n S e c t i o n 7 . 0 .

D e t e r m i n a t i o n o f a p p r o p r i a t e v a l u e s , a n a l y t i c a l m o d e l s , a n d
ca lcu la t ion methods fo r each o f the above e lements shou ld be
o b t a i n e d f r o m s i t e - s p e c i fi c d a t a o r c u r r e n t l i t e r a t u r e .

4 . 1 " s a f e L i f e " D e s i g n

To conform to th is document, a WECS rotor and support
s y s t e m s h o u l d b e " s a f e l i f e " d e s i g n e d t o m a i n t a i n
s t r u c t u r a l I n t e g r i t y a n d s a f e o p e r a t i o n a n d t o b e i n
s t a l l e d a n d o p e r a t e u n d e r s p e c i fi e d e n v i r o n m e n t a l c o n
d i t i o n s w i t h o u t d a m a g e t o l i f e o r p r o p e r t y f o r a s p e c i
fi e d l i f e t i m e .

4 . 2 " F a l l - s a f e " O p e r a t i o n

WECS cont ro ls subsys tems shou ld be des igned fo r " fa i l
s a f e " o p e r a t i o n s u c h t h a t i n t h e e v e n t o f f a i l u r e o f a
con t ro l s subsys tem componen t , t he mach ine w i l l rema in
in a nonhazardous cond i t i on .

4 . 3 M a i n t e n a n c e I n s t r u c t i o n s

A WECS should be designed such that maintenance can be
s a f e l y c a r r i e d o u t b y f o l l o w i n g d i r e c t i o n s g i v e n i n t h e
WECS manual or Inst ruct ions.



179

4 . 4 M a n u a l

A WECS manual or data package appropriate to the par
t icu lar WECS should be prov ided to the owner /user by
t h e m a n u f a c t u r e r a t t h e t i m e o f d e l i v e r y i f t h e o w n e r / -
u s e r I s d i r e c t l y r e s p o n s i b l e f o r o p e r a t i o n a n d m a i n t e
nance . The manua l o r da ta package shou ld con ta in in
f o r m a t i o n r e l a t i n g t o W E C S o p e r a t i o n , e r e c t i o n , i n s p e c
t i o n , a n d s p e c i a l t o o l i n g . A s p e c i fi c s e q u e n c e o f
procedures to commission a new or repaired WECS should
b e d e s c r i b e d . D e t a i l e d p r o c e d u r e s s h o u l d b e g i v e n f o r
c h e c k i n g t h e p r o p e r f u n c t i o n o f s a f e t y s y s t e m s , p r o t e c
t i o n s y s t e m s , a n d t r o u b l e - s h o o t i n g r o u t i n e s .

The manua l shou ld conta in :

(a) a descr ip t ion of the major subsystems of the WECS
and the ope ra t i on o f t he sys tem;

( b ) a d e s c r i p t i o n o f s y s t e m c o n t r o l s a n d t h e i r f u n c
t i o n s ;

( c ) a d e s c r i p t i o n o f a i l s e l f - p r o t e c t i o n d e v i c e s a n d
procedures such as those fo r shu tdown, l oss o f l oad ,
h i g h w i n d , e t c .

(d ) a descr ip t ion o f manufac tu re r - recommended tower o r
s u p p o r t s t r u c t u r e ;

( e ) t y p e s o f l u b r i c a n t s o r a n y o t h e r s p e c i a l fl u i d s ;

( f ) l o a d r e q u i r e m e n t s o f f o u n d a t i o n s / a n c h o r s ;

(g ) e rec t i on p rocedures , Inc lud ing recommended equ ip
men t , pe rsonne l and sa fe t y p recau t i ons , and cen te r o f
g rav i t y Loca t i ons and we igh t s o f ma jo r subassemb l i es ;

(h ) connec t i on / commiss ion ing p rocedu res and ope ra t i ona l
I I m l t s ;

( i ) ma i n te n a n ce i n sp e c t i o n p e r i o d s a n d p ro ce d u re s ,
i n c l u d i n g c h e c k t e s t s o f p r o t e c t i v e s u b s y s t e m s ;

( j ) a p a r t s l i s t i n c l u d i n g a l i s t i n g o f m a j o r c o m p o
n e n t s ;

( k ) a c o m p l e t e w i r i n g a n d i n t e r c o n n e c t i o n d i a g r a m ;

( I ) g u y w i r e I n s p e c t i o n a n d r e t e n s l o n l n g s c h e d u l e s a n d
b o l t I n s p e c t i o n a n d t o r q u l n g s c h e d u l e s , i n c l u d i n g t e n
s i o n a n d t o r q u e l o a d i n g s ;

( m ) a t r o u b l e - s h o o t i n g g u i d e .
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4 .5 Seve re Env i r onmen t

I n a d d i t i o n t o t h e s e r e c o m m e n d e d p r a c t i c e s , c r i t e r i a
for WECS located in severe env i ronmenta l areas should
b e e v a l u a t e d a g a i n s t s p e c i a l c r i t e r i a d i c t a t e d b y t h e
s i t e .

4 . 6 P r o c e d u r e s

T h e p r o c e d u r e s f o r m a n u f a c t u r e , i n s p e c t i o n , t r a n s p o r t a
t ion and erec t ion o f the WECS shou ld cons ider loads,
de fo rmat ion , and exposure to the env i ronment o f the
WECS components and assemblies.

4 . 7 M a r k i n g

4 . 7 . 1 G e n e r a l

W i t h i n t h e l i m i t a t i o n s , r e q u i r e m e n t s , a n d r e g u l a
t i o n s o f l o c a l o r o t h e r s p e c i fi c r e g u l a t o r y c o d e s ,
the WECS should be p la in ly marked wi th the fo l low
ing in format ion in a permanent manner in a p lace

w h e r e d e t a i l s o f t h e m a r k i n g w i l l b e p l a i n l y v i s i
b l e f r o m g r o u n d l e v e l a f t e r i n s t a l l a t i o n :

( a ) m a n u f a c t u r e r ' s o r i n s t a l l e r ' s n a m e , t r a d e
n a m e , o r o t h e r r e c o g n i z e d s y m b o l o f i d e n t i fi c a
t i o n ;

( b ) t h e c a t a l o g u e , s t y l e , m o d e l , s e r i a l , o r o t h e r
i d e n t i f y i n g d e s i g n a t i o n ;

( c ) g e n e r a t o r t y p e ;

( d ) o u t p u t v o l t a g e o r e q u i v a l e n t ;

( e ) r a t e d f r e q u e n c y o r d i r e c t c u r r e n t c o n d i t i o n ;

( f ) number o f phases;

(g) maximum cont inuous wind dr iven power ra t ing a t
s p e c i fi e d w i n d s p e e d a t s e a l e v e l ;

(h) nominal and maximum cable tension for WECS
s u p p o r t s ;

( i ) r o t o r o p e r a t i n g r p m o r r a n g e o f r p m ;

( j ) c u t - i n / c u t - o u t w i n d s p e e d .

4 . 7 . 2 N a t i o n a l E l e c t r i c a l C o d e
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Mark ings shou ld comp ly w i th the requ i remen ts .o ft h e N a t i o n a l E l e c t r i c a l C o d e .

4 . 7 . 3 W i r i n g D i a g r a m

A su i t ab le w i r i ng d i ag ram shou ld be p rov ided t o
i n d i c a t e t h e e x t e r n a l c o n n e c t i o n s a n d c o n n e c t i o n s
to major components within the WECS.

4 . 7 . 4 A i r c r a f t O b s t r u c t i o n

The WECS may be required to be marked as an air
c r a f t o b s t r u c t i o n . I f s o , t h e m a r k i n g s h o u l d b e
I n a c c o r d a n c e w i t h F e d e r a l Av i a t i o n A d m i n i s t r a t i o n
r e g u l a t i o n s .

4 . 8 S a f e t y P r e c a u t i o n s

I f r e q u i r e d b y t h e o w n e r , l o c a l r e g u l a t i o n s a n d / o r
c o d e s , t h e W E C S s u p p o r t s t r u c t u r e o r t o w e r i n s t a l l a t i o n
s h o u l d I n c o r p o r a t e a n a n t l - c l l m b l n g d e s i g n o r t h e s i t e
s h o u l d b e s e c u r e d . A l l g r o u n d l e v e l e q u i p m e n t s h o u l d
be i ockab la and su i t ab le warn ing p laca rds shou ld be
p r o v i d e d .

Ladders should comply wi th requi rements o f ANSI Stan
dard 14 .3 -1974 , "Sa fe ty Requ i remen ts fo r Ladders " , and
w i t h r e q u i r e m e n t s o f t h e f e d e r a l O c c u p a t i o n a l S a f e t y
and Hea l t h Admin i s t ra t i on (OSHA) . Where access f o r
se rv i c i ng o r ma in tenance requ i res a pe rson to ba lance
o n a t o w e r o r n a r ro w o r s t e e p s l o p i n g su r f a ce , p ro v i
s i o n s h o u l d b e m a d e f o r s e c u r i n g a l i f e l i n e a n d s a f e t y
b e l t o r o t h e r a p p r o v e d p r o t e c t i v e d e v i c e . Wa r n i n g
s i g n s s h o u l d b e p l a c e d f o r " H i g h Vo l t a g e " , " B u r l e d
C a b l e s H e r e " , " Tu r b i n e S t a r t s A u t o m a t i c a l l y " , " To w e r
C l i m b i n g i s R e s t r i c t e d t o A u t h o r i z e d a n d Tr a i n e d P e r
s o n n e l " , o r s i m i l a r a p p r o v e d w a r n i n g s i g n s .

I f needed , a method shou ld be p rov ided fo r p reven t ing
t h e n a c e l l e f r o m y a w i n g d u r i n g s e r v i c i n g .

E n v i r o n m e n t a l C o n s i d e r a t i o n s

I n a l l e n v i r o n m e n t a l c o n d i t i o n s l i s t e d i n S e c t i o n s 5 . 1
t h r o u g h 5 . 2 . 1 0 , s t a t i s t i c a l l y s i g n i fi c a n t s i t e d a t a m a y b e
u s e d t o c a l c u l a t e d e s i g n c o n d i t i o n s .

5 . 1 E n v i r o n m e n t a l D e s i g n C r i t e r i a

T h e n o r m a l c o n d i t i o n s l i s t e d g e n e r a l l y c o n c e r n l o n g -
t e r m s y s t e m l o a d i n g s a n d o p e r a t i n g c o n d i t i o n s . T h e y
n e e d n o t r e p r e s e n t c r i t i c a l d e s i g n c o n d i t i o n s o r r e
fl e c t t h e w o r s t p o s s i b l e c o n d i t i o n s u n d e r e x t r e m e e n v i
r o n m e n t a l c o n d i t i o n s .
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A l t i t u d e E f f e c t s o n D y n a m i c P r e s s u r e
Wind Speed Frequency Curves (o r ve loc i t y du ra t ion

cu rves )
Wind Shear Models (ampl i tude and f requency of occur

rence)
Wind Gust Models (ampl i tude and f requency of occur

rence )
A x i a l F l o w D e v i a t i o n s
wind D i rec t ion Changes
Temperature Range

To ensure safe machine operation, a WECS should be
d e s i g n e d t o r e m a i n o p e r a b l e f o l l o w i n g t h o s e e x t r e m e
e n v i r o n m e n t a l c o n d i t i o n s w h i c h a r e r a r e b u t e x i s t . - \
1 0 0 - y e a r r e c u r r e n c e I n t e r v a l f o r d e t e r m i n i n g w o r s t c a s e
e n v i r o n m e n t a l c o n d i t i o n s i s c o n s i d e r e d a d e q u a t e . S p e
c i a l a t t e n t i o n s h o u l d b e g i v e n t o f u l l y u n d e r s t a n d i n g
t h e e f f e c t s a n d l i m i t s i m p o s e d b y e x t r e m e e n v i r o n m e n t a l
c o n d i t i o n s . S p e c i fi c a r e a s o f c o n c e r n a r e a s f o l l o w s :

Peak Wind Speed (Survival Wind Speed)
Maximum Ice Loading
Hall Damage
Temperature Extremes
L i g h t n i n g
S e i s m i c C o n d i t i o n s

Long - te rm ex t reme env i ronmen ta l cond i t i ons shou ld be
g i v e n s p e c i a l a t t e n t i o n t o f u l l y u n d e r s t a n d t h e e f f e c t s
a n d l i m i t s i m p o s e d b y t h o s e c o n d i t i o n s . W h e r e l i m i t s
t o s a f e o p e r a t i o n e x i s t , t h e y s h o u l d b e e x p r e s s e d i n
w a r n i n g s I n t h e o p e r a t i n g i n s t r u c t i o n s f o r t h e W E C S .
E v a l u a t i o n o f t h e e f f e c t s o f e a c h h a r s h e n v i r o n m e n t a l
cond i t ion shou ld be made fo r the WECS, w i th spec ia l
a t t e n t i o n t o s y s t e m s a f e t y a n d p e r f o r m a n c e . L o n g - t e r m
degrada t i on o f WECS s t ruc tu ra l e l emen ts and sa fe t y
systems should be accommodated In the des ign or e l imi
na ted th rough ma in tenance .

Co r ros i on and Ox ida t i on
B i o l o g i c a l D e g r a d a t i o n
U l t r a v i o l e t R a d i a t i o n D e g r a d a t i o n
Ozone and Aerosol Degradat ion
A i r b o r n e P a r t i c l e s C o n t a m i n a t i o n a n d D e g r a d a t i o n

5 . 2 E n v i r o n m e n t a l D e s i g n C o n d i t i o n s

5 . 2 . 1 S u r v i v a l W i n d S p e e d

The maximum steady state wind speed for determi
n i n g r o t o r , m a c h i n e , s u p p o r t i n g s t r u c t u r e , a n d
foundat ion loads shou ld be determined by examina
t i o n o f w i n d s p e e d f r e q u e n c y c u r v e s o r v e l o c i t y
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dura t i on cu rves f o r s i t e da ta whe re such da ta
r e p r e s e n t s a s i g n i fi c a n t s t a t i s t i c a l s a m p l e ' ( s e e
S e c t i o n 5 . 1 ) . I n t h e a b s e n c e o f s u c h d a t a , t h e
surv iva l w ind speed may a lso be es tab l ished by
review of NASA Technical Paper 1359, ANSI Standard
5 3 . 1 , o r a p p l i c a b l e b u i l d i n g c o d e d a t a . A l t i t u d e
above sea leve l , as we l l as above g round leve l ,
shou ld be cons idered .

A l te rna t i ve ly, the max imum s teady w ind speed
should be 55 m/s (123 mph) at hub height for HAWT
and equator he ight for VAWT machines. No addi
t i o n a l - g u s t f a c t o r i s r e q u i r e d .

The value of the wind shear parameter V/v^O de
fi n e d i n S e c t i o n 5 . 2 . 2 f o r s u r v i v a l w i n d s p e e d
s h o u l d b e 0 . 0 7 i n d e p e n d e n t o f t e r r a i n .

5 . 2 . 2 W i n d S h e a r

The w ind speed var ia t ion fo r he igh ts above 10
mete rs (33 fee t ) f o r w ind speeds co r respond ing to
the normal operating range of WECS should be ob
t a i n e d f r o m o n - s i t e e m p i r i c a l d a t a o r w i n d s h e a r
m o d e l s o f a m p l i t u d e a n d f r e q u e n c y f o r t h e s p e c i fi c
s i te o r may be ca lcu la ted us ing a 1 /7 w ind shear
e x p o n e n t r e l a t i o n s h i p f o r fl a t t e r r a i n o r a 1 / 5
e x p o n e n t f o r o t h e r t e r r a i n . A l t e r n a t i v e l y , t h e
fo l low ing equa t ion f rom Canad ian S tandards Assoc i
a t i on (CSA) S tandard , .CAN/CSA-F416-87 Wind
Energy Conversion Systems { WECS ) Safety, Design
and Opera t ion Cr i te r ia , may be used :

— - f-I
V , u I - i O

where
« - 0.10 lor open bodies ol water
i i - 0 .1b lor Hal ter ra in
•» - 0.?U lor rough wooded country and City suburbs
2 « the height m quest ion (metres)
V - t in; wind speed .it Z moires height
V,0 = the wind speed iit 10 m nmght

5 .2 .3 Wind Gus t Mode l

W i n d g u s t d a t a f o r t h e s p e c i fi c s i t e c o v e r i n g
ampl i tude and frequency may be used or wind gust
c o n d i t i o n s m a y b e c a l c u l a t e d u s i n g t h e f o l l o w i n g
equation from standard CAN/CSA-F416-87 re lated to
one hour average wind speed:
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v. U ) • V , { . - : ; t i G . f J U

where
V,(/!)

where

V I'M?./A) I

.i.-.d the

tin! .vmd ijusl speed lo: : seconds duration at 7. moires height
- the 1 hour average wind speed at I metres height

roughness height

- 00005 rn lor open bodies ol water
•• 0.001 rn lor ll.it terrain
:- 0 I> in lor rough wooded country and city suburbs

coefficient C(t) is a function of tune according to the following relation:

I bc^uilUS

Oil)

10 L'O 30 1 0 0 2 0 0 3 0 0 G O O 1 0 0 0

u.uo ?6c i-a? euo r/o i so i o? uTo oT» oIg o"i*o~

f n s N a t u r a l L o g a r i t h m

Note: ANSI and EIA codes are based on Fastest
Mile Wind. .

5 . 2 .4 W ind D i r ec t i on Changes and Ax ia l F l ow Dev ia t i on :

A maximum rate o f change of w ind d i rec t ion o f 0 .5
rad/s shou ld be used, w i th w ind averaged over the
r o t o r d i s k .

5 . 2 . 5 Te m p e r a t u r e a n d H u m i d i t y

A WECS should
t o r i l y i n t h e
e x t r e m e s f o r t
o p e r a t i n g . T h
for WECS distr
e x c l u d i n g A l a s
C e l s i u s ( - 2 0 d
Lower temperat
u s e d f o r s l t e -
thern Un i ted S
should be cons
I n g .

b e d e s i g n e d t o p e r f o r m s a t i s f a c -
100 -yea r recu r rence tempera tu re
hose reg i ons whe re t he un i t w i l l be
e ambient des ign temperature range
i b u t e d w i t h i n t h e U n i t e d S t a t e s
ka is -30 degrees to +50 degrees
egrees to +120 degrees Fahrenhe i t ) .
ures (to -40 degrees C or F) may be
s p e c i fi c c a s e s s u c h a s i n t h e n o r -
ta tes and Canada. 100% humid i ty
idered for temperatures above f ree*/ . -

5 . 2 . 6 I c i n g

For genera l app l i ca t ion , the des ign o f the WECS
f o r s i t e i c i n g , i n c l u d i n g t o w e r s , l i n e s , n a c e l l e s ,
a n d n o n - r o t a t i n g b l a d e s , s h o u l d c o n s i d e r L e e
b u i l d - u p b y e x a m i n a t i o n o f s i t e - s p e c i fi c d a t a
w h e r e s u c h d a t a r e p r e s e n t s a s i g n i fi c a n t s t a t i s t i
ca l samp le . Where such da ta does no t represen t a
s i g n i fi c a n t s t a t i s t i c a l s a m p l e , N A S A Te c h n i c a l
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Paper 1359 may be consulted or a minimum ice
bu i ld -up used o f 50 mm (2 Inches) w i th a dens i ty
o f 900 kg /cu-m (56 pounds per cub ic foo t ) on a l l
e x p o s e d s u r f a c e s w h e r e i c e b u i l d - u p i s a p o s s i b i l
i t y .

5 . 2 . 7 L i g h t n i n g P r o t e c t i o n

The WECS grounding path should be designed to
a l l ow t he WECS to w i t hs tand l i gh tn i ng s t r i kes and
r e m a i n i n s a f e , e v e n i f n o n o p e r a b l e , c o n d i t i o n .

5 . 2 . 3 E a r t h q u a k e s

S i te -spec i fic da ta shou ld be used where such da ta
r e p r e s e n t s a s i g n i fi c a n t s t a t i s t i c a l s a m p l e . I n
the absence o f such da ta , des ign accord ing to
l o c a l r e g u l a t i o n s o r b u i l d i n g c o d e s i s s u f fi c i e n t .
I f n o r e g u l a t i o n s o r b u i l d i n g c o d e s a p p l y, A N S I
Standard 53.1 should be used.

5 . 2 . 9 H a i l

The WECS should be designed to remain safe while
rotat ing at a speed up to maximum rpm fo l lowing
h a i l s t o n e s t r i k e s . S i t e - s p e c i fi c d a t a m a y b e u s e d
as des ign c r i t e r i a o r a s i ze o f 20 mm (0 .3 i nches )
d i a m e t e r w i t h a n o n - r o t a t i n g r e f e r e n c e f r a m e v e l o
city of 20 m/s (45 mph) may be used.

5 . 2 . L 0 S a l t C o r r o s i o n

The design of a WECS operat ing In mar ine or sal t
a i r c o n d i t i o n s s h o u l d I n c l u d e s p e c i fi c p r o v i s i o n s
t o m i t i g a t e t h e e f f e c t s o f s a l t c o r r o s i o n . T h e s e
p r o v i s i o n s s h o u l d i n c l u d e s e l e c t i o n o f m a t e r i a l s ,
fi n i s h e s , a s s e m b l y t e c h n i q u e s , I n s p e c t i o n i n t e r
v a l s , e t c .

5 . S y s t e m D e s i g n C o n s i d e r a t i o n s

6 .1 Des ign App l i cab i l i t y and Sys tem Load Cases

Des ign l oad cases , l oad ing comb ina t i ons , and des ign
methods are appl icable to the WECS and the support
s t r u c t u r e o r t o w e r. T h e I m p o s e d l o a d s w h i c h s h o u l d b e
cons ide red i n WECS des ign a re l i s t ed i n five ca tego
r i e s : N o r m a l O p e r a t i n g C o n d i t i o n s , E x t r e m e O p e r a t i n g
Cond i t ions , Fau l t Cond i t ions , Emergency Shutdown Cond i
t i o n s , a n d E r e c t i o n a n d S e r v i c e C o n d i t i o n s . A l l fi v e
categor ies shou ld be cons idered in WECS des ign fo r sa fe
o p e r a t i o n u n d e r a l l c i r c u m s t a n c e s .
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The analys is o f loads on the WECS st ructure should
Inc lude the aerodynamic loads produced by the wind on
a l l s y s t e m c o m p o n e n t s , c o u p l e d w i t h a p p r o p r i a t e i n e r
t i a l l e a d s d e v e l o p e d b y t h e r o t a t i n g e l e m e n t s . D e
t a i l e d c o n c e r n s h o u l d b e g i v e n t o s y s t e m c o n t r o l s t a t u s
f o r e a c h o p e r a t i n g c o n d i t i o n .

6 . 1 . 1 N o r m a l O p e r a t i n g C o n d i t i o n s

N o r m a l o p e r a t i n g c o n d i t i o n s i m p a c t s y s t e m l i f e
e x p e c t a t i o n s a n d t h e a v o i d a n c e o f l o n g - t e r m f a i l
u r e s . A n a l y s i s o f t h e s e c o n d i t i o n s s h o u l d r e fl e c t
a p p r o p r i a t e h i g h - c y c l e f a t i g u e a n d w e a r c o n c e r n s :

Aerodynamic Inputs (s teady and gus t ing w ind
l o a d i n g )

G r a v i t y L o a d s
I n e r t i a l L o a d s ( s t a t i c a n d d y n a m i c l o a d i n g )
C e n t r i f u g a l L o a d s
Gyroscop ic Loads

6 . 1 . 2 E x t r e m e O p e r a t i n g C o n d i t i o n s

E x t r e m e o p e r a t i n g c o n d i t i o n s a r e i m p o r t a n t f o r
l i m i t l o a d d e t e r m i n a t i o n s a n d e v a l u a t i o n o f e x
t r e m e e n v i r o n m e n t a l e f f e c t s a n d p o t e n t i a l l o w -
c y c l e f a t i g u e . T h e s e c o n d i t i o n s m a y e x i s t w i t h
t h e W E C S e i t h e r i n o p e r a t i o n a l o r n o n - o p e r a t i o n a l
s t a t u s :

Peak Wind Speed
Maximum Ice Loading
Temperature Extremes
Hall Damage
L i g h t n i n g
Ear thquakes

6 . 1 . 3 F a u l t C o n d i t i o n s

T h e a n a l y s i s o f s y s t e m l o a d s I n a f a u l t c o n d i t i o n
shou ld be made to guaran tee sys tem sa fe ty. These
l i s t e d f a u l t c o n d i t i o n s a r e c o n s i d e r e d p a r t o f t h e
no rma l ope ra t i ng env i ronmen t and t he re fo re no rma l
( I . e . , c o n s e r v a t i v e o r h i g h ) s a f e t y f a c t o r s s h o u l d
app ly. WECS p ro tec t i on schemes used to p ro tec t a
unit from damage should be designed for maximum
r e l i a b i l i t y . T y p i c a l s a f e t y s c h e m e s a r e b r a k i n g ,
b l a d e p i t c h i n g , o r W E C S t i l t i n g o r y a w i n g . A
secondary or back-up safety system should be added
I f f a i l u r e o f t h e p r i m a r y s y s t e m w o u l d l e a d t o
WECS damage.

A l l s a f e t y s y s t e m s a n d p r o t e c t i v e d e v i c e s w h i c h
a r e n o t s u b j e c t t o f r e q u e n t i n s p e c t i o n a n d f o r
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w h i c h d o r m a n t f a i l u r e s c o u l d l e a d t o p r i m a r y
s t r u c t u r a l d a m a g e s h o u l d e x h i b i t f a i l u r e r a t e s n o
g r e a t e r t h a n o n e f a i l u r e p e r 1 0 , 0 0 0 h o u r s o f
o p e r a t i o n . A d o r m a n t f a i l u r e i s o n e w h e r e t h e
fa i l u re w i l l go unde tec ted and t he sys tem can
o p e r a t e w h i l e t h e p r o t e c t i v e s u b s y s t e m s a r e I n o p
e r a b l e . F a i l u r e r a t e I s a m e a s u r e o f t h e n u m b e r
o f f a i l u r e s p e r u n i t o f o p e r a t i n g t i m e .

C r i t i c a l s a f e t y s y s t e m s w h i c h r e c e i v e r e g u l a r o r
schedu led i nspec t i on and whose fa i l u re wou ld l ead
d i r e c t l y t o p r i m a r y s t r u c t u r a l d a m a g e s h o u l d b e
d e s i g n e d f o r f a i l u r e I n t e r v a l s g r e a t e r t h a n 1 0
t imes the mean t ime between fa i lu res (MTBF) o f the
WECS. The WECS MTBF Is the time between succes
s i v e r e p a i r a b l e f a i l u r e s .

The ent ire WECS should be analyzed by performing a
Fa i l u re Mode and E f f ec t s Ana l ys i s (FMEA) . The
FMEA shou ld Iden t i f y a l l f a i l u re modes and sys tem
e f fec t s on a l l WECS componen ts . A Fau l t Tree
Ana lys i s (FTA) shou ld a l so be pe r fo rmed .

6 .1 .4 Emergency Shu tdown Cond i t i ons

Procedures for emergency shutdown should be part
o f t h e W E C S b a s i c o p e r a t i n g p r o c e d u r e s , u l t i m a t e
r e l i a b i l i t y s h o u l d b e m a i n t a i n e d I n s u b s y s t e m s
used in emergency shutdown procedures.

6 . 1 . 5 E r e c t i o n a n d S e r v i c e C o n d i t i o n s

Loads imposed on the WECS and al l erect ion equip
m e n t ( g l n p o l e s , w i n c h e s , c r a n e s , c a b l e s , e a r t h
ancho rs , e t c . ) due t o e rec t i on and ma in tenance
p r o c e d u r e s s h o u l d b e a d d r e s s e d I n d e t a i l w i t h
s p e c i fi c a t t e n t i o n t o p e r s o n n e l s a f e t y . D e s i g n
s a f e t y f a c t o r s s h o u l d r e fl e c t t h e d a n g e r t o l i f e ,
l i m b , a n d p r o p e r t y. L i m i t a t i o n s i m p o s e d b y e n v i
r o n m e n t a l c o n d i t i o n s d u r i n g t h e e r e c t i o n s e q u e n c e
shou ld be cons idered .

6 .2 Des ign Load Cases

T h e f o l l o w i n g l o a d c a s e s a c c o u n t f o r t h e v a r i o u s o p e r a
t ing and non-operat ing modes and should be cons idered
In each case as app l i cab le fo r t he pa r t i cu la r WECS
d e s i g n . S o u n d e n g i n e e r i n g a n a l y s i s o f t h e s e c a s e s
s h o u l d I n c l u d e a p p r o p r i a t e a e r o d y n a m i c a n d s t r u c t u r a l
m o d e l s . C a r e s h o u l d b e t a k e n i n u n d e r s t a n d i n g t h e
s ta tus o f the WECS in each case (opera t ing or shut
down) , and dynamic fac tors based on dynamic ca lcu la
t ions or measurements or both to pred ic t the max imum
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o p e r a t i n g a n d u l t i m a t e l o a d s s h o u l d b e a p p l i e d i n o x -
c e s s o f c a l c u l a t e d s t a t i c l o a d s w h e r e a p p r o p r i a t e .

N o t e : S t a t i c l o a d s m a y b e i n c l u d e d i n d y n a m i c c a l c u l a
t i o n s .

T h e f o l l o w i n g c a s e s a r e c o n s i d e r e d a p p r o p r i a t e :

( a ) d e a d l o a d o f a l l s u p p o r t e d e l e m e n t s ;

(b ) su rv i va l w ind dynamic p ressu re i n acco rdance
wi th Sect ion 5.2 .1 on a 11 exposed sur faces and ca lcu la
t e d I n a m a n n e r c o n s i s t e n t w i t h p e r t i n e n t s i t e d a t a ,
b u i l d i n g c o d e s , o r l o c a l c o d e s o r r e g u l a t i o n s ;

(c ) i ce coa t ing on a l l exposed sur faces to recommen
d e d c o a t i n g t h i c k n e s s i n a c c o r d a n c e w i t h S e c t i o n 5 . 2 . 6 ;

( d ) s t a t i c a n d fl u c t u a t i n g o r c y c l i c l o a d s t r a n s m i t
t e d f r o m t h e r o t o r d u r i n g n o r m a l o p e r a t i o n a t r a t e d
power and wind loads on other components a t operat ing
wind speed;

(e) loads on the ro tor and on other components asso
c i a t e d w i t h a m a r g i n t o a l l o w f o r o v e r s h o o t o r o v e r -
speeds o f 10% greater than the max imum cont ro l led over -
s p e e d a l l o w e d b y t h e p r o t e c t i v e c o n t r o l s y s t e m ;

( f ) m a x i m u m s t a t i c a n d fl u c t u a t i n g o r c y c l i c l o a d i n g
i n s i t e - p a r t i c u l a r g u s t c o n d i t i o n s w h i l e i n o p e r a t i o n ;

( g ) l o a d s e x p e r i e n c e d d u r i n g n o r m a l s t a r t s a n d
s t o p s ;

( h ) l o a d s d u e t o b r a k i n g , f e a t h e r i n g , a n d / o r f u r l
i ng , e t c . , expe r i enced du r i ng emergency shu tdown ;

( i ) l o a d s e x p e r i e n c e d d u r i n g t r a n s p o r t a t i o n , h a n d
l i n g , e r e c t i o n , a n d s e r v i c i n g o p e r a t i o n s ; a n d

( j ) s e i s m i c l o a d i n g .

T h e a b o v e l o a d c a s e s ( a ) t o ( j ) a r e s p e c i fi e d ( o r s e r
v i c e ) l o a d s .

6 . 3 L o a d i n g C o m b i n a t i o n s

The des ign o f the WECS ro to r and suppor t s t ruc tu re o r
t o w e r s h o u l d c o n s i d e r a s a p p l i c a b l e t h e f o l l o w i n g c o m
b i n a t i o n s o f t h e l o a d s d e fi n e d i n S e c t i o n 6 . 2 :

( a ) a + d ( r a t e d p o w e r ) ;

( b ) a+d+g (no rma l s t a r t s and s t ops a t r a t ed pow e r ) ;
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( c ) a + b ( s u r v i v a l w i n d ) ;

( d ) a + 0 . 5 b + c ( f u l l I c e l o a d a n d w l n d ) ( w l n d l o a d s
based on the Iced sizes of WECS structural members)

(e ) a+e+f (overspeed and gus t ) ;

( f ) a+e+h (overspeed and emergency shutdown);

(g) a+d+f+h (rated power + gust + emergency shut
down)

(h ) a+d+ j ( r a ted power and se i sm ic l oad ing ) .

Load ing cases shou ld be app l ied over the des ign sa fe
opera t ing l i f e o f the WECS. Comb ined load case ana ly
s i s s h o u l d i n c l u d e a p p r o p r i a t e l o a d i n g r e c u r r e n c e i n
t e r v a l s .

6 .4 Des ign Methods

L o a d s t h a t a r e fl u c t u a t i n g o r c y c l i c s h o u l d b e c o n s i
d e r e d t o a c t o v e r t h e I n t e n d e d o p e r a t i n g l i f e o f t h e
WECS; load combinat ions (a) and (b) o f Sect ion 6 .3 are
s u c h l o a d i n g s . D e s i g n f o r t h e s e l o a d s s h o u l d b e I n
a c c o r d a n c e w i t h a p p r o p r i a t e h i g h - c y c l e f a t i g u e a n a l y s e s
w i t h a p p l i c a b l e t o r q u e s p e c i fi c a t i o n s s u p p l i e d f o r a l l
c r i t i c a l b o l t e d c o n n e c t i o n s . F o r l o w - c y c l e f a t i g u e
ana l yses , a l l l oad comb ina t i ons and t he i r number o f
o c c u r r e n c e s d u r i n g t h e l i f e o f t h e s y s t e m s h o u l d b e
c o n s i d e r e d , f o r e x a m p l e , I t e m s ( e ) , ( f ) , a n d ( g ) I n
Sec t i on 6 .3 may be r equ i r ed t o su r v i ve mu l t i p l e even t s
o f t h i s n a t u r e o v e r t h e s e r v i c e l i f e o f t h e W E C S .

I f a l l o t h e r l o a d c o m b i n a t i o n s l i s t e d I n S e c t i o n 6 . 3
( ( c ) t o ( h ) ] a r e c o n s i d e r e d t o a c t o n l y o n c e , d e s i g n
for these loads may be made us ing the "a l lowable
s t r e s s " , " l o a d a n d r e s i s t a n c e f a c t o r " , o r " l i m i t
s t a t e s " m e t h o d s . W h e n t h e l i m i t s t a t e s m e t h o d I s a d o p
t e d , t h e l o a d f a c t o r s o n s p e c i fi e d l o a d s s h o u l d b e 1 . 2 5
fo r dead l oads and 1 .50 fo r o the rs .

6 . 4 . 1 D y n a m i c D e s i g n C o n s i d e r a t i o n s

A thorough dynamic analysis of the WECS system
e lemen ts and the i r i n te rac t i on shou ld be made
u s i n g a p p r o p r i a t e a n a l y t i c t e c h n i q u e s , d y n a m i c
m o d e l s , a n d a p p r o p r i a t e f u l l - s c a l e t e s t i n g ; r e c o m
m e n d e d s t a b i l i t y a n a l y s e s a r e :

M e c h a n i c a l S t a b i l i t y
Rotor and Blade Frequencies
Mechanical Contro l L inkage and System Frequen-



190

c i e s
Carriage and Main Frame Frequencies (torsion <r.nd

bending)
D r i ve Tra i n F requenc ies ( t o r s i on and bend ing )
Tower Frequenc ies

E l e c t r o - M e c h a n i c a l S t a b i l i t y
A e r o e l a s t i c S t a b i l i t y
D y n a m i c C o n t r o l S t a b i l i t y ( I n c l u d i n g c o n t r o l l o r . j i c

and so f tware )

F o r c o n s t a n t r o t a t i o n a l s p e e d u n i t s , a l l s y s t e m
frequenc ies shou ld be demonst ra ted to be we l l
s e p a r a t e d f r o m l o w I n t e g e r m u l t i p l e s o f r o t o r
speed un less adequate damping is p rov ided: fo r
example , they shou ld not be wi th in 20% of the
fi r s t f o u r m u l t i p l e s o f t h e r o t o r s p e e d . F o r
var iab le speed systems, adequate damping a t coast
ing resonances should be proven and demonstrated.
Eng ineer ing ana lys is shou ld be supp lemented by
a p p r o p r i a t e t e s t i n g a d e q u a t e t o e n s u r e a s a f e
s y s t e m . Te s t i n g o f a s y s t e m f o r d o c u m e n t a t i o n o f
component and sys tem f requenc ies fo r one configu
r a t i o n ( i . e . , o n e t o w e r ) s h o u l d b e c o n s i d e r e d
a d e q u a t e f o r o t h e r c o n fi g u r a t i o n s ( i . e . , o t h e r
towers) when accompanied by appropr ia te engineer
i n g a n a l y s i s .

6 . 4 . 2 S y s t e m D e s i g n C o n s i d e r a t i o n s

Wind energy systems should be designed wherever
p o s s i b l e s o t h a t s i n g l e p o i n t f a i l u r e s m a y o c c u r
w i thou t the comp le te des t ruc t i on o f t h 'e sys tem and
w i t h o u t c r e a t i n g a s a f e t y p r o b l e m f o r t h e p u b l i c
o r t h e o p e r a t o r .

Ro to r con t ro l sys tems shou ld be des igned to p ro
v ide a l eve l o f sa fe t y beyond the p r imary sys tem.
Redundant cont ro ls and/or back-up components in
the control system or a shutdown mechanism are
recommended system elements.

Wind energy systems should be designed for main
t a i n a b i l i t y a n d I n c l u d e m e a n t i m e t o r e p a i r ( M T T R )
goals and scheduled maintenance goals .

7. Component Design Recommendations

A sec o f s t r ess ca l cu l a t i ons f o r key componen ts ( hub , b l ade
r o o t , m a i n s h a f t , e t c . ) s h o u l d b e m a d e w i t h t h e l o a d f a c t o r s
and marg ins o f sa fe ty spec i fied . WECS shou ld be des igned to
su f f e r no s t ruc tu ra l damage due t o con t ro l l ed ove rspeed as
d e fi n e d i n S e c t i o n 6 . 2 ( e ) . T h e d e s i g n a n a l y s e s s h o u l d s t a t e
the dura t ion o f the overspeed cond i t i on and the w ind speed
a c t i n g I n c o n j u n c t i o n w i t h t h e o v e r s p e e d c o n d i t i o n .
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Except ions to these gu ide l ines In WECS des ign shou ld 'be
c e r t i fi e d t o p r o v i d e a s i m i l a r l e v e l o f s a f e t y . E n g i n e e r i n g
ca l cu l a t i ons and sys tem tes t i ng shou ld be pe r f o rmed t o ve
r i f y s u c h c l a i m s .

7 . 1 R o t o r

7 . 1 . 1 S c o p e

The rotor Is the key component of any WECS and its
f a i l u r e h a s t h e m o s t s e r i o u s I m p a c t o n t h e s a f e t y
o f l i f e a n d p r o p e r t y . T h i s s e c t i o n p r e s e n t s m i n i
mum recommendat ions for the des ign o f the ro tor
s y s t e m ( I . e . , t h e b l a d e s , h u b , d r i v e t r a i n , a n d
yaw mechan ism o f the WECS) . Add i t iona l des ign
recommendations may be necessary to cover a par
t i c u l a r c o n fi g u r a t i o n a n d c h o i c e o f m a t e r i a l
( e . g . , t o r q u e t u b e a n d b e a r i n g s i z i n g f o r v e r t i c a l
ax i s w ind sys tems) .

7 .1 .2 Dynamic Load ing Comb ina t i ons

R o t o r s t r u c t u r a l d y n a m i c a n a l y s i s , I n c l u d i n g i n
te rac t i on w i th o the r componen ts such as tower, guy
c a b l e , e t c . , s h o u l d b e p e r f o r m e d t o d e t e r m i n e t h e
n a t u r a l f r e q u e n c i e s o f t h e r o t o r a s s e m b l y. T h e
d y n a m i c a m p l i fi c a t i o n o f t h e fl u c t u a t i n g / c y c l i c
response unde r ope ra t i ng cond i t i ons shou ld be
e x p e r i m e n t a l l y d e t e r m i n e d .

7 . 1 . 3 F a t i g u e R e s i s t a n c e

The des ign o f a l l components o f the ro to r assembly
t h a t a r e s u b j e c t t o fl u c t u a t i n g / c y c i L c l o a d i n g
s h o u l d c o n s i d e r t h e e f f e c t o f f a t i g u e . C o m p o n e n t s
shou ld be des igned to remain safe and opera te
under fa t igue loads whose amp l i tude and f requency
cor respond to the comb ina t ion o f l oads and occu r
rences In Sect ion 6 .4 and any dynamic load ampl i
fi c a t i o n a s m e n t i o n e d i n S e c t i o n 7 . L . 2 . E s t i m a
t i o n o f f a t i g u e s t r e n g t h s h o u l d I n c l u d e c o n s i d e r a
t i o n o f f a t i g u e f a c t o r s f o r s u r f a c e fi n i s h , m a t e
r i a l , f r a c t u r e s i z e , c o m p o n e n t s i z e , r e l i a b i l i t y ,
l o a d t y p e , a n d s t r e s s c o n c e n t r a t i o n .

7 . 2 S u p p o r t S t r u c t u r e

7 . 2 . 1 P u r p o s e

T h e p u r p o s e o f t h e s u p p o r t s t r u c t u r e I s t o p r o v i d e
s u f fi c i e n t r e s t r a i n t a n d s t i f f n e s s t o c a r r y a l l
l o a d s a p p l i e d d i r e c t l y t o i t b y a t t a c h e d m a c h i n e r y
a n d b y t h e r o t o r.
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7 . 2 . 2 M a t e r i a l s

A l l m a t e r i a l s u s e d t o c o n s t r u c t t h e s u p p o r t s t r u c
tu re shou ld be i n acco rdance w i t h t he app rop r i a t e
l o c a l B u i l d i n g C o d e o r w i t h t h e a p p r o p r i a t e n a
t i o n a l s t a n d a r d s . P r o t e c t i o n a g a i n s t a b r a s i o n a n d
cor ros ion shou ld be adequate to ensure a sa fe
d e s i g n l i f e .

7 . 2 . 3 L o a d i n g C o m b i n a t i o n s

The bas ic load ing cond i t ions and those combina
t i o n s w h i c h t h e d e s i g n s h o u l d t a k e I n t o a c c o u n t
a r e l i s t e d i n S e c t i o n 6 . 0 .

7 .2 .4 Dynamic Response

T h e d y n a m i c b e h a v i o r o f t h e s u p p o r t s t r u c t u r e ,
togecher w i th any guy cab les , shou ld be cons idered
i n t h e c a l c u l a t i o n o f n a t u r a l f r e q u e n c i e s o f t h e
system and in the response to dynamic load ings
imposed by the ro tor and assoc ia ted mach inery.

7 . 2 . 5 G u y C a b l e s

The des ign o f a l l guy cab les shou ld be in accor
d a n c e w i t h t h e fl u c t u a t i n g / c y c l i c n a t u r e o f t h e
d e s i g n l o a d c o n d i t i o n s .

7 . 2 . 6 F a t i g u e R e s i s t a n c e

The componen ts o f t he suppo r t s t r uc tu re t ha t a re
s u b j e c t t o fl u c t u a t i n g / c y c l i c l o a d i n g s h o u l d b e
d e s i g n e d t o t h e c o n d i t i o n s o f S e c t i o n 7 . 1 f o r l o a d
combina t ions , recommended occur rences , mate r ia l
s e l e c t i o n , d y n a m i c a m p l i fi c a t i o n , e t c . B o l t e d
connec t ions shou ld meet A ISC s tandards fo r l oad ing
a n d t o r q u e s p e c i fi c a t i o n s .

7 . 3 E l e c t r i c a l S y s t e m s

7 . 3 . 1 S c o p e

This sect ion app l ies to WECS used for the genera
t i o n o f e l e c t r i c i t y , a n d I n c l u d e s t h e f o l l o w i n g
a p p l i c a t i o n s :

( a ) B a t t e r y c h a r g i n g ;

( b ) S u p p l y o f e l e c t r i c i t y t o p o w e r c o n v e r s i o n
e q u i p m e n t ( e . g . , i n v e r t e r s , m o t o r g e n e r a t o r s ) ;

( c ) F e e d i n g l o a d ( e . g . , r e s i s t i v e h e a t i n g ) ; a n d
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( d ) U t i l i t y g r i d c o n n e c t i o n

7 . 3 . 2 G e n e r a l

A l l e l e c t r i c a l e q u i p m e n t a n d w i r i n g s h o u l d b e
i n s t a l l e d I n a c c o r d a n c e w i t h t h e r e q u i r e m e n t s o f
t h e N a t i o n a l E l e c t r i c a l C o d e .

7 .3 .3 Componen ts

7 . 3 . 3 . 1 S u i t a b i l i t y f o r U s e

Componen t pa r t s o f e lec t r i ca l equ ipmen t
shou ld be su i t ab le f o r t he use i n tended and
c o n s i d e r e d a s a n I n t e g r a l p a r t o f t h e e q u i p
ment.

7 . 3 . 3 . 2 P r o t e c t i o n

E l e c t r i c a l e q u i p m e n t s h o u l d b e l o c a t e d ,
guarded, or enc losed so as to prov ide ade
qua te p ro tec t i on f o r such equ ipmen t and f o r
p e r s o n n e l d u r i n g a l l n o r m a l o p e r a t i o n .

7 . 3 . 3 . 3 P o w e r S w i t c h e s

P o w e r s w i t c h e s u s e d I n e l e c t r i c a l p o w e r c i r
c u i t s t h a t g o v e r n s a f e t y o f o p e r a t i o n s h o u l d
be designed to NEMA requirements, and in
s t a l l e d p e r N E C o r b e t t e r r e q u i r e m e n t s .

7 . 3 . 3 . 4 A c c e s s

When normal ly moving components are securely
f a s t e n e d a n d e l e c t r i c a l p a r t s d a - e n e r g i 2 e d ,
c o m p o n e n t s r e q u i r i n g p e r i o d i c i n s p e c t i o n o r
m a i n t e n a n c e a n d a l l b o l t e d e l e c t r i c a l c o n n e c
t i ons shou ld be sa fe l y access ib l e and shou ld
on l y requ i re t he use o f s tanda rd equ ipmen t o r
t o o l s .

7 . 3 . 4 E n c l o s u r e s

7 . 3 . 4 . 1 M a t e r i a l

E n c l o s u r e s f o r e l e c t r i c a l e q u i p m e n t s h o u l d b e
o f n o n c o m b u s t i b l e , a b s o r p t i o n - r e s i s t a n t m a t e
r i a l , . w h i c h s h o u l d e n c l o s e a l l l i v e p a r t s ,
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and should comply with NEMA Standard 3A wea
t h e r - p r o o fi n g r e q u i r e m e n t s .

7 . 3 . 4 . 2 S t r e n g t h a n d R i g i d i t y

E n c l o s u r e s s h o u l d h a v e s u f fi c i e n t s t r e n g t h
a n d r i g i d i t y t o u n d e r g o a s s e m b l y, i n s t a l l a
t i o n , a n d o p e r a t i o n a n d w i t h s t a n d e n v i r o n
m e n t a l c o n d i t i o n s w i t h o u t r e d u c t i o n o f s p a -
c i n g s , l o o s e n i n g o r d i s p l a c e m e n t o f p a r t s , o r
o t h e r s e r i o u s d e f e c t s .

7 . 3 . 4 . 3 N o n m e t a l l i c E n c l o s u r e s

Enc losures made o f ma te r ia l o the r than meta l
s h o u l d b e u s e d o n l y i f t h o r o u g h i n v e s t i g a t i o n
s h o w s t h a t m a t e r i a l t o b e s u i t a b l e .

7 . 3 . 4 . 4 C o v e r s

Doors and cover p la tes shou ld be prov ided
w i t h s u i t a b l e m e a n s f o r f a s t e n i n g i n t h e
c l o s e d p o s i t i o n .

7 . 3 . 4 . 5 C o m p o n e n t E n c l o s u r e s

M o t o r s , c o n t r o l l e r s , a n d o t h e r e l e c t r i c a l
components shou ld be o f weather -proof con
s t r u c t i o n o r s h o u l d b e i n e n c l o s u r e s o f w e a
t h e r - p r o o f c o n s t r u c t i o n s u c h a s a n a c e l l e o r
sh roud .

7 . 3 . 4 . 5 S u p p l e m e n t a r y H o u s i n g

Where compl iance wi th the recommendat ions of
S e c t i o n 7 . 3 . 4 . 5 i s a c h i e v e d b y s u p p l e m e n t a r y
h o u s i n g , t h e t e m p e r a t u r e r i s e o f t h e e n c l o s e d
equ ipment shou ld be cons idered .

7 . 3 . 5 E q u i p m e n t

7 . 3 . 5 . 1 G e n e r a t o r s a n d M o t o r s

Generators and motors shou ld meet the re
qui rements of the NEC.

7 . 3 . 5 . 2 C o n t r o l s

Con t ro l equ ipmen t shou ld comp ly w i th the
requi rements of the NEC.

7.3.6 Wi r ing

7 . 3 . 5 . 1 C o n d u c t o r s
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Wiring between component devices should be
e n c l o s e d I n c o n d u i t , r a c e w a y s , o r o t h e r s u i t
a b l e e n c l o s u r e s , e x c e p t t h a t , w h e r e p e r m i t t e d
by the NEC, meta l l i c o r nonmeta l l l c shea thed
cabl-e may be used.

7 .3 .6 .2 Type and S i ze o f Conduc to r s

Conduc to rs used to supp ly power c i r cu i t s
shou ld no t be sma l l e r t han the s i zes requ i red
by the NEC. Conduc to rs used fo r ex t ra low
v o l t a g e a n d f o r r e m o t e c o n t r o l c i r c u i t s o r
i ns t rumen ta t i on c i r cu i t s such as anemomete rs ,
H a l l e f f e c t s e n s o r s , e t c . , m a y b e s m a l l e r
than No. 16 AWG. Conductors should be of
fl e x i b l e o r e x t r a - fl e x i b l e c o n s t r u c t i o n i f o f
No. 14 AWG or smal le r. Conductors f rom the
gene ra to r t o t he l oad shou ld be s i zed t o
sa fe ly ca r ry the max imum genera to r ou tpu t
according to minimum NEC ampaci ty tables.

7 . 3 . 6 . 3 Te m p e r a t u r e C l a s s i fi c a t i o n s

C o n d u c t o r s o f o n e t e m p e r a t u r e c l a s s i fi c a t i o n
shou ld no t be run in ' t he same condu i t o r
raceway wi th conductors o f another tempera
t u r e c l a s s i fi c a t i o n , u n l e s s t h e c u r r e n t d e n
s i t y Ln each conduc to r i s no g rea te r t han
t h a t p e r m i t t e d f o r t h e c o n d u c t o r s h a v i n g t h e
l o w e s t t e m p e r a t u r e c l a s s i fi c a t i o n .

7 . 3 . 6 . 4 I n s u l a t i o n

C o n d u c t o r s o f d i f f e r e n t p o t e n t i a l s h o u l d n o t
be In the same enc losure un less they are
I n s u l a t e d f o r t h e h i g h e s t p o t e n t i a l e n c l o s e d .
Pr imary and secondary conductors of wound
rotor Induct ion motors may be run In the same
c o n d u i t o r r a c e w a y I f ( a ) I n s u l a t i o n o f e a c h
c o n d u c t o r i s a t l e a s t t h e e q u i v a l e n t o f t h a t
r e q u i r e d f o r t h e c o n d u c t o r o p e r a t i n g a t t h e
h i g h e s t p o t e n t i a l a n d ( b ) t h e o p e n i n g o r a n ysw i t ch on t he supp l y s i de rende rs a l l conduc
tors o f the g roup dead.

7 . 3 . 7 G r o u n d i n g

A l l exposed meta l par ts and accessor ies shou ld be
e l e c t r i c a l l y c o n n e c t e d t o g e t h e r s o t h a t t h e e n t i r e
WECS can be grounded on insta l la t ion in accordance
w i t h t h e r e q u i r e m e n t s o f t h e N E C ( A r t i c l e 3 0 0 ) .

7 . 3 . 3 O v e r c u r r e n t P r o t e c t i o n a n d D i s c o n n e c t i o n M e a n s
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7 . 3 . 3 . L M a i n D i s c o n n e c t

A fused ma in sw i t ch o r c i r cu i t b reake r capa
b l e o f b e i n g l o c k e d I n t h e o p e n p o s i t i o n
s h o u l d b e c o n n e c t e d i n t h e s u p p l y c i r c u i t s ,
s h o u l d s i m u l t a n e o u s l y I n t e r r u p t a l l s u p p l y
c i r c u i t s , a n d s h o u l d b e l o c a t e d c o n v e n i e n t l y
fo r ma in tenance and opera t ing pe rsonne l .

In the case o f sma l l ( l ess than 25 kw ra ted
c a p a c i t y ) b a t t e r y - c h a r g i n g s y s t e m s , a f u s e e )
m a i n s w i t c h o r a c i r c u i t b r e a k e r i s n o t r e
q u i r e d , b u t s u i t a b l e I n s t r u c t i o n s f o r d i s c o n
n e c t i n g t h e b a t t e r y s h o u l d b e i n c l u d e d i n t h e
WECS manual.

7 . 3 . 3 . 2 M a i n D i s c o n n e c t R a t i n g

T h e r a t i n g o f t h e m a i n s w i t c h o r c i r c u i t
b reake r shou ld be a t l eas t equa l t o t he ra
t ing o f the max imum cur ren t as es tab l i shed by
the NEC.

7 . 3 . 3 . 3 A u x i l i a r y C i r c u i t I s o l a t i o n

A u x i l i a r y c i r c u i t s s u c h a s t h o s e f o r l i g h t i n g
and hea t i ng shou ld be p rov ided w i th ove rcu r -
ren t and i so la t i ng dev i ces moun ted ad jacen t
t o a n d s u p p l i e d f r o m t h e l i n e s i d e o f t h e
m a i n s w i t c h o r c i r c u i t b r e a k e r . I f n e c e s s a r y
for the safe maintenance of the WECS, they
shou ld be labe led as to purpose.

7 . 3 . 3 . 4 M a i n C o n t a c t o r

The ma in con tac to r shou ld be ac t i va ted by the
o p e r a t i o n o f a c o n t r o l c i r c u i t o r b y m a n u a l
o p e r a t i o n t h a t s i m u l t a n e o u s l y i n t e r r u p t s t h e
c o n d u c t o r s f o r t h e p o w e r g e n e r a t i o n c i r c u i t s .
Th is recommendat ion does not apply to smal l
WECS of less than 25 kW rated capacity for
" s t a n d a l o n e " o r b a t t e r y - c h a r g i n g a p p l i c a
t i o n s .
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7 . 3 . 3 . 5 O v e r l o a d P r o t e c t i o n

O v e r l o a d p r o t e c t i o n s h o u l d b e p r o v i d e d . i n
the case of small WECS of less than 25 kW
r a t e d c a p a c i t y, o v e r l o a d p r o t e c t i o n m a y b e
p rov ided by f uses .

7 . 4 C o n t r o l s a n d P r o t e c t i v e S y s t e m s

7 . 4 . 1 G e n e r a l

The cont ro l sys tem should be des igned to keep the
W E C S o p e r a t i o n a l w i t h i n i t s n o r m a l o p e r a t i n g l i
m i t s . Shou ld t he WECS o r I t s con t ro l sys tem ma l
f u n c t i o n , t h e p r o t e c t i o n s y s t e m s h o u l d m a i n t a i n I t
I n a nonhazardous cond i t i on .

7.4.2 Protective System Redundancy
The p ro tec t i on sys tem shou ld e i t he r be des igned t o
be fa i l - sa fe o r be backed up w i th an i ndependen t
redundant system. Each subsystem should be capa
b le o f shu tdown.

7 .4 .3 Ground Leve l Shu tdown

WECS should have a manual shutdown device operable
f r o m g r o u n d l e v e l .

7 . 4 . 4 A u t o m a t i c S h u t d o w n / M a n u a l R e s t a r t

WECS tha t a re fi t ted w i th an au tomat ic emergency
s h u t d o w n d e v i c e o r i n t e r n a l l o g i c , a c t i v a t e d e i
t h e r b y o v e r s p e e d o r v i b r a t i o n , s h o u l d r e q u i r e
m a n u a l I n t e r v e n t i o n f o r r e s t a r t .

7 . 4 . 5 E l e c t r i c a l S a f e t y

The cont ro l and pro tec t ion sys tems o f WECS tha t
g e n e r a t e e l e c t r i c i t y s h o u l d m e e t t h e r e q u i r e m e n t s
o f S e c t i o n 7 . 3 .

7 . 4 . 6 E l e c t r i c a l P r a c t i c e s

W E C S t h a t g e n e r a t e e l e c t r i c i t y s h o u l d :

(a) Per the NEC, have a lockable manual d isconnect
f r o m t h e g r i d l i n e o r o t h e r e l e c t r i c i t y g e n e r a t i n g
s o u r c e ;

( b ) A u t o m a t i c a I l y d i s c o n n e c t f r o m t h e g r i d l i n e o r
o t h e r e l e c t r i c i t y g e n e r a t i n g s o u r c e i m m e d i a t e l y
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fo l lowing a l ine break and not be reconnected
u n t i l a f t e r l i n e v o l t a g e h a s b e e n r e s t o r e d ;

(c ) Have undervo l tage and overvo l tage and under / -
o v o r f r e q u e n c y p r o t e c t i o n a s r e q u i r e d b y t h e u t i
l i t y o r I E E E / A N S I s t a n d a r d s u n l e s s s u c h p r o t e c t i o n
i s p r o v i d e d b y t h e i n t e r c o n n e c t i o n s u b s t a t i o n ;

( d ) W h e r e a u t i l i t y I n t e r c o n n e c t i o n i s e m p l o y e d ,
s a t i s f y t h e i n t e r c o n n e c t i o n r e q u i r e m e n t s o f t h e
ut i I ity.

7 . 5 B r a k e D e s i g n

A WECS rotor brake should be designed to be appropr iate
f o r t h e t a s k f o r w h i c h i t i s i n t e n d e d . 3 r a * e c l a s s i fi
c a t i o n s i n c l u d e p a r k i n g , n o r m a l s t o p p i n g , a n d e m e r g e n c y
s t o p p i n g .

7 . 5 . 1 P a r k i n g B r a k e

A pa rk i ng b rake shou ld be capab le o f p reven t i ng
r o t o r r o t a t i o n a t w i n d s p e e d s u p t o t h - - s u r v i v a l
w ind speed , excep t f o r b rakes used on l y du r i ng
serv ic ing of the WECS.

7 . 5 . 2 N o r m a l S t o p p i n g B r a k e

A normal s topping brake system should be des igned
to d i s s i p a te t h e k i n e t i c e n e rg y o f t h e r o t a r. L ru j
mach ine ry a t t he des ign ove rspeed cond i t i on ( see
S e c t i o n 6 . 2 ( e ) ) w h i l - e s u f f e r i n g n o i r r e p a r a b l e
damage.

7 .5 .3 Emergency B rake

An emergency braKe should be designed to meet the
requ i remen ts o f Sec t i on 7 .5 .2 and be des igned to
b e r e s e t p r i o r t o r e s u m i n g a u t o m a t i c o p e r a t i o n .

3 . M e c h a n i c a l / s t r u c t u r a l / E l e c t r l e a I A t t a c h m e n t C o n d i t i o n s

When ins ta l led and opera t ing , a WECS Is a t tached to o ther
s y s t e m s . A t t a c h m e n t s t y p i c a l l y I n c l u d e :

(a) The mount ing o f the WECS tower or suppor t s t ruc ture on
t h e b a s e f o u n d a t i o n ;

( b ) T h e c o n n e c t i o n o f e l e c t r i c a l t r a n s m i s s i o n / d i s t r i b u t i o n
sys tems to t he e lec t r i ca l gene ra t i ng sys tem o f t he WECS;

( c ) T h e c o n n e c t i o n o f e l e c t r i c a l , e l e c t r o n i c , o r m e c h a n i c a l
con t ro l o f p ro tec t i ve sys tems t o t he WECS;
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( d ) T h e c o n n e c t i o n o f i n s t r u m e n t a t i o n o r s t a t u s - i n d i c a t i n g
systems to the WECS;

(e ) The a t tachment o f guy w i res o r suppor ts to anchors ,
"deadmen" o r founda t ions .

A p p l i c a b l e d e s i g n c o n d i t i o n s s h o u l d b e d e s c r i b e d f o r e a c h o f
t h e s e a t t a c h m e n t s . Ty p i c a l d o c u m e n t a t i o n s h o u l d i n c l u d e :

( a ) A t t a c h m e n t l o c a t i o n a n d s i z e , m a t e r i a l , a n d fi n i s h ;

( b ) S u r f a c e fl a t n e s s o r w a v l n e s s r e q u i r e m e n t s ;

( c ) A t t a c h i n g t o r q u e r e q u i r e m e n t s ;

( d ) D e s c r i p t i o n s o f r e t e n t i o n o r L o c k i n g d e v i c e s i f
r e q u i r e d ;

(e ) Gaske t o r pad requ i rements ;

( f ) E l e c t r i c a l c o n n e c t i o n , I n c l u d i n g p l u g o r a t t a c h m e n t
desc r i p t Ion ;

( g ) Vo l t a g e , a m p e r a g e , s h o r t c i r c u i t w i t h s t a n d r a t i n g a n d
phase requ i r emen ts a t t he po in t o f a t t achmen t ;

( h ) E l e c t r i c o r e l e c t r o n i c c o n t r o l s y s t e m p o w e r ( v o l t a g e ,
amperage, phase) ;

(1 ) Mechan ica l cont ro l sys tem loads and mechan ism t rave l
r e q u i r e d ;

( j ) A c c e s s r e q u i r e m e n t s f o r m a i n t e n a n c e , i n c l u d i n g c l o s u r e
s i z e s , s p a c e r e q u i r e d , e t c . ;

( < ) I n s t r u m e n t a t i o n o r s t a t u s - i n d i c a t i n g s y s t e m r e q u i r e m e n t s
a t t h e p o i n t o f a t t a c h m e n t ;

( 1 ) L o a d s , b o t h s t a t i c a n d d y n a m i c , a t t h e p o i n t o f a t t a c h
ment.



201

DANISH AND EUROPEAN SAFETY STANDARDS

FOR WIND TURBINES

Peter Hauge Madsen



202

l_ j__Int roduct ion

T h e m a n a g e m e n t o f w i n d t u r b i n e s a f e t y i s m a d e d i f fi c u l t b y t h e
u n c e r t a i n s t a t u s o f a w i n d t u r b i n e a s s e e n b y t h e n a t i o n a l o r
t h e l o c a l a u t h o r i t i e s . T h e s a f e t y p r o b l e m s a r e i n s o m e a s p e c t s
s i m i l a r t o a b u i l d i n g s t r u c t u r e , a p i e c e o f m a c h i n e r y o r a n
e l e c t r i c a l i n s t a l l a t i o n . T h u s r e q u i r e m e n t s o n s t r u c t u r a l s a f e t y,
e l e c t r i c a l s a f e t y a n d l a b o u r s a f e t y a r e a p p l i e d f o r w i n d t u r
b ines. The var ious safe ty aspects are re la ted through the compul
so ry sa fe ty sys tem wh ich has the p r imary ob jec t i ve o f p reven t ing
the w ind tu rb ine f rom en te r ing an unsa fe s ta te .

E s p e c i a l l y r e q u i r e m e n t s o n s a f e t y s y s t e m s a n d s t r u c t u r a l s a f e t y
( w i t h t h e e m p h a s i s o n t h e l o a d s ) m u s t b e m a d e s p e c i fi c a l l y f o r
w i n d t u r b i n e i n o r d e r t o b e o p e r a t i o n a l . T h e D a n i s h e f f o r t s o n
p r e p a r i n g a n a t i o n a l s t a n d a r d o n w i n d t u r b i n e s a f e t y a n d l o a d s
are presented together with the main contents of the Recommenda
t i o n f o r a n E u r o p e a n W i n d Tu r b i n e S a f e t y S t a n d a r d . T h e l a t t e r
d o c u m e n t w h i c h i s i n t e n d e d a s t h e f r a m e w o r k f o r a c o d i fi e d a -

pp roach t o w ind t u rb i ne sa fe t y, has been p repa red by t he Eu ro
p e a n n a t i o n t e s t s t a t i o n s f o r w i n d t u r b i n e s .
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l i_A_Danish_Standard__f or_Wind_turbine_design

I n 1 9 8 4 a w o r k i n g c o m m i t t e e w a s g i v e n t h e t a s k o f p r e p a r i n g a
s t a n d a r d o f l o a d s a n d s a f e t y f o r w i n d t u r b i n e s b y t h e D a n i s h
A s s o c i a t i o n o f E n g i n e e r s . T h e m e m b e r s o f t h e c o m m i t t e e w e r e
chosen f rom the w ind energy indus t ry fie ld , w ind energy research
ins t i t u t i ons and un ive rs i t i es . The a im was to p repare a document
t o b e u s e d i n a c o n s i s t e n t m a n n e r w i t h t h e c o n s t r u c t i o n c o d e s
f o r t h e s t r e n g t h v e r i fi c a t i o n o f s t r u c t u r a l c o m p o n e n t s f o r w i n d
t u r b i n e s , t h u s f a c i l i t a t i n g d e s i g n c o n s i d e r a t i o n s a n d c a l c u l a
t i o n s , e n h a n c i n g a n d u n i f y i n g t h e s a f e t y a g a i n s t d a m a g e a n d
h u m a n r i s k s , a s w e l l a s h o m o g e n i z i n g t h e q u a l i t y o f t h e w i n d
t u r b i n e s i n p r o d u c t i o n . T h e fi r s t d r a f t w a s fi n a l i z e d b y t h e e n d
o f 1 9 8 6 , a t w h i c h t i m e t h e s t a n d a r d p r o p o s a l w a s s u b m i t t e d f o r
p u b l i c c r i t i c i s m .

T h e D a n i s h s e t o f c o n s t r u c t i o n c o d e s i s b a s i c a l l y i n t e n d e d f o r
b u i l d i n g s t r u c t u r e s . A c o m p l e t e d r e v i s i o n o f t h e s e t o f c o d e s
h a s r e s u l t e d i n a n a d o p t i o n o f t h e l i m i t - s t a t e d e s i g n c o n c e p t .
T h e c o d e s a r e g e n e r a l a n d n o t i n t e n d e d f o r a n y p a r t i c u l a r t y p e
o f s t r u c t u r e . T h u s , t h e w i n d - t u r b i n e c o d e p r o p o s a l d i f f e r s b e i n g
i n t e n d e d f o r a v e r y s p e c i fi c t y p e o f s t r u c t u r e . T h e c o n s t r u c t i o n
c o d e s f o r e . g . s t e e l , c o n c r e t e , o r f o u n d a t i o n s , h o w e v e r , a r e
a l r e a d y b e i n g u s e d f o r w i n d t u r b i n e d e s i g n ; a n d t h e n e w c o d e
p r o p o s a l i s t h u s a s e r i o u s a t t e m p t t o o b t a i n a c o n s i s t e n t b a s i s
f o r d e s i g n c a l c u l a t i o n s .

The code proposal fo l lows the standard format of Danish construc
t ion codes . The subs tance i s found in chap te rs 4 -7 , whereas the
r e m a i n i n g c h a p t e r s t o s o m e e x t e n t a r e i n c l u d e d f o r f o r m a l r e a
sons . The l i s . t o f con ten ts o f t he s tanda rd i s as f o l l ows :
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1 . I n t r o d u c t i o n
2 . P r i o r i n v e s t i g a t i o n s
3 . M a t e r i a l s
4 . S a f e t y
5. Load basis
6 . G e n e r a l l o a d c a l c u l a t i o n
7 . S i m p l i fi e d l o a d c a l c u l a t i o n s
8 . Imp lemen ta t i on and tes t i ng
9 . Assoc ia ted s tandards

_____£__%

I n t h e c h a p t e r o n s a f e t y , g e n e r a l r e q u i r e m e n t s f o r t h e w i n d
t u r b i n e s y s t e m a r e s t a t e d . T h e d e s i g n e r i s a s k e d t o s p e c i f y t h e
cut-off wind speed vmax' the maximum power output *max' and the
m a x i m u m r o t a t i o n s p e e d n m a x • T h e r e q u i r e m e n t s o f t h e s a f e t y
sys tem then a re the fo l l ow ing :

• Au toma t i c r egu la t i on wh i ch l im i t s power ou tpu t
to ^ max and stops the wind turb ine i f the wind
speed exceeds v max;

• Two independent brake systems;

• The pr imary brake sys tem must reg is ter er rors

caus ing sa fe ty r i sks and be ab le to s top the
t u r b i n e i f t h e r o t a t i o n s p e e d i s l e s s t h a n " m a x ;

• The secondary brake system must l imi t the
ro ta t ion speed to the nomina l va lue fo r w ind
speeds up to the one-year storm.

T h e c o d e m a k e s u s e o f t h e l i m i t s t a t e c o n c e p t s f o r s t r e n g t h
v e r i fi c a t i o n . T h e p r e s e n t f o r m u l a t i o n e x p r e s s e s t h e d e s i r e d
s a f e t y u s i n g t h e m e t h o d o f p a r t i a l c o e f fi c i e n t , w h e r e t h e p a r
t i a l c o e f fi c i e n t r e fl e c t s u n c e r t a i n t i e s o f i n d i v i d u a l l o a d c o m p o
n e n t s a n d s t r e n g t h a n d a l s o d e p e n d s o n t h e p a r t i c u l a r l i m i t
s t a t e .
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4^_Load_Basi.s

The chap te r spec i fies t he l oad bas i s i n t e rms o f c l ima te spec i fi
c a t i o n s v a r i a b l e a s e t o f w i n d t u r b i n e l o a d c o n d i t i o n s . T h e

p r i m a r y c l i m a t e i s t h e w i n d s p e e d w h i c h i s s t a t e d f o r f o u r t e r
ra in c lasses rang ing f rom wate r su r faces to u rban a reas . A loga
r i t h m i c w i n d s h e a r a n d a s p e c t r a l m o d e l f o r t u r b u l e n c e a r e s t a
t e d , b e a r i n g i n m i n d t h a t t h e c o d e s h a l l b e v a l i d f o r t h e r a t h e r
fl a t t e r r a i n o f D e n m a r k . T h e e x t r e m e w i n d s p e e d c o r r e s p o n d s t o
t h e 5 0 - y e a r s t o r m a n d i s s t a t e d e i t h e r a s t h e 2 - s e c o n d a v e r a g e
e x t r e m e ( g u s t ) v a l u e o r a s t h e 1 0 - m i n u t e a v e r a g e v a l u e . F o r
t e r r a i n c l a s s I , w h i c h i s t y p i c a l f o r a g o o d d a n i s h s i t e , t h e
gust w ind speed in 25-meter he ight is approx imate ly 50 m/s .

The fo l l ow ing l oad cond i t i ons shou ld be taken i n to accoun t :

A . Normal load cond i t ions
1 . O rd ina ry p roduc t i on run
2 . Produc t ion w i th yaw er ro r and /o r yawing
3 . S ta r t and s top

B . E x c e p t i o n a l l o a d c o n d i t i o n s
1. Extreme wind load
2 . I n s t a l l a t i o n a n d t r a n s p o r t a t i o n
3. Emergency condi t ions

--Emergency stop
- - F r e e - r u n n i n g a n d a i r - b r a k e a c t i v a t i o n
--Extreme yaw error at high wind speeds

4 . E r r o r i n p i t c h r e g u l a t i o n

C . A c c i d e n t a l l o a d c o n d i t i o n s
1 . F r e e - r u n n i n g w i t h p a r t l y m a l f u n c t i o n i n g

a i r b r a k e s
2 . S t o p a f t e r l o s s o f b l a d e .



206

T h e l o a d c a l c u l a t i o n s s h a l l b e m a d e f o r a l l l o a d c o n d i t i o n s
w h i c h i n s o m e c a s e s s h a l l b e s u b d i v i d e d i n v a r i o u s w i n d s p e e d

ranges . The l oad t ypes t o be cons ide red a re desc r i bed , and t he
l o a d c o m b i n a t i o n s t o b e v e r i fi e d a r e s p e c i fi e d .

A s i m p l i fi e d l o a d c a l c u l a t i o n m e t h o d w h i c h c o n t a i n s a d e t a i l e d
quan t i fica t i on o f b l ade and ro to r l oads unde r no rma l l oad cond i
t i o n s a n d t h e e x t r e m e w i n d s p e e d s i t u a t i o n i s i n c l u d e d f o r t h e
t y p i c a l D a n i s h c o n c e p t . T h u s , t h e s i m p l i fi e d l o a d c a l c u l a t i o n
p r o c e d u r e i s v a l i d f o r a t h r e e - b l a d e d , s t a l l - r e g u l a t e d , c o n s t a n t
r pm w ind t u rb i ne w i t h fixed p i t ch b l ades . The t u rb i ne i s f u r t he r
more assumed upwind and wi th a rotor d iameter less than 25 me
t e r s . T h e l o a d i n g i s d i v i d e d i n t o a e r o d y n a m i c a n d g r a v i t y f o r
c e s . F o r n o r m a l l o a d c o n d i t i o n s , t h e a e r o d y n a m i c f o r c e s a r e
g iven in a load spect rum formula t ion wi th a sca l ing fac tor depen
d ing on ma in tu rb ine pa ramete rs . The w ind tu rb ine des igner thus
has t he bas i s f o r eva lua t i ng t he f a t i gue l oad on h i s des i gn .

The extreme wind load case often provides the maximum short- term
load ing . Depend ing on resonance and s i ze pa ramete rs , t he l oads
are ca lcu la ted f rom the shor t - te rm (2-second average) w ind speed
or f rom the 10-minute average speed p lus turbulence us ing a gust
l o a d - f a c to r a p p ro a ch . Th e l a t t e r a cco u n t s f o r t h e d yn a m i c a c t i o n
o f t h e s t r u c t u r e .

W i th i n t he CEC the D i rec to ra te -Gene ra l f o r Ene rgy (DGXVI I ) has

o rgan ized , and pa r t l y f unded a p rocess on es tab l i sh ing European
Standards fo r Wind Turb ines . The u l t ima te a im i s the harmon iza
t ion of European s tandards and cons is tency wi th Eurocodes there
b y a c h i e v i n g a n o p e n m a r k e t f o r w i n d t u r b i n e s w i t h i n t h e E u r o
pean Community (EC).

A s a fi r s t s t e p i s t h i s p r o c e s s t h e E u r o p e a n Te s t S t a t i o n a r e
cooperat ing on prepar ing Recommendat ions for Wind Turb ine Stan
d a r d s . T h e s e r e c o m m e n d a t i o n s c a n i n t h e a r e a s o f s a f e t y l o a d
c a s e s a n d l o a d c a l c u l a t i o n , t h e n p r o v i d e a b a s i s f o r t h e f o r m a l
s tandard-wr i t ing by the CEN.
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The firs t recommendat ion has been prepared, the main par t o f the
work has been carried out by Riso and ECN. The document "Recom
m e n d a t i o n f o r a E u r o p e a n W i n d Tu r b i n e S a f e t y S t a n d a r d " i s i n
c l u d e d a s a n A p p e n d i x , t h e d o c u m e n t i s t h e r e s u l t o f a l o n g
process wi th the phases.

The cooperat ion o f Wind Energy Test Centers par t ly mani fes ted
i n r e g u l a r a n n u a l m e e t i n g s w h e r e p r o c e d u r e s a n d r u l e s h a v e
been discussed.

DGXVI I - f unded s tud ies on t he deve lopmen t and accu racy o f
measurements and evaluat ion methods, l icensing procedures and
safety aspects. The studies have been carr ied out by European
Tes t Cen te rs .

Prepara t ion o f recommendat ions fo r European s tandards in the
w i n d e n e r g y fi e l d .

££££i££i£Ii

F o l l o w i n g t h e i n c r e a s i n g i n t e r e s t i n E u r o p e i n t h e a p p l i c a t i o n
s tanda rds f o r w ind t u rb ine sa fe t y and des ign a re be ing p repa red
o n a n a t i o n a l a s w e l l a s o n a n i n t e r n a t i o n a l b a s i s . T h e D a n i s h
s t a n d a r d w o r k a s w e l l a s t h e p r o p o s a l s f o r s t a n d a r d s p r e s e n t e d
by the European Test Stat ion have been out l ined. In both requi re
m e n t s t o t h e w i n d t u r b i n e s a f e t y s y s t e m s a r e o f u t m o s t i m p o r
tance . Based on the exper ience w i th the sma l l and med ium-s ized
c o m m e r c i a l w i n d t u r b i n e a n a c c e p t a b l e s a f e t y a n d r e l i a b i l i t y h a s
b e e n e n s u r e d b y r e q u i r i n g r e d u n d a n c y a n d i n d e p e n d e n c e i n t h e
sa fe ty sys tems. A l though an equ iva len t sa fe ty can be ob ta ined by
o the r means , i t i s recommended tha t the des igners o f l a rge MW-
s i z e d w i n d t u r b i n e d o n o t i g n o r e a t t i m e p a i n f u l e x p e r i e n c e
a l r e a d y o b t a i n e d a n d o n l y d e v i a t e f r o m t h e r e s u l t i n g s a f e t y
requi rements af ter a comprehensive and carefu l engineer ing analy
s is o f the poss ib le consequences.
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RECOMMENDATION FOR AN

EUROPEAN WIND TURBINE SAFETY STANDARD
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1. INTRODUCTION

International agreement rules for safety and performance evalua
t ion of wind turb ines have been a long-standing goal for the
wind energy communi ty. Severa l act iv i t ies have been in i t ia ted
with this goal in mind by The Commission of the European Communi
ties (CEC).

Within the CEC the Directorate-General for Energy (DGXVII) has
organized and partly funded a process on establishing European
Standards for Wind Turbines.

The ultimate aim is the harmonization of European standards and
consistency with Eurocodes thereby achieving an open market for
wind turbines within the European Community (EC).

The process which has led to the present document, has had three
phases:

- The cooperation of Wind Energy Test Centers partly manifested
in regular annual meetings where procedures and rules have
been discussed.

- DGXVII - funded studies on the development and accuracy of
measurements and evaluation methods, licensing procedures and
safety aspects. The studies have been carried out by European
Test Centers.

- Preparation of recommendations for European standards in the
wind energy field.

T h i s d o c u m e n t i s t h e fi r s t r e s u l t o f t h e l a s t p h a s e . I t i s a
proposal for a Safety Standard, and wil l later be supplemented
by similar proposals for Standards for Loads and Load Cases.
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2. SCOPE

2.1 Objective

The objective is to establish an European Standard for Wind
Turbines Safety for all countries in the European Community.
This document contains a consistent l is t of safety require
m e n t s f o r s y s t e m s a f e t y, s t r u c t u r a l s a f e t y a n d e l e c t r i c a l
safety as well as for safe operation and maintenance. Thus
the document will specify the common .rules for the design and
cons t ruc t ion , t ranspor ta t ion , ins ta l la t ion and opera t ion and
maintenance of turbines with and accepted level of safety.

2 .2 Appl icat ion

The document is applicable in al l countries in the European
C o m m u n i t y. I t c o v e r s e l e c t r i c i t y p r o d u c i n g w i n d t u r b i n e s
connected to e lectr ica l gr ids in s ingle and c luster appl ica
tions and with a swept area in excess of 25 sq.meters and/or
a rated power of 10 kW.

The document should be used together with future European
Standards for loads and loadcases and relevant IEC and ISO
standards and Eurocodes for achieving the structural integri
ty as well as for mechanical and electrical aspects.

3. DEFINITIONS

BLOCKED WIND TURBINE: State in which the rotor and other
externa l ro ta t ing par ts are locked by means o f a b lock ing
device (for safety reasons such as during maintenance).

CUT-OUT WIND SPEED: The maximum wind speed at which the wind
turbine is designed to produce useable power.
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FAIL-SAFE: A design philosophy such that in the event of a
fai lure of a component, the machine wil l remain in an non-
hazardous condition.

FAIL-SAFE DESIGN: Fatique design criterion that accepts the
occurrence of cracks in the structure but requires that the
c racks do no t l ead to f a i l u re i n defined i nspec t i on i n te r
v a l s .

GUST: A temporary change in the wind speed from the mean wind
speed.

HUB HEIGHT: Height of the center of the rotor above the ter
ra in surface.

IDLING STATE: A state where the wind turbine is not in a
energy producing mode.

INFINITE LIFE DESIGN: Fatigue design criterion that requires
d e s i g n s t r e s s e s t o b e s a f e l y b e l o w t h e p e r t i n e n t f a t i g u e
l im i t . The des igned l i f e t ime i s i nfin i te .

MAXIMUM POWER: The largest amount of net power, delivered by
a wind turbine, in normal operation.

MEAN WIND SPEED: Statistical mean of the instantaneous values
of the windspeed during a given period. The period can vary
from seconds to years.

ROTOR SPEED: Angular velocity of a wind turbine rotor about
i t s a x i s .

SAFE-LINE DESIGN: Fatigue design criterion that requires the
maximum stress may never occur during the lifetime. The life
t ime i s l im i ted .

SAFETY IDLING STATE: An idling state caused by one of the
safety systems. From th is id l ing s ta te i t is not a l lowed to
go into product ion state automatical ly.
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TURBULENCE INTENSITY: A measure of the variability of the
wind speed from its mean value expressed as the ratio of the
standard deviat ion of wind speed to the mean wind speed,
normally determined over a 10-minute period.

WIND SPEED GRADIENT: The change in the wind speed with the
height above ground level.

WIND VELOCITY: Wind speed vector.

4. SAFETY PHILOSOPHY

4.1 General

A wind turbine must be designed, constructed and maintained
s u c h t h a t a j u s t i fi e d l e v e l o f p r o t e c t i o n a g a i n s t h a z a r d s
caused by the wind turbine is ensured during the planned life
t ime. The protect ion is obta ined by requir ing the wind tur
bine to comply with.

- a specified set of rules concerning the wind turbines safe

ty system

- rules for dealing with loads and resistance of the structu
ra l members (s t ruc tu ra l re l iab i l i t y )

- safe procedures for operation and maintenance of the ma
chines .

4.2 Wind turbine safety systems

The wind turbine must be equipped with safety systems. These
systems must protect the turbine from reaching unsafe states
w i t h a n i n a c c e p t a b l e r i s k o f s t r u c t u r a l f a i l u r e , e l e c t r i c a l
overloading or human injury.
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4.3 Structura l safety

The resistance of the structural members of the wind turbines
must be adequate, given the environmental and the operating
condit ions. The structural safety of a wind turbine must be
proven by ca lcu lat ion or tests wi th an adequate margin of
safety for the re levant l imi t s ta tes.

Limit states are divided into the fol lowing two categories:

- u l t ima te l im i t s t a tes wh i ch gene ra l l y co r respond t o t he
maximum load carrying capacity (safety related)

- s e r v i c e a b i l i t y l i m i t s t a t e s w h i c h c o r r e s p o n d t o t h e c r i
teria governing functions related to normal use.

R e l e v a n t u l t i m a t e l i m i t s t a t e s f o r a w i n d t u r b i n e i n c l u d e
the fo l low ing :

- l o s s o f s t a t i c e q u i l i b r i u m o f t h e s t r u c t u r e o r a n y p a r t
thereof, considered as a rigid body

- inadmissible deformations or displacements of the structure
and any part thereof

- attainment of the maximum resistance capacity, e.g. by
. fai lure of sections, structural members or connections

by rupture or excessive deformations.
. t ransformat ion of the s t ructure or par ts thereof in to

a mechanism
. l o s s o f s t r u c t u r a l s t a b i l i t y o f t h e s t r u c t u r e o r a n y

par t thereo f .

- fa i lure under repeated loading ( fat igue l imi ts states)

- p a r t i c u l a r l i m i t s t a t e s w h i c h c o r r e s p o n d t o s t a t e s w i t h
damage o f the s t ruc ture on mal func t ion ing o f the sa fe ty
systems or the control systems (fault l imit states)
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Relevant serv iceabi l i ty l imi t s ta tes may inc lude the fo l low
ing :

- Deformations or deflections which affect the appearance or
efficient use of the wind turbine or cause damage to the
structural e lements, finishes or non-structural e lements.

The l imit states must be identified from a complete descrip
t ion o f poss ib le ord inary and fau l t s ta tes o f the wind tur
bine, given by the environmental conditions and the operation
al strategy of the control and safety systems.

The l im i t s t a tes may be sepa ra ted i n e i t he r no rma l l im i t
states with frequent occurrence or extreme states with a rare
o c c u r r e n c e . T h e p a r t i a l s a f e t y c o e f fi c i e n t s f o r m a t e r i a l
properties and loads.

The treatment of l imit states associated with faults such as
damage to the structure or malfunctioning of systems can be
l imited to single fault states, unless in case of interdepen
den t fau l t s .

The evaluation of the fatigue limit states must be based on a
consis tent use of one of the fo l lowing fa t igue design con
c e p t s : i n fi n i t e l i f e d e s i g n , s a f e - l i f e d e s i g n o r f a i l - s a f e
design.

4 .4 E lec t r i ca l sa fe ty

Provisions must be made such that the electrical parts of a
wind turbine reduce r isks of human in jury or r isks to l ive
stock during operation and maintenance. Provisions must be
made to minimize the risk or damage to the connected electri
cal system and r isk of exceeding the afore-ment ioned l imi t
s ta tes .

The safety of the electr ical system must be ensured for al l
environmental conditions, see Chapter 5.
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4.5 Operation and labour safety

The wind turbine must not constitute unacceptable risk during
normal operation.

To ensure safety during maintenance and repair, safe proce
dures must be specified for the wind turbine, and provisions
must be made in the design for safe access to maintain compo
nents .

4.6 Quality assurance

Qual i ty cont ro l and qual i ty assurance systems must be an
integral part of the design and production process. The proce
dure for the quality assurance must be explicit ly stated and
fo l lowed.

4.7 Construct ion, insta l la t ion and erect ion

The loads experienced by the wind turbine and al l erect ion
equipment during transportation and erection must be speci
fi e d .

The maximum 10-minutes mean wind speed under which the wind
turbine can be erected must be stated.

A l l cons t ruc t ion , ins ta l la t ion and erec t ion p rocedures must
be carried out with due regard to personnel safety.

4.8 Inspection and maintenance

Inspection and maintenance procedures following the installa
tion must be based on the design assumptions and must be
conducted in accordance with the manufacturers instructions.
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5. ENVIRONMENTAL CONDITIONS

5.1 General

The environmental condit ions differ between the countries in
the EC. To ensure the accepted level of safety of the wind
t u r b i n e , t h e e n v i r o n m e n t a l c o n d i t i o n s a t t h e i n s t a l l a t i o n
site must be taken into account during the design. The en
v i ronmenta l des ign cond i t ions , must be exp l ic i t l y s ta ted in
the w ind tu rb ine documenta t ion inc lud ing the e f fec ts f rom
other wind turbines.

5.2 Wind conditions

5.2.1 Wind regime classes
The wind regime in Europe are for load and safety con
siderat ions d iv ided into 3 c lasses. The wind condi t ions
at a specific site depends on the wind regime class and
the local condi t ions such as terra in topography, terra in
roughness, turbulence and wind turbine size geometry.

The wind regime classes are defined in terms of the refe
rence wind speed and the reference mean wind speed as
given below in Table 5.2.1.

Table 5.2.1 Wind regime classes

C l a s s R e f . w i n d s p e e d R e f . m e a n w i n d s p e e d
( m / s ) ( m / s )

I 2 2 4 . 5
I I 2 7 5 . 5
I I I 3 5 7 . 0

The reference wind speed vref is the mean speed averaged
over 10 minutes at 10 m above flat open country (terrain
category 1) with a recurrence interval (return period) of
once in 50 years.
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The reference mean wind speed vref is the annual mean
speed at 10 m above flat open country (terrain category
1) .

The loca l te r ra in i s d iv ided in to the fo l low ing 4 ca te
gories, see Table 5.2.2.

Table 5.2.2 Terrain categories

C a t e g o r y T e r r a i n
Descr ip t ion

1 . R o u g h o p e n s e a a n d c o a s t a l a r e a s

2 . O p e n t e r r a i n w i t h f e w i s o l a t e d o b s t a c l e s

3 . S u b u r b a n o r i n d u s t r i a l a r e a s , w o o d l a n d
or other kinds of land with nearby ob
stacles not below 4 m in height, (to be
used only if the construction is surroun
ded by this terrain for at least 500 m;
h o w e v e r n o t l e s s t h a n 1 0 t i m e s t h e
height of the construct ion)

4 . U r b a n a r e a s i n w h i c h a t l e a s t 5 0 % o f t h e
buildings are higher than 15 m;
(to be used only i f the construct ion is
sur rounded by th is ter ra in for a t least
1000 m; however not less than 10 times
the height of the construction)
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The basic wind speed and the annual mean wind speed is
for a particular terrain category and height z determined
as

Vbasic = Cr(z) ct(z) vref

vannual = Cr(z) ct(z) vmean

where c r (z ) = roughness coe ffic ien t as defined
in 6.2 in EC9, part 8.

ct(z) = topography coefficient as defined
in 6.3 in EC 9, part 8.

5.2.2 Wind turbulence
The wind turbu lence is defined as the var ia t ion of the
wind ve loc i ty in re la t ion to the 10 min . average ve lo
c i t y .

The magnitude of the turbulent wind velocity component
must be given by the turbulence intensities.

When the wind turbine operates in a cluster, the turbu
lence intensities should be increased by 100 percent.

In addition the following should be defined in accordance
with the local terrain and topography, the height and the
climate for all turbulence components:

- the shape function of the power spectral density
- the length scale
- t h e s p a t i a l d i s t r i b u t i o n o f t h e t u r b u l e n t w i n d v e l o

c i t y .

5.2.3 Normal wind conditions
A wind turbine experiences severe repeated loading during
production operat ion at moderate wind speeds, ie under
the normal wind conditions.
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The normal wind conditions are defined by:
- the 10 minute average wind velocity
- the turbulence level
- the wind veloc i ty profi le

The distribution of the 10 minute average wind speed (the
veloci ty component in the mean wind di rect ion) can be
assumed to be Rayleigh distribution with the mean vannuai
see 5.2.1.

The other wind turbulence components can be assumed to
have a zero 10 minute average values in flat terrain.

If the turbulence is represented by a succession of deter
min is t ic gust , the s tat is t ics of the resul t ing wind ve lo
city variations should correspond to the turbulence opeci-
fika t i ons i n 5 .2 .2 .

The wind velocity profile (the variation of the 10 minute
ave rage w ind ve loc i t y w i t h t he he igh t 2 ) i s g i ven by
cr(z) and ct(z) from EC8, part 9, 6.2 and 6.3, respective
l y, a s

c r ( z ) c t ( z )v / v h u b = _ ^ _
CrlZhubJ ctizhub;

where znub ^s the hub height

5.2.4 Extreme wind conditions
The extreme wind conditions are defined by:
- the 10 minute average wind velocity Vbasj[c
- the turbulence level
- the wind ve loc i ty profi le.
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The tu rbu lence dur ing the ex t reme w ind cond i t i ons i s
g i v e n i n 5 . 2 . 2 . A l t e r n a t i v e l y, t h e e f f e c t o f t u r b u l e n c e
may be taken into account by using properly scaled gust
models wi th a prescr ibed var iat ion wi th the t ime. I f so
the following gust should be included:
- the extreme wind speed gust
- the extreme wind speed rate-of-change gust (accelera

t ion gust
- the extreme direction change gust
- the extreme wind speed gradient gust.

The wind veloci ty profile is given in 5.2.3.

5.3 Other environmental conditions

5.3.1 Cl imat ic condi t ions
The fo l low ing c l imat i ca l cond i t ions wh ich norma l l y w i l l
occur during operation would be considered in the design
and be specified in the documentation:
- temperature range
- humidi ty
- a i r dens i ty
- salt content in the atmosphere
- dust content in the atmosphere
- l i g h t n i n g

The fo l l ow ing ex t reme c l ima t i ca l cond i t i ons shou ld be
considered to the design and be included in the documenta
t i o n :
- temperature range
- ice cover (maximum thickness and location during stand—

s t i l l and r o ta t i on )
- l i g h t n i n g
- h a i l
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5.3.2 Earthquakes
The effects of earthquakes are to be considered for wind
turbines to be located in areas that are considered seis-
mical ly act ive based on previous records of earthquake
a c t i v i t y .

For areas where detai led information on seismic activi ty
is not generally available, the seismicity is to be deter
mined on the basis of the seismic events of the region.

5.4 Grid Conditions

5.4.1 Normal grid conditions
The normal variability of the load must be considered for
the evaluat ion of the fat igue l imi t s tates.

5.4.2 Extreme grid conditions
The ext reme gr id var ia t ions must be considered in the
e v a l u a t i o n o f u l t i m a t e l i m i t s t a t e s , f a u l t l i m i t s s t a t e s
and a proper functioning of the safety and control sys
tems.

6. SAFETY REQUIREMENTS

6.1 Safety system recruirements

The safe ty sys tems must ensure that the wind turb ine
operates according to the design operational l imits.

As a minimum the following safety limits must be defined:

- a maximum rotational speed Nmax which must not be ex
ceeded up to a wind speed with an interval of occur
rence of once a year averaged over a time period which
corresponds to the spatial averaging over the rotor, or
0.75 vbasic.
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- a maximum average wind speed Vmax at the hub height at
which the wind turbine is designed to produce energy
(cut-out wind speed)

- a maximum power Pmax which averaged over a specified
period must not be exceeded for wind speeds less than
vmax*

As a minimum the safety systems must in general ensure
t h a t :

- the w ind tu rb ine i s in a id l ing o r s topped cond i t ion
when the averaged windspeed exceeds Vmax

- the power production is limited to Pmax/ averaged over
the specified per iod.

- the rotational speed sis limited to Nmax for the above
mentioned wind speed with a recurrence interval of once
a year.

As a minimum the following specific safety system require
ments must be fulfil led:

the safety systems must consist of two independently
act ivated and operat ing safety systems. In case of
ma l func t ion ing o f one sa fe ty sys tem the remain ing
safety system(s) must keep the wind turb ine wi th in
the defined safety l imi ts .

- the safety system functions must be failsafe

- the safety system must include aerodynamical brakes
or braking system for which a similar rel iabi l i ty can
be documented
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- a capability to stop the rotor up to the above men
tioned cut-out wind speed from a production state by
manual override

- for the fol lowing faults the turbine must be brought
to the safety id l ing s ta te:
. overloading of the generator
. overspeed
. excessive vibrat ions
. excessive cable twisting
. excessive temperature

- fo r g r id fa i lu res the tu rb ine must be brought to a
i d l i n g s t a t e

- au tomat ic res ta r t i s on ly a l lowed a f te r g r id fa i lu re
or exceedence of cut out wind speed (Vmax), or other
non-safety re la ted fau l t condi t ions

The safety system must be made such that:

- if the safety system also has a control function, the
control funct ion must not effect the safety funct ion

- sett ing of safety systems must be protected against

readjustment by unauthorized persons

- the emergency shut-down procedure of the safety sys
tem must not be overruled by any manual or automatic
ac t i on .

6.2 Structural system

An accep tab le sa fe ty leve l i s ascer ta ined by ver i f y ing
that the design loading effect will not exceed the design
res is tance. In genera l th is is formulated in the fo l low
ing way:
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S(Fd,GEd,Md) < R (Fd,GEd,Md)

In this expression S and R are respect ively the design
load function and the design resistance function, depend
ing on the des ign loads (Fd) , geomet r i ca l pa rameters
(GEd) and the design material properties (Md).

The des ign loads (Fd) are obta ined by mul t ip ly ing the
character is t ic loads by par t ica l load coeffic ients. These
coefficients must take into account:

- poss ib le unfavorab le dev ia t ions o f the load f rom the
characteristic loads, thus allowing for abnormal or un
foreseen actions

- the reduced probability that various loadings acting to
ge ther w i l l ac t s imu l taneous ly a t the i r charac te r i s t i c
va lue

- uncerta int ies in the assessment of loading effects as
far as may be assumed independent of structural mate
r i a l .

The design mater ia l propert ies are obtained by div id ing
t h e c h a r a c t e r i s t i c m a t e r i a l p r o p e r t i e s b y t h e p a r t i a l
sa fe ty fac tors fo r the mater ia l p roper t ies . The par t i ca l
material coefficients must take into account:

- poss ib le unfavorable deviat ions in mater ia l proper t ies
from the character ist ic value

- u n c e r t a i n t i e s i n h e r e n t i n t h e d e t e r m i n a t i o n o f t h e

design resistance and in the determinat ion of loading
e f f e c t s .

The ver ificat ion must inc lude al l design s i tuat ions.
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The s t ructura l res is tance can be proven suffic ient ly by
calculations or by proof testing of components. The load
level in the proof test must reflect the level o f safety
in the cor respond ing ca lcu la t iona l ver ifica t ion o f sa fe
t y .

6.3 Electr ical system

The electr ical system must conform to the relevant IEC
standards.

In areas with a high probabi l i ty of damage to the wind
tu rb ine due to l i gh tn ing a p ro tec t i on sys tem mus t be
instal led. In case of a l ightning str ike the wind turbine
must remain within the safety l imits.

The electrical system must be protected from damage due
to the gr id fau l ts :

- over- and under voltage
- loss of phase or phase angle deviations
- deviat ions in gr id frequency.

6.4 Operation and labour safety

The wind turbine must be designed for safe maintenance,
serv ice and repa i r p rocedures. Safe access paths and
working places must be provided.

The normal operation of the wind turbine by the normal
operating personel must take place at ground level.

The manual operation of the wind turbine must not lead to
dangerous situations.

Operation of the system control must mot involve imme
diate access to high voltage circuits.
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The operation procedures must be described in a manual
which is provided to the owner.

It must be possible to block the wind turbine in a safe
way.

6.5 Inspection and maintenance

All maintenance, service and repair procedures must be
described in a service manual, provided by the manufac
t u r e .

As a minimum the manual must contain:

- a description of the major subsystems of the WECS and
the operation of the system

- a trouble-shooting guide

- a description of system controls and their functions

- a description of al l self-protection devices and proce
dures such as those for shutdown, loss of load, high
wind etc.

- types of lubricants or any other special fluids

- maintenance inspection periods and procedures, includ

ing check tests of protective subsystems, as assumed in
the design

- a parts list including a listing of major components

- guy wire inspection and retensioning schedule and bolt

inspect ion and torqu ing schedu les , inc lud ing tens ion
and torque loadings.
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The maintenance and repair work must be performed in
accordance with the manual.
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APPENDIX
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The Canadian Standards Association (CSA), under
whose auspices this National Standard has been pro
duced, was chartered in 1919 and accredited by the
Standards Council of Canada to the National Standards
system in 1973. It is a not-for-profit, nonstatutory,
voluntary membership association engaged in standards
development and certification activities.

CSA standards reflect a national consensus of producers
and users—including manufacturers, consumers, retail
ers, unions and professional organizations, and govern
mental agencies. The standards are used widely by
industry and commerce and often adopted by municipal,
provincial, and federal governments in their regulations,
particularly in the fields of health, safety, building and
construction, and the environment

Individuals, companies, and associations across Canada
indicate their support for CSA's standards development by
volunteering their time and skills to CSA Committee work
and supporting the Association's objectives through
sustaining memberships. The more than 7000 committee
volunteers and the 2000 sustaining memberships
together form CSA's total membership from which its
Directors are chosen. Sustaining memberships represent a
major source of income for CSA's standards development
activities.

The Association offers certification and testing services
in support of and as an extension to its standards
development activities. To ensure the integrity of its
certification process, the Association regularly and con
tinually audits and inspects products that bear the CSA
Mark.

In addition to its head office and laboratory complex in
Rexdale (TorontoJ, CSA has regional branch offices in
major centres across Canada and inspection and testing
agencies in eight countries. During 67 years of operation,
the Assodation has developed the necessary expertise to
meet its corporate mission: "to provide Canadian
standards and related activities for the benefit of the
Canadian public, government and business".

For further information on CSA services, write to
Canadian Standards Association
178 Rexdale Boulevard
Rexdale (Toronto). Ontario, Canada
M9W1R3

The Standards Council of Canada is the coordinating
body of the National Standards System, a federation of
independent, autonomous organizations working
towards the further development and improvement of
voluntary standardization in the national interest.

The principal objects of the Council are to foster and
promote voluntary standardization as a means of
advancing the national economy, benefiting the health,
safety, and welfare of the public, assisting and protecting
the consumer, facilitating domestic and international
trade, and furthering international cooperation in the field
of standards.

A National Standard of Canada is a standard which has
been approved by the Standards Council of Canada and
one which reflects a reasonable agreement among the
views of a number of capable individuals whose collective
interests provide to the greatest practicable extent a
balance of representation of producers, users, consumers,
and others with relevant interests, as may be appropriate
to the subject in hand. It normally is a standard which is
capable of making a significant and timely contribution to
the national interest

Approval of a standard as a National Standard of
Canada indicates that a standard conforms to the criteria
and procedures established by the Standards Council of
Canada. Approval does not refer to the technical content
of the standard; this remains the continuing responsiblity
of the accredited standards-writing organization.

Those who have a need to apply standards are
encouraged to use National Standards of Canada when
ever pra-cticable. These standards are subject to periodic
review; therefore, users are cautioned to obtain the latest
edition from the organisation preparing the standard.

The res,ponsibility for approving National Standards of
Canada rests with the
Standards Council of Canada
350 Sparks Street
Ottawa, Ontario
K1R7S8

Les Normes rationales du Canada sont dis.poni.bles en versions francaise et anglaise.
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Preface

Preface

This is the second edition of CSA Standard F416, now entitled Wind Energy Conversion
Systems (WECS)—Safety, Design, and Operation Criteria. It is written in SI (metric) units.

The increasing use of wind energy conversion systems (WECS) to supplement individual
and national energy needs requires that safety, design, and operation criteria be provided
to assist in their successful development and use. These criteria were developed by the
consensus of national and international participants. This Standard, while addressing the
international criteria, also covers the specific requirements to meet conditions within the
Canadian environment.

The purpose of this Standard is to specify criteria for the safety of wind energy conver
sion systems (WECS).

These criteria apply to all types of machines that may extract electrical, mechanical, or
thermal power from the wind.

Particular attention is paid to characteristics of the wind phenomena and ranges of
design values appropriate to North America. The various modes of WECS operation and
nonoperation involving a different mix of environmental and loading parameters are also
addressed.

This Standard was prepared by the Subcommittee on Safety of Wind Energy Conversion
Systems under the jurisdiction of the Technical Committee on Wind Energy Conversion
Systems and the Standards Steering Committee on Solar and Wind Energy, and was
formally approved by these Committees. It has been approved as a National Standard of
Canada by the Standards Council of Canada.
December 1987
Notes:
(1) Use of the masculine gender in this Standard is not meant to exclude the feminine gender when
applied to persons. Similarly, use of the singular does not exclude the plural (and vice versa) when
the sense allows.
(2) Although the intended primary application of this Standard is stated in its Scope, it is important
to note that it remains the responsibility of the user of the Standard to judge its suitability for his
particular purpose.
(3) CSA Standards are subject to periodic review, and suggestions for their improvement will be
referred to the appropriate committee.
(4) All enquiries regarding this Standard, including requests for interpretation, should be addressed
to Canadian Standards Association, Standards Division, 178 Rexdale Boulevard, Rexdale, Ontario
M9W 1R3.

Requests for interpretation should
(a) define the problem, making reference to the specific clause, and, where appropriate, include an
illustrative sketch;
(b) provide an explanation of circumstances surrounding the actual field condition; and
(c) be phrased where possible to permit a specific "yes" or "no" answer.

Interpretations are published in "CSA Information Update". For subscription details and a free
sample copy, write to CSA Marketing or telephone (416) 747-2292.

Wind Energy Conversion Systems (WECS)—Safety. .Design, and Operation Criteria
December 1987
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Scope—.Definitions and Reference Publications

CAN/CSA-F416-87
Wind Energy Conversion Systems
(WECS)—Safety, Design, and
Operation Criteria
1. Scope
1.1
This Standard specifies requirements for the safety of wind energy conversion systems,
including design and operation under specified environmental conditions.
1.2
This Standard is concerned with all subsystems of WECS, including protection mechan
isms, supporting structures, and foundations.

1.3
This Standard is concerned with the components and materials supplied by the manu
facturers, with the adequacy of the assembly, installation, maintenance, and operation
instructions, and with the safety of the system after assembly when operated in accordance
with those instructions.

1.4
This Standard is not concerned with the siting of WECS, the utility requirements for
interconnection to the power grid, WECS performance, or the effects of WECS on the
environment. For performance and interconnection requirements, reference should be
made to CSA Standards F417 and F418.

1.5
Compliance with this Standard does not relieve any person, organization, or corporation
from the responsibility of observing applicable local, provincial, and federal regulations.

1.6
This Standard outlines minimum requirements and is not intended for use as a complete
design specification or instruction manual.

2. Definitions and Reference Publications
2.1 Definitions
The following definitions apply in this Standard:

Battery storage—storage of energy in the form of potential chemical reactions, with this
energy being supplied and recovered in the form of electricity.
Control system—a WECS subsystem that senses the condition of the WECS and environ
mental parameters and, depending on these conditions, adjusts WECS operation to protect
it and/or optimize its output.

Emergency shutdown—an automatic or manual shutdown of the WECS due to a sensed
malfunction.

Wind Energy Conversion Systems (WECS)—Safety. Design, and Operation Criteria
December 1987
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[Definitions and Reference Publications

Fail-safe—a design philosophy such that in the event of component failure, the machine
will remain in a nonhazardous condition.

Feather—to change the blade pitch angle of each blade of a rotor to a zero or near zero lift
condition. (This technique is normally used as a method of shutdown.)

Free-standing tower—a tower without external supports.

Furling—to fold the rotor blades to reduce drag.
Cut-in wind speed—the wind speed at which the WECS starts to produce useable power.
Cut-out wind speed—the maximum wind speed at which the WECS is designed to produce
useable power.

Guy anchor—a foundation designed or intended for guy wire anchorage.

Guy cable—a cable or wire used as a tension support between a guy anchor and a tower.
Guyed tower—a tower with external supports.
Horizontal axis wind turbine (HAWT)—a WECS whose rotor axis is substantially parallel to
the wind flow.

Overspeed control—a system that limits rotor speed to a specified value.
Rated power—power output equal to or less than the maximum power of the WECS,
achieved under normal operating conditions, and specified by the manufacturer.
Rated wind speed—the lowest wind speed at which rated power is achieved.
Resonance—a dynamic condition in which any of the frequencies contained in an applied
force equals the system's natural frequency.
Return period—the reciprocal of probability of occurrence of an extreme event in any one
year. An event such as the value of an annual extreme wind speed or icing amount that
has a probability, 1/r, of being met or exceeded in a year, is characterized as an "r" year
return period event. The probability that an "r" year return period value is met or
exceeded at least once in n years is 1 - (1 - 1/r)n. For example, the probability that a 100
year return period value is met or exceeded in 100 years is 63% and in 30 years is 26%.
Rotor—(a) a system of rotating aerodynamic elements that converts the kinetic energy in
the wind into mechanical shaft energy, or (b) a rotating element in an electrical generator.
Safe life—a prescribed service life established in accordance with a corresponding design
philosophy.
Shutdown—a WECS in a stopped condition that is not its power producing mode. It
either (a) protects the WECS from unusual circumstances, or (b) protects those working on
the machine.
Shutdown wind speed—wind speed at which the control system will shut down the WECS.
Stand-alone—a WECS that is capable of operation without need for interaction with other
generating facilities.
Start-up wind speed—the lowest wind speed at which a WECS will begin rotation but not
necessarily have a net energy output.
Survival wind speed—the maximum gust wind speed a WECS can sustain in automatic,
unattended operation (not necessarily generating), while remaining operable.
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Tower—the structure of a WECS that supports the rotor and power train, etc, above the
ground.
Turbulence intensity—the ratio of the first standard deviation of wind speed to the mean
wind speed.

Utility interconnection—an electrical connection between a WECS and a utility grid
through which energy can be transferred from the WECS to the utility grid, and vice versa.
Vertical axis wind turbine (VAWT)—a WECS with a vertical rotor axis.
Wind energy conversion system (WECS)—a mechanical device for converting some of the
energy of the wind into a useful form.
Wind shear—a variation of wind velocity in a plane normal to the wind direction, usually in
the vertical direction.
Wind speed duration curve—a graph depicting the cumulative hours over a period of time
during which the wind speed exceeds specified values.
2.2 Reference Publications
This Standard refers to the following publications and where such reference is made it
shall be added to the edition listed below, including all amendments published thereto:

CSA Standards
C22.1-1986,
Canadian Electrical Code, Part I;
C22.2NO. 0-M1982,
General Requirements-—Canadian Electrical Code, Part II;
C22.2 No. 14-1973,
Industrial Control Equipment for Use in Ordinary (Non-Hazardous) Locations;
C22.2 No. 100-M1985,
Motors and Generators;
F417-M1986,
Wind Energy Conversion Systems (WECS)—Performance;
F418-M1986,
Wind Energy Conversion Systems (WECS)—Interconnection to the Electric Utility;
S37-M1981,
Antenna Towers and Antenna-Supporting Structures.
National Research Council of Canada
National Building Code, 1985.

3. General Requirements
3.1
Rotors and support systems conforming to this Standard shall be "safe life" designed.

3.2
WECS Controls and Protection Systems shall be designed for fail-safe operation such that
in the event of component failure, the machine will remain in a nonhazardous condition.

3.3
WECS conforming to this Standard shall be designed such that maintenance can be safely
carried out by following instructions given in the WECS manual.
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3.4
A WECS manual appropriate to the particular machine shall be provided by the
manufacturer. The WECS manual shall contain information on erection, inspection,
maintenance procedures, and special tooling. A specific sequence of procedures to
commission a new or repaired WECS shall be prescribed. Detailed procedures shall be
given to check proper function of safety, protection systems, and trouble-shooting
routines.

3.5
In addition to this Standard. WECS located in regions with severe environmental
conditions shall be evaluated against special criteria dictated by the site.

3.6
The procedures used to manufacture, transport, and erect the WECS shall consider loads,
deformation, and exposure to the environment of the components and assemblies.

4. Environmental Considerations
4.1 Environmental Design Requirements
Clause 4 addresses the minimum environmental design requirements essential to safe
WECS operation.

Normal conditions generally concern long-term system loadings and operating
conditions. They need not represent the critical design conditions. To ensure safe
machine operation, a WECS shall be designed to remain operable following these extreme
environmental conditions, which may be rare but do occur. A 100 year return period for
determining worst case environmental conditions is considered adequate. (See
Clause 2.1 for definition.) Special attention should be paid to the effects and limits
imposed by abnormal environmental conditions.

4.2 Environmental Design Condit ions

4.2.1 Survival Wind Speed
The maximum design gust wind speed used for determining rotor, machine, supporting
structure, and foundation loads shall be 60 m/s at 10 m height. No additional gust factor
shall be required. For some locations, such as exposed outer coasts, headlands, or ridge
and hill tops, a higher survival wind speed shall be required. Survival wind speeds higher
or lower than 60 m/s may be established by a proper meteorological and statistical analysis
of site data or by consideration of other factors, such as terrain influences. Values of
survival windspeed for specific sites may be obtained from Canadian meteorological
consultants or from the Atmospheric Environment Service, Environment Canada. (See
Clause 4.1.)

The value of wind shear parameter (defined in Clause 4.2.2) for survival wind speed shall
be 0.07, independent of terrain.

4.2.2 Wind Shear
The wind speed variation with height above 10 m for wind speeds corresponding to the
normal operating range of WECS shall be calculated using the following equation:

V 1 0 L 1 0 J
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where
a = 0.10 for open bodies of water
a =0.16 for flat terrain
a — 0.28 for rough wooded country and city suburbs
Z = the height in question, m
V = the wind speed at Z m height
V10 = the wind speed at 10 m height
4.2.3 Wind Gust Model
Wind gusts are related to 1 h average wind speed by the following equation:

Vt(Z) = V360O(Z)[l+0.98(1-^-)]In (Z/Zq)
where
Vt(Z) = the wind gust speed for t s duration at Z m height
V3600(Z) = the 1 h average wind speed at Z m height
Z0 = roughness height
where
Z0 = 0.0005 m for open bodies of water= 0.001 m for flat terrain

= 0.5 m for rough wooded country and city suburbs
and the coefficient C(t) is a function of time according to the following relation:

t seconds 1 3 10 20 30 50 100 200 300 600 1000

C(t) 3.00 2.66 2.32 2.00 1.75 1.35 1.02 0.70 0.54 0.36 0.16

4.2.4 Wind Directionality
For this Standard, the maximum rate of change of wind direction of 0.5 rad/s shall be used.

4.2.5 Temperature and Humidity
A WECS shall be designed to perform satisfactorily in the 100 year return period
temperature extremes for those regions where the unit will be operating. However, the
ambient design temperature range for WECS throughout Canada is -40°C and +40°C,
coincident with 100% humidity; except that in regions above 60° N latitude the lower
temperature limit shall be -60°C.

4.2.6 Icing
For general application, the design of the WECS shall consider a minimum ice build-up of
60 mm, with a density of 900 kg/m3 on all exposed surfaces. The ice build-up may also be
established by examination of site data where such data represent a significant statistical
sample (see Clause 4.1).

4.2.7 Lightning
The WECS grounding path shall be able to withstand the following lightning strike:
(a) maximum current: 200 000 A;
(b) rate of change of current: 100 X 109 A/s;
(c) charge: 800 C;
(d) action integral: 100 X 106 A2-s.

The WECS shall not sustain major structural damage and shall remain in safe condition
after such a lightning strike.
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4.2.8 Earthquakes
The seismic loads on the WECS shall be calculated according to national, provincial, or
local building codes.

4 .2 .9 Ha i l
WECS, while operating at maximum rpm, shall remain safe and operable following strikes
by hailstones of 20 mm diameter with a terminal velocity of 20 m/s.

5. Design Considerations
5.1 Design Load Cases
The following load cases account for the various operating and nonoperating modes for
which a WECS shall be designed. Sound engineering analysis of these cases shall require
appropriate aerodynamic and structural models. Care shall be taken to determine the
WECS status in each case (operating or shutdown), and dynamic factors shall be applied
in excess of calculated static loads where appropriate.

The following load cases are considered appropriate:
(a) dead load of all supported elements;
(b) survival wind loading in accordance with Clause 4.2.1 on all exposed surfaces, and
calculated to be consistent with the National Building Code and CSA Standard S37-M;
(c) ice coating on all exposed surfaces to the coating thickness designated in
Clause 4.2.6;
(d) static and cyclic loads transmitted from the rotor during normal operation, and wind
loads on other components at operating wind speed;
(e) loads associated with overspeed of 10% greater than the maximum controlled
overspeed allowed by the protective control system, on rotor and on other components;
(f) maximum static and cyclic loading in 3 s gust conditions while in operation;
(g) loads experienced during normal starts and stops;
(h) loads due to braking, feathering, and furling, etc, experienced during emergency
shutdown;
(i) loads experienced during transportation, handling, erection, and servicing operations;
and
(j) seismic loading.

The above load cases Items (a) to (j) are specified (or service) loads.
Note: In addition, designers should be aware of possible wind-induced vibration of the stationary
rotor.

5.2 Loading Combinations
The design of the WECS rotor and the support structure shall take into account the
following combinations of loads (defined in Clause 5.1):
(a) a + d (rated power);
(b) a + d + g (normal starts and stops at rated power);
(c) a + b (survival wind);
(d) a + 0.5b + c (full ice and partial wind load; the wind load shall correspond to 0.5 of
the load that would be exerted by the full windspeed acting on the iced size of the
members);
(e) a + e + f (overspeed and gust);
(f) a + e + h (overspeed and emergency shutdown);
(g) a + d + f + h (rated power + gust + emergency shutdown);
(h) a + d + j (rated power and seismic loading).

Sound design practice requires that loading cases be applied over the design safe
operating life of the WECS. Combined load case analyses shall include appropriate
loading recurrence intervals.
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5.3 Design Methods
Loads that are cyclic or frequent shall be considered to act over the intended operating life
of the WECS (usually 20 years). In addition to normal operation, fatigue damage may
accumulate from loading combination Item (b). The frequency of occurrence of this
combination shall also be estimated. All other loading combinations shall be regarded as
single occurrences.

Design may combine the structural response at different wind speeds with the expected
wind regime or, conservatively, may assume continuous operation at a wind speed that
corresponds to 80% of the cut-out air speed.

Design for single occurrence load conditions may be made using the allowable stress or
limit states methods. When the limit states method is adopted the resistance factors
should be in accordance with CSA Standard S37-M, and the load factors on specified
loads shall be 1.25 for dead loads and 1.50 for other loads.

A load factor of 0.9 shall be applied to dead loads whenever it results in a more critical
condition.

6. Component Design Requirements
6 . 1 R o t o r

6.1.1
The rotor is the key component of any WECS and its failure is likely to have the most
serious impact on the safety of life and property. This Clause presents minimum
requirements for the design of the rotor (ie, the blades, hub, drive train, and yaw
mechanism of the WECS). Additional design requirements may be necessary to cover a
particular configuration and choice of material.
6.1.2 Loading Combinat ions
The rotor shall be designed to remain in safe and operable condition throughout the
design life following the loading combinations outlined in Clause 5, with any other
combination that may be applicable to a particular configuration.

6.1.3 Dynamic Response
Rotor structural dynamic analyses including interaction with other components such as
tower, guy cable, etc, shall be performed to determine the natural frequencies of the rotor
assembly. The dynamic amplification of the cyclic response shall be subject to special
investigation or tests.
6.1.4 Fatigue Resistance
All components of the rotor assembly that are subject to cyclic loading shall be designed
to remain safe, and to operate under fatigue loads whose amplitude and frequency
correspond to the combination of loads and occurrences cited in Clause 5, as well as
under any load amplifications cited in Clause 6.1.3.

6.2 Support Structure
6.2.1 Purpose
The purpose of the support structure is to provide sufficient restraint and stiffness to carry
all loads applied directly to it by attached machinery and by the rotor.

This Clause presents minimum requirements for the design of the support structure of all
types of WECS and includes foundations and guy anchorages (if applicable).

In the case of very small wind energy generators, where the support structure may not be
supplied with the WECS, the manufacturer shall recommend a suitable support structure.
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6.2.2 Mater ia ls
All materials used to construct the support tower shall be in accordance with the National
Building Code and with the appropriate CSA Standards. Protection against abrasion and
corrosion shall be adequate to ensure a safe design life.

6.2.3 Loading Combinat ions
The basic loading conditions and those combinations which the design must take into
account shall be those set out in Clause 5.

6.2.4 Dynamic Response
The dynamic behaviour of the support structure, together with any guy cables, shall be
considered in the calculation of natural frequencies of the system and in the response to
dynamic loadings imposed by the rotor and associated machinery.
6.2.5 Guy Cables
The design of all guy cables shall be in accordance with CSA Standard S37-M.

6.2.6 Anchorages and Foundations
The design of all anchorages and foundations shall be in accordance with CSA Standard
S37-M and any other appropriate CSA Standards, and shall.consider the cyclic nature of
some design load conditions.

6.3 Electrical Systems

6.3 .1 Scope
This Clause applies to WECS used for the generation of electricity and includes the
following uses:
(a) battery charging;
(b) supply of electricity to power conversion equipment (eg inverters, motor generators);
(c) feeding load (eg, resistive heating); and
(d) utility grid connection.
6.3.2 General
All electrical equipment and wiring shall be installed in accordance with the requirements
of CSA Standard C22.1, Canadian Electrical Code, Part I.

6 .3 .3 Components

6.3.1.1
Component parts of electrical equipment shall be of types specifically approved for the use
intended or shall be investigated with and as an integral part of the equipment.

6.3.3.2
Electrical equipment shall be located, guarded, or enclosed so as to provide adequate
protection for such equipment and for personnel during all normal operation.
0.3.3.3
Switches used in electrical circuits that govern safety of operation shall have contacts that
are directly opened mechanically. Arrangements that depend on a spring to open the
contacts shall not be used.
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6.3.3.4
When normally moving components are securely fastened and electrical parts de-
energized, components requiring periodic inspection or maintenance and all bolted
electrical connections shall be safely accessible. Access to such components shall only
require the use of standard equipment or tools.

6.3.4 Enclosures

6.3.4.1
Enclosures for electrical equipment shall be of noncombustible, absorption resistant
material, which shall enclose all live parts.

6.3.4.2
Enclosures shall have the strength and rigidity to resist the abuses to which they may be
subjected, without resulting in a reduction of spacings, loosening or displacement of parts,
or other serious defects.

6.3.4.3 Nonmetal l ic Enclosures
Any material other than metal used for enclosures shall be investigated to determine its
suitability.
6.3.4.4
Doors and cover plates shall be provided with suitable means for securely fastening them
in the closed position.

6.3.4.5
Motors, controllers, and other electrical components shall be of suitable weatherproof
construction or shall be located within enclosures of weatherproof construction.

6.3.4.6
Where compliance with the requirements of Clause 6.3.4.5 is achieved by supplementary
housing, the temperature rise of the enclosed equipment shall be considered.
6 .3 .5 Equ ipment

6.3.5.1
Generators and motors shall meet the requirements of CSA Standard C22.2 No. 100.

6.3.5.2
Control equipment shall comply with the requirements of CSA Standard C22.2 No. 14.

6.3.6 Wiring
6.3.6.1
Wiring between component devices shall be enclosed in conduits, raceways, or other
suitable enclosures except that, where permitted by the Canadian Electrical Code, Part I,
metallic or nonmetallic sheathed cable may be used.

6.3.6.2 Type and Size of Conductors
Conductors used to supply power circuits shall not be smaller than No. 14 AWG
copper. Conductors used for remote control circuits shall not be smaller than No. 16
AWG, except for extra low voltage instrumentation circuits such as anemometers, Hall
effect sensors, etc. Conductors of No. 14 AWG or smaller shall be of flexible or extra-
flexible construction. Conductors from the generator to the load shall be sized according
to CSA Standard C22.1 for the maximum generator output.
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6.3.6.3
Conductors of one temperature classification shall not be run in the same conduit or
raceway with conductors of another temperature classification, unless the current density
in each conductor is not greater than that permitted for the conductor with the lowest
temperature classification.
6.3.6.4
Conductors at different potential shall not be in the same enclosure unless they are
insulated for the highest potential of the conductors enclosed.

Primary and secondary conductors of wound rotor induction motors may be run in the
same conduit or raceway, provided that
(a) insulation of each conductor is at least the equivalent of that required for the
conductor operating at the highest potential in the group; and
(b) opening of any switch on the supply side renders dead all conductors of the group.

6 .3 .7 Ground ing
All exposed metal parts and accessories shall be electrically connected together so that the
entire WECS may be grounded on installation, in accordance with the requirements of the
Canadian Electrical Code, Part I.

6.3.8 Overcurrent Protection and Disconnection Means

6.3.8.1
A fused main switch or circuit breaker, capable of being locked in the open position, shall
be connected in the supply circuits, shall simultaneously interrupt all supply circuits, and
shall be conveniently located for maintenance and operating personnel.

In the case of small WECS used for battery charging, a fused main switch or circuit
breaker shall not be required, provided that suitable instructions for disconnecting the
battery are included in the WECS manual.
6.3.8.2
The rating of the main switch or circuit breaker shall be at least equal to the rating of the
generator.
6.3.8.3
Auxiliary circuits, such as those for lighting and heating, shall be provided with their own
overcurrent and isolating devices, mounted adjacent to and supplied from the line side of
the main disconnection means. Each system shall be completely enclosed in separate
conduits or ducts, and the function of each switch shall be clearly identified by a
permanent label.
6.3.8.4 Main Contactor
A main contactor shall simultaneously interrupt all conductors and shall be opened either
manually or by the operation of a control circuit.

This requirement does not apply to small, stand alone, battery charging systems.

6.3.8.5 Overload Protection
Overload protection shall be provided.
Note: In the case of small systems, overload protection may be provided by fuses.
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6.4 Controls and Protection Systems

6.4.1 Genera l
The control system shall be designed to maintain the WECS operational within its normal
operating limits. Should the WECS or its control system malfunction, the protection
system shall maintain the WECS in a safe condition that prevents any danger to life and
property.

6.4.2
The protection system shall be designed to be fail-safe, or shall be backed up by an
independent system.
6.4.3
WECS shall have a manual shutdown device operable from ground level.

6.4.4
WECS that are fitted with an automatic emergency shutdown device or logic within the
WECS machine shall require manual intervention to restart the WECS.

6.4.5
The control and protection systems of WECS that generate electricity shall meet the
requirements of Clause 6.3 of this Standard.

6.4.6
WECS that generate electricity shall
(a) have a lockable manual disconnect from the grid line or other electricity generating
source;
(b) be automatically isolated from the grid line or other electricity generating source
immediately following a line break, and not be reconnected until after the line voltage has
been restored; and
(c) have undervoltage, overvoltage, and frequency protection as required.
6.5 WECS Manual
A WECS manual appropriate to the particular machine shall be provided to the owner at
the time of delivery. The WECS manual shall contain the following:
(a) a description of the basic operation of the system;
(b) a description of the control system functions;
(c) a description of all self-protection functions;
(d) a description of the recommended supporting structure;
(e) a list of types of lubricants or any other special fluids;
(f) requirements of foundations/anchors;
(g) erection procedures, including recommended equipment, personnel and safety
precautions, and weights of major subassemblies;
(h) connection/commissioning procedures and operational limits;
(i) maintenance/inspection periods and procedures, including check tests of protective
subsystems;
(j) a parts list; and
(k) a complete wiring and interconnection diagram.
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7. Marking
7.1 Genera l
The WECS shall be plainly marked in a permanent manner in a place where the details will
be plainly visible after installation with the following:
(a) manufacturer's or installer's name, tradename, or other recognized symbol of
identification;
(b) the catalogue, style, model, serial, or other identifying designation;
(c) the type of WECS;
(d) the output voltage or equivalent;
(e) the rated frequency or dc;
(f) the number of phases, unless this is clearly indicated on the connection diagram;
(g) the output: maximum continuous rating;
(h) the rotor operating rpm or range of rpm; and
(i) survival wind speed.
7.2 Electr ical Code
Markings shall comply with the requirements of CSA Standard C22.2 No. 0.
7.3 Wir ing Diagram
The system shall be provided with a suitable wiring diagram which indicates the external
connections and connections to major components within the system.

7.4 Aircraft Obstruction
The WECS may be required to be marked as an aircraft obstruction. The marking shall be
in accordance with CSA Standard S37-M and any regional Transport Canada regulations.

8. Tests
8.1 Field Test

8.1.1
Each WECS model shall undergo a period of testing to ensure a sound structural design,
freedom from excessive vibration, long term durability, and safe operation of controls and
emergency subsystems.
8.1.2
To ensure safe operation of protective subsystems during the test period, the WECS shall
be tested under simulated fault conditions such as:
(a) loss of load/overspeed;
(b) high wind shutdown; and
(c) excessive vibration (if applicable).
8.1.3
The test period shall include representative high wind and extreme weather
conditions. Peak operating wind speed, parked wind speed, temperature extremes, and
other related environmental conditions shall be documented.

8.1.4
Operation during the test period should be carried out without major modification,
adjustment, or repair to the WECS being tested. Any modifications, adjustments, or
repairs shall be documented. The WECS shall be operated in its normal manner, except
for routine maintenance, inspection, and service as specified in the manual.
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8.1.5
During the test period, a minimum of 2000 h of operation shall be accumulated. This time
shall include a minimum of 100 h during which the wind speed is equal to or greater than
80% of the rated wind speed.

8.1.6
Measurements of the response of the structure during operation shall be sufficient to allow
calculation of mean and cyclic stresses in critical parts of the rotor and support
structure. These shall be used in association with the tests described in Clause 8.3.2.

8.2 Test Report

8.2.1
The test program shall be documented. The form and content of the test report shall
provide concise system specification, site data, and test period information, and shall list
test personnel.

8.2.2
The test report shall follow guidelines established in CSA Standard F417.

8.3 Shop Tests

8.3.1 Structural
Each design of rotor blade shall be tested at loads equivalent to survival wind speeds,
unless these conditions are not critical.

8.3.2 Fatigue Strength
Fatigue tests shall be carried out on blade connections and other critical components if
their fatigue strength is not already documented.

Laboratory tests shall be of a type which, when combined with field test data, will enable
the operational life of the component to be estimated. This estimate may be based upon
use of "Miner's Rule", or upon the application of fracture mechanics to an initial crack
1 mm in length.

8.3.3 Dielectric Strength

8.3.3.1
Electrical equipment, completely assembled and wired in the plant, shall be capable of
withstanding, without breakdown, for a period of 1 min the application of an ac potential of
suitable frequency both between parts of opposite polarity (where applicable), and
between live parts and exposed non-current-carrying metal parts, as follows:
(a) for the complete installation of electrical equipment, wiring, and other components, a
voltage of 15% lower than the lowest test voltage required for any of the individual pieces
of equipment, but in no case less than 1000 V. Extra low potential circuits need not be
tested at more than 500 V;
(b) for a wired assembly, having circuits operating at different potential, each circuit shall
be tested separately, as in Item (a), all other circuits being grounded to the machine during
the test; and
(c) for any individual devices that are covered by other Standards of the Canadian
Electrical Code, Part II, but are being investigated as part of the machine, voltages shall be
applied as may be called for by the applicable specification. The device may be
disconnected from the circuit for this test.
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8.3.3.2
A suitable testing transformer^ the output of which can be regulated, shall be used for this
test. Starting at 0, the applied potential shall be increased gradually and at a uniform rate
until a required test value is reached.

0.3.3.3
As an alternative to the dielectric test required by Clauses 8.3.3.1 and 8.3.3.2. an insulation
resistance test may be performed on the complete assembly. The insulation resistance
between live parts and ground at the completion of a 1 min application of a 500 V dc test
voltage shall not be less than that specified in Table 24 of the Canadian Electrical Code,
Part I.
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Association Activities

The Canadian Standards Association is a not-for-profit, independent, private sector
organization that serves the public, governments, and business as a forum for
national consensus in the development of standards, and offers them certification,
testing, and related services. It is a membership Association open to any individual,
company, or organization interested in standards activities.

The more than 1000 standards published by CSA are written, reviewed, and
revised by over 7000 committee members, who represent users, producers, and
regulatory authorities in all regions of Canada. In addition to these volunteers, some
2000 representatives from industry, labour, governments, and the public participate
in the work of the Association through sustaining memberships. Approximately one-
third of CSA's standards have been referenced into law by provincial and federal
authorities.

Activities in the standards field cover a number of program areas: lifestyles and
the environment electrical/electronics, construction, energy, transportation/
distribution, materials technology, business/production management systems,
communications/information technology, and welding. These are all listed in our
catalogue, which is available on request.

We welcome your comments and inquiries. Further information on standards
programs may be obtained by writing to
The Director, Standards Programs
Standards Division
Canadian Standards Association
178 Rexdale Boulevard
Rexdale (Toronto), Ontario
M9W1R3
or call (416) 747-4368.
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Contributing to progress
through standards development

CSA has active standards projects in a number of widely differing fields, including the
following program areas:

Lifestyles and the environment
Electrical and electronics

Communications and information

Construction

Energy

Transport and distribution
Materials technology

Production management systems
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IEA - Implementing Agreement LS WECS
Expert Meetings

1. Seminar on Structural Dynamics, Munich, October 12, 1978

2. Control of LS-WECS and Adaptation of Wind Electricity to the
Network, Copenhagen, April 4, 1979

3. Data Acquisition and Analysis for LS-WECS, Blowing Rock, North
Carolina, Sept. 26-27, 1979

•4. Rotor Blade Technology with Special Respect to Fatigue Oesign
Problems, Stockholm, April 21-22, 1980

5. Environmental and Safety Aspects of the Present LS WECS, Munich,
September 25-26, 1980

6. Reliability and Maintenance Problems of LS WECS, Aalborg,
April 29-30, 1981

7. Costings for Wind Turbines, Copenhagen, November 18-19, 1981

8. Safety Assurance and Quality Control of LS WECS during Assembly,
Erection and Acceptance Testing, Stockholm, May 26-27, 1982

9. Structural Oesign Criteria for LS WECS, Greenford, March 7-8, 1983

10. Utility and Operational Experiences and Issues from Mayor Wind In
stal lat ions, Palo Alto, October 12-14, 1983

11. General Environmental Aspects, Munich, May 7-9, 1984

12. Aerodynamic Calculational Methods for WECS, Copenhagen,
October 29-30, 1984

13. Economic Aspects of Wind Turbines, Petten, May 30-31, 1985

14. Modelling of Atmospheric Turbulence for Use in WECS Rotor
Loading Calculation, Stockholm, December 4-5, 1985

15. General Planning and Environmental Issues of LS WECS Installations,
Hamburg, December 2, 1987

16. Requirements for Safety Systems for LS WECS, Rome, October 17-18, 1988

17. Integrating Wind Turbines into Uti l i ty Power Systems, Herndon (Virginia),
April 11-12, 1989




