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On behalf of the European Academy of Wind Energy 
(EAWE) and the European Wind Energy Association 
(EWEA), we have the pleasure of presenting the 
Scientific Proceedings of the EWEA 2015 Conference in 
Paris.

EWEA’s annual conference has included a Science & 
Research Track since 2007. This track has served 
both as a platform for engineers and scientists to 
present their latest results, and has tried to engage 
the audience and the presenters in in-depth technical 
discussions and exchange of ideas. In our opinion, it 
has demonstrated that European wind energy research 
benefits from the synergy between industrial and 
academic research. It is a very lively discipline that 
supports the industry in developing novel competences 
and relevant solutions, while adhering to strict research 
standards. The sessions in the scientific track have 
been characterized by novelty, care for details, and 
scientific excellence.

In contrast to previous years, for EWEA2015 the 
Scientific Track has been merged with the General 
Track, such that most sessions during the conference 
now feature both scientific and industry presentations. 
The main benefit to the audience is that this allows for 
covering more diverse topics, with 36 sessions in total. 
These sessions were jointly developed by the Scientific 
and Industry Topic Leaders from the 400+ abstracts 
received. Conference delegates will thereby be exposed 
to both the latest ideas and analyses from academia as 
well as to the latest experiences and developments from 
industry. As in previous years, the individual sessions 
were carefully prepared to showcase highlights of 

current academic thinking and industry practice, striking 
a balance between international experts and the new 
generation of upcoming young researchers. Although 
the Scientific Track has been discontinued, abstracts 
could be either submitted as a general or as a scientific 
abstracts, and presentations are clearly marked as 
scientific in case of the latter. 

These proceedings include the full papers of all oral, 
scientific presentations given during the conference 
sessions; these were selected due to their novelty, 
relevance and interest to a general audience. In 
addition, a poster session has been organized for works 
of a more technical nature. The full papers of both the 
oral presentations and of all posters from the Science 
& Research Track are also available in the online 
proceedings at: www.ewea.org/annual2015/conference/
conference-proceedings/ 

The European Academy of Wind Energy (EAWE) is 
responsible for organizing the review process for 
scientific contributions, has contributed to develop the 
sessions, and provides scientific chairs for all sessions. 
All papers were peer-reviewed by a Scientific Committee, 
consisting of scientists from EAWE member institutes 
and their associates. Each abstract received a review 
by at least two of these experts. We thank all authors 
for their willingness to take part in this procedure, and 
the reviewers for their hard work alongside their daily 
business.

EWEA is responsible for the organisation and logistics of 
the conference, and we thank their highly professional 
staff and their associates for the excellent collaboration.

Assoc. Prof. Dr. Sandrine Aubrun
Université d’Orléans
Editor of the EWEA 2015 Scientific Proceedings 
President of the European Academy of Wind Energy (EAWE)

Prof. Dr. Jakob Mann,
Technical University of Denmark (DTU)
Editor of the EWEA 2015 Scientific Proceedings 
Past-President of the European Academy of Wind Energy (EAWE)

Prof. Dr. Michael Muskulus
Norwegian University of Science and Technology (NTNU)
Chair of the Scientific Committee and Editor of the EWEA 2015 Scientific Proceedings
Past-President of the European Academy of Wind Energy (EAWE)

Foreword

Organised by: Review and selection of papers:
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ite
 e

le
m

en
ts

 
w

he
re

by
 

th
ei

r 
st

iff
ne

ss
, 

m
as

s 
an

d 
da

m
pi

ng
 

ar
e 

as
se

m
bl

ed
 in

to
 t

he
 g

ov
er

ni
ng

 e
qu

at
io

ns
 o

f 
m

ot
io

n,
 

w
ho

se
 s

ol
ut

io
n 

is
 o

bt
ai

ne
d 

us
in

g 
th

e 
N

ew
m

ar
k-
 

m
et

ho
d 

[6
]. 

Th
e 

da
m

pi
ng

 c
oe

ffi
ci

en
ts

 a
re

 a
dj

us
te

d 
us

in
g 

R
ay

le
ig

h 
co

ef
fic

ie
nt

s 
to

 
ob

ta
in

 
de

si
re

d 
da

m
pi

ng
 

ra
tio

s 
fo

r 
th

e 
gl

ob
al

 
st

ru
ct

ur
e.

 
B

la
de

 
El

em
en

t 
M

om
en

tu
m

 (
BE

M
) 

th
eo

ry
 i

s 
em

pl
oy

ed
 f

or
 

th
e 

ro
to

r s
ub

je
ct

ed
 to

 a
er

od
yn

am
ic

s.
 

Th
e 

tu
rb

ul
en

t 
w

in
d 

fie
ld

 
in

 
th

e 
ae

ro
el

as
tic

 
si

m
ul

at
io

ns
 i

s 
de

fin
ed

 u
si

ng
 t

he
 M

an
n 

m
od

el
 [

7]
. 

To
w

er
 

sh
ad

ow
 

an
d 

ae
ro

dr
ag

 
on

 
al

l 
ex

po
se

d 
el

em
en

ts
 a

re
 a

ls
o 

ac
co

un
te

d 
fo

r. 
R

an
do

m
 G

au
ss

ia
n 

10
-m

in
ut

e 
re

al
iz

at
io

ns
 a

re
 s

im
ul

at
ed

 o
ve

r 
11

 m
ea

n 
w

in
d 

sp
ee

d 
bi

ns
 b

et
w

ee
n 

cu
t-i

n 
an

d 
cu

t-o
ut

 w
in

d 
sp

ee
ds

, 
an

d 
on

e 
m

ea
n 

w
in

d 
sp

ee
d 

re
la

te
d 

to
 t

he
 

ex
tre

m
e 

lo
ad

 c
as

e.
 E

ac
h 

m
ea

n 
w

in
d 

sp
ee

d 
ha

s 
be

en
 li

nk
ed

 to
 a

 p
ar

tic
ul

ar
 s

ea
 s

ta
te

. 

Th
e 

w
av

e 
he

ig
ht

 is
 m

od
el

ed
 b

as
ed

 o
n 

a 
JO

N
SW

AP
 

sp
ec

tru
m

 a
t 

th
e 

ex
pe

ct
ed

 v
al

ue
 o

f 
si

gn
ifi

ca
nt

 w
av

e 
he

ig
ht

 a
nd

 s
pe

ct
ra

l p
ea

k 
pe

rio
d 

at
 e

ac
h 

m
ea

n 
w

in
d 

sp
ee

d.
 W

av
e 

ki
ne

m
at

ic
s 

ar
e 

co
m

pu
te

d 
ac

co
rd

in
g 

to
 

th
e 

irr
eg

ul
ar

 A
iry

 m
od

el
 w

ith
 W

he
el

er
 s

tre
tc

hi
ng

 [8
]. 

Th
e 

hy
dr

od
yn

am
ic

 f
or

ce
s 

ar
e 

co
m

pu
te

d 
ba

se
d 

on
 

th
e 

M
or

is
on

 
eq

ua
tio

n 
[8

] 
ev

al
ua

te
d 

fro
m

 
w

at
er

 
su

rfa
ce

 to
 s

ea
be

d.
 

Be
lo

w
 

th
e 

se
ab

ed
, 

so
il-

st
ru

ct
ur

e 
in

te
ra

ct
io

n 
is

 
m

od
el

ed
 a

s 
be

am
-o

n-
no

nl
in

ea
r 

W
in

kl
er

 f
ou

nd
at

io
n 

w
ith

 u
nc

ou
pl

ed
 r

es
po

ns
es

 o
f 

ax
ia

l f
ric

tio
n 

(t-
z)

 a
nd

 
la

te
ra

l f
or

ce
 (

p-
y)

. 
Am

er
ic

an
 P

et
ro

le
um

 I
ns

tit
ut

e 
[9

] 
re

co
m

m
en

ds
 a

n 
al

go
rit

hm
 t

o 
ob

ta
in

 p
-y

 a
nd

 t
-z

 
cu

rv
es

. 
Al

th
ou

gh
 

[9
] 

su
gg

es
ts

 
us

in
g 

lo
ad

-
di

sp
la

ce
m

en
t 

be
ha

vi
or

 a
t 

un
it 

tip
, 

in
 t

he
 p

re
se

nt
 

st
ud

y 
th

e 
no

nl
in

ea
r 

sp
rin

g 
is

 r
ep

la
ce

d 
by

 a
 j

oi
nt

, 
re

st
ra

in
ed

 
fo

r 
ve

rti
ca

l 
di

sp
la

ce
m

en
t 

an
d 

ya
w

 
ro

ta
tio

n.
 

3 
Si

te
 c

on
di

tio
ns

, 
st

ru
ct

ur
e,

 a
nd

 
de

si
gn

 c
on

st
ra

in
ts

 
In

 t
hi

s 
st

ud
y,

 t
he

 s
ite

 c
on

di
tio

ns
 a

re
 t

ak
en

 f
ro

m
 

th
os

e 
de

sc
rib

ed
 

in
 

[3
]. 

Th
e 

so
il 

is
 

m
ad

e 
of

 
su

pe
rim

po
se

d 
sa

nd
 

la
ye

rs
 

of
 

va
rio

us
 

pr
op

er
tie

s 
ea

ch
. 

Th
e 

co
m

pl
et

e 
de

sc
rip

tio
n 

of
 t

he
 a

do
pt

ed
 s

oi
l 

pr
op

er
tie

s 
ca

n 
be

 f
ou

nd
 in

 [
3]

. 
Ab

ov
e 

th
e 

so
il,

 s
ea

 
st

at
es

 a
re

 d
ef

in
ed

 a
cc

or
di

ng
 t

o 
th

e 
at

m
os

ph
er

ic
 

co
nd

iti
on

s 
(T

ab
le

 1
). 

C
on

si
de

rin
g 

th
e 

JO
N

SW
AP

 
w

av
e 

sp
ec

tru
m

, 9
5 

%
 o

f t
he

 w
av

e 
en

er
gy

 is
 re

al
iz

ed
 

un
de

r 
0.

22
5 

H
z 

in
 

th
e 

cr
iti

ca
l 

ca
se

. 
Th

e 
of

f-
re

so
na

nc
e 

ra
ng

e 
re

la
te

d 
to

 w
av

e 
ex

ci
ta

tio
n 

is
 h

en
ce

 
re

st
ric

te
d 

to
 a

bo
ve

 0
.2

25
 H

z.
 

Ta
bl

e 
1:

 M
et

oc
ea

n 
co

nd
iti

on
s 

[3
] 

W
in

d 
sp

ee
d 

[m
/s

] 

Tu
rb

ul
en

ce
 

In
te

ns
ity

 [%
] 

Si
gn

ifi
ca

nt
 

he
ig

ht
, H

s 
[m

] 

Pe
ak

 
pe

rio
d,

 
Tp

 [s
] 

5 
43

.8
5 

1.
14

0 
5.

82
0 

7 
33

.3
0 

1.
24

5 
5.

71
5 

9 
27

.4
3 

1.
39

5 
5.

70
5 

11
 

23
.7

0 
1.

59
0 

5.
81

0 
13

 
21

.1
2 

1.
80

5 
5.

97
5 

15
 

19
.2

3 
2.

05
0 

6.
22

0 
17

 
17

.7
8 

2.
33

0 
6.

54
0 

19
 

16
.6

3 
2.

61
5 

6.
85

0 
21

 
15

.7
1 

2.
92

5 
7.

19
5 

23
 

14
.9

4 
3.

25
5 

7.
60

0 
25

 
14

.3
0 

3.
60

0 
7.

95
0 

42
.7

3 
11

.0
0 

9.
40

0 
13

.7
00

 
 Th

e 
D

TU
 1

0 
M

W
 r

ef
er

en
ce

 w
in

d 
tu

rb
in

e 
(D

TU
 1

0 
M

W
 R

W
T)

 [
1]

 i
s 

us
ed

 a
s 

m
ou

nt
ed

 o
n 

a 
m

on
op

ile
 

su
bs

tru
ct

ur
e,

 w
ho

se
 d

es
ig

n 
is

 s
ou

gh
t. 

Th
e 

to
w

er
 is

 
m

ad
e 

of
 s

te
el

 w
ho

se
 d

en
si

ty
 is

 ta
ke

n 
as

 8
50

0 
kg

/m
3  

to
 a

cc
ou

nt
 f

or
 t

he
 m

as
s 

of
 s

ec
on

da
ry

 s
tru

ct
ur

es
. 

Ba
se

d 
on

 
th

e 
ro

to
r 

sp
ee

ds
, 

th
e 

co
rr

es
po

nd
in

g 
C

am
pb

el
l d

ia
gr

am
 is

 d
ra

w
n 

in
 F

ig
ur

e 
1.

 T
hi

s 
fig

ur
e 

sh
ow

s 
th

at
 1

P,
 3

P 
an

d 
6P

 r
an

ge
s 

ar
e 

re
sp

ec
tiv

el
y 

in
 h

er
tz

 [
0.

09
9,

 0
.1

58
], 

[0
.3

00
, 

0.
48

0]
 a

nd
 [

0.
60

0,
 

0.
96

0]
. 

Th
e 

m
on

op
ile

 i
s 

co
ns

id
er

ed
 a

s 
m

ad
e 

of
 h

ol
lo

w
 

cy
lin

de
r 

ro
lle

d 
fro

m
 a

 s
te

el
 p

la
te

 o
f 

78
50

 k
g/

m
3  

w
ho

se
 c

ha
ra

ct
er

is
tic

 s
tre

ng
th

 i
s 

50
0 

M
P

a,
 w

hi
ch

 
co

rr
es

po
nd

s 
to

 h
ig

h-
st

re
ng

th
 s

te
el

. 
Th

e 
m

on
op

ile
 

sa
fe

ty
 i

s 
as

su
m

ed
 t

o 
be

 o
f 

co
m

po
ne

nt
 c

la
ss

 3
. 

It 
ca

n 
be

 f
ul

ly
 d

ef
in

ed
 b

y 
its

 o
ut

er
 d

ia
m

et
er

 (
D

), 
w

al
l 

th
ic

kn
es

s 
(t)

 a
nd

 l
en

gt
h.

 I
ts

 l
en

gt
h 

co
ns

is
ts

 o
f 

th
e 

pa
rt 

w
ith

in
 

th
e 

tra
ns

iti
on

 
pi

ec
e 

(2
6 

m
), 

th
e 

su
bm

er
ge

d 
pa

rt 
(5

0 
m

), 
an

d 
th

e 
em

be
dd

ed
 p

ar
t 

be
lo

w
 t

he
 s

oi
l l

ev
el

 w
ho

se
 le

ng
th

 is
 t

o 
be

 d
ef

in
ed

. 
Th

e 
de

si
gn

 o
f t

he
 m

on
op

ile
 is

 c
ar

rie
d 

ou
t b

as
ed

 o
n 

  D
es

ig
n 

of
 m

on
op

ile
s 

fo
r m

ul
ti-

m
eg

aw
at

t w
in

d 
tu

rb
in

es
 a

t 5
0 

m
 

w
at

er
 d

ep
th

 

  
 

W
ilf

rie
d 

N
jo

m
o 

W
an

dj
i 

An
an

d 
N

at
ar

aj
an

 
N

ik
ol

ay
 D

im
itr

ov
 

Th
om

as
 B

uh
l 

 
D

TU
 W

in
d 

En
er

gy
 

D
TU

 W
in

d 
En

er
gy

 
D

TU
 W

in
d 

En
er

gy
 

D
TU

 W
in

d 
En

er
gy

 
 

w
ilw

@
dt

u.
dk

 
an

at
@

dt
u.

dk
 

nk
di

@
dt

u.
dk

 
th

bu
@

dt
u.

dk
 

 
A

bs
tr

ac
t: 

Th
e 

de
si

gn
 o

f 
a 

m
on

op
ile

 s
ub

st
ru

ct
ur

e 
fo

r 
w

in
d 

tu
rb

in
es

 o
f 1

0 
M

W
 c

ap
ac

ity
 in

st
al

le
d 

at
 5

0 
m

 w
at

er
 

de
pt

h 
is

 p
re

se
nt

ed
. 

Th
e 

de
si

gn
 p

ro
ce

ss
 s

ta
rts

 w
ith

 
th

e 
de

si
gn

 o
f a

 m
on

op
ile

 a
t a

 m
od

er
at

e 
w

at
er

 d
ep

th
 

of
 2

6 
m

 a
nd

 i
s 

th
en

 u
p 

sc
al

ed
 t

o 
a 

50
 m

 w
at

er
 

de
pt

h.
 T

he
 b

as
el

in
e 

ge
om

et
ry

 i
s 

th
en

 m
od

ifi
ed

 t
o 

sp
ec

ifi
c 

fre
qu

en
cy

 
co

ns
tra

in
ts

 
fo

r 
th

e 
su

pp
or

t 
st

ru
ct

ur
e.

 
Th

e 
sp

ec
ifi

c 
de

si
gn

 
re

qu
ire

m
en

ts
 

in
cl

ud
in

g 
th

e 
so

il 
bo

un
da

ry
 c

on
di

tio
ns

 o
f 

th
is

 la
rg

e 
di

am
et

er
 m

on
op

ile
 h

as
 b

ee
n 

de
sc

rib
ed

 a
nd

 f
ul

ly
 

co
up

le
d 

hy
dr

o-
ae

ro
-s

er
vo

 
el

as
tic

 
si

m
ul

at
io

ns
 

ar
e 

pe
rfo

rm
ed

 
fo

r 
ul

tim
at

e 
lim

it 
st

at
e 

de
si

gn
. 

S
oi

l 
pl

as
tic

iz
at

io
n 

is
 

al
so

 
co

ns
id

er
ed

. 
An

al
ys

es
 

ha
ve

 
sh

ow
n 

th
at

 th
e 

de
si

gn
 o

f l
ar

ge
 d

ia
m

et
er

 m
on

op
ile

 is
 

no
t 

a 
st

ra
ig

ht
fo

rw
ar

d 
ex

tra
po

la
tio

n 
pr

oc
es

s,
 b

ut
 i

t 
re

qu
ire

s 
sp

ec
ifi

c 
ch

ec
ks

 
an

d 
ite

ra
tio

ns
. 

A
n 

ap
pr

op
ria

te
 

de
si

gn
 

sc
he

m
e 

is
 

pr
op

os
ed

 
w

ith
 

pe
rtu

rb
at

io
n 

an
al

ys
is

 fo
r r

ob
us

tn
es

s.
 

K
ey

w
or

ds
: 

M
ul

ti-
m

eg
aw

at
t 

w
in

d 
tu

rb
in

es
, 

la
rg

e 
di

am
et

er
 m

on
op

ile
, d

ee
p 

w
at

er
, u

lti
m

at
e 

de
si

gn
 

1 
In

tr
od

uc
tio

n 
O

ffs
ho

re
 

w
in

d 
en

er
gy

 
is

 
m

ov
in

g 
to

w
ar

ds
 

la
rg

er
 

tu
rb

in
es

 a
nd

 in
to

 d
ee

pe
r 

w
at

er
s.

 H
ow

ev
er

, t
he

 w
in

d 
en

er
gy

 
in

du
st

ry
 

is
 

re
la

tiv
el

y 
re

ce
nt

 
an

d 
ne

ed
s 

co
nt

in
uo

us
 i

m
pr

ov
em

en
ts

 t
o 

its
 d

es
ig

n 
pr

ac
tic

es
. 

Tw
o 

pa
th

s 
ar

e 
us

ed
 

to
 

im
pr

ov
e 

w
in

d 
en

er
gy

 
pr

od
uc

tiv
ity

: 
re

lia
bi

lit
y 

an
d 

m
or

e 
po

w
er

fu
l 

w
in

d 
tu

rb
in

es
. T

he
 c

ro
ss

ro
ad

s 
of

 th
es

e 
pa

th
s 

pl
ac

es
 th

e 
pr

ob
le

m
 a

t t
he

 e
dg

es
 o

f t
he

 s
ta

te
 o

f t
he

 a
rt.

 

In
de

ed
, w

in
d 

tu
rb

in
es

 w
ith

 r
at

ed
 c

ap
ac

ity
 o

f 1
0 

M
W

 
ar

e 
be

in
g 

de
ve

lo
pe

d 
[1

]. 
Th

ei
r 

si
ze

s 
ne

ce
ss

ita
te

 
su

ita
bl

e 
su

pp
or

t 
st

ru
ct

ur
es

 t
ha

t 
ca

n 
w

ith
st

an
d 

th
e 

en
ge

nd
er

ed
 l

oa
ds

 a
nd

 l
as

t 
th

e 
in

te
nd

ed
 l

ife
. 

P
lu

s,
 

th
ei

r 
ca

pa
ci

ty
 n

ee
ds

 e
no

ug
h 

w
in

d 
re

so
ur

ce
s 

to
 b

e 
fu

lly
 

ex
pl

oi
te

d.
 

Th
is

 
ob

lig
es

 
th

at
 

m
ul

ti-
m

eg
aw

at
t 

tu
rb

in
es

 
sh

ou
ld

 
be

 
lo

ca
te

d 
in

 
si

te
s 

w
he

re
 

w
in

d 

re
so

ur
ce

s 
ar

e 
ab

un
da

nt
. 

Fo
r 

th
is

 r
ea

so
n,

 r
ec

en
t 

po
te

nt
 s

ite
s 

ha
ve

 b
ee

n 
fo

un
d 

at
 d

ee
p 

w
at

er
s 

(5
0+

 
m

). 
Th

ey
 a

re
 a

bl
e 

to
 p

ro
vi

de
 e

no
ug

h 
w

in
d 

re
so

ur
ce

s 
as

 r
eq

ui
re

d 
by

 1
0 

M
W

 w
in

d 
tu

rb
in

es
, 

bu
t 

th
ey

 a
ls

o 
ad

d 
to

 th
e 

ch
al

le
ng

e 
re

la
te

d 
to

 s
up

po
rt 

st
ru

ct
ur

es
. 

Fa
ci

ng
 t

hi
s 

ch
al

le
ng

e,
 s

pa
ce

 f
ra

m
e 

su
bs

tru
ct

ur
es

 
ha

ve
 b

ee
n 

pr
op

os
ed

. H
ow

ev
er

, t
he

ir 
m

an
uf

ac
tu

rin
g 

pr
oc

es
s 

is
 d

au
nt

in
g.

 I
n 

ad
di

tio
n,

 t
he

re
 is

 a
 n

ee
d 

to
 

m
ai

nt
ai

n 
th

e 
st

re
ng

th
 a

nd
 s

tif
fn

es
s 

re
qu

ire
m

en
ts

 a
t 

th
e 

lo
w

es
t 

po
ss

ib
le

 c
os

t 
[2

]. 
In

 p
ar

tic
ul

ar
, 

a 
ja

ck
et

 
st

ru
ct

ur
e 

ha
s 

be
en

 
pr

op
os

ed
 

w
ith

in
 

th
e 

IN
N

W
IN

D
.E

U
 p

ro
je

ct
 [3

] f
or

 a
 1

0 
M

W
 tu

rb
in

e 
at

 5
0 

m
 

w
at

er
 

de
pt

hs
, 

bu
t 

it 
ha

s 
be

en
 

ex
tre

m
el

y 
ch

al
le

ng
in

g 
to

 e
ns

ur
e 

ja
ck

et
 d

ur
ab

ili
ty

 f
or

 2
5 

ye
ar

s 
w

ith
 r

es
pe

ct
 t

o 
its

 f
at

ig
ue

 l
im

it 
st

at
e.

 B
es

id
es

 t
he

 
sp

ac
e 

fra
m

e 
so

lu
tio

n,
 fl

oa
tin
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er
fa

ce
 a

nd
 a

t 
th

e 
m

ud
lin

e.
 T

he
y 

do
 n

ot
 

ne
ce

ss
ar

y 
oc

cu
r s

im
ul

ta
ne

ou
sl

y.
 It

 c
an

 b
e 

se
en

 th
at

 
th

es
e 

lo
ad

s 
ar

e 
re

sp
ec

tiv
el

y 
of

 t
he

 s
am

e 
ra

ng
es

 
ex

ce
pt

 t
he

 t
or

si
on

al
 m

om
en

t 
fro

m
 t

he
 d

ee
p 

pi
le

 
ca

se
. T

hi
s 

ex
ce

pt
io

na
l l

oa
d 

va
lu

e 
is

 m
or

e 
th

an
 tw

ic
e 

th
e 

va
lu

e 
of

 th
e 

ot
he

r c
as

es
. 

Ta
bl
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8:

 
C

ha
ra

ct
er

is
tic

 
re

pr
es

en
ta

tiv
e 

lo
ad

s 
at

 
in

te
rfa

ce
 –

 D
ev

ia
tio

n 
fro

m
 th

e 
ba

se
lin

e 
 

Fr
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 [k
N

] 
Fz

 [k
N

] 
M

re
s 

[k
N

m
] 

M
z 

[k
N

m
] 

B
as

el
in
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C

ha
ra

ct
er

is
tic

 
re

pr
es

en
ta

tiv
e 

lo
ad

s 
at

 
m

ud
lin

e 
– 

D
ev

ia
tio

n 
fro

m
 th

e 
ba

se
lin

e 
 

Fr
es

 [k
N

] 
Fz

 [k
N

] 
M

re
s 

[k
N

m
] 

M
z 

[k
N

m
] 

B
as

el
in
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00

 
P

er
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P
er

t. 
B 
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-2

36
.8

%
 

P
er

t. 
C
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-4
42
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%

 
P

er
t. 

D
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%
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7%
 

-2
21
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%

 
P

er
t. 

E 
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39
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 9.
5 

D
is

cu
ss

io
n 

Al
th

ou
gh

 a
ll 

th
e 

ca
se

s 
(p

er
tu

rb
at

io
ns

 a
nd

 b
as

el
in

e)
 

ha
ve

 s
im

ila
r 

dy
na

m
ic

 s
tif

fn
es

s,
 t

he
y 

de
m

on
st

ra
te

 
di

ffe
re

nt
 

pe
rfo

rm
an

ce
 

w
ith

 
re

sp
ec

t 
to

 
la

te
ra

l 
de

fo
rm

at
io

ns
. 

Th
is

 
ob

se
rv

at
io

n 
re

ve
al

s 
th

at
 

a 
de

si
gn

, e
xc

lu
si

ve
ly

 b
as

ed
 o

n 
dy

na
m

ic
 s

tif
fn

es
s,

 m
ay

 
be

 m
is

le
ad

in
g.

 A
 t

ho
ro

ug
h 

de
si

gn
 p

ro
ce

ss
 s

ho
ul

d 
co

nt
in

ue
 

til
l 

so
il 

pl
as

tic
iz

at
io

n 
ch

ec
k 

as
 

so
m

e 
pe

rtu
rb

at
io

ns
 

ha
ve

 
ex

hi
bi

te
d 

un
ch

an
ge

d 
pe

rfo
rm

an
ce

. 

In
 p

ar
tic

ul
ar

, i
nc

re
as

in
g 

th
e 

w
al

l t
hi

ck
ne

ss
 d

oe
s 

no
t 

br
in

g 
an

y 
im

pr
ov

em
en

t. 
O

n 
th

e 
co

nt
ra

ry
, 

it 
in

tro
du

ce
s 

ad
di

tio
na

l i
nc

on
ve

ni
en

ce
s.

 F
or

 e
xa

m
pl

e,
 

it 
ad

ds
 o

n 
to

 t
he

 t
ot

al
 m

as
s 

an
d 

re
qu

ire
s 

m
or

e 
ro

llin
g 

ef
fo

rt.
 C

on
se

qu
en

tly
, 

th
e 

to
ta

l 
co

st
 w

ill 
be

 
in

cr
ea

se
d.

 
Si

m
ila

rly
, 

sh
af

t 
fri

ct
io

n 
co

nt
rib

ut
io

n 
ha

pp
en

s 
to

 b
e 

no
n-

in
flu

en
tia

l. 
Th

is
 m

ay
 b

e 
du

e 
to

 
th

e 
fa

ct
 t

ha
t 

th
e 

ve
rti

ca
l 

de
gr

ee
 o

f 
fre

ed
om

 h
as

 
be

en
 r

es
tra

in
ed

. F
ur

th
er

 in
ve

st
ig

at
io

ns
 o

n 
ax

ia
l s

ki
n 

fri
ct

io
n 

m
ay

 
be

 
ca

rr
ie

d 
ou

t 
w

ith
 

a 
pi

le
 

tip
 

un
re

st
ra

in
ed

 in
 a

ll 
di

re
ct

io
ns

. 

Fi
xi

ng
 

al
l 

to
e 

de
gr

ee
s 

of
 

fre
ed

om
 

pr
od

uc
es

 
a 

po
si

tiv
e 

ef
fe

ct
. 

H
ow

ev
er

, 
th

e 
m

on
op

ile
 

to
e 

is
 

fa
ct

ua
lly

 fi
xe

d 
if 

it 
is

 ro
ot

ed
 in

to
 a

 ro
ck

, f
or

 e
xa

m
pl

e.
 

If 
th

is
 is

 n
ot

 th
e 

ac
tu

al
 c

irc
um

st
an

ce
, t

hi
s 

m
od

el
in

g 
ap

pr
oa

ch
 m

ay
 le

ad
 t

o 
m

is
re

pr
es

en
ta

tiv
e 

re
su

lts
. 

In
 

th
is

 c
as

e,
 r

es
ul

ts
 s

ho
w

 t
ha

t 
th

e 
be

st
 s

ol
ut

io
n 

is
 t

o 
le

ng
th

en
 t

he
 m

on
op

ile
. 

D
ee

pe
ni

ng
 t

he
 m

on
op

ile
 

in
cr

ea
se

s 
th

e 
m

as
s 

to
 s

om
e 

ex
te

nd
 b

ut
 s

ig
ni

fic
an

tly
 

en
ha

nc
es

 t
he

 d
es

ig
n.

 H
ow

ev
er

, 
a 

dr
aw

ba
ck

 is
 t

he
 

in
cr

ea
se

 o
f 

to
rs

io
na

l m
om

en
t 

in
 t

he
 s

tru
ct

ur
e.

 I
t 

is
 

ex
pe

ct
ed

 
th

at
 

th
e 

ac
co

un
t 

fo
r 

th
e 

so
il 

to
rs

io
na

l 
re

si
st

an
ce

 (
M

-θ
 c

ur
ve

) 
ca

n 
co

nt
rib

ut
e 

to
 m

iti
ga

te
 

th
is

 s
ho

rtc
om

in
g.

 

10
 C

on
cl

us
io

n 
In

 c
on

cl
us

io
n,

 t
he

 d
es

ig
n 

of
 m

on
op

ile
 f

or
 m

ul
ti-

m
eg

aw
at

t 
w

in
d 

tu
rb

in
es

 a
t 

50
 m

 w
at

er
 d

ep
th

 i
s 

ca
rr

ie
d 

ou
t. 

Th
e 

pr
oc

es
s 

st
ar

te
d 

w
ith

 th
e 

de
si

gn
 o

f a
 

m
on

op
ile

 a
t 

26
 m

 w
at

er
 d

ep
th

. 
Th

en
, 

its
 u

ps
ca

lin
g 

  9 
In

ve
st

ig
at

io
n 

of
 p

er
tu

rb
at

io
ns

 
H

ol
di

ng
 

th
e 

ab
ov

e 
de

si
gn

 
as

 
ba

se
lin

e,
 

fiv
e 

pe
rtu

rb
at

io
n 

ca
se

s 
ar

e 
co

ns
id

er
ed

 f
or

 p
er

tu
rb

at
io

n 
an

al
ys

is
. 

In
 a

dd
iti

on
 t

o 
th

e 
ba

se
lin

e,
 t

he
 f

iv
e 

ot
he

r 
ca

se
s 

co
ns

is
t o

f: 

 
Ba

se
lin

e 
– 

Th
e 

to
e 

is
 m

od
el

ed
 a

s 
a 

jo
in

t 
w

ith
 

re
st

ra
in

ed
 

ya
w

 
an

d 
ve

rti
ca

l 
m

ot
io

ns
. 

Th
e 

co
nt

rib
ut

io
n 

of
 

th
e 

ax
ia

l 
sk

in
 

fri
ct

io
n 

is
 

ac
co

un
te

d 
fo

r. 
Th

e 
m

on
op

ile
 

ha
s 

a 
w

al
l 

th
ic

kn
es

s 
of

 
11

0 
m

m
, 

an
d 

is
 

26
 

m
 

de
ep

 
em

be
dd

ed
 i

nt
o 

th
e 

so
il 

w
ho

se
 i

nt
er

na
l 

fri
ct

io
n 

an
gl

e 
is

 3
5⁰

. 

  
Pe

rtu
rb

at
io

n 
A 

– 
To

e 
bo

un
da

ry
 c

on
di

tio
n.

 T
he

 
pi

le
 ti

p 
is

 f
ix

ed
, i

.e
. a

ll 
de

gr
ee

s 
of

 fr
ee

do
m

 a
re

 
re

st
ra

in
ed

. 

 
Pe

rtu
rb

at
io

n 
B 

– 
Ax

ia
l s

ki
n 

fri
ct

io
n 

co
nt

rib
ut

io
n.

 
Th

e 
co

nt
rib

ut
io

n 
of

 s
ki

n 
fri

ct
io

n 
to

 th
e 

pi
le

 a
xi

al
 

eq
ui

lib
riu

m
 h

as
 b

ee
n 

an
ni

hi
la

te
d.

 

 
Pe

rtu
rb

at
io

n 
C

 –
 D

ee
pe

r 
pi

le
. 

Th
e 

em
be

dd
ed

 
le

ng
th

 o
f t

he
 p

ile
 h

as
 b

ee
n 

ch
an

ge
d 

fro
m

 3
0 

m
 

to
 5

0 
m

. 

  
Pe

rtu
rb

at
io

n 
D

 
– 

Th
ic

ke
r 

w
al

l. 
Th

e 
w

al
l 

th
ic

kn
es

s 
ha

s 
be

en
 in

cr
ea

se
d 

to
 1

50
 m

m
. 

 
Pe

rtu
rb

at
io

n 
E 

– 
S

oi
l 

fri
ct

io
n 

an
gl

e.
 T

he
 s

oi
l 

ar
ou

nd
 th

e 
pi

le
 is

 s
et

 d
en

se
r; 

its
 in

te
rn

al
 a

ng
le

 
ha

s 
be

en
 im

pr
ov

ed
 fr

om
 3

5⁰
 to

 3
8⁰

. 

Th
e 

ef
fe

ct
s 

of
 

ea
ch

 
of

 
th

es
e 

pe
rtu

rb
at

io
ns

 
ar

e 
in

ve
st

ig
at

ed
 

in
 

te
rm

s 
of

 
dy

na
m

ic
 

st
iff

ne
ss

, 
de

fle
ct

io
ns

 a
nd

 y
ie

ld
ed

 z
on

e,
 a

nd
 u

lti
m

at
e 

lo
ad

s.
 

9.
1 

D
yn

am
ic

 s
tif

fn
es

s 
Th

e 
dy

na
m

ic
 

st
iff

ne
ss

 
is

 
m

ea
su

re
d 

in
 

te
rm

s 
of

 
ei

ge
nf

re
qu

en
ci

es
 

of
 

th
e 

w
ho

le
 

st
ru

ct
ur

e.
 

As
 

de
pi

ct
ed

 i
n 

Fi
gu

re
 9

, 
m

od
al

 a
na

ly
si

s 
re

su
lts

 s
ho

w
 

th
at

 
th

e 
re

sp
ec

tiv
e 

m
od

al
 

fre
qu

en
ci

es
 

ar
e 

in
si

gn
ifi

ca
nt

ly
 

di
ffe

re
nt

 
on

e 
fro

m
 

ot
he

rs
. 

Th
is

 
ob

se
rv

at
io

n 
re

ve
al

s 
th

at
 n

on
e 

of
 t

he
 p

er
tu

rb
at

io
n 

m
ea

ni
ng

fu
lly

 
in

flu
en

ce
s 

th
e 

st
ru

ct
ur

e 
dy

na
m

ic
 

st
iff

ne
ss

. 

 

 
Fi

gu
re

 9
: M

od
al

 fr
eq

ue
nc

ie
s 

fo
r d

iff
er

en
t 

pe
rtu

rb
at

io
n 

 9.
2 

D
ef

le
ct

io
n 

an
d 

pl
as

tic
 z

on
e 

H
ow

ev
er

, 
Fi

gu
re

 
10

 
sh

ow
s 

so
m

e 
di

ffe
re

nt
ia

tio
n 

ab
ou

t 
th

e 
be

ha
vi

or
 o

f 
th

e 
pe

rtu
rb

at
io

ns
 r

eg
ar

di
ng

 
pi

le
 d

ef
le

ct
io

n.
 O

n 
th

e 
on

e 
ha

nd
, 

th
e 

sk
in

 f
ric

tio
n 

co
nt

rib
ut

io
n 

or
 th

e 
w

al
l t

hi
ck

ne
ss

 in
cr

ea
se

 d
oe

s 
no

t 
br

in
g 

an
y 

im
pr

ov
em

en
t. 

Th
ei

r 
re

sp
ec

tiv
e 

de
fo

rm
ed

 
sh

ap
es

 a
re

 s
im

ila
r 

to
 t

ha
t 

of
 t

he
 b

as
el

in
e.

 O
n 

th
e 

ot
he

r 
ha

nd
, 

fu
lly

 f
ix

in
g 

th
e 

to
e 

or
 d

ee
pe

ni
ng

 t
he

 
m

on
op

ile
 l

ea
ds

 t
o 

m
ild

er
 d

ef
or

m
at

io
ns

 (
be

lo
w

 4
0 

m
m

 in
 e

ac
h 

di
re

ct
io

n)
, a

nd
 s

ub
st

an
tia

lly
 re

du
ce

s 
th

e 
yi

el
de

d 
zo

ne
 t

o 
ab

ou
t 

5 
m

. 
O

n 
Fi

gu
re

 1
1,

 w
ith

 t
he

 
ne

w
 in

te
rn

al
 f

ric
tio

n 
an

gl
e,

 d
ef

or
m

at
io

ns
 h

av
e 

al
so

 
de

cr
ea

se
d 

(b
et

w
ee

n 
40

 
an

d 
60

 
m

m
 

in
 

ea
ch

 
di

re
ct

io
n)

. C
on

si
de

rin
g 

th
e 

co
rr

es
po

nd
in

g 
yi

el
d 

lim
it,

 
th

e 
yi

el
de

d 
zo

ne
 is

 n
ow

 a
bo

ut
 7

 m
. 

 
Fi

gu
re

 1
0:

 D
ef

le
ct

io
n 

an
d 

yi
el

de
d 

zo
ne

s 
(P

er
tu

rb
. A

, 
B,

 C
, D

) 
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  ha
s 

se
rv

ed
 a

s 
ba

se
lin

e 
ge

om
et

ry
 f

or
 5

0 
m

 w
at

er
 

de
pt

h.
 T

he
 s

pe
ci

fic
ity

 o
f 

la
rg

e 
di

am
et

er
 m

on
op

ile
 

ha
s 

be
en

 s
ta

te
d 

an
d 

im
pl

em
en

te
d.

 A
na

ly
se

s 
ha

ve
 

sh
ow

n 
th

at
 (

i) 
th

e 
in

iti
al

 to
w

er
 w

as
 n

ot
 a

pp
os

ite
 f

or
 

th
e 

de
si

gn
 c

on
st

ra
in

ts
; 

an
d 

(ii
) 

a 
la

rg
e 

am
ou

nt
 o

f 
so

il 
go

t p
la

st
ic

iz
ed

. 

W
ith

 a
 n

ew
 t

ow
er

, 
fiv

e 
pe

rtu
rb

at
io

n 
ca

se
s 

ha
ve

 
be

en
 c

on
si

de
re

d.
 T

he
ir 

ex
am

in
at

io
ns

 r
ev

ea
l t

ha
t 

a 
de

si
gn

 
ex

cl
us

iv
el

y 
ba

se
d 

on
 

av
oi

di
ng

 
re

so
na

nt
 

fre
qu

en
cy

 m
ay

 n
ot

 b
e 

th
or

ou
gh

. 
An

 a
pp

ro
pr

ia
te

 
de

si
gn

 
sc

he
m

e 
fo

r 
la

rg
e 

di
am

et
er

 
m

on
op

ile
, 

ho
w

ev
er

, c
ou

ld
 b

e 
ex

tra
ct

ed
 fr

om
 th

e 
as

se
ss

m
en

ts
. 

In
de

ed
, 

th
e 

ge
om

et
ry

 t
ha

t 
sa

tis
fie

s 
th

e 
re

so
na

nt
 

fre
qu

en
cy

 r
an

ge
 c

rit
er

io
n 

is
 a

 g
oo

d 
st

ar
tin

g 
po

in
t. 

At
te

nt
io

n 
sh

ou
ld

 b
e 

ta
ke

n 
to

 d
is

tri
bu

te
 t

he
 s

tif
fn

es
s 

al
on

g 
th

e 
st

ru
ct

ur
e:

 
a 

ch
an

ge
 

of
 

th
e 

to
w

er
 

pr
op

er
tie

s 
ca

n 
be

 
ne

ce
ss

ar
y.

 
Th

e 
de

si
gn

 
is

 
co

m
pl

et
ed

 b
y 

se
tti

ng
 a

 s
uf

fic
ie

nt
 l

en
gt

h 
th

at
 g

iv
es

 
de

si
re

d 
de

fle
ct

io
n 

sh
ap

e.
 

U
pd

at
in

g 
th

e 
pi

le
 

le
ng

th
 

le
ad

s 
to

 
in

cr
ea

se
 

of
 

to
rs

io
na

l 
m

om
en

t. 
Fu

rth
er

 
st

ud
ie

s 
ne

ed
 

to
 

in
ve

st
ig

at
e 

ho
w

 t
he

 c
on

si
de

ra
tio

n 
of

 s
oi

l 
to

rs
io

na
l 

re
si

st
an

ce
 c

an
 a

ffe
ct

 t
hi

s 
ob

se
rv

at
io

n.
 I

n 
ad

di
tio

n,
 

ac
co

un
tin

g 
fo

r 
tip

-d
is

pl
ac

em
en

t 
re

la
tio

ns
hi

p 
m

ig
ht

 
al

so
 r

ev
ea

l 
sa

lie
nt

 c
on

cl
us

io
ns

, 
na

m
el

y 
ab

ou
t 

th
e 

in
flu

en
ce

 o
f 

th
e 

sk
in

 f
ric

tio
n.

 F
in

al
ly

, 
m

or
e 

de
ta

ile
d 

so
il-

st
ru

ct
ur

e 
in
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 m
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 p
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 f
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 m
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 b
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 m
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 b
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𝑦𝑦)

 
Eq

. 5
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s 
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tio
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 c
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 m
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l d
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 c
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l d
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e 
un

de
re
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 th
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 p
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ge
n 

fre
qu

en
cy

 
es

tim
at

io
n 

[3
0]
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 p
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 c
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t p
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 b
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 b
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 d
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at
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or
iz
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l l
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g 
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) 
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se
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od
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 c
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tiv

e 
st

ep
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el
 d
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en

si
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w

er
e 
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ed
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r 
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en
t 
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en

ci
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e 
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nd

at
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e 
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Th
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eq
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le
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 w
ei

gh
t 

of
 t

ur
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nd
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er
 (
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ed
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ar
e 

im
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se
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e 
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of
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 d
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 f
or

ce
s 

an
d 

th
e 

ax
ia

l l
oa

ds
 

re
su

lti
ng

 f
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 t
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 m
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 b
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 d
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 b
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s f
or

 th
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t p
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 p
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 re
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be
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e 
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 b
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D

N
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l p
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l d
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ra
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.1
 

(r
e-

ar
ra

ng
em

en
t o
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io
n 

pr
op

os
ed

 b
y 

[1
7]
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 re

su
lts

 in
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e 

q c
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al
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e 
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of
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il.

  

𝑞𝑞 𝑐𝑐
=
√ 𝜎𝜎

𝑣𝑣′
×
𝜎𝜎 𝑎𝑎

𝑎𝑎𝑎𝑎
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p⁡(
3.7

3𝐷𝐷
𝑟𝑟
+
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at
io

ns
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C
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er
ts

on
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C
ab
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 s
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 th
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eq
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pr

op
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fri
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e 
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q c
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C
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K
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N
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ca
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at
ed
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e 
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e 
pr

op
os

ed
 b

y 
[2

1]
 a

nd
 [

22
]. 

D
ep

en
di

ng
 o

n 
th
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 c
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ra
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 c
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ol
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e 
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n 
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0 
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 d

et
ai

le
d 

ap
pr

oa
ch

 f
or

 
de

te
rm

in
in

g 
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ra
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e 
3D

 F
in

ite
 E

le
m

en
t 

so
ftw

ar
e 

PL
AX

IS
. T

he
 h

ar
de

ni
ng

 s
oi

l m
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 p
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 p

la
st

ic
 m

od
el

, 
do

es
 n

ot
 fi

x 
th

e 
yi

el
d 

su
rfa

ce
 in

 th
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at
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ra
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ac

tu
re

d 
in

 a
 fu

ll 
3D

 g
eo

m
et

ry
, e

.g
. b

y 
a 

m
ol

di
ng

 
pr

oc
es

s,
 

w
ith

 
va

ria
bl

e 
ch

or
d 

le
ng

th
 s

o 
th

ey
 c

an
 b

e 
in

se
rte

d 
be

tw
ee

n 
th

e 
ac

tiv
e 

fla
ps

 w
ith

 c
on

st
an

t 
ch

or
d 

an
d 

th
us

 
gi

ve
 a

 s
m

oo
th

er
 p

la
nf

or
m

 d
is

tri
bu

tio
n.

  
O

ne
 o

ve
ra

ll 
bl

ad
e 

de
si

gn
 c

ou
ld

 th
er

ef
or

e 
be

 
a 

bl
ad

e 
m

an
uf

ac
tu

re
d 

w
ith

ou
t t

he
 la

st
 a

bo
ut

 
10

%
 o

f 
th

e 
tra

ili
ng

 e
dg

e 
re

gi
on

 a
lo

ng
 t

he
 

w
ho

le
 s

pa
n.

 O
n 

th
e 

in
bo

ar
d 

pa
rt 

of
 t

he
 

bl
ad

e 
w

ith
 t

he
 t

hi
ck

 a
irf

oi
ls

 t
hi

s 
w

ou
ld

 f
or

m
 

th
e 

fla
t 

ba
ck

 
ai

rfo
ils

 
co

m
m

on
ly

 
us

ed
 

to
 

im
pr

ov
e 

ae
ro

dy
na

m
ic

 p
er

fo
rm

an
ce

 o
f 

th
ic

k 
ai

rfo
ils

. 
Fr

om
 e

.g
. 

1/
3 

of
 t

he
 r

ad
iu

s 
an

d 
to

 t
he

 t
ip

, 
pa

ss
iv

e 
an

d 
ac

tiv
e 

fla
p 

se
ct

io
ns

 c
ou

ld
 th

en
 

be
 m

ou
nt

ed
. 

D
ur

in
g 

th
e 

IN
D

U
FL

A
P 

pr
oj

ec
t 

[3
] 

th
e 

at
ta

ch
m

en
t 

el
em

en
ts

 
sh

ow
n 

in
 

Fi
gu

re
 4

 w
er

e 
de

ve
lo

pe
d.

 A
 b

ig
 a

dv
an

ta
ge

 
of

 
th

e 
de

si
gn

 
is

 
th

at
 

it 
w

ill 
re

du
ce

 
th

e 
re

qu
ire

m
en

ts
 

fo
r 

bl
ad

e 
tra

ili
ng

 
ed

ge
 

fin
is

hi
ng

 a
 lo

t 
as

 t
he

 r
es

t 
m

at
er

ia
l f

ro
m

 t
he

 
gl

ui
ng

 d
oe

s 
no

t n
ee

d 
to

 b
e 

re
m

ov
ed

. I
t  

al
so

 
en

ab
le

s 
a 

fa
st

 a
tta

ch
m

en
t o

f t
he

 fl
ap

 to
 th

e 
bl

ad
e 

an
d 

in
 t

he
 l

ab
. 

it 
to

ok
 l

es
s 

th
an

 a
 

m
in

ut
e 

to
 m

ou
nt

 t
he

 2
m

 f
la

p 
on

 a
 b

la
de

 
se

ct
io

n 
as

 s
ho

w
n 

in
 F

ig
ur

e 
5.

 
 

 
  F

ig
ur

e 
4 

– 
Th

e 
fla

p 
at

ta
ch

m
en

t t
o 

th
e 

bl
ad

e.
 

  
  F

ig
ur

e 
5 

– 
D

em
on

st
ra

tio
n 

in
 th

e 
la

b.
 o

f 
m

ou
nt

in
g 

th
e 

2m
 fl

ap
 o

n 
a 

bl
ad

e 
se

ct
io

n.
 

3.
 T

he
 ro

ta
tin

g 
te

st
 ri

g 
 At

 a
n 

ea
rly

 s
ta

ge
 o

f d
ev

el
op

m
en

t o
f t

he
 fl

ap
 

sy
st

em
 w

in
d 

tu
nn

el
 te

st
s 

w
er

e 
ca

rr
ie

d 
ou

t i
n 

20
09

 t
o 

ve
rif

y 
th

e 
ae

ro
dy

na
m

ic
 r

es
po

ns
e 

ch
ar

ac
te

ris
tic

s 
of

 t
he

 s
ys

te
m

 [
1]

. 
Pr

es
su

re
 

m
ea

su
re

m
en

ts
 w

er
e 

ca
rr

ie
d 

ou
t o

n 
a 

bl
ad

e 
se

ct
io

n 
of

 1
.9

m
 s

pa
n,

 1
m

 c
ho

rd
 a

nd
 w

ith
 a

 
15

%
 C

R
TE

F 
sy

st
em

 i
n 

th
e 

VE
LU

X
 w

in
d 

tu
nn

el
 

in
 

D
en

m
ar

k.
 

Th
e 

un
st

ea
dy

 
ae

ro
dy

na
m

ic
 r

es
po

ns
e 

ch
ar

ac
te

ris
tic

s 
w

er
e 

de
riv

ed
 

sh
ow

in
g 

a 
ch

ar
ac

te
ris

tic
 

tim
e 

co
ns

ta
nt

 o
f a

bo
ut

 1
00

m
s.

 
H

ow
ev

er
, t

he
re

 is
 b

ig
 s

te
p 

fro
m

 w
in

d 
tu

nn
el

 
te

st
in

g 
on

 a
 s

ta
tio

na
ry

 b
la

de
 s

ec
tio

n 
to

 f
ul

l 
sc

al
e 

tu
rb

in
e 

ap
pl

ic
at

io
n 

an
d 

th
er

ef
or

e 
a 

so
-

ca
lle

d 
ro

ta
tin

g 
te

st
 r

ig
 h

as
 b

ee
n 

de
ve

lo
pe

d 
in

 th
e 

IN
D

U
FL

AP
 p

ro
je

ct
 [3

]. 
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3.
4 

 P
ne

um
at

ic
 s

ys
te

m
 fo

r f
la

p 
ac

tu
at

io
n 

 Pr
es

su
riz

in
g 

th
e 

vo
id

s 
ca

n 
be

 d
on

e 
ei

th
er

 
by

 a
 h

yd
ra

ul
ic

 o
r 

a 
pn

eu
m

at
ic

 s
ys

te
m

 o
r 

by
 

a 
co

m
bi

na
tio

n 
of

 
th

e 
tw

o 
sy

st
em

s.
 

Th
e 

ch
oi

ce
 

of
 

sy
st

em
 

de
pe

nd
s 

e.
g.

 
on

 
th

e 
re

qu
ire

m
en

ts
 

fo
r 

th
e 

ac
tu

at
io

n 
tim

e 
co

ns
ta

nt
 a

nd
 o

n 
ho

w
 s

tro
ng

 th
e 

re
st

ric
tio

ns
 

ar
e 

on
 h

av
in

g 
va

lv
es

/w
ire

s 
in

 th
e 

bl
ad

e.
 

In
 th

e 
pr

es
en

t c
as

e 
a 

fir
st

 o
pt

io
n 

ha
s 

be
en

 a
 

pn
eu

m
at

ic
 

sy
st

em
 

de
ve

lo
pe

d 
an

d 
im

pl
em

en
te

d 
by

 H
yd

ra
te

ch
 In

du
st

rie
s 

w
hi

ch
 

w
er

e 
on

e 
of

 th
e 

in
du

st
ria

l p
ro

je
ct

 p
ar

tn
er

s 
in

 
th

e 
IN

D
U

FL
AP

 p
ro

je
ct

. 
 A

 
co

m
pr

es
so

r 
at

 
th

e 
hu

b 
su

pp
lie

s 
pr

es
su

riz
ed

 a
ir 

in
to

 3
 a

cc
um

ul
at

or
s 

w
hi

ch
 

ar
e 

th
e 

bl
ac

k 
tu

be
s 

m
ou

nt
ed

 i
n 

th
e 

bl
ad

e 
se

ct
io

n 
sh

ow
n 

in
 F

ig
ur

e 
8.

 T
he

y 
ha

ve
 th

re
e 

di
ffe

re
nt

 p
re

ss
ur

e 
le

ve
ls

: 
lo

w
, m

ed
iu

m
, a

nd
 

hi
gh

. 
A 

se
rie

s 
of

 3
 s

w
itc

he
s 

pe
r 

fla
p 

si
de

 
(’p

os
iti

ve
’-u

pp
er

, 
ne

ga
tiv

e’
-lo

w
er

) 
co

nt
ro

l 
w

hi
ch

 
of

 
th

e 
th

re
e 

pr
es

su
re

 
le

ve
ls

 
is

 
co

nn
ec

te
d 

to
 th

e 
fla

p 
vo

id
s 

(o
n-

of
f).

 A
 fo

ur
th

 
sw

itc
h 

pe
r 

fla
p 

si
de

 c
on

tro
ls

 t
he

 r
el

ea
se

 o
f 

pr
es

su
re

. 
C

on
tro

llin
g 

th
e 

sw
itc

h 
va

lv
es

 
al

lo
w

s 
fo

r 
dy

na
m

ic
 c

on
tro

l 
of

 t
he

 p
re

ss
ur

e 
in

 
th

e 
vo

id
s 

an
d 

th
er

ef
or

e 
th

e 
fla

p 
de

fle
ct

io
n.

 T
he

 p
re

ss
ur

e 
at

 t
he

 f
la

p 
in

le
ts

, 
th

e 
sw

itc
he

s,
 

th
e 

ac
cu

m
ul

at
or

s 
an

d 
th

e 
co

m
pr

es
so

r 
ar

e 
m

ea
su

re
d 

us
in

g 
pr

es
su

re
 

tra
ns

du
ce

rs
. 

 3.
5 

 In
st

ru
m

en
ta

tio
n 

 Be
si

de
s 

th
e 

ad
va

nt
ag

es
 b

y 
th

e 
ro

ta
tin

g 
te

st
 

rig
 

m
en

tio
ne

d 
ab

ov
e,

 
on

e 
ot

he
r 

m
aj

or
 

ad
va

nt
ag

e 
by

 t
es

tin
g 

th
e 

fla
p 

sy
st

em
 o

n 
a 

bl
ad

e 
se

ct
io

n 
is

 th
at

 it
 is

 p
os

si
bl

e 
to

 in
st

al
l a

 
su

rfa
ce

 
pr

es
su

re
 

m
ea

su
re

m
en

t 
sy

st
em

 
w

hi
ch

 
w

ou
ld

 
be

 
ve

ry
 

co
m

pl
ic

at
ed

 
to

 
im

pl
em

en
t 

on
 

a 
fu

ll 
sc

al
e 

bl
ad

e.
 

B
y 

m
ea

su
rin

g 
th

e 
pr

es
su

re
 

di
st

rib
ut

io
n,

 
th

e 
in

st
an

ta
ne

ou
s 

ae
ro

dy
na

m
ic

 lo
ad

in
g 

ca
n 

be
 

de
riv

ed
 a

nd
 t

he
 p

er
fo

rm
an

ce
 o

f 
th

e 
fla

p 
sy

st
em

 in
ve

st
ig

at
ed

. 
Th

e 
in

st
al

le
d 

pr
es

su
re

 s
ys

te
m

 c
om

pr
is

ed
 

59
 

pr
es

su
re

 
ho

le
s 

di
st

rib
ut

ed
 

al
on

g 
th

e 
ch

or
d 

at
 

th
e 

m
id

 
sp

an
 

po
si

tio
n 

an
d 

ad
di

tio
na

l 
16

 
pr

es
su

re
 

ta
ps

 
at

 
th

e 
25

%
 

ch
or

dw
is

e 
po

si
tio

n 
to

 m
on

ito
r 

th
e 

sp
an

w
is

e 
lo

ad
 d

is
tri

bu
tio

n.
 T

he
 p

re
ss

ur
e 

ta
ps

 w
er

e 
co

nn
ec

te
d 

to
 t

w
o 

64
 c

ha
nn

el
 S

ca
nn

iv
al

ve
 

pr
es

su
re

 
sc

an
ne

rs
 

m
ou

nt
ed

 
in

si
de

 
th

e 
bl

ad
e 

se
ct

io
n.

 
 

 
   F

ig
ur

e 
13

 –
 P

re
ss

ur
e 

ta
ps

 in
st

al
le

d 
on

 
th

e 
su

ct
io

n 
si

de
 a

t t
he

 m
id

 s
pa

n 
po

si
tio

n 
an

d 
al

on
g 

th
e 

sp
an

 a
t 2

5%
 c

ho
rd

 fr
om

 
th

e 
le

ad
in

g 
ed

ge
. 

Be
si

de
s 

th
e 

pr
es

su
re

 
m

ea
su

re
m

en
ts

 
se

ve
ra

l 
ac

ce
le

ro
m

et
er

s 
an

d 
st

ra
in

 g
au

ge
s 

w
er

e 
m

ou
nt

ed
 

on
 

th
e 

bo
om

 
an

d 
th

e 
na

ce
lle

. 
In

 o
rd

er
 t

o 
co

rr
el

at
e 

th
e 

pr
es

su
re

 
m

ea
su

re
m

en
ts

 t
o 

th
e 

un
st

ea
dy

 i
nf

lo
w

, 
tw

o 
fiv

e 
ho

le
 p

ito
t 

tu
be

s 
w

er
e 

m
ou

nt
ed

 o
n 

th
e 

le
ad

in
g 

ed
ge

 w
ith

 t
he

 s
en

so
r 

he
ad

 a
bo

ut
 

½
m

 in
 fr

on
t o

f t
he

 le
ad

in
g 

ed
ge

, F
ig

ur
e 

14
. 

A 
m

et
eo

ro
lo

gy
 m

as
t 

w
as

 p
os

iti
on

ed
 a

bo
ut

 
th

re
e 

ro
to

r 
di

am
et

er
s 

w
es

t 
of

 t
he

 t
es

t 
rig

 
w

he
re

 
w

in
d 

sp
ee

d 
an

d 
di

re
ct

io
n 

w
as

 
m

ea
su

re
d 

in
 s

ev
er

al
 h

ei
gh

ts
. 

In
 t

ot
al

, 
19

6 
da

ta
 c

ha
nn

el
s 

ar
e 

re
co

rd
ed

. 
 

 
   F

ig
ur

e 
14

 –
 T

he
 b

la
de

 s
ec

tio
n 

w
ith

 th
e 

C
R

TE
F 

fla
p 

sy
st

em
. I

nf
lo

w
 m

ea
su

re
d 

w
ith

 tw
o 

fiv
e 

ho
le

 p
ito

t t
ub

es
. 

  
  F

ig
ur

e 
8 

– 
Th

e 
in

ne
r a

lu
m

in
iu

m
 

st
ru

ct
ur

e 
of

 th
e 

bl
ad

e 
se

ct
io

n.
 

 
   F

ig
ur

e 
9 

– 
Th

e 
bl

ad
e 

se
ct

io
n 

re
ad

y 
fo

r 
in

st
ru

m
en

ta
tio

n 
an

d 
m

ou
nt

in
g 

th
e 

fla
p 

sy
st

em
. 

 3.
3 

 B
oo

m
 d

es
ig

n 
an

d 
in

st
al

la
tio

n 
 Th

e 
bo

om
 i

s 
bu

ilt
 u

p 
of

 f
ou

r 
th

in
-w

al
le

d 
tu

bu
la

r 
se

ct
io

ns
 (

th
re

e 
of

 a
lu

m
in

iu
m

 a
llo

y 
60

82
 

an
d 

on
e 

of
 

st
ee

l 
St

52
) 

an
d 

th
e 

co
nn

ec
tio

n 
pi

ec
es

 
an

d 
fla

ng
es

 
be

tw
ee

n 
th

em
, 

Fi
gu

re
 

10
. 

Th
e 

bl
ad

e 
se

ct
io

n 
is

 
at

ta
ch

ed
 w

ith
 a

 1
00

m
m

 d
ia

m
et

er
 ro

d 
sl

id
in

g 
in

to
 th

e 
tu

be
 in

 th
e 

bl
ad

e 
se

ct
io

n 
Fi

gu
re

 8
.  

 

 
  F

ig
ur

e 
10

 –
 T

he
 b

oo
m

 d
es

ig
n.

 

Th
e 

bo
om

 
is

 
fu

lly
 

pi
tc

ha
bl

e 
so

 
th

at
 

a 
co

m
bi

ne
d 

pi
tc

h 
an

d 
fla

p 
co

nt
ro

l 
ca

n 
be

 
in

ve
st

ig
at

ed
.  

Th
e 

bo
om

 w
ith

 t
he

 b
la

de
 s

ec
tio

n 
an

d 
fla

p 
sy

st
em

 w
as

 in
st

al
le

d 
in

 J
un

e 
20

14
, 

Fi
gu

re
 

11
, 

an
d 

th
e 

te
st

 
rig

 
w

as
 

re
ad

y 
fo

r 
m

ea
su

re
m

en
ts

 i
n 

Se
pt

em
be

r 
20

14
, 

Fi
gu

re
 

12
. 

 

 
   F

ig
ur

e 
11

 –
 In

st
al

la
tio

n 
of

 th
e 

bo
om

 a
nd

 
bl

ad
e 

se
ct

io
n 

in
 J

un
e 

20
14

. 

 

  F
ig

ur
e 

12
 –

 R
ot

at
in

g 
te

st
 ri

g 
re

ad
y 

fo
r 

m
ea

su
rin

g.
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se
qu

en
ci

es
 

m
ar

ke
d 

w
ith

 
re

d 
an

d 
bl

ue
, 

re
sp

ec
tiv

el
y,

 i
n 

Fi
gu

re
 1

8.
 T

o 
ac

hi
ev

e 
a 

w
id

e 
ra

ng
e 

of
 in

flo
w

 a
ng

le
s 

th
e 

pi
tc

h 
se

tti
ng

 
w

as
 c

ha
ng

ed
 f

ro
m

 o
ne

 1
0m

in
. 

tim
e 

se
rie

s 
to

 th
e 

ne
xt

. 
Th

e 
no

rm
al

 fo
rc

e 
lo

ad
in

g 
w

as
 d

er
iv

ed
 fr

om
 

th
e 

pr
es

su
re

 d
at

a 
an

d 
th

en
 b

in
ne

d 
on

 t
he

 
m

ea
su

re
d 

in
flo

w
 a

ng
le

 d
er

iv
ed

 fr
om

 th
e 

fiv
e 

ho
le

 p
ito

t 
tu

be
 m

ea
su

re
m

en
ts

, 
Fi

gu
re

 1
9.

 
Fr

om
 th

at
 fi

gu
re

 w
e 

ca
n 

no
w

 d
er

iv
e 

th
at

 th
e 

av
er

ag
e 

ch
an

ge
 i

n 
no

rm
al

 f
or

ce
 d

ue
 t

o 
a 

de
gr

ee
 c

ha
ng

e 
in

 f
la

p 
an

gl
e 

is
 a

bo
ut

 3
2%

 
of

 th
e 

av
er

ag
e 

ch
an

ge
 in

 n
or

m
al

 fo
rc

e 
du

e 
to

 a
 d

eg
re

e 
ch

an
ge

 in
 in

flo
w

 a
ng

le
. 

 

 
 Fi

gu
re

 1
8 

– 
A

 s
qu

ar
e 

pa
tte

rn
 c

ha
ng

e 
of

 
fla

p 
an

gl
e 

w
ith

 a
 p

er
io

d 
of

 1
0s

. 

 
 

Fi
gu

re
 1

9 
– 

N
or

m
al

 fo
rc

e 
da

ta
 fo

r 
ex

tr
em

e 
fla

p 
po

si
tio

ns
 p

lo
tte

d 
ag

ai
ns

t 
in

flo
w

 a
ng

le
. D

at
a 

av
er

ag
ed

 e
ve

ry
 

0.
5d

eg
 in

flo
w

 a
ng

le
. 

Th
e 

ca
lib

ra
tio

n 
an

d 
in

te
rp

re
ta

tio
n 

of
 

th
e 

in
flo

w
 a

ng
le

 i
s 

th
e 

un
ce

rta
in

 p
ar

ts
 o

f 
th

e 
ab

ov
e 

an
al

ys
is

. 
An

ot
he

r 
w

ay
 

of
 

ch
ar

ac
te

riz
in

g 
th

e 
fla
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ra
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e 
ba

nd
w

id
th

s 
of

 th
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 o
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at
e 

lo
ad

 
ca

se
s,

 
w

hi
ch

 
ar

e 
ve

ry
 

im
po

rta
nt

 w
he

n 
ev

al
ua

tin
g 

th
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 c
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 c
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 s
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 c
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 s
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 c
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 c

as
e 

is
 a

n 
em

er
ge

nc
y 

st
op

 
D

LC
 c

as
e 

in
 c

om
bi

na
tio

n 
w

ith
 a

 c
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 c
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 c
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ca
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, b
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 c
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 c
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m
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R
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 D
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w
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P
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w

er
e 

ca
lc

ul
at

ed
 

fo
r 

th
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 d
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r b
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w
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w
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w
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 c
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t l
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 l
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 f
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 f
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 b
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 c
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 c
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at
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∞
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 l
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at
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t-l
oa

d 
is

 c
on

si
de

re
d.

 
H

ow
ev

er
, 

fo
r 

op
tim

iz
in

g 
th

e 
co

nt
ro

lle
r 

fo
r 

in
di

-
vi

du
al

 o
pe

ra
tin

g 
po

in
ts

 in
 th

e 
fu

ll-
lo

ad
 re

gi
on

 o
f 

th
e 

w
in

d 
tu

rb
in

e,
 th

e 
ap

pr
oa

ch
 is

 c
on

si
de

re
d 

to
 

be
 v

er
y 

us
ef

ul
.  

3 
W

in
d 

Tu
rb

in
e 

M
od

el
 

fo
r 

C
on

tr
ol

 D
es

ig
n 

In
 t

hi
s 

pa
pe

r, 
a 

lin
ea

riz
ed

 m
od

el
 f

or
 o

nl
y 

on
e 

op
er

at
in

g 
po

in
t a

t 1
8 

m
/s

 m
ea

n 
w

in
d 

sp
ee

d 
is

 
co

ns
id

er
ed

 f
or

 c
on

tro
l d

es
ig

n.
 A

s 
w

e 
co

ns
id

er
 

on
ly

 f
ul

l-l
oa

d 
op

er
at

io
n,

 t
he

 g
en

er
at

or
 t

or
qu

e 
w

as
 a

ss
um

ed
 t

o 
be

 c
on

st
an

t 
an

d 
pi

tc
h 

sp
ee

d 
re

fe
re

nc
e 

w
as

 u
se

d 
as

 s
in

gl
e 

co
nt

ro
l i

np
ut

. 

In
 o

rd
er

 t
o 

re
du

ce
 c

om
pl

ex
ity

 a
nd

 c
al

cu
la

tio
n 

tim
e 

fo
r 

th
e 

fu
ll-

or
de

r 
H

∞
-c

on
tro

l 
de

si
gn

, 
th

e 
lin

ea
r c

on
tro

l d
es

ig
n 

m
od

el
 w

as
 d

er
iv

ed
 fr

om
 a

 
40

th
 o

rd
er

 r
ef

er
en

ce
 w

in
d 

tu
rb

in
e 

m
od

el
 b

y 
m

od
el

 
re

du
ct

io
n 

us
in

g 
m

od
al

 
co

nd
en

sa
tio

n.
 

Fo
r 

fu
ll-

or
de

r 
an

d 
st

ru
ct

ur
ed

 H
∞

-d
es

ig
n,

 a
n 

18
th
-o

rd
er

 w
in

d 
tu

rb
in

e 
m

od
el

 w
as

 fo
un

d 
to

 b
e 

su
ffi

ci
en

t, 
w

hi
ch

 d
es

cr
ib

es
 th

e 
re

le
va

nt
 s

ys
te

m
 

dy
na

m
ic

s 
up

 to
 a

pp
ro

xi
m

at
el

y 
4 

H
z,

 in
cl

ud
in

g 

- 
1st

 a
nd

 2
nd

  t
ow

er
 b

en
di

ng
 m

od
es

 fo
re

-
af

t 
- 

1st
 f

la
pw

is
e 

bl
ad

e 
be

nd
in

g 
co

lle
ct

iv
e 

an
d 

w
hi

rli
ng

 m
od

es
  

- 
2nd

 f
la

pw
is

e 
bl

ad
e 

be
nd

in
g 

co
lle

ct
iv

e 
m

od
e 

- 
1st

 d
riv

et
ra

in
 m

od
e 

co
up

le
d 

w
ith

 e
dg

e-
w

is
e 

co
lle

ct
iv

e 
bl

ad
e 

be
nd

in
g 

If 
th

e 
m

od
el

 is
 f

ur
th

er
 r

ed
uc

ed
, t

he
 in

te
ra

ct
io

n 
be

tw
ee

n 
to

w
er

 a
nd

 b
la

de
 b

en
di

ng
 m

od
es

 i
s 

no
t p

ro
pe

rly
 d

es
cr

ib
ed

. 

To
 b

e 
m

or
e 

ac
cu

ra
te

, 
ho

w
ev

er
, 

th
e 

re
su

lti
ng

 
tra

ns
fe

r 
fu

nc
tio

ns
, 

st
ep

 
re

sp
on

se
s 

an
d 

fre
-

qu
en

cy
 

do
m

ai
n 

pe
rfo

rm
an

ce
 

in
di

ca
to

rs
 

ar
e 

co
m

pu
te

d 
ba

se
d 

on
 t

he
 m

or
e 

de
ta

ile
d 

lin
ea

r 
m

od
el

 o
f o

rd
er

 4
0.

 

4 
H

∞
-R

ef
er

en
ce

 
C

on
tr

ol
 

D
e-

si
gn

 
H

∞
-c

on
tro

l 
de

si
gn

 in
 t

hi
s 

pa
pe

r 
is

 c
on

si
de

re
d 

in
 t

he
 i

nt
er

pr
et

at
io

n 
of

 s
ha

pi
ng

 c
lo

se
d 

lo
op

 
tra

ns
fe

r 
fu

nc
tio

ns
. 

In
 t

he
 f

irs
t 

st
ep

, 
fu

ll-
or

de
r 

H
∞

-c
on

tro
l 

de
si

gn
 i

s 
ca

rr
ie

d 
ou

t 
as

 a
 r

ef
er

-
en

ce
, 

us
in

g 
th

e 
hi
nf
sy
n-

fu
nc

tio
n 

in
 M

AT
LA

B 
[8

]. 
 

B
y 

m
ea

ns
 o

f 
su

ita
bl

e 
w

ei
gh

tin
g 

fu
nc

tio
ns

, 
it 

is
 

po
ss

ib
le

 
to

 
de

fin
e 

an
 

up
pe

r 
bo

un
d 

fo
r 

th
e 

m
ag

ni
tu

de
 

of
 

tra
ns

fe
r 

fu
nc

tio
ns

 
fro

m
 

w
in

d 
sp

ee
d 

to
 g

en
er

at
or

 s
pe

ed
, d

en
ot

ed
 a

s 
N

O
m
(j

), 
an

d 
fro

m
 w

in
d 

sp
ee

d 
to

 to
w

er
 to

p 
ac

ce
le

ra
tio

n 
N

aT
(j

). 
Th

e 
sc

he
m

at
ic

 o
f 

th
e 

co
nt

ro
l 

de
si

gn
 

m
od

el
 c

om
bi

ne
d 

w
ith

 w
ei

gh
tin

g 
fu

nc
tio

ns
 i

s 
sh

ow
n 

in
 

Fi
gu

re
 

1.
 

Th
e 

ap
pl

ie
d 

ty
pe

s 
of

 
w

ei
gh

tin
g 

fu
nc

tio
ns

 a
re

 s
ho

w
n 

in
 F

ig
ur

e 
9 

as
 

in
ve

rs
e 

bo
de

 m
ag

ni
tu

de
 p

lo
ts

 a
nd

 w
ill 

be
 d

is
-

cu
ss

ed
 in

 th
e 

fo
llo

w
in

g.
  

W
ei

gh
tin

g 
fu

nc
tio

n 
fo

r g
en

er
at

or
 s

pe
ed

 

Th
e 

fir
st

 id
ea

 w
as

 t
o 

pu
t 

a 
th

re
sh

ol
d 

k W
O

m
 o

n 
th

e 
tra

ns
fe

r 
fu

nc
tio

n 
N

O
m
(j

)G
W

in
d(

j
), 

w
he

re
 

G
W

in
d(

j
) 

is
 a

 t
ra

ns
fe

r 
fu

nc
tio

n 
de

sc
rib

in
g 

th
e 

w
in

d 
tu

rb
ul

en
ce

 s
pe

ct
ru

m
. 

Th
e 

ty
pe

 o
f 

th
e 

tra
ns

fe
r 

fu
nc

tio
n 

w
as

 c
ho

se
n 

ac
co

rd
in

g 
to

 [
9]

 
an

d 
th

e 
pa

ra
m

et
er

 a
dj

us
te

d 
to

 f
it 

th
e 

m
ag

ni
-

tu
de

 to
 th

e 
sq

ua
re

 r
oo

t o
f t

he
 c

on
si

de
re

d 
P

SD
 

of
 w

in
d 

sp
ee

d 
va

ria
tio

ns
. 

Th
e 

co
rr

es
po

nd
in

g 
w

ei
gh

tin
g 

fu
nc

tio
n 

w
ou

ld
 

th
us

 
be

 
k W

O
m
*G

W
in

d(
j

). 
H

ow
ev

er
, 

w
hi

le
 f

or
 t

hi
s 

ch
oi

ce
 

th
er

e 
is

 a
 t

ig
ht

 c
or

re
la

tio
n 

be
tw

ee
n 

w
ei

gh
tin

g 
fu

nc
tio

n 
ga

in
 

fa
ct

or
 

k W
O

m
 

an
d 

th
e 

re
su

lti
ng

 
ba

nd
w

id
th

 o
f 

sp
ee

d 
de

vi
at

io
ns

, 
it 

w
as

 f
ou

nd
 

th
at

 t
hi

s 
sp

ec
ifi

c 
w

ei
gh

tin
g 

fu
nc

tio
n 

di
d 

no
t 

re
su

lt 
in

 m
in

im
um

 to
w

er
 b

en
di

ng
 fa

tig
ue

.  

In
st

ea
d,

 
th

e 
ob

se
rv

at
io

n 
w

as
 

m
ad

e 
th

at
 

w
ei

gh
tin

g 
fu

nc
tio

ns
 

cr
os

si
ng

 
th

e 
op

en
 

lo
op

 
tra

ns
fe

r 
fu

nc
tio

n 
G

O
m
 w

ith
 z

er
o 

sl
op

e,
 in

 g
en

-
er

al
, 

re
su

lt 
in

 s
m

al
le

r 
to

w
er

 b
en

di
ng

 f
at

ig
ue

. 
Fo

r 
th

is
 r

ea
so

n,
 a

n 
in

ve
rs

e 
w

ei
gh

tin
g 

fu
nc

tio
n 

as
 s

ho
w

n 
in

 F
ig

ur
e 

9 
(a

) 
w

as
 c

ho
se

n,
 h

av
in

g 
pr

op
or

tio
na

l b
eh

av
io

r 
ar

ou
nd

 t
he

 d
es

ire
d 

co
n-

tro
lle

r b
an

dw
id

th
 a

nd
 d

er
iv

at
iv

e 
be

ha
vi

or
 a

t l
ow

 
fre

qu
en

ci
es

, 
re

su
lti

ng
 

in
 

ze
ro

 
st

ea
dy

-s
ta

te
 

sp
ee

d 
de

vi
at

io
n 

of
 th

e 
cl

os
ed

-lo
op

 s
ys

te
m

. T
he

 
fir

st
 c

or
ne

r f
re

qu
en

cy
 is

 d
en

ot
ed

 a
s 

f c,
W

O
m
. A

t a
 

fre
qu

en
cy

 o
f 

0.
8 

H
z,

 t
he

 s
lo

pe
 a

ga
in

 c
ha

ng
es

 
to

 2
0 

dB
/d

ec
ad

e 
to

 a
vo

id
 in

te
ra

ct
io

n 
w

ith
 h

ig
h-

er
 fr

eq
ue

nc
y 

m
od

es
 o

f t
he

 w
in

d 
tu

rb
in

e.
 

Sy
st

em
at

ic
 T

un
in

g 
of

 F
ix

ed
-S

tr
uc

tu
re

 S
pe

ed
 a

nd
  

A
ct

iv
e 

To
w

er
 D

am
pi

ng
 C

on
tr

ol
le

rs
 u

si
ng

 H
∞

-N
or

m
 

C
rit

er
ia

 in
 th

e 
Fr

eq
ue

nc
y 

D
om

ai
n 

 
M

ar
tin

 S
ha

n,
 B

or
is

 F
is

ch
er

, P
et

er
 L

oe
pe

lm
an

n 

Fr
au

nh
of

er
 IW

ES
 K

as
se

l, 
D

ep
ar

tm
en

t C
on

tro
l E

ng
in

ee
rin

g,
 E

m
ai

l: 
m

ar
tin

.s
ha

n@
iw

es
.fr

au
nh

of
er

.d
e 

 A
bs

tr
ac

t 
Th

is
 

pa
pe

r 
co

ns
id

er
s 

ho
w

 
st

ru
ct

ur
ed

 
H

∞
-

co
nt

ro
l d

es
ig

n 
ba

se
d 

on
 a

 g
iv

en
 w

in
d 

sp
ec

tru
m

 
ca

n 
be

 u
se

d 
as

 a
 s

ys
te

m
at

ic
, t

ra
ns

pa
re

nt
 a

nd
 

ef
fic

ie
nt

 w
ay

 fo
r t

un
in

g 
th

e 
pa

ra
m

et
er

s 
of

 fi
xe

d-
st

ru
ct

ur
e 

co
nt

ro
lle

rs
 fo

r r
ot

or
 s

pe
ed

 c
on

tro
l a

nd
 

ac
tiv

e 
to

w
er

 d
am

pi
ng

 fo
r a

 h
or

iz
on

ta
l-a

xi
s 

w
in

d 
tu

rb
in

e 
us

in
g 

co
lle

ct
iv

e 
pi

tc
h 

ac
tu

at
io

n.
 

K
ey
w
or
ds
: 

P
itc

h 
C

on
tro

l, 
A

ct
iv

e 
To

w
er

 D
am

p-
in

g,
 H

∞
 

1 
In

tr
od

uc
tio

n 
If 

co
lle

ct
iv

e 
pi

tc
h 

is
 u

se
d 

fo
r 

bo
th

 r
ot

or
 s

pe
ed

 
co

nt
ro

l 
an

d 
ac

tiv
e 

to
w

er
 d

am
pi

ng
 o

f 
a 

w
in

d 
tu

rb
in

e,
 c

on
tro

l 
de

si
gn

 e
ffe

ct
iv

el
y 

be
co

m
es

 a
 

m
ul

tiv
ar

ia
bl

e 
pr

ob
le

m
. S

pe
ed

 c
on

tro
l a

nd
 a

xi
al

 
to

w
er

 m
ot

io
n 

ar
e 

hi
gh

ly
 c

ou
pl

ed
, a

s 
ch

an
ge

s 
in

 
pi

tc
h 

an
gl

e 
al

w
ay

s 
in

flu
en

ce
 b

ot
h 

th
e 

ae
ro

dy
-

na
m

ic
 t

hr
us

t 
an

d 
th

e 
ae

ro
dy

na
m

ic
 t

or
qu

e 
ac

t-
in

g 
on

 
th

e 
ro

to
r. 

M
od

er
n 

co
nt

ro
l 

de
si

gn
 

m
et

ho
ds

, i
n 

pr
in

ci
pl

e,
 c

an
 o

pt
im

iz
e 

bo
th

 c
on

tro
l 

lo
op

s 
in

 p
ar

al
le

l 
on

ce
 t

he
 o

ve
ra

ll 
op

tim
iz

at
io

n 
cr

ite
rio

n 
is

 d
ef

in
ed

, 
e.

g.
 

[1
]. 

Th
is

, 
ho

w
ev

er
, 

re
qu

ire
s 

pr
op

er
 w

ei
gh

tin
g 

of
 d

iff
er

en
t 

co
nt

ro
l 

ob
je

ct
iv

es
 a

s 
a 

st
ar

tin
g 

po
in

t, 
w

hi
ch

 i
n 

m
an

y 
ca

se
s 

is
 n

ot
 o

bv
io

us
. 

As
 a

 c
on

se
qu

en
ce

, 
th

e 
pr

ob
le

m
 o

f c
on

tro
lle

r 
pa

ra
m

et
er

 tu
ni

ng
 is

 o
fte

n 
sh

ift
ed

 to
w

ar
ds

 tu
ni

ng
 o

f w
ei

gh
tin

g 
m

at
ric

es
 o

r 
w

ei
gh

tin
g 

fu
nc

tio
ns

. 

Fu
rth

er
m

or
e,

 
th

e 
re

su
lti

ng
 

M
IM

O
-c

on
tro

lle
rs

 
ar

e 
no

t 
ve

ry
 c

om
pr

eh
en

si
bl

e 
an

d,
 d

ep
en

di
ng

 
on

 t
he

 c
on

tro
l 

de
si

gn
 m

od
el

, 
m

ay
 b

e 
of

 h
ig

h 
or

de
r. 

In
 p

ra
ct

ic
e,

 th
is

 c
an

 c
au

se
 p

ro
bl

em
s 

fo
r 

ga
in

 s
ch

ed
ul

in
g 

or
 p

itc
h 

ac
tu

at
or

 s
at

ur
at

io
n 

/ 
co

nt
ro

lle
r 

sw
itc

hi
ng

 b
et

w
ee

n 
pa

rt-
 a

nd
 fu

ll-
lo

ad
 

op
er

at
io

n.
 

It 
is

 c
om

m
on

 p
ra

ct
ic

e 
in

 i
nd

us
try

 t
o 

de
si

gn
 

se
pa

ra
te

 c
on

tro
l 

lo
op

s 
fo

r 
sp

ee
d 

co
nt

ro
l 

an
d 

to
w

er
 d

am
pi

ng
. T

he
 c

on
tro

lle
r s

tru
ct

ur
e 

ty
pi

ca
l-

ly
 c

on
si

st
s 

of
 s

im
pl

e 
PI

D
 s

ch
em

es
 o

r f
ilt

er
s 

th
at

 
ar

e 
de

si
gn

ed
 in

 a
n 

ite
ra

tiv
e 

pr
oc

es
s.

 I
n 

m
an

y 
ca

se
s,

 a
n 

ex
is

tin
g 

sp
ee

d 
co

nt
ro

lle
r 

is
 a

ug
-

m
en

te
d 

w
ith

 a
n 

ad
di

tio
na

l c
on

tro
l l

oo
p 

fo
r 

ac
-

tiv
e 

to
w

er
 d

am
pi

ng
 [

2]
. 

C
le

ar
ly

, 
th

is
 a

pp
ro

ac
h 

w
ill 

no
t 

re
su

lt 
in

 a
n 

op
tim

al
 c

on
tro

lle
r 

pa
ra

m
e-

te
riz

at
io

n 
re

ga
rd

in
g 

bo
th

 
sp

ee
d 

co
nt

ro
l 

an
d 

to
w

er
 fa

tig
ue

 o
bj

ec
tiv

es
. 

Th
e 

ap
pr

oa
ch

 ta
ke

n 
in

 th
is

 p
ap

er
 is

 to
 a

pp
ly

 a
 

pr
ag

m
at

ic
 

m
ul

tiv
ar

ia
bl

e 
co

nt
ro

l 
de

si
gn

 
to

 
a 

co
nt

ro
lle

r 
w

ith
 p

re
de

fin
ed

, 
i.e

. 
fix

ed
 s

tru
ct

ur
e.

 
Th

e 
ad

va
nt

ag
es

 o
f a

 s
im

pl
e 

an
d 

co
m

pr
eh

en
si

-
bl

e 
co

nt
ro

lle
r 

st
ru

ct
ur

e 
sh

ou
ld

 b
e 

co
m

bi
ne

d 
w

ith
 th

os
e 

of
 a

 s
ys

te
m

at
ic

 m
ul

tiv
ar

ia
bl

e 
co

nt
ro

l 
de

si
gn

. 

Th
e 

re
su

lts
 a

nd
 c

on
cl

us
io

ns
 p

re
se

nt
ed

 in
 t

hi
s 

pa
pe

r 
ha

ve
 b

ee
n 

de
riv

ed
 fo

r 
th

e 
w

el
l-k

no
w

n 
5 

M
W

 N
R

E
L 

re
fe

re
nc

e 
w

in
d 

tu
rb

in
e 

[3
]. 

H
ow

ev
-

er
, s

im
ila

r 
re

su
lts

 h
av

e 
be

en
 o

bs
er

ve
d 

al
so

 fo
r 

m
od

el
s 

of
 d

iff
er

en
t m

ul
ti-

M
W

 w
in

d 
tu

rb
in

es
. 

2 
Fo

rm
ul

at
io

n 
of

 C
on

tr
ol

 O
b-

je
ct

iv
es

 
in

 
th

e 
Fr

eq
ue

nc
y 

D
om

ai
n 

Th
e 

as
su

m
ed

 c
on

tro
l o

bj
ec

tiv
e 

in
 th

is
 s

tu
dy

 is
: 

Fo
r a

 g
iv

en
 w

in
d 

sp
ec

tr
um

, 
 

m
in

im
iz

e 
th

e 
fa

tig
ue

 d
am

ag
e 

re
la

te
d 

to
 t

he
 f

or
e-

af
t 

to
w

er
 b

as
e 

be
nd

in
g 

m
om

en
t  

 
w

hi
le

 k
ee

pi
ng

 th
e 

ro
to

r s
pe

ed
 d

ev
ia

-
tio

ns
 b

el
ow

 a
 d

ef
in

ed
 th

re
sh

ol
d 

 
an

d 
ke

ep
in

g 
pi

tc
h 

sp
ee

d 
an

d 
pi

tc
h 

ac
ce

le
ra

tio
n 

be
lo

w
 g

iv
en

 li
m

its
 

Si
nc

e 
in

fo
rm

at
io

n 
on

 t
he

 w
in

d 
fie

ld
 is

 t
yp

ic
al

ly
 

gi
ve

n 
in

 t
he

 f
re

qu
en

cy
 d

om
ai

n,
 a

n 
H

∞
-n

or
m

 
ba

se
d 

ap
pr

oa
ch

 is
 c

ho
se

n.
 T

he
 o

rig
in

al
 c

on
tro

l 
ob

je
ct

iv
es

, 
w

hi
ch

 
ar

e 
ac

tu
al

ly
 

tim
e 

do
m

ai
n 

cr
ite

ria
, a

re
 tr

an
sl

at
ed

 in
to

 w
ei

gh
tin

g 
fu

nc
tio

ns
. 

W
hi

le
 s

om
e 

au
th

or
s 

pr
op

os
e 

“b
la

ck
-b

ox
” 

nu
-

m
er

ic
al

 o
pt

im
iz

at
io

n 
of

 w
ei

gh
tin

g 
fu

nc
tio

n 
pa

-
ra

m
et

er
s,

 s
ee

 e
.g

. 
O

zd
em

ir 
[4

], 
in

 t
hi

s 
pa

pe
r 

th
e 

de
pe

nd
en

cy
 b

et
w

ee
n 

w
ei

gh
tin

g 
fu

nc
tio

n 
pa

ra
m

et
er

s 
an

d 
th

e 
or

ig
in

al
 c

on
tro

l o
bj

ec
tiv

es
 

sh
ou

ld
 b

e 
m

ad
e 

tra
ns

pa
re

nt
. F

or
 th

is
 p

ur
po

se
, 

to
w

er
 b

en
di

ng
 f

at
ig

ue
 a

nd
 m

ax
im

um
 s

pe
ed

 
de

vi
at

io
ns

 m
us

t 
be

 r
el

at
ed

 t
o 

th
e 

fre
qu

en
cy

 
do

m
ai

n 
pr

op
er

tie
s 

of
 t

he
 w

in
d 

tu
rb

in
e,

 i.
e.

 t
he

 
sh

ap
e 

of
 th

e 
cl

os
ed

-lo
op

 tr
an

sf
er

 fu
nc

tio
ns

. 

As
 d

es
cr

ib
ed

 in
 [5

], 
fa

tig
ue

 d
ue

 to
 to

w
er

 fo
re

-a
ft 

be
nd

in
g 

ca
n 

be
 e

st
im

at
ed

 d
ire

ct
ly

 b
as

ed
 o

n 
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illu
st

ra
te

 th
is

, a
 n

um
be

r o
f H

∞
-c

on
tro

lle
r c

al
cu

-
la

tio
ns

 h
av

e 
be

en
 c

ar
rie

d 
ou

t 
on

 a
 g

rid
 in

 t
he

 
2-

di
m

en
si

on
al

 p
ar

am
et

er
 s

pa
ce

 [
k W

O
m
, 

k W
aT

]. 
Fo

r 
th

e 
re

su
lti

ng
 c

on
tro

lle
rs

, 
th

e 
de

pe
nd

en
cy

 
of

 m
ax

im
um

 s
pe

ed
 d

ev
ia

tio
ns

 a
nd

 to
w

er
 b

en
d-

in
g 

fa
tig

ue
 d

am
ag

e 
on

 t
he

 m
ax

im
um

 m
ag

ni
-

tu
de

 v
al

ue
s 

of
 N

O
m
(j

) 
an

d 
N

aT
(j

) 
ha

ve
 b

ee
n 

in
ve

st
ig

at
ed

. 

Fo
r 

th
at

 p
ur

po
se

, 
th

e 
pa

ra
m

et
er

s 
k W

O
m
 a

nd
 

k W
at
 h

av
e 

be
en

 r
ed

uc
ed

 s
te

pw
is

e 
be

gi
nn

in
g 

fro
m

 s
ta

rti
ng

 v
al

ue
s 

k W
O

m
,0
, k

W
at

,0
. T

he
se

 s
ta

rt-
in

g 
va

lu
es

 c
an

 b
e 

in
te

rp
re

te
d 

as
 a

bs
ol

ut
e 

up
-

pe
r 

bo
un

ds
 o

n 
th

e 
m

ag
ni

tu
de

 o
f 

th
e 

tra
ns

fe
r 

fu
nc

tio
ns

 N
O

m
(j

), 
N

aT
(j

). 
Fo

r k
W

at
,0
 th

e 
na

tu
ra

l 
ch

oi
ce

 is
 to

 s
et

 th
e 

st
ar

tin
g 

va
lu

e 
to

 th
e 

m
ax

i-
m

um
 o

f 
th

e 
op

en
-lo

op
 t

ra
ns

fe
r 

fu
nc

tio
n 

fro
m

 
w

in
d 

sp
ee

d 
to

 t
ow

er
 t

op
 a

cc
el

er
at

io
n 

G
aT

(j
). 

Th
is

 m
ea

ns
, 

th
e 

co
nt

ro
lle

r 
sh

ou
ld

 n
ot

 r
ed

uc
e 

th
e 

da
m

pi
ng

 in
 c

om
pa

ris
on

 t
o 

th
e 

op
en

 lo
op

. 
R

eg
ar

di
ng

 t
he

 s
pe

ed
 c

on
tro

l 
lo

op
, 

an
 u

pp
er

 
bo

un
d 

fo
r 

|N
O

m
| 

ca
n 

be
 e

as
ily

 f
ou

nd
 f

ro
m

 t
he

 
ad

m
is

si
bl

e 
m

ax
im

um
 

sp
ee

d 
de

vi
at

io
n,

 
as

 
sh

ow
n 

be
lo

w
.  

Fo
r 

ev
er

y 
H

∞
-c

on
tro

lle
r 

co
m

pu
ta

tio
n,

 th
e 

fu
nc

-
tio

n 
hi

nf
sy

n 
re

tu
rn

s 
a 

pe
rfo

rm
an

ce
 

va
lu

e 
 

w
hi

ch
 is

 s
m

al
le

r 
th

an
 1

 i
f 

al
l s

pe
ci

fic
at

io
ns

 in
 

te
rm

s 
of

 w
ei

gh
tin

g 
fu

nc
tio

ns
 h

av
e 

be
en

 m
et

. 
Fo

r 
 >

 1
 th

is
 is

 n
ot

 th
e 

ca
se

 a
nd

 s
om

e 
cl

os
ed

 
lo

op
 t

ra
ns

fe
r 

fu
nc

tio
ns

 e
xc

ee
d 

th
e 

w
ei

gh
tin

g 
fu

nc
tio

ns
. 

Th
e 

lo
w

er
 l

im
it 

of
 t

he
 p

ar
am

et
er

 
sp

ac
e 

is
 th

us
 g

iv
en

 b
y 

th
e 

co
m

bi
na

tio
ns

 [k
W

O
m
, 

k W
aT

] t
ha

t r
es

ul
t i

n 
 

= 
1,

 fo
rm

in
g 

th
e 

bo
rd

er
 to

 
th

e 
pa

ra
m

et
er

 r
eg

io
n 

th
at

 i
s 

no
t 

fe
as

ib
le

 i
n 

te
rm

s 
of

 a
ct

ua
to

r 
lim

its
 o

r 
ro

bu
st

ne
ss

 r
eq

ui
re

-
m

en
ts

. 

Th
e 

de
pe

nd
en

cy
 o

f t
he

 R
ic

e 
es

tim
at

e 
fo

r m
ax

-
im

um
 g

en
er

at
or

 s
pe

ed
 d

ev
ia

tio
n 

on
 t

he
 m

ax
i-

m
um

 
m

ag
ni

tu
de

 
of

 
th

e 
tra

ns
fe

r 
fu

nc
tio

n 
N

O
m
(j

) i
s 

sh
ow

n 
in

 F
ig

ur
e 

2.
 H

er
e,

 th
e 

re
la

tio
n 

is
 q

ui
te

 c
le

ar
: 

a 
re

du
ct

io
n 

in
 m

ax
|N

O
m
| 

- 
as

 
ex

pe
ct

ed
 -

 w
ill

 r
es

ul
t 

in
 a

 p
ro

po
rti

on
al

 r
ed

uc
-

tio
n 

of
 th

e 
m

ax
im

um
 s

pe
ed

 d
ev

ia
tio

n.
 T

he
re

 is
 

al
m

os
t 

no
 

de
pe

nd
en

cy
 

on
 

m
ax

|N
aT

|. 
If 

th
e 

sl
op

e 
of

 t
he

 l
in

ea
r 

de
pe

nd
en

cy
 i

s 
kn

ow
n,

 t
he

 
m

ax
im

um
 v

al
ue

 o
f 

k W
O

m
,0
 a

s 
up

pe
r 

bo
un

d 
on

 
k W

O
m
 c

an
 t

hu
s 

be
 d

ire
ct

ly
 d

er
iv

ed
 f

ro
m

 t
he

 
m

ax
im

um
 a

dm
is

si
bl

e 
sp

ee
d 

de
vi

at
io

n.
 

C
on

si
de

rin
g 

th
e 

de
pe

nd
en

cy
 o

f 
to

w
er

 b
en

di
ng

 
fa

tig
ue

 d
am

ag
e 

D
M

YT
 o

n 
th

e 
in

di
vi

du
al

 m
ax

im
a 

of
 |

N
O

m
(j

)|,
 |

N
aT

(j
)| 

th
e 

re
la

tio
n 

is
 s

ho
w

n 
by

 
th

e 
co

lo
r m

ap
 in

 F
ig

ur
e 

3.
 T

he
 re

d 
do

ts
 d

en
ot

e 
th

e 
ca

lc
ul

at
ed

 c
on

tro
lle

rs
. 

Fo
r 

co
ns

ta
nt

 m
ax

 
|N

O
m
|, 

a 
de

cr
ea

se
 in

 m
ax

|N
aT

| w
ill 

re
su

lt 
in

 r
e-

du
ce

d 
fa

tig
ue

 d
am

ag
e.

 O
n 

th
e 

ot
he

r 
ha

nd
, f

or
 

co
ns

ta
nt

 m
ax

|N
aT

|, 
al

so
 a

 d
ec

re
as

in
g 

m
ax

|N
O

m
| 

w
ill 

re
su

lt 
in

 r
ed

uc
ed

 f
at

ig
ue

 d
am

ag
e.

 I
n 

th
e 

co
ns

id
er

ed
 c

as
e,

 t
he

 m
in

im
um

 i
s 

lo
ca

te
d 

on
 

th
e 

lo
w

er
 b

or
de

r 
of

 t
he

 p
la

ne
 w

hi
ch

 i
s 

de
te

r-

m
in

ed
 b

y 
th

e 
co

nd
iti

on
 

  =
 1

, a
nd

 is
 th

us
 m

ai
n-

ly
 

in
flu

en
ce

d 
by

 
th

e 
pi

tc
h 

sp
ee

d 
w

ei
gh

tin
g 

fu
nc

tio
n.

 S
in

ce
 m

ax
|N

aT
| a

nd
 m

ax
|N

O
m
| a

re
 n

ot
 

in
de

pe
nd

en
t o

f e
ac

h 
ot

he
r, 

th
e 

op
tim

um
 tr

ad
e-

of
f 

ha
s 

to
 b

e 
fo

un
d.

 E
sp

ec
ia

lly
, 

fo
r 

th
e 

N
R

E
L 

w
in

d 
tu

rb
in

e,
 it

 i
s 

no
t 

tru
e 

in
 a

ny
 c

as
e 

th
at

 a
 

m
or

e 
ag

gr
es

si
ve

 
ac

tiv
e 

to
w

er
 

da
m

pi
ng

 
(r

e-
du

ce
d 

m
ax

|N
aT

|) 
w

ill 
re

su
lt 

in
 lo

w
er

 to
w

er
 b

en
d-

in
g 

fa
tig

ue
 a

s 
it 

m
ig

ht
 m

ea
n 

an
 in

cr
ea

se
 in

 m
ax

 
|N

O
m

|. 
Al

so
 r

el
ax

in
g 

th
e 

sp
ee

d 
co

nt
ro

lle
r 

w
ill

 
no

t i
n 

an
y 

ca
se

 re
su

lt 
in

 lo
w

er
 fa

tig
ue

 lo
ad

s.
  

Fo
r 

fin
di

ng
 th

e 
op

tim
um

 s
et

 o
f w

ei
gh

tin
g 

fu
nc

-
tio

n 
pa

ra
m

et
er

s,
 th

e 
m

os
t t

ra
ns

pa
re

nt
 w

ay
, a

s 
de

sc
rib

ed
 a

bo
ve

, i
s 

to
 a

pp
ly

 H
∞

-c
on

tro
l d

es
ig

n 
fo

r 
al

l p
ar

am
et

er
 p

oi
nt

s 
[k

W
O

m
, k

W
aT

] o
n 

a 
su

ffi
-

ci
en

tly
 d

en
se

 g
rid

 in
 th

e 
fe

as
ib

le
 re

gi
on

. 

 
Fi

gu
re

 2
: D

ep
en

de
nc

y 
of

 R
ic

e 
es

tim
at

e 
fo

r m
ax

im
um

 
sp

ee
d 

de
vi

at
io

n 
on

 t
he

 m
ax

im
um

 o
f 

th
e 

tra
ns

fe
r 

fu
nc

tio
n 

N
O

m
(j

) 

Fi
gu

re
 3

: D
ep

en
de

nc
y 

of
 to

w
er

 b
en

di
ng

 fa
tig

ue
 d

am
-

ag
e 

on
 th

e 
m

ax
im

a 
of

 tr
an

sf
er

 fu
nc

tio
ns

 N
O

m
(j

) 
an

d 
N

aT
(j

), 
re

d 
do

ts
: 

ca
lc

ul
at

ed
 

co
nt

ro
lle

rs
, 

bl
ac

k 
da

sh
ed

 li
ne

: 
bo

rd
er

 
=1

 in
 t

he
 [m

ax
 |N

O
m
|, 

m
ax

|N
aT

|] 
pl

an
e,

 re
d 

ci
rc

le
: c

on
tro

lle
r w

ith
 m

in
im

um
 D

M
Y

T 

Th
e 

fre
e 

pa
ra

m
et

er
s 

of
 t

he
 i

nv
er

se
 w

ei
gh

tin
g 

fu
nc

tio
n 

ar
e 

th
us

 c
or

ne
r 

fre
qu

en
cy

 f
c,

W
O

m
 a

nd
 

th
e 

ga
in

 in
 th

e 
ho

riz
on

ta
l p

ar
t k

W
O

m
.  

C
on

si
de

rin
g 

Fi
gu

re
 8

, 
if 

to
w

er
 b

en
di

ng
 f

at
ig

ue
 

is
 c

om
pa

re
d 

fo
r 

di
ffe

re
nt

 c
on

tro
lle

rs
 w

ith
 e

qu
al

 
m

ax
im

um
 

ge
ne

ra
to

r 
sp

ee
d 

de
vi

at
io

n 
(R

ic
e-

es
tim

at
e)

, i
t t

ur
ns

 o
ut

 th
at

 c
on

tro
lle

rs
 w

ith
 s

m
al

l 
va

lu
es

 o
f 

f c,
W

O
m
 a

ch
ie

ve
 lo

w
er

 v
al

ue
s 

of
 t

ow
er

 
be

nd
in

g 
fa

tig
ue

 d
am

ag
e.

 

As
 a

 c
on

se
qu

en
ce

, 
a 

pu
re

 D
-c

on
tro

lle
r 

ac
tin

g 
on

 p
itc

h 
ra

te
 r

ef
er

en
ce

 (
or

 a
 p

ur
e 

P
-c

on
tro

lle
r 

ac
tin

g 
on

 t
he

 p
itc

h 
an

gl
e 

re
fe

re
nc

e)
 s

ee
m

s 
to

 
be

 m
os

t 
su

ita
bl

e 
if 

st
ea

dy
-s

ta
te

 r
ot

or
 s

pe
ed

 
de

vi
at

io
ns

 c
an

 b
e 

to
le

ra
te

d.
 I

f 
ze

ro
 s

te
ad

y-
st

at
e 

er
ro

r 
is

 r
eq

ui
re

d,
 a

 d
es

ire
d 

tim
e 

co
m

pe
n-

sa
tio

n 
co

ns
ta

nt
 f

or
 t

he
 s

te
ad

y 
st

at
e 

er
ro

r 
ca

n 
be

 s
pe

ci
fie

d.
 In

 th
e 

fo
llo

w
in

g 
it 

w
ill 

be
 a

ss
um

ed
 

th
at

 f c
,W

O
m
 is

 s
et

 to
 a

 d
ef

in
ed

 v
al

ue
 c

or
re

sp
on

d-
in

g 
to

 a
 c

om
pa

ra
bl

y 
la

rg
e 

tim
e 

co
ns

ta
nt

 o
f 1

0s
. 

W
ei

gh
tin

g 
fu

nc
tio

n 
fo

r 
to

w
er

 t
op

 a
cc

el
er

a-
tio

n 

Fo
r 

to
w

er
 t

op
 a

cc
el

er
at

io
n,

 a
 s

im
pl

e 
co

ns
ta

nt
 

k W
aT

 is
 u

se
d 

as
 in

ve
rs

e 
w

ei
gh

tin
g 

fu
nc

tio
n,

 s
ee

 
Fi

gu
re

 9
 (

b)
. T

he
 a

im
 is

 to
 a

tte
nu

at
e 

th
e 

pe
ak

 
in

 t
he

 t
ra

ns
fe

r 
fu

nc
tio

n 
fro

m
 w

in
d 

sp
ee

d 
to

 
to

w
er

 t
op

 a
cc

el
er

at
io

n,
 w

hi
ch

 c
or

re
sp

on
ds

 t
o 

an
 a

ct
iv

e 
da

m
pi

ng
 o

f t
he

 to
w

er
 fo

re
-a

ft-
m

ot
io

n.
 

W
ei

gh
tin

g 
fu

nc
tio

n 
fo

r p
itc

h 
sp

ee
d 

Th
e 

ai
m

 o
f 

th
is

 w
ei

gh
tin

g 
fu

nc
tio

n 
is

 t
o 

re
pr

e-
se

nt
 th

e 
ac

tu
at

or
 li

m
its

 in
 te

rm
s 

of
 p

itc
h 

sp
ee

d 
an

d 
pi

tc
h 

ac
ce

le
ra

tio
n.

 F
ur

th
er

m
or

e,
 it

 s
ho

ul
d 

pr
ov

id
e 

su
ffi

ci
en

t 
ro

ll-
of

f 
to

 t
he

 c
on

tro
lle

r 
fo

r 

hi
gh

er
 fr

eq
ue

nc
ie

s 
in

 o
rd

er
 to

 a
vo

id
 in

te
ra

ct
io

n 
w

ith
 h

ig
h-

or
de

r 
st

ru
ct

ur
al

 m
od

es
 a

nd
 n

oi
se

, 
an

d 
to

 
in

cr
ea

se
 

ro
bu

st
ne

ss
 

ag
ai

ns
t 

m
od

el
 

un
ce

rta
in

tie
s.

 A
dd

iti
on

al
ly

, i
t w

as
 o

bs
er

ve
d 

th
at

 
pr

op
er

 b
an

dw
id

th
 li

m
ita

tio
n 

is
 e

ffe
ct

iv
e 

to
 a

vo
id

 
th

e 
ca

lc
ul

at
io

n 
of

 u
ns

ta
bl

e 
co

nt
ro

lle
rs

 b
y 

th
e 

hi
nf

sy
n 

fu
nc

tio
n.

 

Th
e 

in
ve

rs
e 

of
 th

e 
ch

os
en

 w
ei

gh
tin

g 
fu

nc
tio

n 
is

 
sh

ow
n 

in
 F

ig
ur

e 
9 

(c
). 

In
 t

he
 l

ow
 f

re
qu

en
cy

 
re

gi
on

, t
he

 re
qu

ire
m

en
t t

o 
lim

it 
th

e 
pi

tc
h 

sp
ee

d 
re

su
lts

 in
  

W
p(

j
) =

 G
W

in
d(

j
) /

 
P

itc
h,

m
ax

 
 

(1
) 

H
er

e 
th

e 
m

ax
im

um
 p

itc
h 

sp
ee

d 


P
itc

h,
m

ax
 w

as
 

as
su

m
ed

 to
 b

e 
5 

de
g/

s.
 

Fo
r h

ig
he

r f
re

qu
en

ci
es

, t
w

o 
ze

ro
s 

ar
e 

pl
ac

ed
 in

 
or

de
r t

o 
lim

it 
th

e 
ba

nd
w

id
th

 o
f t

he
 p

itc
h 

co
nt

ro
l-

le
r. 

Th
e 

ba
nd

w
id

th
 o

f t
he

 in
ve

rs
e 

tra
ns

fe
r f

un
c-

tio
n 

w
as

 c
ho

se
n 

at
 a

pp
ro

xi
m

at
el

y 
2 

H
z 

to
 r

ol
l 

of
f 

ab
ov

e 
th

e 
fir

st
 

fla
pw

is
e 

bl
ad

e 
be

nd
in

g 
m

od
e.

 

In
flu

en
ce

 o
f 

w
ei

gh
tin

g 
fu

nc
tio

n 
pa

ra
m

et
er

s 
on

 t
ow

er
 b

en
di

ng
 f

at
ig

ue
 a

nd
 m

ax
im

um
 

sp
ee

d 
de

vi
at

io
n 

In
 th

e 
fo

llo
w

in
g,

 th
e 

w
ei

gh
tin

g 
fu

nc
tio

n 
fo

r p
itc

h 
sp

ee
d 

is
 c

on
si

de
re

d 
as

 f
ix

ed
, 

w
hi

le
 t

he
 g

ai
ns

 
k W

O
m
 a

nd
 k

W
aT

 o
f 

th
e 

w
ei

gh
tin

g 
fu

nc
tio

ns
 f

or
 

ge
ne

ra
to

r 
sp

ee
d 

an
d 

to
w

er
 a

cc
el

er
at

io
n 

ar
e 

co
ns

id
er

ed
 a

s 
fre

e 
pa

ra
m

et
er

s 
fo

r 
co

nt
ro

l d
e-

si
gn

. 
O

ne
 o

f 
th

e 
ad

va
nt

ag
es

 o
f 

th
e 

co
nt

ro
l 

de
si

gn
 u

si
ng

 p
ar

am
et

ric
 w

ei
gh

tin
g 

fu
nc

tio
ns

 is
 

th
e 

in
te

rp
re

ta
tio

n 
of

 t
he

se
 f

re
e 

pa
ra

m
et

er
s 

in
 

te
rm

s 
of

 u
pp

er
 li

m
its

 o
n 

tra
ns

fe
r 

fu
nc

tio
ns

. 
To

 

 
Fi

gu
re

 1
: A

ug
m

en
te

d 
M

od
el

 S
ch

em
e 

co
ns

id
er

ed
 fo

r c
on

tro
l d

es
ig

n 
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Th
e 

co
m

pa
ris

on
 

w
ith

 
th

e 
H

∞
-c

on
tro

lle
r 

is
 

sh
ow

n 
in

 F
ig

ur
e 

4 
in

 te
rm

s 
of

 p
er

fo
rm

an
ce

 a
nd

 
in

 F
ig

ur
e 

9 
re

ga
rd

in
g 

th
e 

re
su

lti
ng

 t
ra

ns
fe

r 
fu

nc
tio

ns
. F

or
 th

e 
fix

ed
-s

tru
ct

ur
e 

co
nt

ro
lle

r, 
it 

is
 

in
te

re
st

in
g 

to
 s

ee
 t

ha
t 

al
th

ou
gh

 t
he

 s
te

p 
re

-
sp

on
se

 a
nd

 th
e 

re
su

lt 
of

 fa
tig

ue
 e

st
im

at
io

n 
ar

e 
ve

ry
 s

im
ila

r, 
th

e 
tra

ns
fe

r 
fu

nc
tio

n 
of

 t
he

 t
ow

er
 

da
m

pi
ng

 
pa

rt 
of

 
th

e 
ca

lc
ul

at
ed

 
hi

nf
st

ru
ct

-
co

nt
ro

lle
r 

is
 q

ui
te

 d
iff

er
en

t f
ro

m
 th

at
 o

f t
he

 H
∞

- 
co

nt
ro

lle
r, 

co
m

pa
re

 F
ig

ur
e 

10
. 

6 
To

w
er

 D
am

pi
ng

 C
on

tr
ol

le
r 

w
ith

ou
t 

To
w

er
 A

cc
el

er
at

io
n 

M
ea

su
re

m
en

t 
Th

e 
H

∞
-d

es
ig

n 
m

et
ho

do
lo

gy
 w

as
 a

ls
o 

us
ed

 to
 

de
si

gn
 a

 c
on

tro
lle

r f
or

 s
pe

ed
 c

on
tro

l a
nd

 a
ct

iv
e 

to
w

er
 d

am
pi

ng
 b

as
ed

 o
n 

so
le

ly
 t

he
 g

en
er

at
or

 
sp

ee
d 

in
pu

t. 
Th

is
 is

 p
os

si
bl

e,
 in

 t
he

or
y,

 s
in

ce
 

th
e 

H
∞

-c
on

tro
lle

r 
in

cl
ud

es
 a

 f
ul

l 
m

od
el

 o
f 

th
e 

pl
an

t a
nd

 th
e 

to
w

er
 a

cc
el

er
at

io
n 

is
 o

bs
er

va
bl

e 
in

 th
e 

ge
ne

ra
to

r s
pe

ed
.  

H
ow

ev
er

, 
if 

si
m

ila
r 

pe
rfo

rm
an

ce
 s

pe
ci

fic
at

io
ns

 
w

er
e 

us
ed

, a
s 

ha
ve

 b
ee

n 
fo

r 
th

e 
co

nt
ro

lle
rs

 in
 

th
e 

pr
ev

io
us

 
se

ct
io

ns
, 

th
e 

hi
nf

sy
n-

al
go

rit
hm

 
ca

lc
ul

at
ed

 
co

nt
ro

lle
rs

 
w

ith
 

un
st

ab
le

 
po

le
s.

 
Th

es
e 

co
nt

ro
lle

rs
 a

re
 c

le
ar

ly
 n

ot
 p

ra
ct

ic
ab

le
 fo

r 
us

e 
in

 r
ea

l w
in

d 
tu

rb
in

es
. 

W
ith

 r
el

ax
ed

 s
pe

ed
 

co
nt

ro
lle

r 
sp

ec
ifi

ca
tio

ns
, 

st
ill 

it 
w

as
 p

os
si

bl
e 

to
 

fin
d 

st
ab

le
 c

on
tro

lle
rs

 th
at

 p
ro

vi
de

 a
ct

iv
e 

to
w

er
 

da
m

pi
ng

. 
Th

es
e 

co
nt

ro
lle

rs
, 

ho
w

ev
er

, 
pr

ov
ed

 
to

 b
e 

un
st

ab
le

 in
 n

on
lin

ea
r 

si
m

ul
at

io
ns

. A
 p

os
-

si
bl

e 
ex

pl
an

at
io

n 
w

as
 fo

un
d 

by
 c

on
si

de
rin

g 
th

e 
ro

bu
st

 s
ta

bi
lit

y 
fo

r 
hi

gh
er

 f
re

qu
en

cy
 u

ns
tru

c-
tu

re
d 

un
ce

rta
in

ty
, a

s 
w

ill 
be

 d
is

cu
ss

ed
 in

 S
ec

-
tio

n 
8.

 

Al
l c

on
tro

lle
rs

 c
on

si
de

re
d 

in
 th

is
 p

ap
er

 a
re

 th
en

 
lis

te
d 

in
 T

ab
le

 1
. 

7 
Ve

rif
ic

at
io

n 
w

ith
 

no
nl

in
ea

r 
Si

m
ul

at
io

ns
 

Fo
r 

ve
rif

ic
at

io
n 

of
 t

he
 c

on
tro

l 
de

si
gn

 r
es

ul
ts

, 
no

nl
in

ea
r 

si
m

ul
at

io
ns

 h
av

e 
be

en
 c

ar
rie

d 
ou

t 
w

ith
 th

e 
IW

ES
 in

-h
ou

se
 w

in
d 

tu
rb

in
e 

si
m

ul
at

io
n 

to
ol

 W
Ts

im
 [1

1]
. 

Th
is

 s
im

ul
at

io
n 

to
ol

 is
 im

pl
e-

m
en

te
d 

in
 

M
AT

LA
B/

Si
m

ul
in

k.
 

It 
in

cl
ud

es
 

a 
st

ru
ct

ur
al

 d
yn

am
ic

s 
de

sc
rip

tio
n 

co
m

pa
ra

bl
e 

to
 

th
e 

fu
ll 

or
de

r 
lin

ea
r 

m
od

el
, w

hi
ch

 is
 s

ch
ed

ul
ed

 
w

ith
 o

pe
ra

tio
na

l 
po

in
t, 

as
 w

el
l 

as
 a

 n
on

lin
ea

r 
ae

ro
dy

na
m

ic
 m

od
el

 b
as

ed
 o

n 
a 

st
at

e-
of

-th
e-

ar
t 

BE
M

 im
pl

em
en

ta
tio

n.
 

In
 o

rd
er

 t
o 

m
ak

e 
th

e 
tim

e 
do

m
ai

n 
si

m
ul

at
io

ns
 

fu
lly

 c
om

pa
ra

bl
e 

w
ith

 t
he

 li
ne

ar
 m

od
el

 p
re

di
c-

tio
ns

 o
f 

th
e 

co
nt

ro
l 

de
si

gn
, 

a 
ho

m
og

en
eo

us
 

w
in

d 
fie

ld
 w

as
 a

pp
lie

d.
 F

ur
th

er
m

or
e,

 th
e 

to
w

er
 

sh
ad

ow
 w

as
 d

is
ab

le
d.

 A
 tu

rb
ul

en
ce

 in
te

ns
ity

 o
f 

10
%

 a
t 

18
 m

/s
 m

ea
n 

w
in

d 
sp

ee
d 

w
as

 a
s-

su
m

ed
, l

ea
di

ng
 to

 c
on

si
de

ra
bl

e 
de

vi
at

io
ns

 fr
om

 

th
e 

st
ea

dy
-s

ta
te

 o
pe

ra
tio

na
l p

oi
nt

 o
f 

th
e 

w
in

d 
tu

rb
in

e 
m

od
el

. O
nl

y 
a 

si
ng

le
 tu

rb
ul

en
ce

 s
ee

d 
of

 
60

0s
 d

ur
at

io
n 

w
as

 s
im

ul
at

ed
, 

le
av

in
g 

so
m

e 
ro

om
 f

or
 s

ta
tis

tic
al

 u
nc

er
ta

in
ty

 in
 t

he
 t

im
e 

do
-

m
ai

n 
re

su
lts

. 

Th
e 

co
m

pa
ris

on
 o

f t
he

 r
es

ul
ts

 fo
r 

fa
tig

ue
 d

am
-

ag
e 

re
la

te
d 

to
 th

e 
to

w
er

 b
as

e 
fo

re
-a

ft 
be

nd
in

g 
m

om
en

t 
M

YT
 a

nd
 r

ot
or

 s
pe

ed
 d

ev
ia

tio
ns

 a
re

 
sh

ow
n 

in
 F

ig
ur

e 
5 

an
d 

Fi
gu

re
 6

. I
t c

an
 b

e 
co

n-
cl

ud
ed

 t
ha

t 
th

er
e 

is
 g

oo
d 

ag
re

em
en

t 
w

ith
 t

he
 

lin
ea

r m
od

el
 p

re
di

ct
io

ns
, e

ve
n 

th
ou

gh
 o

nl
y 

on
e 

tu
rb

ul
en

ce
 s

ee
d 

w
as

 s
im

ul
at

ed
. T

he
 d

ec
re

as
e 

in
 t

ow
er

 b
en

di
ng

 f
at

ig
ue

 b
y 

m
ea

ns
 o

f 
ac

tiv
e 

to
w

er
 d

am
pi

ng
 a

s 
w

el
l 

as
 t

he
 d

ev
ia

tio
ns

 i
n 

ro
to

r 
sp

ee
d 

ar
e 

w
el

l 
pr

ed
ic

te
d 

by
 t

he
 l

in
ea

r 
co

nt
ro

l d
es

ig
n 

pr
oc

ed
ur

e,
 a

s 
co

m
pa

re
d 

to
 t

he
 

no
nl

in
ea

r s
im

ul
at

io
n 

re
su

lts
. 

 Ta
bl

e 
1:

 O
ve

rv
ie

w
 o

f c
on

si
de

re
d 

co
nt

ro
lle

rs
 

C
on

-
tr

ol
le

r 
O

rd
er

 
D

es
cr

ip
tio

n 

K r
ef
 

2 
R

ef
er

en
ce

 
Sp

ee
d 

co
nt

ro
lle

r 
w

ith
 

sa
m

e 
sp

ee
d 

co
nt

ro
lle

r 
se

tti
ng

s 
as

 K
st

ru
ct
 

K s
tru

ct
 

7 
Fi

xe
d 

st
ru

ct
ur

e 
co

nt
ro

lle
r, 

PD
 

sp
ee

d 
co

nt
ro

lle
r a

nd
 5

th
 o

rd
er

 
to

w
er

 d
am

pi
ng

 c
on

tro
lle

r 

K
hi

nf
 

22
 

 

H
∞

-c
on

tro
lle

r 
w

ith
 g

en
er

at
or

 
sp

ee
d 

an
d 

to
w

er
 a

cc
el

er
at

io
n 

in
pu

t 

K
hi

nf
,O

m
 

23
 

 

H
∞

-c
on

tro
lle

r 
w

ith
 o

nl
y 

ge
n-

er
at

or
 s

pe
ed

 in
pu

t 

 

 
Fi

gu
re

 5
: 

C
om

pa
ris

on
 o

f 
to

w
er

 b
as

e 
be

nd
in

g 
fa

tig
ue

 D
M

Y
T 

fo
r 

no
nl

in
ea

r 
si

m
ul

at
io

n 
(ti

m
e 

se
-

rie
s)

 a
nd

 li
ne

ar
 m

od
el

 p
re

di
ct

io
n.

 

K_
re

f
K_

hi
nf

K_
st

ru
ct

0246810
x 

10
32

fatigue damage DMYT

 

 
tim

e 
se

rie
s 

Ra
in

flo
w

tim
e 

se
rie

s 
D

irl
ik

lin
ea

r m
od

el
 D

irl
ik

Th
e 

si
m

pl
e 

al
go

rit
hm

 is
 a

s 
fo

llo
w

s:
 

(1
) 

St
ar

t w
ith

 k
W

O
m
 =

 k
W

O
m

,0
, k

W
aT

 =
 k

W
aT

,0
. 

(2
) 

R
ed

uc
e 

k W
aT

 in
 s

uf
fic

ie
nt

ly
 s

m
al

l s
te

ps
, 

un
til

 
 >

 1
. C

al
cu

la
te

 th
e 

H
∞

-c
on

tro
lle

r 
an

d 
ev

al
ua

te
 D

M
YT

 fo
r e

ac
h 

po
in

t. 
 

(3
) 

R
ed

uc
e 

k W
O

m
 b

y 
on

e 
st

ep
. 

If 
 

> 
1,

 
st

op
. 

(4
) 

R
ep

ea
t s

te
ps

 (2
) a

nd
 (3

) u
nt

il 
st

op
. 

(5
) 

Se
le

ct
 t

he
 c

on
tro

lle
r 

fo
r 

th
e 

gr
id

 p
oi

nt
 

w
ith

 m
in

im
um

 D
M

YT
. 

Th
e 

w
ho

le
 p

ro
ce

du
re

 c
an

 b
e 

ea
si

ly
 a

ut
om

at
ed

. 
Th

e 
gr

id
di

ng
 

ap
pr

oa
ch

 
is

 
fe

as
ib

le
 

as
 

ea
ch

 
co

nt
ro

lle
r c

al
cu

la
tio

n 
an

d 
ev

al
ua

tio
n 

ta
ke

s 
on

ly
 

a 
fe

w
 s

ec
on

ds
. 

Fo
r 

th
e 

gr
id

, 
in

 t
he

 p
re

se
nt

 
ca

se
, 

a 
lo

ga
rit

hm
ic

 s
te

p 
si

ze
 f

or
 

k W
O

m
, 

k W
aT

 
of

 1
dB

 w
as

 fo
un

d 
to

 b
e 

re
as

on
ab

le
. 

Ev
en

 f
as

te
r 

so
lu

tio
n 

is
 p

os
si

bl
e 

by
 a

pp
ly

in
g 

a 
nu

m
er

ic
al

 s
ea

rc
h 

al
go

rit
hm

, e
.g

. N
el

de
r-

M
ea

d-
Si

m
pl

ex
. 

Th
e 

re
gi

on
s 

k W
O

m
 >

 k
W

O
m

,0
 ,

 k
W

aT
 >

 
k W

aT
,0
 a

nd
 

 >
 1

 c
an

 b
e 

ex
cl

ud
ed

 f
ro

m
 t

he
 

se
ar

ch
 a

re
a 

by
 s

ui
ta

bl
e 

pe
na

lty
 o

ffs
et

s.
 

5 
Fi

xe
d-

St
ru

ct
ur

e 
C

on
tr

ol
 D

e-
si

gn
 

In
 t

he
 s

ec
on

d 
st

ep
, 

st
ru

ct
ur

ed
 H

∞
-c

on
tro

l d
e-

si
gn

 w
as

 c
ar

rie
d 

ou
t. 

Th
e 

id
ea

 w
as

 to
 u

se
 th

e 
op

tim
um

 H
∞

-c
on

tro
lle

r 
de

sc
rib

ed
 in

 t
he

 p
re

vi
-

ou
s 

se
ct

io
n 

as
 a

 r
ef

er
en

ce
 a

nd
 f

in
d 

a 
fix

ed
-

st
ru

ct
ur

e 
co

nt
ro

lle
r t

ha
t i

s 
su

ffi
ci

en
tly

 c
lo

se
. 

Fo
r 

th
at

 
pu

rp
os

e,
 

th
e 

hi
nf

st
ru

ct
 

fu
nc

tio
n 

in
 

M
at

la
b 

w
as

 u
se

d 
[8

], 
w

hi
ch

 a
pp

lie
s 

no
n-

sm
oo

th
 

op
tim

iz
at

io
n 

to
 f

in
d 

th
e 

fre
e 

pa
ra

m
et

er
s 

of
 a

 
pr

es
cr

ib
ed

 c
on

tro
lle

r 
st

ru
ct

ur
e.

 E
sp

ec
ia

lly
, 

th
e 

sa
m

e 
w

ei
gh

tin
g 

fu
nc

tio
ns

 f
or

 s
pe

ci
fy

in
g 

th
e 

co
nt

ro
l d

es
ig

n 
ob

je
ct

iv
es

 c
an

 b
e 

us
ed

 f
or

 t
he

 
H

∞
-d

es
ig

n.
 R

ef
er

 t
o 

[1
0]

 f
or

 m
or

e 
de

ta
ile

d 
in

-
fo

rm
at

io
n 

on
 th

e 
m

et
ho

d.
  

As
 s

up
po

rte
d 

by
 e

xp
er

ie
nc

e,
 it

 w
as

 fo
un

d 
th

at
 

th
e 

sp
ee

d 
co

nt
ro

l o
bj

ec
tiv

es
 c

an
 b

e 
ac

hi
ev

ed
 

by
 a

 s
im

pl
e 

P
D

-c
on

tro
lle

r, 
w

he
re

 a
n 

ad
di

tio
na

l 
2nd

-o
rd

er
 lo

w
-p

as
s 

fil
te

r 
w

as
 a

pp
lie

d 
fo

r 
ro

ll-
of

f 
in

 th
e 

hi
gh

 fr
eq

ue
nc

y 
re

gi
on

. 

Fo
r 

th
e 

to
w

er
 d

am
pi

ng
 c

on
tro

lle
r, 

it 
w

as
 n

ot
 

po
ss

ib
le

 to
 id

en
tif

y 
a 

tra
ns

pa
re

nt
 tr

an
sf

er
 fu

nc
-

tio
n 

st
ru

ct
ur

e,
 e

.g
., 

a 
ba

nd
pa

ss
 fi

lte
r. 

 In
st

ea
d,

 
a 

st
at

e 
sp

ac
e 

m
od

el
 w

ith
 fr

ee
 p

ar
am

et
er

s 
w

as
 

as
su

m
ed

. 
Th

e 
or

de
r 

of
 t

hi
s 

m
od

el
 w

as
 i

n-
cr

ea
se

d,
 u

nt
il 

th
e 

hi
nf

st
ru

ct
 a

lg
or

ith
m

 p
ro

vi
de

d 
su

ffi
ci

en
t 

ag
re

em
en

t 
w

ith
 

th
e 

H
∞

-r
ef

er
en

ce
 

co
nt

ro
lle

r. 
It 

w
as

 f
ou

nd
 t

ha
t 

a 
5th

-o
rd

er
 s

ta
te

 
sp

ac
e 

m
od

el
 i

s 
su

ffi
ci

en
t 

to
 m

ee
t 

th
e 

de
si

gn
 

ob
je

ct
iv

es
, h

ow
ev

er
, t

he
 p

itc
h 

sp
ee

d 
w

ei
gh

tin
g 

fu
nc

tio
n 

ha
d 

to
 b

e 
re

la
xe

d 
so

m
ew

ha
t 

by
 s

hi
ft-

in
g 

th
e 

ro
ll-

of
f t

o 
hi

gh
er

 fr
eq

ue
nc

ie
s.

 

a)
 

 
b)

 

 
c)

 

 
d)

 

 
 

Fi
gu

re
 4

: P
er

fo
rm

an
ce

 c
om

pa
ris

on
 o

f H
∞

 (r
ed

) a
nd

 
fix

ed
-s

tru
ct

ur
e 

co
nt

ro
lle

r (
gr

ee
n)

: (
a)

 s
te

p 
re

sp
on

se
 

w
in

d 
sp

ee
d 

to
 ro

to
r s

pe
ed

; (
b)

 s
te

p 
re

sp
on

se
 w

in
d 

sp
ee

d 
to

 to
w

er
 to

p 
ac

ce
le

ra
tio

n 
fo

re
-a

ft;
 (c

) m
ax

. 
sp

ee
d 

de
vi

at
io

n 
(R

ic
e)

, (
d)

 to
w

er
 b

as
e 

fo
re

-a
ft 

be
nd

in
g 

fa
tig

ue
 d

am
ag

e 
(D

irl
ik

) 
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Fi

gu
re

 7
: 

In
ve

rs
e 

m
ax

. 
si

ng
ul

ar
 v

al
ue

 o
f 

M
 i

n 
E

q.
 (

3)
 fo

r 
th

e 
di

ffe
re

nt
 c

on
tro

lle
rs

 a
s 

a 
m

ea
s-

ur
e 

fo
r t

he
 N

C
F 

m
ar

gi
n 

at
 d

iff
er

en
t f

re
qu

en
ci

es
 

9 
Su

m
m

ar
y 

an
d 

C
on

cl
us

io
ns

 
A 

pr
ag

m
at

ic
 m

ul
tiv

ar
ia

bl
e 

ap
pr

oa
ch

 fo
r 

pa
ra

lle
l 

de
si

gn
 o

f r
ot

or
 s

pe
ed

 c
on

tro
l a

nd
 a

ct
iv

e 
to

w
er

 
da

m
pi

ng
 i

s 
pr

op
os

ed
. 

Th
e 

co
nt

ro
l 

de
si

gn
 i

s 
ca

rr
ie

d 
ou

t 
in

 t
he

 f
re

qu
en

cy
 d

om
ai

n 
an

d 
pr

o-
vi

de
s 

a 
hi

gh
 le

ve
l o

f t
ra

ns
pa

re
nc

y 
to

 th
e 

co
nt

ro
l 

en
gi

ne
er

. 
In

 d
et

ai
l, 

th
e 

fo
llo

w
in

g 
co

nc
lu

si
on

s 
ca

n 
be

 d
ra

w
n:

 

- 
H

∞
-c

rit
er

ia
 c

an
 b

e 
co

nv
en

ie
nt

ly
 u

se
d 

to
 fo

rm
ul

at
e 

re
le

va
nt

 p
itc

h 
co

nt
ro

l o
b-

je
ct

iv
es

 in
 th

e 
fre

qu
en

cy
 d

om
ai

n.
 If

 
sp

ee
d 

co
nt

ro
lle

rs
 w

ith
 s

uf
fic

ie
nt

ly
 la

rg
e 

co
m

pe
ns

at
io

n 
tim

e 
co

ns
ta

nt
s 

fo
r t

he
 

st
ea

dy
 s

ta
te

 e
rr

or
 a

re
 a

pp
lie

d,
 th

e 
m

ax
im

um
 m

ag
ni

tu
de

 o
f t

he
 tr

an
sf

er
 

fu
nc

tio
n 

fro
m

 w
in

d 
sp

ee
d 

to
 g

en
er

at
or

 
sp

ee
d 

is
 d

ire
ct

ly
 re

la
te

d 
to

 th
e 

m
ax

i-
m

um
 v

al
ue

s 
of

 s
pe

ed
 d

ev
ia

tio
ns

 fo
r a

 
gi

ve
n 

tu
rb

ul
en

ce
 s

pe
ct

ru
m

. 

- 
U

nf
or

tu
na

te
ly

, 
su

ch
 a

 d
ire

ct
 l

in
k 

be
-

tw
ee

n 
w

ei
gh

tin
g 

fu
nc

tio
n 

an
d 

tim
e 

do
-

m
ai

n 
co

nt
ro

l 
ob

je
ct

iv
e 

w
as

 n
ot

 f
ou

nd
 

fo
r 

th
e 

to
w

er
 b

en
di

ng
 fa

tig
ue

 d
am

ag
e.

 
H

er
e,

 
th

e 
m

in
im

um
 

re
su

lts
 

fro
m

 
a 

tra
de

- 
of

f 
be

tw
ee

n 
tig

ht
 s

pe
ed

 c
on

tro
l 

an
d 

ac
tiv

e 
to

w
er

 d
am

pi
ng

, 
w

hi
ch

 c
an

 
be

 fo
un

d,
 e

.g
., 

by
 a

pp
ly

in
g 

a 
nu

m
er

ic
al

 
se

ar
ch

 a
lg

or
ith

m
 o

n 
w

ei
gh

tin
g 

fu
nc

tio
n 

ga
in

 p
ar

am
et

er
s.

 I
n 

co
m

pa
ris

on
 t

o 
di

-
re

ct
 c

on
tro

lle
r 

pa
ra

m
et

er
 o

pt
im

iz
at

io
n,

 
ho

w
ev

er
, 

th
e 

H
∞

-a
pp

ro
ac

h 
al

lo
w

s 
to

 
re

st
ric

t t
he

 s
ea

rc
h 

ar
ea

 b
y 

co
ns

id
er

in
g 

up
pe

r 
bo

un
ds

 
on

 
th

e 
cl

os
ed

-lo
op

 
tra

ns
fe

r f
un

ct
io

ns
. 

- 
If 

bo
th

 g
en

er
at

or
 s

pe
ed

 a
nd

 to
w

er
 to

p 
ac

ce
le

ra
tio

n 
fe

ed
ba

ck
 a

re
 u

se
d,

 s
tru

c-
tu

re
d 

co
nt

ro
l d

es
ig

n 
ca

n 
ac

hi
ev

e 
si

m
i-

la
r r

es
ul

ts
 a

s 
fu

ll 
or

de
r H

∞
-c

on
tro

lle
rs

. 
Th

e 
pr

es
cr

ib
ed

 c
on

tro
lle

r s
tru

ct
ur

e,
 

ho
w

ev
er

, i
s 

m
or

e 
tra

ns
pa

re
nt

 a
nd

 e
as

-
ie

r t
o 

ha
nd

le
 in

 a
 p

ra
ct

ic
al

 a
rr

an
ge

-
m

en
t i

nc
lu

di
ng

 g
ai

n 
sc

he
du

lin
g 

an
d 

ha
nd

lin
g 

of
 a

ct
ua

to
r s

at
ur

at
io

ns
. I

t h
as

 
al

so
 b

ee
n 

sh
ow

n 
to

 p
ro

vi
de

 m
or

e 
ro

-
bu

st
ne

ss
 to

 u
ns

tru
ct

ur
ed

 u
nc

er
ta

in
ty

 in
 

th
e 

hi
gh

er
 fr

eq
ue

nc
y 

re
gi

on
.  

- 
Fo

r t
he

 s
pe

ed
 c

on
tro

lle
r, 

D
-c

on
tro

l 
(a

ct
in

g 
on

 p
itc

h 
sp

ee
d 

re
fe

re
nc

e)
 

se
em

s 
to

 b
e 

m
os

t e
ffe

ct
iv

e 
to

 m
in

im
iz

e 
to

w
er

 b
en

di
ng

 fa
tig

ue
 w

hi
le

 re
st

ric
tin

g 
sp

ee
d 

de
vi

at
io

ns
 to

 a
 p

re
sc

rib
ed

 
th

re
sh

ol
d.

 

- 
Fo

r t
he

 fu
ll 

or
de

r H
∞

-c
on

tro
l d

es
ig

n,
 in

 
pr

in
ci

pl
e,

 b
ot

h 
sp

ee
d 

co
nt

ro
l a

nd
 a

c-
tiv

e 
to

w
er

 d
am

pi
ng

 w
ou

ld
 b

e 
po

ss
ib

le
 

us
in

g 
on

ly
 g

en
er

at
or

 s
pe

ed
 fe

ed
ba

ck
. 

Fo
r r

ob
us

tn
es

s 
re

as
on

s,
 h

ow
ev

er
, 

om
is

si
on

 o
f t

he
 to

w
er

 to
p 

ac
ce

le
ra

tio
n 

fe
ed

ba
ck

 is
 n

ot
 re

co
m

m
en

de
d.

  

10
 F

ut
ur

e 
W

or
k 

In
 th

is
 w

or
k,

 o
nl

y 
on

e 
fu

ll-
lo

ad
 o

pe
ra

tio
na

l p
oi

nt
 

of
 

th
e 

tu
rb

in
e 

w
as

 
co

ns
id

er
ed

. 
If 

re
qu

ire
d,

 
ho

w
ev

er
, t

he
 a

pp
ro

ac
h 

ca
n 

be
 e

as
ily

 e
xt

en
de

d 
to

 a
 n

um
be

r 
of

 o
pe

ra
tin

g 
po

in
ts

. E
sp

ec
ia

lly
 fo

r 
th

e 
fix

ed
 o

rd
er

 c
on

tro
l d

es
ig

n,
 g

ai
n-

sc
he

du
lin

g 
be

tw
ee

n 
th

e 
di

ffe
re

nt
 c

on
tro

lle
rs

 i
s 

th
en

 q
ui

te
 

st
ra

ig
ht

fo
rw

ar
d 

be
ca

us
e 

of
 t

he
 l

ow
 o

rd
er

 a
nd

 
th

e 
tra

ns
pa

re
nc

y 
of

 t
he

 p
re

sc
rib

ed
 c

on
tro

lle
r 

st
ru

ct
ur

e.
 

O
ne

 o
f t

he
 o

pe
n 

po
in

ts
 is

 th
e 

in
cl

us
io

n 
of

 u
n-

sy
m

m
et

ric
al

 e
ffe

ct
s 

lik
e 

sp
at

ia
l t

ur
bu

le
nc

e 
an

d 
3p

 h
ar

m
on

ic
 e

xc
ita

tio
n 

in
to

 th
e 

fa
tig

ue
 lo

ad
 

pr
ed

ic
tio

n 
in

 th
e 

fre
qu

en
cy

 d
om

ai
n.

 T
he

se
 

ef
fe

ct
s 

ha
ve

 b
ee

n 
om

itt
ed

 in
 th

is
 s

tu
dy

 b
ut

 w
ill

 
le

ad
 to

 d
ev

ia
tio

ns
. 

A
ck

no
w

le
dg

em
en

t 
Th

e 
pr

es
en

te
d 

re
se

ar
ch

 w
as

 p
ar

tly
 c

ar
rie

d 
ou

t 
in

 t
he

 j
oi

nt
 r

es
ea

rc
h 

pr
oj

ec
t 

„E
LB

A
 –

 c
on

tro
l 

sy
st

em
s 

fo
r 

th
e 

re
du

ct
io

n 
of

 e
xt

re
m

e 
lo

ad
s 

at
 

la
rg

e-
sc

al
e 

w
in

d 
tu

rb
in

es
” 

(0
32

57
31

A)
 f

un
de

d 
by

 t
he

 G
er

m
an

 F
ed

er
al

 M
in

is
try

 f
or

 E
co

no
m

ic
 

Af
fa

irs
 a

nd
 E

ne
rg

y.
 

   R
ef

er
en

ce
s 

[1
] 

M
. 

G
ey

le
r 

an
d 

P
. 

C
as

el
itz

: 
R

ob
us

t 
m

ul
tiv

ar
ia

bl
e 

pi
tc

h 
co

nt
ro

l d
es

ig
n 

fo
r l

oa
d 

re
du

ct
io

n 
on

 la
rg

e 
w

in
d 

tu
rb

in
es

. 
Jo

ur
na

l 
of

 
S

ol
ar

 
E

ne
rg

y 
E

ng
in

ee
rin

g,
 

13
0(

3)
:0

31
01

4,
 2

00
8.

 

10
-2

10
0

10
2

10
-3

10
-2

10
-1

10
0

fr
eq

ue
nc

y 
in

 H
z

inverse singular value

 

 

K
re

f
K

st
ru

ct

K
hi

nf
K

hi
nf

,O
m

 
Fi

gu
re

 6
: C

om
pa

ris
on

 o
f m

ax
im

um
 ro

to
r s

pe
ed

 
de

vi
at

io
n 

fo
r 

no
nl

in
ea

r 
si

m
ul

at
io

n 
(ti

m
e 

se
rie

s)
 

an
d 

lin
ea

r m
od

el
 p

re
di

ct
io

n.
 

8 
 R

ob
us

t S
ta

bi
lit

y 
A

na
ly

si
s 

In
 o

rd
er

 t
o 

ev
al

ua
te

 t
he

 r
ob

us
t 

st
ab

ilit
y 

of
 t

he
 

fo
ur

 d
iff

er
en

t 
co

nt
ro

lle
rs

 d
is

cu
ss

ed
 a

bo
ve

, 
tw

o 
un

ce
rta

in
ty

 d
es

cr
ip

tio
ns

 h
av

e 
be

en
 c

on
si

de
re

d:
 

1.
 

M
ul

tip
lic

at
iv

e 
ou

tp
ut

 
un

ce
rt

ai
nt

y 
m

ar
gi

n 
M

M
O

: 
  

H
er

e,
 th

e 
pe

rtu
rb

ed
 p

la
nt

 P
p i

s 
de

sc
rib

ed
 b

y 
 P p

 =
 (I

+d
ia

g(


O
m

, 
aT

))
P 0

 
 

(2
)  

 w
he

re
 

O
m

, 


aT
 
ar

e 
co

m
pl

ex
 p

er
tu

rb
at

io
ns

 a
t 

th
e 

ge
ne

ra
to

r 
sp

ee
d 

an
d 

to
w

er
 a

cc
el

er
at

io
n 

ou
tp

ut
s 

of
 th

e 
no

m
in

al
 tu

rb
in

e 
m

od
el

 P
0.T

hi
s 

is
 

a 
st

ru
ct

ur
ed

 u
nc

er
ta

in
ty

 w
hi

ch
 w

ou
ld

 c
ov

er
 fo

r 
in

st
an

ce
 u

nc
er

ta
in

tie
s 

in
 t

he
 d

am
pi

ng
 o

f 
th

e 
to

w
er

 a
nd

 b
la

de
 b

en
di

ng
 m

od
es

. 
Eq

ui
va

le
nt

ly
 

to
 th

e 
cl

as
si

ca
l g

ai
n 

an
d 

ph
as

e 
m

ar
gi

n 
fo

r 
S

I-
SO

 
sy

st
em

s,
 

m
ul

tiv
ar

ia
bl

e 
ou

tp
ut

 
m

ar
gi

ns
 

M
M

O
 c

an
 b

e 
ca

lc
ul

at
ed

 th
at

 p
ro

vi
de

 th
e 

va
lu

e 
of

 g
ai

n 
an

d 
ph

as
e 

va
ria

tio
ns

 w
hi

ch
 c

an
 b

e 
to

le
ra

te
d 

in
de

pe
nd

en
tly

 o
n 

bo
th

 o
ut

pu
ts

 [1
2]

.  
 

2.
 

N
or

m
al

iz
ed

 
co

pr
im

e 
fa

ct
or

 
un

ce
r-

ta
in

ty
 N

C
FM

:  
 

Th
is

 is
 a

 f
ai

rly
 g

en
er

al
 d

es
cr

ip
tio

n 
fo

r 
un

st
ru

c-
tu

re
d 

un
ce

rta
in

ty
, 

w
hi

ch
 h

as
 p

ro
ve

n 
us

ef
ul

 i
n 

pr
ac

tic
al

 a
pp

lic
at

io
ns

 [1
3]

. T
he

 k
ey

 s
ta

te
m

en
t i

s 
th

at
 t

he
 m

ax
im

um
 s

in
gu

la
r 

va
lu

e 
of

 t
he

 e
x-

pr
es

si
on

  

M
 =

 [K
T  I]

T  (I
+P

0K
)-1

 M
L-1

  
 

(3
) 

is
 a

 m
ea

su
re

 f
or

 t
he

 u
ns

tru
ct

ur
ed

 c
om

bi
ne

d 
in

pu
t 

/ 
ou

tp
ut

 u
nc

er
ta

in
tie

s 


M
 ,

 
N
 in

 t
he

 p
er

-
tu

rb
ed

 p
la

nt
 

P p
 =

 (M
L+


M
)-1

(N
L+


N
) 

 
 

(4
) 

th
at

 c
an

 b
e 

to
le

ra
te

d 
w

ith
ou

t l
os

in
g 

cl
os

ed
-lo

op
 

st
ab

ilit
y,

 w
he

re
 P

0 
= 

M
L-1

N
L 

is
 a

 l
ef

t 
co

pr
im

e 
fa

ct
or

iz
at

io
n 

of
 th

e 
no

m
in

al
 p

la
nt

 P
0. 

 

O
ve

rv
ie

w
 o

f r
ob

us
tn

es
s 

m
ea

su
re

s 

Fo
r 

th
e 

cu
rr

en
t 

co
nt

ro
l 

pr
ob

le
m

, 
w

e 
co

ns
id

er
 

th
e 

M
M

O
 a

s 
a 

us
ef

ul
 m

ea
su

re
 o

f 
un

ce
rta

in
ty

 
fo

r 
fre

qu
en

ci
es

 u
p 

to
 t

he
 f

irs
t 

fla
pw

is
e 

bl
ad

e-
be

nd
in

g 
ei

ge
n-

fre
qu

en
cy

, 
w

he
re

as
 t

he
 N

C
FM

 
is

 a
dd

iti
on

al
ly

 e
va

lu
at

ed
 a

s 
a 

m
ea

su
re

 f
or

 t
ol

-
er

at
ed

 u
ns

tru
ct

ur
ed

 u
nc

er
ta

in
ty

. N
C

FM
 is

 c
on

-
si

de
re

d 
on

ly
 fo

r f
re

qu
en

ci
es

 la
rg

er
 th

an
 th

e 
fir

st
 

to
w

er
 e

ig
en

-fr
eq

ue
nc

y.
 

Ta
bl

e 
2 

sh
ow

s 
an

 o
ve

rv
ie

w
 o

f M
M

O
 m

ul
tiv

ar
i-

ab
le

 o
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lo
at

 w
ith

 l
es

s 
m

as
s 

of
 f

lu
id

 t
ha

n 
th

e 
m

as
s 

of
 t

he
 r

ot
or

. 
Fo

r 
m

or
e 

N
ew

 B
ea

rin
gl

es
s 

PM
 M

ac
hi

ne
 w

ith
 M

ag
ne

t a
nd

 C
or

e 
M

od
ul

es
 fo

r L
ar

ge
 D

ire
ct

-D
riv

e 
W

in
d 

Tu
rb

in
es

 
  

D
eo

k-
je

 B
an

g1,
* , W

oo
k 

H
w

an
g1 , J

i-W
on

 K
im

1 , P
il-

W
an

 H
an

1 , C
ha

n-
N

ye
on

g 
H

eo
2 , S

eo
n-

H
w

an
 H

w
an

g2 

 
1 El

ec
tri

c 
M

ot
or

 R
es

ea
rc

h 
C

en
te

r, 
K

or
ea

 E
le

ct
ro

te
ch

no
lo

gy
 R

es
ea

rc
h 

In
st

itu
te

 
2 D

ep
ar

tm
en

t o
f E

le
ct

ric
al

 E
ng

in
ee

rin
g,

 K
yu

ng
na

m
 U

ni
ve

rs
ity

 
 

* E-
m

ai
l: 

dj
ba

ng
@

ke
ri.

re
.k

r /
 d

eo
kj

e.
ba

ng
@

gm
ai

l.c
om

 
 

A
bs

tr
ac

t: 
Th

e 
ai

m
 o

f 
th

is
 p

ap
er

 i
s 

to
 v

er
ify

 b
ot

h 
th

e 
m

ag
ne

tic
 

ci
rc

ui
t 

an
al

ys
is

 m
od

el
 o

f 
a 

pe
rm

an
en

t 
m

ag
ne

t 
(P

M
) 

m
ac

hi
ne

 w
ith

 m
ag

ne
t 

an
d 

iro
n 

co
re

 m
od

ul
es

 a
nd

 t
he

 
co

nt
ro

l a
lg

or
ith

m
 o

f a
 b

ea
rin

gl
es

s 
PM

 m
ac

hi
ne

 w
ith

 th
e 

m
od

ul
es

 a
nd

 
do

ub
le

-s
id

ed
 a

ir-
ga

p 
co

nf
ig

ur
at

io
n 

fo
r 

la
rg

e 
di

re
ct

-d
riv

e 
w

in
d 

tu
rb

in
es

. T
he

 p
ro

po
se

d 
m

ag
ne

t 
an

d 
co

re
 

m
od

ul
es

 
an

d 
be

ar
in

gl
es

s 
P

M
 

m
ac

hi
ne

 
co

nf
ig

ur
at

io
ns

 
en

ab
le

 
to

 
fa

ci
lit

at
e 

m
an

uf
ac

tu
re

 
an

d 
m

ai
nt

en
an

ce
 

an
d 

to
 

re
du

ce
 

be
ar

in
g 

fa
ilu

re
s.

 
Th

e 
m

ag
ne

tic
 c

irc
ui

t 
an

al
ys

is
 m

od
el

 is
 v

er
ifi

ed
 b

y 
bo

th
 t

he
 

m
ea

su
re

m
en

ts
 o

f 
th

e 
flu

x 
de

ns
ity

 a
nd

 t
he

 i
nd

uc
ed

 
vo

lta
ge

 o
f 

a 
do

w
ns

ca
le

d 
m

ac
hi

ne
 i

n 
a 

no
-lo

ad
 c

as
e,

 
an

d 
th

e 
th

re
e-

di
m

en
si

on
al

 
an

al
ys

es
 

(3
D

 
FE

A)
 

to
 

id
en

tif
y 

th
e 

to
rq

ue
 in

 a
 lo

ad
 c

as
e.

 T
he

 m
ai

n 
w

in
di

ng
s 

of
 

th
e 

m
ac

hi
ne

 a
re

 u
se

d 
to

 s
im

ul
ta

ne
ou

sl
y 

co
nt

ro
l 

bo
th

 
th

e 
to

rq
ue

 a
nd

 th
e 

be
ar

in
g 

fo
rc

e 
in

 th
e 

ai
r-

ga
p 

be
tw

ee
n 

th
e 

ro
to

r 
an

d 
th

e 
st

at
or

. 
Th

e 
to

rq
ue

 a
nd

 t
he

 a
ir-

ga
p 

le
ng

th
 o

f 
th

e 
m

ac
hi

ne
 a

re
 c

on
tro

lle
d 

by
 t

he
 c

on
tro

l q
-

ax
is

 a
nd

 d
-a

xi
s 

cu
rr

en
ts

, r
es

pe
ct

iv
el

y.
 In

 o
rd

er
 to

 v
er

ify
 

th
e 

co
nt

ro
l a

lg
or

ith
m

, 
th

e 
do

w
ns

ca
le

d 
P

M
 m

ac
hi

ne
 i

s 
us

ed
 a

nd
 th

e 
ne

w
 b

ea
rin

gl
es

s 
m

ac
hi

ne
 c

on
tro

l c
on

ce
pt

 
is

 a
ch

ie
ve

d 
ex

pe
rim

en
ta

lly
 in

 g
en

er
at

or
 m

od
e.

  
 Ke

yw
or

ds
: 

Be
ar

in
gl

es
s,

 
M

od
ul

e,
 

P
M

, 
G

en
er

at
or

, 
D

ire
ct

-d
riv

e 
 1.

 In
tr

od
uc

tio
n 

In
 

w
in

d 
tu

rb
in

es
, 

be
ar

in
g 

fa
ilu

re
s 

ha
ve

 
be

en
 

a 
co

nt
in

ui
ng

 p
ro

bl
em

 a
nd

 a
 s

ig
ni

fic
an

t 
pr

op
or

tio
n 

of
 a

ll 
fa

ilu
re

s.
 

Be
ar

in
g-

re
la

te
d 

do
w

nt
im

e 
is

 
am

on
g 

th
e 

hi
gh

es
t 

of
 a

ll 
co

m
po

ne
nt

s 
of

 w
in

d 
tu

rb
in

es
. 

[1
] 

Th
e 

lo
ca

tio
n 

of
 w

in
d 

tu
rb

in
es

 is
 m

ov
in

g 
of

fs
ho

re
 b

ec
au

se
 o

f 
hi

gh
er

 w
in

d 
sp

ee
ds

 a
nd

 l
es

s 
tu

rb
ul

en
ce

, 
an

d 
lim

ite
d 

sp
ac

e 
to

 i
ns

ta
ll 

th
e 

tu
rb

in
es

 o
n 

la
nd

 a
nd

 o
ns

ho
re

. 
H

ow
ev

er
, 

to
 a

cc
es

s 
of

fs
ho

re
 i

s 
di

ffi
cu

lt 
th

us
 t

he
 w

in
d 

tu
rb

in
es

 w
ith

 h
ig

h 
re

lia
bi

lit
y 

an
d 

av
ai

la
bi

lit
y 

ar
e 

re
qu

ire
d 

of
fs

ho
re

. 
D

ire
ct

-d
riv

e 
w

in
d 

ge
ne

ra
to

rs
 

ha
ve

 
be

en
 

di
sc

us
se

d 
as

 t
he

 g
en

er
at

or
 t

yp
e 

w
ith

 h
ig

he
r 

en
er

gy
 

yi
el

d 
th

an
 g

ea
re

d 
ge

ne
ra

to
rs

. 
H

ow
ev

er
, 

di
re

ct
-d

riv
e 

ge
ne

ra
to

rs
 r

eq
ui

re
 l

ar
ge

 
di

am
et

er
, 

w
hi

ch
 r

es
ul

ts
 i

n 
la

rg
e 

m
as

s 
an

d 
hi

gh
 c

os
t, 

in
 o

rd
er

 t
o 

ge
t 

hi
gh

 t
or

qu
e 

ra
tin

g 
co

m
pa

re
d 

to
 g

ea
re

d 
ge

ne
ra

to
rs

. 
To

 c
on

st
ru

ct
 

di
re

ct
-d

riv
e 

ge
ne

ra
to

rs
 w

ith
 la

rg
e 

di
am

et
er

 a
s 

a 
si

ng
le

 
m

od
ul

e 
(o

ne
-b

od
y 

st
ru

ct
ur

e)
 

is
 

di
sa

dv
an

ta
ge

ou
s 

in
 

te
rm

s 
of

 
m

an
uf

ac
tu

re
 

an
d 

m
ai

nt
en

an
ce

. 
It 

is
 

th
us

 
ne

ce
ss

ar
y 

to
 s

ig
ni

fic
an

tly
 r

ed
uc

e 
bo

th
 b

ea
rin

g 
fa

ilu
re

s 
an

d 
m

as
s,

 a
nd

 to
 fa

ci
lit

at
e 

m
an

uf
ac

tu
re

 o
f l

ar
ge

 d
ire

ct
-

dr
iv

e 
w

in
d 

ge
ne

ra
to

rs
. 

In
 o

rd
er

 to
 re

du
ce

 b
ea

rin
g 

lo
ad

s 
an

d 
be

ar
in

g 
w

ea
r t

ha
t 

ca
us

e 
be

ar
in

g 
fa

ilu
re

s,
 th

e 
re

du
ct

io
n 

of
 a

n 
un

ba
la

nc
ed

 

m
ag

ne
tic

 p
ul

l (
U

M
P)

 fo
r t

he
 o

ce
an

 g
en

er
at

or
 h

as
 b

ee
n 

di
sc

us
se

d 
in

 [
2]

. 
To

 r
ed

uc
e 

be
ar

in
g 

fa
ilu

re
s 

of
 l

ar
ge

 
w

in
d 

ge
ne

ra
to

rs
, 

th
e 

us
e 

of
 

m
ag

ne
tic

 
be

ar
in

gs
, 

be
ar

in
gl

es
s 

dr
iv

e 
or

 h
yd

ra
ul

ic
 b

ea
rin

gs
 c

ou
ld

 b
e 

an
 

al
te

rn
at

iv
e 

in
st

ea
d 

of
 t

he
 u

se
 o

f 
m

ec
ha

ni
ca

l 
be

ar
in

gs
 

[3
][4

]. 
In

 o
rd

er
 to

 r
ed

uc
e 

th
e 

m
as

s 
of

 la
rg

e 
di

re
ct

-d
riv

e 
w

in
d 

ge
ne

ra
to

rs
, 

di
ffe

re
nt

 
ge

ne
ra

to
rs

 
su

ch
 

as
 

an
 

iro
nl

es
s 

pe
rm

an
en

t 
m

ag
ne

t 
(P

M
) 

ge
ne

ra
to

r 
w

ith
 

a 
sp

ok
e 

st
ru

ct
ur

e,
 a

 P
M

 g
en

er
at

or
 w

ith
 t

he
 b

ea
rin

gs
 

cl
os

e 
to

 
th

e 
ai

r 
ga

p,
 

an
d 

a 
hi

gh
 

te
m

pe
ra

tu
re

 
su

pe
rc

on
du

ct
in

g 
ge

ne
ra

to
r (

H
TS

G
) [

5]
[6

][7
]. 

In
 o

rd
er

 to
 

fa
ci

lit
at

e 
m

an
uf

ac
tu

re
 a

nd
 m

ai
nt

en
an

ce
 o

f l
ar

ge
 d

ire
ct

-
dr

iv
e 

w
in

d 
ge

ne
ra

to
rs

, 
it 

is
 r

eq
ui

re
d 

th
at

 a
 m

od
ul

ar
 

co
ns

tru
ct

io
n 

ea
si

ly
 p

ro
du

ce
d,

 a
ss

em
bl

ed
, 

tra
ns

po
rte

d 
an

d 
in

st
al

le
d 

[3
]. 

 
In

 p
re

vi
ou

s 
re

se
ar

ch
es

 b
y 

th
e 

au
th

or
 [

8]
[9

], 
a 

ne
w

 
ge

ne
ra

to
r 

co
nc

ep
t, 

rin
g-

sh
ap

ed
 

di
re

ct
-d

riv
e 

be
ar

in
gl

es
s 

P
M

 w
in

d 
ge

ne
ra

to
r w

ith
 a

 b
uo

ya
nt

 ro
to

r 
as

 
sh

ow
n 

in
 F

ig
ur

e 
1,

 h
as

 b
ee

n 
pr

op
os

ed
 a

s 
a 

so
lu

tio
n 

to
 

re
du

ce
 t

he
 s

tru
ct

ur
al

 m
as

s 
an

d 
be

ar
in

g 
fa

ilu
re

s.
 T

he
 

to
ta

l m
as

s 
of

 th
e 

pr
op

os
ed

 g
en

er
at

or
 fo

r 1
0 

M
W

 d
ire

ct
-

dr
iv

e 
w

in
d 

tu
rb

in
es

 h
as

 b
ee

n 
es

tim
at

ed
 a

t 2
35

 to
nn

es
 

ra
te

d 
at

 8
.6

 rp
m

, w
hi

ch
 is

 c
om

pa
ra

bl
e 

w
ith

 th
e 

m
as

s 
of

 
H

TS
G

, 2
30

 to
nn

es
 ra

te
d 

at
 8

.6
 rp

m
 [9

] a
nd

 2
25

 to
nn

es
 

ra
te

d 
at

 8
.1

 rp
m

 [1
0]

. 
In

 
th

is
 

pa
pe

r, 
it 

is
 

fo
cu

se
d 

on
 

ve
rif

yi
ng

 
bo

th
 

th
e 

m
ag

ne
tic

 
ci

rc
ui

t 
an

al
ys

is
 

m
od

el
 

an
d 

th
e 

co
nt

ro
l 

al
go

rit
hm

 o
f 

th
e 

pr
op

os
ed

 b
ea

rin
gl

es
s 

P
M

 m
ac

hi
ne

 
w

ith
 m

ag
ne

t a
nd

 c
or

e 
m

od
ul

es
. T

hi
s 

pa
pe

r b
eg

in
s 

w
ith

 
a 

de
sc

rip
tio

n 
of

 
th

e 
ne

w
 

rin
g-

sh
ap

ed
 

di
re

ct
-d

riv
e 

be
ar

in
gl

es
s 

PM
 w

in
d 

ge
ne

ra
to

r 
w

ith
 a

 b
uo

ya
nt

 r
ot

or
 

an
d 

do
ub

le
-s

id
ed

 a
ir-

ga
ps

. 
S

ec
on

d,
 t

he
 c

on
fig

ur
at

io
n 

an
d 

fe
at

ur
e 

of
 m

ag
ne

t 
an

d 
iro

n 
co

re
 m

od
ul

es
 o

f 
th

e 
pr

op
os

ed
 

m
ac

hi
ne

 
is

 
de

sc
rib

ed
, 

an
d 

th
e 

m
ag

ne
tic

 
ci

rc
ui

t 
an

al
ys

is
 m

od
el

 
of

 t
he

 p
ro

po
se

d 
m

ac
hi

ne
 i

s 
de

ve
lo

pe
d.

 T
hi

rd
, 

th
e 

pr
op

os
ed

 c
on

tro
l 

al
go

rit
hm

 f
or

 
th

e 
be

ar
in

gl
es

s 
PM

 g
en

er
at

or
 i

s 
de

sc
rib

ed
. 

N
ex

t, 
th

e 
m

ag
ne

tic
 c

irc
ui

t a
na

ly
si

s 
m

od
el

 is
 v

er
ifi

ed
 b

y 
th

e 
th

re
e-

di
m

en
si

on
al

 fi
ni

te
 e

le
m

en
t a

na
ly

se
s 

(3
D

 F
EA

) 
an

d 
th

e 
ex

pe
rim

en
ts

 o
f 

a 
do

w
ns

ca
le

d 
m

ac
hi

ne
. 

Th
e 

co
nt

ro
l 

al
go

rit
hm

 to
 s

im
ul

ta
ne

ou
sl

y 
co

nt
ro

l b
ot

h 
th

e 
to

rq
ue

 a
nd

 
th

e 
be

ar
in

g 
fo

rc
e 

of
 th

e 
m

ac
hi

ne
 w

ith
 d

ou
bl

e-
si

de
d 

ai
r-

ga
ps

 
is

 
di

sc
us

se
d 

an
d 

im
pl

em
en

te
d 

by
 

th
e 

ex
pe

rim
en

ts
 in

 g
en

er
at

or
 m

od
e.

 
 2.

 
N

ew
 

rin
g-

sh
ap

ed
 

di
re

ct
-d

riv
e 

be
ar

in
gl

es
s 

PM
 

ge
ne

ra
to

r 
w

ith
 

a 
bu

oy
an

t 
ro

to
r 

an
d 

do
ub

le
-s

id
ed

 a
ir-

ga
ps
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Fi

gu
re

 9
: P

ro
ce

ss
 to

 d
et

er
m

in
e 

th
e 

flu
x 

de
ns

ity
, t

he
 

flu
x,

 th
e 

flu
x 

lin
ka

ge
 a

nd
 th

e 
no

-lo
ad

 in
du

ce
d 

vo
lta

ge
 

of
 th

e 
m

ag
ne

tic
 c

irc
ui

t o
f t

he
 p

ro
po

se
d 

PM
 g

en
er

at
or

 

 
Fi

gu
re

 1
0:

 4
-p

ol
e 

an
d 

2-
po

le
 w

in
di

ng
 a

rr
an

ge
m

en
ts

 
of

 a
 p

rim
iti

ve
 b

ea
rin

gl
es

s 
dr

iv
e 

[C
hi

ba
 2

00
5]

 

 
Fi

gu
re

 1
1:

 C
on

tro
l b

lo
ck

 d
ia

gr
am

 o
f t

he
 b

ea
rin

gl
es

s 
PM

 m
ac

hi
ne

 

Fi
gu

re
 

7 
illu

st
ra

te
s 

th
e 

eq
ui

va
le

nt
 

ci
rc

ui
ts

 
of

 
th

e 
re

lu
ct

an
ce

 
m

od
el

 
of

 
th

e 
PM

 
ge

ne
ra

to
r. 

Th
e 

w
hi

te
 

re
ct

an
gl

es
 r

ep
re

se
nt

 i
ro

n 
co

re
 r

el
uc

ta
nc

es
, 

an
d 

th
e 

w
hi

te
 

re
ct

an
gl

es
 

w
ith

 
bo

ld
 

lin
es

 
re

pr
es

en
t 

ai
r 

ga
p 

re
lu

ct
an

ce
s.

 T
he

 b
lu

e 
re

ct
an

gl
es

 h
at

ch
ed

 r
ep

re
se

nt
 

PM
 

re
lu

ct
an

ce
s 

an
d 

th
e 

re
d 

re
ct

an
gl

es
 

do
tte

d 
re

pr
es

en
t 

le
ak

ag
e 

flu
x 

re
lu

ct
an

ce
s.

 
In

 
or

de
r 

to
 

fo
rm

ul
at

e 
th

e 
flu

x 
eq

ua
tio

ns
 o

f t
he

 e
qu

iv
al

en
t c

irc
ui

t i
n 

Fi
gu

re
 7

, t
he

 e
qu

iv
al

en
t c

irc
ui

t i
s 

m
od

ifi
ed

 a
s 

Fi
gu

re
 8

. 
Th

e 
pr

oc
ed

ur
e 

to
 d

et
er

m
in

e 
th

e 
flu

x 
de

ns
ity

, 
th

e 
flu

x,
 

th
e 

flu
x 

lin
ka

ge
 a

nd
 t

he
 n

o-
lo

ad
 in

du
ce

d 
vo

lta
ge

 o
f 

a 
m

ag
ne

tic
 c

irc
ui

t 
in

cl
ud

in
g 

no
nl

in
ea

r 
ch

ar
ac

te
ris

tic
s 

is
 

m
ad

e 
as

 th
e 

fo
llo

w
in

g 
st

ep
s 

re
pr

es
en

te
d 

in
 F

ig
ur

e 
9.

  
 4.

 N
ew

 b
ea

rin
gl

es
s 

m
ac

hi
ne

 c
on

ce
pt

 
 4.

1 
C

on
ve

nt
io

na
l 

be
ar

in
gl

es
s 

m
ac

hi
ne

 
co

nc
ep

t 
As

 d
is

cu
ss

ed
 in

 p
re

vi
ou

s 
re

se
ar

ch
, a

 s
ig

ni
fic

an
t f

ea
tu

re
 

of
 t

he
 b

ea
rin

gl
es

s 
m

ac
hi

ne
 c

om
pa

re
d 

to
 t

he
 e

le
ct

ric
 

m
ac

hi
ne

 w
ith

 th
e 

m
ag

ne
tic

 b
ea
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th
es

e 
su

pe
rc

on
du

ct
or

s 
be

co
m

e 
su

pe
rc

on
du

ct
in

g 
at

 
a 

m
uc

h 
hi

gh
er

 
te

m
pe

ra
tu

re
 

th
ey

 
ar

e 
ca

lle
d 

hi
gh

-te
m

pe
ra

tu
re

 
su

pe
rc

on
du

ct
or

s 
(H

TS
s)

. T
he

y 
ca

n 
be

 c
oo

le
d 

w
ith

 
liq

ui
d 

ni
tro

ge
n,

 b
oi

lin
g 

at
 7

7 
K 

(-
19

6 
o C

) 
an

d 
th

is
 

re
la

tiv
el

y 
hi

gh
 

te
m

pe
ra

tu
re

 
w

as
 

be
lie

ve
d 

to
 

fa
ci

lit
at

e 
co

m
m

er
ci

al
iz

at
io

n 
of

 
su

pe
rc

on
du

ct
in

g 
m

ac
hi

ne
s 

fo
r 

po
w

er
 

ge
ne

ra
tio

n 
an

d 
sh

ip
 

pr
op

ul
si

on
[4

]. 
Th

e 
hi

gh
er

 o
pe

ra
tio

n 
te

m
pe

ra
tu

re
 

al
so

 a
llo

w
ed

 f
or

 t
he

 u
se

 o
f 

cl
os

ed
-c

yc
le

 h
el

iu
m

 
ba

se
d 

co
ol

in
g 

m
ac

hi
ne

s,
 

w
hi

ch
 

on
ly

 
ne

ed
 

el
ec

tri
ci

ty
 a

nd
 n

ot
 a

 s
up

pl
y 

of
 a

 c
ry

og
en

ic
 l

iq
ui

d 
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3.
 D

is
cu

ss
io

n 
 It

 m
ig

ht
 s

ee
m

s 
lik

e 
th

e 
M

gB
2 

ge
ne

ra
to

r 
w

ou
ld

 
be

co
m

e 
ch

ea
pe

r 
th

an
 t

he
 P

M
, 

bu
t 

it 
sh

ou
ld

 b
e 

re
m

em
be

re
d 

th
at

 th
e 

co
st

 o
f t

he
 c

ry
og

en
ic

 c
oo

lin
g 

sy
st

em
 h

av
e 

st
ill 

no
t b

ee
n 

in
cl

ud
ed

. A
 fi

rs
t a

tte
m

pt
 

to
 in

cl
ud

e 
th

e 
cr

yo
ge

ni
c 

co
st

s 
ha

ve
 b

ee
n 

do
ne

 fo
r 

a 
w

ar
m

 ir
on

 c
or

ed
 f

ie
ld

 w
in

di
ng

 s
im

ila
r 

to
 t

he
 T

9 
to

po
lo

gy
 a

nd
 i

t 
w

as
 s

ho
w

n 
th

at
 t

he
 a

m
ou

nt
 o

f 
M

gB
2 

w
ire

s 
ne

ed
ed

 c
ou

ld
 b

e 
re

du
ce

d 
fro

m
 1

00
 

km
 in

 t
he

 a
na

ly
si

s 
ab

ov
e 

to
 a

bo
ut

 2
0 

km
 f

or
 t

he
 

en
tir

e 
10

 M
W

 g
en

er
at

or
 [ 1

8]
. A

n 
ev

al
ua

tio
n 

of
 th

e 
Le

v e
liz

ed
 

C
os

t 
of

 
En

er
gy

 
(L

C
oE

) 
of

 
th

e 
IN

N
W

IN
D

.E
U

 1
0 

M
W

 r
ef

er
en

ce
 t

ur
bi

ne
 h

ol
di

ng
 

su
ch

 
a 

M
gB

2 
ge

ne
ra

to
r 

in
di

ca
te

d 
a 

re
la

tiv
e 

de
cr

ea
se

 in
 th

e 
or

de
r 

of
 ∆

LC
oE

  
~ 

- 
0.

4 
%

 ±
 2

 %
 

as
 c

om
pa

re
d 

to
 a

 m
ed

iu
m

 s
pe

ed
 d

riv
e 

tra
in

 [
19

]. 
Th

e 
un

ce
rta

in
ty

 i
n 

th
e 

LC
oE

 is
 e

st
im

at
ed

 b
y 

th
e 

un
ce

rta
in

tie
s 

in
 

th
e 

cr
yo

ge
ni

c 
co

ol
in

g 
an

d 
ge

ne
ra

to
r 

st
ru

ct
ur

al
 

su
pp

or
t 

de
si

gn
.T

he
 

IN
N

W
IN

D
.E

U
 

re
fe

re
nc

e 
tu

rb
in

e 
us

ed
 

fo
r 

th
e 

an
al

ys
is

 h
as

 a
 p

ow
er

 ra
tin

g 
of

 1
0 

M
W

 p
ro

vi
de

d 
by

 
a 

17
8 

m
 d

ia
m

et
er

 ro
to

r e
le

va
te

d 
to

 a
 h

ub
 h

ei
gh

t o
f 

11
9 

m
 [

20
]. 

Th
e 

tu
rb

in
e 

is
 d

es
ig

ne
d 

fo
r 

th
e 

w
in

d 
 

cl
as

s 
Ia

 w
ith

 a
n 

av
er

ag
e 

w
in

d 
sp

ee
d 

of
 1

0 
m

/s
 

re
pr

es
en

tin
g 

an
 o

ffs
ho

re
 e

nv
iro

nm
en

t w
ith

 a
 w

at
er

 
de

pt
h 

of
 5

0 
m

. T
he

 tu
rb

in
e 

is
 in

st
al

le
d 

on
 a

 ja
ck

et
 

fo
un

da
tio

n 
[2

1]
 a

nd
 th

e 
re

fe
re

nc
e 

dr
iv

e 
tra

in
 is

 o
f 

th
e 

m
ed

iu
m

 s
pe

ed
 t

yp
e 

sc
al

ed
 f

ro
m

 4
 M

W
 t

o 
10

 
M

W
 [

22
]. 

Th
e 

ev
al

ua
tio

n 
of

 t
he

 L
C

oE
 o

f 
di

ffe
re

nt
 

IN
N

W
IN

D
.E

U
 tu

rb
in

es
 a

re
 d

on
e 

by
 c

om
bi

ni
ng

 th
e 

co
st

 e
st

im
at

e s
 f

or
 t

he
 b

la
de

s,
 t

he
 d

riv
e 

tra
in

, 
th

e 
to

w
er

 a
nd

 t
he

 f
ou

nd
at

io
n 

ad
di

ng
 a

n 
es

tim
at

e 
fo

r 
th

e 
op

er
at

io
n 

an
d 

m
ai

nt
en

an
ce

 (
O

P
EX

) 
an

d 
th

en
 

de
vi

di
ng

 
th

e 
to

ta
l 

co
st

 
by

 
th

e 
A

nn
ua

l 
En

er
gy

 
Pr

od
uc

tio
n 

(A
E

P)
 o

f 
th

e 
di

ffe
re

nt
 c

on
ce

pt
s 

ta
ki

ng
 

th
e 

pa
rti

al
 lo

ad
 e

ffi
ci

en
cy

 in
to

 a
cc

ou
nt

 [2
3 ,

 2
4]

.  

It 
is

 f
ou

nd
 t

ha
t 

th
e 

SC
D

D
 1

0 
M

W
 g

en
er

at
or

 [
25

] 
ca

n 
re

ac
h 

a 
fu

ll 
lo

ad
 e

ffi
ci

en
cy

 o
f 

96
.5

 %
 [

19
], 

w
hi

ch
 is

 r
ed

uc
ed

 to
 a

bo
ut

 9
4.

9 
%

 w
he

n 
in

cl
ud

in
g 

th
e 

lo
ss

es
 o

f 
th

e 
po

w
er

 e
le

ct
ro

ni
cs

 [
26

]. 
Th

is
 i

s 
ba

si
ca

lly
 

th
e 

sa
m

e 
ef

fe
ci

en
cy

 
as

 
th

e 
m

ed
iu

m
 

sp
ee

d 
dr

iv
e 

tra
in

 in
 [2

2]
. T

he
 S

C
D

D
 is

 e
xp

ec
te

d 
to

 
ha

ve
 a

 c
on

st
an

t l
os

s 
of

 a
bo

ut
 5

0 
kW

 u
se

d 
to

 r
un

 
th

e 
cr

yo
co

ol
er

s 
ev

en
 w

he
n 

th
e 

w
in

d 
sp

ee
d 

is
 

be
lo

w
 t

he
 c

ut
-in

 w
in

d 
sp

ee
d 

of
 4

 m
/s

. 
U

si
ng

 t
he

 
cl

as
s 

Ia
 w

in
d 

di
st

rib
ut

io
n 

on
e 

ca
n 

es
tim

at
e 

th
at

 
th

is
 c

on
di

tio
n 

is
 fo

un
d 

in
 1

55
0 

ho
ur

s 
pe

r 
ye

ar
 a

nd
 

co
rr

es
po

nd
 to

 a
 lo

ss
 o

f 7
7.

5 
M

W
h 

pe
r y

ea
r, 

w
hi

ch
 

is
 0

.2
 %

 o
f 

AE
P.

 T
hu

s 
th

is
 l

os
s 

w
ill

 h
av

e 
an

 

im
pa

ct
 

si
m

ila
r 

to
 

th
e 

es
tim

at
ed

 
LC

oE
, 

bu
t 

is
 

be
lie

ve
d 

to
 b

e 
in

cl
ud

ed
 th

e 
un

ce
rta

in
ty

 e
st

im
at

e 
of

 
th

e 
LC

oE
. 

Th
e 

co
st

 o
f 

th
e 

SC
D

D
 is

 e
st

im
at

ed
 t

o 
be

 s
im

ila
r 

to
 t

he
 m

ed
iu

m
 s

pe
ed

 d
riv

e 
tra

in
 a

s 
an

al
ys

ed
 

in
 

20
12

 
us

in
g 

pr
ic

es
 

of
 

pe
rm

an
en

t 
m

ag
ne

ts
 r

an
gi

ng
 f

ro
m

 6
0 

– 
15

0 
€/

kg
 [

22
]. 

It 
is

 
ho

w
ev

er
 s

ho
w

n 
by

 S
ch

m
id

t 
an

d 
V

at
h 

in
 [

22
] 

th
at

 
th

e 
m

ed
iu

m
 s

pe
ed

 d
riv

e 
tra

in
 o

nl
y 

sh
ow

s 
a 

sm
al

l 
se

ns
iti

vi
ty

 to
 th

e 
PM

 p
ric

e 
du

e 
to

 th
e 

pr
es

en
ce

 o
f 

th
e 

ge
ar

bo
x.

 T
hu

s 
th

e 
co

st
 c

om
pa

ris
on

 is
 b

el
ie

ve
d 

to
 b

e 
re

so
na

bl
e.

   
   

   
   

 

Th
e 

ab
ov

e 
an

al
ys

is
 

in
di

ca
te

s 
th

at
 

th
e 

su
pe

rc
on

du
ct

in
g 

M
gB

2 
w

in
d 

tu
rb

in
e 

ge
ne

ra
to

rs
 

ha
ve

 th
e 

po
te

nt
ia

l t
o 

be
co

m
e 

as
 c

he
ap

 a
s 

th
e 

PM
 

di
re

ct
 d

riv
e,

 b
ut

 fu
rth

er
 a

na
ly

si
s 

an
d 

ex
pe

rim
en

ta
l 

de
m

on
st

ra
tio

n 
is

 n
ee

de
d 

to
 c

la
rif

y 
if 

an
y 

is
su

es
 

w
ith

 
re

lia
bi

lit
y 

an
d 

av
ai

la
bi

lit
y 

of
 

th
e 

su
pe

rc
on

du
ct

in
g 

w
in

d 
ge

ne
ra

to
r 

w
ill 

m
ak

e 
th

e 
PM

D
D

 s
up

er
io

r. 
   

  

Be
fo

re
 a

 1
0 

M
W

 M
gB

2 
ge

ne
ra

to
r 

ca
n 

be
 r

ea
liz

ed
 

th
e 

co
il 

w
in

di
ng

 te
ch

no
lo

gy
 m

us
t b

e 
es

ta
bl

is
he

d 
at

 
an

 in
du

st
ria

l s
ca

le
. F

ig
ur

e 
5 

sh
ow

s 
th

e 
de

si
gn

 o
f a

 
M

gB
2 

ra
ce

 t
ra

ck
 c

oi
l i

n 
th

e 
IN

N
W

IN
D

.E
U

 p
ro

je
ct

 
[1

5]
. 

A 
ch

al
le

ng
e 

w
ith

 t
he

 M
gB

2 
w

ire
 i

s 
th

at
 t

he
 

te
ns

io
n 

al
on

g 
th

e 
w

ire
 m

us
t n

ot
 e

xc
ee

d 
11

0 
M

Pa
, 

be
ca

us
e 

in
te

rfa
ce

s 
be

tw
ee

n 
th

e 
M

gB
2 

gr
ai

ns
 w

ill 
br

ea
k 

an
d 

th
e 

cr
iti

ca
l c

ur
re

nt
 w

ill 
be

 p
er

m
an

en
tly

 
re

du
ce

d.
 W

or
k 

is
 o

ng
oi

ng
 to

 c
al

cu
la

te
 th

e 
th

er
m

al
 

st
re

ss
 b

ui
ld

in
g 

up
 in

 th
e 

co
il 

as
 it

 is
 c

oo
le

d 
to

 1
5-

20
 K

 a
nd

 t
he

 a
dd

iti
on

al
 s

tre
ss

 f
ro

m
 t

he
 L

or
en

tz
 

fo
rc

e.
 T

he
 w

in
di

ng
 o

f t
he

 d
ou

bl
e 

pa
n-

ca
ke

 c
oi

ls
 is

 
on

go
in

g 
an

d 
th

e 
te

st
in

g 
of

 th
e 

m
ag

ne
t i

s 
ex

pe
ct

ed
 

in
 

th
e 

sp
rin

g 
of

 
20

16
 

to
 

pr
ov

id
e 

hi
gh

 
fie

ld
 

ex
pe

rim
en

ta
l d

at
a 

on
 t

he
 w

ire
 p

ro
pe

rti
es

 a
s 

th
ey

 
ar

e 
in

te
gr

at
ed

 in
to

 a
 la

rg
e 

ra
ce

 tr
ac

k 
co

il.
   

  

4.
 C

on
cl

us
io

n 
 

Th
e 

co
st

 a
na

ly
si

s 
sh

ow
s 

th
at

 t
he

 c
he

ap
es

t 
M

gB
2 

di
re

ct
 d

riv
e 

ge
ne

ra
to

r 
w

ill 
ha

ve
 a

s 
m

uc
h 

iro
n 

as
 

po
ss

ib
le

 in
 t

he
 m

ag
ne

tic
 c

irc
ui

t a
nd

 is
 p

oi
nt

in
g 

to
 

th
e 

sa
lie

nt
 p

ol
e 

ge
ne

ra
to

r 
co

nc
ep

t 
in

tro
du

ce
d 

by
 

th
e 

SU
PR

Ap
ow

er
 p

ro
je

ct
 [

13
]. 

Th
e 

co
st

 a
na

ly
si

s 
al

so
 in

di
ca

te
 th

at
 th

e 
M

gB
2 

di
re

ct
 d

riv
e 

ge
ne

ra
to

r 
w

ill 
ha

ve
 

a 
ha

rd
 

tim
e 

to
 

co
m

pe
te

 
w

ith
 

th
e 

pe
rm

an
en

t 
m

ag
ne

t 
di

re
ct

 d
riv

e 
in

 t
er

m
s 

of
 a

ct
iv

e 
m

at
er

ia
l 

co
st

 i
f 

th
e 

ph
ilo

so
ph

y 
is

 t
o 

us
e 

a 
lo

t 
of

 
iro

n 
in

 t
he

 g
en

er
at

or
 a

nd
 t

o 
on

ly
 e

xp
ec

t 
lo

w
er

 
M

gB
2 

co
st

 
in

 
th

e 
fu

tu
re

. 
An

 
ad

di
tio

na
l 

C
O

M
SO

L 
as

 s
ho

w
n 

in
 f

ig
ur

e 
1.

 F
irs

t 
th

e 
m

ai
n 

to
po

lo
gy

 
T4

-T
9 

is
 

ch
os

en
 

by
 

sp
ec

ify
in

g 
th

e 
m

at
er

ia
ls

 w
hi

ch
 th

e 
di

ffe
re

nt
 p

ar
ts

 o
f t

he
 g

en
er

at
or

 
ar

e 
m

ad
e 

of
 a

cc
or

di
ng

 to
 ta

bl
e 

1 .
 T

he
 to

po
lo

gy
 T

4 
co

ns
is

ts
 

of
 

an
 

ai
r-

co
re

d 
su

pe
rc

on
du

ct
in

g 
fie

ld
 

w
in

di
ng

 s
up

po
rte

d 
by

 n
on

-c
on

du
ct

in
g 

gl
as

s 
fib

er
 

m
at

er
ia

l, 
G

10
. T

he
 a

rm
at

ur
e 

w
in

di
ng

 is
 a

ls
o 

of
 th

e 
ai

r-
co

re
d 

ty
pe

 in
 o

rd
er

 to
 re

du
ce

 th
e 

m
ag

ne
tic

 fl
ux

 
rip

pl
e,

 
w

hi
ch

 
is

 
ca

us
in

g 
AC

 
lo

ss
es

 
in

 
th

e 
su

pe
rc

on
du

ct
or

. 
O

nl
y 

th
e 

Ar
m

at
ur

e 
w

in
di

ng
 b

ac
k 

m
at

er
ia

l i
s 

ch
os

en
 to

 b
e 

m
ag

ne
tic

 s
te

el
 to

 c
on

fin
e 

th
e 

m
ag

ne
tic

 
flu

x 
in

si
de

 
th

e 
m

ac
hi

ne
.  

Th
e 

su
bs

eq
ue

nt
 

to
po

lo
gi

es
 

T5
-T

9 
ar

e 
ob

ta
in

 
by

 
ch

oo
si

ng
 t

he
 f

ie
ld

 b
ac

k,
 t

he
 f

ie
ld

 p
ol

e 
pi

ec
e 

an
d 

th
e 

ar
m

at
ur

e 
te

et
h 

to
 a

ls
o 

be
 m

ad
e 

of
 m

ag
ne

tic
 

st
ee

l [
14

]. 
  

Fi
gu

re
 2

 s
ho

w
s 

th
e 

cr
iti

ca
l 

cu
rr

en
t 

de
ns

ity
 o

f 
a 

nu
m

be
r 

of
 

M
gB

2 
ta

pe
s 

fro
m

 
C

ol
um

bu
s 

su
pe

rc
on

du
ct

or
s,

 
w

hi
ch

 
is

 
us

ed
 

fo
r 

a 
IN

N
W

IN
D

.E
U

 
 

co
il 

de
m

on
st

ra
tio

n 
[1

5]
. 

Th
e 

qu
es

tio
n 

is
 a

t 
w

ha
t 

m
ag

ne
tic

 f
lu

x 
de

ns
ity

 a
nd

 
te

m
pe

ra
tu

re
 it

 is
 b

es
t u

til
iz

ed
. T

he
 m

ag
ne

tic
 s

te
el

 
us

ed
 

fo
r 

th
e 

ge
ne

ra
to

r 
is

 
st

an
da

rd
 

st
ee

l 
fo

r 
el

ec
tri

ca
l m

ac
hi

ne
s.

  

2.
2 

G
en

er
at

or
 to

po
lo

gy
 o

pt
im

iz
at

io
n 

Th
e 

to
po

lo
gy

 o
pt

im
iz

at
io

n 
ro

ut
in

e 
is

 c
he

ck
in

g 
if 

th
e 

op
er

at
io

na
l 

cu
rr

en
t 

de
ns

ity
 

J 
of

 
th

e 
su

pe
rc

on
du

ct
in

g 
w

in
di

ng
s 

ar
e 

at
 le

as
t 2

5 
%

 lo
w

er
 

th
an

 th
e 

cr
iti

ca
l c

ur
re

nt
 s

ho
w

n 
in

 fi
gu

re
 2

 u
si

ng
 2

D
 

FE
 c

al
cu

la
tio

ns
 ta

ki
ng

 in
to

 a
cc

ou
nt

 th
e 

no
n-

lin
ea

r 
sa

tu
ra

tio
n 

of
 

th
e 

st
ee

l 
la

m
in

at
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 s
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 p
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 d
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l c
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 d
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r p
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 p
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at
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 m
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l p
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 p
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an

 a
 

pu
re

ly
 m

ec
ha

ni
ca

l s
pl

it 
an

d 
su

m
m

at
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 c
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 c
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 p
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 p
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 d
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 p
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ra
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 c
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 d
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 t
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 c
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 c
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 b
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 D
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ra
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 b
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w
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 l
ar
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gh
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te
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cy
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se
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t p
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 d
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ra
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 o
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m
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e 
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d 
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n 
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fic

ie
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 m
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uf
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oc
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m
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al

so
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du
nd

an
t w

he
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al
 d
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e 

tra
in
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il.
 

D
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en
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rb
ox

 c
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fig
ur
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ns
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nd
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en
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es

 
ar

e 
ev
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te
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r 
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e 

pr
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ed
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ep

t a
nd
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op
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in
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 d
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ey
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or
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W
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d 

po
w

er
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at
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in
d 

tu
rb
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e 
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iv

e 
tra

in
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w
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ar
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pe
rm

an
en
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m
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ne
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sy

nc
hr
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ou

s 
m
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ne
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ig
h-
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ee

d 
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to
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in
d 

Tu
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in
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pt
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w

in
d 
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er

gy
 m
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t d
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a 

va
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 d
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e 

tra
in
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lo
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 d
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er

en
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ep

ts
, w

hi
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 d

iff
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en
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ng
es

 o
n 
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e 

ge
ar

bo
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an

d 
po

w
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 c
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ve
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]. 

D
ire

ct
 

dr
iv

en
 

W
Ts

 
ar

e 
de

si
gn

ed
 

w
ith

 
no

 
ge

ar
bo

x,
 w

hi
ch

 r
es

ul
ts

 in
 lo

w
 s

pe
ed

s 
an

d 
hi

gh
 

to
rq

ue
s 

at
 t

he
 g

en
er

at
or

. 
Th

e 
ge

ne
ra

to
rs

 a
re

 
co

m
m

on
ly

 
sy

nc
hr
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ou

s 
m

ac
hi

ne
s 

w
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gh
 

po
le

 p
ai

r 
nu

m
be

rs
. T

he
ir 

ex
ci

ta
tio

n 
is
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ea

liz
ed
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 t
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 r
ot

or
 w

ith
 a

n 
el

ec
tri

ca
l w

in
di

ng
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r 
w

ith
 

pe
rm

an
en

t 
m

ag
ne

ts
. 

Th
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e 
ge

ne
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to
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ng
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tra
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qu
ire

 
a 
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gh
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ou
nt

 
of
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fo

r 
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e 
w

in
di

ng
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pe
rm

an
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m
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ne

t 
ex

ci
ta

tio
n,

 r
ar

e 
ea

rth
 m
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ne

ts
 a

re
 r
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d,

 
w

hi
ch

 re
pr
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en
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 fi

na
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ia
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 d
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 to
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e 
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ic
e 
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ve
r t

he
 la
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 [2
]. 

Fu
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ep
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 b
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ed
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n 

m
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iu
m

-s
pe

ed
 (
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ig
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to
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) 
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ra
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e 
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m
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s 
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m
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, d
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 d
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po

w
er

 c
on

ve
rte

r 
fo

r 
th

e 
ad

ju
st

m
en

t o
f t

he
 g

rid
 

fre
qu

en
cy

, 
du

e 
to

 
dy

na
m

ic
 

op
er

at
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 c
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ro
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ag

ne
t s

yn
ch

ro
no

us
 

ge
ne

ra
to

rs
, w

hi
ch

 r
ot

at
e 

at
 1

,1
33

 rp
m

. F
or

 th
e 

in
di

vi
du

al
 d

riv
e 

tra
in

s,
 t

he
 p

ow
er

 i
s 

sp
lit

 a
nd

 
th

en
 

su
m

m
at

ed
 

in
 

th
e 

ge
ar

bo
x 

fro
m

 
tw

o 
di

ffe
re

nt
 

po
w

er
 

pa
th

s.
 

Th
is

 
m

ec
ha

ni
ca

l 
re

du
nd

an
cy

 h
as

 le
d 

to
 s

ig
ni

fic
an

t i
ss

ue
s 

in
 th

e 
ge

ar
bo

x.
 

An
ot

he
r 

W
T 

ge
ar

bo
x 

co
nf

ig
ur

at
io

n 
w

ith
 p

ow
er

 
sp

lit
 is

 th
e 

M
ul

ti 
D

uo
re

d 
co

nc
ep

t f
ro

m
 W

in
er

gy
 

[5
]. 

Th
is

 g
ea

rb
ox

 u
se

s 
sp

ur
 g

ea
r s

ta
ge

s 
fo

r a
n 

ei
gh

t-f
ol

d 
po

w
er

 s
pl

it 
w

ith
 s

ub
se

qu
en

t f
ou

r-f
ol

d 
po

w
er

 s
um

m
at

io
n,

 le
ad

in
g 

to
 o

nl
y 

tw
o 

ou
tp

ut
s.

 
Th

e 
co

m
bi

na
tio

n 
of

 p
ow

er
 s

pl
it 

an
d 

po
w

er
 

su
m

m
at

io
n 

an
d 

th
e 

ex
cl

us
iv

e 
us

e 
of

 s
pu

r g
ea

rs
 

yi
el

ds
 a

 h
ig

h 
nu

m
be

r 
of

 c
ar

ry
-o

ve
r 

pa
rts

, 
bu

t 
al

so
 le

ad
s 

to
 a

 la
rg

e 
w

ei
gh

t (
62

 t 
fo

r 6
.5

 M
W

). 

To
da

y’
s 

av
ai

la
bl

e 
W

T 
co

nc
ep

ts
 d

o 
no

t t
ak

e 
fu

ll 
ad

va
nt

ag
e 

of
 th

e 
m

od
ul

ar
ity

 a
nd

 re
du

nd
an

cy
 o

f 



EWEA 2015 Scientific Proceedings

60

 

Fi
gu

re
 3

: S
tru

ct
ur

e 
of

 th
e 

ef
fic

ie
nc

y 
ca

lc
ul

at
io

n 
m

od
el

. 

Th
e 

co
m

pa
ris

on
 o

f t
he

 fo
ur

 g
ea

rb
ox

 c
on

ce
pt

s 
re

ga
rd

in
g 

th
ei

r 
ef

fic
ie

nc
y 

is
 c

ar
rie

d 
ou

t 
on

 a
 

sy
st

em
 l

ev
el

. 
In

 o
rd

er
 t

o 
pe

rfo
rm

 e
ffi

ci
en

cy
 

ca
lc

ul
at

io
ns

 fo
r t

he
 e

nt
ire

 d
riv

e 
tra

in
 –

 in
cl

ud
in

g 
m

ai
n 

be
ar

in
g,

 g
ea

rb
ox

 w
ith

 s
ix

-fo
ld

 p
ow

er
 s

pl
it 

an
d 

ge
ne

ra
to

rs
 –

 a
n 

AM
ES

im
 m

od
el

 o
f 

th
e 

en
tir

e 
sy

st
em

 i
s 

cr
ea

te
d  

(s
ee

 F
ig

ur
e 

3)
. 

Th
e 

m
ai

n 
be

ar
in

g 
is

 d
es

ig
ne

d 
as

 a
 f

ix
ed

-fl
oa

tin
g 

be
ar

in
g 

sy
st

em
, 

as
 i

t 
is

 t
yp

ic
al

ly
 u

se
d 

in
 W

T 
dr

iv
e 

tra
in

s 
w

ith
 fo

ur
 p

oi
nt

 s
us

pe
ns

io
n.

 F
or

 th
e 

de
ve

lo
pe

d 
ge

ar
bo

x 
st

ru
ct

ur
es

, t
he

 u
se

d 
se

al
s,

 
be

ar
in

gs
 a

nd
 g

ea
r p

ar
am

et
er

s 
ar

e 
im

pl
em

en
te

d 
in

 t
he

 m
od

el
. 

Th
e 

ge
ne

ra
to

rs
 a

re
 m

od
el

ed
 

ba
se

d 
on

 t
he

 e
ffi

ci
en

cy
 m

ap
 o

f 
th

e 
PM

SM
 

de
sc

rib
ed

 in
 s

ec
tio

n 
6.

 

To
 c

al
cu

la
te

 th
e 

ef
fic

ie
nc

y 
th

e 
po

w
er

 lo
ss

es
 o

f 
ev

er
y 

co
m

po
ne

nt
 

ar
e 

de
te

rm
in

ed
 

fo
r 

al
l 

op
er

at
in

g 
po

in
ts

 
of

 
th

e 
ge

ar
bo

x 
ba

se
d 

on
 

an
al

yt
ic

 e
qu

at
io

ns
. 

Th
es

e 
po

w
er

 lo
ss

es
 a

re
 –

 
re

ga
rd

in
g 

th
e 

be
ar

in
gs

 a
nd

 g
ea

rs
 –

 b
ot

h 
lo

ad
-

de
pe

nd
en

t 
an

d 
-in

de
pe

nd
en

t. 
Th

e 
be

ar
in

g 
lo

ss
es

 a
re

 c
al

cu
la

te
d 

fo
r t

he
 m

ai
n 

be
ar

in
g 

an
d 

ot
he

r 
be

ar
in

g s
 u

se
d 

in
 th

e 
ge

ar
bo

x,
 a

cc
or

di
ng

 
to

 e
st

ab
lis

he
d 

ca
lc

ul
at

io
n 

m
et

ho
ds

 [8
]. 

Th
er

e 
ar

e 
co

m
m

on
ly

 h
yd

ro
dy

na
m

ic
 a

nd
 fr

ic
tio

n 
lo

ss
es

 o
cc

ur
rin

g 
in

 th
e 

to
ot

h 
co

nt
ac

t. 
In

 th
e 

us
ed

 
ca

lc
ul

at
io

n 
m

od
el

 
th

es
e 

fri
ct

io
n 

lo
ss

es
 

ar
e 

di
vi

de
d 

in
to

 
ro

llin
g 

an
d 

sl
id

in
g 

fri
ct

io
n 

an
d 

ca
lc

ul
at

ed
 fo

r e
ve

ry
 to

ot
h 

en
ga

ge
m

en
t [

9]
. T

he
 

hy
dr

od
yn

am
ic

 lo
ss

es
 a

re
 d

iv
id

ed
 in

to
 c

hu
rn

in
g 

an
d 

sq
ue

ez
in

g 
lo

ss
es

. T
he

se
 lo

ss
es

 c
an

no
t b

e 
ca

lc
ul

at
ed

 i
n 

AM
ES

im
 u

si
ng

 t
he

 u
nd

er
ly

in
g 

em
pi

ric
 e

qu
at

io
ns

 b
y 

Te
re

kh
ov

 [1
0]

. T
er

ek
ho

v’
s 

ca
lc

ul
at

io
n 

m
et

ho
d 

is
 b

as
ed

 o
n 

re
se

ar
ch

 o
n 

sp
ur

 g
ea

rs
 w

ith
 a

 m
ax

im
u m

 m
od

ul
e 

of
 8

 m
m

, 
w

hi
ch

 
ar

e 
ev

al
ua

te
d 

at
 

m
ax

im
um

 
ci

rc
um

fe
re

nt
ia

l s
pe

ed
s 

of
 5

0 
m

/s
 [1

1]
. H

ow
ev

er
, 

th
e 

de
ve

lo
pe

d 
ge

ar
bo

x 
co

nc
ep

ts
 u

se
 b

ig
 te

et
h 

w
ith

 m
od

ul
es

 o
f 1

0-
24

 m
m

, i
n 

th
e 

ge
ar

 s
ta

ge
s 

be
fo

re
 

th
e 

po
w

er
 

sp
lit

. 
M

or
eo

ve
r, 

th
e 

ci
rc

um
fe

re
nt

ia
l 

sp
ee

d 
in

 t
he

 P
PP

S 
ge

ar
bo

x 
co

nc
ep

t i
s 

hi
gh

er
 th

an
 5

0 
m

/s
 in

 th
e 

fo
ur

th
 s

ta
ge

 
w

hi
ch

 m
ea

ns
 t

ha
t 

Te
re

kh
ov

’s
 m

et
ho

ds
 l

os
e 

th
ei

r 
va

lid
ity

. 
Ac

co
rd

in
g 

to
 S

tra
ss

er
, 

th
e 

lo
ad

-
in

de
pe

nd
en

t 
lo

ss
es

 (
ch

ur
ni

ng
 a

nd
 s

qu
ee

zi
ng

 

lo
ss

es
) r

ep
re

se
nt

 1
-1

3 
%

 o
f t

he
 e

nt
ire

 lo
ss

es
 in

 
th

e 
ge

ar
bo

x,
 d

ep
en

di
ng

 o
n 

th
e 

op
er

at
in

g 
po

in
t 

[1
1]

. 
As

 
lo

ng
 

as
 

th
er

e 
is

 
an

 
oi

l 
in

je
ct

io
n 

lu
br

ic
at

io
n 

in
st

ea
d 

of
 a

 f
lo

od
 l

ub
ric

at
io

n 
fo

r 
ev

er
y 

st
ag

e,
 n

o 
ch

ur
ni

ng
 l

os
se

s 
oc

cu
r. 

Th
e 

sq
ue

ez
in

g 
lo

ss
es

 c
an

 b
e 

es
tim

at
ed

 a
t 

0.
37

-
10

 %
 [

11
]. 

Th
e 

re
la

tiv
e 

co
m

pa
ra

bi
lit

y 
of

 t
he

 
ge

ar
bo

x 
co

nc
ep

ts
 b

as
ed

 o
n 

th
ei

r 
ef

fic
ie

nc
y 

is
 

st
ill 

gi
ve

n,
 b

ec
au

se
 th

e 
op

er
at

in
g 

po
in

ts
 o

f e
ve

ry
 

co
nc

ep
t a

re
 id

en
tic

al
 a

nd
 d

ue
 to

 th
e 

fa
ct

 th
at

 th
e 

sq
ue

ez
in

g 
lo

ss
es

 
de

pe
nd

 
m

ai
nl

y 
on

 
th

e 
ci

rc
um

fe
re

nt
ia

l s
pe

ed
 a

nd
 th

e 
lu

br
ic

an
t v

is
co

si
ty

 
[1

2]
. F

or
 th

e 
se

al
s,

 lo
ad

 in
de

pe
nd

en
t l

os
se

s 
ar

e 
ca

lc
ul

at
ed

 u
si

ng
 th

e 
ap

pr
oa

ch
 a

cc
or

di
ng

 to
 [1

3]
. 

Th
e 

ef
fic

ie
nc

y 
is

 d
ef

in
ed

 a
s 

th
e 

re
la

tio
n 

of
 th

e 
ge

ne
ra

to
r 

ou
tp

ut
 p

ow
er

 a
nd

 t
he

 r
ot

or
 i

np
ut

 
po

w
er

. 
Fi

rs
t 

si
m

ul
at

io
ns

 a
re

 c
ar

rie
d 

ou
t 

at
 a

 
lu

br
ic

an
t t

em
pe

ra
tu

re
 o

f 6
5 

°C
 a

nd
 fo

r a
 s

ta
rt-

up
 

pr
oc

ed
ur

e 
of

 t
he

 W
T 

up
 t

o 
ra

te
d 

po
w

er
. 

N
o 

op
er

at
in

g 
st

ra
te

gy
 

re
ga

rd
in

g 
po

w
er

 
sp

lit
 

is
 

im
pl

em
en

te
d 

at
 th

is
 p

oi
nt

, w
hi

ch
 m

ea
ns

 th
at

 a
ll 

ge
ne

ra
to

rs
 a

re
 s

ym
m

et
ric

al
ly

 lo
ad

ed
 a

t 
pa

rti
al

 
lo

ad
. 

Fi
gu

re
 4

 d
ep

ic
ts

 t
he

 e
ffi

ci
en

ci
es

 o
f 

fo
ur

 
di

ffe
re

nt
 d

riv
e 

tra
in

 c
on

fig
ur

at
io

ns
, 

w
he

re
 o

nl
y 

th
e 

ge
ar

bo
x 

co
nc

ep
t v

ar
ie

s.
 

Th
e 

va
ria

tio
n 

du
rin

g 
th

e 
en

tir
e 

op
er

at
in

g 
ra

ng
e 

be
tw

ee
n 

th
e 

di
ffe

re
nt

 c
on

ce
pt

s 
is

 le
ss

 th
an

 1
 %

, 
w

hi
ch

 is
 w

ith
in

 th
e 

ac
cu

ra
cy

 o
f t

he
 m

od
el

. T
he

 
dr

iv
e 

tra
in

 c
on

ce
pt

 w
ith

 p
ow

er
 s

pl
it 

in
 th

e 
th

ird
 

st
ag

e 
(P

PS
P)

 e
xh

ib
its

 t
he

 b
es

t 
ef

fic
ie

nc
y 

w
ith

 
93

.7
 %

 a
t 

fu
ll 

lo
ad

. 
Th

e 
co

nc
ep

ts
 w

ith
 p

ow
er

 
sp

lit
 in

 th
e 

fir
st

 (
SP

PP
) 

an
d 

la
st

 s
ta

ge
 (

PP
PS

) 
ba

si
ca

lly
 d

is
pl

ay
 id

en
tic

al
 e

ffi
ci

en
cy

 c
ur

ve
s 

w
ith

 
a 

m
ax

im
um

 e
ffi

ci
en

cy
 o

f 
ab

ou
t 

93
.5

 %
 a

t 
fu

ll 
lo

ad
. T

he
 c

on
ce

pt
 w

ith
 p

ow
er

 s
pl

it 
in

 th
e 

se
co

nd
 

st
ag

e 
(P

SP
P)

 h
as

 0
.2

5 
%

 lo
w

er
 e

ffi
ci

en
cy

. 

Th
e 

an
tic

ip
at

ed
 re

su
lt,

 th
at

 th
e 

ge
ar

bo
x 

co
nc

ep
t 

w
ith

 
th

e 
hi

gh
es

t 
nu

m
be

r 
of

 
ro

ta
tin

g 
pa

rts
 

(S
PP

P)
 w

ou
ld

 s
ho

w
 th

e 
w

or
st

 a
nd

 th
e 

co
nc

ep
t 

w
ith

 t
he

 s
m

al
le

st
 n

um
be

r 
of

 p
ar

ts
 (

PP
PS

) 
th

e 
be

st
 e

ffi
ci

en
cy

, 
ha

s 
no

t 
be

en
 c

on
fir

m
ed

. 
Th

is
 

ca
n 

be
 tr

ac
ed

 b
ac

k 
to

 th
e 

us
e 

of
 d

iff
er

en
t r

ol
le

r 
be

ar
in

gs
 a

nd
 th

e 
sl

ig
ht

ly
 d

iff
er

en
t t

ra
ns

m
is

si
on

 
ra

tio
 o

f 
th

e 
di

ffe
re

nt
 c

on
ce

pt
s,

 d
ue

 t
o 

th
ei

r  

Be
ar

in
g 

lo
ss

es
Lo

ss
es

 o
f:


be

ar
in

gs


ge
ar

s


se
al

s

R
ot

or
 

ch
ar

ac
te

ris
tic

s
G

en
er

at
or

Tr
an

sm
is

si
on

 ra
tio

D
riv

e 
tr

ai
n

M
ai

n 
be

ar
in

g
v W

in
d

T R
ot

or
G

ea
rb

ox
st

ru
ct

ur
e

n R
ot

or
n G

en

P
R

ot
or

P
G

ea
r, 

in
P

G
ea

r, 
ou

t
P

G
en

, o
ut

η G
en

η M
B=

P
R

ot
or

P
G

ea
r, 

in

η G
ea

rb
ox

=
P

G
ea

r, 
in

P
G

ea
r, 

ou
t

 

Fi
gu

re
 2

: S
tu

di
ed

 g
ea

rb
ox

 c
on

ce
pt

s.
 

G
ea

rb
ox

 c
on

ce
pt

 
PP

PS
 

PP
SP

 
PS

PP
 

SP
PP

 
W

ei
gh

t (
G

ea
rs

, s
ha

ft,
 b

ea
rin

gs
) 

≈ 
47

 t 
≈ 

49
 t 

≈ 
45

 t 
≈ 

40
 t 

Si
ze

 (W
id

th
 ×

 le
ng

th
) 

3.
4 

× 
3.

4 
m

 
3.

4 
× 

3.
4 

m
 

3.
4 

× 
3.

2 
m

 
4.

2 
× 

3 
m

 
To

ta
l n

um
be

r o
f p

ar
ts

  
90

 
19

3 
27

5 
37

0 
N

um
be

r o
f d

iff
er

en
t p

ar
ts

 
28

 
31

 
30

 
31

 
M

od
ul

ar
ity

 
3.

21
 

6.
23

 
9.

17
 

11
.9

4 

Ta
bl

e 
1:

 C
om

pa
ris

on
 o

f d
iff

er
en

t g
ea

rb
ox

 c
on

ce
pt

s.
 

fo
r t

he
se

 fo
ur

 g
ea

rb
ox

 c
on

ce
pt

s 
(s

ee
 F

ig
ur

e 
2)

. 
Th

e 
fo

ur
 g

ea
rb

ox
 c

on
fig

ur
at

io
ns

 i
n 

Fi
gu

re
 2

 
co

ns
is

t o
f t

hr
ee

 p
la

ne
ta

ry
 s

ta
ge

s 
(P

) a
nd

 a
 s

pu
r 

ge
ar

 s
ta

ge
 (

S)
. 

Th
e 

co
nc

ep
ts

 d
iff

er
 i

n 
th

e 
po

si
tio

n 
of

 t
he

 s
pu

r 
ge

ar
 s

ta
ge

 a
nd

 t
hu

s 
th

e 
po

w
er

 s
pl

it 
in

 th
e 

ge
ar

bo
x.

 

A 
ch

al
le

ng
e 

of
 t

he
se

 g
ea

rb
ox

 c
on

ce
pt

s 
is

 t
he

 
sh

af
t b

ea
rin

g 
fo

r 
th

e 
sp

ur
 g

ea
r 

us
ed

 to
 r

ea
liz

e 
th

e 
po

w
er

 
sp

lit
. 

Sw
itc

ha
bl

e 
co

up
lin

gs
 

ar
e 

de
si

gn
at

ed
 b

eh
in

d 
th

e 
po

w
er

 s
pl

it,
 w

hi
ch

 a
re

 
op

en
ed

 
or

 
cl

os
ed

 
de

pe
nd

in
g 

on
 

th
e 

in
pu

t 
po

w
er

. 
Th

e 
ge

ne
ra

to
rs

 a
re

 r
am

pe
d 

up
 t

o 
th

e 
sy

nc
hr

on
ou

s 
sp

ee
d 

be
fo

re
 t

he
 c

ou
pl

in
gs

 a
re

 
ac

tiv
at

ed
, w

hi
ch

 r
ed

uc
es

 th
e 

w
ea

r. 
Po

si
tiv

e 
fit

 
an

d 
fri

ct
io

na
lly

 e
ng

ag
ed

 c
ou

pl
in

gs
, 

bo
th

 d
ry

- 
an

d 
w

et
-ru

nn
in

g,
 

ar
e 

ev
al

ua
te

d 
fo

r 
th

is
 

ap
pl

ic
at

io
n.

 W
hi

le
 a

 c
ou

pl
in

g 
is

 o
pe

ne
d 

th
e  

as
so

ci
at

ed
 s

pu
r 

ge
ar

 o
ut

pu
t 

sh
af

t 
is

 r
ot

at
in

g 
an

yw
ay

, 
be

ca
us

e 
th

e 
ge

ar
in

g 
is

 
st

ill 
in

 
op

er
at

io
n.

 T
ho

ug
h 

th
e 

sh
af

t i
s 

no
t t

ra
ns

m
itt

in
g 

po
w

er
 –

 o
th

er
 th

an
 th

e 
fri

ct
io

n 
in

 th
e 

be
ar

in
gs

 –
 

th
e 

to
ot

h 
fo

rc
es

 i
n 

th
is

 o
pe

ra
tio

na
l 

st
at

e 
ar

e 
qu

ite
 lo

w
. T

he
 b

ea
rin

gs
 a

re
 p

re
-s

tre
ss

ed
 w

ith
 a

n 
in

iti
al

 te
ns

io
n,

 in
 o

rd
er

 to
 r

ed
uc

e 
th

e 
op

er
at

in
g 

ris
k 

of
 th

e 
be

ar
in

gs
 b

el
ow

 m
in

im
um

 lo
ad

. T
hi

s 
in

iti
al

 te
ns

io
n 

is
 2

 %
 o

f t
he

 lo
ad

 r
at

in
g 

fo
r 

th
e 

us
ed

 ta
pe

re
d 

ro
lle

r b
ea

rin
gs

 [8
]. 

Th
e 

de
ve

lo
pe

d 
co

nc
ep

ts
 a

re
 r

at
ed

 r
eg

ar
di

ng
 

sp
ac

e,
 w

ei
gh

t, 
m

od
ul

ar
ity

 a
nd

 e
ffi

ci
en

cy
. 

To
 

gi
ve

 
a 

st
at

em
en

t 
on

 
th

e 
m

od
ul

ar
ity

 
of

 
th

e 
di

ffe
re

nt
 c

on
ce

pt
s,

 a
 p

ar
am

et
er

 i
s 

in
tro

du
ce

d 
th

at
 r

at
es

 th
e 

to
ta

l n
um

be
r o

f i
de

nt
ic

al
 p

ar
ts

 to
 

th
e 

nu
m

be
r 

of
 d

iff
er

en
t p

ar
ts

. T
he

 r
es

ul
t i

s 
th

e 
av

er
ag

e 
nu

m
be

r o
f u

se
d 

el
em

en
ts

 in
 th

e 
en

tir
e 

ge
ar

bo
x.

 T
he

 h
ig

he
r 

th
is

 p
ar

am
et

er
 i

s,
 t

he
 

hi
gh

er
 is

 th
e 

m
od

ul
ar

ity
 o

f t
he

 c
on

ce
pt

. O
nl

y 
th

e 
pa

rts
 

fro
m

 
th

e 
bo

tto
m

 
le

ve
l 

of
 

th
e 

bi
ll 

of
 

m
at

er
ia

ls
 a

re
 c

on
si

de
re

d 
to

 b
e 

si
ng

le
 p

ar
ts

. 
O

nl
y 

sh
af

ts
, b

ea
rin

gs
, p

la
ne

t c
ar

rie
r a

nd
 g

ea
rs

 
ar

e 
re

ga
rd

ed
. 

In
 

Ta
bl

e 
1 

th
e 

fo
ur

 
ge

ar
bo

x 
co

nc
ep

ts
 

ar
e 

co
m

pa
re

d.
 T

he
 u

se
 o

f 
pl

an
et

ar
y 

ge
ar

 u
ni

ts
 in

 
th

e 
fir

st
 th

re
e 

st
ag

es
 le

ad
s 

to
 a

 c
om

pa
ct

 g
ea

r 
de

si
gn

 w
ith

 a
 lo

w
 m

od
ul

ar
ity

. T
he

 c
on

ce
pt

 w
ith

 
po

w
er

 s
pl

it 
in

 t
he

 f
irs

t 
st

ag
e 

st
an

ds
 i

n 
di

re
ct

 
co

nt
ra

st
 t

o 
th

is
 s

tru
ct

ur
e.

 F
or

 t
hi

s 
co

nc
ep

t 
si

x 
in

di
vi

du
al

 1
 M

W
 g

ea
r 

tra
in

s,
 e

ac
h 

w
ith

 t
hr

ee
 

pl
an

et
ar

y 
st

ag
es

, 
ar

e 
ar

ra
ng

ed
 a

fte
r 

th
e 

fir
st

 
st

ag
e.

 T
hi

s 
le

ad
s 

to
 a

 v
er

y 
m

od
ul

ar
 g

ea
rb

ox
 

st
ru

ct
ur

e,
 i

nc
re

as
es

 t
he

 n
um

be
r 

of
 i

de
nt

ic
al

 
pa

rts
 a

nd
 r

ed
uc

es
 t

he
 m

as
s 

of
 t

he
 i

nd
iv

id
ua

l 
co

m
po

ne
nt

s.
 T

he
 r

em
ai

ni
ng

 c
on

ce
pt

s 
pr

ov
id

e 
th

e 
po

w
er

 s
pl

it 
in

 th
e 

se
co

nd
 a

nd
 th

ird
 s

ta
ge

, 
re

sp
ec

tiv
el

y.
 

G
ea

rb
ox

co
nc

ep
t: 

SP
PP

G
ea

rb
ox

co
nc

ep
t: 

PP
PS

G
ea

rb
ox

co
nc

ep
t: 

PP
SP

G
ea

rb
ox

co
nc

ep
t: 

PS
PP

-m
od

ul
e

2:
 ≈

15
63

 k
g

-m
od

ul
e

3:
 ≈

57
0 

kg
-m

od
ul

e
4:

 ≈
25

0 
kg

-m
od

ul
e

3:
 ≈

58
6 

kg
-m

od
ul

e
4:

 ≈
25

2 
kg

-m
od

ul
e

4:
 ≈

30
5 

kg
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Fi
gu

re
 5

: E
xe

m
pl

ar
y 

ef
fic

ie
nc

y 
ra

ng
es

 fo
r d

iff
er

en
t e

le
ct

ric
al

 m
ac

hi
ne

 to
po

lo
gi

es
 [1

5]
. 

po
w

er
 d

en
si

ty
, 

w
he

n 
co

m
pa

re
d 

to
 t

he
 o

th
er

 
m

ac
hi

ne
 

ty
pe

s.
 

Sy
nc

hr
on

ou
s 

m
ac

hi
ne

s 
ar

e 
m

ag
ne

tic
al

ly
 e

xc
ite

d 
by

 a
 w

in
di

ng
 o

n 
th

e 
ro

to
r 

(E
ES

M
) 

or
 b

y 
pe

rm
an

en
t 

m
ag

ne
ts

 (
PM

SM
). 

Th
es

e 
ty

pe
s 

of
 m

ag
ne

tiz
at

io
n 

le
ad

 to
 a

ve
ra

ge
 

va
lu

es
 o

f  t
he

 a
ir 

ga
p 

flu
x 

de
ns

ity
 o

f B
 =

 1
.2

 T
. 

Fo
r 

th
e 

in
du

ct
io

n 
m

ac
hi

ne
 w

ith
 s

qu
irr

el
 c

ag
e 

ro
to

r (
SC

IM
) t

he
 m

ag
ne

tiz
at

io
n 

is
 g

en
er

at
ed

 b
y 

th
e 

cu
rre

nt
 

in
 

th
e 

st
at

or
 

w
in

di
ng

. 
Ai

r 
ga

p 
m

ag
ne

tic
 f

lu
x 

de
ns

iti
es

 o
f 

B
 =

 0
.8

 T
 c

an
 b

e 
re

ac
he

d.
 H

ig
he

r 
ai

r 
ga

p 
flu

x 
de

ns
iti

es
 w

ou
ld

 
le

ad
 to

 a
n 

in
cr

ea
se

 in
 m

ag
ne

tiz
at

io
n 

ef
fo

rt 
an

d 
re

du
ce

 t
he

 p
ow

er
 f

ac
to

r, 
du

e 
to

 t
he

 n
on

lin
ea

r 
be

ha
vi

or
 o

f t
he

 s
ta

to
r s

he
et

 m
at

er
ia

l.  

Bo
th

 
sy

nc
hr

on
ou

s 
m

ac
hi

ne
s 

ha
ve

 
hi

gh
er

 
ef

fic
ie

nc
y 

in
 t

he
 b

as
e 

sp
ee

d 
ra

ng
e,

 w
ith

 t
he

 
PM

SM
 b

ei
ng

 m
os

t 
ef

fic
ie

nt
, 

si
nc

e 
no

 c
op

pe
r 

lo
ss

es
 

oc
cu

r 
in

si
de

 
th

e 
ro

to
r 

du
e 

to
 

th
e 

pe
rm

an
en

t 
m

ag
ne

t 
ex

ci
ta

tio
n.

 
Th

is
 

is
 

m
os

t 
ad

va
nt

ag
eo

us
 

fo
r 

th
e 

ap
pl

ic
at

io
n 

as
 

a 
W

T 
ge

ne
ra

to
r, 

w
hi

ch
 g

en
er

al
ly

 o
pe

ra
te

s 
in

 th
e 

ba
se

 
sp

ee
d 

ra
ng

e.
 T

he
 i

nd
uc

tio
n 

m
ac

hi
ne

 h
as

 t
he

 
hi

gh
es

t 
ef

fic
ie

nc
y 

in
 t

he
 f

ie
ld

-w
ea

ke
ni

ng
 a

re
a,

 
as

 il
lu

st
ra

te
d 

in
 F

ig
ur

e 
5.

 

Fo
r t

he
 h

ig
h-

sp
ee

d 
ap

pl
ic

at
io

n 
of

 th
e 

ge
ne

ra
to

r 
fu

rth
er

 
re

qu
ire

m
en

ts
 

ha
ve

 
to

 
be

 
re

ga
rd

ed
.  

Es
pe

ci
al

ly
 th

e 
m

ec
ha

ni
ca

l s
tre

ss
 o

n 
th

e 
ro

to
r o

f 
th

e 
m

ac
hi

ne
s 

du
e 

to
 c

en
tri

fu
ga

l f
or

ce
s 

ha
s 

to
 b

e 
an

al
yz

ed
. 

Fo
r 

th
e 

pr
op

os
ed

 a
pp

lic
at

io
n,

 t
he

 
ci

rc
um

fe
re

nt
ia

l 
sp

ee
d 

sh
ou

ld
 

no
t 

ex
ce

ed
 

10
0 

m
/s

, w
hi

ch
 c

on
st

ra
in

ts
 th

e 
di

am
et

er
 o

f t
he

 
ro

to
r 

at
 

D
 =

 0
.3

8 
m

 
(fo

r 
a 

gi
ve

n 
sp

ee
d 

of
 

n 
= 

5,
00

0 
rp

m
). 

Th
e 

m
ec

ha
ni

ca
l 

st
re

ss
 

ha
s 

lo
ca

l h
ot

-s
po

ts
, d

ep
en

di
ng

 o
n 

th
e 

ge
om

et
ry

. F
or

 
th

e 
PM

SM
 h

ig
h 

st
re

ss
 o

cc
ur

s 
at

 t
he

 b
rid

ge
s 

ar
ou

nd
 t

he
 p

er
m

an
en

t 
m

ag
ne

t 
sl

ot
s.

 A
no

th
er

 
im

po
rta

nt
 a

sp
ec

t a
t h

ig
he

r 
sp

ee
ds

 a
re

 th
e 

iro
n 

lo
ss

es
 in

si
de

 th
e 

el
ec

tri
ca

l s
te

el
 s

he
et

s,
 w

hi
ch

 
be

co
m

e 
cr

iti
ca

l w
ith

 in
cr

ea
si

ng
 f

re
qu

en
cy

 a
nd

 
m

ag
ne

tic
 fl

ux
 d

en
si

ty
 [1

6]
. 

A 
SC

IM
 i

s 
de

si
gn

ed
 f

or
 a

 r
at

ed
 p

ow
er

 o
f 

P
 =

 1
 M

W
 a

nd
 a

 r
at

ed
 s

pe
ed

 o
f n

 =
 5

,0
00

 rp
m

 
ba

se
d 

on
 a

na
ly

tic
al

 m
et

ho
ds

 a
nd

 c
on

si
de

rin
g 

th
e 

va
lu

es
 i

n 
Ta

bl
e 

2.
 T

he
 r

es
ul

tin
g 

m
ac

hi
ne

 
ha

s 
a 

to
ta

l v
ol

um
e 

of
 0

.1
11

6 
m

3  
(in

cl
ud

in
g 

en
d 

w
in

di
ng

s 
of

 s
ta

to
r w

in
di

ng
) a

nd
 a

 p
ow

er
 d

en
si

ty
 

of
 8

.9
6 

M
W

/m
3 . 

W
ith

 a
 s

pe
ci

fic
 p

ric
e 

of
 1

6 
€/

kg
 

fo
r 

co
pp

er
 a

nd
 5

 €
/k

g 
fo

r 
el

ec
tri

ca
l 

sh
ee

t 
[1

], 
[1

7]
, 

[1
8]

, 
th

e 
co

st
 

of
 

th
e 

ac
tiv

e 
m

ag
ne

tic
 

m
at

er
ia

l f
or

 o
ne

 S
C

IM
 is

 4
,7

58
 €

 (s
ee

 T
ab

le
 4

). 

Th
e 

PM
SM

 is
 d

es
ig

ne
d 

w
ith

 V
-s

ha
pe

d 
bu

rie
d 

m
ag

ne
ts

 to
 m

in
im

iz
e 

ed
dy

 c
ur

re
nt

 lo
ss

es
 in

si
de

 
th

e 
m

ag
ne

ts
 

[1
6]

. 
Ta

bl
e 

3 
lis

ts
 

th
e 

m
ai

n 
pa

ra
m

et
er

s 
an

d 
Fi

gu
re

 6
 d

ep
ic

ts
 t

he
 c

ro
ss

 
se

ct
io

n 
of

 t
he

 m
ac

hi
ne

. 
An

 e
ffi

ci
en

cy
 m

ap
 i

s 
ca

lc
ul

at
ed

 fo
r t

hi
s 

de
si

gn
 b

y 
m

ea
ns

 o
f t

he
 fi

ni
te

 
el

em
en

t m
et

ho
d 

(F
EM

). 
A 

m
ax

im
um

 e
ffi

ci
en

cy
 

of
 9

8.
6 

%
 c

an
 b

e 
re

ac
he

d 
(s

ee
 F

ig
ur

e 
7)

. T
he

 
re

su
lti

ng
 d

es
ig

n 
ha

s 
a 

to
ta

l v
ol

um
e 

of
 0

.1
10

4 
m

3  
an

d 
th

us
 a

 p
ow

er
 d

en
si

ty
 o

f 9
.0

6 
M

W
/m

3  
(s

ee
 

Ta
bl

e 
4)

. 
To

 
an

al
yz

e 
th

e 
hi

gh
 

m
ec

ha
ni

ca
l 

st
re

ss
es

 th
at

 o
cc

ur
 in

 th
e 

el
ec

tri
ca

l s
he

et
s 

of
 th

e 
ro

to
r, 

es
pe

ci
al

ly
 

in
 

th
e 

br
id

ge
s 

ar
ou

nd
 

th
e 

bu
rie

d 
pe

rm
an

en
t m

ag
ne

ts
, a

 F
EM

 c
al

cu
la

tio
n 

is
 p

er
fo

rm
ed

. T
he

 g
eo

m
et

ry
 is

 to
o 

co
m

pl
ex

 fo
r 

an
 a

na
ly

tic
al

 c
on

si
de

ra
tio

n.
 T

he
 e

va
lu

at
io

n 
is

 
ba

se
d 

on
 t

he
 v

on
 M

is
es

 s
tre

ss
. 

Th
e 

ro
to

r 
ge

om
et

ry
 i

s 
op

tim
iz

ed
 s

o 
th

at
 t

he
 r

es
ul

tin
g 

m
ax

im
um

 v
al

ue
 i

s 
41

9.
7 

M
Pa

, 
w

hi
ch

 i
s 

le
ss

 
th

an
 ty

pi
ca

l v
al

ue
s 

of
 m

od
er

n 
el

ec
tri

ca
l s

he
et

s.
 

Th
us

, 
th

e 
vo

n 
M

is
es

 s
tre

ss
 is

 b
el

ow
 t

he
 y

ie
ld

 
st

re
ng

th
 o

f t
he

 m
at

er
ia

l. 

Th
e 

co
st

 o
f t

he
 to

ta
l a

ct
iv

e 
m

ag
ne

tic
 m

at
er

ia
l f

or
 

on
e 

PM
SM

 a
m

ou
nt

s 
to

 5
,7

27
 €

. A
 s

pe
ci

fic
 p

ric
e 

fo
r 

pe
rm

an
en

t m
ag

ne
ts

 o
f 5

8 
€/

kg
 is

 a
ss

um
ed

 
[1

], 
[1

7]
, [

18
]. 

As
 s

ho
w

n 
in

 T
ab

le
 4

, t
he

 S
C

IM
 

ha
s 

a 
co

st
 a

dv
an

ta
ge

 o
f a

bo
ut

 1
7 

%
 o

ve
r 

th
e 

PM
SM

. H
ow

ev
er

, i
t m

us
t b

e 
co

ns
id

er
ed

 th
at

 th
e 

po
w

er
 fa

ct
or

 o
f t

he
 S

C
IM

 is
 lo

w
er

 c
om

pa
re

d 
to

 
th

e 
PM

SM
 (s

ee
 T

ab
le

 2
), 

w
hi

ch
 m

ea
ns

 th
at

 th
e 

co
nv

er
te

r 
ha

s 
to

 p
ro

vi
de

 a
 h

ig
he

r 
ap

pa
re

nt
 

po
w

er
. T

hi
s 

le
ad

s 
to

 a
 la

rg
er

 s
iz

e 
an

d 
co

st
 o

f 
th

e 
co

nv
er

te
r. 

D
ue

 t
o 

its
 h

ig
h 

po
w

er
 d

en
si

ty
, 

th
e 

PM
SM

 i
s 

ch
os

en
 a

s 
ge

ne
ra

to
r a

nd
 re

ga
rd

ed
 in

 fo
llo

w
in

g 
si

m
ul

at
io

ns
. 

 

Fi
gu

re
 4

: R
es

ul
ts

 o
f t

he
 e

ffi
ci

en
cy

 e
va

lu
at

io
n 

fo
r d

iff
er

en
t d

riv
e 

tra
in

 c
on

fig
ur

at
io

ns
. 

de
si

gn
 

an
d 

di
m

en
si

on
in

g.
 

Pa
rti

cu
la

rly
, 

th
e 

di
sc

re
te

 s
te

ps
 b

et
w

ee
n 

th
e 

us
ed

 b
ea

rin
g 

si
ze

s 
le

ad
 

to
 

di
ffe

re
nt

 
lo

ss
es

 
th

at
 

in
flu

en
ce

 
th

e 
ef

fic
ie

nc
y 

gr
ap

hs
. T

he
 s

im
ul

at
io

n 
m

od
el

s 
fo

r t
he

 
di

ffe
re

nt
 d

riv
e 

tra
in

 c
on

fig
ur

at
io

ns
 h

av
e 

be
en

 
ite

ra
tiv

el
y 

ex
te

nd
ed

 b
y 

ad
a p

tin
g 

th
e 

ge
ar

 a
nd

 
be

ar
in

g 
pa

ra
m

et
er

s.
 

Fu
rth

er
 

ad
ap

tio
ns

 
re

ga
rd

in
g 

th
e 

si
m

ul
at

io
n 

pa
ra

m
et

er
s 

ar
e 

ex
pe

ct
ed

 d
ur

in
g 

th
e 

de
si

gn
 p

ro
ce

ss
, w

hi
ch

 w
ill 

le
ad

 to
 c

ha
ng

es
 in

 th
e 

ef
fic

ie
nc

y 
gr

ap
hs

. 

Be
si

de
s 

th
e 

ad
va

nt
ag

es
 

of
 

m
od

ul
ar

ity
 

an
d 

w
ei

gh
t, 

th
e 

SP
PP

 g
ea

rb
ox

 c
on

ce
pt

 a
ls

o 
of

fe
rs

 
th

e 
gr

ea
te

st
 p

ot
en

tia
l t

o 
im

pr
ov

e 
th

e 
ut

iliz
at

io
n 

ca
pa

ci
ty

 o
f t

he
 c

om
po

ne
nt

s 
an

d 
th

e 
in

cr
ea

se
 in

 
ef

fic
ie

nc
y 

du
rin

g 
pa

rti
al

 lo
ad

 o
pe

ra
tio

n.
 T

hi
s 

is
 

du
e 

to
 t

he
 p

os
si

bl
e 

in
te

gr
at

io
n 

of
 s

w
itc

ha
bl

e 
co

up
lin

gs
 in

 th
e 

ge
ar

bo
x,

 im
m

ed
ia

te
ly

 a
fte

r t
he

 
fir

st
 g

ea
r 

st
ag

e.
 In

 th
e 

ne
xt

 s
te

p 
of

 th
e 

de
si

gn
 

pr
oc

es
s,

 a
 h

ou
si

ng
 in

cl
ud

in
g 

a 
co

ol
in

g 
co

nc
ep

t 
ar

e 
de

ve
lo

pe
d 

fo
r t

he
 S

PP
P 

co
nc

ep
t. 

6.
 G

en
er

at
or

 T
op
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he

n 
us

in
g 

C
FD

 fo
r t

he
 a

er
od

yn
am

ic
 a

na
ly

si
s 

of
 u

ltr
a-

la
rg

e 
sc

al
e 

w
in

d 
tu

rb
in

es
, 

it 
is

 d
es

ira
bl

e 
to

 
us

e 
C

FD
 s

ol
ve

r,
 w

hi
ch

 h
as

 th
e 

ab
ili

ty
 to

 e
xe

cu
te

 th
e 

an
al

ys
is

 
w

ith
 

a 
gr

id
 

of
 

ab
ou

t 
on

e 
bi

lli
on

 
ce

lls
. 

M
or

eo
ve

r, 
it 

is
 

im
po

rta
nt

 
to

 
us

e 
a 

pa
ra

lle
l 

co
m

pu
ta

tio
n 

su
ch

 
as

 
m

es
sa

ge
 

pa
ss

in
g 

in
te

rfa
ce

 
(M

P
I) 

to
 lo

w
er

 c
om

pu
ta

tio
na

l c
os

ts
. 

In
 t

hi
s 

re
se

ar
ch

, 
w

e 
us

ed
 t

he
 f

as
t C

FD
 s

ol
ve

r 
Fa

S
T 

A
er

od
yn

am
ic

 
R

ou
tin

es
 

(F
aS

TA
R

)[1
1]

, 
w

hi
ch

 
w

as
 d

ev
el

op
ed

 b
y 

th
e 

Ja
pa

n 
A

er
os

pa
ce

 e
X

pl
or

at
io

n 
A

ge
nc

y 
(J

A
X

A
). 

Fa
S

TA
R

 
w

as
 

de
ve

lo
pe

d 
fo

r 

ex
ec

ut
in

g 
lo

w
-c

os
t C

FD
 a

na
ly

se
s[1

2]
. I

t c
an

 a
ls

o 
us

e 
M

P
I 

fo
r 

pa
ra

lle
l 

co
m

pu
ta

tio
n.

 
M

or
eo

ve
r, 

w
he

n 
ex

ec
ut

in
g 

th
e 

co
m

pu
ta

tio
n 

on
 

a 
su

pe
rc

om
pu

te
r 

sy
st

em
, 

w
e 

ca
n 

pe
rfo

rm
 t

he
 a

na
ly

si
s 

w
ith

 a
 g

rid
 o

f 
ar

ou
nd

 s
ev

er
al

 b
ill

io
n 

ce
lls

. 
Th

e 
go

ve
rn

in
g 

eq
ua

tio
ns

 i
n 

Fa
S

TA
R

 a
re

 t
he

 
co

m
pr

es
si

bl
e 

N
av

ie
r–

S
to

ke
s 

eq
ua

tio
ns

, 
w

hi
ch

 a
re

 
di

sc
re

tiz
ed

 
us

in
g 

a 
fin

ite
 

vo
lu

m
e 

m
et

ho
d 

(F
V

M
). 

Fa
S

TA
R

 is
 a

n 
un

st
ru

ct
ur

ed
 g

rid
 fl

ow
 s

ol
ve

r; 
he

nc
e,

 it
 

ca
n 

be
 u

se
d 

w
ith

 H
ex

aG
rid

[1
3]

[1
4]

, 
w

hi
ch

 w
as

 a
ls

o 
de

ve
lo

pe
d 

by
 J

A
X

A
 fo

r g
en

er
at

in
g 

un
st

ru
ct

ur
ed

 g
rid

s 
au

to
m

at
ic

al
ly

. 
U

si
ng

 H
ex

aG
rid

 w
ith

 F
aS

TA
R

, 
fa

st
 

pr
ep

ro
ce

ss
in

g 
an

d 
C

FD
 

an
al

ys
is

 
ca

n 
be

 
ac

co
m

pl
is

he
d.

 C
on

se
qu

en
tly

, 
w

e 
ca

n 
sh

or
te

n 
th

e 
to

ta
l c

om
pu

ta
tio

n 
tim

e 
ef

fe
ct

iv
el

y.
 

A
s 

an
 e

xa
m

pl
e 

of
 p

re
vi

ou
s 

re
se

ar
ch

es
 o

f w
in

d 
tu

rb
in

es
 u

si
ng

 F
aS

TA
R

, a
n 

ae
ro

dy
na

m
ic

 a
na

ly
si

s 
of

 
th

e 
M

ex
N

ex
t w

in
d 

tu
rb

in
e 

ro
to

r w
as

 e
xe

cu
te

d[1
5]

. T
hi

s 
an

al
ys

is
 

w
as

 
ex

ec
ut

ed
 

to
 

cl
ar

ify
 

w
he

th
er

 
or

 
no

t 
Fa

S
TA

R
 i

s 
ap

pl
ic

ab
le

 t
o 

ae
ro

dy
na

m
ic

 a
na

ly
si

s 
of

 
w

in
d 

tu
rb

in
es

. 
In

 t
hi

s 
an

al
ys

is
, 

th
e 

re
su

lts
 i

nc
lu

di
ng

 
ro

to
r 

pe
rfo

rm
an

ce
 a

nd
 w

ak
e 

ch
ar

ac
te

ris
tic

s 
ag

re
ed

 
cl

os
el

y 
w

ith
 t

he
 e

xp
er

im
en

ta
l r

es
ul

ts
. 

Th
es

e 
re

su
lts

 
im

pl
y 

th
at

 w
e 

ca
n 

pr
ed

ic
t t

he
 r

ot
or

 p
er

fo
rm

an
ce

 a
nd

 
th

e 
flo

w
 c

ha
ra

ct
er

is
tic

s 
ar

ou
nd

 t
he

 b
la

de
 p

re
ci

se
ly

 
us

in
g 

Fa
S

TA
R

. 
W

e 
ba

si
ca

lly
 

us
ed

 
th

e 
sa

m
e 

co
m

pu
ta

tio
na

l 
gr

id
 

in
fo

rm
at

io
n 

an
d 

nu
m

er
ic

al
 

an
al

ys
is

 c
on

di
tio

ns
 u

se
d 

in
 th

e 
M

ex
N

ex
t a

na
ly

si
s.

 
 2-

4.
 C

om
pu

ta
tio

na
l g

rid
 

G
rid

 in
fo

rm
at

io
n 

fro
m

 th
is

 re
se

ar
ch

 is
 s

ho
w

n 
in

 
Ta

bl
e 

2.
 T

he
 c

om
pu

ta
tio

na
l g

rid
s 

w
er

e 
ge

ne
ra

te
d 

by
 

H
ex

aG
rid

; 
th

e 
gr

id
 n

ea
r 

th
e 

bl
ad

e 
is

 p
ris

m
at

ic
, 

an
d 

th
e 

on
e 

fo
r t

he
 fa

r-
fie

ld
 re

gi
on

 is
 C

ar
te

si
an

. D
en

ot
in

g 
th

e 
ro

to
r 

di
am

et
er

 a
s 

𝐷𝐷
, 

th
e 

an
al

ys
is

 d
om

ai
n 

is
 

10
𝐷𝐷
𝐷
10
𝐷𝐷
𝐷
10
𝐷𝐷,

 a
nd

 th
e 

ro
to

r i
s 

se
t a

t t
he

 c
en

te
r o

f 
th

e 
do

m
ai

n.
 W

e 
se

t 
th

e 
“r

ef
in

em
en

t 
re

gi
on

” 
as

 1
D

 
do

w
ns

tre
am

 f
ro

m
 t

he
 r

ot
or

 p
la

ne
, 

w
he

re
 t

he
 g

rid
 i

s 
su

bd
iv

id
ed

 s
o 

th
at

 th
e 

re
so

lu
tio

n 
ar

ou
nd

 th
e 

bl
ad

e 
is

 
su

ffi
ci

en
tly

 s
m

al
l. 

D
en

ot
in

g 
th

e 
ch

or
d 

le
ng

th
 a

t 
𝑟𝑟𝑟
𝑟𝑟
𝑟

0.8
 a

s 
𝑐𝑐,

 t
he

 g
rid

 r
es

ol
ut

io
n 

on
 t

he
 b

la
de

 is
 0
.02

2𝑐𝑐
. 

H
er

e,
 𝑅𝑅

 i
s 

th
e 

ro
to

r 
ra

di
us

. 
W

e 
em

ph
as

iz
e 

th
at

 t
he

 
re

so
lu

tio
n 

al
on

g 
th

e 
sp

an
 is

 t
he

 s
am

e 
as

 t
ha

t 
al

on
g 

th
e 

ch
or

d.
 T

he
 h

ei
gh

t o
f t

he
 fi

rs
t c

el
l o

n 
th

e 
bl

ad
e 

is
 

w
ith

in
 𝑦𝑦

+
=
1.

 T
he

 t
ot

al
 n

um
be

r 
of

 c
el

ls
 is

 a
bo

ut
 8

0 
m

ill
io

n 
in

 t
he

 t
hr

ee
-b

la
de

d 
ro

to
r 

ca
se

 a
nd

 5
2 

m
ill

io
n 

in
 

th
e 

tw
o-

bl
ad

ed
 

ca
se

. 
Th

e 
co

m
pu

ta
tio

na
l 

gr
id

 
ar

ou
nd

 t
he

 t
hr

ee
-b

la
de

d 
ro

to
r 

is
 s

ho
w

n 
in

 F
ig

ur
e 

3,
 

an
d 

th
e 

gr
id

 a
ro

un
d 

th
e 

ai
rfo

il 
at

 𝑟𝑟
𝑟𝑟𝑟

𝑟
𝑟𝑟𝑟

 i
s 

sh
ow

n 
in

 F
ig

ur
e 

4.
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𝐶𝐶 𝑥𝑥
=

𝐹𝐹 𝑥𝑥
1 2𝜌𝜌𝑈𝑈

re
l

2
 𝑐𝑐 

(5
) 

 w
he

re
 

𝐹𝐹 𝑥𝑥
 a

nd
 

𝐹𝐹 𝑦𝑦
 a

re
 

th
e 

no
rm

al
 

an
d 

ta
ng

en
tia

l 

fo
rc

es
 p

er
 u

ni
t 

le
ng

th
 a

ct
in

g 
on

 t
he

 b
la

de
 a

nd
 a

re
 

de
fin

ed
 a

s 
sh

ow
n 

in
 F

ig
ur

e 
8.

 𝑐𝑐
 i

s 
th

e 
ch

or
d 

le
ng

th
, 

an
d 

𝑈𝑈 r
el

 i
s 

th
e 

re
la

tiv
e 

in
flo

w
 s

pe
ed

 a
t 

ea
ch

 r
ad

ia
l 

po
si

tio
n,

 r
es

pe
ct

iv
el

y.
 W

e 
no

te
d 

th
at

 t
he

 r
el

at
iv

e 
in

flo
w

 s
pe

ed
 i

n 
th

e 
tw

o-
bl

ad
ed

 r
ot

or
 c

as
e 

is
 f

as
te

r 
th

an
 

in
 

th
e 

th
re

e-
bl

ad
ed

 
ca

se
. 

H
ow

ev
er

, 
th

e 
di

ffe
re

nc
e 

be
tw

ee
n 

th
em

 i
s 

qu
ite

 s
m

al
l. 

Th
us

, 
it 

is
 

im
pl

ie
d 

th
at

 
th

e 
flo

w
 

ch
ar

ac
te

ris
tic

s 
ar

ou
nd

 
th

e 
bl

ad
es

 a
re

 q
ui

te
 s

im
ila

r. 
Fo

r 
th

is
 r

ea
so

n,
 t

o 
ad

dr
es

s 
th

e 
ae

ro
dy

na
m

ic
 c

ha
ra

ct
er

is
tic

s 
of

 t
he

 b
la

de
, 

w
e 

no
n-

di
m

en
si

on
al

iz
ed

 
th

e 
lo

ca
l 

fo
rc

es
 

us
in

g 
th

e 
re

la
tiv

e 
in

flo
w

 s
pe

ed
. 

  
  

A
s 

sh
ow

n 
in

 F
ig

ur
es

 9
 a

nd
 1

0,
 t

he
 l

oc
al

 f
or

ce
 

co
ef

fic
ie

nt
s 

ob
ta

in
ed

 b
y 

Fa
S

TA
R

 a
re

 g
en

er
al

ly
 la

rg
er

 
th

an
 th

os
e 

ob
ta

in
ed

 b
y 

FA
S

T.
 It

 is
 in

fe
rr

ed
 th

at
 th

es
e 

di
ffe

re
nc

es
 a

ris
e 

de
pe

nd
in

g 
on

 w
he

th
er

 o
r n

ot
 w

e 
ar

e 
co

ns
id

er
in

g 
th

e 
3D

 fl
ow

 a
ro

un
d 

th
e 

bl
ad

e.
 H

ow
ev

er
, 

th
e 

tre
nd

s 
sh

ow
 g

oo
d 

ag
re

em
en

t 
in

 t
he

 v
al

ue
s 

of
 

bo
th

 𝐶𝐶
𝑥𝑥 

an
d 

𝐶𝐶 𝑦𝑦
. 

Th
es

e 
re

su
lts

 s
ug

ge
st

 t
ha

t 
ro

to
r 

pe
rfo

rm
an

ce
 

ca
n 

be
 

ca
pt

ur
ed

 
co

rr
ec

tly
 

us
in

g 
Fa

S
TA

R
. 

W
he

n 
fo

cu
si

ng
 

in
 

de
ta

il 
on

 
th

e 
di

ffe
re

nc
es

 
be

tw
ee

n 
Fa

S
TA

R
 

an
d 

FA
S

T
, 

de
cr

ea
se

s 
ar

e 
ob

ta
in

ed
 a

t 
ab

ou
t 

𝑟𝑟𝑟
𝑟𝑟

𝑟
𝑟𝑟1

5 
by

 F
aS

TA
R

 o
nl

y.
 A

t 
𝑟𝑟𝑟

𝑟𝑟
𝑟

𝑟𝑟1
5,

 th
e 

bl
ad

e 
sh

ap
e 

ch
an

ge
s 

fro
m

 c
yl

in
de

r t
o 

ai
rfo

il.
 A

t 
th

is
 t

ra
ns

iti
on

, 
co

m
pl

ex
 f

lo
w

s 
ca

n 
oc

cu
r, 

in
du

ce
d 

by
 th

e 
flo

w
 s

ep
ar

at
io

n,
 w

hi
ch

 m
ay

 re
su

lt 
in

 a
 

de
cr

em
en

t 
of

 r
ot

or
 p

er
fo

rm
an

ce
. 

Fu
rth

er
m

or
e,

 t
he

 
de

cl
in

es
 w

hi
ch

 s
ee

m
 t

o 
re

su
lt 

fro
m

 b
la

de
 t

ip
 lo

ss
es

 
ar

e 
ob

vi
ou

s 
on

ly
 in

 th
e 

re
su

lts
 o

bt
ai

ne
d 

by
 F

aS
TA

R
. 

Th
es

e 
re

su
lts

 s
ug

ge
st

 t
ha

t 
ae

ro
dy

na
m

ic
 a

na
ly

si
s 

us
in

g 
Fa

S
TA

R
 c

an
 c

ap
tu

re
 t

he
 b

la
de

 t
ip

 lo
ss

 e
ffe

ct
, 

w
hi

ch
 is

 d
iff

ic
ul

t t
o 

ca
pt

ur
e 

us
in

g 
B

E
M

 th
eo

ry
. 

  
  

W
he

n 
fo

cu
si

ng
 o

n 
th

e 
di

ffe
re

nc
es

 r
el

at
ed

 to
 th

e 
nu

m
be

r 
of

 b
la

de
s,

 t
he

 v
al

ue
s 

of
 𝐶𝐶

𝑥𝑥 
fro

m
 𝑟𝑟

𝑟𝑟𝑟
𝑟

𝑟𝑟𝑟
 

to
 𝑟𝑟

𝑟𝑟𝑟
𝑟

𝑟𝑟𝑟
 i

n 
th

e 
tw

o-
bl

ad
ed

 ro
to

r c
as

e 
ar

e 
gr

ea
te

r 
th

an
 t

ho
se

 i
n 

th
e 

th
re

e-
bl

ad
ed

 c
as

e 
as

 s
ho

w
n 

in
 

Fi
gu

re
 9

. 
Th

e 
an

gl
es

 o
f 

at
ta

ck
 a

re
 d

iff
er

en
t 

in
 t

he
 

tw
o-

 a
nd

 th
re

e-
bl

ad
ed

 r
ot

or
 c

as
es

 b
ec

au
se

 th
e 

tw
is

t 
an

gl
e 

di
st

rib
ut

io
ns

 a
nd

 ro
ta

tio
na

l s
pe

ed
s 

ar
e 

di
ffe

re
nt

. 
Th

is
 m

ay
 r

es
ul

t i
n 

a 
di

ffe
re

nc
e 

in
 r

ot
or

 p
er

fo
rm

an
ce

, 
as

 s
ho

w
n 

in
 F

ig
ur

es
 9

 a
nd

 1
0.

 H
ow

ev
er

, t
he

 tr
en

d 
of

 
va

ry
in

g 
𝐶𝐶 𝑥𝑥

 w
ith

 c
ha

ng
in

g 
𝑟𝑟𝑟

𝑟𝑟 
an

d 
th

e 
va

lu
es

 f
ro

m
 

𝑟𝑟𝑟
𝑟𝑟

𝑟
𝑟𝑟𝑟

 o
nw

ar
d 

ar
e 

in
 g

oo
d 

ag
re

em
en

t. 

  
  

M
or

eo
ve

r, 
th

e 
tre

nd
s 

of
 

va
ry

in
g 

𝐶𝐶 𝑦𝑦
 w

ith
 

ch
an

gi
ng

 𝑟𝑟
𝑟𝑟𝑟

 a
re

 a
ls

o 
in

 g
oo

d 
ag

re
em

en
t a

s 
sh

ow
n 

in
 F

ig
ur

e 
10

. 
H

ow
ev

er
, 

th
e 

va
lu

es
 o

bt
ai

ne
d 

in
 t

he
 

tw
o-

bl
ad

ed
 r

ot
or

 c
as

e 
ar

e 
ge

ne
ra

lly
 s

m
al

le
r 

th
an

 
th

os
e 

ob
ta

in
ed

 i
n 

th
e 

th
re

e-
bl

ad
ed

 c
as

e.
 T

he
 t

w
is

t 
an

gl
e 

al
on

g 
th

e 
bl

ad
e 

in
 th

e 
tw

o-
bl

ad
ed

 ro
to

r 
ca

se
 is

 
ge

ne
ra

lly
 s

m
al

le
r t

ha
n 

in
 th

e 
th

re
e-

bl
ad

ed
 c

as
e,

 a
nd

, 

co
ns

eq
ue

nt
ly

 
th

e 
lif

t 
ac

tio
n 

in
 

th
e 

𝑦𝑦
-d

ire
ct

io
n 

de
cl

in
es

. 
Fu

rth
er

m
or

e,
 t

he
 𝐶𝐶

𝑦𝑦
 v

al
ue

 a
t 

𝑟𝑟𝑟
𝑟𝑟

𝑟
𝑟𝑟1

5 
in

 t
he

 t
w

o-
bl

ad
ed

 r
ot

or
 i

s 
ne

ga
tiv

e,
 u

nl
ik

e 
in

 t
he

 
th

re
e-

bl
ad

ed
 r

ot
or

. 
Th

es
e 

re
su

lts
 s

ug
ge

st
 t

ha
t 

th
e 

flo
w

 s
ep

ar
at

io
n 

in
du

ce
d 

by
 th

e 
ai

rfo
il 

sh
ap

e 
tra

ns
iti

on
 

im
pa

ct
s 

th
e 

ro
to

r 
pe

rfo
rm

an
ce

 m
or

e 
si

gn
ifi

ca
nt

ly
 i

n 
tw

o-
bl

ad
ed

 ro
to

r c
as

e.
 

 

 
Fi

gu
re

 8
: D

ef
in

iti
on

 o
f l

oc
al

 fo
rc

es
 𝐹𝐹

𝑥𝑥 
an

d 
𝐹𝐹 𝑦𝑦

 
al

on
g 

th
e 

bl
ad

e.
 

 

 
Fi

gu
re

 9
: N

or
m

al
 fo

rc
e 

co
ef

fic
ie

nt
 𝐶𝐶

𝑥𝑥 
di

st
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 𝑇𝑇
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 p
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 𝜆𝜆
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 b
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 b
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 p
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𝐶𝐶 𝑃𝑃

 a
nd

 
𝐶𝐶 𝑇𝑇

 v
al

ue
s 

ob
ta

in
ed

 
by

 
Fa

S
TA

R
 a

re
 s

m
al

le
r 

th
an

 t
ho

se
 o

bt
ai

ne
d 

by
 F

A
S

T 
w

he
n 

𝜆𝜆 
is

 lo
w

er
 t

ha
n 

th
e 

de
si

gn
ed

 𝜆𝜆
. 

In
 a

 2
D

 C
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 𝜆𝜆

. 
It 

is
 k

no
w

n 
th

at
 t

he
 

flo
w

 a
ro

un
d 

th
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 f
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 p
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 m
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 d
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 d
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 f
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𝜆
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l d
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 c
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 d
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l

2
 𝑐𝑐 
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n 
th

e 
ot

he
r 

ha
nd

, 
th

e 
in

ve
st

ig
at

io
ns

 o
n 

th
e 

se
ns

in
g 

si
gn

al
s,

 e
qu

al
ly

 im
po

rta
nt

 to
 th

e 
co

nt
ro

l 
pe

rfo
rm

an
ce

, 
of

 t
he

 D
TE

F 
ba

se
d 

sm
ar

t 
ro

to
r 

sy
st

em
, h

av
e 

be
en

 v
er

y 
ac

tiv
e 

la
te

ly.
 G

en
er

al
ly

 
sp

ea
ki

ng
, 

re
se

ar
ch

er
s 

ha
ve

 
de

pl
oy

ed
 

an
d 

co
lle

ct
ed

 in
fo

rm
at

io
n 

on
 m

an
y 

di
ffe

re
nt

 s
en

si
ng

 
si

gn
al

s,
 in

cl
ud

in
g 

ac
ce

le
ra

tio
n 

[2
7]

, s
tra

in
 [1

7,
28

], 
in

flo
w

 
ve

lo
ci

ty
 

an
d 

at
ta

ck
 

an
gl

e 
[2

8]
, 

di
sp

la
ce

m
en

t 
[1

4]
 

an
d 

su
rfa

ce
 

pr
es

su
re

 
di

ffe
re

nc
e 

[2
9]

, e
tc

, a
nd

 s
tu

di
ed

 th
e 

in
flu

en
ce

s 
of

 
th

e 
nu

m
be

r 
an

d 
lo

ca
tio

n 
of

 t
he

 s
en

so
rs

 o
n 

th
e 

co
nt

ro
l e

ffe
ct

iv
en

es
s,

 a
s 

w
el

l s
um

m
ar

iz
ed

 in
 [3

0]
. 

H
ow

ev
er

, 
th

e 
co

m
pa

ris
on

 a
nd

 a
na

ly
si

s 
am

on
g 

re
pr

es
en

ta
tiv

e 
se

ns
in

g 
m

et
ho

ds
 w

er
e 

st
ill

 l
itt

le
 

re
po

rte
d 

be
fo

re
. 

M
or

eo
ve

r, 
th

e 
co

rr
es

po
nd

in
g 

ae
ro

-e
la

st
ic

 c
on

tro
l p

hy
si

cs
 b

eh
in

d 
ha

s 
no

t b
ee

n 
w

el
l 

un
de

rs
to

od
. 

Th
es

e 
un

so
lv

ed
 i

ss
ue

s 
m

ig
ht

 
gr

ea
tly

 b
lo

ck
 th

e 
op

tim
al

 d
es

ig
n 

of
 th

e 
sm

ar
t r

ot
or

 
sy

st
em

 o
n 

th
e 

la
rg

e-
sc

al
e 

of
fs

ho
re

 w
in

d 
tu

rb
in

e 
in

 th
e 

fu
tu

re
 e

ng
in

ee
rin

g 
ap

pl
ic

at
io

ns
. 

 
To

 th
is

 e
nd

, t
hr

ee
 t

yp
es

 o
f 

se
ns

in
g 

st
ra

te
gi

es
 

w
er

e 
m

ai
nl

y 
st

ud
ie

d 
in

 t
hi

s 
pa

pe
r 

ba
se

d 
on

 t
he

 
fla

pw
is

e 
ac

ce
le

ra
tio

n 
on

 t
he

 b
la

de
 s

ur
fa

ce
 (
a

), 
th

e 
bl

ad
e 

fla
pw

is
e 

ro
ot

 m
om

en
t (

y
M

, r
el

at
iv

e 
to

 
th

e 
st

ra
in

 
at

 
th

e 
bl

ad
e 

ro
ot

) 
an

d 
th

e 
bl

ad
e 

fla
pw

is
e 

tip
 d

ef
le

ct
io

n 
(

x
D

, o
r d

is
pl

ac
em

en
t),

 i.
e.

 
a

-s
tra

te
gy

, 
y

M
-s

tra
te

gy
 a

nd
 

x
D

-s
tra

te
gy

, 
an

d 
th

ei
r 

ef
fe

ct
s 

on
 t

he
 f

at
ig

ue
 l

oa
d 

co
nt

ro
l 

on
 t

he
 

bl
ad

es
 a

s 
w

el
l a

s 
ot

he
r t

yp
ic

al
 c

om
po

ne
nt

s 
of

 th
e 

w
in

d 
tu

rb
in

e,
 w

er
e 

in
di

vi
du

al
ly

 e
xa

m
in

ed
 a

nd
 

co
m

pa
re

d.
 N

ot
e 

th
es

e 
se

ns
in

g 
si

gn
al

s 
co

ul
d 

be
 

ea
si

ly
 

m
ea

su
re

d 
us

in
g 

ac
ce

le
ro

m
et

er
, 

st
ra

in
 

ga
ug

e 
an

d 
di

sp
la

ce
m

en
t t

ra
ns

du
ce

r 
in

 p
ra

ct
ic

e.
 

Li
ke

 m
an

y 
pr

ev
io

us
 in

ve
st

ig
at

io
ns

 [1
2-

14
, 1

6-
21

, 
28

, 
33

], 
th

e 
va

ria
bl

e 
sp

ee
d,

 
pi

tc
h 

co
nt

ro
lle

d 
N

R
E

L 
U

pW
in

d/
5 

M
W

 o
ffs

ho
re

 w
in

d 
tu

rb
in

e 
[3

1]
, 

w
ith

 a
 1

26
 m

 r
ot

or
 d

ia
m

et
er

 a
nd

 a
 9

0 
m

 h
ub

 
he

ig
ht

, w
as

 s
el

ec
te

d 
as

 a
 c

on
tro

l s
ub

je
ct

, a
nd

 th
e 

hy
dr

od
yn

am
ic

 p
ro

pe
rti

es
 w

er
e 

no
t c

on
si

de
re

d 
fo

r 
si

m
pl

ic
ity

. 
Al

l 
th

is
 w

or
k 

ha
d 

be
en

 c
on

du
ct

ed
 

un
de

r 
th

e 
N

or
m

al
 T

ur
bu

le
nc

e 
M

od
e 

(N
TM

) 
w

in
d 

co
nd

iti
on

, 
fo

llo
w

ed
 

by
 

th
e 

In
te

rn
at

io
na

l 
El

ec
tro

-te
ch

ni
ca

l 
C

om
m

is
si

on
 

(IE
C

) 
st

an
da

rd
 

[3
2]

, 
us

in
g 

ou
r 

ne
w

ly
 

de
ve

lo
pe

d 
ae

ro
-s

er
vo

-e
la

st
ic

 n
um

er
ic

al
 p

la
tfo

rm
 [3

3]
, w

hi
ch

 
w

as
 b

ui
lt 

by
 im

pr
ov

in
g 

th
e 

FA
ST

/A
er

od
yn

 c
od

es
 

w
ith

 
th

e 
in

te
gr

at
io

n 
of

 
th

e 
in

te
rn

al
 

D
TE

F 
co

nt
ro

lle
r 

in
to

 t
he

 M
at

la
b/

Si
m

ul
in

k 
so

ftw
ar

e.
 I

n 
ad

di
tio

n,
 t

he
 c

or
re

sp
on

di
ng

 m
od

ifi
ca

tio
ns

 in
 t

he
 

co
up

le
d 

ae
ro

-e
la

st
ic

 i
nt

er
ac

tio
ns

 b
et

w
ee

n 
flo

w
 

an
d 

bl
ad

e 
fo

r t
he

 th
re

e 
st

ra
te

gi
es

 w
er

e 
di

sc
us

se
d 

in
 d

et
ai

l. 

II.
 S

en
si

ng
 a

nd
 c

on
tr

ol
 s

ch
em

es
 

Th
e 

pu
rp

os
e 

of
 th

e 
pr

es
en

t s
m

ar
t r

ot
or

 c
on

tro
l 

w
as

 
to

 
ef

fe
ct

iv
el

y 
su

pp
re

ss
 

th
e 

flu
ct

ua
tin

g 
m

ag
ni

tu
de

 o
f 

th
e 

se
ns

in
g 

si
gn

al
s 

(i.
e.

 
a

, 
y

M
an

d 
x

D
) 

an
d 

th
us

 t
he

 p
rim

ar
y 

fa
tig

ue
 l

oa
di

ng
 

so
ur

ce
, 

i.e
. 

y
M

, 
on

 t
he

 U
pW

in
d/

5 
M

W
 w

in
d 

tu
rb

in
e 

bl
ad

e,
 

us
in

g 
th

e 
co

nt
ro

lla
bl

e 
D

TE
F 

ac
tu

at
io

n 
by

 a
n 

in
te

rn
al

 
co

nt
ro

lle
r. 

Th
is

 w
as

 
re

al
iz

ed
 

by
 

an
 

ae
ro

-s
er

vo
-e

la
st

ic
 

nu
m

er
ic

al
 

pl
at

fo
rm

, 
co

ns
is

tin
g 

of
 a

er
od

yn
am

ic
, 

st
ru

ct
ur

al
 

dy
na

m
ic

 a
nd

 c
on

tro
l s

ub
-m

od
el

s,
 a

nd
 o

ne
 m

ig
ht

 
go

 t
hr

ou
gh

 o
ur

 r
ec

en
t 

pu
bl

is
he

d 
pa

pe
r 

[3
3]

 f
or

 
m

or
e 

in
fo

rm
at

io
n.

 
M

or
eo

ve
r, 

w
ith

ou
t 

lo
ss

 
of

 
ge

ne
ra

lit
y,

 th
e 

in
co

m
in

g 
w

in
d 

w
as

 s
et

 to
 b

e 
th

e 
m

ed
iu

m
 

w
in

d 
cl

as
s 

(II
B)

 
w

ith
 

th
e 

re
fe

re
nc

e 
sp

ee
d 

V
re

f a
nd

 th
e 

tu
rb

ul
en

ce
 in

te
ns

ity
 I r

ef
 o

f 4
2.

5 
m

/s
 a

nd
 0

.1
4,

 fo
llo

w
ed

 b
y 

th
e 

IE
C

 N
TM

 s
ta

nd
ar

d 
[3

2]
. 

W
in

d 
da

ta
 

w
as

 
ge

ne
ra

te
d 

us
in

g 
N

R
E

L 
Tu

rb
si

m
 

co
de

 
[3

4]
, 

w
ith

 
3D

 
tu

rb
ul

en
t 

w
in

d 
fo

rm
ed

 u
si

ng
 a

 v
on

 K
ár

m
án

 s
pe

ct
ru

m
 a

nd
 a

 
w

in
d 

sh
ea

r p
ow

er
 la

w
 e

xp
on

en
t o

f 0
.2

. 
Th

e 
ae

ro
dy

na
m

ic
 s

ub
-m

od
el

 w
as

 m
ai

nl
y 

bu
ilt

 
on

 th
e 

N
R

E
L 

Ae
ro

D
yn

 c
od

e 
[3

5]
, c

om
bi

ni
ng

 th
e 

Bl
ad

e 
El

em
en

t 
M

om
en

tu
m

 
(B

EM
) 

an
d 

th
e 

G
en

er
al

iz
ed

 D
yn

am
ic

 W
ak

e 
(G

D
W

) 
th

eo
rie

s,
 to

 
ca

lc
ul

at
e 

th
e 

lif
t, 

dr
ag

 
an

d 
pi

tc
hi

ng
 

m
om

en
t 

fo
rc

es
 

at
 

an
 

at
ta

ck
 

an
gl

e 


 f
ro

m
 

th
e 

co
rr

es
po

nd
in

g 
lo

ok
up

 ta
bl

es
. S

pe
ci

fic
al

ly
, t

he
 li

ft 
co

ef
fic

ie
nt

 (C
l),

 d
ra

g 
co

ef
fic

ie
nt

 (C
d)

 a
nd

 m
om

en
t 

co
ef

fic
ie

nt
 (

C
m
) 

as
 a

 fu
nc

tio
n 

of
 

= 
−2

0
 ~

 2
3

, 

w
er

e 
fir

st
 c

om
pu

te
d 

by
 R

FO
IL

 c
od

e 
[3

6]
 fo

r e
ac

h 
D

TE
F 

de
fle

ct
io

n 
an

gl
e 


 i

n 
1

 
in

cr
em

en
ts

. 
Af

te
r 

th
at

, 
th

es
e 

co
ef

fic
ie

nt
 

ta
bl

es
 

w
er

e 
pr

e-
pr

oc
es

se
d 

us
in

g 
th

e 
V

ite
rn

a 
m

et
ho

d 
to

 
ex

pa
nd

 t
o 

th
e 


 r

an
ge

 o
f 

−1
80

  ~
 +

18
0

. 
Th

e 
ca

m
be

r 
cu

rv
e 

of
 t

he
 D

TE
F 

w
as

 g
en

er
at

ed
 b

y 
fit

tin
g 

a 
cu

bi
c 

sp
lin

e 
th

ro
ug

h 
th

e 
m

ea
n 

ca
m

be
r 

lin
e 

of
 t

he
 b

as
el

in
e 

ai
rfo

il 
an

d 
th

e 
ne

w
 t

ra
ili

ng
 

ed
ge

 p
oi

nt
, a

nd
 a

 g
ro

up
 o

f D
TE

F 
pa

ra
m

et
er

s,
 i.

e.
 

th
e 

sp
an

w
is

e 
le

ng
th

 
fL

, n
or

m
al

iz
ed

 b
y 

th
e 

ro
to

r 

ra
di

us
 
R

, 
th

e 
ce

nt
ra

l 
ch

or
dw

is
e 

le
ng

th
 

fc
, 

no
rm

al
iz

ed
 b

y 
th

e 
av

er
ag

ed
 c

ho
rd

 le
ng

th
 
c

at
 

th
e 

D
TE

F 
lo

ca
tio

n,
 

an
d 

th
e 

de
fle

ct
io

n 
an

gl
e 

ra
ng

e 


, 
w

er
e 

se
t 

to
 b

e 
0.

20
, 

0.
10

 a
nd


1

5
, 

re
sp

ec
tiv

el
y,

 w
he

re
 v

er
y 

go
od

 p
er

fo
rm

an
ce

 h
ad

 
be

en
 c

on
fir

m
ed

 in
 o

ur
 r

ec
en

t 
in

ve
st

ig
at

io
n 

[2
1]

. 
Fu

rth
er

m
or

e,
 fo

ur
 o

th
er

 b
ui

lt-
in

 m
od

el
s,

 in
cl

ud
in

g 
th

e 
3D

 r
ot

at
io

na
l s

ta
ll 

de
la

y 
m

od
el

, 
th

e 
Pr

an
dt

l 
tip

 a
nd

 h
ub

 lo
ss

 m
od

el
, 

an
d 

th
e 

to
w

er
 s

ha
do

w
 

ef
fe

ct
 m

od
el

, 
w

er
e 

al
so

 u
se

d 
in

 t
he

 A
er

oD
yn

 
co

de
 to

 fu
rth

er
 im

pr
ov

e 
th

e 
ac

cu
ra

cy
. 

 
In

 a
dd

iti
on

, 
as

 L
ac

kn
er

 a
nd

 K
ui

k 
[1

3]
 d

id
, 

a 
qu

as
i-s

te
ad

y 
as

su
m

pt
io

n 
w

as
 

pr
es

um
ed

 
to

 
ne

gl
ec

t 
th

e 
in

flu
en

ce
 o

f 
th

e 
un

st
ea

dy
 d

yn
am

ic
 

st
al

l. 
C

or
re

sp
on

di
ng

ly
, 

th
e 

av
er

ag
ed

 m
ag

ni
tu

de
 

 

Sm
ar

t F
at

ig
ue

 L
oa

d 
C

on
tr

ol
 o

n 
a 

La
rg

e-
sc

al
e 

W
in

d 
Tu

rb
in

e 
B

as
ed

 o
n 

D
iff

er
en

t S
en

si
ng

 S
tr

at
eg

ie
s 

M
in

gm
in

g 
ZH

A
N

G
*, 

B
in

 T
A

N
, J

ia
nz

ho
ng

 X
U

 

In
st

itu
te

 o
f E

ng
in

ee
rin

g 
Th

er
m

op
hy

si
cs

, C
hi

ne
se

 A
ca

de
m

y 
of

 S
ci

en
ce

s,
  

  
  

  
  

  
  

  
  

  
  

  
  

  
  

  
  

P.
 O

. B
ox

 2
70

6,
 B

ei
jin

g 
10

01
90

, P
. R

. C
hi

na
 

*P
re

se
nt

in
g 

au
th

or
: T

el
.: 

+8
6 

10
 8

25
43

02
3.

 
Em

ai
l-a

dd
re

ss
: m

m
zh

an
g@

m
ai

l.e
tp

.a
c.

cn
 

 A
bs

tr
ac

t 
Th

is
 p

ap
er

 p
re

se
nt

ed
 a

 n
um

er
ic

al
 s

tu
dy

 o
n 

th
e 

sm
ar

t 
fa

tig
ue

 lo
ad

 c
on

tro
l o

f 
a 

la
rg

e-
sc

al
e 

w
in

d 
tu

rb
in

e 
bl

ad
e.

 T
hr

ee
 t

yp
ic

al
 c

on
tro

l 
st

ra
te

gi
es

, 
w

ith
 s

en
si

ng
 s

ig
na

ls
 fr

om
 fl

ap
w

is
e 

ac
ce

le
ra

tio
n,

 
ro

ot
 m

om
en

t 
an

d 
tip

 d
ef

le
ct

io
n 

of
 t

he
 b

la
de

, 
re

sp
ec

tiv
el

y,
 w

er
e 

m
ai

nl
y 

in
ve

st
ig

at
ed

 o
n 

ou
r 

ne
w

ly
 d

ev
el

op
ed

 a
er

o-
se

rv
o-

el
as

tic
 p

la
tfo

rm
. 

It 
w

as
 

ob
se

rv
ed

 
th

at
 

th
e 

sm
ar

t 
co

nt
ro

l 
gr

ea
tly

 
m

od
ifi

ed
 in

-p
ha

se
d 

flo
w

-b
la

de
 in

te
ra

ct
io

n 
in

to
 a

n 
an

ti-
ph

as
ed

 
on

e 
at

 
pr

im
ar

y 
1P

 
m

od
e,

 
si

gn
ifi

ca
nt

ly
 

en
ha

nc
in

g 
th

e 
da

m
pi

ng
 

of
 

th
e 

flu
id

-s
tru

ct
ur

e 
sy

st
em

 
an

d 
su

bs
eq

ue
nt

ly
 

co
nt

rib
ut

in
g 

to
 

ef
fe

ct
iv

el
y 

at
te

nu
at

ed
 

fa
tig

ue
 

lo
ad

s 
on

 th
e 

bl
ad

e,
 d

riv
e-

ch
ai

n 
co

m
po

ne
nt

s 
an

d 
to

w
er

. 
Th

e 
ae

ro
-e

la
st

ic
 

ph
ys

ic
s 

be
hi

nd
 

th
e 

st
ra

te
gy

 b
as

ed
 o

n 
th

e 
fla

pw
is

e 
ro

ot
 m

om
en

t, 
w

ith
 

st
ro

ng
er

 
do

m
in

an
t 

lo
ad

 
in

fo
rm

at
io

n 
an

d 
hi

gh
er

 s
ig

na
l-t

o-
no

is
e 

ra
tio

, 
w

as
 m

or
e 

dr
as

tic
, 

an
d 

th
us

 o
ut

pe
rfo

rm
ed

 th
e 

ot
he

r 
tw

o 
st

ra
te

gi
es

, 
le

ad
in

g 
to

 t
he

 m
ax

im
um

 r
ed

uc
tio

n 
pe

rc
en

ta
ge

s 
of

 th
e 

fa
tig

ue
 lo

ad
 w

ith
in

 a
 ra

ng
e 

of
 1

2.
0 

~ 
22

.5
%

, 
in

 c
on

tra
st

 to
 th

e 
co

lle
ct

iv
e 

pi
tc

h 
co

nt
ro

l m
et

ho
d.

 
Th

e 
fin

di
ng

 p
oi

nt
ed

 to
 a

 c
ru

ci
al

 r
ol

e 
th

e 
se

ns
in

g 
si

gn
al

 
pl

ay
ed

 
in

 
th

e 
sm

ar
t 

bl
ad

e 
co

nt
ro

l. 
In

 
ad

di
tio

n,
 th

e 
pe

rfo
rm

an
ce

s 
w

ith
in

 re
gi

on
 II

I w
er

e 
m

uc
h 

be
tte

r 
th

an
 

th
os

e 
w

ith
in

 
re

gi
on

 
II,

 
ex

hi
bi

tin
g 

th
e 

be
ne

fit
 o

f 
th

e 
sm

ar
t 

ro
to

r 
co

nt
ro

l 
si

nc
e 

m
os

t o
f 

th
e 

fa
tig

ue
 d

am
ag

e 
w

as
 b

el
ie

ve
d 

to
 b

e 
ac

cu
m

ul
at

ed
 b

ey
on

d 
th

e 
ra

te
d 

w
in

d 
sp

ee
d.

 

K
ey

w
or

ds
 

Sm
ar

t 
ro

to
r 

co
nt

ro
l; 

O
ffs

ho
re

 
w

in
d 

en
er

gy
; 

Fa
tig

ue
 

lo
ad

; 
S

en
si

ng
 

si
gn

al
; 

Fl
ow

-b
la

de
 

in
te

ra
ct

io
n 

 

I. 
In

tr
od

uc
tio

n 
In

 re
ce

nt
 y

ea
rs

, w
ith

 th
e 

ra
pi

d 
de

ve
lo

pm
en

t o
f 

th
e 

gl
ob

al
 o

ffs
ho

re
 w

in
d 

po
w

er
, t

he
 R

&
D

 o
n 

la
rg

e 
tu

rb
in

es
 b

y 
a 

pe
rc

ei
ve

d 
po

te
nt

ia
l t

o 
re

du
ce

 c
os

t 
of

 
en

er
gy

, 
ha

s 
at

tra
ct

ed
 

w
id

e 
at

te
nt

io
n.

 
N

ev
er

th
el

es
s,

 th
e 

ae
ro

dy
na

m
ic

 lo
ad

 s
ta

tu
s 

of
 th

e 

co
rr

es
po

nd
in

g 
lo

ng
 f

le
xi

bl
e 

w
in

d 
tu

rb
in

e 
bl

ad
es

 
be

co
m

es
 m

uc
h 

w
or

se
 d

ue
 t

o 
th

e 
in

flu
en

ce
s 

of
 

w
in

d 
sh

ea
r, 

tu
rb

ul
en

ce
, t

ow
er

 s
ha

do
w

 a
nd

 w
ak

e 
fro

m
 t

he
 u

ps
tre

am
 t

ur
bi

ne
, 

et
c,

 f
or

m
in

g 
se

rio
us

 
th

re
at

 to
 th

e 
sa

fe
ty

 a
nd

 re
lia

bi
lit

y 
of

 th
e 

op
er

at
in

g 
tu

rb
in

e 
[1

]. 
To

 i
m

pr
ov

e 
th

is
 s

itu
at

io
n,

 i
t 

is
 v

er
y 

ne
ce

ss
ar

y 
to

 d
ev

el
op

 a
n 

av
ai

la
bl

e 
bl

ad
e 

lo
ad

 
co

nt
ro

l 
m

et
ho

d,
 w

hi
ch

 m
ay

 a
ls

o 
be

 h
el

pf
ul

 t
o 

re
du

ce
 th

e 
lo

ad
s 

on
 o

th
er

 tu
rb

in
e 

co
m

po
ne

nt
s 

as
 

w
el

l 
as

 t
o 

en
su

re
 t

he
 d

ec
re

as
ed

 m
ai

nt
en

an
ce

 
re

qu
ire

m
en

ts
 a

nd
 a

n 
ov

er
al

l l
ow

er
 c

os
t p

er
 k

W
h 

fo
r a

 la
rg

e-
sc

al
e 

of
fs

ho
re

 w
in

d 
tu

rb
in

e.
  

C
on

si
de

rin
g 

th
e 

co
m

pl
ic

at
ed

 a
nd

 c
ha

ng
ea

bl
e 

ae
ro

dy
na

m
ic

 lo
ad

 w
ith

in
 t

he
 r

ot
or

 p
la

ne
, 

a 
ne

w
 

ki
nd

 o
f c

on
tro

l c
on

ce
pt

, i
.e

. „
sm

ar
t r

ot
or

 c
on

tro
l‟,

 a
 

te
rm

 u
se

d 
in

 t
he

 r
ot

or
cr

af
t 

re
se

ar
ch

 [
2]

, 
w

as
 

re
ce

nt
ly

 p
ro

po
se

d 
to

 e
xe

rt 
th

e 
co

nt
ro

lla
bl

e 
ac

tio
n 

fo
r e

ac
h 

bl
ad

e 
at

 a
ny

 a
zi

m
ut

ha
l p

os
iti

on
 a

nd
 a

ny
 

sp
an

-w
is

e 
st

at
io

n.
 T

he
 e

ss
en

ce
 o

f 
th

e 
co

nt
ro

l 
w

as
 t

o 
dr

iv
e 

th
e 

lo
ca

l 
ae

ro
dy

na
m

ic
 s

ur
fa

ce
s 

th
ro

ug
h 

a 
co

m
bi

na
tio

n 
of

 s
en

so
rs

, a
ct

ua
to

rs
 a

nd
 

co
nt

ro
lle

rs
, a

nd
 th

us
 p

ro
vi

de
 a

 g
oo

d 
lo

ad
 c

on
tro

l 
ca

pa
ci

ty
. 

Th
is

 w
ou

ld
 u

nd
ou

bt
ed

ly
 r

em
ed

y 
th

e 
dr

aw
ba

ck
s 

of
 th

e 
tra

di
tio

na
l s

tra
te

gy
 u

til
iz

in
g 

th
e 

in
te

gr
al

, l
ow

 r
es

po
ns

e 
an

d 
ex

ce
ss

iv
e 

w
ea

r 
pi

tc
h 

co
nt

ro
l 

m
et

ho
d 

(e
.g

. 
co

lle
ct

iv
e,

 
cy

cl
e 

or
 

in
de

pe
nd

en
t 

pi
tc

h 
co

nt
ro

l 
m

et
ho

d)
, 

m
os

tly
 

ap
pl

ie
d 

in
 c

ur
re

nt
 w

in
d 

tu
rb

in
es

. 
Th

er
ef

or
e,

 t
he

 
as

pe
ct

 o
f t

he
 s

m
ar

t r
ot

or
 c

on
tro

l h
as

 b
ec

om
e 

on
e 

of
 

th
e 

ho
t 

re
se

ar
ch

 
ar

ea
s 

w
ith

in
 

th
e 

w
in

d 
co

m
m

un
ity

 fo
r m

or
e 

th
an

 o
ne

 d
ec

ad
e.

  
 

 A
 la

rg
e 

am
ou

nt
 o

f w
or

k 
ha

s 
be

en
 fo

cu
se

d 
on

 
th

e 
de

ve
lo

pm
en

t 
of

 
th

e 
av

ai
la

bl
e 

ac
tu

at
or

/a
er

od
yn

am
ic

 s
ur

fa
ce

 i
n 

th
e 

pa
st

. 
B

y 
co

m
pa

rin
g 

th
e 

di
ffe

re
nt

 s
ch

em
es

, e
.g

. m
ic

ro
 ta

b 
[3

], 
m

or
ph

in
g 

[4
], 

ac
tiv

e 
tw

is
t [

5]
, s

uc
tio

n/
bl

ow
in

g 
[6

] 
an

d 
sy

nt
he

tic
 j

et
 [

7]
, 

et
c,

 t
he

 “
de

fo
rm

ab
le

 
tra

ilin
g 

ed
ge

 fl
ap

 (D
TE

F)
”, 

a 
fla

p 
th

at
 d

ef
or

m
ed

 in
 

a 
fle

xi
bl

e 
sh

ap
e 

to
 g

en
er

at
e 

a 
su

bs
ta

nt
ia

l c
ha

ng
e 

in
 t

he
 li

ft 
co

ef
fic

ie
nt

 o
f 

th
e 

ai
rfo

il 
by

 a
lte

rin
g 

th
e 

pr
es

su
re

 
di

st
rib

ut
io

n 
al

on
g 

th
e 

ch
or

d,
 

ch
ar

ac
te

riz
ed

 b
y 

its
 p

os
iti

ve
 p

er
fo

rm
an

ce
, 

fa
st

 
re

sp
on

se
, 

sm
al

l 
si

ze
, 

w
id

e 
ba

nd
w

id
th

 a
nd

 l
ow

 
flo

w
 d

is
tu

rb
an

ce
, h

ad
 b

ee
n 

fo
un

d 
to

 b
e 

th
e 

m
os

t 
po

te
nt

ia
l a

ct
ua

to
r 

ca
nd

id
at

e 
fo

r 
th

e 
sm

ar
t 

ro
to

r 
m

ea
ns

 
[8

]. 
Fu

rth
er

m
or

e,
 

m
an

y 
in

ve
st

ig
at

io
ns
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an
d 

xi
D

 a
s 

w
el

l a
s 

to
 p

re
ve

nt
 th

e 
sa

tu
ra

tio
n 

of
 

th
e 

D
TE

F 
po

si
tio

n 
lim

its
. 

Fi
na

lly
, 

th
e 

re
su

lta
nt

 
co

nt
ro

l 
w

as
 a

ga
in

 t
ra

ns
fo

rm
ed

 b
ac

k 
in

to
 t

he
 

ro
ta

tin
g 

fra
m

e 
us

in
g 

th
e 

C
ol

em
an

 tr
an

sf
or

m
at

io
n 

to
 a

ss
ig

n 
th

e 
pr

op
er

 D
TE

F 
an

gl
e 

i
 t

o 
ea

ch
 

bl
ad

e 
fo

r 
th

e 
ef

fe
ct

iv
e 

co
nt

ro
l 

of
 

ia
, 

yi
M

 a
nd

 

xi
D

. 
Th

en
 t

he
 p

er
fo

rm
an

ce
s 

of
 e

ac
h 

se
ns

in
g 

st
ra

te
gy

 o
n

y
M

w
er

e 
co

m
pa

re
d.

 
Th

e 
ex

te
rn

al
 c

on
tro

lle
r o

rig
in

al
ly

 b
ui

lt 
by

 N
R

EL
 

[3
1]

 w
as

 s
til

l u
til

iz
ed

 fo
r p

ow
er

 re
gu

la
tio

n 
th

ro
ug

h 
th

e 
ge

ne
ra

to
r t

or
qu

e 
co

nt
ro

l a
nd

 th
e 

ab
ov

e 
ra

te
d 

fu
ll-

sp
an

 p
itc

h 
co

nt
ro

l. 

III
. 

C
on

tr
ol

 p
er

fo
rm

an
ce

s 
us

in
g 

va
rio

us
 s

en
si

ng
 s

ig
na

ls
 

To
 c

om
pa

re
 t

he
 p

er
fo

rm
an

ce
s 

us
in

g 
va

rio
us

 
se

ns
in

g 
si

gn
al

s,
 th

e 
sm

ar
t b

la
de

 c
on

tro
l u

si
ng

 th
e 

af
or

em
en

tio
ne

d 
ae

ro
-s

er
vo

-e
la

st
ic

 p
la

tfo
rm

 w
as

 
fir

st
 c

on
du

ct
ed

 b
as

ed
 o

n 
th

e 
ac

ce
le

ra
tio

n 
si

gn
al

 
a

, i
.e

. 
a

-s
tra

te
gy

. T
he

 ty
pi

ca
l r

es
ul

ts
 o

f b
la

de
1 

w
er

e 
on

ly
 d

is
pl

ay
ed

 fo
r 

si
m

pl
ify

in
g 

th
e 

an
al

ys
is

. 
Fi

gu
re

 2
 i

nd
ic

at
es

 t
he

 e
ffe

ct
 o

f 
th

e 
ce

nt
ra

l 
 

    
                 Fi

gu
re

 2
: E

ffe
ct

 o
f t

he
 c

en
tra

l s
pa

nw
is

e 
lo

ca
tio

n 
of

 t
he

 a
cc

el
er

om
et

er
, 

i.e
.

aR
, 

on
 t

he
 r

ed
uc

tio
n 

pe
rc

en
ta

ge
s 

in
 t

he
 s

ta
nd

ar
d 

de
vi

at
io

n 
of

 t
he

 
fla

pw
is

e 
ro

ot
 m

om
en

t 
ST
D

y
M

,1


 (
a)

 a
nd

 th
e 

ro
ot

 

da
m

ag
e 

eq
ui

va
le

nt
 l

oa
d 

(D
EL

) 
D
EL

y
M

,1


(b
) 

of
 

bl
ad

e1
 a

t v
ar

io
us

 h
ub

 v
el

oc
iti

es
 

hu
b

U
. 

sp
an

w
is

e 
lo

ca
tio

n 
of

 t
he

 a
cc

el
er

om
et

er
, 

i.e
.

aR
, 

on
 t

he
 r

ed
uc

tio
n 

pe
rc

en
ta

ge
s 

in
 t

he
 s

ta
nd

ar
d 

de
vi

at
io

n 
of

 th
e 

fla
pw

is
e 

ro
ot

 m
om

en
t 

ST
D

y
M

,1


 
an

d 
th

e 
ro

ot
 

da
m

ag
e 

eq
ui

va
le

nt
 

lo
ad

 
(D

EL
) 

D
EL

y
M

,1


of
 b

la
de

1 
un

de
r 

di
ffe

re
nt

 h
ub

 v
el

oc
ity

 

hu
b

U
. 

H
er

e 
th

e 
D

EL
 m

ag
ni

tu
de

 w
as

 c
om

pu
te

d 
th

ro
ug

h 
th

e 
ra

in
 fl

ow
 c

ou
nt

in
g 

al
go

rit
hm

, f
ol

lo
w

ed
 

by
 t

he
 M

in
er

‟s
 r

ul
e,

 a
nd

 t
he

 S
-N

 c
ur

ve
 o

f 
th

e 
m

at
er

ia
l, 

to
 d

et
er

m
in

e 
th

e 
nu

m
be

r o
f t

he
 c

yc
le

s 
in

 
y

M
si

gn
al

 
at

 
va

rio
us

 
am

pl
itu

de
s.

 
A 

W
oe

hl
er

 
ex

po
ne

nt
 o

f 
10

 w
as

 s
et

 f
or

 t
he

 b
la

de
, 

a 
ty

pi
ca

l 
va

lu
e 

fo
r 

th
e 

gl
as

s 
fib

er
 c

om
po

si
te

 m
at

er
ia

l. 
To

 
ef

fe
ct

iv
el

y 
re

du
ce

 t
he

 s
ta

nd
ar

d 
de

vi
at

io
n 

of
 a

ll 
qu

an
tit

ie
s,

 
th

e 
pr

es
en

t 
co

m
pu

ta
tio

ns
 

w
er

e 
se

pa
ra

te
ly

 
ca

rr
ie

d 
ou

t 
un

de
r 

fo
ur

 
tu

rb
ul

en
ce

 
se

ed
s 

w
ith

 a
 ti

m
e 

le
ng

th
 o

f 6
20

 s
 (t

he
 d

at
a 

w
ith

in
 

th
e 

fir
st

 2
0 

s 
pe

rio
d 

w
as

 n
ot

 c
on

si
de

re
d 

si
nc

e 
th

e 
co

m
pu

ta
tio

n 
w

as
 u

ns
ta

bl
e)

 f
or

 e
ac

h,
 g

en
er

at
ed

 
us

in
g 

Tu
rb

si
m

 c
od

e,
 a

nd
 t

he
 f

in
al

 r
es

ul
ts

 w
er

e 
th

en
 a

ve
ra

ge
d.

 N
ot

e 
on

e 
ac

ce
le

ro
m

et
er

 a
nd

 o
ne

 
D

TE
F,

 w
ith

 th
e 

sa
m

e 
ce

nt
ra

l s
pa

nw
is

e 
lo

ca
tio

n,
 

in
st

ea
d 

of
 m

ul
ti 

se
ns

or
s 

an
d 

ac
tu

at
or

s,
 w

er
e 

ut
ili

ze
d 

fo
r 

th
e 

sa
ke

 o
f s

im
pl

ifi
ca

tio
n.

 E
ve

n 
so

, a
 

go
od

 
pe

rfo
rm

an
ce

 
w

as
 

st
ill 

ac
hi

ev
ed

 
la

te
r. 

Fu
rth

er
m

or
e,

 
fo

r 
ea

ch
 

lo
ca

tio
n 

of
 

th
e 

ac
ce

le
ro

m
et

er
, t

he
 c

on
tro

l e
ffe

ct
iv

en
es

s 
w

as
 a

ls
o 

ca
lc

ul
at

ed
 

w
he

n 
th

e 
D

TE
F 

w
as

 
pl

ac
ed

 
at

 
di

ffe
re

nt
 s

pa
nw

is
e 

st
at

io
ns

. I
t w

as
 fo

un
d 

th
at

 th
e 

be
st

 p
er

fo
rm

an
ce

 w
as

 o
bt

ai
ne

d 
if 

th
e 

ce
nt

er
 

lo
ca

tio
n 

of
 t

he
 f

la
p 

an
d 

th
e 

se
ns

or
 w

as
 a

t 
th

e 
sa

m
e 

sp
an

w
is

e 
pl

ac
e,

 w
hi

ch
 w

e 
th

us
 c

ho
os

e 
to

 
se

t o
ur

 c
on

fig
ur

at
io

n.
  

O
bv

io
us

ly,
 

ST
D

y
M

,1


an
d 

D
EL

y
M

,1


 t
en

d 
to

 

in
cr

ea
se

 
w

ith
 

in
cr

ea
si

ng
 

R
R a

/
 a

nd
 

th
en

 
su

dd
en

ly
 d

ec
re

as
e 

ne
ar

 t
he

 t
ip

 o
f 

bl
ad

e1
 f

or
 

hu
b

U
= 

8 
m

/s
 c

as
e 

(ty
pi

ca
l r

eg
io

n 
II 

ca
se

 [3
1]

, i
.e

. 
be

yo
nd

 
th

e 
ra

te
d 

hu
b 

ve
lo

ci
ty

 
(1

1.
4 

m
/s

))
, 

im
pl

yi
ng

 
th

e 
gr

ad
ua

lly
 

im
pa

ire
d 

co
nt

ro
l 

pe
rfo

rm
an

ce
 t

ow
ar

ds
 t

he
 t

ip
. 

Ac
co

rd
in

g 
to

 o
ur

 
co

m
pu

ta
tio

n,
 t

he
 a

tta
ck

 a
ng

le
 o

f 
th

e 
ai

rfo
il 

(
) 

cl
os

e 
to

 t
he

 b
la

de
 t

ip
, 

w
he

re
 t

he
 N

AC
A6

46
18

 
ai

rfo
il 

w
as

 d
ep

lo
ye

d,
 f

lu
ct

ua
te

d 
ar

ou
nd

 4
.8

º  f
or

 
th

e 
un

co
nt

ro
lle

d 
co

nd
iti

on
. M

or
eo

ve
r, 

th
e 
C
l -


re
la

tio
ns

hi
p 

de
vi

at
ed

 fr
om

 th
e 

lin
ea

r 
zo

ne
 a

s 


> 
3.

0º , 
le

ad
in

g 
to

 f
lo

w
 s

ep
ar

at
io

n 
fro

m
 t

he
 a

irf
oi

l 
tra

ilin
g 

ed
ge

 to
 s

om
e 

ex
te

nt
 a

lo
ng

 th
e 

ch
or

dw
is

e 
di

re
ct

io
n.

 
Fu

rth
er

m
or

e,
 

th
e 

va
ria

tio
n 

in
 

th
e 

pr
es

su
re

 g
ra

di
en

t 
al

on
g 

th
e 

sp
an

w
is

e 
di

re
ct

io
n 

m
ig

ht
 a

ls
o 

in
du

ce
 t

he
 f

lo
w

 d
et

ac
hm

en
t. 

Th
e 

re
su

lta
nt

 c
om

pl
ic

at
ed

 o
ut

bo
ar

d 
flo

w
 fi

el
d 

ar
ou

nd
 

th
e 

bl
ad

e 
tip

 w
as

 t
ho

ug
ht

 t
o 

be
 r

es
po

ns
ib

le
 f

or
 

th
e 

lo
w

er
 p

er
fo

rm
an

ce
 o

f t
he

 D
TE

F 
co

nt
ro

l t
ha

n 
th

os
e 

at
 

m
os

t 
of

 
th

e 
bl

ad
e 

in
bo

ar
d 

pa
rt.

 
In

te
re

st
in

gl
y,

 
ST
D

y
M

,1


sh
ow

ed
 a

 s
im

ila
r t

re
nd

 a
t 

th
e 

ra
te

d 
w

in
d 

ve
lo

ci
ty

, i
.e

. 
hu
b

U
= 

11
.4

 m
/s

 [3
1]

, 
as

 
hu
b

U
= 

8.
0 

m
/s

 c
as

e,
 s

ug
ge

st
in

g 
th

at
 th

e 
ef

fe
ct

 
of

 t
he

 f
lo

w
 s

ep
ar

at
io

n 
ph

en
om

en
on

 o
n 

sm
ar

t 
co

nt
ro

l w
as

 s
til

l s
tro

ng
 a

t t
he

 e
nd

 o
f r

eg
io

n 
II.

  

In
 c

on
tra

st
, 

as
 t

he
 t

ur
bi

ne
 w

as
 o

pe
ra

te
d 

in
to

 
re

gi
on

 I
II

 (
hu
b

U
 >

 1
1.

4 
m

/s
),

 t
he

 c
on

tr
ol

 

(b
) 

(a
) 

 

of
 th

e 
m

aj
or

 p
ea

k 
in

 th
e 

P
S

D
 o

f t
he

 D
TE

F 
an

gl
e 

(o
r 

th
e 

m
aj

or
ity

 o
f 

en
er

gy
) 

w
as

 c
om

pu
te

d 
to

 
oc

cu
r 

at
 a

 r
ed

uc
ed

 f
re

qu
en

cy
 k

, 
i.e

., 
k 

= 
cω

/U
, 

re
pr

es
en

tin
g 

th
e 

de
gr

ee
 o

f 
un

st
ea

di
ne

ss
 o

f 
an

 
ai

rfo
il 

se
ct

io
n 

su
bj

ec
t t

o 
ex

te
rn

al
 d

is
tu

rb
an

ce
, o

f 
ab

ou
t 

0.
02

 (
no

t 
sh

ow
n)

, 
m

uc
h 

le
ss

 t
ha

n 
0.

05
, 

be
yo

nd
 w

hi
ch

 t
he

 a
er

od
yn

am
ic

s 
of

 t
he

 a
irf

oi
l 

se
ct

io
n 

co
ul

d 
be

 c
on

si
de

re
d 

to
 b

e 
un

st
ea

dy
. 

Ba
se

d 
on

 t
hi

s,
 w

e 
ha

d 
co

nf
irm

ed
 t

ha
t 

ev
en

 
th

ou
gh

 
th

e 
ae

ro
dy

na
m

ic
s 

of
 

D
TE

F 
se

ct
io

ns
, 

w
er

e 
no

t 
en

tir
el

y 
qu

as
i-s

te
ad

y,
 

w
hi

ch
 

m
ig

ht
 

in
flu

en
ce

 t
he

 s
m

ar
t 

ro
to

r 
si

m
ul

at
io

ns
 t

o 
so

m
e 

de
gr

ee
, i

t w
as

 in
de

ed
 a

 s
af

e 
as

su
m

pt
io

n 
to

 d
o 

so
. 

H
er

e 
c,

 U
 a

nd
 ω

 s
to

od
 fo

r t
he

 m
ea

n 
ch

or
d 

le
ng

th
 

of
 th

e 
se

ct
io

n 
w

ith
 th

e 
in

st
al

lm
en

t o
f D

TE
Fs

, t
he

 
se

ct
io

na
l 

re
la

tiv
e 

ve
lo

ci
ty

 a
nd

 t
he

 f
re

qu
en

cy
 o

f 
th

e 
di

st
ur

ba
nc

e 
in

 u
ni

ts
 o

f 
ra

di
an

s 
pe

r 
se

co
nd

, 
re

sp
ec

tiv
el

y.
 

Th
e 

st
ru

ct
ur

al
 d

yn
am

ic
 s

ub
-m

od
el

 w
as

 b
as

ed
 

on
 th

e 
N

R
E

L 
FA

ST
 c

od
e 

[3
7]

, w
he

re
 a

 c
om

bi
ne

d 
m

od
al

 
an

d 
m

ul
ti-

bo
dy

 
re

pr
es

en
ta

tio
n 

of
 

th
e 

tu
rb

in
e 

w
as

 b
ui

lt 
to

 d
et

er
m

in
e 

its
 re

sp
on

se
 to

 th
e 

ap
pl

ie
d 

fo
rc

e.
 

B
y 

do
in

g 
so

, 
th

e 
st

ru
ct

ur
al

 
dy

na
m

ic
 m

ig
ht

 b
e 

ae
ro

-e
la

st
ic

al
ly

 c
ou

pl
ed

 to
 it

s 
ae

ro
dy

na
m

ic
 

co
un

te
rp

ar
t 

by
 

m
ea

ns
 

of
 

th
e 

st
ru

ct
ur

al
 

de
fo

rm
at

io
n 

ve
lo

ci
tie

s 
an

d 
th

e 
ae

ro
dy

na
m

ic
 

fo
rc

es
. 

As
 

a 
re

su
lt,

 
th

e 
tim

e 
hi

st
or

ie
s 

of
 th

e 
fa

tig
ue

 lo
ad

 o
n 

th
e 

bl
ad

es
 w

er
e 

ge
ne

ra
te

d 
w

ith
 t

he
 i

np
ut

 a
er

od
yn

am
ic

 f
or

ce
s 

ca
lc

ul
at

ed
 b

y 
th

e 
A

er
od

yn
 c

od
e.

 
Th

e 
co

nt
ro

l 
su

b-
m

od
el

 i
nc

or
po

ra
te

d 
in

te
rn

al
 

an
d 

ex
te

rn
al

 p
ar

ts
. 

C
on

su
m

in
g 

no
 n

oi
se

 a
nd

 
tim

e 
de

la
y 

or
 la

g 
in

te
rfe

re
nc

es
, t

he
 fo

rm
er

 m
ai

nl
y 

fo
cu

se
d 

on
 h

ow
 t

o 
re

as
on

ab
ly

 m
an

ip
ul

at
e 

th
e 

D
TE

Fs
 f

or
 g

oo
d 

co
nt

ro
l 

pe
rf

or
m

an
ce

 o
n 

th
e 

fa
tig

ue
 lo

ad
, s

ho
w

n 
in

 F
ig

. 
1.

 F
or

 e
ac

h 
se

ns
in

g 
 

               
 st

ra
te

gy
, t

he
 s

ig
na

ls
 

i
Q

(i 
= 

1,
 2

, 3
), 

i.e
. 

ia
,

yi
M

or
 

xi
D

, 
or

ig
in

at
ed

 f
ro

m
 t

hr
ee

 r
ot

at
io

na
l t

ur
bi

ne
 

bl
ad

es
, 

w
as

 
se

pa
ra

te
ly

 
tra

ns
fo

rm
ed

 
in

to
 

th
e 

fix
ed

 n
ac

el
le

/y
aw

 f
ra

m
e 

of
 r

ef
er

en
ce

 u
si

ng
 t

he
 

in
ve

rs
e 

C
ol

em
an

 t
ra

ns
fo

rm
at

io
n 

to
 r

em
ov

e 
th

e 
pe

rio
di

c 
co

ef
fic

ie
nt

s 
in

 t
he

 e
qu

at
io

ns
 o

f 
m

ot
io

n.
 

Th
e 

co
or

di
na

te
 s

ys
te

m
 w

as
 d

ef
in

ed
 i

n 
Fi

g.
 1

, 

w
he

re
 x

, 
y,

 z
 a

xe
s 

an
d 

or
ig

in
 w

as
 o

rth
og

on
al

 
w

ith
 y

 a
nd

 z
 a

xe
s,

 p
oi

nt
in

g 
to

w
ar

ds
 t

he
 t

ra
ilin

g 
ed

ge
 o

f b
la

de
 a

nd
 p

ar
al

le
l w

ith
 th

e 
ch

or
d 

lin
e 

at
 

th
e 

ze
ro

-tw
is

t 
bl

ad
e 

st
at

io
n,

 p
oi

nt
in

g 
al

on
g 

th
e 

pi
tc

h 
ax

is
 

to
w

ar
ds

 
th

e 
tip

 
of

 
bl

ad
e,

 
an

d 
in

te
rs

ec
tio

n 
of

 t
he

 b
la

de
‟s

 p
itc

h 
ax

is
 a

nd
 t

he
 

bl
ad

e 
ro

ot
, 

re
sp

ec
tiv

el
y.

 
Th

e 
tra

ns
fo

rm
ed

 
va

ria
bl

es
 

w
er

e 
th

en
 

as
su

m
ed

 
to

 
be

 
tim

e-
in

va
ria

nt
 

an
d 

th
e 

ty
pi

ca
l 

lin
ea

r 
tim

e 
in

va
ria

nt
 

co
nt

ro
l 

te
ch

ni
qu

e,
 

e.
g.

 
pr

op
or

tio
na

l-i
nt

eg
ra

l-d
er

iv
at

iv
e 

(P
ID

) 
co

nt
ro

l, 
co

ul
d 

be
 u

se
d,

 w
hi

ch
 w

as
 b

as
ed

 o
n 

th
e 

er
ro

r 
in

pu
t 

be
tw

ee
n 

th
e 

re
fe

re
nc

e 
an

d 
th

e 
ac

tu
al

 
fe

ed
ba

ck
 i

np
ut

. 
Fu

rth
er

m
or

e,
 s

in
ce

 t
he

 g
oa

l 
of

 
th

e 
fla

p 
co

nt
ro

lle
r w

as
 to

 m
in

im
iz

e 
th

e 
flu

ct
ua

tin
g 

ia
, 

yi
M

 a
nd

 
xi

D
, 

th
e 

co
rr

es
po

nd
in

g 
re

fe
re

nc
ed

 v
ar

ia
tio

ns
 w

er
e 

se
t 

to
 b

e 
ze

ro
. 

Th
e 

go
ve

rn
in

g 
eq

ua
tio

ns
 w

er
e:

  

  
  

  
  










 t
s

D
s

I

s
p

s

dt
t

Q
d

T
dt

t
Q

T

t
Q

k
t 0

))
(

0(
))

(
0(

1

))
(

0(
)

(


  
(1

) 

   
  

  
  










 t
c

D
c

I

c
p

c

dt
t

Q
d

T
dt

t
Q

T

t
Q

k
t 0

))
(

0(
))

(
0(

1

))
(

0(
)

(


  
(2

) 

 

 
H

er
e 

)(t s
an

d 
)(t c
w

er
e 

th
e 

ya
w

-w
is

e 
an

d 

 

 

til
t-w

is
e 

D
TE

F 
de

pl
oy

m
en

t 
an

gl
e,

 r
es

pe
ct

iv
el

y,
 

de
fin

in
g 

ho
w

 t
he

 i
nd

iv
id

ua
l 

D
TE

F 
an

gl
e 

va
rie

d 
fr

om
 t

he
 c

ol
le

ct
iv

e 
on

e,
 a

nd
 

)(t
Q
s

an
d 

)(t
Q c

st
oo

d 
fo

r 
th

e 
in

st
an

ta
ne

ou
s 
a

, 
y

M
an

d 
x

D
 i

n 
th

e 
fix

ed
 n

ac
el

le
 fr

am
e.

 T
hu

s 
th

e 
co

nt
ro

l a
ct

io
ns

  
                  in

 t
he

 f
ix

ed
 f

ra
m

e 
w

er
e 

ex
er

te
d 

th
ro

ug
h 

 
re

as
on

ab
ly

 a
dj

us
tin

g 
th

e 
pr

op
or

tio
na

l c
oe

ffi
ci

en
t 

pk
, 

th
e 

in
te

gr
at

io
n 

tim
e 

co
ns

ta
nt

 
IT

, 
an

d 
th

e 

de
riv

at
iv

e 
tim

e 
co

ns
ta

nt
 

DT
 t

o 
m

in
im

iz
e 

th
e 

co
rr

es
po

nd
in

g 
st

an
da

rd
 d

ev
ia

tio
n 

of
 

ia
, 

yi
M

 

Fi
gu

re
 1

: S
ch

em
at

ic
 la

yo
ut

 o
f t

he
 c

on
tro

l s
ub

-m
od

el
 u

si
ng

 v
ar

io
us

 s
en

si
ng

 s
tra

te
gi

es
. 
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w
er

e 
in

st
al

le
d 

at
 th

e 
sa

m
e 

sp
an

w
is

e 
lo

ca
tio

n 
sR

ne
ar

 th
e 

bl
ad

e 
tip

 a
s 
a

-s
tra

te
gy

, i
.e

. 
R

R s
/

= 
0.

9,
 

w
er

e 
al

so
 

ex
am

in
ed

, 
ill

us
tra

te
d 

in
 

Fi
g.

 
4.

 
Ev

id
en

tly
, 

irr
es

pe
ct

iv
e 

of
 

st
ra

te
gi

es
, 

co
nt

ro
l 

be
ca

m
e 

m
or

e 
ef

fe
ct

iv
e 

w
he

n 
hu
b

U
 a

ll 
th

e 
w

ay
 

in
cr

ea
se

d 
in

 t
er

m
s 

of
 

ST
D

y
M

,1


 a
nd

 
D
EL

y
M

,1


, 
ex

hi
bi

tin
g 

th
e 

sa
m

e 
tre

nd
 a

s 
a

-s
tra

te
gy

. 
A

t 
hu
b

U
= 

24
 m

/s
, 

th
e 

be
st

 p
er

fo
rm

an
ce

s 
w

er
e 

ac
qu

ire
d,

 
w

ith
 

th
em

ax
im

um
 

ST
D

y
M

,1


 a
nd

 

D
EL

y
M

,1


 u
p 

to
 1

4.
0%

 a
nd

 7
.3

%
 fo

r
x

D
-s

tra
te

gy
 

an
d 

up
 t

o 
22

.5
%

 a
nd

 1
4.

7%
 f

or
 

y
M

-s
tra

te
gy

, 
re

sp
ec

tiv
el

y.
  

To
 f

ur
th

er
 c

om
pa

re
 t

he
 e

ffe
ct

iv
en

es
s 

of
 t

he
 

sm
ar

t 
ro

to
r 

co
nt

ro
l 

am
on

g 
th

re
e 

se
ns

in
g 

st
ra

te
gi

es
, 

th
e 

ty
pi

ca
l 

re
su

lts
 

in
 

tim
e 

an
d 

fre
qu

en
cy

 d
om

ai
ns

 w
er

e 
pr

op
os

ed
 a

t 
hu
b

U
= 

24
 

m
/s

 in
 F

ig
. 5

. I
t w

as
 w

or
th

 p
oi

nt
in

g 
ou

t t
ha

t 
hu
b

U
= 

 
                      

 Fi
gu

re
 5

: T
yp

ic
al

 ti
m

e 
do

m
ai

n 
(a

) a
nd

 fr
eq

ue
nc

y 
do

m
ai

n 
(b

) r
es

ul
ts

 o
f 

1y
M

 u
si

ng
 d

iff
er

en
t c

on
tro

l 
st

ra
te

gi
es

. 
 

         

24
 m

/s
 c

as
e 

w
as

 c
ho

se
n 

as
 a

 ty
pi

ca
l e

xa
m

pl
e 

to
 

re
pr

es
en

t t
he

 h
ig

h 
fa

tig
ue

 lo
ad

 a
nd

 h
ig

h 
da

m
ag

e 
co

nt
rib

ut
io

n 
co

nd
iti

on
 

[3
8]

, 
an

d 
w

ou
ld

 
be

 
pr

im
ar

ily
 i

nv
es

tig
at

ed
 i

n 
th

e 
fo

llo
w

in
g 

se
ct

io
ns

 
be

si
de

s 
w

he
re

 o
th

er
w

is
e 

st
at

ed
. I

n 
ad

di
tio

n,
 th

e 
in

st
al

lm
en

t 
co

nf
ig

ur
at

io
n 

of
 D

TE
F 

fo
ra

-s
tra

te
gy

 
w

as
 th

e 
sa

m
e 

as
 

x
D

-s
tra

te
gy

 a
nd

 
y

M
-s

tra
te

gy
. 

C
le

ar
ly,

 
af

te
r 

th
e 

in
tro

du
ct

io
n 

of
 

D
TE

F,
 

th
e 

flu
ct

ua
tin

g 
m

ag
ni

tu
de

 
in

 
1y

M
 e

ffe
ct

iv
el

y 
de

cr
ea

se
d,

 c
om

pa
re

d 
w

ith
 th

e 
ca

se
 w

ith
ou

t f
la

p 
[F

ig
. 5

(a
)].

 T
he

 c
on

tro
l t

en
de

d 
to

 b
e 

w
or

se
 in

 th
e 

or
de

r 
of

 
y

M
-, 
a

- 
an

d 
x

D
-s

tra
te

gi
es

, 
ag

re
ei

ng
 

w
ith

 th
e 

re
su

lts
 in

 F
ig

s.
 2

 a
nd

 4
. C

or
re

sp
on

di
ng

ly,
 

th
e 

do
m

in
an

t 
1P

 s
pe

ct
ra

l H
z,

 w
er

e 
si

gn
ifi

ca
nt

ly
 

re
du

ce
d 

up
 t

o 
71

.2
%

, 
66

.8
%

 a
nd

 5
5.

3%
 in

 t
he

 
po

w
er

 s
pe

ct
ra

l d
en

si
ty

 (P
S

D
) o

f 
1y

M
, i

.e
. 

1y
ME

, 

se
en

 in
 F

ig
. 5

(b
), 

sh
ow

in
g 

th
e 

gr
ea

t i
m

pa
irm

en
t i

n 
th

e 
en

er
gi

es
 o

f 
1y

M
. 

 
In

 a
dd

iti
on

, 
in

te
re

st
s 

w
er

e 
al

so
 a

ro
us

ed
 t

o 
st

ud
y 

th
e 

D
TE

F 
co

nt
ro

l o
f 

th
e 

fa
tig

ue
 lo

ad
s 

on
 

ot
he

r r
ep

re
se

nt
at

iv
e 

tu
rb

in
e 

co
m

po
ne

nt
s,

 i.
e.

 th
e 

be
nd

in
g 

m
om

en
ts

 o
f 

th
e 

se
ct

io
na

l 
lo

w
-s

pe
ed

 
sh

af
t, 

i.e
. 

LS
Sy
a

M
 a

nd
 

LS
Sz
a

M
, 

th
e 

to
w

er
-to

p 
pi

tc
h 

m
om

en
t a

nd
 th

e 
to

w
er

-to
p 

ya
w

 m
om

en
t, 

i.e
. 

Ya
w
yn

M
 a

nd
 

Ya
w
zn

M
, 

an
d 

th
e 

to
w

er
 b

as
e 

ya
w

 

m
om

en
t, 

i.e
. 

Tw
rB
zt

M
. T

ab
le

 1
 s

um
m

ar
iz

ed
 th

ei
r 

m
ax

im
um

 re
du

ct
io

n 
pe

rc
en

ta
ge

s 
in

 th
e 

st
an

da
rd

 
de

vi
at

io
n,

 c
om

pa
re

d 
w

ith
 th

e 
tra

di
tio

na
l c

ol
le

ct
iv

e 
pi

tc
h 

co
nt

ro
l. 

O
bv

io
us

ly,
 

al
l 

qu
an

tit
ie

s 
w

er
e 

su
bj

ec
t 

to
 v

er
y 

ef
fe

ct
iv

e 
im

pa
irm

en
t 

an
d 

th
e 

pe
rfo

rm
an

ce
s 
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in

g 
y

M
-s

tra
te

gy
 

te
nd
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to
 

pe
rfo

rm
 m

uc
h 

be
tte

r t
ha

n 
th

e 
ot

he
r t

w
o 

st
ra

te
gi

es
 

in
 e

ve
ry

 c
at

eg
or

y,
 r

es
ul

tin
g 

in
 t

he
 m

ax
im

um
 

re
du

ct
io

n 
pe

rc
en

ta
ge

s 
in

 
LS
Sy
a

M
, 

LS
Sz
a

M
, 

Ya
w
yn

M
, 

Ya
w
zn

M
 a

nd
 

Tw
rB
zt

M
 o

f 
12

.0
%

, 
16

.0
%

, 
13

.0
%

, 1
6.

1%
 a

nd
 1

7.
0%

, r
es

pe
ct

iv
el

y.
 

To
 s

um
 i

t 
up

, 
th

e 
D

TE
F 

co
nt

ro
l 

w
as

 v
er

y 
ef

fe
ct

iv
e 

to
 re

du
ce

 th
e 

fa
tig

ue
 lo

ad
s 

on
 b

la
de

 a
nd

  
tu

rb
in

e 
co

m
po

ne
nt

s;
 c

om
pa

re
d 

w
ith

 t
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 o
th

er
 

tw
o 

st
ra

te
gi

es
, 

th
e 

be
st

 c
on

tro
l 

pe
rfo

rm
an

ce
s 

w
er

e 
ac

qu
ire

d 
if 

th
e 

fla
pw

is
e 

ro
ot

 m
om

en
t 

y
M

  
            

 

(a
) 

(b
) 

Ta
bl

e 
1:

 T
he

 re
du

ct
io

n 
pe

rc
en

ta
ge

s 
in

 th
e 

st
an

da
rd

 d
ev

ia
tio

n 
of

 th
e 

fa
tig

ue
 lo

ad
s 

on
 ty

pi
ca

l 
dr

iv
e-

ch
ai

n 
co

m
po

ne
nt

s 
an

d 
to

w
er

 u
si

ng
 d

iff
er

en
t s

en
si

ng
 s

tra
te

gi
es
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pe
rfo

rm
an

ce
s 
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ST
D

y
M

,1


 a
nd

 
D
EL

y
M

,1


w
er

e 
gr

ea
tly

 i
m

pr
ov

ed
 a

nd
 b

ot
h 

of
 t

he
m

 g
ra

du
al

ly
 

au
gm

en
te

d 
w

ith
 

R
R a

/
, e

sp
ec

ia
lly

 fo
r 

hu
b

U
= 

24
 

m
/s

 c
as

e,
 u

nd
er

 w
hi

ch
 t

he
 m

ax
im

um
 

ST
D

y
M

,1


an
d 

D
EL

y
M

,1


 r
ea

ch
ed

 1
8.

1%
 a

nd
 1

2.
6%

 
ar

ou
nd

 t
he

 b
la

de
 t

ip
, 

re
sp

ec
ti

ve
ly

. 
T

he
 

si
gn

ifi
ca

nt
ly

 re
du

ce
d 

fla
pw

is
e 

tip
 d

ef
le

ct
io

ns
 w

er
e 

be
lie

ve
d 

to
 b

e 
as

so
ci

at
ed

 w
ith

 m
uc

h 
im

pa
ire

d 
bl

ad
e 

vi
br

at
io

n 
an

d 
th

us
 t

he
 f

lu
ct

ua
tin

g 
1y

M
, 

in
di

ca
te

d 
by

 t
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 r
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ul
ts

 o
f 

th
e 

re
du

ct
io

n 
pe

rc
en

ta
ge

s 
in

 t
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 s
ta

nd
ar

d 
de

vi
at

io
n 

of
 t

he
 

fla
pw

is
e 

tip
 d

ef
le

ct
io

n 
(

ST
D

x
D

,1


) a
t 

hu
b

U
= 

16
 m

/s
 

an
d 

24
 m

/s
 in

 F
ig

s.
 3

(a
) 

an
d 

3(
b)

. O
n 

th
e 

ot
he

r 
 

                     Fi
gu

re
 3

: E
ffe

ct
 o

f t
he

 c
en

tra
l s

pa
nw

is
e 

lo
ca

tio
n 

of
 t

he
 a

cc
el

er
om

et
er

 (
aR

) 
on

 t
he

 r
ed

uc
tio

n 
pe

rc
en

ta
ge

s 
in

 t
he

 s
ta

nd
ar

d 
de

vi
at

io
n 

of
 t

he
 

fla
pw

is
e 

tip
 d

ef
le

ct
io

n 
(

ST
D

x
D

,1


) 
of

 b
la

de
1:

 (
a)

 

hu
b

U
= 

16
 m

/s
 c

as
e;

 (b
) 

hu
b

U
= 

24
 m

/s
 c

as
e.

  

ha
nd

, 
th

e 
bl

ad
e 

pi
tc

h 
w

ith
in

 r
eg

io
n 

III
 c

ou
ld

 
fu

nc
tio

n 
to

 
re

du
ce

 


 a
nd

 
th

er
ea

fte
r 

gr
ea

tly
 

su
pp

re
ss

 
th

e 
un

co
nt

ro
lle

d 
flo

w
 

se
pa

ra
tio

n 
ph

en
om

en
on

. I
n 

fa
ct

, t
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 s
ec

tio
n 

at
ta

ck
 a

ng
le

 
 

al
on

g 
th

e 
bl

ad
e,

 c
om

pu
te

d 
us

in
g 

A
er

od
yn

 c
od

e,
 

ha
d 

m
ad

e 
th

e 
co

rr
es

po
nd

in
g 

flo
w

 
pa

tte
rn

 
su

cc
es

si
ve

ly
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nt
er
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e 

lin
ea

r z
on

e 
(a

tta
ch

ed
 

flo
w

 z
on

e)
 w

ith
 e

nh
an

ci
ng

 
hu
b

U
 (

no
t s

ho
w

n)
. I

n 
th

is
 w

ay
, 

th
e 

D
TE

F 
co

nt
ro

l 
te

nd
ed

 t
o 

ex
er

t 
a 

be
tte

r e
ffe

ct
 o

n 
th

e 
w

el
l-o

rg
an

iz
ed

 fl
ui

d 
fie

ld
 a

nd
 

th
en

 
ST
D

y
M

,1


an
d 

D
EL

y
M

,1


 f
or

 h
ig

he
r 

hu
b

U
 

ca
se

s.
 T

hi
s 

su
gg

es
te

d 
th

at
 t

he
 p

itc
hi

ng
 a

ct
io

n 
ha

d 
pl

ay
ed

 a
n 

im
po

rta
nt

 ro
le

 in
 th

e 
co

nt
ro

l o
f t

he
 

ro
to

r 
fa

tig
ue

 l
oa

d.
 I

t 
w

as
 w

or
th

 n
ot

ic
in

g 
th

at
 

si
m

ila
r 

in
flu

en
ce

s 
of

 s
m

ar
t 

co
nt

ro
l 

on
 

y
M

 in
 

re
gi

on
s 

II 
an

d 
III

 w
er

e 
al

so
 o

bs
er

ve
d 

in
 o

ur
 

pr
ev

io
us

 p
ap

er
 [

21
]. 

Th
e 

in
te

rp
re

ta
tio

n 
on

 t
he

 
flo

w
 p

he
no

m
en

on
 c

on
ce

rn
ed

 i
n 

Fi
g.

 2
 w

ill 
be

 
fu

rth
er

 
cl

ar
ifi

ed
 

by
 

ou
r 

nu
m

er
ic

al
 

an
d 

ex
pe

rim
en

ta
l s

tu
dy

 in
 th

e 
ne

ar
 fu

tu
re

. A
dd

iti
on

al
ly,

 
as

 p
oi

nt
ed

 o
ut

 b
y 

Sm
it 

et
 a

l. 
[3

8]
 th

at
 m

os
t o

f t
he

 
fa

tig
ue

 
da

m
ag

e 
w

as
 

ac
cu

m
ul

at
ed

 
w

ith
in

 
th

e 
ra

ng
e 

fro
m

 t
he

 r
at

ed
 w

in
d 

sp
ee

d 
to

 t
he

 c
ut

-o
ut

 
on

e,
 i.

e.
 r

eg
io

n 
III

 c
on

di
tio

n,
 th

e 
re

su
lts

 in
 F

ig
. 2

 
ju

st
ifi

ed
 th

e 
be

ne
fit

 o
f s

m
ar

t b
la

de
 c

on
tro

l i
n 

th
e 

fa
tig

ue
 lo

ad
 o

f t
he

 la
rg

e-
sc

al
e 

w
in

d 
tu

rb
in

e 
bl

ad
e.

  
  

In
 a

dd
iti

on
 t

o 
a

-s
tra

te
gy

, 
th

e 
in

ve
st

ig
at

io
ns

 
us

in
g 

x
D

-  an
d  

y
M

-s
tra

te
gi

es
, 

w
he

re
 D

TE
Fs

  
                                       Fi

gu
re

 4
: T

he
 re

du
ct

io
n 

pe
rc

en
ta

ge
s 

in
 

ST
D

y
M

,1


an
d 

D
EL

y
M

,1


of
 b

la
de

1 
fo

r 
x

D
-s

tra
te

gy
 a

nd
 

y
M

-s
tra

te
gy

: 
(a

) 
x

D
-s

tra
te

gy
, 

ST
D

y
M

,1


; 
(b

) 

y
M

-s
tra

te
gy

, 
ST
D

y
M

,1


; 
(c

) 
x

D
-s

tra
te

gy
, 

D
EL

y
M

,1


; (
d)

 
y

M
-s

tra
te

gy
,  

D
EL

y
M

,1


. 
 

(a
) 

(b
) 

(a
) 

(b
) 

(c
) (d
) 
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 th

e 
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ro
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la
tio

ns
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p 
be

tw
ee

n 
flo

w
 a

nd
 

bl
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e 
ne
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 th

e 
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si
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e 

1nF
 p

ro
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d 
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e 
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ae
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 t
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. 

To
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 c
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y 
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, t

he
 s

pe
ct

ra
l p
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se

 o
f 

1nF
 a

nd
 

1a
 a

t 
R

R s
/

= 
0.

9,
 r

ep
re

se
nt

in
g 

th
e 
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la
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ns

hi
p 

be
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ee
n 

th
e 

se
ct
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l 
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e 
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d 
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e 
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su
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ng
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e 

vi
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at
io
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 w
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 c

al
cu
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te

d 
w

ith
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nd
 w

ith
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t 
D

TE
F 

co
nt

ro
l, 

in
di

ca
te

d 
in

 F
ig

. 7
. T

he
 fr

eq
ue

nc
y 

ra
ng

e 
ne

ar
 

Pf 1
, 

co
rr

es
po

nd
in

g 
to

 t
he

 s
tro

ng
 

sy
nc

hr
on

iz
in

g 
flo

w
 a

nd
 s

tru
ct

ur
al

 v
ib

ra
tio

n.
 O

nc
e 

co
nt

ro
lle

d 
us

in
g 

x
D

-s
tra

te
gy

, 
1

1a
F n

 a
t

Pf 1
w

as
 

ch
an

ge
d 

fro
m

 0
 t

o


, 
th

at
 is

, 
th

e 
sy

nc
hr

on
iz

in
g 

1nF
 a

nd
 

1a
 t

ur
ne

d 
in

to
 

co
llid

ed
 

in
te

ra
ct

io
ns

 
ag

ai
ns

t 
ea

ch
 o

th
er

. 
In

 c
on

tra
st

, 
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r a
- 

an
d 

y
M

-s
tra

te
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es
, 

th
e

1
1
nF


 a

nd
 

1
1a

F n
 a

t 
Pf 1

 w
er

e 
al

so
 n

ea
r 


[F
ig

s.
 6

(b
) a

nd
 6

(c
) a

nd
 F

ig
. 7

]. 
N

ot
e 

th
e 

ph
en

om
en

a 
ha

pp
en

ed
 o

ve
r 

a 
na

rr
ow

 a
nd

 a
 

w
id

e 
ra

ng
e 

of
 fr

eq
ue

nc
ie

s 
ar

ou
nd

Pf 1
 f

or
a

- a
nd

 

y
M

 -
st

ra
te

gi
es

, 
re

sp
ec

tiv
el

y,
 r

es
ul

tin
g 

in
 m

uc
h 

m
or

e 
im

pa
ire

d 
flu

id
-s

tru
ct

ur
e 

in
te

ra
ct

io
n 

ne
ar

 1
P 

fre
qu

en
cy

 u
si

ng
 t

he
 t

w
o 

st
ra

te
gi

es
 t

ha
n 

x
D

-s
tra

te
gy

. 
O

n 
th

e 
ot

he
r 

ha
nd

, 
at

 t
he

 l
oc

at
io

n 
of

 
R

R s
/

=0
.9

, 
th

e 
sp

ec
tra

l c
oh

er
en

ce
 

1
1a

F n
C
oh

 a
t 

Pf 1
 in

 
Fi

g.
 8

 d
ec

re
as

ed
 b

y 
17

.1
%

, 3
1.

4%
 a

nd
 4

2.
9%

 fo
r 

x
D

-, 
a

- 
an

d 
y

M
-s

tra
te

gi
es

, 
re

sp
ec

tiv
el

y.
 I

n 
ad

di
tio

n,
 s

im
ila

r o
bs

er
va

tio
ns

 w
er

e 
al

so
 fo

un
d 

in
 

Fi
g.

 9
 a

t 
an

ot
he

r 
tw

o 
re

pr
es

en
ta

tiv
e 

sp
an

w
is

e 
lo

ca
tio

ns
 o

f 
bl

ad
e1

, i
.e

. 
R

R s
/

= 
0.

60
 a

nd
 0

.9
8,

 
w

he
re

 
1

1a
F n

C
oh

 w
er

e 
st

ill 
su

bj
ec

t 
to

 s
ig

ni
fic

an
t 

re
du

ct
io

ns
 

at
Pf 1

 a
nd

 
th

e 
tre

nd
s 

in
 

th
e 

co
rr

es
po

nd
in

g 
re

du
ct

io
n 

pe
rc

en
ta

ge
s 

w
er

e 
m

ai
nt

ai
ne

d 
in

 t
he

 s
am

e 
se

qu
en

ce
 f

or
 t

he
 t

hr
ee

 
st

ra
te

gi
es

. 
Ba

se
d 

on
 

th
es

e 
re

su
lts

, 
th

e 
de

co
up

le
d 

ae
ro

-e
la

st
ic

 c
or

re
la

tio
n 

be
tw

ee
n 

flo
w

 
an

d 
st

ru
ct

ur
al

 v
ib

ra
tio

n 
on

 th
e 

w
ho

le
 b

la
de

 w
as

 
ca

us
ed

 b
y 

th
e 

sm
ar

t 
bl

ad
e 

co
nt

ro
l. 

H
en

ce
, 

th
e 

fla
pw

is
e 

ro
ot

 
m

om
en

t 
on

 
th

e 
bl

ad
e 

an
d 

su
bs

eq
ue

nt
 a

er
od

yn
am

ic
 l

oa
d 

on
 o

th
er

 t
ur

bi
ne

 
co

m
po

ne
nt

s 
w

ou
ld

 b
e 

gr
ea

tly
 s

up
pr

es
se

d.
 I

n 
ad

di
tio

n,
 i

t 
w

as
 e

as
ily

 t
o 

no
te

 t
ha

t 
th

e 
co

nt
ro

l 
us

in
g 

y
M

-s
tra

te
gy

 
pe

rfo
rm

ed
 

th
e 

be
st

, 
co

m
pa

re
d 

w
ith

 i
ts

 t
w

o 
co

un
te

rp
ar

ts
. 

A
ll 

th
es

e 
an

al
ys

es
 a

gr
ee

d 
w

ith
 th

e 
re

su
lts

 in
 F

ig
s.

 2
-6

. 

V.
 C

on
cl

us
io

ns
 

To
 in

ve
st

ig
at

e 
th

e 
ef

fe
ct

 o
f t

he
 s

en
si

ng
 s

ig
na

ls
 

on
 t

he
 f

at
ig

ue
 lo

ad
 c

on
tro

l a
nd

 u
nd

er
st

an
d 

th
e 

ae
ro

-e
la

st
ic

 p
hy

si
cs

 b
eh

in
d,

 th
re

e 
st

ra
te

gi
es

, i
.e

.  
x

D
-, 
a

- 
an

d 
y

M
-s

tra
te

gi
es

, 
co

rr
es

po
nd

in
g 

to
 

th
e 

si
gn

al
s 

fro
m

 th
e 

bl
ad

e 
fla

pw
is

e 
tip

 d
ef

le
ct

io
n,

  

      
      Fi

gu
re

 8
: T

yp
ic

al
 s

pe
ct

ra
l c

oh
er

en
ce

 b
et

w
ee

n
1nF

an
d 

1a
at

 
R

R s
/

= 
0.

90
, 

co
rr

es
po

nd
in

g 
to

 t
he

 
ce

nt
ra

l 
lo

ca
tio

n 
of

 f
la

p1
, 

fo
r 

di
ffe

re
nt

 s
en

si
ng

 
st

ra
te

gi
es

. 
                       Fi

gu
re

 9
: T

yp
ic

al
 s

pe
ct

ra
l c

oh
er

en
ce

 b
et

w
ee

n
1nF

an
d 

1a
fo

r 
di

ffe
re

nt
 s

en
si

ng
 s

tra
te

gi
es

 a
t v

ar
io

us
 

sp
an

w
is

e 
lo

ca
tio

ns
: (

a)
 

R
R s

/
= 

0.
60

; (
b)

 
R

R s
/

= 
0.

98
. 

ac
ce

le
ra

tio
n 

an
d 

ro
ot

 m
om

en
t, 

re
sp

ec
tiv

el
y,

 w
er

e 
nu

m
er

ic
al

ly
 c

on
du

ct
ed

 o
n 

a 
U

pw
in

d/
N

R
EL

 5
 M

W
 

la
rg

e-
sc

al
e 

w
in

d 
tu

rb
in

e,
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as
ed

 o
n 

ou
r 

ne
w

ly
 

de
ve

lo
pe

d 
ae

ro
-s

er
vo

-e
la

st
ic

 
pl

at
fo

rm
. 

Th
e 

in
ve

st
ig

at
io

ns
 le

d 
to

 th
re

e 
co

nc
lu

si
on

s.
  

(1
) 

Th
e 

sm
ar

t 
co

nt
ro

l 
us

in
g 

th
re

e 
se

ns
in

g 
st

ra
te

gi
es

 g
re

at
ly

 s
up

pr
es

se
d 

th
e 

fa
tig

ue
 lo

ad
s 

on
 b

la
de

s,
 d

riv
e-

ch
ai

n 
co

m
po

ne
nt

s 
an

d 
to

w
er

. 
Th

e 
be

st
 p

er
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an

ce
 w
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 o

bt
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ne
d 

fo
r 

y
M

-s
tra

te
gy

 
ca

se
 

an
d 

th
e 

m
ax

im
um

 
re

du
ct

io
n 

pe
rc

en
ta

ge
s 

in
 

th
e 

st
an

da
rd

 d
ev

ia
tio

n 
la

y 
in

 a
 r

an
ge

 o
f 

12
.0

 ~
 

22
.5

%
, c

om
pa

re
d 

w
ith

 th
e 

or
ig

in
al

 c
ol

le
ct

iv
e 

pi
tc
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ra
 [6

] 
an

d 
B

.A
. 

H
ar

pe
r 

et
 a

l. 
[7

], 
ne

ut
ra

l 
or

 n
ea

r-
ne

ut
ra

l 
at

m
os

ph
er

e 
co

nd
iti

on
s 

ha
ve

 b
ee

n 
ob

se
rv

ed
 to

 p
re

va
il 

at
 h

ig
h 

w
in

d 
sp

ee
ds

, 
fo

r w
hi

ch
 th

e 
lo

ga
rit

hm
ic

al
 m

od
el

 w
as

 a
bl

e 
to

 m
od

el
 

th
e 

w
in

d 
pr

of
ile

. 
M

.D
. 

P
ow

el
l 

et
 a

l. 
[8

] 
an

al
yz

ed
 

w
in

d 
da

ta
 m

ea
su

re
d 

fro
m

 G
P

S
 s

on
de

s 
an

d 
pr

ov
ed

 
th

at
 lo

ga
rit

hm
ic

al
 m

od
el

 w
as

 a
bl

e 
to

 d
es

cr
ib

e 
w

in
d 

pr
of

ile
s 

of
 

tro
pi

ca
l 

cy
cl

on
es

. 
Th

er
ef

or
e,

 
th

e 
lo

ga
rit

hm
ic

al
 

m
od

el
 

is
 

ad
op

te
d 

in
 

th
is

 
st

ud
y 

to
 

de
sc

rib
e 

th
e 

re
la

tio
ns

hi
p 

be
tw

ee
n 

th
e 

m
ea

n 
w

in
d 

sp
ee

d 
u z

 o
f s

tro
ng

 w
in

ds
 li

ke
 tr

op
ic

al
 c

yc
lo

ne
s 

an
d 

th
e 

he
ig

ht
 z

 a
nd

 it
 c

an
 b

e 
de

sc
rib

ed
 b

y 
eq

ua
tio

n 
(2

). 
 

*

0

ln
(

)
z

u
z

u
z




   
   

   
   

   
   

   
   

   
   

  (
2)

 

w
he

re
 u

* 
is

 t
he

 a
tm

os
ph

er
ic

 b
ou

nd
ar

y 
la

ye
r 

fri
ct

io
n 

ve
lo

ci
ty

 w
hi

ch
 c

ou
ld

 b
e 

ba
ck

-c
al

cu
la

te
d 

us
in

g 
th

e 
re

co
rd

ed
 w

in
d 

sp
ee

d 
at

 1
0m

 e
le

va
tio

n,
 i.

e.
, u

10
.  

 Fo
r 

ne
ut

ra
l 

at
m

os
ph

er
e 

co
nd

iti
on

s,
 t

he
 t

ur
bu

le
nt

 
ki

ne
tic

 e
ne

rg
y,

 k
, 

an
d 

tu
rb

ul
en

t 
di

ss
ip

at
io

n 
ra

te
, 
ε,

 
as

 s
ho

w
n 

in
 e

qu
at

io
ns

 (
3)

 a
nd

 (
4)

 c
an

 b
e 

us
ed

 t
o 

m
od

el
 

th
e 

tu
rb

ul
en

ce
, 

w
he

re
 

de
cr

ea
se

d 
sh

ea
r 

st
re

ss
es

 w
er

e 
in

tro
du

ce
d 

to
 m

od
ify

 t
he

 t
ur

bu
le

nt
 

ki
ne

tic
 e

ne
rg

y 
[4

]. 
Th

er
ef

or
e,

 f
or

 t
he

 v
el

oc
ity

 i
nl

et
 

bo
un

da
ry

, 
th

e 
lo

ng
itu

di
na

l 
lo

g-
la

w
 

ve
lo

ci
ty

 
di

st
rib

ut
io

n 
as

 s
ho

w
n 

in
 e

qu
at

io
n 

(2
) 

w
as

 u
se

d 
an

d 

Fi
gu

re
 5

 C
FD

 g
rid

 o
f t

he
 o

ffs
ho

re
 w

in
d 

fa
rm

 

x

y
z

Sl
ic

e 

N
or

th

(a
) C

FD
 c

al
cu

la
tio

n 
do

m
ai

n 
   

   
   

   
   

   
   

   
   

   
   

   
   

   
 (b

) L
oc

al
 g

rid
s 

at
 S

lic
e

Bo
tto

m
 g

rid
 (T

er
ra

in
 s

ur
fa

ce
)

Ve
rti

ca
l g

rid
Si

de
 g

rid
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 st
ru

ct
ur

e 
re

sp
on

si
bl

e 
fo

r l
oa

d-
ca

rr
yi

ng
. T

he
 b

en
di

ng
 

st
iff

ne
ss

 o
f 

th
e 

co
m

po
si

te
 b

la
de

 w
as

 c
al

cu
la

te
d 

ac
co

rd
in

g 
to

 
de

si
gn

 
do

cu
m

en
ts

. 
Th

e 
di

st
rib

ut
ed

 
w

in
d 

lo
ad

s 
ca

lc
ul

at
ed

 fr
om

 F
A

S
T 

co
de

 w
er

e 
ap

pl
ie

d 
al

on
g 

th
e 

bl
ad

e 
sp

an
 a

nd
 b

en
di

ng
 s

tra
in

s 
of

 t
he

 
bl

ad
e 

w
er

e 
th

en
 c

al
cu

la
te

d 
us

in
g 

th
e 

cl
as

si
c 

be
am

 
th

eo
ry

. 
C

om
pr

es
si

ve
 

fa
ilu

re
 

st
ra

in
 

of
 

U
D

 
co

m
po

si
te

s 
w

as
 

us
ed

 
as

 
fa

ilu
re

 
cr

ite
rio

n 
to

 
de

te
rm

in
e 

fa
ilu

re
 l

oa
d 

an
d 

fa
ilu

re
 l

oc
at

io
n 

of
 t

he
 

bl
ad

e.
 U

po
n 

th
e 

bl
ad

e 
fa

ilu
re

, t
he

 b
la

de
 s

ec
tio

ns
 a

t 
th

e 
ou

tb
oa

rd
 o

f 
th

e 
fa

ilu
re

 l
oc

at
io

n 
w

er
e 

re
m

ov
ed

 
fro

m
 

th
e 

st
ru

ct
ur

al
 

m
od

el
 

an
d 

on
ly

 
w

in
d 

lo
ad

s 
ac

tin
g 

on
 i

nb
oa

rd
 s

ec
tio

ns
 o

f 
th

e 
bl

ad
e 

re
m

ai
ne

d 
th

e 
sa

m
e.

 
 Th

e 
tu

rb
in

e 
to

w
er

 i
s 

a 
ca

nt
ile

ve
r 

st
ee

l 
tu

be
. 

Th
e 

sh
el

l w
al

l t
hi

ck
ne

ss
 o

f 
th

e 
to

w
er

 c
ha

ng
es

 w
ith

 t
he

 
to

w
er

 h
ei

gh
t 

an
d 

bu
tt 

w
el

di
ng

 is
 u

se
d 

to
 jo

in
 s

te
el

 
sh

el
ls

 w
ith

 d
iff

er
en

t 
th

ic
kn

es
se

s.
 A

s 
th

e 
lo

ca
l s

he
ll 

bu
ck

lin
g 

ha
s 

be
en

 f
ou

nd
 t

o 
be

 t
he

 f
ai

lu
re

 m
od

e 
of

 
th

e 
to

w
er

, t
he

 e
la

st
ic

 b
uc

kl
in

g 
st

re
ng

th
 o

f t
he

 to
w

er
 

ha
s 

be
en

 fi
rs

t c
al

cu
la

te
d 

an
d 

it 
w

as
 fo

un
d 

to
 b

e 
no

t 
lik

el
y 

th
e 

ca
us

e 
of

 to
w

er
 c

ol
la

ps
e.

 S
ub

se
qu

en
tly

, i
t 

w
as

 s
us

pe
ct

ed
 t

ha
t 

in
el

as
tic

 r
es

po
ns

e 
m

ay
 p

la
y 

a 
ro

le
 i

n 
th

e 
to

w
er

 c
ol

la
ps

e.
 I

n 
or

de
r 

to
 a

cc
ur

at
el

y 
ob

ta
in

 t
he

 lo
ca

l s
tre

ss
 o

f t
he

 f
ai

lu
re

 s
ec

tio
n,

 s
tre

ss
 

co
nc

en
tra

tio
n 

fa
ct

or
 (

S
C

F)
 h

as
 t

o 
be

 t
ak

en
 i

nt
o 

ac
co

un
t i

n 
th

e 
st

re
ss

 a
na

ly
si

s.
 F

or
 th

e 
to

w
er

 s
ec

tio
n 

w
he

re
 

tw
o 

st
ee

l 
sh

el
l 

se
ct

io
ns

 
ha

ve
 

di
ffe

re
nt

 
th

ic
kn

es
se

s 
an

d 
ar

e 
bu

tt 
w

el
de

d 
to

ge
th

er
, S

C
F 

ca
n 

be
 w

el
l p

re
di

ct
ed

 a
cc

or
di

ng
 to

 r
ef

er
en

ce
 [1

1]
 a

nd
 it

 
is

 e
xp

re
ss

ed
 b

y 
eq

ua
tio

ns
 (6

-1
) t

o 
(6

-3
). 

 
t

m
6(

)
1

SC
F=

 1
e

1
(

/
)

t
T

t













+
 

(6
-1

)

1.
82

1
= 

1
(

/
)

L
T

t
D
t







 
(6

-2
)

2

1.
0

3.
0

= 
1.

5
lo

g(
/

)
(lo

g(
/

))
D

t
D

t





 
(6

-3
)

   
   

W
he

re
, 
δ t

 
= 

sh
ift

 
in

 
ne

ut
ra

l 
ax

is
 

at
 

th
ic

kn
es

s 
tra

ns
iti

on
 =

0.
5(
T-
t),

 δ
m
= 

fa
br

ic
at

io
n 

to
le

ra
nc

e 
w

hi
ch

 
eq

ua
ls

 t
o 

a 
ty

pi
ca

l 
va

lu
e 

of
 0

.1
5 t

 i
n 

m
an

y 
st

ee
l 

fa
br

ic
at

io
n 

st
an

da
rd

s,
 T

 a
nd

 t 
ar

e 
th

e 
th

ic
kn

es
se

s 
of

 
th

e 
th

ic
ke

r 
an

d 
th

in
ne

r 
st

ee
l 

sh
el

l 
at

 
tra

ns
iti

on
 

re
gi

on
, 

re
sp

ec
tiv

el
y,

 
L=

 
le

ng
th

 
of

 
tra

ns
iti

on
 

in
 

th
ic

kn
es

s,
 

an
d 

D
=d

ia
m

et
er

 
of

 
tu

bu
la

r 
sh

el
l. 

A
ll 

pa
ra

m
et

er
s 

w
er

e 
re

ad
ily

 
av

ai
la

bl
e 

ac
co

rd
in

g 
to

 
de

si
gn

 d
oc

um
en

ts
 a

nd
 fi

el
d 

m
ea

su
re

m
en

ts
.  

 Th
e 

no
m

in
al

 c
om

pr
es

si
ve

 s
tre

ss
 o

f 
th

e 
to

w
er

 w
as

 
ca

lc
ul

at
ed

 
us

in
g 

th
e 

cl
as

si
c 

be
am

 
th

eo
ry

. 
A

 
m

ul
tip

lie
r 

of
 S

C
F 

w
as

 t
he

n 
ap

pl
ie

d 
to

 t
he

 n
om

in
al

 
va

lu
e 

to
 o

bt
ai

n 
th

e 
ac

tu
al

 c
om

pr
es

si
ve

 s
tre

ss
 a

t t
he

 
to

w
er

 s
ec

tio
n 

w
ith

 s
he

ll 
w

al
l t

hi
ck

ne
ss

 c
ha

ng
e.

 T
he

 
yi

el
di

ng
 s

tre
ss

 o
f 

th
e 

st
ee

l 
w

as
 u

se
d 

as
 f

ai
lu

re
 

cr
ite

rio
n 

to
 d

et
er

m
in

e 
th

e 
oc

cu
rr

en
ce

 o
f 

lo
ca

l s
te

el
 

yi
el

di
ng

 a
nd

 th
e 

as
so

ci
at

ed
 in

el
as

tic
 b

uc
kl

in
g 

of
 th

e 
tu

bu
la

r t
ow

er
.  

  

6.
2 

R
es

ul
ts

 a
nd

 D
is

cu
ss

io
n 

  
 (1

) F
ai

lu
re

 lo
ca

tio
n 

an
d 

to
w

er
 c

ol
la

ps
e 

di
re

ct
io

n 
 S

tru
ct

ur
al

 r
es

po
ns

e 
of

 t
he

 t
ow

er
 a

nd
 t

he
 b

la
de

 a
t 

th
re

e 
ca

se
s 

ar
e 

sh
ow

n 
in

 F
ig

ur
e 

9,
 w

he
re

 th
e 

to
w

er
 

he
ig

ht
 a

nd
 th

e 
bl

ad
e 

le
ng

th
 a

re
 n

or
m

al
iz

ed
 b

y 
th

ei
r 

re
sp

ec
tiv

e 
to

ta
l v

al
ue

s,
 a

nd
 c

om
pr

es
si

ve
 s

tre
ss

 o
f 

th
e 

to
w

er
 a

nd
 c

om
pr

es
si

ve
 s

tra
in

 o
f 

th
e 

bl
ad

e 
ar

e 
no

rm
al

iz
ed

 b
y 

yi
el

di
ng

 s
tre

ss
 o

f t
he

 s
te

el
 a

nd
 fa

ilu
re

 
st

ra
in

 o
f U

D
 c

om
po

si
te

, r
es

pe
ct

iv
el

y.
  

 It 
ca

n 
be

 
se

en
 

th
at

 
th

e 
lo

ca
tio

ns
 

w
ith

 
pe

ak
 

st
re

ss
/s

tra
in

 a
gr

ee
 r

ea
so

na
bl

y 
w

ith
 f

ai
lu

re
 r

eg
io

ns
 

of
 

to
w

er
/b

la
de

 
ob

se
rv

ed
 

fro
m

 
po

st
-m

or
te

m
 

in
ve

st
ig

at
io

n.
 F

or
 th

e 
bl

ad
e,

 th
e 

pe
ak

 s
tra

in
 o

cc
ur

s 
at

 a
 n

or
m

al
iz

ed
 le

ng
th

 o
f 

0.
32

, 
w

hi
ch

 is
 w

ith
in

 t
he

 
ra

ng
e 

fro
m

 0
.2

6 
to

 0
.4

8 
as

 o
bs

er
ve

d 
in

 th
e 

fie
ld

. F
or

 
th

e 
to

w
er

, 
th

e 
pe

ak
 s

tre
ss

 o
cc

ur
s 

at
 a

 n
or

m
al

iz
ed

 
he

ig
ht

 o
f 

0.
23

, 
w

hi
ch

 i
s 

sl
ig

ht
ly

 l
ar

ge
r 

th
an

 t
he

 
ra

ng
e 

fro
m

 0
.2

0 
to

 0
.2

2 
as

 o
bs

er
ve

d 
in

 th
e 

fie
ld

. 
 

Th
e 

re
su

lts
 o

f 
C

as
e#

1 
as

 s
ho

w
n 

in
 F

ig
ur

e 
9(

a)
 

su
gg

es
t 

th
at

 i
f 

th
e 

w
in

d 
tu

rb
in

e 
st

op
s 

w
ith

 t
he

 
na

ce
lle

 h
ea

di
ng

 t
ow

ar
ds

 N
W

 a
nd

 a
ll 

bl
ad

es
 b

ei
ng

 
fe

at
he

re
d,

 t
he

 w
in

d 
fro

m
 N

N
E

 w
ith

 a
 h

ub
 w

in
d 

sp
ee

d 
of

 6
3.

3 
m

/s
 w

ou
ld

 c
au

se
 th

e 
bl

ad
e 

to
 s

us
ta

in
 

a 
st

ra
in

 le
ve

l l
ow

er
 th

an
 th

e 
fa

ilu
re

 s
tra

in
. H

ow
ev

er
, 

th
e 

to
w

er
 h

as
 to

 e
xp

er
ie

nc
e 

m
at

er
ia

l y
ie

ld
in

g 
w

hi
ch

 
fu

rth
er

 
le

ad
s 

to
 

th
e 

lo
ca

l 
in

el
as

tic
 

bu
ck

lin
g.

 
C

on
se

qu
en

tly
, 

to
w

er
 

co
lla

ps
e 

to
w

ar
ds

 
S

S
W

 
is

 
in

ev
ita

bl
e 

du
e 

to
 t

he
 p

re
va

ili
ng

 w
in

d 
lo

ad
 c

om
in

g 
fro

m
 N

N
E

. 
Th

e 
re

su
lts

 ju
st

ifi
ed

 t
he

 m
as

si
ve

 t
ow

er
 

co
lla

ps
e 

to
w

ar
ds

 S
SW

 a
s 

ob
se

rv
ed

 in
 th

e 
fie

ld
. 

 It 
is

 w
or

th
 n

ot
in

g 
th

at
 t

he
 t

ur
bi

ne
s 

ar
e 

de
si

gn
ed

 t
o 

su
rv

iv
e 

a 
m

ax
im

um
 

w
in

d 
sp

ee
d 

of
 

70
 

m
/s

 
re

ga
rd

le
ss

 o
f 

th
ei

r 
st

op
 p

os
iti

on
s.

 I
n 

ot
he

r 
w

or
ds

, 
an

y 
st

op
 p

os
iti

on
 s

ho
ul

d 
ha

ve
 b

ee
n 

ex
am

in
ed

 a
nd

 
ve

rif
ie

d 
in

 t
he

 t
ur

bi
ne

 d
es

ig
n.

 A
cc

or
di

ng
 t

o 
th

e 
in

ve
st

ig
at

io
n,

 h
ow

ev
er

, 
it 

ap
pe

ar
s 

th
at

 t
he

 t
ow

er
s 

di
d 

no
t h

av
e 

su
ffi

ci
en

t s
tre

ng
th

 a
t t

he
 s

ec
tio

n 
w

ith
 a

 
ra

pi
d 

re
du

ct
io

n 
of

 s
he

ll 
w

al
l 

th
ic

kn
es

s 
ev

en
 w

he
n 

th
ey

 w
er

e 
su

bj
ec

te
d 

to
 a

 w
in

d 
sp

ee
d 

lo
w

er
 th

an
 th

e 
de

si
gn

 s
ur

vi
va

l w
in

d 
sp

ee
d.

 
 (2

) E
ffe

ct
 o

f b
la

de
 p

itc
h 

m
al

fu
nc

tio
n 

 Fi
gu

re
 9

(b
) s

ho
w

s 
th

e 
re

su
lts

 o
f C

as
e 

#2
 w

he
n 

on
e 

bl
ad

e 
ha

s 
m

al
fu

nc
tio

n 
in

 th
e 

pi
tc

h 
sy

st
em

 a
nd

 is
 n

ot
 

ab
le

 t
o 

pi
tc

h 
to

 9
0 

de
gr

ee
 a

s 
in

te
nd

ed
. 

It 
is

 f
ou

nd
 

th
at

 t
he

 b
la

de
 s

tra
in

 i
s 

ve
ry

 s
m

al
l 

an
d 

th
e 

to
w

er
 

st
re

ss
 is

 r
ed

uc
ed

 t
o 

a 
le

ve
l s

ig
ni

fic
an

tly
 b

el
ow

 t
he

 
fa

ilu
re

 
cr

ite
rio

n.
 

Th
is

 
su

gg
es

ts
 

th
at

 
th

e 
to

w
er

 
co

lla
ps

e 
w

hi
ch

 s
ho

ul
d 

ha
ve

 o
cc

ur
re

d 
w

he
n 

th
e 

bl
ad

e 
pi

tc
h 

sy
st

em
 w

or
ks

 p
ro

pe
rly

 is
 p

re
ve

nt
ed

 d
ue

 
to

 t
he

 p
itc

h 
m

al
fu

nc
tio

n.
 T

he
 s

to
p 

po
si

tio
n 

on
ce

 
st

ru
ct

ur
al

ly
 

un
fa

vo
ra

bl
e 

to
 

th
e 

tu
rb

in
e 

be
co

m
es
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 b
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at
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 b
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 b
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 c
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 c
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 f
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 o
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 D
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 b
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 p
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at
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 c
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 p
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 c
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 D
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 o
f D
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at
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 p
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 p
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. 

W
ha

t 
is

 
un

iq
ue

 i
s 

th
e 

la
rg

e 
se

t 
of

 m
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ra
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 re
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 b
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at
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d.
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m
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rp
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f 
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e 

ra
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w
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d 

sp
ee
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 p
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w
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 p

ra
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 b
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 b
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e 

lo
ad

s 
re

su
lti

ng
 f

ro
m

 
w

ak
e 

af
fe

ct
ed

 i
nf

lo
w

 f
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 f
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 m
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at
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 d
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er

y 
sa

tis
fa

ct
or

y 
ag

re
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w
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n 

fu
ll-

sc
al

e 
m

ea
su

re
m

en
ts

 fr
om

 a
 V

es
ta

s 
V9

0 
tu

rb
in

e 
lo

ca
te

d 
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 D
ut

ch
 E

gm
on

d 
aa

n 
Ze

e 
w

in
d 

fa
rm

 (W
F)
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w
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 t
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w

 w
ith

 
un

ifo
rm

 
tu

rb
in

e 
in

te
rs

pa
ci

ng
s 

eq
ua

l 
to

 
7 

ro
to

r d
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w
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d 

si
tu

at
io

ns
 a

bo
ve

 r
at
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w
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 m
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 p
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 m
ea

n 



EWEA 2015 Scientific Proceedings

96

N
ot

e,
 

th
at

 
be

fo
re

 
th
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 d
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 o
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w
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 b
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 p
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at
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d 

an
d 

pr
ed

ic
te

d 
fa

tig
ue

 l
oa

ds
 a

re
 

qu
an

tif
ie

d 
as

 f
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 c
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at
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 f
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 d
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re
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 c
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 c
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 c
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 c
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 d
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 d
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 c
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 r
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 r
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, b
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 c
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e 

to
w

er
 

bo
tto

m
 

be
nd

in
g 

m
om

en
ts

. 
Th

e 
m

ax
im

um
 d
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t f
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an
 

m
ea

su
re

d.
 A

s 
th

e 
m

ea
su

re
d 

lo
ad

s 
in

cr
ea

se
 

si
gn

ifi
ca

nt
ly

 in
 m

ul
ti-

w
ak

e 
si

tu
at

io
ns

 a
t h

ig
h 

w
in

d 
sp

ee
ds

, 
th

e 
lo

ad
 l

ev
el

s 
pr

ed
ic

te
d 

by
 

th
e 

Fr
an

ds
en

 m
et

ho
d 

ac
tu

al
ly

 fi
ts

 q
ui

te
 w

el
l, 

bu
t 

th
is

 
is

 
no

t 
ca

us
ed

 
by

 
th

e 
m

od
el

ed
 

ad
de

d 
am

bi
en

t t
ur

bu
le

nc
e 

le
ve

l, 
as

 th
is

 o
nl

y 
ha

s 
m

ar
gi

na
l 

in
flu

en
ce

 
of

 
th

e 
m

od
el

ed
 

w
ak

e 
tu

rb
ul

en
ce

 le
ve

l. 
 

 Th
e 

fa
tig

ue
 l

oa
d 

le
ve

l 
ob

ta
in

ed
 f

ro
m

 t
he

 
cl

as
s 

1A
 s

ite
 c

on
di

tio
ns

 a
pp

ea
rs

 to
 re

su
lt 

in
 

a 
co

ns
er

va
tiv

e 
an

d 
sa

fe
 

de
si

gn
 

of
 

th
e 

tu
rb

in
e 

co
m

pa
re

d 
to

 
th

e 
m

ea
su

re
d 

lo
ad

 
co

nd
iti

on
s.

  
 

5.
 D

is
cu

ss
io

n 
In

 g
en

er
al

 a
 v

er
y 

fin
e 

ag
re

em
en

t 
be

tw
ee

n 
th

e 
D

W
M

 s
im

ul
at

io
ns

 a
nd

 m
ea

su
re

m
en

ts
 is

 
se

en
 b

el
ow

 r
at

ed
 

w
in

d 
sp

ee
d.

 E
xc

el
le

nt
 

ag
re

em
en

t 
be

tw
ee

n 
D

W
M

 
fa

tig
ue

 
lo

ad
 

pr
ed

ic
tio

ns
 

an
d 

fu
ll-

sc
al

e 
m

ea
su

re
m

en
ts

 
ha

s 
pr

ev
io

us
ly

 b
ee

n 
de

m
on

st
ra

te
d 

fo
r 

th
e 

am
bi

en
t 

m
ea

n 
w

in
d 

sp
ee

d 
re

gi
m

e 
be

lo
w

 
ra

te
d 

w
in

d 
sp

ee
d,

 
w

he
re

as
 

si
gn

ifi
ca

nt
 

di
ffe

re
nc

es
 b

et
w

ee
n 

m
od

el
 p

re
di

ct
io

ns
 a

nd
 

m
ea

su
re

m
en

t 
w

er
e 

ob
se

rv
ed

 a
bo

ve
 r

at
ed

 
w

in
d 

sp
ee

d.
 A

 r
ev

is
io

n 
of

 t
he

 D
W

M
 s

ub
-

m
od

el
 f

or
 w

ak
e 

ag
gr

eg
at

io
n 

ha
s 

im
pr

ov
ed

 
th

e 
m

od
el

/m
ea

su
re

m
en

t 
ag

re
em

en
t 

si
gn

ifi
ca

nt
ly

, 
an

d 
ex

ce
lle

nt
 

ag
re

em
en

t 
be

tw
ee

n 
D

W
M

 fa
tig

ue
 lo

ad
 p

re
di

ct
io

ns
 a

nd
 

fu
ll-

sc
al

e 
m

ea
su

re
m

en
ts

 is
 n

ow
 s

ho
w

n 
al

so
 

fo
r 

th
e 

am
bi

en
t 

m
ea

n 
w

in
d 

sp
ee

d 
re

gi
m

e 
ab

ov
e 

ra
te

d 
w

in
d 

sp
ee

d.
 

 Fo
r a

 c
om

pl
et

e 
di

re
ct

io
n 

ro
se

 s
im

ul
at

ed
 a

nd
 

m
ea

su
re

d 
fa

tig
ue

 e
qu

iv
al

en
t 

m
om

en
ts

 a
re

 
co

m
pa

re
d 

(m
ea

n 
w

in
d 

sp
ee

d)
 b

in
 w

is
e 

fo
r 

tw
o 

W
T 

m
ai

n 
co

m
po

ne
nt

s 
– 

i.e
. 

bl
ad

e 
an

d 
to

w
er

. 
W

ith
 

th
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in

 D
üt

sc
hk

e 
&

 W
es

ch
e 

[6
]. 

 2 
D

at
a 

an
d 

m
et

ho
ds

 
In

 o
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w
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 d
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 c
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e 
E

ur
op

ea
n 

w
in

d 
se

ct
or

. M
or

e 
sp

ec
ifi

ca
lly

, 
it 

su
m

m
ar

iz
es

 th
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, p
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 p
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at
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 d
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 c
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 d
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.g
. i

f a
 

m
un

ic
ip

al
ity

 in
ve

st
s 

fu
nd

s 
in

to
 w

in
d 

pr
oj

ec
ts

 
th

at
 c
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 c
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 o
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: o
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f p
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 p
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 p
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 p
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, b
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l o
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. D
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 p
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 p
er

ce
nt

 o
f t

he
 

re
sp

on
de

nt
s 

(F
ig

ur
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 p
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 s
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r p
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l b
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 re
as
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 c
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r m
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em
s 

th
at

 
th

is
 i

s 
un

de
r 

de
ve

lo
pm

en
t, 

as
 a

ls
o 

hi
gh

lig
ht

ed
 b

y 
on

e 
of

 th
e 

co
m

pa
ni

es
 in

 th
e 

fo
llo

w
in

g 
w

ay
: 

’W
e 

w
ill

 s
oo

n 
in

tro
du

ce
 o

ur
 f

irs
t 

w
in

d 
tu

rb
in

e 
th

at
 

ha
s 

be
en

 
co

ns
tru

ct
ed

 
on

 
th

e 
ba

si
s 

of
 

ou
r 

ex
pe

rie
nc

es
 

in
 

op
er

at
io

n 
an

d 
m

ai
nt

en
an

ce
 

in
 

of
fs

ho
re

 w
in

d 
fa

rm
s’

. 

A
ll 

in
 a

ll,
 w

he
n 

ca
rr

yi
ng

 o
ut

 p
ro

je
ct

 p
ro

cu
re

m
en

t 
in

 
th

es
e 

un
iq

ue
 

an
d 

di
ffi

cu
lt 

ci
rc

um
st

an
ce

s,
 

it 
is

 
im

po
rta

nt
 t

o 
ai

m
 a

t 
ba

la
nc

in
g 

be
tw

ee
n 

th
e 

ne
ed

ed
, 

bu
t 

al
so

 u
nk

no
w

n 
sp

ec
ifi

ca
tio

ns
 a

nd
 t

he
 l

ea
rn

in
g 

fro
m

 
th

e 
pr

ev
io

us
 

pr
oj

ec
ts

, 
in

cl
ud

in
g 

th
e 

O
&

M
 

ph
as

e.
 

re
le

va
nt

 to
 lo

ok
 a

t t
he

 p
ro

je
ct

 p
ro

cu
re

m
en

t p
ra

ct
ic

es
 

by
 c

on
si

de
rin

g 
th

e 
lif

et
im

e 
of

 w
in

d 
fa

rm
s.

 T
hi

s 
is

 
al

so
 in

 li
ne

 w
ith

 t
he

 c
on

ce
rn

 o
f 

re
du

ci
ng

 t
he

 L
C

O
E

 
th

at
 t

ak
es

 i
nt

o 
ac

co
un

t 
th

e 
w

ho
le

 l
ife

tim
e 

of
 a

n 
of

fs
ho

re
 w

in
d 

fa
rm

.  

Th
is

 a
sp

ec
t o

f l
ife

tim
e 

ca
n 

be
 fu

rth
er

 d
et

ec
te

d 
in

 th
e 

pr
oj

ec
t 

m
an

ag
em

en
t 

lit
er

at
ur

e 
in

 
te

rm
s 

of
 

su
st

ai
na

bl
e 

pr
oj

ec
t m

an
ag

em
en

t [
15

, p
. 7

9]
 th

at
 c

an
 

be
 

de
fin

ed
 

as
 

fo
llo

w
s:

 
S

us
ta

in
ab

le
 

P
ro

je
ct

 
M

an
ag

em
en

t 
is

 
th

e 
pl

an
ni

ng
, 

m
on

ito
rin

g 
an

d 
co

nt
ro

lli
ng

 
of

 
pr

oj
ec

t 
de

liv
er

y 
an

d 
su

pp
or

t 
pr

oc
es

se
s,

 w
ith

 c
on

si
de

ra
tio

n 
of

 th
e 

en
vi

ro
nm

en
ta

l, 
ec

on
om

ic
al

 a
nd

 s
oc

ia
l 

as
pe

ct
s 

of
 t

he
 l

ife
-c

yc
le

 o
f 

th
e 

pr
oj

ec
t’s

 re
so

ur
ce

s,
 p

ro
ce

ss
es

, d
el

iv
er

ab
le

s 
an

d 
ef

fe
ct

s,
 a

im
ed

 a
t r

ea
lis

in
g 

be
ne

fit
s 

fo
r 

st
ak

eh
ol

de
rs

, 
an

d 
pe

rfo
rm

ed
 in

 a
 tr

an
sp

ar
en

t, 
fa

ir 
an

d 
et

hi
ca

l w
ay

 
th

at
 in

cl
ud

es
 p

ro
ac

tiv
e 

st
ak

eh
ol

de
r p

ar
tic

ip
at

io
n.

 
 Th

e 
de

fin
iti

on
 

ab
ov

e 
em

br
ac

es
 

su
st

ai
na

bi
lit

y 
by

 
em

pl
oy

in
g 

th
e 

en
vi

ro
nm

en
ta

l, 
ec

on
om

ic
al

 
an

d 
so

ci
al

 a
sp

ec
ts

 o
f 

it  
[1

6]
 t

ha
t 

ca
n 

be
 c

on
si

de
re

d 
as

 
‘th

re
e 

pi
lla

rs
’ o

f s
us

ta
in

ab
ili

ty
. W

he
n 

co
ns

id
er

in
g 

th
is

 
fro

m
 

th
e 

LC
O

E
 

po
in

t 
of

 
vi

ew
, 

th
e 

ec
on

om
ic

al
 

su
st

ai
na

bi
lit

y 
ga

in
s 

in
cr

ea
se

d 
re

le
va

nc
e 

an
d 

th
e 

ar
tic

le
 

w
ill

 
fo

cu
s 

on
 

it 
as

 
th

e 
m

ai
n 

ar
ea

 
of

 
su

st
ai

na
bi

lit
y.

  

W
he

n 
co

ns
id

er
in

g 
ec

on
om

ic
 s

us
ta

in
ab

ili
ty

, l
ife

 c
yc

le
 

co
st

in
g 

(L
C

C
) 

[1
7]

 c
an

 b
e 

ad
op

te
d.

 L
C

C
 is

 d
ef

in
ed

 
as

 a
n 

ec
on

om
ic

 e
va

lu
at

io
n 

pr
oc

es
s 

th
at

 c
an

 a
ss

is
t 

in
 

de
ci

di
ng

 
be

tw
ee

n 
al

te
rn

at
iv

e 
in

ve
st

m
en

ts
 

by
 

co
m

pa
rin

g 
al

l 
of

 t
he

 s
ig

ni
fic

an
t 

di
ffe

re
nt

ia
l 

co
st

s 
of

 
ow

ne
rs

hi
p 

ov
er

 a
 g

iv
en

 t
im

e 
pe

rio
d  

[1
8]

. 
In

 t
he

 
pr

oj
ec

t 
co

nt
ex

t 
it 

is
 r

ec
og

ni
ze

d 
as

 a
 r

el
ev

an
t 

ar
ea

 
an

d 
is

 a
ls

o 
w

in
ni

ng
 t

er
ra

in
 (

e.
g.

, 
[1

9,
 6

]).
 A

t 
th

e 
sa

m
e 

tim
e 

it 
se

em
s 

to
 b

e 
a 

co
m

pl
ex

 is
su

e 
to

 d
ea

l 
w

ith
, 

as
 s

ta
te

d 
by

 R
up

ar
at

hn
a 

an
d 

H
ew

ag
e  

[1
0,

 p
. 

1]
: 

“A
d 

ho
c 

st
at

is
tic

s 
sh

ow
 t

ha
t 

m
od

er
n 

in
iti

at
iv

es
 

su
ch

 
as

 
su

st
ai

na
bi

lit
y,

 
lif

e 
cy

cl
e 

co
st

in
g,

 
an

d 
st

an
da

rd
iz

at
io

n 
ar

e 
ge

tti
ng

 
in

te
gr

at
ed

 
w

ith
 

pr
oc

ur
em

en
t. 

H
ow

ev
er

, 
th

er
e 

is
 n

o 
un

ifi
ed

 v
ie

w
 i

n 
th

e 
co

ns
tru

ct
io

n 
in

du
st

ry
 

on
 

pr
oc

ur
em

en
t 

as
 

a 
pr

oj
ec

t p
ro

ce
ss

“. 

In
 

re
la

tio
n 

to
 

th
e 

ge
ne

ric
 

pr
oj

ec
t 

pr
oc

ur
em

en
t 

m
an

ag
em

en
t 

th
at

 e
m

ph
as

iz
es

 t
he

 i
m

po
rta

nc
e 

of
 

en
su

rin
g 

th
e 

su
pp

ly
 o

f 
th

e 
re

qu
es

te
d 

ite
m

s 
an

d 
se

rv
ic

es
 w

ith
in

 t
he

 a
gr

ee
d 

pr
oj

ec
t 

tim
et

ab
le

 a
nd

 a
t 

th
e 

sa
m

e 
tim

e 
ac

kn
ow

le
dg

in
g 

th
e 

ne
ce

ss
ity

 
to

 
co

ns
id

er
 th

e 
pr

oj
ec

t l
ife

tim
e 

to
 e

ns
ur

e 
th

e 
ec

on
om

ic
 

su
st

ai
na

bi
lit

y 
th

e 
fo

llo
w

in
g 

pr
op

os
iti

on
 

ca
n 

be
 

de
fin

ed
: 

C
on

si
de

rin
g 

pr
oj

ec
t 

pr
oc

ur
em

en
t 

pr
ac

tic
es

 o
ve

r 
th

e 
w

ho
le

 p
ro

je
ct

 li
fe

tim
e 

w
ill

 c
on

tri
bu

te
 t

o 
re

du
ct

io
n 

of
 

LC
O

E
 in

 o
ffs

ho
re

 w
in

d 
fa

rm
s.

 
 3.

 M
et

ho
do

lo
gy

 
Fo

r 
th

is
 s

tu
dy

, 
a 

qu
al

ita
tiv

e 
re

se
ar

ch
 d

es
ig

n 
w

as
 

ap
pl

ie
d.

 T
he

 o
ve

ra
ll 

un
it 

of
 a

na
ly

si
s 

w
as

 a
n 

of
fs

ho
re

 
w

in
d 

fa
rm

 n
et

w
or

k,
 in

cl
ud

in
g 

al
so

 th
e 

or
ga

ni
za

tio
na

l 
le

ve
ls

. 

D
at

a 
co

lle
ct

io
n 

fo
r 

th
is

 s
tu

dy
 w

as
 c

ar
rie

d 
ou

t i
n 

tw
o 

di
ffe

re
nt

 a
re

as
 a

nd
 in

 tw
o 

ph
as

es
. I

n 
th

e 
fir

st
 p

ha
se

 
th

e 
un

it 
of

 a
na

ly
si

s 
w

as
 r

el
at

ed
 t

o 
th

e 
in

st
al

la
tio

n 
ph

as
e 

of
 a

 w
in

d 
fa

rm
 p

ro
je

ct
. 

A
t 

th
is

 s
ta

ge
 s

ix
 

di
ffe

re
nt

 c
om

pa
ni

es
 d

ea
lin

g 
w

ith
 t

he
 d

ev
el

op
m

en
t 

an
d 

th
e 

in
st

al
la

tio
n 

ph
as

e 
of

 o
ffs

ho
re

 w
in

d 
fa

rm
s 

w
er

e 
in

te
rv

ie
w

ed
. 

In
 

to
ta

l 
19

 
in

te
rv

ie
w

s 
w

er
e 

co
nd

uc
te

d 
du

rin
g 

th
e 

pe
rio

d 
of

 J
an

ua
ry

 2
01

3 
– 

Ju
ly

 
20

14
. 

B
as

ed
 o

n 
th

es
e 

in
te

rv
ie

w
s 

th
e 

co
m

pa
ni

es
’ 

pr
oj

ec
t p

ro
cu

re
m

en
t a

ct
iv

iti
es

 w
er

e 
id

en
tif

ie
d 

ba
se

d 
on

 
th

e 
th

eo
re

tic
al

 
pr

e-
un

de
rs

ta
nd

in
g 

ba
se

d 
on

 
or

ga
ni

za
tio

na
l 

bu
yi

ng
 

be
ha

vi
ou

r 
an

d 
pr

oj
ec

t 
pr

oc
ur

em
en

t 
m

an
ag

em
en

t 
[2

0,
 2

1,
 2

2,
 2

3,
24

, 
25

, 
26

, 1
4]

. 

In
 th

e 
se

co
nd

 p
ha

se
 o

f t
he

 d
at

a 
co

lle
ct

io
n,

 th
e 

ar
ea

 
of

 o
pe

ra
tio

ns
 a

nd
 m

ai
nt

en
an

ce
 (

O
&

M
) 

w
as

 c
ho

se
n 

in
 

or
de

r 
to

 
ob

ta
in

 
a 

m
or

e 
co

m
pr

eh
en

si
ve

 
un

de
rs

ta
nd

in
g 

of
 p

ro
je

ct
 p

ro
cu

re
m

en
t 

ac
tiv

iti
es

 i
n 

th
e 

of
fs

ho
re

 w
in

d 
fa

rm
 c

on
te

xt
. 

Th
is

 p
ar

t 
of

 t
he

 
re

se
ar

ch
 w

as
 b

as
ed

 o
n 

qu
al

ita
tiv

e 
se

m
i-s

tru
ct

ur
ed

 
in

te
rv

ie
w

s 
du

rin
g 

th
e 

pe
rio

d 
of

 J
un

e 
20

14
 –

 M
ar

ch
 

20
15

. 
20

 
se

m
i-s

tru
ct

ur
ed

 
an

d 
op

en
-e

nd
ed

 
in

te
rv

ie
w

s 
w

er
e 

co
nd

uc
te

d 
w

ith
 a

ct
or

s 
ca

rr
yi

ng
 o

ut
 

O
&

M
 a

ct
iv

iti
es

 i
n 

of
fs

ho
re

 w
in

d 
fa

rm
s,

 i
nc

lu
di

ng
 

w
in

d 
fa

rm
 o

w
ne

rs
, w

in
d 

tu
rb

in
e 

pr
od

uc
er

s 
an

d 
sm

al
l 

an
d 

m
ed

iu
m

 s
iz

ed
 e

nt
er

pr
is

es
 (

S
M

E
s)

 o
pe

ra
tin

g 
as

 
su

pp
lie

rs
 

an
d 

se
rv

ic
e 

pr
ov

id
er

s 
to

 
O

&
M

. 
Th

es
e 

in
te

rv
ie

w
s 

w
er

e 
in

-d
ep

th
 i

nt
er

vi
ew

s 
re

la
te

d 
to

 t
he

 
ch

al
le

ng
es

 a
nd

 l
es

so
ns

 l
ea

rn
ed

 f
or

 r
ed

uc
tio

n 
of

 
LC

O
E

 f
ro

m
 a

ct
iv

iti
es

 r
el

at
ed

 t
o 

di
ffe

re
nt

 o
ffs

ho
re

 
fa

rm
s.

 
In

 
to

ta
l, 

39
 

in
te

rv
ie

w
s 

w
ith

 
ac

to
rs

 
in

 
23

 
di

ffe
re

nt
 c

om
pa

ni
es

 (
se

e 
Ta

bl
e 

1)
 w

er
e 

co
nd

uc
te

d 
du

rin
g 

th
e 

pe
rio

d 
of

 J
an

ua
ry

 2
01

3 
- M

ar
ch

 2
01

5.
 B

y 
in

te
rv

ie
w

in
g 

ac
to

rs
 fr

om
 th

e 
m

ai
n 

co
m

pa
ni

es
 in

 th
e 

of
fs

ho
re

 w
in

d 
fa

rm
 p

ro
je

ct
 c

on
te

xt
, 

hi
gh

 v
al

id
ity

 o
f 

th
e 

re
su

lts
 w

as
 a

ch
ie

ve
d.
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m
or

e 
co

m
pe

tit
iv

e 
is

 a
 jo

in
t c

ha
lle

ng
e.

  

Th
is

 
ur

ge
 

fo
r 

co
lla

bo
ra

tio
n 

to
 

ac
hi

ev
e 

co
m

pe
tit

iv
en

es
s 

in
 w

in
d 

en
er

gy
 w

as
 a

ls
o 

st
re

ss
ed

 
at

 t
he

 E
ur

op
ea

n 
W

in
d 

E
ne

rg
y 

A
ss

oc
ia

tio
n 

(E
W

E
A

) 
O

ffs
ho

re
 

C
on

fe
re

nc
e 

20
15

 
in

 
C

op
en

ha
ge

n;
 

th
e 

ne
ed

 to
 r

ed
uc

e 
th

e 
le

ve
liz

ed
 c

os
t o

f e
ne

rg
y 

(L
C

O
E

) 
w

as
 

em
ph

as
iz

ed
. 

Th
e 

fo
llo

w
in

g 
he

ad
lin

e 
fro

m
 

E
W

E
A

 2
01

5 
ill

us
tra

te
s 

th
e 

go
al

:  
 ‘T

he
 o

ffs
ho

re
 w

in
d 

po
w

er
 in

du
st

ry
 h

as
 t

re
m

en
do

us
 

po
te

nt
ia

l, 
bu

t 
to

 a
ch

ie
ve

 t
ha

t 
po

te
nt

ia
l, 

th
e 

in
du

st
ry

 
m

us
t 

co
lla

bo
ra

te
. 

M
H

I 
V

es
ta

s 
O

ffs
ho

re
 

W
in

d,
 

D
O

N
G

 E
ne

rg
y 

an
d 

S
ie

m
en

s 
W

in
d 

P
ow

er
—

th
re

e 
of

 
th

e 
in

du
st

ry
’s

 
bi

gg
es

t 
pl

ay
er

s 
an

d 
ou

r 
ev

en
t 

pa
rtn

er
s 

fo
r 

E
W

E
A

 
O

FF
S

H
O

R
E

 
20

15
—

ha
ve

 
in

iti
at

ed
 a

 jo
in

t d
ec

la
ra

tio
n 

ou
tli

ni
ng

 th
e 

co
nc

ep
t o

f a
 

“U
ni

te
d 

In
du

st
ry

.” 
Th

e 
go

al
 o

f 
th

e 
de

cl
ar

at
io

n 
is

 t
o 

in
sp

ire
 t

he
 i

nd
us

try
 t

o 
co

m
e 

to
ge

th
er

 a
ro

un
d 

th
e 

pr
om

is
e 

of
 re

du
ci

ng
 it

s 
co

st
 o

f e
ne

rg
y’

.  
 A

lo
ng

 t
he

se
 l

in
es

, 
al

l 
th

e 
in

te
rv

ie
w

ed
 c

om
pa

ni
es

 
ac

kn
ow

le
dg

ed
 t

he
 n

ee
d 

fo
r 

co
lla

bo
ra

tio
n,

 a
nd

 o
ne

 
of

 
th

e 
in

te
rv

ie
w

ee
’s

 
st

at
ed

 
th

is
 

by
 

sa
yi

ng
 

th
e 

fo
llo

w
in

g.
 

’T
he

 b
ig

 a
ct

or
s 

ar
e 

in
 th

e 
pr

oc
es

s 
of

 lo
ok

in
g 

in
to

 th
e 

w
ho

le
 c

os
t s

tru
ct

ur
e 

of
 th

e 
w

in
d 

fa
rm

s…
 T

he
y 

ha
ve

 
be

en
 in

 th
e 

bu
si

ne
ss

 fo
r 

10
-1

5 
ye

ar
s 

no
w

, a
nd

 it
 is

 
ne

ce
ss

ar
y 

to
 s

ta
rt 

co
ns

id
er

in
g 

th
e 

ov
er

al
l c

os
ts

. W
e 

sh
ou

ld
 

no
t 

co
m

pr
om

is
e 

on
 

qu
al

ity
, 

be
ca

us
e 

it 
m

ak
es

 it
 fa

r t
oo

 e
xp

en
si

ve
 to

 ru
n 

th
e 

pa
rk

s’
. 

Th
is

 n
ee

d 
fo

r 
co

lla
bo

ra
tio

n 
is

 i
nt

er
es

tin
g 

fro
m

 t
he

 
pr

oc
ur

em
en

t p
oi

nt
 o

f v
ie

w
. T

he
 p

ro
je

ct
 p

ro
cu

re
m

en
t 

m
an

ag
em

en
t 

in
tro

du
ce

d 
in

 
th

e 
lit

er
at

ur
e 

re
vi

ew
 

fo
cu

se
s 

to
 a

 l
ar

ge
 e

xt
en

t 
on

 a
 s

in
gl

e 
co

m
pa

ny
’s

 
m

an
ag

em
en

t 
of

 p
ro

cu
re

m
en

t 
in

 t
he

 p
ro

je
ct

. 
Th

e 
re

se
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e 
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m

pa
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es
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g 
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e 
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t 
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s 
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d 
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e 
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ng
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d 
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of
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 p
ro

je
ct

 m
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ag
em
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t, 
m

in
d 

sh
ift

 
ta

ke
s 

re
sp

on
si
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lit

y 
fo

r 
su

st
ai
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bl

e 
de

ve
lo

pm
en

t, 
an

d 
se

co
nd

, p
ar

ad
ig

m
 s

hi
ft 

em
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es

 
a 

ho
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 p

er
sp

ec
tiv

e 
on

 m
an

ag
in

g 
ch

an
ge

. F
in

al
ly

, 
sc

op
e 

sh
ift
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co

nc
er

ne
d 

w
ith

 
m

an
ag

in
g 

so
ci

al
, 

en
vi

ro
nm

en
ta

l 
an

d 
ec

on
om

ic
 i

m
pa

ct
. 

A
s 

of
fs

ho
re

 
w

in
d 

fa
rm

 
pr

oj
ec

ts
 

ar
e 

co
m

pl
ex

 
co

ns
tru

ct
io

n 
pr

oj
ec

ts
 w

ith
 m

an
y 

ac
to

rs
 a

nd
 p

ro
ce

ss
es
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vo

lv
ed

, i
t 
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di
ffi

cu
lt 

to
 

m
an

ag
e 

al
l 

th
e 

sh
ift

s 
at

 
on

ce
. 

Th
er

ef
or

e,
 b

y 
fo

cu
si

ng
 o

n 
th

e 
di

ffe
re

nt
 o

pe
ra

tio
na

l 
ac

tiv
iti

es
, l

ik
e 

e.
g.

, p
ro

je
ct

 p
ro

cu
re

m
en

t s
m

al
l s

te
ps

 
ca

n 
be

 ta
ke

n 
to

w
ar

ds
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 m
or

e 
su

st
ai

na
bl

e 
ap

pr
oa

ch
.  

 

B
y 

fo
cu

si
ng

 o
n 

th
e 

pr
oj

ec
t 

pr
oc

ur
em

en
t 

ch
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le
ng

es
 

di
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lo
se

d 
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ov
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e 

in
du

st
ry
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as

 a
n 

op
po

rtu
ni

ty
 to

 
be

ne
fit

 fr
om

 m
or

e 
su

st
ai

na
bl

e 
ap

pr
oa

ch
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 r
ed
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in
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O
E
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E

nl
ar

gi
ng

 t
he

 p
ro

je
ct

 s
co

pe
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ro
m

 p
re

se
nt

 
re

la
tiv

el
y 

na
rr

ow
 p

ro
je

ct
 m

an
ag

em
en

t 
ap

pr
oa

ch
, 

to
 

co
ve

r 
th

e 
en

tir
e 

lif
et

im
e 

of
 th

e 
of

fs
ho

re
 w

in
d 

fa
rm

s,
 

ca
n 

do
 th

is
. I

n 
th

is
 c

on
te

xt
 re

ap
in

g 
le

ar
ni

ng
 fo

rm
 th

e 
pr

ev
io

us
 p

ro
je

ct
s 

ga
in

s 
en
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nc

ed
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m
po

rta
nc

e 
an

d 
th

e 
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pl
em

en
tin

g 
in

du
st

ry
 s

ta
nd

ar
ds

 w
he

re
 e

ve
r i

t i
s 

po
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ib
le

 b
ec
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es
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f 

in
te

re
st

. 
Fi

na
lly

, 
th

e 
in

du
st

ry
 

ac
to

rs
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ve

 
fo

r 
a 

lo
ng

 
tim

e 
ac

kn
ow

le
dg

ed
 

th
e 

im
po

rta
nc

e 
of
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se
d 
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ve

l 
of
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ra
tio

n.
 

H
ow

ev
er
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in
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te

d 
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 d
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th

er
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Th
e 

fin
di

ng
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ca
n 
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rth
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te
d 

by
 c

om
bi

ni
ng

 
th

e 
le

ve
l 

of
 c

ol
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bo
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tio
n 

w
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 t
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 s
co

pe
 o

f 
pr

oj
ec

t 
lif

et
im
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 a

s 
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ow
n 
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ig
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e 
1.
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e 
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co
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th
e 

fo
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s 
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n 

a 
m
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e 
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tio
na

l 
pr
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 c
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la
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as

e.
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ng
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 e
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ai
ls
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e 
pr

oj
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m
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in

 
te
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s 
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id
er

in
g 

th
e 

w
ho
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 p
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je
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e.
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e 

pr
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en
t 

st
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e 
a 
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tiv
el

y 
lo

w
 

le
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of

 
co
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ra
tio

n 
ch

ar
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te
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th
e 

pr
oj

ec
t 

pr
oc

ur
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en
t 

in
 

th
e 

of
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ho
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w

in
d 

fa
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an

d 
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e 
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op
e 

co
nt
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th

e 
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op

tim
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 p
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ic
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n 
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tio
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ev
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. B
y 

fo
cu

si
ng

 o
n 

en
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nc
ed

 
co
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bo

ra
tiv

e 
pr
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en

t o
ve

r 
th

e 
en

tir
e 
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et

im
e 

of
 

th
e 

w
in

d 
fa
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s 
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e 

LC
O

E
 c

an
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 p
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 w
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s 
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 p
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 p
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fir
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 p
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‘a

 
ba
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 c
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 c
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od
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e 
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fir
st

 p
ha

se
 w

er
e 

al
so

 c
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 o
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 p
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 p
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 c
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e 
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r t
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 p
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 p
ro

cu
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iv
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un
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ke
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t 
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e 

tim
e 
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w
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w
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ph
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iv
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 c
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d 

ph
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of
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nt
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vi

ew
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w
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 a
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s 
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ed
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th
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O

&
M
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es
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of

 
th

e 
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te
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ie
w

ee
s 

el
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n 
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e 
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in

g 
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e 
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g 
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n 
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n 
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d 

O
&
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 p
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se

s 
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pr
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e 
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w
in
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vi
ou

sl
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 s
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pl
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m
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is

 
an
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ut
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 p
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an
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 th
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t 

an
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or
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 d
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kn
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ca
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e 
m

an
y 
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se

rs
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e 

ju
st

 o
ne

 m
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m
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e 
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d 
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is

 
m
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ig
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fin
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ng
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w
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To
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m

 
up

, 
th

e 
fin

di
ng
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e 

in
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te

 
th

at
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C

O
E
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 c
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ng
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g 
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r c
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t 
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ct
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n 
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 p
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t 
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e 
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t 
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e 
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e 
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A
ct
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 c

om
m

itm
en

t i
n 

th
e 

pr
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ec
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th
ird

 r
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ea
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fin

di
ng

 c
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fir
m
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 t

he
 d

iff
er

en
t 

ro
le

s 
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 c
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es
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ep

re
se

nt
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n 
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e 
of

fs
ho
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w
in

d 
fa
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 p

ro
je
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s.

 L
ar

ge
 w

in
d 
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e 
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uc
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en
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rs
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e 
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na
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 d
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er

se
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et
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l. 
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 in
 th

e 
fo

llo
w

in
g 

w
ay

:  
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&

M
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da
y 
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 to

 a
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re
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 e
xt

en
t a

n 
ex
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e 

m
ar

ke
t, 

w
he
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 w
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d 

tu
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e 

pr
od

uc
er
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an
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en

er
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 p
ro

vi
de

rs
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 fa

r d
ef

in
e 

th
e 

re
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 th
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Th
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di
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nt

 c
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 o

n 
th
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pr
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pr
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at

 d
ep

en
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ng
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, t
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ut
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 p
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e 
di

ffe
re

nt
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at

 w
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 d
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 c
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re
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 f
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 c
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3.
 

“O
n 

th
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ra
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 d
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ra
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 c
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 d
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 r
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 f
ai

lu
re

 r
at
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 c
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ra
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ra
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 c
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 p
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 f
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 p
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 c
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 b
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ra
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 d
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 c
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 m
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at
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ra
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at
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e 
in

ve
st

ig
at

io
n 

ai
m

s 
at

 id
en

tif
yi

ng
 t

he
 w

ea
k 

po
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 p
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at
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 c
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 m
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r r
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 b
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 c
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 f
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 c
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 b
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 c
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at
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 c
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re
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 b
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 f
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 c
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 D
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e 

di
ffe

re
nt

 
de

fe
ct

 
co

m
po

ne
nt

s 
ar
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at
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 c
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 b
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 d
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 c
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 c
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e 
do

w
nt

im
e 

ca
us

ed
 b

y 
fa

ilu
re

s 
in

 e
ac

h 
ca

te
go

ry
 

(s
ee

 
th

e 
do

w
nt

im
e 

di
st

rib
ut

io
n 

in
 

Fi
gu

re
 

4)
. 

H
ow

ev
er

, 
du

e 
to

 t
he

 f
ac

t 
th

at
 n

o 
sy

st
em

at
ic

 
di

ffe
re

nc
e 

in
 t

he
 d

ow
nt

im
es

 r
el

at
ed

 t
o 

ph
as

e-

P
ha

se
 

m
od

ul
e 

32
%

 
C

on
tro

l 
bo

ar
d 

10
%

 

C
ro

w
ba

r 
1%

 
C

oo
lin

g 
sy

st
em

 
6%

 

S
em

ic
on

-
du

ct
or

 
fu

se
 

14
%

 

M
ai

n 
ci

rc
ui

t 
br

ea
ke

r 
12

%
 

G
rid

-
co

up
lin

g 
co

nt
ac

to
r 

4%
 

O
th

er
 

21
%

 

D
FI

G
 

P
ha

se
 

m
od

ul
e 

37
%

 
C

on
tro

l 
bo

ar
d 

17
%

 

C
oo

lin
g 

sy
st

em
 

9%
 

S
em

ic
on

-
du

ct
or

 
fu

se
 

14
%

 

G
rid

-
co

up
lin

g 
co

nt
ac

to
r 

1%
 

O
th

er
 

22
%

 

EE
SG

 

Fi
g.

2:
 D

is
tr

ib
ut

io
n 

of
 fa

ile
d 

co
nv

er
te

r c
om

po
ne

nt
s 

ov
er

 c
at

eg
or

ie
s 

P
ha

se
 

m
od

ul
e 

64
%

 C
on

tro
l 

bo
ar

d 
8%

 
C

ro
w

ba
r 

2%
 

C
oo

lin
g 

sy
st

em
 

1%
 

S
em

ic
on

-
du

ct
or

 
fu

se
 

3%
 

M
ai

n 
ci

rc
ui

t 
br

ea
ke

r 
12

%
 

G
rid

-
co

up
lin

g 
co

nt
ac

to
r 

1%
 

O
th

er
 

9%
 

D
FI

G
 

P
ha

se
 

m
od

ul
e 

77
%

 C
on

tro
l 

bo
ar

d 
7%

 
C

oo
lin

g 
sy

st
em

 
2%

 
S

em
ic

on
-

du
ct

or
 

fu
se

 
3%

 

M
ai

n 
ci

rc
ui

t 
br

ea
ke

r 
0%

 

G
rid

-
co

up
lin

g 
co

nt
ac

to
r 

3%
 

O
th

er
 

8%
 

EE
SG

 

Fi
g.

3:
 D

is
tr

ib
ut

io
n 

of
 c

on
ve

rt
er

 re
pa

ir 
co

st
 o

ve
r c

om
po

ne
nt

 c
at

eg
or

ie
s 

 
  

 
 

 

 






I i
i

i

I i
i T

XN
f

1

1
 

(1
) 

 
 

 
w

ith
 N

i 
de

no
tin

g 
th

e 
nu

m
be

r 
of

 f
ai

lu
re

s 
of

 t
he

 
co

m
po

ne
nt

 in
 th

e 
tim

e 
in

te
rv

al
 i,

 X
i d

es
cr

ib
in

g 
th

e 
nu

m
be

r 
of

 
w

in
d 

tu
rb

in
es

 
re

po
rti

ng
 

to
 

th
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 f
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 m
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 b
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 d
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 f
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 c
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 m
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 b
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 m
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 c
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4.
 

Th
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 d
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 b
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t p
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th
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te
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ov
er

 4
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m
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 d
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ev
er

 

w
he
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th

e 
pr

e -
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n 
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 b
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e 
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dr
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ic
al
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w

 d
ay
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w
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e 
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on
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io

ns
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ea
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h 
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 b
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ed
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n 
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e 
co
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ps
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ci
de

nt
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f 
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am
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w
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d 

fa
rm

 
N
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3 

tu
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e.

 
Th

e 
fie

ld
 

m
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su
re

m
en
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of

 t
ow

er
 m

od
el

 f
re
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en
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, 
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A 

da
ta

 a
nd
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au
ge

 d
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a 
w

er
e 
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su
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t 
th

e 
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m

e 
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e 
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e 
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na
m
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 m

od
el
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 b
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lt.
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n 
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tio
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er
 t

op
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E
M

 m
od

el
 w

as
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lt 
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ev
al

ua
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th

e 
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gh
-te

ns
io

n 
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lts
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d 

to
w
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e 

ca
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 c
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of

 t
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d 
tu
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e 
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di
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se

d 
an

d 
th

e 
fo

llo
w

in
g 

co
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lu
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s 

w
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e 
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aw
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 to

 h
ig

h 
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rb
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 c
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 b
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tu
re

r. 

Po
w

er
 

ou
tp

ut
 

an
d 

m
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t d
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 c

on
tro

l 

m
et

ho
d 

th
e 

si
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 m
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 c
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n 
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e 
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ra
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 b
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 d
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lts
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ra
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n 
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 c
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d 
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at
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 c
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 d
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 c
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’ p
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 c
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 d

ef
or

m
s 

ac
co

m
pa

ny
 w

ith
 th

e 

w
in

d 
tu

rb
in

e 
op

er
at

io
n,

 a
nd

 th
er

ef
or

e 
th
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in
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 p
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 m
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 c
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 d
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 c
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 m
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 p
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 c
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7.
 

W
ith

 t
he

 t
im

e 
hi

st
or

y 
of

 b
ol

t 
pr

e-
te

ns
io

n 
st
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ss
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w

e 
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n 

in
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e 
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 f
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ig

ue
 l

ife
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 c
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 f
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rd
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rs
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oo
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 re
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 s

ho
w
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n 

(9
) 
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se
d 
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ua
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n 
of
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n 
an

d 
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𝜎𝜎 𝑎𝑎
=

𝜎𝜎 𝑤𝑤
(1

−
𝜎𝜎 𝑚𝑚

/𝜎𝜎
𝐵𝐵)

  
  

  
  

  
  

  
 (

9)
 

𝜎𝜎 𝑎𝑎
 is

 t
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 a
lte

rn
at

in
g 

st
re

ss
 f
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m

 r
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w
 c
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 c
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il 
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 o
f 
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M

in
er
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 t
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ue

 d
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e 
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 E
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at
io

n 
(1

0)
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ed
 w

he
n 

D
 e

qu
al

s 
to

 1
. 

 ∑
𝑛𝑛 𝑖𝑖 𝑁𝑁 𝑖𝑖

𝑘𝑘 𝑖𝑖𝑖
𝑖

=
𝐷𝐷 
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18
. 

W
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n 
th

e 
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lts
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 in

 n
or

m
al

 c
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di
tio

n 
th

e 
fa

tig
ue

 li
fe
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 2

7.
5 

ye
ar

s,
 w
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ch

 is
 in

 a
gr

ee
m

en
t w

ith
 th

e 
de

si
gn

 

re
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ire
m

en
t. 
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if 

17
 b

ol
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 a
re

 b
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ke
n,

 t
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fa
tig

ue
 l

ife
 d
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re
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es

 d
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m
at
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al

ly
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o 
0.

09
 y

ea
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, 
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ox
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at
el

y 
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e 
m
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s.
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 in

 a
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e 

w
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e 

tim
e 

in
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al
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 b
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17
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 b
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3.
5 

In
ve
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at
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e 

no
m

in
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 p
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e 
pr

e-
te

ns
io

n 
fo

rc
e 

de
cr

ea
se

s.
 T

he
 

la
rg

er
 th
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ly.
 

Th
e 

fa
tig

ue
 

lif
e 

in
ve

st
ig

at
io

n 
fo

llo
w

s 
th

e 
ru

le
s 

   
E 

W
 

N
 S 

 
N

ac
el

le
’s

 
op

po
si

te
 s

id
e 



EWEA 2015 Scientific Proceedings

125

  

ac
cu

ra
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t b
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t o
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lit

y 
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 o
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W
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]. 
Th

e 
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op
tio

n 
of

 c
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t e
ffe

ct
iv

e 
co

nd
iti

on
 

m
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ito
rin

g 
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M
) 
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 c
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uc

in
g 

O
&
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 c
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 c
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t c
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 d
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 m
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 c
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e 

m
ec

ha
ni

ca
l 

re
sp

on
se

 
to

 
w

in
d 

be
fo

re
 

an
y 

ge
ne

ra
to

r e
ffe

ct
s.

 R
ec

en
t s

tu
di

es
 h

av
e 

sh
ow

n 
th
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, b
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 o
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 d
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 b
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t d
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ra
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ro
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 p
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al

 p
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o 
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t 
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 c
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 p
er

io
d 

(s
). 

Fo
r 

a 
gi

ve
n 

sh
af

t 
st

iff
ne

ss
, 

da
m

pi
ng

 c
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w
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 t
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 p
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 o
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di

na
l t

ur
bu

le
nc

e 
in

te
ns

ity
. 

Th
e 

da
ta

 
w

er
e 

re
sa

m
pl

ed
 

to
 

50
 

kH
z 

an
d 

in
te

rp
ol

at
ed

 
to

 
cr

ea
te

 
pu

ls
e 

tra
in

s 
fo

r 
th

e 
ca

lc
ul

at
io

n 
of

 s
ha

ft 
sp

ee
d 

an
d 

to
rq

ue
 b

y 
us

in
g 

th
e 

sh
af

t 
pa

ra
m

et
er

s 
of

 
th

e 
ex

am
pl

e 
W

T 
in

 
B

la
de

d.
 

Th
e 

re
su

lti
ng

 
al

go
rit

hm
 

re
sp

on
se

 
co

m
pa

re
d 

to
 in

pu
t d

at
a 

is
 s

ho
w

n 
in

 F
ig

ur
e 

2.
  

 

Fi
gu

re
 2

: A
lg

or
ith

m
 re

sp
on

se
 to

 W
T 

si
m

ul
at

io
n.

 

Th
e 

tre
nd

 o
f 

th
e 

in
pu

t 
da

ta
 s

im
ul

at
ed

 b
y 

B
la

de
d 

is
 f

ol
lo

w
ed

 w
el

l 
by

 t
he

 a
lg

or
ith

m
 o

ut
pu

t 
w

ith
 a

 
m

ax
im

um
 p

er
ce

nt
ag

e 
er

ro
r 

no
is

e 
as

so
ci

at
ed

 o
f 

±3
%

. 
Th

e 
no

n-
pe

rfe
ct

 r
ev

er
si

bi
lit

y 
be

tw
ee

n 
th

e 
or

ig
in

al
 

si
m

ul
at

ed
 

si
gn

al
 

an
d 

th
e 

on
e 

re
co

ns
tru

ct
ed

 b
y 

th
e 

al
go

rit
hm

 in
tro

du
ce

s 
a 

sl
ig

ht
 

re
du

ct
io

n 
in

 
th

e 
si

gn
al

 
ac

cu
ra

cy
 

an
d 

th
e 

in
tro

du
ct

io
n 

of
 a

 c
er

ta
in

 le
ve

l o
f n

oi
se

. 

A
n 

in
cr

ea
se

 in
 t

he
 r

e-
sa

m
pl

in
g 

fre
qu

en
cy

 o
f 

th
e 

in
pu

t d
at

a 
up

 to
 1

00
 k

H
z 

ha
s 

sh
ow

n 
a 

re
du

ct
io

n 
of

 th
e 

no
is

e 
le

ve
ls

 to
 ±

1.
5%

, s
ug

ge
st

in
g 

th
at

 th
e 

sa
m

pl
in

g 
fre

qu
en

cy
 a

nd
 s

ub
se

qu
en

t 
no

is
e 

w
er

e 
is

su
es

 
re

qu
iri

ng
 

fu
rth

er
 

in
ve

st
ig

at
io

n.
 

Th
e 

an
al

ys
is

 o
f 

th
e 

pu
ls

e 
tra

in
s 

pr
ov

ed
 t

hi
s 

to
 b

e 
co

rr
ec

t 
as

 e
xt

ra
 t

im
e 

st
ep

s 
at

 a
 h

ig
he

r 
sa

m
pl

in
g 

ra
te

 m
ea

nt
 t

ha
t 

th
e 

pu
ls

es
 w

er
e 

ge
ne

ra
te

d 
to

 a
 

hi
gh

er
 a

cc
ur

ac
y.

 T
he

 e
ffe

ct
 o

f 
re

sa
m

pl
in

g 
at

 a
 

hi
gh

er
 

fre
qu

en
cy

 
is

 
to

 
pr

od
uc

e 
si

gn
al

s 
w

hi
ch

 
al

lo
w

 a
 s

m
oo

th
er

 a
nd

 c
on

tin
uo

us
 m

on
ito

rin
g 

of
 

th
e 

ph
as

e 
sh

ift
 a

nd
 p

er
io

d 
ch

an
ge

s 
in

 t
he

 p
ul

se
 

tra
in

s.
 C

on
se

qu
en

tly
 th

e 
al

go
rit

hm
 m

ea
su

re
d 

th
e 

ph
as

e 
sh

ift
 a

nd
 p

er
io

d 
to

 a
 h

ig
he

r p
re

ci
si

on
 w

hi
ch

 
pr

od
uc

ed
 a

 m
or

e 
ac

cu
ra

te
 m

ea
su

re
m

en
t. 

5.
 

Te
st

 R
ig

 

P
hy

si
ca

l 
te

st
in

g 
w

as
 

pe
rfo

rm
ed

 
to

 
ve

rif
y 

th
e 

pr
op

os
ed

 
al

go
rit

hm
. 

Fi
gu

re
 

3 
pr

ov
id

es
 

a 
sc

he
m

at
ic

 o
f 

th
e 

to
rq

ue
 t

es
t 

rig
 d

ev
el

op
ed

 a
t 

D
ur

ha
m

 U
ni

ve
rs

ity
 a

nd
 F

ig
ur

e 
4 

is
 a

 p
ho

to
 o

f t
he

 
te

st
 s

ta
nd

 w
hi

ch
 s

ho
w

s 
its

 m
ai

n 
co

m
po

ne
nt

s 
an

d 
in

st
ru

m
en

ta
tio

n 
sy

st
em

.  

Th
e 

te
st

 
rig

 
fe

at
ur

es
 

a 
4-

po
le

 
5 

kW
 

gr
id

-
co

nn
ec

te
d 

in
du

ct
io

n 
ge

ne
ra

to
r 

dr
iv

en
 b

y 
a 

4-
po

le
 

5 
kW

 in
du

ct
io

n 
m

ot
or

. 
Th

e 
m

ot
or

 s
ha

ft 
sp

ee
d 

is
 

va
rie

d 
vi

a 
an

 i
nv

er
te

r 
dr

iv
e.

 T
he

 g
en

er
at

or
 i

s 
co

nn
ec

te
d 

to
 a

 V
A

R
IA

C
 in

 o
rd

er
 to

 v
ar

y 
th

e 
st

at
or

 
vo

lta
ge

 a
nd

 h
en

ce
 t

he
 s

ha
ft 

to
rq

ue
. 

A
n 

in
-li

ne
 

M
ag

tro
l T

M
 2
12
	
  to

rq
ue

 tr
an

sd
uc

er
, m

ea
su

rin
g 

th
e 

sh
af

t 
to

rq
ue

 a
nd

 s
pe

ed
, 

ac
ts

 a
s 

a 
re

fe
re

nc
e 

fo
r 

co
m

pa
ris

on
 w

ith
 t

he
 a

lg
or

ith
m

 o
ut

pu
t. 

O
n 

ei
th

er
 

si
de

 o
f 

th
e 

tra
ns

du
ce

r 
ar

e 
th

e 
ba

r 
co

de
s 

an
d 

O
P

TE
K

 o
pt

ic
al

 p
ro

be
s 

us
ed

 t
o 

ge
ne

ra
te

 i
np

ut
 

da
ta

 fo
r 

th
e 

al
go

rit
hm

. 
E

ac
h 

ba
r 

co
de

 f
ea

tu
re

s 
8 

pu
ls

es
 p

er
 r

ev
ol

ut
io

n 
an

d 
ha

s 
be

en
 d

es
ig

ne
d 

su
ch

 t
ha

t 
it 

di
vi

de
s 

in
to

 e
qu

al
 b

la
ck

 a
nd

 w
hi

te
 

se
gm

en
ts

, 
in

 b
ot

h 
nu

m
be

r 
an

d 
si

ze
, 

an
d 

th
at

 it
s 

to
ta

l 
le

ng
th

 f
its

 e
xa

ct
ly

 a
ro

un
d 

th
e 

sh
af

t. 
Th

is
 

de
si

gn
 w

as
 s

el
ec

te
d 

so
 t

ha
t 

th
e 

re
su

lti
ng

 p
ul

se
s 

ha
ve

 a
 5

0%
 d

ut
y 

cy
cl

e 
w

hi
ch

 m
ak

es
 p

ha
se

 s
hi

ft 
m

ea
su

re
m

en
t 

pr
oc

es
si

ng
 

ea
si

er
. 

Th
e 

op
tic

al
 

se
ns

or
s 

co
ns

is
t 

of
 

an
 

In
fra

re
d 

(8
90

nm
) 

Li
gh

t 
E

m
itt

in
g 

D
io

de
 

(L
E

D
) 

an
d 

a 
N

P
N

 
si

lic
on

 
P

ho
to

tra
ns

is
to

r, 
m

ou
nt

ed
 

si
de

-b
y-

si
de

 
on

 
co

nv
er

gi
ng

 o
pt

ic
al

 a
xe

s.
 C

ou
pl

in
gs

 a
nd

 b
ea

rin
gs

 
al

on
g 

th
e 

sh
af

t 
en

su
re

 
m

in
im

al
 

ra
di

al
 

sh
af

t 
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er
ro

r o
f 0

.0
6%

 a
nd

 n
oi

se
 o

f ±
0.

3%
. T

he
 a

lg
or

ith
m

 
m

ea
n 

to
rq

ue
 

pr
ed

ic
tio

ns
 

ov
er

es
tim

at
e 

th
e 

tra
ns

du
ce

r 
m

ea
su

re
m

en
ts

 b
y 

44
%

 w
ith

 2
00

%
 

no
is

e.
 

It 
is

 
be

lie
ve

d 
th

at
 

th
e 

re
as

on
 

fo
r 

th
e 

ov
er

es
tim

at
io

n 
is

 d
ue

 t
o 

th
e 

la
rg

e 
am

ou
nt

 o
f 

no
is

e 
w

hi
ch

 o
cc

ur
re

d 
w

he
n 

ca
lc

ul
at

in
g 

th
e 

tw
is

t, 
lin

ke
d 

to
 th

e 
sa

m
pl

in
g 

fre
qu

en
cy

.  

Th
e 

pr
op

os
ed

 a
lg

or
ith

m
 w

as
 t

he
n 

te
st

ed
 u

nd
er

 
tra

ns
ie

nt
 

co
nd

iti
on

s 
w

ith
 

th
e 

pu
rp

os
e 

of
 

pr
od

uc
in

g 
si

gn
al

s 
co

m
pa

ra
bl

e 
to

 
th

os
e 

en
co

un
te

re
d 

on
 

an
 

op
er

at
io

na
l 

W
T.

 
Fi

gu
re

 
7 

sh
ow

s 
re

su
lts

 fo
r t

ra
ns

ie
nt

 c
on

di
tio

ns
 o

bt
ai

ne
d 

by
 

ru
nn

in
g 

th
e 

sh
af

t 
up

 t
o 

16
00

 r
pm

 a
nd

 s
m

oo
th

ly
 

va
ry

in
g 

th
e 

to
rq

ue
 fr

om
 0

 N
m

 to
 -1

0 
N

m
 a

nd
 b

ac
k 

to
 0

 N
m

. 
B

ot
h 

al
go

rit
hm

 s
pe

ed
 a

nd
 t

or
qu

e 
tra

ck
 

th
e 

tra
ns

du
ce

r 
m

ea
su

re
m

en
ts

 w
el

l, 
pa

rti
cu

la
rly

 
sp

ee
d 

sh
ow

in
g 

a 
pe

rc
en

ta
ge

 
er

ro
r 

of
 

be
lo

w
 

0.
1%

.  

 

 
(a

) 
 

(b
) 

Fi
gu

re
 6

: A
lg

or
ith

m
 s

pe
ed

 (a
) a

nd
 to

rq
ue

 (b
) r

es
po

ns
e 

to
 s

te
ad

y 
st

at
e 

co
nd

iti
on

s 
of

 1
60

0 
rp

m
 a

nd
 -3

 N
m

. 

 
(a

) 
 

 (b
) 

Fi
gu

re
 7

: A
lg

or
ith

m
 s

pe
ed

 (a
) a

nd
 to

rq
ue

 (b
) r

es
po

ns
e 

to
 s

ha
ft 

to
rq

ue
 v

ar
ia

tio
ns

.  

Fi
gu

re
 8

 s
ho

w
s 

re
su

lts
 f

or
 t

ra
ns

ie
nt

 c
on

di
tio

ns
 

ob
ta

in
ed

 b
y 

ke
ep

in
g 

th
e 

ge
ne

ra
to

r 
st

at
or

 v
ol

ta
ge

 
co

ns
ta

nt
 a

t 
50

%
 o

f 
th

e 
m

ax
im

um
 w

hi
ls

t 
ra

m
pi

ng
 

th
e 

m
ot

or
 s

pe
ed

 f
ro

m
 1

52
5 

rp
m

 t
o 

17
50

 r
pm

, 
ho

ld
in

g 
fo

r 
30

 s
 a

nd
 t

he
n 

ra
m

pi
ng

 b
ac

k 
to

 1
50

0 
rp

m
. 

Th
e 

al
go

rit
hm

 s
pe

ed
 s

ho
w

s 
ag

ai
n 

go
od

 
ag

re
em

en
t 

w
ith

 m
ea

su
re

m
en

ts
 w

ith
 p

er
ce

nt
ag

e 
er

ro
rs

 l
es

s 
th

an
 0

.1
%

. 
Fo

r 
to

rq
ue

 a
bo

ve
 2

 N
m

, 

th
e 

av
er

ag
e 

er
ro

r 
w

as
 c

on
si

st
en

tly
 a

ro
un

d 
25

%
, 

su
gg

es
tin

g 
a 

sy
st

em
at

ic
 

er
ro

r 
w

as
 

pr
es

en
t. 

Fi
gu

re
 9

 s
ho

w
s 

th
e 

ef
fe

ct
s 

of
 a

 s
te

p 
ch

an
ge

 i
n 

to
rq

ue
. 

Th
e 

sh
af

t 
sp

ee
d 

w
as

 in
iti

al
ly

 s
et

 a
t 

15
90

 
rp

m
 a

nd
, s

ta
rti

ng
 fr

om
 a

n 
in

iti
al

 to
rq

ue
 o

f -
3 

N
m

, 
fo

ur
 

to
rq

ue
 

st
ep

 
ch

an
ge

s 
w

er
e 

ap
pl

ie
d.

 
Th

e 
al

go
rit

hm
 

sp
ee

d 
an

d 
to

rq
ue

 
fo

llo
w

 
th

e 
st

ep
 

ch
an

ge
s 

w
el

l a
nd

 w
ith

ou
t 

an
y 

tim
in

g 
de

la
y.

 T
he

 

co
m

pa
rin

g 
ea

ch
 

da
ta

 
po

in
t 

w
ith

 
th

e 
pr

ev
io

us
 

40
0µ

s 
of

 d
at

a 
as

 w
el

l a
lo

ng
 w

ith
 fo

llo
w

in
g 

40
0µ

s.
 

If 
al

l o
f t

he
se

 d
at

a 
po

in
ts

 m
at

ch
ed

 e
xc

ep
t t

he
 o

ne
 

be
in

g 
ex

am
in

ed
, a

 n
oi

se
 s

pi
ke

 w
as

 d
et

ec
te

d 
an

d 
co

nv
er

te
d 

to
 

m
at

ch
 

th
e 

ot
he

r 
80

0µ
s 

of
 

da
ta

 
po

in
ts

. E
xa

m
in

at
io

n 
of

 th
es

e 
sp

ik
es

 s
ho

w
ed

 th
ey

 
ha

d 
a 

le
ss

 
th

an
 

40
µs

 
du

ra
tio

n,
 

th
er

ef
or

e 
an

al
ys

in
g 

ea
ch

 d
at

a 
po

in
t 

us
in

g 
a 

ra
ng

e 
te

n 
tim

es
 l

ar
ge

r 
th

an
 t

hi
s 

as
su

re
s 

th
at

 c
he

ck
s 

ar
e 

m
ad

e 
on

 th
e 

di
gi

ta
l s

ta
te

 o
f t

he
 p

ul
se

 r
at

he
r 

th
an

 
on

 n
oi

se
 s

pi
ke

s.
 A

 l
ar

ge
r 

an
al

ys
is

 p
er

io
d 

th
an

 
40

0µ
s 

ris
ke

d 
an

al
ys

in
g 

be
yo

nd
 a

 tr
an

si
tio

n 
st

ag
e 

w
hi

ch
 

m
ea

ns
 

er
ro

rs
 

w
ou

ld
 

no
t 

be
 

de
te

ct
ed

 
th

ro
ug

h 
th

is
 m

et
ho

d.
   

P
re

lim
in

ar
y 

ex
pe

rim
en

ta
l r

es
ul

ts
 s

ho
w

ed
 th

at
 th

e 
ph

ys
ic

al
 

op
tic

al
 

pr
ob

es
 

di
d 

no
t 

di
sp

la
y 

th
e 

tra
ns

iti
on

 in
 th

e 
pu

ls
e 

tra
in

s 
as

 a
 s

ha
rp

 e
dg

e 
bu

t 
os

ci
lla

te
d 

fro
m

 p
re

vi
ou

s 
to

 f
in

al
 s

ta
te

 f
or

 u
p 

to
 

20
0µ

s 
be

fo
re

 s
et

tli
ng

. A
 fi

lte
r 

w
as

 th
en

 d
es

ig
ne

d 
to

 d
et

ec
t 

an
y 

ch
an

ge
 i

n 
di

gi
ta

l 
st

at
e 

be
tw

ee
n 

co
ns

ec
ut

iv
e 

tim
e 

st
ep

s .
 I

t 
in

sp
ec

te
d 

th
e 

st
at

e 
of

 
th

e 
pu

ls
e 

in
 t

he
 p

re
vi

ou
s 

40
0µ

s 
an

d 
th

e 
st

at
e 

of
 

th
e 

pu
ls

e 
fo

r t
he

 n
ex

t 4
00

-8
00

µs
. A

 4
00

µs
 p

er
io

d 
w

as
 c

ho
se

n 
fo

r 
th

e 
sa

m
e 

re
as

on
 a

s 
m

en
tio

ne
d 

ab
ov

e 
w

hi
ls

t 
an

al
ys

in
g 

fro
m

 4
00

µs
 a

fte
r 

ea
ch

 
st

at
e 

ch
an

ge
 w

as
 t

o 
en

su
re

 t
ha

t 
th

e 
st

at
e 

of
 t

he
 

pu
ls

e 
af

te
r 

a 
tra

ns
iti

on
 w

as
 c

he
ck

ed
 r

at
he

r 
th

an
 

th
e 

st
at

e 
du

rin
g 

a 
tra

ns
iti

on
. A

t a
 tr

an
si

tio
n,

 th
es

e 
tw

o 
se

ts
 s

ho
ul

d 
gi

ve
 t

he
 e

xa
ct

 o
pp

os
ite

 o
f 

ea
ch

 
ot

he
r 

(i.
e.

 a
 s

et
 o

f 
1’

s 
an

d 
a 

se
t 

0’
s)

 a
nd

 if
 t

hi
s 

w
as

 
de

te
ct

ed
, 

th
e 

en
tir

e 
os

ci
lla

tin
g 

tra
ns

iti
on

 
pe

rio
d 

w
as

 c
on

ve
rte

d 
in

to
 t

he
 f

in
al

 s
ta

te
 o

f 
th

e 
tra

ns
iti

on
. 

Th
e 

im
po

rta
nc

e 
of

 r
em

ov
in

g 
al

l 
th

e 
hi

gh
 fr

eq
ue

nc
y 

sp
ik

es
 w

as
 to

 a
vo

id
 th

e 
al

go
rit

hm
 

us
in

g 
th

em
 to

 c
al

cu
la

te
 e

xt
re

m
el

y 
hi

gh
 e

rr
on

eo
us

 
sp

ee
ds

. 

Fi
na

lly
, a

 lo
w

 p
as

s 
fil

te
r 

w
ith

 c
ut

-o
ff 

fre
qu

en
cy

 o
f 

1 
kH

z 
w

as
 i

m
pl

em
en

te
d 

to
 f

ilt
er

 o
ut

 p
er

io
di

c 
no

is
e 

du
e 

to
 h

ig
h 

fre
qu

en
cy

 c
om

po
ne

nt
s 

in
 t

he
 

si
gn

al
.  

7.
 

Ex
pe

rim
en

ta
l R

es
ul

ts
 

Th
e 

al
go

rit
hm

 
ha

s 
be

en
 

fu
lly

 
de

ve
lo

pe
d 

by
 

ex
pe

rim
en

ta
lly

 d
ef

in
in

g 
th

e 
re

la
tio

ns
hi

p 
be

tw
ee

n 
to

rq
ue

 a
nd

 tw
is

t. 
Te

st
s 

w
er

e 
pe

rfo
rm

ed
 a

cc
or

di
ng

 
to

 th
e 

pr
oc

ed
ur

e 
be

lo
w

: 

1)
 

R
un

 th
e 

m
ot

or
 u

p 
to

 1
60

0r
pm

; 
2)

 
Ta

ke
 a

 n
o-

lo
ad

 m
ea

su
re

m
en

t 
(0

V
 a

pp
lie

d 
to

 
th

e 
ge

ne
ra

to
r s

ta
to

r u
si

ng
 th

e 
V

A
R

IA
C

) ; 

3)
 

R
ec

or
d 

pu
ls

e 
an

d 
tra

ns
du

ce
r d

at
a 

fo
r 6

0s
; 

4)
 

U
se

 th
e 

V
A

R
IA

C
 to

 a
pp

ly
 a

 to
rq

ue
 o

f -
0.

5N
m

; 
5)

 
R

ec
or

d 
pu

ls
e 

an
d 

tra
ns

du
ce

r d
at

a 
fo

r 6
0s

; 
6)

 
R

ep
ea

t s
te

ps
 4

-5
 fo

r i
nc

re
as

in
g 

m
ag

ni
tu

de
 o

f 
to

rq
ue

; 
7)

 
R

ep
ea

t 
1-

6 
fo

r 
di

ffe
re

nt
 s

up
er

-s
yn

ch
ro

no
us

 
sp

ee
ds

. 

P
ul

se
 

da
ta

 
w

er
e 

an
al

ys
ed

 
us

in
g 

pa
rt 

of
 

th
e 

al
go

rit
hm

 t
o 

ca
lc

ul
at

e 
th

e 
tw

is
t. 

Fo
r 

ea
ch

 6
0s

 
ex

pe
rim

en
t, 

th
e 

m
ea

ns
 o

f t
he

 m
ea

su
re

d 
tw

is
t a

nd
 

to
rq

ue
 w

er
e 

ca
lc

ul
at

ed
 a

nd
 p

lo
tte

d 
to

 f
in

d 
th

e 
ex

pe
rim

en
ta

l 
re

la
tio

ns
hi

p 
be

tw
ee

n 
to

rq
ue

 
an

d 
re

la
tiv

e 
tw

is
t 

(F
ig

ur
e 

5)
. 

Th
e 

tre
nd

 
of

 
th

e 
ex

pe
rim

en
ta

l d
at

a 
w

as
 th

en
 fi

tte
d 

by
 th

e 
fo

llo
w

in
g 

qu
ad

ra
tic

 c
ur

ve
: 

T
=
−
80
25
θ!
−
76
𝜃𝜃
−
0.
54
53

 
(5

) 

 

Fi
gu

re
 5

: T
es

t r
ig

 re
la

tio
ns

hi
p 

be
tw

ee
n 

to
rq

ue
 

an
d 

tw
is

t. 

Th
e 

no
n-

lin
ea

r 
re

la
tio

ns
hi

p 
be

tw
ee

n 
to

rq
ue

 a
nd

 
tw

is
t 

de
sc

rib
ed

 b
y 

eq
ua

tio
n 

(5
) 

su
gg

es
ts

 t
ha

t 
st

ea
dy

 c
on

di
tio

ns
 d

ur
in

g 
th

e 
ex

pe
rim

en
ts

 w
er

e 
no

t e
xa

ct
ly

 o
bt

ai
ne

d,
 e

sp
ec

ia
lly

 a
t l

ow
 m

ag
ni

tu
de

 
to

rq
ue

 
va

lu
es

, 
an

d 
th

at
 

dy
na

m
ic

 
co

nd
iti

on
s 

pl
ay

ed
 a

 c
ru

ci
al

 r
ol

e 
ac

co
rd

in
g 

to
 t

ha
t 

pr
ed

ic
te

d 
by

 th
e 

th
eo

re
tic

al
 re

la
tio

ns
hi

p 
(1

). 
 

Te
st

s 
w

er
e 

th
en

 
pe

rfo
rm

ed
 

to
 

va
lid

at
e 

th
e 

pr
op

os
ed

 a
lg

or
ith

m
 u

nd
er

 b
ot

h 
st

ea
dy

 s
ta

te
 a

nd
 

tra
ns

ie
nt

 c
on

di
tio

ns
. T

he
 s

ha
ft 

sp
ee

d 
an

d 
to

rq
ue

 
re

sp
on

se
s 

w
er

e 
ca

lc
ul

at
ed

 b
y 

im
pl

em
en

tin
g 

th
e 

pr
op

os
ed

 a
lg

or
ith

m
 i

n 
M

A
TL

A
B

 a
nd

 c
om

pa
re

d 
w

ith
 

th
e 

tra
ns

du
ce

r 
m

ea
su

re
m

en
ts

. 
Fi

gu
re

 
6 

sh
ow

s 
re

su
lts

 fo
r 

a 
st

ea
dy

 s
ta

te
 te

st
 a

t 1
60

0 
rp

m
 

an
d 

-3
 N

m
 t

or
qu

e.
 T

he
 a

lg
or

ith
m

 m
ea

n 
sp

ee
d 

pr
ed

ic
tio

ns
 

sh
ow

 
go

od
 

ag
re

em
en

t 
w

ith
 

tra
ns

du
ce

r 
m

ea
su

re
m

en
ts

 
w

ith
 

a 
pe

rc
en

ta
ge

 



EWEA 2015 Scientific Proceedings

129

in
cr

ea
si

ng
 i

nt
er

es
t 

in
 m

ea
su

rin
g 

th
e 

to
rq

ue
 w

ith
 

ch
ea

p 
an

d 
no

n-
in

tru
si

ve
 te

ch
ni

qu
es

.  

Th
is

 w
or

k 
pr

es
en

ts
 a

 n
ov

el
 a

pp
ro

ac
h 

to
 m

ea
su

re
 

th
e 

dr
iv

e 
tra

in
 

sh
af

t 
to

rq
ue

 
by

 
us

in
g 

a 
no

n-
in

tru
si

ve
 te

ch
ni

qu
e 

an
d 

co
ul

d 
be

 a
 v

ia
bl

e 
to

ol
 fo

r 
W

T 
C

M
. 

Th
e 

pr
op

os
ed

 m
et

ho
do

lo
gy

 is
 r

el
at

iv
el

y 
si

m
pl

e 
an

d 
ch

ea
p 

to
 im

pl
em

en
t i

nt
o 

a 
co

m
m

er
ci

al
 

W
T 

C
M

S
s 

fo
r n

on
-in

tru
si

ve
 to

rq
ue

 m
on

ito
rin

g.
  

A
lth

ou
gh

 
st

ill
 

at
 

th
e 

sm
al

l-s
ca

le
 

st
ag

e 
im

pl
em

en
ta

tio
n 

th
e 

ec
on

om
ic

 
be

ne
fit

s 
of

 
th

e 
pr

op
os

ed
 t

ec
hn

iq
ue

, 
ba

se
d 

on
 t

he
 u

se
 o

f 
tw

o 
ba

rc
od

es
 a

nd
 tw

o 
op

tic
al

 p
ro

be
 s

en
so

rs
, o

ve
r t

he
 

co
nv

en
tio

na
l 

in
-li

ne
 

to
rq

ue
 

tra
ns

du
ce

r 
ar

e 
ev

id
en

t. 
W

hi
le

 th
e 

no
n-

in
tru

si
ve

 e
qu

ip
m

en
t c

os
ts

 
ov

er
al

l l
es

s 
th

an
 €

10
0,

 th
e 

in
-li

ne
 s

en
so

r 
co

st
 fo

r 
a 

sm
al

l s
ha

ft 
of

 4
70

 m
m

 g
oe

s 
w

el
l b

ey
on

d 
€5

00
0.

 
Th

is
 d

iff
er

en
ce

 i
n 

co
st

s 
w

ill
 b

e 
ev

en
 l

ar
ge

r 
in

 a
 

co
m

m
er

ci
al

 W
T 

ap
pl

ic
at

io
n 

du
e 

to
 th

e 
bi

gg
er

 W
T 

dr
iv

e 
tra

in
 s

ha
ft 

di
am

et
er

, 
w

hi
ch

 w
ou

ld
 in

cr
ea

se
 

th
e 

fit
tin

g 
co

st
 o

f a
n 

in
-li

ne
 to

rq
ue

 tr
an

sd
uc

er
.  

Th
e 

to
rq

ue
 im

po
se

d 
on

 a
 r

ot
at

in
g 

sh
af

t h
as

 b
ee

n 
m

ea
su

re
d 

in
 th

e 
pa

st
 u

si
ng

 s
tra

in
 g

au
ge

s 
th

ro
ug

h 
a 

w
ire

le
ss

 
te

le
m

et
ry

 
or

 
a 

sl
ip

 
rin

g 
sy

st
em

. 
H

ow
ev

er
, 

th
e 

ac
cu

ra
cy

 
of

 
th

e 
to

rq
ue

 
m

ea
su

re
m

en
ts

 p
ro

vi
de

d 
by

 s
tra

in
 g

au
ge

s 
of

te
n 

do
es

 
no

t 
m

ee
t 

en
gi

ne
er

in
g 

re
qu

ire
m

en
ts

 
be

ca
us

e 
th

e 
un

ce
rta

in
ty

 o
f 

su
ch

 m
ea

su
re

m
en

ts
 

is
 

ra
th

er
 

la
rg

e 
du

e 
to

 
el

ec
tro

m
ag

ne
tic

 
in

te
rfe

re
nc

e 
[1

7]
. 

Th
e 

re
su

lts
 o

f 
th

e 
pr

op
os

ed
 

no
n-

in
tru

si
ve

 te
ch

ni
qu

e 
co

rr
el

at
e 

cl
os

el
y 

w
ith

 th
e 

tra
ns

du
ce

r 
m

ea
su

re
m

en
ts

 a
nd

 it
 is

 b
el

ie
ve

d 
th

at
, 

on
ce

 
th

e 
sa

m
pl

in
g 

fre
qu

en
cy

 
of

 
th

e 
da

ta
 

ac
qu

is
iti

on
 s

ys
te

m
 w

ill
 b

e 
in

cr
ea

se
d 

an
d 

th
e 

m
ai

n 
so

ur
ce

s 
of

 s
ig

na
l 

no
is

e 
an

d 
sy

st
em

at
ic

 e
rr

or
s 

re
m

ov
ed

, 
th

e 
al

go
rit

hm
 s

ho
ul

d 
sh

ow
 a

 h
ig

he
r 

ac
cu

ra
cy

, 
co

m
pa

re
d 

to
 

ot
he

r 
m

et
ho

ds
, 

in
 

pr
ed

ic
tin

g 
th

e 
sp

ee
d 

an
d 

to
rq

ue
 v

al
ue

s 
du

rin
g 

th
e 

W
T 

op
er

at
io

n.
   

D
es

pi
te

 t
he

 p
ro

m
is

in
g 

re
su

lts
 o

bt
ai

ne
d 

in
 t

hi
s 

st
ud

y,
 th

e 
re

lia
bi

lit
y 

of
 th

e 
pr

op
os

ed
 a

pp
ro

ac
h 

fo
r 

C
M

 
pu

rp
os

es
 

is
 

cu
rr

en
tly

 
un

de
r 

fu
rth

er
 

in
ve

st
ig

at
io

n.
 I

n 
pa

rti
cu

la
r, 

dr
iv

e 
tra

in
 s

ee
de

d-
fa

ul
t t

es
tin

g 
an

d 
an

al
ys

is
 w

ill
 b

e 
pe

rfo
rm

ed
 o

n 
th

e 
to

rq
ue

 te
st

 r
ig

 w
ith

 th
e 

ai
m

 o
f d

ev
el

op
in

g 
re

lia
bl

e 
to

rq
ue

 
si

gn
al

 
pr

oc
es

si
ng

 
al

go
rit

hm
s 

fo
r 

fa
ul

t 
de

te
ct

io
n.

 

 

9.
 

C
on

cl
us

io
ns

 

Th
is

 p
ap

er
 p

re
se

nt
s 

a 
no

n-
in

tru
si

ve
 te

ch
ni

qu
e 

fo
r 

to
rq

ue
 m

ea
su

re
m

en
t 

on
 a

 W
T 

dr
iv

e 
tra

in
. 

It 
ca

n 
be

 c
on

cl
ud

ed
 th

at
: 

• 
To

rq
ue

 
m

ea
su

re
m

en
t 

is
 

ac
hi

ev
ed

 
by

 
m

ea
su

rin
g 

th
e 

an
gl

e 
of

 t
w

is
t 

fro
m

 t
he

 
tim

in
g 

be
tw

ee
n 

pu
ls

e 
tra

in
s 

pr
od

uc
ed

 b
y 

tw
o 

se
ts

 
of

 
ba

r 
co

de
s 

an
d 

op
tic

al
 

pr
ob

es
. 

• 
Th

e 
pr

op
os

ed
 a

lg
or

ith
m

 w
as

 v
al

id
at

ed
, 

co
m

pu
ta

tio
na

lly
 

an
d 

th
ro

ug
h 

ph
ys

ic
al

 
te

st
in

g,
 u

nd
er

 s
te

ad
y 

st
at

e 
an

d 
tra

ns
ie

nt
 

co
nd

iti
on

s.
 I

n 
bo

th
 c

as
es

 t
he

 d
er

iv
ed

 
al

go
rit

hm
 t

or
qu

e 
co

rr
el

at
ed

 c
lo

se
ly

 w
ith

 
th

e 
to

rq
ue

 
tra

ns
du

ce
r 

m
ea

su
re

m
en

ts
, 

w
ith

 
±3

%
 

an
d 

16
-2

5%
 

to
rq

ue
 

m
ea

n 
pe

rc
en

ta
ge

 e
rr

or
s,

 re
sp

ec
tiv

el
y.

 

• 
H

ig
he

r 
sa

m
pl

in
g 

fre
qu

en
cy

 o
f 

th
e 

da
ta

 
ac

qu
is

iti
on

 s
ys

te
m

 is
 e

xp
ec

te
d 

to
 re

du
ce

 
th

e 
no

is
e 

an
d 

th
e 

sy
st

em
at

ic
 

er
ro

r 
as

so
ci

at
ed

 w
ith

 th
e 

al
go

rit
hm

 o
ut

pu
t. 

• 
U

nl
ik

e 
co

nv
en

tio
na

l 
to

rq
ue

 t
ra

ns
du

ce
rs

, 
th

e 
pr

op
os

ed
 a

pp
ro

ac
h 

do
es

 n
ot

 r
eq

ui
re

 
an

y 
em

be
dd

ed
 s

en
so

rs
 o

n 
th

e 
ro

ta
tin

g 
sh

af
t, 

ov
er

co
m

in
g 

th
e 

m
aj

or
ity

 
of

 
pr

ob
le

m
s 

lim
iti

ng
 

th
e 

in
du

st
ria

l 
ap

pl
ic

at
io

n 
of

 
C

M
S

s 
ba

se
d 

on
 

sh
af

t 
to

rq
ue

 m
ea

su
re

m
en

ts
. 

• 
E

xp
er

im
en

ta
l 

in
ve

st
ig

at
io

n 
is

 
cu

rr
en

tly
 

ca
rr

ie
d 

ou
t a

t D
ur

ha
m

 U
ni

ve
rs

ity
 w

ith
 th

e 
ai

m
 t

o 
ad

dr
es

s 
th

e 
ro

le
 p

la
ye

d 
by

 t
he

 
sh

af
t 

m
om

en
t 

of
 

in
er

tia
, 

da
m

pi
ng

 
co

ef
fic

ie
nt

 
an

d 
to

rs
io

na
l 

st
iff

ne
ss

 
in

 
co

nt
ro

lli
ng

 t
he

 t
or

qu
e 

pr
ed

ic
te

d 
by

 t
he

 
th

eo
re

tic
al

 
re

la
tio

ns
hi

p 
gi

ve
n 

by
 

eq
ua

tio
n 

(1
), 

fo
r 

bo
th

 
st

ea
dy

 
an

d 
tra

ns
ie

nt
 c

on
di

tio
ns

.  
  

• 
Fu

tu
re

 
w

or
k 

w
ill

 
fo

cu
s 

on
 

fu
rth

er
 

va
lid

at
in

g 
th

e 
m

et
ho

d 
us

in
g 

ex
pe

rim
en

ta
l 

da
ta

 
an

d 
de

ve
lo

pi
ng

 
su

ita
bl

e 
an

d 
re

lia
bl

e 
si

gn
al

 p
ro

ce
ss

in
g 

al
go

rit
hm

s 
fo

r f
au

lt 
de

te
ct

io
n.

  

al
go

rit
hm

 p
re

di
ct

io
ns

 s
ho

w
 g

oo
d 

ag
re

em
en

t 
w

ith
 

th
e 

m
ea

su
re

m
en

ts
, 

w
ith

 s
ys

te
m

at
ic

 e
rr

or
s 

lo
w

er
 

th
an

 0
.1

%
 f

or
 t

he
 s

pe
ed

 a
nd

 a
 t

or
qu

e 
m

ea
n 

pe
rc

en
ta

ge
 e

rr
or

 o
f 1

6-
25

%
. I

t i
s 

be
lie

ve
d 

th
at

 th
e 

to
rq

ue
 e

rr
or

 i
s 

du
e 

to
 l

im
ita

tio
ns

 i
n 

th
e 

si
gn

al
 

sa
m

pl
in

g 
fre

qu
en

cy
. 

B
y 

in
cr

ea
si

ng
 t

he
 s

am
pl

in
g 

fre
qu

en
cy

 d
ur

in
g 

da
ta

 a
cq

ui
si

tio
n 

it 
is

 e
xp

ec
te

d 

th
at

 
th

e 
sy

st
em

at
ic

 
er

ro
r 

as
so

ci
at

ed
 

w
ith

 
th

e 
m

ea
su

re
 o

f 
th

e 
ph

as
e 

sh
ift

 b
et

w
ee

n 
th

e 
tw

o 
pu

ls
e 

tra
in

s 
w

ou
ld

 b
e 

re
du

ce
d.

 T
hi

s 
w

ou
ld

 r
es

ul
t 

in
 i

m
pr

ov
ed

 p
re

di
ct

io
ns

 b
y 

th
e 

al
go

rit
hm

 o
f 

th
e 

sh
af

t 
tw

is
t 

an
gl

e,
 c

al
cu

la
te

d 
by

 u
si

ng
 e

qu
at

io
n 

(3
), 

an
d 

of
 t

he
 r

el
at

iv
e 

to
rq

ue
 v

al
ue

s,
 c

al
cu

la
te

d 
by

 u
si

ng
 e

qu
at

io
n 

(5
). 

 

 

 
(a

) 
 

(b
) 

Fi
gu

re
 8

: A
lg

or
ith

m
 s

pe
ed

 (a
) a

nd
 to

rq
ue

 (b
) r

es
po

ns
e 

to
 m

ot
or

 s
pe

ed
 v

ar
ia

tio
n 

at
 fi

xe
d 

ge
ne

ra
to

r v
ol

ta
ge

. 

 
(a

) 
 

(b
) 

Fi
gu

re
 9

: A
lg

or
ith

m
 s

pe
ed

 (a
) a

nd
 to

rq
ue

 (b
) r

es
po

ns
e 

to
 s

te
p 

to
rq

ue
 in

pu
ts

. 

 8.
 

D
is

cu
ss

io
n 

A
lth

ou
gh

 
fu

rth
er

 
in

ve
st

ig
at

io
n 

is
 

re
qu

ire
d 

to
 

re
du

ce
 

no
is

e 
an

d 
tu

ne
 

th
e 

al
go

rit
hm

, 
th

e  
ex

pe
rim

en
ta

l 
re

su
lts

 
sh

ow
 

th
at

 
th

e 
pr

op
os

ed
 

te
ch

ni
qu

e 
is

 s
uc

ce
ss

fu
l i

n 
pr

ed
ic

tin
g 

ch
an

ge
s 

in
 

sh
af

t 
sp

ee
d 

an
d 

to
rq

ue
 s

im
ila

r 
to

 t
ho

se
 t

yp
ic

al
ly

 
en

co
un

te
re

d 
by

 o
pe

ra
tin

g 
W

Ts
.  

P
re

vi
ou

s 
w

or
k 

ha
s 

sh
ow

n 
th

e 
st

ro
ng

 p
ot

en
tia

l o
f 

us
in

g 
th

e 
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i-
M

W
o
ff
s
h
o
re

w
in

d
tu

rb
in

e
a
n

in
te

re
s
ti
n
g

e
ff
e
c
t

o
f

th
e

c
o
n
tr

o
l

s
y
s
te

m
o
n

th
e

p
e
r-

fo
rm

a
n
c
e

c
h
a
ra

c
te

ri
s
ti
c
s

w
a
s

o
b
s
e
rv

e
d
,

s
e
e

F
ig

.
2
.

A
ro

u
n
d

u
/u

m
a
x
≈

0
.4

w
e

o
b
s
e
rv

e
a

c
h
a
ra

c
te

ri
s
ti
c

s
te

p
in

th
e

L
P

C
(F

ig
.

2
(a

))
[5

].

In
th

e
p
o
w

e
r

h
is

to
g
ra

m
(F

ig
.

2
(b

))
w

e
o
b
s
e
rv

e
th

a
t

a
ro

u
n
d

th
e

re
s
p
e
c
ti
v
e

p
o
w

e
r

v
a
lu

e
th

e
p
ro

b
a
b
ili

ty

fo
r

lo
w

e
r

p
o
w

e
r

o
u
tp

u
t

is
s
ig

n
ifi

c
a
n
tl
y

h
ig

h
e
r

th
a
n

fo
r

h
ig

h
e
r

p
o
w

e
r

v
a
lu

e
s
.

In
o
th

e
r

w
o
rd

s
,

a
c
e
rt

a
in

a
m

o
u

n
t

o
f

e
n

e
rg

y
p

ro
d

u
c
ti
o

n
is

lo
s
t

d
u

e
to

th
is

e
ff
e

c
t.

In
c
o
n
tr

a
s
t

to
th

e
L
P

C
,

th
e

IE
C

p
o
w

e
r

c
u
rv

e
a
d
d
e
d

to

F
ig

.
2

(a
)

d
o

e
s

n
o

t
g

iv
e

a
n
y

h
in

t
o

f
th

is
s
it
u

a
ti
o

n
.

3
.1

.4
F

re
e

s
tr

e
a

m
v

s
.

w
a

k
e

A
re

c
e
n
t

m
e
a
s
u
re

m
e
n
t

c
a
m

p
a
ig

n
u
s
in

g
a

s
c
a
n
n
in

g

n
a
c
e
lle

-b
a
s
e
d

w
in

d
lid

a
r

[6
]

d
e
m

o
n
s
tr

a
te

d
th

a
t

th
e

L
P

C
is

in
d
e
e
d

tu
rb

in
e
-s

p
e
c
ifi

c
a
n
d

n
o
t
s
e
n
s
it
iv

e
to

s
it
e

c
h
a
ra

c
te

ri
s
ti
c
s,

s
u
c
h

a
s

d
if
fe

re
n
t

tu
rb

u
le

n
c
e

le
ve

ls
.

In

F
ig

.
3

tw
o

L
P

C
m

e
a
s
u
re

m
e
n
ts

a
t
th

e
s
a
m

e
tu

rb
in

e
a
re

c
o
m

p
a
re

d
,
w

h
e
re

o
n
ly

w
a
ke

o
r

fr
e
e

s
tr

e
a
m

in
fl
o
w

c
o
n
-

d
it
io

n
s

h
a
v
e

b
e
e
n

u
s
e
d
,

re
s
p
e
c
ti
v
e
ly

[7
].

A
ls

o
h
e
re

,

th
e

m
e

a
s
u

re
m

e
n

ts
w

e
re

p
e

rf
o

rm
e

d
o

n
a

5
M

W
S

e
n

-

v
io

n
5
M

o
ff
s
h
o
re

w
in

d
tu

rb
in

e
in

th
e

G
e
rm

a
n

o
ff
s
h
o
re

w
in

d
fa

rm
“a

lp
h

a
ve

n
tu

s
”.

T
ra

d
it
io

n
a
l
p
o
w

e
r

c
u
rv

e
m

e
a
s
u
re

m
e
n
t
fo

llo
w

in
g

IE
C

6
1
4
0
0
-1

2
is

k
n
o
w

n
to

d
e
p
e
n
d

o
n

s
it
e

c
h
ra

c
te

ri
s
ti
c
s

s
u
c
h

a
s

s
h
e
a
r

a
n
d

tu
rb

u
le

n
c
e

c
o
n
d
it
io

n
s,

w
h
ic

h
le

a
d
s

to
a

n
e
c
e
s
s
it
y

o
f

e
la

b
o
ra

te
d
a
ta

fi
lt
e
ri

n
g

a
n
d

lo
n
g

m
e
a
s
u
re

m
e
n
t
ti
m

e
s.

1
G

iv
e
n

a
h
ig

h
q
u
a
lit

y
w

in
d

in
fl
o
w

m
e
a
s
u
re

m
e
n
t,

th
e

L
a
n
g
e
v
in

P
o
w

e
r

c
u
rv

e
p
ro

v
id

e
s

tu
rb

in
e
-s

p
e
c
ifi

c
p
e
rf

o
rm

a
n
c
e

c
h
a
ra

c
te

ri
s
ti
c
s

in
d
e
p
e
n
-

d
e
n
t
o
f
s
it
e
-s

p
e
c
ifi

c
in

fl
u
e
n
c
e

o
r,

in
th

is
c
a
s
e
,
p
o
s
s
ib

le

w
a

k
e

s
it
u

a
ti
o

n
s
.

3
.2

W
in

d
fa

rm
p

e
rf

o
rm

a
n

c
e

m
o

n
it

o
ri

n
g

A
ls

o
fo

r
p
e
rf

o
rm

a
n
c
e

m
o
n
it
o
ri

n
g

o
f

w
in

d
fa

rm
s

th
e

L
a

n
g

e
v
in

P
o
w

e
r

C
u

rv
e

tu
rn

s
o

u
t
to

p
ro

v
id

e
s
e

n
s
it
iv

e

a
n
d

h
e
lp

fu
l
in

fo
rm

a
ti
o
n
.

In
a
n

o
n
s
h
o
re

w
in

d
fa

rm
o
f

1
2

tu
rb

in
e

s
o

f
th

e
2

M
W

c
la

s
s

th
e

c
u

m
u

la
ti
v
e

e
le

c
tr

i-

c
a
l
p
o
w

e
r

o
u
tp

u
t
w

a
s

re
c
o
rd

e
d
,
a
n
d

b
o
th

te
n

m
in

u
te

a
v
e
ra

g
e
d

(d
e
n
o
te

d
a
s

IE
C

p
o
w

e
r

c
u
rv

e
)

a
n
d

L
P

C

p
o
w

e
r

c
h
a
ra

c
te

ri
s
ti
c
s

o
f
th

e
w

in
d

fa
rm

w
e
re

d
e
ri

v
e
d
.

T
h
e

c
a
s
e

o
f

a
d
o
w

n
ti
m

e
o
f

o
n
e

tu
rb

in
e

w
a
s

s
im

u
-

la
te

d
in

th
e

p
o
w

e
r

d
a

ta
in

s
e
v
e

ra
l
v
a

ri
a

n
ts

.
T

h
e

L
P

C

s
h

o
w

e
d

h
ig

h
e

r
s
e

n
s
it
iv

it
y

to
d

e
te

c
t
th

e
d

o
w

n
ti
m

e
s

in

a
ll

c
a
s
e
s

[8
].

In
th

is
c
a
s
e
,

tu
rb

in
e

ty
p
e

a
n
d

lo
c
a
ti
o
n

a
re

c
o

n
fi
d

e
n

ti
a

l.

F
ig

.
4

s
h
o
w

s
re

s
u
lt
s

fo
r

th
e

c
a
s
e

o
f

1
2

h
d
o
w

n
ti
m

e
o
f

o
n
e

tu
rb

in
e
.

W
h
ile

th
e

IE
C

p
o
w

e
r

c
u
rv

e
o
f

th
e

w
in

d

fa
rm

(l
e
ft
)

is
n
o
t

a
ff
e
c
te

d
a
t

a
ll,

w
h
e
re

a
s

th
e

d
ri

ft
c
o
-

e
ffi

c
ie

n
t

D
(1

)
(c

f.
e
q
.

(1
))

s
h
o
w

s
s
ig

n
ifi

c
a
n
t

v
a
ri

a
ti
o
n

(m
id

d
le

).
B

e
c
a
u
s
e

th
e

a
ff
e
c
te

d
w

in
d

s
p
e
e
d

re
g
im

e

is
n
a
rr

o
w

,
in

th
e

L
P

C
(r

ig
h
t)

o
n
ly

o
n
e

a
d
d
it
io

n
a
l
fi
xe

d

p
o
in

t
is

o
b
ta

in
e
d

fo
r

th
e

re
s
p
e
c
ti
v
e

w
in

d
s
p
e
e
d
.

It

n
e
ve

rt
h
e
le

s
s

c
le

a
rl

y
a
n
d

q
u
a
n
ti
ta

ti
ve

ly
p
o
in

ts
o
u
t
th

e

te
m

p
o

ra
l
p

e
rf

o
rm

a
n

c
e

re
d

u
c
ti
o

n
.

1
P

o
w

e
r

c
h
a
ra

c
te

ri
s
ti
c
s

s
im

ila
r

to
IE

C
6
1
4
0
0

a
re

s
h
o
w

n
fo

r
c
o
m

p
a
ri

s
o
n

in
F

ig
s
.
1
,
2
,

a
n
d

4
.

E
ffi

c
ie

n
t

lo
a

d
a

n
d

p
o
w

e
r

m
o

n
it
o

ri
n

g
b
y

s
to

c
h

a
s
ti
c

m
e

th
o

d
s

M
.

W
ä

c
h

te
r1

,
P
.G

.
L

in
d

1
,

Iv
á

n
H

e
rr

a
e

z
H

e
rn

a
n

d
e

z
1
,

P
.

R
in

n
1
,

P
.

M
ila

n
1
,

B
.

S
to

e
ve

s
a

n
d

t2
,

J.
P

e
in

k
e

1
,2

1
F

o
rW

in
d

C
e
n
te

r
fo

r
W

in
d

E
n
e
rg

y
R

e
s
e
a
rc

h
,
U

n
iv

e
rs

it
y

o
f
O

ld
e
n
b
u
rg

,
G

e
rm

a
n
y,

2
F

ra
u
n
h
o
fe

r
IW

E
S

,
O

ld
e
n
b
u
rg

,
G

e
rm

a
n
y

S
c
ie

n
c
e

&
re

s
e

a
rc

h
p

a
p

e
r

s
u

b
m

it
te

d
fo

r
E

W
E

A
2

0
1

5

S
u

b
je

c
t

a
re

a
“O

&
M

&
lo

g
is

ti
c
s
:

R
e

lia
b

ili
ty

,
c
o

n
d

it
io

n
m

o
n

it
o

ri
n

g
”

A
b

s
tr

a
c
t

M
o
n
it
o
ri

n
g

o
f
p
e
rf

o
rm

a
n
c
e

a
n
d

lo
a
d
s

o
f
w

in
d

e
n
e
rg

y
s
y
s
te

m
s

s
u
p
p
o
rt

s
re

lia
b
le

a
n
d

e
ffi

c
ie

n
t
o
p
e
ra

-

ti
o

n
.

T
h

is
is

e
m

p
h

a
s
iz

e
d

b
y

th
e

ty
p

ic
a

lly
h

a
rs

h
a

n
d

n
o

n
-s

ta
ti
o

n
a

ry
o

p
e

ra
ti
n

g
c
o

n
d

it
io

n
s

e
s
p

e
c
ia

lly

a
t

o
ff
s
h
o
re

b
u
t
a
ls

o
o
n
s
h
o
re

s
it
e
s
.

T
h
e
s
e

e
x
te

rn
a
l
c
o
n
d
it
io

n
s

a
ls

o
fo

rm
s
u
b
s
ta

n
ti
a
l
c
h
a
lle

n
g
e
s

to

b
o
th

th
e

s
e
n
s
o
r

e
q
u
ip

m
e
n
t
a
n
d

th
e

d
a
ta

a
n
a
ly

s
is

m
e
th

o
d
s
.

D
u
e

to
s
tr

o
n
g

fl
u
c
tu

a
ti
o
n
s

a
n
d

s
it
e

s
p

e
c
ifi

c
s
it
u

a
ti
o

n
s
,

c
u

rr
e

n
tl
y

s
u

c
h

m
o

n
it
o

ri
n

g
is

d
e

p
e

n
d

e
n

t
o

n
lo

n
g

te
rm

d
a

ta
.

H
e
re

w
e

p
re

s
e
n
t
re

s
u
lt
s

o
b
ta

in
e
d

b
y

s
to

c
h
a
s
ti
c

m
e
th

o
d
s

w
h
ic

h
re

lia
b
ly

e
x
tr

a
c
t
th

e
d
e
te

rm
in

is
ti
c

m
a
c
h
in

e
c
h
a
ra

c
te

ri
s
ti
c
s

e
ve

n
u
n
d
e
r

s
tr

o
n
g
ly

fl
u
c
tu

a
ti
n
g

a
n
d

n
o
n
-s

ta
ti
o
n
a
ry

c
o
n
d
it
io

n
s
.

M
o
re

o
ve

r,

w
e

a
c
h
ie

v
e

a
n

e
ffi

c
ie

n
t

lo
a
d

m
o
n
it
o
ri

n
g

fr
o
m

s
ta

n
d
a
rd

o
p
e
ra

ti
o
n
a
l

d
a
ta

,
w

it
h
o
u
t

th
e

n
e
e
d

fo
r

a
d

d
it
io

n
a

l
m

e
a

s
u

re
m

e
n

t
h

a
rd

w
a

re
.

1
In

tr
o

d
u

c
ti

o
n

W
in

d
e
n
e
rg

y
s
y
s
te

m
s

o
p
e
ra

te
u
n
d
e
r

h
a
rs

h
a
n
d

s
tr

o
n
g
ly

c
h
a
n
g
in

g
c
o
n
d
it
io

n
s.

R
e
lia

b
ly

m
o
n
it
o
ri

n
g

th
e

p
o
w

e
r

p
e

rf
o

rm
a

n
c
e

o
f
w

in
d

fa
rm

s
u

n
d

e
r

s
u

c
h

c
o

n
d
i-

ti
o
n
s

is
o
f
g
re

a
t
im

p
o
rt

a
n
c
e

to
a
ll

w
in

d
fa

rm
o
p
e
ra

to
rs

.

D
u
e

to
th

e
s
tr

o
n
g

fl
u
c
tu

a
ti
o
n
s

a
n
d

s
it
e

s
p
e
c
ifi

c
s
it
u
a
-

ti
o
n
s,

c
u
rr

e
n
tl
y

s
u
c
h

m
o
n
it
o
ri

n
g

is
d
e
p
e
n
d
a
n
t

o
n

lo
n
g

te
rm

d
a

ta
.

S
to

c
h
a
s
ti
c

m
e
th

o
d
s

h
a
ve

p
ro

ve
n

to
b
e

e
ffi

c
ie

n
t
to

o
ls

in
th

is
fi
e

ld
.

H
e

re
w

e
p

re
s
e

n
t

la
te

s
t

re
s
u

lt
s

w
h

ic
h

c
o

n
-

fi
rm

a
n

d
c
o

n
s
id

e
ra

b
ly

e
x
te

n
d

th
e

fi
e

ld
s

o
f

a
p

p
lic

a
ti
o

n

fo
r

s
to

c
h
a
s
ti
c

m
e
th

o
d
s

in
w

in
d

e
n
e
rg

y.
A

ft
e
r

s
h
o
rt

ly

in
tr

o
d
u
c
in

g
th

e
a
p
p
ro

a
c
h

in
s
e
c
ti
o
n

2
,
in

s
e
c
ti
o
n

3
.1

,

w
e

p
re

s
e
n
t
e
x
a
m

p
le

s
o
f
p
e
rf

o
rm

a
n
c
e

m
o
n
it
o
ri

n
g

re
-

s
u
lt
s
,

n
a
m

e
ly

fo
r

in
h
o
m

o
g
e
n
e
o
u
s

in
fl
o
w

c
o
n
d
it
io

n
s

a
s

w
e
ll

a
s

s
e
v
e
ra

l
e
ff
e
c
ts

in
s
p
e
c
ia

l
s
it
u
a
ti
o
n
s
.

S
e
c
-

ti
o
n

3
.2

p
re

s
e
n
ts

re
s
u
lt
s

o
n

w
in

d
fa

rm
p
e
rf

o
rm

a
n
c
e

m
o
n
it
o
ri

n
g
,
a
n
d

in
s
e
c
ti
o
n

3
.3

w
e

s
h
o
w

n
e
w

re
s
u
lt
s

o
f

s
to

c
h
a
s
ti
c

lo
a
d

m
o
d
e
lin

g
a
n
d

a
c
o
n
n
e
c
te

d
m

o
n
it
o
ri

n
g

a
p

p
ro

a
c
h

.

2
A

p
p

ro
a
c
h

A
c
o
n
d
it
io

n
a
l

L
a
n
g
e
v
in

a
p
p
ro

a
c
h

w
a
s

s
h
o
w

n
to

b
e

s
u
c
c
e
s
s
fu

lf
o
r

s
y
s
te

m
s

w
it
h

s
tr

o
n
g

a
n
d

n
o
n
-s

ta
ti
o
n
a
ry

v
a
ri

a
b
ili

ty
[1

],
a
m

o
n
g

o
th

e
rs

fo
r

th
e

d
y
n
a
m

ic
p
o
w

e
r

c
h

a
ra

c
te

ri
s
ti
c
s

o
f

w
in

d
e

n
e

rg
y

c
o

n
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ä
t
H

a
n
n
o
ve

r,

D
e

u
ts

c
h

e
s

W
in

d
e

n
e

rg
ie

-I
n

s
ti
tu

t
G

m
b

H
,

2
0

1
3

.

[5
]

K
ü
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ü
h
n
,

M
.,

R
e
u
te

r,
R

.,
a
n
d

C
h
e
n
g
,

P
.-

W
.,

“A
b
s
c
h
lu

s
s
b
e
ri

c
h
t

d
e
s

F
o
rs

c
h
u
n
g
s
p
ro

je
k
ts

E
n
-

tw
ic

k
lu

n
g

g
o
n
d
e
lb

a
s
ie

rt
e
r

L
id

a
r-

T
e
c
h
n
o
lo

g
ie

n
fü
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l 

as
 

fa
ilu

re
s 

of
 

sc
ou

r 
pr

ot
ec

tio
n 

as
 

D
ET

EC
TI

N
G

 C
R

IT
IC

A
L 

SC
O

U
R

 D
EV

EL
O

PM
EN

TS
 

A
T 

M
O

N
O

PI
LE

 F
O

U
N

D
A

TI
O

N
S 

U
N

D
ER

 O
PE

R
A

TI
N

G
 

C
O

N
D

IT
IO

N
S 

Ja
nn

is
 W

ei
ne

rt 
R

am
bo

ll 
W

in
da  a

nd
 S

tu
ttg

ar
t W

in
d 

En
er

gy
b ,  

no
w

 L
ou

gh
bo

ro
ug

h 
U

ni
ve

rs
ity

 
J.

W
ei

ne
rt@

lb
or

o.
ac

.u
k 

U
rs

ul
a 

Sm
ol

ka
 

R
am

bo
ll 

W
in

da 

U
rs

ul
a.

Sm
ol

ka
@

ra
m

bo
ll.

co
m

 

Bj
ör

n 
Sc

hü
m

an
n 

R
am

bo
ll 

W
in

da  
Po

 W
en

 C
he

ng
 

St
ut

tg
ar

t W
in

d 
En

er
gy

b  

a : R
am

bo
ll 

W
in

d,
 S

ta
dt

de
ic

h 
7,

 2
00

97
 H

am
bu

rg
, G

er
m

an
y 

b : S
tu

ttg
ar

t W
in

d 
En

er
gy

, U
ni

ve
rs

ity
 o

f S
tu

ttg
ar

t, 
A

llm
an

dr
in

g 
5b

, 7
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 S

tu
ttg

ar
t, 

G
er

m
an

y 
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m
on

ito
rin

g 
ap

pr
oa

ch
es

 th
at

 r
el

at
e 

di
re

ct
ly

 to
 th

e 
lim

it 
st

at
e 

fo
rm

ul
at

io
ns

 o
f t

he
 d

es
ig

n.
 T

o 
as

se
ss

 
th

e 
st

ru
ct

ur
al

 
re

sp
on

se
 

un
de

r 
sc

ou
rin

g 
qu

an
tit

at
iv

el
y,

 
de

ta
ile

d 
lo

ad
 

an
d 

na
tu

ra
l 

fre
qu

en
cy

 
ca

lc
ul

at
io

ns
 

ar
e 

pe
rfo

rm
ed

 
as

 
de

sc
rib

ed
 b

el
ow

. 

Th
e 

so
ftw

ar
e 

us
ed

 f
or

 t
he

 s
im

ul
at

io
n 

st
ud

y 
is

 
R

am
bo

ll 
O

ffs
ho

re
 S

tru
ct

ur
e 

An
al

ys
is

 P
ro

gr
am

s 
(R

O
SA

P)
, a

 to
ol

 p
ac

ka
ge

 o
f p

ro
gr

am
s 

to
 d

es
ig

n 
an

d 
op

tim
iz

e 
of

fs
ho

re
 s

tru
ct

ur
es

. 
Th

e 
co

re
 o

f 
R

O
SA

P 
is

 a
 f

in
ite

-e
le

m
en

t-b
as

ed
 p

ro
gr

am
 f

or
 

st
at

ic
 a

nd
 d

yn
am

ic
 a

na
ly

si
s 

of
 s

pa
tia

l 
fra

m
es

, 
tru

ss
 s

tru
ct

ur
es

 a
nd

 p
ip

in
g 

sy
st

em
s.

 T
he

 s
up

po
rt 

st
ru

ct
ur

e 
an

d 
th

e 
ro

to
r-

na
ce

lle
 

as
se

m
bl

y 
ar

e 
m

od
el

le
d 

in
 R

O
SA

P 
as

 m
as

se
s,

 m
om

en
ts

 o
f 

in
er

tia
 a

nd
 e

cc
en

tri
ci

tie
s.

 E
le

m
en

ts
 a

re
 d

ef
in

ed
 

as
 

Ti
m

os
he

nk
o 

be
am

s 
co

ns
id

er
in

g 
sh

ea
r 

de
fo

rm
at

io
ns

. 
Th

e 
so

il 
re

si
st

an
ce

 a
nd

 s
tif

fn
es

s 
ar

e 
im

pl
em

en
te

d 
as

 a
 n

on
-li

ne
ar

 s
pr

in
g 

m
od

el
 

ac
co

rd
in

g 
to

 
Am

er
ic

an
 

Pe
tro

le
um

 
In

st
itu

te
’s

 
st

an
da

rd
 fo

r 
de

si
gn

in
g 

of
 o

ffs
ho

re
 s

tru
ct

ur
es

 [7
]. 

N
at

ur
al

 f
re

qu
en

cy
 c

al
cu

la
tio

ns
 c

on
si

de
r 

ad
de

d 
w

at
er

 m
as

se
s 

fo
r 

al
l 

st
ru

ct
ur

al
 p

ar
ts

. 
M

ar
in

e 
gr

ow
th

 a
nd

 c
or

ro
si

on
 c

an
 b

e 
im

pl
em

en
te

d 
an

d 
ev

al
ua

te
d.

 

A 
se

ns
iti

vi
ty

 s
tu

dy
 o

f 
th

e 
na

tu
ra

l 
fre

qu
en

cy
 i

s 
co

nd
uc

te
d 

w
ith

 t
he

 N
at

ur
al

 F
re

qu
en

cy
 A

na
ly

si
s 

(N
FA

) 
to

ol
 o

f 
R

O
SA

P,
 i

n 
or

de
r 

to
 e

va
lu

at
e 

th
e 

im
pa

ct
 o

f 
ot

he
r 

en
vi

ro
nm

en
ta

l 
pa

ra
m

et
er

s 
on

 
gl

ob
al

 
na

tu
ra

l 
fre

qu
en

cy
 

th
en

 
th

e 
sc

ou
r. 

A
 

ba
se

lin
e 

sc
en

ar
io

 i
s 

de
fin

ed
 f

or
 s

co
ur

 d
ep

th
, 

m
ar

in
e 

gr
ow

th
, c

or
ro

si
on

 a
nd

 w
at

er
 le

ve
l. 

Th
es

e 
pa

ra
m

et
er

s 
ar

e 
in

di
vi

du
al

ly
 v

ar
ie

d 
up

 to
 e

xt
re

m
e 

va
lu

es
. 

Th
e 

im
pa

ct
 o

f s
co

ur
 is

 e
va

lu
at

ed
 w

ith
 U

LS
, F

LS
, 

SL
S 

an
d 

N
FA

 c
he

ck
s 

w
ith

 c
on

ce
pt

 s
tu

dy
 d

et
ai

l 
ac

co
rd

in
g 

to
 c

ur
re

nt
 g

ui
de

lin
es

. 
In

 t
he

 s
co

pe
 o

f 
th

is
 

re
se

ar
ch

 
w

or
k,

 
di

st
rib

ut
ed

 
hy

dr
od

yn
am

ic
 

lo
ad

s 
ar

e 
co

m
bi

ne
d 

w
ith

 
co

nc
en

tra
te

d 
lo

ad
s 

fro
m

 t
he

 w
in

d 
tu

rb
in

e 
fo

r 
ul

tim
at

e 
an

d 
fa

tig
ue

 
lo

ad
in

g 
ca

lc
ul

at
io

ns
. 

D
iff

er
en

t 
sc

ou
r 

de
pt

hs
 a

re
 

in
ve

st
ig

at
ed

. 

Th
e 

de
si

gn
 f

at
ig

ue
 u

nc
er

ta
in

ty
 i

s 
ev

al
ua

te
d 

by
 

re
ru

ns
 o

f F
LS

 s
im

ul
at

io
ns

 w
ith

 v
ar

ie
d 

se
tti

ng
s.

 

A 
m

on
op

ile
 d

es
ig

n 
of

 a
n 

up
-to

-d
at

e 
pr

oj
ec

t w
ith

 
a 

la
rg

e 
tu

rb
in

e 
w

ith
 >

5 
M

W
 p

ow
er

 a
nd

 a
 d

ee
p 

w
at

er
 s

ite
 i

s 
us

ed
 f

or
 t

hi
s 

re
se

ar
ch

 (
D

es
ig

n 
I).

 
Ad

di
tio

na
lly

, 
va

lid
at

io
ns

 
ha

ve
 

be
en

 
do

ne
 

fo
r 

U
LS

, 
FL

S,
 

SL
S 

an
d 

N
FA

 
ca

lc
ul

at
io

ns
 

fo
r 

a 
se

co
nd

 re
al

is
tic

 m
on

op
ile

 d
es

ig
n 

(D
es

ig
n 

II)
 w

ith
 

a 
di

ffe
re

nt
 s

pe
ci

fic
 w

at
er

 d
ep

th
 a

nd
 m

ou
nt

ed
 

tu
rb

in
e 

ty
pe

. 

4 
N

at
ur

al
 fr

eq
ue

nc
y 

as
 s

co
ur

 
in

di
ca

to
r 

Th
e 

N
FA

 
ca

lc
ul

at
io

ns
 

co
nf

irm
 

th
e 

co
rr

el
at

io
n 

be
tw

ee
n 

na
tu

ra
l 

fre
qu

en
cy

 
an

d 
de

ve
lo

pi
ng

 
sc

ou
r. 

In
 F

ig
ur

e 
1 

th
e 

no
rm

al
iz

ed
 v

al
ue

s 
of

 t
he

 
fir

st
 g

lo
ba

l n
at

ur
al

 fr
eq

ue
nc

y 
ag

ai
ns

t n
or

m
al

iz
ed

 
sc

ou
r 

de
pt

h 
ar

e 
vi

su
al

iz
ed

 f
or

 d
es

ig
ns

 I
 a

nd
 I

I. 
Se

le
ct

ed
 

re
su

lts
 

of
 

ot
he

r 
na

tu
ra

l 
fre

qu
en

cy
 

ca
lc

ul
at

io
ns

 f
or

 s
co

ur
 a

t 
m

on
op

ile
s 

fro
m

 [
8]

, 
[9

] 
an

d 
[1

0]
 a

re
 a

dd
ed

. T
he

 fr
eq

ue
nc

y 
re

du
ct

io
n 

by
 

sc
ou

rin
g 

is
 

of
 

di
st

in
ct

ly
 

di
ffe

re
nt

 
si

ze
s 

fo
r 

di
ffe

re
nt

 d
es

ig
ns

. 

se
rv

ic
ea

bi
lit

y 
lim

it 
st

at
e.

 A
 c

om
m

on
 c

rit
er

io
n 

fo
r 

th
e 

al
lo

w
ed

 
sc

ou
r 

de
pt

h 
re

la
te

s 
to

 
th

e 
pi

le
 

di
am

et
er

 a
t 

m
ud

lin
e 

D
 a

nd
 c

an
 b

e 
es

tim
at

ed
 

ac
co

rd
in

g 
to

 d
es

ig
n 

gu
id

el
in

es
 (
𝑆𝑆𝑆𝑆

<
1.

3 
𝐷𝐷𝐷𝐷

 [
4]

). 
Th

er
e 

ar
e 

se
ve

ra
l 

ap
pr

oa
ch

es
 t

o 
m

ea
su

re
 t

he
 

sc
ou

r 
de

pt
h 

di
re

ct
ly

 v
ia

 o
pt

ic
al

 m
et

ho
ds

 o
r 

flo
at

-
ou

t d
ev

ic
es

. N
o 

ot
he

r 
ef

fe
ct

 b
es

id
es

 s
co

ur
in

g 
or

 
se

ab
ed

 m
ov

em
en

t 
is

 k
no

w
n 

to
 a

ffe
ct

 t
he

 s
co

ur
 

de
pt

h.
 

Th
e 

fir
st

 
gl

ob
al

 
na

tu
ra

l 
fre

qu
en

cy
 
𝑓𝑓𝑓𝑓 0

 
w

ill
 

de
cr

ea
se

 d
ue

 t
o 

in
cr

ea
se

d 
sc

ou
rin

g,
 le

ad
in

g 
to

 
ch

an
ge

d 
fa

tig
ue

 li
fe

 c
on

su
m

pt
io

n 
(li

nk
ed

 to
 F

LS
) 

an
d 

un
fa

vo
ur

ab
le

 r
es

on
an

ce
 e

ffe
ct

s.
 T

he
re

 a
re

 
no

 
un

iv
er

sa
l 

up
pe

r 
or

 
lo

w
er

 
bo

un
ds

 
de

fin
ed

 
fo

r 𝑓𝑓𝑓𝑓
0,

 b
ut

 th
e 

fre
qu

en
cy

 s
ho

ul
d 

no
t c

oi
nc

id
e 

w
ith

 
ex

ci
ta

tio
n 

fre
qu

en
ci

es
. 

G
er

m
an

is
ch

er
 

Ll
oy

d 
re

co
m

m
en

ds
 in

 it
s 

gu
id

el
in

e 
[5

] t
ha

t t
he

 ra
tio

 o
f a

 
ro

to
r-

in
du

ce
d 

ex
ci

ta
tio

n 
to

 o
ne

 o
f 

th
e 

na
tu

ra
l 

fre
qu

en
ci

es
 o

f 
th

e 
to

w
er

 s
ha

ll 
no

t 
be

 b
et

w
ee

n 
0.

95
 

an
d 

1.
05

. 
N

at
ur

al
 

fre
qu

en
ci

es
 

ca
n 

be
 

as
se

ss
ed

 
by

 
m

ea
su

rin
g 

ac
ce

le
ra

tio
ns

 
an

d 
pe

rfo
rm

in
g 

m
od

al
 a

na
ly

si
s 

[6
]. 
𝑓𝑓𝑓𝑓 0

 is
 a

ffe
ct

ed
 b

y 
an

y 
st

iff
ne

ss
 o

r m
as

s 
ch

an
ge

 o
f t

he
 s

ys
te

m
, e

.g
. 

m
or

e 
m

as
s 

du
e 

to
 m

ar
in

e 
gr

ow
th

, l
es

s 
m

as
s 

an
d 

st
iff

ne
ss

 
du

e 
to

 
co

rr
os

io
n,

 
m

or
e 

or
 

le
ss

 
os

ci
lla

tin
g 

ad
de

d  
w

at
er

 m
as

s 
du

e 
to

 c
ha

ng
in

g 
w

at
er

 le
ve

ls
 o

r 
a 

st
iff

ne
ss

 r
ed

uc
tio

n 
as

 r
es

ul
t 

of
 

so
il 

de
gr

ad
at

io
n.

 F
ur

th
er

m
or

e,
 s

tif
fn

es
s 

ch
an

ge
s 

m
ay

 o
cc

ur
 in

 a
 g

ro
ut

ed
 c

on
ne

ct
io

n,
 a

s 
re

su
lt 

of
 

cr
ac

ks
 o

r o
th

er
 s

tru
ct

ur
al

 e
ffe

ct
s .

 

Th
e 

pi
le

 h
ea

d 
ro

ta
tio

n 
at

 m
ud

lin
e 
𝜑𝜑𝜑𝜑

he
ad

 in
cr

ea
se

s 
w

ith
 in

cr
ea

si
ng

 s
co

ur
 a

nd
 is

 d
ire

ct
ly

 li
nk

ed
 w

ith
 

th
e 

SL
S.

 
Th

e 
cr

ite
rio

n 
𝜑𝜑𝜑𝜑

he
ad

<
0.

25
° 

fo
r 

th
e 

pe
rm

an
en

t 
ac

cu
m

ul
at

ed
 r

ot
at

io
n 

is
 li

st
ed

 a
s 

an
 

ex
am

pl
e 

in
 

th
e 

D
N

V 
gu

id
el

in
e 

[4
] 

as
 

a 
se

rv
ic

ea
bi

lit
y 

cr
ite

rio
n 

an
d 

is
 u

su
al

ly
 d

ef
in

ed
 b

y 
th

e 
tu

rb
in

e 
m

an
uf

ac
tu

re
r. 

M
ea

su
re

m
en

t 
of

 t
he

 
no

n-
pe

rm
an

en
t 

ro
ta

tio
n 

ca
n 

pr
ov

id
e 

an
 

in
di

ca
tio

n 
fo

r t
he

 lo
ss

 o
f e

qu
ilib

riu
m

 a
nd

 v
io

la
tio

n 
of

 t
he

 u
lti

m
at

e 
lim

it 
st

at
e.

 T
he

 p
ile

 r
ot

at
io

n 
m

ay
 

be
 m

ea
su

re
d 

by
 a

n 
in

cl
in

om
et

er
 a

t 
m

ud
lin

e.
 

Si
m

ila
r c

rit
er

ia
 fo

r t
he

 o
ve

rtu
rn

in
g 

ris
k 

as
 th

e 
lo

ss
 

of
 v

er
tic

al
 t

an
ge

nt
, 

ze
ro

-to
e-

ki
ck

 a
nd

 m
ax

im
al

 
di

sp
la

ce
m

en
t 

at
 

m
ud

lin
e 

[5
] 

ar
e 

ha
rd

er
 

to
 

m
ea

su
re

. S
oi

l d
eg

ra
da

tio
n 

an
d 

th
e 

lo
ad

 in
te

ns
ity

 
ca

n 
af

fe
ct

 th
e 

pi
le

 ti
lt 

be
si

de
s 

sc
ou

rin
g.

 

Fa
tig

ue
 

da
m

ag
e 

as
 

a 
re

su
lt 

of
 

ac
cu

m
ul

at
ed

 
cy

cl
ic

 lo
ad

in
g 

ch
an

ge
s 

as
 th

e 
sc

ou
r 

ho
le

 a
ffe

ct
s 

th
e 

gl
ob

al
 n

at
ur

al
 f

re
qu

en
cy

. 
Th

e 
st

re
ss

 c
yc

le
s 

ad
di

ng
 u

p 
to

 a
 D

am
ag

e 
E

qu
iv

al
en

t 
Lo

ad
 (

D
EL

) 
at

 s
el

ec
te

d 
ho

t 
sp

ot
s 

ca
n 

be
 d

ire
ct

ly
 m

ea
su

re
d 

w
ith

 
st

ra
in

 
ga

ug
es

 
an

d 
su

bs
eq

ue
nt

 
ra

in
flo

w
 

co
un

tin
g.

 T
he

 D
EL

 re
la

te
 to

 th
e 

fa
tig

ue
 li

m
it 

st
at

e 
vi

a 
th

e 
m

at
er

ia
l 

S-
N

 
cu

rv
e.

 
Th

e 
D

EL
 

is
 

in
su

ffi
ci

en
t 

fo
r 

th
e 

de
te

ct
io

n 
of

 c
rit

ic
al

 s
co

ur
in

g 
as

 a
 n

um
be

r 
of

 e
nv

iro
nm

en
ta

l 
an

d 
op

er
at

io
na

l 
pa

ra
m

et
er

s 
ha

ve
 

an
 

im
pa

ct
 

on
 

th
e 

cy
cl

ic
 

lo
ad

in
g.

 

To
 s

um
 u

p,
 n

on
e 

of
 t

he
 p

re
se

nt
ed

 v
al

ue
s 

is
 

so
le

ly
 c

ap
ab

le
 o

f 
sa

tis
fy

in
g 

al
l r

eq
ui

re
m

en
ts

 s
et

 
ou

t f
or

 a
 c

rit
ic

al
 s

co
ur

 in
di

ca
to

r. 
 

3 
Si

m
ul

at
io

n 
st

ud
y 

Th
e 

ef
fe

ct
s 

of
 s

co
ur

in
g 

on
 t

he
 l

im
it 

st
at

es
 a

re
 

m
an

ifo
ld

. 
As

 a
rg

ue
d 

ab
ov

e,
 a

 s
co

ur
 i

nd
ic

at
or

 
ca

nn
ot

 b
e 

ba
se

d 
on

 a
 s

in
gl

e 
m

ea
su

re
m

en
t 

bu
t 

re
qu

ire
s 

a 
co

m
bi

na
tio

n 
of

 d
iff

er
en

t 
fa

vo
ur

ab
le

 

In
di

ca
to

r 
C

rit
ic

al
ity

 
Th

re
sh

ol
d 

M
ea

su
ra

bi
lit

y 
U

ni
qu

en
es

s 

𝑆𝑆𝑆𝑆 
 

N
on

e 
1.

3 
D

 
(d

es
ig

n)
 

So
na

r, 
ra

da
r, 

flo
at

-o
ut

 
de

vi
ce

s 
Ye

s 

𝑓𝑓𝑓𝑓 0
  

R
es

on
an

ce
 

(fa
tig

ue
) 

±5
%
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st
or

s 
an

d 
de

ve
lo
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y 

ev
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d 

pr
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P
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e 
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st
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er
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t 
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 o
f 

el
ec
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en
er
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ed

 b
y 
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w
in
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 c
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ffs
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, 
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m
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e 
ex
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e 
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e 
w

in
d)

 
[1

]. 
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r t
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du
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 e
xt
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 c
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t, 
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e 

im
pa
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 s
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e 
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iti

ca
l f
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 (e
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. f
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 o

f 
w
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d 

tu
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, 
w
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er

 d
ep

th
, 
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e 
pa
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le
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tim
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, 

w
ea
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er
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iti
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s)

 
on

 
of
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d 

pr
oj

ec
t 
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ne

ed
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 b

e 
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r 
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 p
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, 
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e 
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ta
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A

P
E

X)
, 

op
er

at
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g 
ex

pe
nd

itu
re

 
(O
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X)

 
an

d 
th

e 
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ve
liz
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f e

ne
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y 
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C
O

E
) m
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t b
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ca
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at
ed
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co
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l 
th
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pr

oj
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t’s
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e 
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m
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e 
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e-
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ve
lo
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en

t 
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e 
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co
m

m
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in
g 
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e 
[2

]. 
 

Th
e 
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e 
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e 
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C
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m
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g 
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d 
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w
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d 
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sy
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s 
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re
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e 
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er
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ga
ni
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ns
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n 

W
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E
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W
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at
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 s
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 2.

2.
2.

 S
up

po
rt 

st
ru

ct
ur

es
 

Th
e 

co
st

 o
f a

 s
up

po
rt 

st
ru

ct
ur

e 
is

 d
iv

id
ed

 
in

to
 tw

o 
pa

rts
, o

ne
 fo

r m
at

er
ia

l c
os

ts
 (

C
ss

-

m
at
) 

an
d 

an
ot

he
r 

on
e 

fo
r 

tra
ns

po
rt 

an
d 

in
st

al
la

tio
n 

(C
ss

-tr
an

s)
. T

hu
s,

 
C

S
S
 =

 (C
ss

-m
at
 +

 C
ss

-tr
an

s) 
× 

N
W

T.
   

(1
3)

 
D

ic
or

at
o 

et
 a

l. 
[1

3]
 m

od
el

le
d 

th
e 

co
st

 o
f 

m
at

er
ia

ls
 u

se
d 

fo
r a

 s
up

po
rt 

st
ru

ct
ur

e 
by

: 
C

ss
-m

at
=3

39
,2

00
×P

R
×(

1+
0.

02
×(

W
D

-8
)) 

   
 

 
 

 


 
 


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


5
2

6
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2
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1

d
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,(1
4)

 

w
he

re
 h

 a
nd

 d
 r

ep
re

se
nt

 t
he

 h
ub

 h
ei

gh
t 

an
d 

th
e 

ro
to

r d
ia

m
et

er
 o

f a
 w

in
d 

tu
rb

in
e 

in
 

m
et

er
, r

es
pe

ct
iv

el
y.

 
2.

2.
3.

 P
ow

er
 tr

an
sm

is
si

on
 s

ys
te

m
 

Th
e 

po
w

er
 

tra
ns

m
is

si
on

 
sy

st
em

 
is

 
co

m
po

se
d 

of
 a

 n
um

be
r 

of
 c

ab
le

s 
th

at
 

co
nn

ec
t 

w
in

d 
tu

rb
in

es
 t

o 
th

e 
gr

id
 a

nd
 

on
sh

or
e/

of
fs

ho
re

 s
ub

st
at

io
ns

. S
o,

 
C

P
TS

 =
 C

ca
bl

es
 +

 C
of

-s
ub

s 
+ 

C
on

-s
ub

s .
   

(1
5)

 
Th

e 
ca

bl
es

 u
se

d 
fo

r 
po

w
er

 t
ra

ns
m

is
si

on
 

fro
m

 o
ffs

ho
re

 w
in

d 
fa

rm
s 

ar
e 

di
vi

de
d 

in
to

 
th

re
e 

pa
rts

: 
in

te
r-a

rra
y 

(i=
1)

, 
ex

po
rt 

(i=
2)

 
an

d 
on

sh
or

e 
(i=

3)
. 

Th
e 

ca
bl

e 
co

st
 f

or
 

ea
ch

 p
ar

t c
an

 b
e 

ca
lc

ul
at

ed
 b

y 
pr

od
uc

t o
f 

th
e 

pr
ic

e 
of

 u
ni

t l
en

gt
h 

of
 c

ab
le

 (C
ca

bl
e-

un
it)

, 
nu

m
be

r 
of

 l
in

es
 (

N
lin

es
) 

an
d 

th
e 

av
er

ag
e 

le
ng

th
 o

f e
ac

h 
lin

e 
(L

). 
S

o,
 

C
ca

bl
es

 =
 

pr
ot

ec
tio

n

3 1
lin

es
ni

t
ca

bl
e

C
N

L
C





 


i

i
i

i
u

  ,(
16

) 

w
he

re
 

C
pr

ot
ec

tio
n 

re
pr

es
en

ts
 

th
e 

ca
bl

e 
pr

ot
ec

tio
n 

co
st

 w
hi

ch
 v

ar
ie

s 
de

pe
nd

in
g 

on
 

th
e 

nu
m

be
r 

of
 w

in
d 

tu
rb

in
es

 in
st

al
le

d.
 I

n 
th

is
 s

tu
dy

, 
a 

lin
ea

r 
re

gr
es

si
on

 m
od

el
 i

s 
ap

pl
ie

d 
on

 o
ur

 d
at

as
et

 a
nd

 t
he

 c
os

t 
of

 
of

fs
ho

re
 s

ub
st

at
io

n 
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 e
st

im
at

ed
 a

s 
fo

llo
w

: 
C

of
-s

ub
s 
= 

58
3,

30
0 +

 10
7,

90
0 

× 
IC

 ; 
 

fo
r  

  I
C

≥1
00

 M
W

.  
   

   
   

(1
7)

 
Fi
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lly

, 
th

e 
co
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f 
on

sh
or

e 
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ta

tio
n 

is
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ns

id
er

ed
 to

 b
e 

ha
lf 

of
 th

e 
C

of
-s

ub
s 
[6

, 1
1]

, 
i.e

., 

C
on

-s
ub

s 
 

 C
of

-s
ub

s /
2 

.  
   

   
   

 (1
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2.
2.

4.
 M

on
ito

rin
g 

sy
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em
 

Th
e 

co
st

 
of

 
S

C
AD

A
 

an
d 
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nd

iti
on

 
m

on
ito

rin
g 

sy
st

em
s 

(C
M

S
s)

 
fo

r 
an

 
of

fs
ho

re
 

w
in

d 
fa

rm
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pe

nd
s 

on
 

th
e 

nu
m

be
r 

of
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in
d 

tu
rb

in
es
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ns

ta
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d 
[1
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. 

Th
en

, 
C

m
on

ito
rin

g 
= 

 (C
S

C
A

D
A 

+ 
C

C
M

S
) ×

 N
W

T 
.  

 (1
9)

 
w
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C

S
C

A
D

A
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d 

C
C

M
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 C
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S 
fo

r a
 w

in
d 

tu
rb

in
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3.
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la
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n 
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d 
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m

m
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g 
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C
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l 
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 c
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d 
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s 
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os
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C
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 c
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C
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m
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, 
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m

m
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g 

of
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d 
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d 
el
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l 
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 (

C
co

m
m
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an

d 
th

e 
co

ns
tru
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n 
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C
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en
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 C
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 c
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 f
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 p
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 m
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 t
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 C
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 d
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 
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ra
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 p
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 c
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t 

an
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C

) 
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 c
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P
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 C
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oj
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 C
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l c
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 C
le

ga
l =

 0
.0

01
3 

× 
C

AP
E

X.
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 C
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 m
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i.e

., 
C

en
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ne
ar

 
fu

nc
tio

n 
of

 th
e 

in
st

al
le

d 
ca

pa
ci

ty
 a

s 
fo

llo
w

: 
C

en
g-

m
ai

n 
=C

ba
se

 +
 C

en
g-

un
it 

× 
IC

.  
   

  (
7)

 
2.

1.
5.

 C
on

tin
ge

nc
ie

s 
Th

e 
co

nt
in

ge
nc

y 
co

st
 

is
 

co
ns

id
er

ed
 

ar
ou

nd
 1

0%
 o

f C
A

P
E

X 
[1

2]
, i

.e
., 

C
co

nt
in

ge
nc

y =
 0

.1
 ×

 C
A

PE
X.

   
   

   
(8

) 
2.

2.
 

P
ro

du
ct

io
n 

an
d 

ac
qu

is
iti

on
 (P

&A
) 

Th
e 

P
&

A
 

co
st

 
in

cl
ud

es
 

al
l 

co
st

s 
as

so
ci

at
ed

 w
ith

 t
he

 p
ro

cu
re

m
en

t 
of

 w
in

d 
tu

rb
in

es
 (

C
W

T)
, 

su
pp

or
t 

st
ru

ct
ur

es
 (

C
S

S
), 

po
w

er
 t

ra
ns

m
is

si
on

 s
ys

te
m

 (
C

P
TS

), 
an

d 
th

e 
m

on
ito

rin
g 

sy
st

em
 (C

m
on

ito
rin

g)
. T

he
n,

 
C

P
&

A 
= 

C
W

T 
+ 

C
S

S 
+ 

C
PT

S
 +

 C
m

on
ito

rin
g. 

(9
) 

2.
2.

1.
 W

in
d 

tu
rb

in
es

 
Th

e 
to

ta
l 

co
st

 o
f 

pr
oc

ur
em

en
t 

of
 w

in
d 

tu
rb

in
es

 is
 d

es
cr

ib
ed

 a
s 

a 
fu

nc
tio

n 
of

 th
e 

nu
m

be
r 

of
 w

in
d 

tu
rb

in
es

 b
ei

ng
 i

ns
ta

lle
d 

(N
W

T)
 a

s 
fo

llo
w

s:
 

C
W

T 
= 

(C
w

t-m
at

 +
 C

w
t-t

ra
ns

) ×
 N

W
T 
,  

  (
10

) 
w

he
re

 
C

w
t-m

at
 

re
pr

es
en

ts
 

th
e 

m
at

er
ia

l 
co

st
s 

of
 

a 
w

in
d 

tu
rb

in
e 

w
ith

 
al

l 
its

 
co

ns
tit

ue
nt

 s
ub

-s
ys

te
m

s,
 a

nd
 C

w
t-t

ra
ns

 i
s 

th
e 

tra
ns

po
rta

tio
n 

co
st

 o
f 

a 
w

in
d 

tu
rb

in
e 

fro
m

 m
an

uf
ac

tu
rin

g 
lo

ca
tio

n 
to

 in
st

al
la

tio
n 

si
te

. T
he

 c
os

t o
f m

at
er

ia
ls

 d
ep

en
ds

 o
n 

th
e 

no
m

in
al

 w
in

d 
tu

rb
in

e 
po

w
er

 r
at

in
g 

(P
R

) 
an

d 
is

 m
od

el
le

d 
by

:  
C

w
t-m

at
 =

 3
,0

00
,0

00
 × 

Ln
(P

R
)–

66
2,

40
0.

 (1
1)

 
Th

e 
tra

ns
po

rta
tio

n 
co

st
 o

f 
a 

w
in

d 
tu

rb
in

e 
is

 c
al

cu
la

te
d 

by
 m

ul
tip

ly
in

g 
th

e 
av

er
ag

e 
ve

ss
el

-d
ay

 
re

qu
ire

d 
(N

v-
d)

 
by

 
th

e 
da

ily
 

ra
te

 o
f h

iri
ng

 a
 v

es
se

l (
V

r),
 i.

e.
, 

C
w

t-t
ra

ns
 =

 N
v-

d 
×V

r. 
   

   
   

   
(1

2)
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6 
 re

pr
es

en
t t

he
 n

um
be

r o
f c

om
po

ne
nt

s 
in

 a
 

w
in

d 
tu

rb
in

e 
sy

st
em

 a
nd

 d
en

ot
e 

by
 C

C
M

 
j 

th
e 

co
st

 o
f 

pe
rfo

rm
in

g 
a 

C
M

 a
ct

io
n 

fo
r 

co
m

po
ne

nt
 j 

(=
1,

 2
, …

,n
). 

Th
en

, 
C

C
M

 j 
 =

 C
tra

ns
 j +

 C
la

bo
ur

 j +
 C

 co
ns

um
 j, 

 (3
0)

 
w

he
re

 
C

tra
ns

 
j, 

C
la

bo
ur

 
j 

an
d 

C
co

ns
um

 
j 

re
pr

es
en

t 
re

sp
ec

tiv
el

y 
th

e 
tra

ns
po

rta
tio

n 
co

st
, 

m
ai

nt
en

an
ce

 
la

bo
ur

 
co

st
 

an
d 

co
ns

um
ab

le
s 

co
st

. I
n 

or
de

r 
to

 r
ed

uc
e 

th
e 

co
st

s 
of

 
C

M
, 

tw
o 

pr
oa

ct
iv

e 
st

ra
te

gi
es

, 
na

m
el

y 
sc

he
du

le
d 

m
ai

nt
en

an
ce

 (S
M

) a
nd

 
co

nd
iti

on
-b

as
ed

 m
ai

nt
en

an
ce

 (
C

B
M

) 
ar

e 
em

pl
oy

ed
 b

y 
w

in
d 

fa
rm

 m
an

ag
er

s.
 U

nd
er

 
S

M
, 

th
e 

re
pa

ir 
ta

sk
s 

ar
e 

un
de

rta
ke

n 
at

 
pr

ed
et

er
m

in
ed

 r
eg

ul
ar

 in
te

rv
al

s,
 b

ut
 C

B
M

 
ac

tiv
iti

es
 a

re
 i

ni
tia

te
d 

in
 r

es
po

ns
e 

to
 a

 
sp

ec
ifi

c 
sy

st
em

 
co

nd
iti

on
 

(e
.g

. 
te

m
pe

ra
tu

re
, v

ib
ra

tio
n,

 n
oi

se
) [

17
]. 

Le
t λ

j r
ep

re
se

nt
 th

e 
an

nu
al

 f
ai

lu
re

 r
at

e 
of

 
co

m
po

ne
nt

 
j 

an
d 

0<
 

P
d 

<1
 

be
 

th
e 

pr
ob

ab
ilit

y 
th

at
 a

n 
ev

en
t c

an
 b

e 
de

te
ct

ed
 

at
 a

 re
as

on
ab

ly
 lo

ng
 ti

m
e 

ah
ea

d 
of

 fa
ilu

re
 

oc
cu

rre
nc

e.
 

Th
us

, 
th

e 
an

nu
al

 
di

re
ct

 
m

ai
nt

en
an

ce
 c

os
t 

fo
r 

a 
w

in
d 

tu
rb

in
e 

ca
n 

be
 e

xp
re

ss
ed

 b
y:

 
C

M
-d

ire
ct

  =
  

SM
1

1
C

M
C

λ
C

λ
)

1(













n j
j

d

n j
j

d
P

P
j

,  
(3

1)
 

w
he

re
 

C
S

M
 

re
pr

es
en

ts
 

th
e 

di
re

ct
 

co
st

 
co

rre
sp

on
di

ng
 

to
 

a 
sc

he
du

le
d 

m
ai

nt
en

an
ce

 a
ct

io
n.

 
2.

4.
2.

2.
 

In
di

re
ct

 m
ai

nt
en

an
ce

 c
os

t 
In

di
re

ct
 m

ai
nt

en
an

ce
 c

os
t 

co
ns

is
ts

 o
f 

th
e 

co
st

 o
f 

ac
tiv

iti
es

 t
ha

t 
ar

e 
un

de
rta

ke
n 

to
 

m
ai

nt
ai

n 
th

e 
di

re
ct

 
ef

fo
rt 

in
vo

lv
ed

 
in

 
pr

ov
id

in
g 

re
pa

ir 
se

rv
ic

es
. 

Th
e 

in
di

re
ct

 
m

ai
nt

en
an

ce
 c

os
t 

is
 e

xp
re

ss
ed

 b
y 

th
e 

fo
llo

w
in

g 
E

qu
at

io
n:

 
C

M
-in

di
re

ct
 =

 C
in

d-
po

rt 
+C

in
d-

ve
s +

C
in

d-
la

bo
ur

, (
32

) 
w

he
re

 
C

in
d-

po
rt,

 
C

in
d-

ve
s 

an
d 

C
in

d-
la

bo
ur

 
re

pr
es

en
t, 

re
sp

ec
tiv

el
y,

 
th

e 
po

rt 
fe

es
, 

ve
ss

el
-h

iri
ng

 
co

st
s 

an
d 

m
ai

nt
en

an
ce

 
la

bo
ur

 c
os

ts
.  

2.
5.

 
D

ec
om

m
is

si
on

in
g 

an
d 

di
sp

os
al

 
(D

&
C

) 
Th

e 
w

in
d 

tu
rb

in
es

 a
t 

th
e 

en
d 

of
 t

he
ir 

an
tic

ip
at

ed
 

op
er

at
io

na
l 

lif
e 

ar
e 

de
co

m
m

is
si

on
ed

, 
th

e 
w

in
d 

fa
rm

 
eq

ui
pm

en
t 

ar
e 

ei
th

er
 

re
m

ov
ed

 
or

 
re

cy
cl

ed
, 

th
e 

of
fs

ho
re

 s
ite

 is
 c

le
ar

ed
 a

nd
 

so
m

e 
po

st
-d

ec
om

m
is

si
on

in
g 

m
on

ito
rin

g 
ac

tiv
iti

es
 a

re
 p

er
fo

rm
ed

. T
he

n,
 

C
D

&
C

 =
 C

de
co

m
 +

 C
W

M
 +

 C
S

C
 +

 C
po

st
M

 ,  
  (

33
) 

w
he

re
 

C
de

co
m

, 
C

W
M
, 

C
S

C
 

an
d 

C
po

st
M

 
re

pr
es

en
t 

th
e 

co
st

s 
as

so
ci

at
ed

 
w

ith
, 

re
sp

ec
tiv

el
y,

 
de

co
m

m
is

si
on

in
g,

 
w

as
te

 
m

an
ag

em
en

t, 
si

te
 

cl
ea

rin
g 

an
d 

po
st

 
m

on
ito

rin
g.

  
2.

5.
1.

 D
ec

om
m

is
si

on
in

g 
Th

e 
de

co
m

m
is

si
on

in
g 

co
st

 c
on

si
st

s 
of

 th
e 

co
st

s 
as

so
ci

at
ed

 
w

ith
 

po
rt 

pr
ep

ar
at

io
n 

(C
D

&
C

-p
or

t) 
an

d 
re

m
ov

al
 

op
er

at
io

ns
 

(C
re

m
ov

). 
Th

en
, 

C
de

co
m

 =
 C

D
&

C
-p

or
t +

 C
re

m
ov

 .  
   

   
 (3

4)
 

2.
5.

2.
 W

as
te

 m
an

ag
em

en
t 

Th
e 

m
ai

n 
di

sp
os

al
 o

pt
io

ns
 a

va
ila

bl
e 

fo
r 

w
in

d 
fa

rm
 e

le
m

en
ts

 a
re

: 
re

us
e,

 r
ec

yc
le

, 
in

ci
ne

ra
tio

n 
w

ith
 

en
er

gy
 

re
co

ve
ry

, 
an

d 
di

sp
os

al
 

in
 

a 
la

nd
fil

l 
si

te
 

[1
9]

. 
Th

e 
m

at
er

ia
ls

 
m

us
t 

be
 

fir
st

 
pr

oc
es

se
d 

in
to

 
sm

al
le

r 
pi

ec
es

 a
nd

 t
he

n 
tra

ns
po

rte
d 

to
 

pr
ed

et
er

m
in

ed
 l

oc
at

io
ns

 w
hi

ch
 i

nc
ur

 t
he

 
co

st
s 

C
W

-p
ro

c 
 a

nd
 C

W
-tr

an
s, 

re
sp

ec
tiv

el
y.

 A
 

fix
ed

 f
ee

 h
as

 a
ls

o 
to

 b
e 

pa
id

 w
he

n 
th

e 
m

at
er

ia
ls

 a
re

 t
ak

en
 t

o 
a 

la
nd

fil
l 

(C
la

nd
fil

l).
 

Th
en

, 
C

W
M

 =
 C

W
-p

ro
c 
+ 

C
W

-tr
an

s 
+ 

C
la

nd
fil

l –
 S

V
 ,  

(3
5)

 
w

he
re

 
S

V
 

re
pr

es
en

ts
 

th
e 

sa
lv

ag
e 

(re
si

du
al

) 
va

lu
e 

of
 t

he
 d

ec
om

m
is

si
on

ed
 

as
se

ts
.  

2.
5.

2.
1.

 
W

as
te

 p
ro

ce
ss

in
g 

Th
e 

co
st

 o
f 

w
as

te
 p

ro
ce

ss
in

g 
va

rie
s 

in
 

ac
co

rd
an

ce
 w

ith
 t

he
 c

om
pl

ex
ity

 a
nd

 s
iz

e 
of

 c
om

po
ne

nt
s.

 I
n 

th
is

 p
ap

er
, 

C
W

-p
ro

c 
is

 
m

od
el

le
d 

as
 a

 fu
nc

tio
n 

of
 th

e 
to

ta
l w

ei
gh

t 
of

 w
as

te
 m

at
er

ia
l b

ei
ng

 tr
ea

te
d.

 H
en

ce
, 

5 
 co

m
po

ne
nt

s 
in

st
al

le
d,

 is
 d

iv
id

ed
 in

to
 f

ou
r 

pa
rts

: 
fo

un
da

tio
n,

 w
in

d 
tu

rb
in

e,
 o

ffs
ho

re
 

an
d 

on
sh

or
e 

el
ec

tri
ca

l s
ys

te
m

. T
he

n,
 

   
   

 C
I&

C
-c

om
p =

 C
I&

C
-f 

+ 
C

I&
C

-w
t +

  
C

I&
C

-o
fs

ub
s 
+ 

 C
I&

C
-o

ns
ub

s. 
  (

23
) 

2.
3.

3.
 C

om
m

is
si

on
in

g 
B

ef
or

e 
st

ar
tin

g 
up

 a
n 

of
fs

ho
re

 w
in

d 
fa

rm
, 

th
e 

w
in

d 
tu

rb
in

es
, 

el
ec

tri
ca

l 
sy

st
em

s,
 

S
C

A
D

A
 a

nd
 C

M
S

s 
ar

e 
te

st
ed

 t
o 

de
te

ct
 

ea
rly

 f
ai

lu
re

s 
as

 w
el

l 
as

 i
m

pr
ov

in
g 

th
e 

re
lia

bi
lit

y 
[1

4]
. T

he
 c

os
t o

f c
om

m
is

si
on

in
g 

(C
co

m
m

) 
m

ai
nl

y 
co

ns
is

ts
 

of
 

th
e 

co
st

s 
as

so
ci

at
ed

 w
ith

 h
iri

ng
 v

es
se

ls
 a

nd
 c

re
w

 
m

em
be

rs
 

w
hi

ch
 

ca
n 

be
 

ca
lc

ul
at

ed
 

si
m

ila
rly

 a
s 

gi
ve

n 
in

 E
qs

. (
12

) a
nd

 (2
2)

. 
2.

3.
4.

 I
ns

ur
an

ce
 

Th
e 

co
st

 o
f 

in
su

ra
nc

e 
pa

ck
ag

es
 d

ur
in

g 
th

e 
in

st
al

la
tio

n 
an

d 
co

m
m

is
si

on
in

g 
ph

as
e 

of
te

n 
va

rie
s 

in
 

ac
co

rd
an

ce
 

w
ith

 
th

e 
ca

pa
ci

ty
 o

f o
ffs

ho
re

 w
in

d 
fa

rm
: 

C
I&

C
-in

s 
= 

C
in

s-
un

it ×
 IC

,  
   

   
   

(2
4)

 
w

he
re

 C
in

s-
un

it 
re

pr
es

en
ts

 t
he

 i
ns

ur
an

ce
 

co
st

 p
er

 u
ni

t i
ns

ta
lle

d 
ca

pa
ci

ty
 (M

W
). 

2.
4.

 
O

pe
ra

tio
n 

an
d 

m
ai

nt
en

an
ce

 (O
&

M
) 

Th
e 

O
&

M
 c

os
t o

f a
n 

of
fs

ho
re

 w
in

d 
fa

rm
 is

 
di

vi
de

d 
in

to
 

tw
o 

pa
rts

, 
on

e 
fo

r 
th

e 
op

er
at

io
na

l e
xp

en
se

s 
(C

O
) 

an
d 

th
e 

ot
he

r 
on

e 
fo

r 
th

e 
m

ai
nt

en
an

ce
 e

xp
en

se
s 

(C
M
). 

Th
us

, 
C

O
&

M
 =

 C
O

 +
 C

M
 . 

   
   

   
   

  (
25

) 
2 .

4.
1.

 O
pe

ra
tio

n 
Th

e 
op

er
at

io
na

l e
xp

en
se

s 
of

 a
n 

of
fs

ho
re

 
w

in
d 

pr
oj

ec
t 

in
cl

ud
e 

th
e 

re
nt

al
/le

as
e 

pa
ym

en
ts

 (
C

re
nt

), 
in

su
ra

nc
e 

co
st

s 
(C

O
&

M
-

in
s)

 
an

d 
th

e 
tra

ns
m

is
si

on
 

ch
ar

ge
s 

(C
tra

ns
m

is
si

on
). 

Th
us

, 
C

O
 =

 C
re

nt
 +

 C
O

&
M

-in
s 
+ 

C
tra

ns
m

is
si

on
 .  

 (2
6)

 
2.

4.
1.

1.
 

R
en

ta
l (

le
as

e)
 

Th
e 

am
ou

nt
 o

f 
re

nt
al

 f
ee

s 
is

 g
en

er
al

ly
 

ex
pr

es
se

d 
as

 a
 fr

ac
tio

n 
of

 th
e 

w
in

d 
fa

rm
’s

 
re

ve
nu

e.
 W

e 
as

su
m

e 
th

at
 r

en
ta

l c
ha

rg
es

 
ar

e 
ca

lc
ul

at
ed

 u
si

ng
: 

C
re

nt
 =


× 

E
 ×

 P
E

 , 
   

   
   

   
  (

27
) 

w
he

re
 0

<

<1

 i
s 

th
e 

re
nt

al
 p

er
ce

nt
ag

e,
 

an
d 

E
 a

nd
 P

E
 r

es
pe

ct
iv

el
y 

re
pr

es
en

t 
th

e 
am

ou
nt

 o
f 

en
er

gy
 a

nd
 t

he
 a

ve
ra

ge
 p

ric
e 

of
 u

ni
t e

ne
rg

y 
pr

od
uc

ed
 b

y 
w

in
d 

fa
rm

. 
2.

4.
1.

2.
 

In
su

ra
nc

e 
Th

e 
op

er
at

io
na

l 
in

su
ra

nc
e 

pa
ck

ag
es

 a
re

 
co

nt
ra

ct
ed

 in
 o

rd
er

 to
 s

ec
ur

e 
th

e 
of

fs
ho

re
 

w
in

d 
in

fra
st

ru
ct

ur
es

 a
ga

in
st

 d
es

ig
n 

fa
ul

ts
, 

co
llis

io
n 

da
m

ag
es

 o
r 

su
bs

ta
tio

n 
ou

ta
ge

s.
 

Th
e 

co
st

 o
f 

in
su

ra
nc

e 
pa

ck
ag

es
 c

an
 b

e 
ca

lc
ul

at
ed

 s
im

ila
rly

 a
s 

gi
ve

n 
in

 E
q.

 (2
4)

. 
2.

4.
1.

3.
 

Tr
an

sm
is

si
on

 c
ha

rg
es

 
Th

e 
tra

ns
m

is
si

on
 c

ha
rg

es
 a

re
 g

en
er

al
ly

 
de

te
rm

in
ed

 a
cc

or
di

ng
 t

o 
th

e 
ca

pa
ci

ty
 o

f 
w

in
d 

fa
rm

. T
hu

s,
 

C
tra

ns
m

is
si

on
 =

C
tra

ns
m

is
si

on
-u

ni
t ×

 IC
 . 

   
(2

8)
 

w
he

re
 

C
tra

ns
m

is
si

on
-u

ni
t 

re
pr

es
en

ts
 

th
e 

tra
ns

m
is

si
on

 
ch

ar
ge

s 
pe

r 
un

it 
in

st
al

le
d 

ca
pa

ci
ty

 (M
W

). 
2.

4.
2.

 M
ai

nt
en

an
ce

 
Th

e 
m

ai
nt

en
an

ce
 

co
st

s 
ca

n 
be

 
ca

te
go

riz
ed

 i
nt

o 
tw

o 
ty

pe
s 

of
 d

ire
ct

 (
C

M
-

di
re

ct
) a

nd
 in

di
re

ct
 (C

M
-in

di
re

ct
). 

Th
en

, 
C

M
 =

 C
M

-d
ire

ct
 +

 C
M

-in
di

re
ct
.  

   
   

  (
29

) 
2.

4.
2.

1.
 

D
ire

ct
 m

ai
nt

en
an

ce
 c

os
t 

D
ire

ct
 m

ai
nt

en
an

ce
 c

os
t 

co
ns

is
ts

 o
f 

th
e 

co
st

s 
re

la
te

d 
to

 
tra

ns
po

rt 
of

 
fa

ile
d 

co
m

po
ne

nt
s,

 
m

ai
nt

en
an

ce
 

te
ch

ni
ci

an
s 

w
ho

 
ca

rr
y 

ou
t 

th
e 

re
pa

ir/
re

pl
ac

em
en

t 
ac

tio
ns

, 
an

d 
al

l 
co

ns
um

ab
le

s 
an

d 
sp

ar
e 

pa
rts

 re
qu

ire
d 

fo
r w

in
d 

fa
rm

 m
ai

nt
en

an
ce

. 
In

 g
en

er
al

, t
he

 m
ai

nt
en

an
ce

 s
tra

te
gi

es
 fo

r 
of

fs
ho

re
 w

in
d 

fa
rm

s 
ar

e 
ca

te
go

riz
ed

 i
nt

o 
tw

o 
cl

as
se

s:
 c

or
re

ct
iv

e 
m

ai
nt

en
an

ce
 (C

M
) 

an
d 

pr
oa

ct
iv

e 
m

ai
nt

en
an

ce
 (

P
ro

M
). 

Th
e 

m
ai

n 
di

ffe
re

nc
e 

be
tw

ee
n 

th
es

e 
tw

o 
cl

as
se

s 
is

 t
ha

t 
th

e 
fo

rm
er

 i
s 

ca
rri

ed
 o

ut
 

af
te

r 
th

e 
sy

st
em

 f
ai

lu
re

 w
hi

ls
t 

th
e 

la
tte

r 
ta

ke
s 

pl
ac

e 
pr

io
r 

to
 

an
y 

fa
ilu

re
 

(i.
e.

, 
be

fo
re

 a
 fa

ilu
re

 o
cc

ur
s)

 [2
]. 

Th
e 

co
st

 o
f a

 
C

M
 a

ct
io

n 
va

rie
s 

de
pe

nd
in

g 
on

 t
he

 t
yp

e 
of

 
co

m
po

ne
nt

 
be

in
g 

fa
ile

d.
 

Le
t 

n 
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  

Th
e 

O
&

M
 

ac
tiv

iti
es

 
ar

e 
co

or
di

na
te

d 
on

sh
or

e,
 b

ut
 t

w
o 

se
rv

ic
e 

ve
ss

el
s 

ar
e 

al
w

ay
s 

av
ai

la
bl

e 
to

 c
ar

ry
 o

ut
 o

ffs
ho

re
 

op
er

at
io

ns
. 

W
in

d 
tu

rb
in

es
 u

nd
er

go
 a

 
pr

ev
en

tiv
e 

m
ai

nt
en

an
ce

 (
P

M
) 

pr
og

ra
m

 
on

ce
 a

 y
ea

r, 
w

he
re

as
 t

he
 s

ch
ed

ul
ed

 
in

sp
ec

tio
ns

 o
f 

fo
un

da
tio

ns
 a

nd
 a

rra
y 

ca
bl

es
 a

re
 c

ar
rie

d 
ou

t e
ve

ry
 f

iv
e 

ye
ar

s 
[2

0]
. 

C
M

S
 d

et
ec

ta
bi

lit
y 

le
ve

l 
is

 s
et

 a
t 

90
%

. 
Th

e 
co

st
s 

as
so

ci
at

ed
 

w
ith

 
co

rre
ct

iv
e 

m
ai

nt
en

an
ce

 a
re

 c
al

cu
la

te
d 

ac
co

rd
in

g 
to

 th
e 

sy
st

em
’s

 fa
ilu

re
 ra

te
. 

 
D

ur
in

g 
th

e 
fiv

e 
ye

ar
 w

ar
ra

nt
y 

pe
rio

d 
fro

m
 

th
e 

da
te

 
of

 
op

er
at

io
n,

 
al

l 
m

ai
nt

en
an

ce
 a

nd
 i

ns
ur

an
ce

 c
os

ts
 a

re
 

pa
id

 b
y 

th
e 

se
rv

ic
e 

co
nt

ra
ct

 p
ro

vi
de

r. 
 

Th
e 

of
fs

ho
re

 
w

in
d 

fa
rm

 
is

 
de

co
m

m
is

si
on

ed
 

at
 

th
e 

en
d 

of
 

its
 

se
rv

ic
e 

lif
e.

 T
he

 w
as

te
 m

at
er

ia
ls

 a
re

 
pr

oc
es

se
d 

an
d 

tra
ns

po
rte

d 
to

 
a 

sc
ra

py
ar

d.
 W

in
d 

tu
rb

in
e 

to
w

er
, 

ja
ck

et
 

an
d 

th
e 

m
et

-to
w

er
 

ar
e 

so
ld

 
to

 
be

 
re

cy
cl

ed
 b

y 
in

du
st

ry
. A

bo
ut

 6
0%

 o
f t

he
 

na
ce

lle
 

an
d 

hu
b’

s 
m

at
er

ia
ls

 
ca

n 
be

 
re

us
ed

 w
hi

le
 r

ec
yc

la
bi

lit
y 

is
 4

0%
 f

or
 

ot
he

r i
te

m
s.

 

4.
 R

es
ul

ts
 a

nd
 d

is
cu

ss
io

n 

In
 t

hi
s 

S
ec

tio
n,

 t
he

 r
es

ul
ts

 o
bt

ai
ne

d 
fro

m
 

ou
r 

w
ho

le
 

lif
e-

cy
cl

e 
co

st
 

m
od

el
 

ar
e 

pr
es

en
te

d 
an

d 
di

sc
us

se
d.

 
Th

e 
LC

C
 

an
al

ys
is

 i
s 

ca
rr

ie
d 

ou
t 

in
 t

er
m

s 
of

 t
hr

ee
 

el
em

en
ts

, 
na

m
el

y,
 

C
A

P
E

X,
 

O
P

E
X 

an
d 

LC
O

E
. T

he
 C

A
P

E
X 

co
ns

is
ts

 o
f 

th
e 

P
&

C
, 

P
&

A
 a

nd
 I

&
C

 c
os

ts
, 

w
he

re
as

 t
he

 O
P

E
X 

on
ly

 
in

cl
ud

es
 

th
e 

O
&

M
 

co
st

s.
 

Fi
g.

 
1 

sh
ow

s 
th

e 
re

la
tiv

e 
co

nt
rib

ut
io

n 
of

 e
ac

h 
co

st
 d

riv
er

 t
o 

C
A

P
E

X 
an

d 
O

P
E

X 
of

 t
he

 
ba

se
lin

e 
w

in
d 

fa
rm

 p
ro

je
ct

. 
A

s 
ca

n 
be

 
se

en
, 

w
in

d 
tu

rb
in

e 
co

st
s 

ac
co

un
t 

fo
r 

th
e 

la
rg

es
t 

pr
op

or
tio

n 
of

 t
he

 C
A

P
E

X 
(2

9%
), 

fo
llo

w
ed

 b
y 

fo
un

da
tio

n 
co

st
s 

(2
5%

) 
an

d 
in

st
al

la
tio

n 
co

st
s 

(1
9%

). 
O

n 
th

e 
ot

he
r 

si
de

, 
tra

ns
m

is
si

on
 

ch
ar

ge
s 

ac
co

un
t 

fo
r 

th
e 

la
rg

es
t p

ro
po

rti
on

 o
f t

he
 O

P
E

X 
(4

4%
), 

fo
llo

w
ed

 
by

 
P

M
 

co
st

s 
(2

2%
) 

an
d 

C
M

 

co
st

s 
(1

6%
). 

Th
e 

I&
C

 
in

su
ra

nc
e 

pa
ck

ag
es

 
co

st
 

2%
 

of
 

th
e 

C
A

P
E

X,
 

w
he

re
as

 
th

e 
op

er
at

io
na

l 
in

su
ra

nc
e 

ch
ar

ge
s 

re
pr

es
en

t 9
%

 o
f t

he
 O

P
E

X.
 

 
Fi

gu
re

 1
. C

on
tri

bu
tio

n 
of

 e
ac

h 
co

st
 d

riv
er

 to
 

C
AP

EX
/O

P
EX

. 

Th
e 

LC
O

E
 

is
 

de
te

rm
in

ed
 

us
in

g 
th

e 
fo

llo
w

in
g 

eq
ua

tio
n:

 











N t

t
t

N t

t
t

d
d

0
1

)
1/(

E
)

1/(
C

LC
O

E
, (

41
) 

w
he

re
 C

t a
nd

 E
t r

ep
re

se
nt

 t
he

 c
as

h 
flo

w
 

an
d 

th
e 

yi
el

d 
ou

tp
ut

 a
t t

im
e 
t, 

re
sp

ec
tiv

el
y.

 
O

ur
 

re
su

lts
 

in
di

ca
te

 
th

at
 

th
e 

co
st

s 
in

cu
rre

d 
ov

er
 t

he
 P

&A
 p

ha
se

 h
av

e 
th

e 
gr

ea
te

st
 im

pa
ct

 o
n 

LC
O

E
 (4

7%
), 

fo
llo

w
ed

 
by

 O
&

M
 c

os
ts

 (
26

%
). 

A
m

on
g 

fiv
e 

ph
as

es
 

of
 t

he
 p

ro
je

ct
 l

ife
 c

yc
le

, 
th

e 
D

&
D

 p
ha

se
 

co
nt

rib
ut

es
 th

e 
le

as
t p

er
ce

nt
ag

e 
(~

1%
) 

to
 

th
e 

LC
O

E
. 

W
he

n 
co

m
pa

rin
g 

th
e 

re
su

lts
 

ob
ta

in
ed

 f
ro

m
 o

ur
 L

C
C

 a
na

ly
si

s 
m

od
el

 
w

ith
 

ot
he

r 
re

se
ar

ch
, 

ve
ry

 
m

in
or

 
di

ffe
re

nc
es

 a
re

 f
ou

nd
 w

hi
ch

 s
ho

w
s 

th
at

 
th

e 
m

od
el

 h
as

 c
ap

tu
re

d 
th

e 
ge

ne
ra

l t
re

nd
 

in
 th

e 
da

ta
 q

ui
te

 w
el

l. 

5.
 C

on
cl

us
io

ns
 a

nd
 t

op
ic

s 
fo

r 
fu

tu
re

 
re

se
ar

ch
 

Th
e 

de
ve

lo
pm

en
t 

of
 

a 
re

al
is

tic
 

an
d 

ac
cu

ra
te

 m
et

ho
d 

fo
r 

lif
e 

cy
cl

e 
co

st
 (

LC
C

) 
an

al
ys

is
 o

f 
of

fs
ho

re
 w

in
d 

fa
rm

s 
is

 a
 v

er
y 

co
m

pl
ex

 ta
sk

. I
n 

th
is

 p
ap

er
, a

 p
ar

am
et

ric
 

w
ho

le
 li

fe
 c

os
t (

W
LC

) a
na

ly
si

s 
m

od
el

 w
as

 

7 
 

C
W

-p
ro

c 
=


 n j

j
W

1

C
pr

oc
-u

ni
t, 

   
   

  (
36

) 

w
he

re
 C

pr
oc

-u
ni

t 
is

 t
he

 f
ix

ed
 c

os
t 

of
 w

as
te

 
pr

oc
es

si
ng

 p
er

 to
n 

an
d 

W
j is

 th
e 

w
ei

gh
t o

f 
w

as
te

 m
at

er
ia

l f
ro

m
 c

om
po

ne
nt

 j 
in

 to
ns

. 
2.

5.
2.

2.
 

W
as

te
 tr

an
sp

or
t 

Th
e 

tra
ns

po
rta

tio
n 

co
st

 i
s 

ca
lc

ul
at

ed
 b

y 
m

ul
tip

ly
in

g 
th

e 
ex

pe
ct

ed
 n

um
be

r o
f t

ru
ck

s 
re

qu
ire

d 
to

 t
ra

ns
fe

r 
th

e 
w

as
te

 m
at

er
ia

ls
 

by
 t

he
 f

ix
ed

 c
ha

rg
e 

pe
r 

tru
ck

 s
hi

pm
en

t 
(C

tru
ck

), 
i.e

., 

C
W

-tr
an

s 
=

tru
ck

tru
ck

1
C

W/
  

 
 

  
n j

j
W

,  
 (3

7)
 

w
he

re
 W

tru
ck

 re
pr

es
en

ts
 t

he
 c

ap
ac

ity
 o

f 
a 

tru
ck

 i
n 

to
ns

 a
nd

 ⌈
x⌉

 r
ou

nd
s 

x 
to

 t
he

 
ne

ar
es

t l
ar

ge
r i

nt
eg

er
.  

2.
5.

2.
3.

 
La

nd
fil

l 
W

e 
de

no
te

 b
y 

W
jR

  an
d 

W
jN

R
 th

e 
w

ei
gh

t o
f, 

re
sp

ec
tiv

el
y,

 
re

cy
cl

ab
le

 
an

d 
no

n-
re

cy
cl

ab
le

 
m

at
er

ia
ls

 
fo

r 
co

m
po

ne
nt

 
j, 

w
he

re
 W

jR
 +

 W
jN

R
 =

 W
j. 

Th
e 

no
n-

re
cy

cl
ab

le
 

m
at

er
ia

ls
 a

re
 d

is
po

se
d 

in
 a

 la
nd

fil
l w

ho
se

 
as

so
ci

at
ed

 
co

st
 

is
 

ca
lc

ul
at

ed
 

by
 

m
ul

tip
ly

in
g 

th
e 

fix
ed

 l
an

df
ill 

co
st

 p
er

 t
on

 
(C

 
la

nd
fil

l-u
ni

t) 
by

 t
he

 t
ot

al
 w

ei
gh

t 
of

 n
on

-
re

cy
cl

ab
le

 m
at

er
ia

ls
 d

is
po

se
d,

 i.
e.

, 
C

la
nd

fil
l =


 n j

j
W

1

N
R

C
la

nd
fil

l-u
ni

t. 
   

  (
38

) 

2.
5.

2.
4.

 
S

al
va

ge
 v

al
ue

  
Th

e 
sa

lv
ag

e 
va

lu
e 

of
 t

he
 it

em
s 

re
m

ov
ed

 
fro

m
 a

n 
of

fs
ho

re
 w

in
d 

fa
rm

 d
ep

en
ds

 o
n 

th
e 

ty
pe

, 
qu

an
tit

y 
an

d 
th

e 
qu

al
ity

 o
f 

th
ei

r 
m

at
er

ia
ls

 a
nd

 i
s 

ex
pr

es
se

d 
by

 f
ol

lo
w

in
g 

fo
rm

ul
a:

 
S

V
 =

 


 n j
j

W
1

R
V

un
it. 

   
   

   
   

 (3
9)

 

w
he

re
 V

un
it i

s 
th

e 
sa

lv
ag

e 
va

lu
e 

pe
r t

on
 o

f 
m

at
er

ia
l. 

2.
5.

3.
 S

ite
 c

le
ar

an
ce

 
Th

e 
co

st
 a

ss
oc

ia
te

d 
w

ith
 s

ite
 c

le
ar

an
ce

 is
 

ca
lc

ul
at

ed
 b

y 
m

ul
tip

ly
in

g 
th

e 
si

te
 a

re
a 

in
 

km
2  (

A
) 

by
 t

he
 c

le
ar

an
ce

 c
os

t 
pe

r 
un

it 
ar

ea
 (C

S
C

-u
ni

t),
 i.

e.
, 

C
S

C
 =

 A
 ×

 C
S

C
-u

ni
t . 

   
   

   
   

 (4
0)

 
2.

5.
4.

 P
os

t-d
ec

om
m

is
si

on
in

g 
m

on
ito

rin
g 

Th
e 

co
st

 
of

 
a 

po
st

-d
ec

om
m

is
si

on
in

g 
m

on
ito

rin
g 

pr
og

ra
m

 (C
po

st
M
) i

s 
de

te
rm

in
ed

 
ac

co
rd

in
g 

to
 

se
ve

ra
l 

fa
ct

or
s 

su
ch

 
as

 
sc

al
e,

 
na

tu
re

 
an

d 
th

e 
co

nd
iti

on
s 

of
 

re
m

ai
ns

 [2
0]

. 

3.
 A

pp
lic

at
io

n 

In
 t

hi
s 

S
ec

tio
n,

 t
he

 p
ro

po
se

d 
w

ho
le

 l
ife

 
co

st
 

m
et

ho
do

lo
gy

 
is

 
ap

pl
ie

d 
to

 
an

 
of

fs
ho

re
 w

in
d 

fa
rm

 c
on

si
st

in
g 

of
 1

00
 5

M
W

 
w

in
d 

tu
rb

in
es

. T
hi

s 
ba

se
lin

e 
ca

se
 h

as
 s

o 
fa

r 
be

en
 s

tu
di

ed
 i

n 
se

ve
ra

l 
ar

tic
le

s 
(s

ee
 

[6
, 

7,
 1

2]
) 

an
d 

th
er

ef
or

e,
 it

 e
na

bl
es

 u
s 

to
 

co
m

pa
re

 
ou

r 
re

su
lts

 
an

d 
va

lid
at

e 
th

e 
m

od
el

. 
In

 o
rd

er
 t

o 
im

pl
em

en
t 

th
e 

m
od

el
, 

so
m

e 
fu

rth
er

 a
sp

ec
ts

 o
f t

he
 o

ffs
ho

re
 w

in
d 

pr
oj

ec
t w

er
e 

id
en

tif
ie

d 
an

d 
ar

e 
pr

es
en

te
d 

br
ie

fly
 b

el
ow

: 
 

Th
e 

of
fs

ho
re

 w
in

d 
fa

rm
 i

s 
pl

an
ne

d 
to

 
be

 b
ui

lt 
at

 4
0k

m
 f

ar
 f

ro
m

 s
ho

re
 a

nd
 

45
m

 w
at

er
 d

ep
th
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jö
ho

lm
,T

or
be

n
M

ik
ke

ls
en

D
TU

W
in

d
E

ne
rg

y
Te

ch
ni

ca
lU

ni
ve

rs
ity

of
D

en
m

ar
k

R
is

ø
C

am
pu

s

O
ct

ob
er

11
,2

01
5

1
A

bs
tr

ac
t

Th
e

he
re

pr
es

en
te

d
re

su
lts

ar
e

pa
rt

of
a

pa
pe

rt
ha

ti
s

su
bm

itt
ed

an
d

ac
ce

pt
ed

w
ith

m
in

or
re

vi
si

on
s

by
th

e
B

ou
nd

ar
y-

La
ye

rM
et

eo
ro

lo
gy

jo
ur

na
l.

Th
e

w
ak

e
zo

ne
be

hi
nd

th
e

es
ca

rp
m

en
t

of
th

e
B

ol
un

d
pe

ni
ns

ul
a

in
th

e
R

os
ki

ld
e

Fj
or

d,
D

en
m

ar
k,

ha
s

be
en

in
ve

st
ig

at
ed

w
ith

th
e

he
lp

of
a

co
nt

in
uo

us
-

w
av

e
D

op
pl

er
lid

ar
.

Th
e

in
st

ru
m

en
t

m
ea

su
re

s
th

e
lin

e-
of

-s
ig

ht
w

in
d

sp
ee

d
39

0
tim

es
pe

r
se

co
nd

in
hi

gh
ly

re
so

lv
ed

7-
m

ta
ll

pr
ofi

le
s

by
ra

pi
dl

y
ch

an
gi

ng
th

e
fo

cu
s

di
st

an
ce

an
d

be
am

di
re

ct
io

n.
Th

e
pr

ofi
le

s
re

ve
al

th
e

de
ta

ile
d

an
d

ra
pi

dl
y

ch
an

gi
ng

st
ru

ct
ur

e
of

th
e

w
ak

e
in

du
ce

d
by

th
e

B
ol

un
d

es
ca

rp
m

en
t.

Th
e

w
ak

e
gr

ow
s

w
ith

di
st

an
ce

fro
m

th
e

es
ca

rp
m

en
t,

w
ith

th
e

w
ak

e
he

ig
ht

de
pe

nd
in

g
st

ro
ng

ly
on

th
e

w
in

d
di

re
ct

io
n,

su
ch

th
at

th
e

m
in

im
um

he
ig

ht
ap

pe
ar

s
w

he
n

th
e

flo
w

is
pe

rp
en

di
cu

la
r

to
th

e
es

ca
rp

m
en

t.
Th

e
w

ak
e

in
cr

ea
se

s
by

10
%

to
70

%
w

he
n

th
e

w
in

d
di

re
ct

io
n

de
vi

at
es

±
15

◦
fro

m
pe

rp
en

di
cu

la
r

de
pe

nd
in

g
on

th
e

di
st

an
ce

to
th

e
ed

ge
an

d
to

a
le

ss
er

de
gr

ee
on

th
e

m
et

ho
d

by
w

hi
ch

th
e

w
ak

e
he

ig
ht

is
de

te
rm

in
ed

.

K
ey

w
or

ds
:

B
ol

un
d,

W
ak

e
he

ig
ht

,
C

om
pl

ex
flo

w
,

W
in

dS
ca

nn
er

2
In

tr
od

uc
tio

n

To
ob

ta
in

hi
gh

qu
al

ity
re

su
lts

in
nu

m
er

ic
al

an
d

ph
ys

-
ic

al
m

od
el

lin
g

fo
r

w
in

d
en

er
gy

pu
rp

os
es

,i
s

it
im

po
r-

ta
nt

to
ve

rif
y

th
es

e
m

od
el

s
w

ith
re

lia
bl

e
re

al
w

or
ld

m
ea

su
re

m
en

ts
[1

,
2,

3,
4,

5,
6]

.
B

ol
un

d,
an

is
o-

la
te

d
fla

t-t
op

pe
d

hi
ll

w
ith

st
ee

p
si

de
s

in
th

e
R

os
ki

ld
e

Fj
or

d,
D

en
m

ar
k,

(F
ig

.
1)

se
rv

es
as

su
ch

a
ba

se
lin

e
re

fe
re

nc
e

fo
r

va
rio

us
st

ud
ie

s
w

ith
re

sp
ec

tt
o

nu
m

er
-

ic
al

an
d

ph
ys

ic
al

m
od

el
lin

g
si

nc
e

a
m

as
t

ba
se

d
at

-
m

os
ph

er
ic

ex
pe

rim
en

tw
as

co
nd

uc
te

d
by

D
TU

W
in

d
E

ne
rg

y
du

rin
g

w
in

te
r

20
07

-2
00

8
[7

,
8]

.
To

ob
ta

in
a

m
or

e
co

m
pr

eh
en

si
ve

un
de

rs
ta

nd
in

g
of

th
e

flo
w

pa
t-

te
rn

ov
er

th
e

B
ol

un
d

pe
ni

ns
ul

a,
es

pe
ci

al
ly

cl
os

e
to

th
e

su
rfa

ce
,

a
co

m
pl

em
en

ta
ry

fie
ld

ex
pe

rim
en

t
on

th
e

B
ol

un
d

pe
ni

ns
ul

a
w

as
co

nd
uc

te
d.

In
O

ct
ob

er
20

11
a

la
se

r
an

em
om

et
er

,
in

th
e

fo
llo

w
in

g
ca

lle
d

W
in

dS
ca

nn
er

[9
,

10
],

w
as

pl
ac

ed
on

th
e

pe
ni

ns
ul

a
20

m
in

la
nd

fro
m

th
e

w
es

tw
ar

d
fa

ci
ng

es
ca

rp
m

en
t.

3
A

pp
ro

ac
h

Th
e

W
in

dS
ca

nn
er

,a
lig

ne
d

on
th

e
27

0◦
ax

is
,w

as
op

-
er

at
ed

du
rin

g
w

es
te

rly
w

in
d

co
nd

iti
on

s
to

sc
an

th
e

ar
ea

do
w

ns
tre

am
of

th
e

B
ol

un
d

ed
ge

.
Th

e
at

m
o-



EWEA 2015 Scientific Proceedings

146

R
ef

er
en

ce
s

[1
]

P.
S

.
Ja

ck
so

n
an

d
J.

C
.R

H
un

t.
Tu

rb
ul

en
t

flo
w

ov
er

a
lo

w
hi

ll.
Q

ua
rt

er
ly

Jo
ur

na
lo

f
th

e
R

oy
al

M
et

eo
ro

lo
gi

ca
lS

oc
ie

ty
,1

01
:9

29
–9

55
,1

97
5.

[2
]

J.
C

.R
.

H
un

t,
S

.
Le

ib
ov

ic
h,

an
d

K
.J

.
R

ic
ha

rd
s.

Tu
rb

ul
en

t
sh

ea
r

flo
w

s
ov

er
lo

w
hi

lls
.

Q
ua

rt
er

ly
Jo

ur
na

l
of

th
e

R
oy

al
M

et
eo

ro
lo

gi
ca

l
S

oc
ie

ty
,

11
4:

14
35

–1
47

0,
19

88
.

[3
]

Fo
tin

i
K

at
op

od
es

C
ho

w
an

d
R

ob
er

t
L.

S
tre

et
.

E
va

lu
at

io
n

of
Tu

rb
ul

en
ce

C
lo

su
re

M
od

el
s

fo
r

La
rg

e-
E

dd
y

S
im

ul
at

io
n

ov
er

C
om

pl
ex

Te
rr

ai
n:

Fl
ow

ov
er

A
sk

er
ve

in
H

ill
.J

ou
rn

al
of

A
pp

lie
d

M
e-

te
or

ol
og

y
an

d
C

lim
at

ol
og

y,
48

(5
):1

05
0–

10
65

,
M

ay
20

09
.

[4
]

F.
A

.
C

as
tro

,
J.

M
.

L.
M

.
P

al
m

a,
an

d
A

.
S

ilv
a

Lo
pe

s.
S

im
ul

at
io

n
of

th
e

A
sk

er
ve

in
Fl

ow
.P

ar
t1

:
R

ey
no

ld
s

A
ve

ra
ge

d
N

av
ie

r–
S

to
ke

s
E

qu
at

io
ns

(k
e

Tu
rb

ul
en

ce
M

od
el

).
B

ou
nd

ar
y-

La
ye

r
M

et
e-

or
ol

og
y,

10
7(

3)
:5

01
–5

30
,2

00
3.

[5
]

A
.

S
ilv

a
Lo

pe
s,

J.
M

.
L.

M
.

P
al

m
a,

an
d

F.
A

.
C

as
tro

.S
im

ul
at

io
n

of
th

e
A

sk
er

ve
in

flo
w

.P
ar

t2
:

La
rg

e-
ed

dy
si

m
ul

at
io

ns
.B

ou
nd

ar
y-

La
ye

rM
et

e-
or

ol
og

y,
12

5(
1)

:8
5–

10
8,

Ju
ly

20
07

.

[6
]

B
.C

on
an

.
W

in
dR

es
ou

rc
e

A
ss

es
sm

en
ti

n
C

om
-

pl
ex

Te
rr

ai
n

by
W

in
d

Tu
nn

el
M

od
el

lin
g.

P
hD

th
es

is
,2

01
2.

[7
]

A
.

B
ec

hm
an

n,
J.

B
er

g,
M

.S
.

C
ou

rt
ne

y,
H

.E
.

Jø
rg

en
se

n,
J.

M
an

n,
an

d
N

.N
.S

ør
en

se
n.

Th
e

B
ol

un
d

E
xp

er
im

en
t:

O
ve

rv
ie

w
an

d
B

ac
kg

ro
un

d
R

is
ø-

R
-R

ep
or

t.
Te

ch
ni

ca
lR

ep
or

tJ
ul

y,
20

09
.

[8
]

J.
B

er
g,

J.
M

an
n,

A
.B

ec
hm

an
n,

M
.S

.C
ou

rt
ne

y,
an

d
H

.E
.

Jø
rg

en
se

n.
Th

e
B

ol
un

d
E

xp
er

im
en

t,
P

ar
t

I:
Fl

ow
O

ve
r

a
S

te
ep

,
Th

re
e-

D
im

en
si

on
al

H
ill

.B
ou

nd
ar

y-
La

ye
rM

et
eo

ro
lo

gy
,1

41
(2

):2
19

–
24

3,
Ju

ly
20

11
.

[9
]

M
.

S
jö
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su

lts
(y

el
lo

w
do

ts
w

ith
un

ce
rt

ai
nt

y
ba

rs
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0.
00

00
2 

[m
] 

to
 0

.0
02

5 
[m

], 
co

m
pa

rin
g 

th
e 

re
su

lti
ng

 
ve

lo
ci

ty
 

pr
of

ile
s 

w
ith

 
th

os
e 

m
ea

su
re

d 
by

 B
ra

dl
ey

 [4
], 

fo
r a

 re
la

tiv
el

y 
sh

or
t 

fe
tc

h 
(d

is
ta

nc
e 

do
w

ns
tre

am
 

fro
m

 
th

e 
ro

ug
hn

es
s 

tra
ns

iti
on

). 
Th

e 
ro

ug
hn

es
s 

va
lu

es
 

lis
te

d 
m

ay
 s

ou
nd

 u
nr

ea
lis

tic
al

ly
 lo

w
, b

ut
 w

er
e 

ch
os

en
 a

s 
to

 m
at

ch
 t

he
 r

ou
gh

ne
ss

 v
al

ue
s 

de
riv

ed
 i

n 
th

e 
or

ig
in

al
 p

ap
er

 [
4]

. 
Th

e 
IB

L 
he

ig
ht

 
ℎ 𝐼𝐼

𝐼𝐼𝐼𝐼
 

ca
n 

be
 

de
riv

ed
 

fro
m

 
va

rio
us

 
m

et
ho

ds
, 

ba
se

d 
ei

th
er

 o
n 

ve
lo

ci
ty

 p
ro

fil
es

, 
st

re
ss

 p
ro

fil
es

 o
r 

te
m

pe
ra

tu
re

 p
ro

fil
es

, 
al

l o
f 

w
hi

ch
 c

an
 le

ad
 to

 a
 v

ar
ia

tio
n 

in
 th

e 
re

su
lti

ng
 

he
ig

ht
 [5

]. 
In

 th
is

 c
as

e,
 w

e 
de

riv
ed

 ℎ
𝐼𝐼𝐼𝐼
𝐼𝐼 

fro
m

 
th

e 
ve

lo
ci

ty
 p

ro
fil

es
, 

de
fin

in
g 

ℎ 𝐼𝐼
𝐼𝐼𝐼𝐼

 a
s 

th
e 

he
ig

ht
 a

t w
hi

ch
 th

e 
w

in
d 

sp
ee

d 
in

 d
ev

el
op

in
g 

pr
of

ile
 re

ac
he

s 
99

%
 o

f t
he

 w
in

d 
sp

ee
d 

at
 th

e 
sa

m
e 

he
ig

ht
 a

t t
he

 tr
an

si
tio

n 
lo

ca
tio

n.
 W

he
n 

in
ve

st
ig

at
in

g 
th

e 
IB

L 
gr

ow
th

 d
ow

ns
tre

am
 o

f 
th

e 
ro

ug
hn

es
s 

tra
ns

iti
on

, w
e 

fin
d 

th
at

 th
e 

IB
L 

he
ig

ht
 f

ro
m

 t
he

 C
FD

 i
s 

w
el

l 
fit

te
d 

by
 t

he
 

ex
pr

es
si

on
 

 
ℎ 𝐼𝐼

𝐼𝐼𝐼𝐼
=
0.0

9𝑥𝑥
0.
8  

(1
) 

 w
he

re
 𝑥𝑥

 is
 th

e 
fe

tc
h.

 F
or

 n
eu

tra
l f

lo
w

s,
 w

ith
 a

 
sm

oo
th

 t
o 

ro
ug

h 
tra

ns
iti

on
, 

th
e 

de
pe

nd
en

cy
 

w
ith

 
𝑥𝑥0

.8
 

is
 

in
 

go
od

 
ag

re
em

en
t 

w
ith

 
th

e 
lit

er
at

ur
e 

(s
ee

 e
.g

. r
ev

ie
w

s 
by

 G
ar

ra
tt 

[5
] a

nd
 

Ba
rth

el
m

ie
 a

nd
 P

al
ut

ik
of

 [6
]).

 
 

 
Fi

gu
re

 1
. I

BL
 h

ei
gh

t v
s 

fe
tc

h 
fo

r a
 s

m
oo

th
 to

 
ro

ug
h 

tra
ns

iti
on

 in
 n

eu
tra

l s
ta

bi
lit

y 
co

nd
iti

on
s.

 
Is

ol
at

ed
 

sy
m

bo
ls

: 
C

FD
 

re
su

lts
, 

re
d 

co
nt

in
uo

us
 l

in
e:

 f
it 

fro
m

 e
qu

at
io

n 
(1

), 
bl

ac
k 

do
tte

d 
lin

e:
 f

it 
fro

m
 e

qu
at

io
n 

(2
) 

w
ith

 𝐴𝐴
𝐴

1.2
5𝜅𝜅

2 . 
 Pa

no
fs

ky
 [

7]
 p

ro
po

se
d 

an
ot

he
r 

re
la

tio
ns

hi
p,

 
fro

m
 a

 d
iff

us
io

n 
an

al
og

ue
, 

le
ad

in
g 

to
 t

he
 

im
pl

ic
it 

re
la

tio
ns

hi
p 

 
( ℎ

𝐼𝐼𝐼𝐼
𝐼𝐼
𝑧𝑧 0

𝑟𝑟
⁄

)[ 𝑙𝑙
𝑙𝑙(
ℎ 𝐼𝐼

𝐼𝐼𝐼𝐼
𝑧𝑧 0

𝑟𝑟
⁄

) −
1]

+
1
=
𝐴𝐴𝐴𝐴

𝑧𝑧 0
𝑟𝑟

⁄
 

 
 (2
) 

w
ith

 𝐴𝐴
𝐴
𝐴.

 P
as

qu
ill

 a
nd

 S
m

ith
 [8

] o
bt

ai
ne

d 
a 

si
m

ila
r 

ex
pr

es
si

on
 w

ith
 𝐴𝐴

𝐴𝐴𝐴
2

 , 
𝜅𝜅 

be
in

g 
th

e 
vo

n 
K

ar
m

an
 c

on
st

an
t. 

Th
e 

C
FD

 r
es

ul
ts

 a
ls

o 
ag

re
e 

w
el

l w
ith

 e
qu

at
io

n 
(2

) 
w

ith
 a

 m
od

ifi
ed

 
va

lu
e 

of
 𝐴𝐴

𝐴𝐴𝐴
2

5𝜅𝜅
2  

as
 s

ho
w

n 
in

 F
ig

ur
e 

1.
 

 3.
2 

2D
 

ca
se

: 
ro

ug
hn

es
s 

an
d 

th
er

m
al

 
tr

an
si

tio
n 

An
ot

he
r 2

D
 c

as
e 

lo
ok

s 
at

 th
e 

ev
ol

ut
io

n 
of

 th
e 

IB
L 

he
ig

ht
 d

ow
ns

tre
am

 o
f a

 ro
ug

h 
to

 s
m

oo
th

 
tra

ns
iti

on
, 

w
ith

 
a 

th
er

m
al

 
di

sc
on

tin
ui

ty
. 

U
ps

tre
am

 o
f 

th
e 

tra
ns

iti
on

, 
w

e 
ha

ve
 a

 w
el

l-
m

ix
ed

 
bo

un
da

ry
 

la
ye

r, 
w

ith
 

a 
po

te
nt

ia
l 

te
m

pe
ra

tu
re

 p
ro

fil
e 

w
ith

 n
eu

tra
l 

co
nd

iti
on

s 
th

ro
ug

ho
ut

 
th

e 
bo

un
da

ry
 

la
ye

r, 
an

d 
IS

O
 

st
ab

le
 

co
nd

iti
on

s 
ab

ov
e 

(i.
e.

 
po

te
nt

ia
l 

te
m

pe
ra

tu
re

 
gr

ad
ie

nt
 

of
 

3.
3 

K/
km

). 
Th

e 
su

rfa
ce

 c
on

di
tio

ns
 u

ps
tre

am
 o

f t
he

 tr
an

si
tio

n 
ar

e 
ad

ia
ba

tic
, 

w
ith

 a
 r

ou
gh

ne
ss

 o
f 

0.
03

m
. 

D
ow

ns
tre

am
 o

f 
th

e 
tra

ns
iti

on
, 

th
e 

su
rfa

ce
 

ro
ug

hn
es

s 
is

 r
ed

uc
ed

 t
o 

0.
00

02
m

 a
nd

 a
 

ne
ga

tiv
e 

te
m

pe
ra

tu
re

 o
ffs

et
 ∆
𝜃𝜃 

is
 a

pp
lie

d 
at

 
th

e 
gr

ou
nd

. T
he

 te
m

pe
ra

tu
re

 o
ffs

et
 is

 d
ef

in
ed

 
as

 t
he

 d
iff

er
en

ce
 b

et
w

ee
n 

th
e 

se
a 

su
rfa

ce
 

te
m

pe
ra

tu
re

 a
nd

 th
e 

po
te

nt
ia

l t
em

pe
ra

tu
re

 in
 

th
e 

bo
un

da
ry

 la
ye

r u
ps

tre
am

 o
f t

he
 tr

an
si

tio
n.

  
Th

es
e 

co
nd

iti
on

s 
at

te
m

pt
 to

 re
pr

od
uc

e 
th

os
e 

an
al

ys
ed

 b
y 

M
ul

he
ar

n 
[9

], 
w

ho
 in

ve
st

ig
at

ed
 

th
e 

de
ve

lo
pm

en
t 

of
 t

he
 I

B
L 

w
he

n 
a 

w
ar

m
, 

w
el

l-m
ix

ed
 a

ir-
m

as
s 

flo
w

s 
fro

m
 th

e 
la

nd
 o

ve
r 

a 
co

ol
er

 
se

a 
ov

er
 

th
e 

w
at

er
s 

of
 

M
as

sa
ch

us
et

ts
 B

ay
, f

or
 lo

ng
 fe

tc
he

s 
of

 u
p 

to
 

~ 
10

0k
m

. M
ul

he
ar

n’
s 

ex
pr

es
si

on
 fo

r 
th

e 
IB

L 
he

ig
ht

 is
, 

ℎ 𝐼𝐼
𝐼𝐼𝐼𝐼

=
𝛼𝛼𝛼𝛼

(𝑔𝑔
′ 𝑥𝑥 𝑈𝑈2
)−𝛽𝛽

 
 

(3
) 

 w
ith

 
𝛼𝛼
𝛼𝛼𝛼
0

14
6,

 
an

d 
𝛽𝛽
𝛽𝛽𝛽
4

7
±
0.0

47
, 

w
he

re
  

𝑔𝑔′
=
𝑔𝑔
∆𝜌𝜌 𝜌𝜌

≈
𝜃𝜃 𝑙𝑙𝑙𝑙

𝑙𝑙𝑙𝑙
−
𝜃𝜃 𝑠𝑠

𝑠𝑠𝑠𝑠
𝜃𝜃 𝑙𝑙𝑙𝑙

𝑙𝑙𝑙𝑙
 

 
(4

) 
 is

 t
he

 r
ed

uc
ed

 g
ra

vi
ty

 a
ss

oc
ia

te
d 

w
ith

 t
he

 
se

a/
la

nd
 

te
m

pe
ra

tu
re

 
co

nt
ra

st
. 

In
 

hi
s 

an
al

ys
is

, 
M

ul
he

ar
n 

de
riv

ed
 
ℎ 𝐼𝐼

𝐼𝐼𝐼𝐼
 

fro
m

 
th

e 
he

ig
ht

 
at

 
w

hi
ch

 
th

e 
de

ve
lo

pi
ng

 
po

te
nt

ia
l 

te
m

pe
ra

tu
re

 
pr

of
ile

 
co

in
ci

de
s 

w
ith

 
th

e 
co

ns
ta

nt
 p

ot
en

tia
l t

em
pe

ra
tu

re
 p

ro
fil

e 
at

 t
he

 
tra

ns
iti

on
 lo

ca
tio

n.
 T

hi
s 

m
et

ric
 w

as
 th

er
ef

or
e 

al
so

 u
se

d 
to

 d
er

iv
e 
ℎ 𝐼𝐼

𝐼𝐼𝐼𝐼
 fr

om
 th

e 
si

m
ul

at
io

ns
 

re
po

rte
d 

in
 th

is
 s

ec
tio

n.
  

As
 s

ho
w

n 
in

 F
ig

ur
e 

2,
 th

e 
C

FD
 re

su
lts

 a
gr

ee
 

re
as

on
ab

ly
 w

el
l w

ith
 M

ul
he

ar
n’

s 
ex

pr
es

si
on

 
w

ith
 a

 v
al

ue
 o

f 
0.

43
 f

or
 𝛽𝛽

, 
w

el
l 

w
ith

in
 t

he
 

ra
ng

e 
es

tim
at

ed
 b

y 
M

ul
he

ar
n.

 I
t 

is
 w

or
th

 
po

in
tin

g 
ou

t 
th

e 
sl

ow
 g

ro
w

th
 o

f 
th

e 
IB

L 
in

 
st

ab
le

 c
on

di
tio

ns
: f

or
 a

 te
m

pe
ra

tu
re

 c
on

tra
st

 

1.
 

IN
TR

O
D

U
C

TI
O

N
 

In
 t

hi
s 

pa
pe

r 
w

e 
co

ns
id

er
 t

he
 e

ffe
ct

 o
f 

a 
co

as
ta

l t
ra

ns
iti

on
, w

ith
 a

 c
ha

ng
e 

in
 ro

ug
hn

es
s 

an
d 

th
er

m
al

 c
on

di
tio

ns
 a

cr
os

s 
a 

se
a-

la
nd

 
in

te
rfa

ce
. 

A
n 

In
te

rn
al

 B
ou

nd
ar

y 
La

ye
r 

(IB
L)

 
de

ve
lo

ps
 d

ow
ns

tre
am

 o
f 

th
e 

tra
ns

iti
on

, 
in

 
w

hi
ch

 th
e 

flo
w

 a
nd

 tu
rb

ul
en

ce
 e

vo
lv

e 
to

 c
om

e 
in

to
 e

qu
ilib

riu
m

 w
ith

 t
he

 c
ha

ng
ed

 s
ur

fa
ce

 
co

nd
iti

on
s.

 T
hi

s 
is

 v
er

y 
re

le
va

nt
 f

or
 m

an
y 

of
fs

ho
re

 a
nd

 o
ns

ho
re

 w
in

d 
fa

rm
s 

cl
os

e 
to

 
la

rg
e 

w
at

er
 b

od
ie

s.
 W

e 
di

sc
us

s 
th

e 
is

su
es

 
as

so
ci

at
ed

 
w

ith
 

th
e 

de
ve

lo
pi

ng
 

IB
L,

 
es

pe
ci

al
ly

 t
ho

se
 e

nc
ou

nt
er

ed
 w

he
n 

w
or

ki
ng

 
w

ith
 d

at
a 

re
co

rd
ed

 a
t m

as
ts

 lo
ca

te
d 

w
ith

in
 th

e 
IB

L,
 

an
d 

ve
rti

ca
lly

 
ex

tra
po

la
tin

g 
th

e 
m

ea
su

re
m

en
t t

o 
hu

b 
he

ig
ht

s 
an

d 
ab

ov
e.

 
 2.

 
A

PP
R

O
A

C
H

 
Fo

r 
a 

si
te

 w
ith

 r
el

at
iv

el
y 

fla
t 

te
rr

ai
n,

 w
ith

 
di

sc
on

tin
ui

tie
s 

in
 

bo
th

 
ae

ro
dy

na
m

ic
 

ro
ug

hn
es

s 
an

d 
su

rfa
ce

 s
ta

bi
lit

y 
co

nd
iti

on
s,

 
w

e 
m

od
el

 th
e 

de
ve

lo
pm

en
t o

f t
he

 w
in

d 
sp

ee
d 

pr
of

ile
s 

do
w

ns
tre

am
 o

f 
th

e 
tra

ns
iti

on
 w

ith
 

C
om

pu
ta

tio
na

l 
Fl

ui
d 

D
yn

am
ic

s 
(C

FD
). 

Th
e 

re
su

lts
 a

re
 th

en
 c

om
pa

re
d 

w
ith

 d
at

a 
fro

m
 th

e 
lit

er
at

ur
e,

 fo
r 

id
ea

lis
ed

 c
as

es
, a

nd
 w

ith
 w

in
d 

sp
ee

d 
da

ta
 g

at
he

re
d 

at
 m

as
ts

 o
n 

a 
re

al
 s

ite
. 

 Th
e 

C
FD

 
si

m
ul

at
io

ns
 

ar
e 

so
lv

ed
 

w
ith

 
a 

tra
ns

ie
nt

 R
AN

S 
ap

pr
oa

ch
, 

ca
rr

ie
d 

ou
t 

w
ith

 

AN
S

YS
 W

in
dM

od
el

le
r 

[1
], 

us
in

g 
th

e 
C

FX
 

so
lv

er
. 

Tu
rb

ul
en

ce
 i

s 
m

od
el

le
d 

w
ith

 a
 t

w
o-

eq
ua

tio
n 

m
od

el
 (

k-
 

an
d 

S
ST

 t
es

te
d 

fo
r 

2D
 

ca
se

s,
 S

ST
 o

nl
y 

fo
r 

th
e 

re
al

 s
ite

), 
w

ith
 a

 
st

an
da

rd
 s

et
 o

f c
on

st
an

ts
, a

s 
de

sc
rib

ed
 in

 [2
]. 

At
m

os
ph

er
ic

 s
ta

bi
lit

y 
ef

fe
ct

s 
ar

e 
m

od
el

le
d 

vi
a 

a 
tra

ns
po

rt 
eq

ua
tio

n 
fo

r 
th

e 
dr

y 
po

te
nt

ia
l 

te
m

pe
ra

tu
re

, 
an

d 
bu

oy
an

cy
 

ef
fe

ct
s 

ar
e 

ac
co

un
te

d 
fo

r, 
bo

th
 in

 th
e 

ve
rti

ca
l m

om
en

tu
m

 
eq

ua
tio

ns
 a

nd
 in

 th
e 

tu
rb

ul
en

ce
 m

od
el

. S
ee

 
[3

] f
or

 d
et

ai
ls

 o
n 

th
e 

m
od

el
 im

pl
em

en
ta

tio
n.

 
 3.

 
VA

LI
D

AT
IO

N
 

Th
e 

fir
st

 p
ar

t 
of

 t
he

 a
na

ly
si

s 
fo

cu
se

s 
on

 
si

m
pl

ifi
ed

 2
D

 c
as

es
 

ov
er

 f
la

t 
te

rr
ai

n 
an

d 
co

m
pa

re
s 

th
e 

pr
ed

ic
te

d 
gr

ow
th

 r
at

e 
of

 t
he

 
IB

L,
 

do
w

ns
tre

am
 

of
 

th
e 

tra
ns

iti
on

, 
w

ith
 

ex
pr

es
si

on
s 

fro
m

 th
e 

lit
er

at
ur

e 
de

riv
ed

 f
ro

m
 

m
ea

su
re

d 
da

ta
. T

w
o 

ca
se

s 
ar

e 
pr

es
en

te
d:

 a
 

ro
ug

hn
es

s 
di

sc
on

tin
ui

ty
 w

ith
 p

ur
el

y 
ne

ut
ra

l 
st

ab
ilit

y 
co

nd
iti

on
s,

 
an

d 
a 

la
nd

-to
-s

ea
 

tra
ns

iti
on

, w
ith

 s
ta

bl
e 

co
nd

iti
on

s 
ov

er
 th

e 
se

a.
 

In
 th

e 
se

co
nd

 p
ar

t o
f t

he
 s

tu
dy

, w
e 

m
od

el
 a

 
re

al
 s

ite
, a

n 
is

la
nd

 o
ff 

th
e 

N
or

w
eg

ia
n 

co
as

t, 
an

d 
co

m
pa

re
 th

e 
si

m
ul

at
io

n 
re

su
lts

 w
ith

 d
at

a 
ga

th
er

ed
 a

t m
as

ts
 o

n 
si

te
. 

 3.
1 

2D
 c

as
e:

 ro
ug

hn
es

s 
tr

an
si

tio
n 

on
ly

 
Fo

r 
th

e 
pu

re
ly

 n
eu

tra
l 

ca
se

, 
w

e 
m

od
el

 a
 

ro
ug

hn
es

s 
ch

an
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 is
 d

ep
ic

te
d 

in
 F

ig
. 2

, 
w

he
re

 t
w

o 
30

0 
M

W
 O

W
PP

s 
ar

e 
co

nn
ec

te
d 

to
 a

 t
w

o-
ar

ea
 f

ou
r-

ge
ne

ra
to

r 
po

w
er

 s
ys

te
m

, 
in

tro
du

ce
d 

in
 [5

], 
w

hi
ch

 c
on

si
st

s 
of

 fo
ur

 9
00

-
M

V
A 

co
nv

en
tio

na
l g

en
er

at
or

s,
 s

pl
it 

in
to

 t
w

o 
ar

ea
s.

 
E

ac
h 

ge
ne

ra
to

r 
in

co
rp

or
at

es
 

an
 

au
to

m
at

ic
 v

ol
ta

ge
 r

eg
ul

at
or

 a
nd

 a
 g

en
er

ic
 

po
w

er
 

sy
st

em
 

st
ab

iliz
er

, 
av

ai
la

bl
e 

in
 

M
at

la
b/

Si
m

ul
in

k 
lib

ra
ry

. F
or

 th
e 

pu
rp

os
es

 o
f 

th
is

 s
tu

dy
, p

ow
er

 p
la

nt
s 

1-
4 

ar
e 

m
od

el
ed

 a
s 

st
ea

m
 tu

rb
in

e 
ge

ne
ra

to
rs

, u
si

ng
 th

e 
IE

E
EG

1 
sp

ee
d 

go
ve

rn
or

 m
od

el
 [6

]. 

Th
e 

M
TD

C
 g

rid
 c

om
pr

is
es

 th
e 

on
sh

or
e 

an
d 

of
fs

ho
re

 
VS

C
s 

an
d 

su
bm

ar
in

e 
H

VD
C

 
ca

bl
es

. 
Th

e 
le

ng
th

 o
f 

ea
ch

 c
ab

le
 l

in
e 

is
 

de
pi

ct
ed

 i
n 

Fi
g.

 2
; 

el
ec

tri
ca

l 
ch

ar
ac

te
ris

tic
s 

ar
e 

pr
ov

id
ed

 in
 th

e 
Ap

pe
nd

ix
. 

To
 s

im
pl

ify
 c

on
ve

rte
r 

m
od

el
in

g 
an

d 
re

du
ce

 
co

m
pu

ta
tio

na
l 

bu
rd

en
, 

an
 a

gg
re

ga
te

 3
00

-
M

W
 

W
T 

ba
se

d 
on

 
fu

ll-
po

w
er

 
co

nv
er

te
rs

 
(F

C
W

Ts
) 

is
 u

se
d 

to
 r

ep
re

se
nt

 e
ac

h 
O

W
PP

, 
as

 f
ur

th
er

 e
xp

la
in

ed
 i

n 
S

ec
tio

n 
3.

3.
 S

in
ce

 
th

e 
m

ai
n 

fo
cu

s 
is

 o
n 

th
e 

fre
qu

en
cy

 re
sp

on
se

 
of

 
th

e 
M

TD
C

 
gr

id
, 

al
l 

hi
gh

-fr
eq

ue
nc

y 
co

m
po

ne
nt

s 
re

la
te

d 
to

 
th

e 
sw

itc
hi

ng
 

of
 

po
w

er
 c

on
ve

rte
rs

 a
re

 n
eg

le
ct

ed
 a

nd
 th

e 
W

T 
an

d 
H

VD
C

 c
on

ve
rte

rs
 a

re
 d

es
cr

ib
ed

 b
y 

th
e 

fu
nd

am
en

ta
l f

re
qu

en
cy

 m
od

el
 o

f [
7]

. 

3 
C

on
tr

ol
le

rs
 

3.
1 

O
ns

ho
re

 V
SC

 c
on

tr
ol

le
r 

Th
e 

ov
er

al
l c

on
tro

l s
ch

em
e 

em
pl

oy
ed

 fo
r t

he
 

on
sh

or
e 

 V
SC

s 
 is

  d
ep

ic
te

d 
 in

 F
ig

. 3
. V

SC
s 

 

 

Pr
ov

is
io

n 
of

 p
rim

ar
y 

fr
eq

ue
nc

y 
su

pp
or

t a
nd

 
in

er
tia

 e
m

ul
at

io
n 

by
 o

ffs
ho

re
 w

in
d 

fa
rm

s 
co

nn
ec

te
d 

th
ro

ug
h 

m
ul

ti-
te

rm
in

al
 V

SC
-H

VD
C

 
lin

ks
 

 
   

   
   

   
 S

. N
an

ou
  

A.
 S

pe
ts

io
tis

 
S.

 P
ap

at
ha

na
ss

io
u 

N
at

io
na

l T
ec

hn
ic

al
 U

ni
ve

rs
ity

 o
f A

th
en

s 
(N

TU
A)

, 
Sc

ho
ol

 o
f E

le
ct

ric
al

 a
nd

 C
om

pu
te

r E
ng

in
ee

rin
g,

 E
le

ct
ric

 P
ow

er
 D

iv
is

io
n 

so
tn

an
ou

@
ce

nt
ra

l.n
tu

a.
gr

  
ar

gi
sp

et
s@

gm
ai

l.c
om

 
st

@
po

w
er

.e
ce

.n
tu

a.
gr

 

 A
bs

tr
ac

t: 
In

 t
hi

s 
pa

pe
r, 

th
e 

co
nt

rib
ut

io
n 

of
 o

ffs
ho

re
 

w
in

d 
fa

rm
s 

co
nn

ec
te

d 
th

ro
ug

h 
m

ul
ti-

te
rm

in
al

 
D

C
 

(M
TD

C
) 

gr
id

s 
to

 
on

sh
or

e 
fre

qu
en

cy
 

re
gu

la
tio

n 
is

 
in

ve
st

ig
at

ed
, 

em
pl

oy
in

g 
a 

co
m

m
un

ic
at

io
n-

ba
se

d 
ap

pr
oa

ch
 t

o 
em

ul
at

e 
on

sh
or

e 
fre

qu
en

cy
 

flu
ct

ua
tio

ns
 

at
 

ea
ch

 
of

fs
ho

re
 A

C
 g

rid
. 

A 
dy

na
m

ic
 m

od
el

 o
f 

th
e 

M
TD

C
 g

rid
 a

nd
 t

he
 in

te
rc

on
ne

ct
ed

 o
ffs

ho
re

 
w

in
d 

fa
rm

s 
is

 d
ev

el
op

ed
 in

 M
at

la
b/

S
im

ul
in

k,
 

w
he

re
 

tim
e-

do
m

ai
n 

si
m

ul
at

io
ns

 
ar

e 
pe

rfo
rm

ed
 

ap
pl

yi
ng

 
di

ffe
re

nt
 

fre
qu

en
cy

 
co

nt
ro

l 
im

pl
em

en
ta

tio
ns

 
to

 
th

e 
in

di
vi

du
al

 
w

in
d 

tu
rb

in
es

. 
Th

e 
m

ai
n 

go
al

 i
s 

to
 p

ro
vi

de
 

in
si

gh
t 

to
 t

he
 p

os
si

bi
lit

ie
s 

of
fe

re
d 

by
 M

TD
C

 
gr

id
s 

to
 p

ro
vi

de
 p

rim
ar

y 
fre

qu
en

cy
 r

es
po

ns
e 

an
d 

sy
nt

he
tic

 
in

er
tia

 
em

ul
at

io
n,

 e
xp

lo
iti

ng
 

th
e 

fre
qu

en
cy

 
re

sp
on

se
 

ch
ar

ac
te

ris
tic

s 
of

 
th

e 
st

at
e-

of
-th

e-
ar

t o
ffs

ho
re

 w
in

d 
tu

rb
in

es
. 

Ke
yw

or
ds

: 
m

ul
ti-

te
rm

in
al

 
D

C
, 

fre
qu

en
cy

 
re

sp
on

se
, 

in
er

tia
 e

m
ul

at
io

n,
 o

ffs
ho

re
 w

in
d 

tu
rb

in
es

. 

1 
In

tr
od

uc
tio

n 
Te

ch
ni

ca
l 

re
qu

ire
m

en
ts

 
im

po
se

d 
to

 
w

in
d 

fa
rm

s 
an

d 
ot

he
r p

ow
er

 s
ta

tio
ns

 a
re

 g
ra

du
al

ly
 

ex
te

nd
in

g 
to

 
hi

gh
-v

ol
ta

ge
 

D
C

 
(H

V
D

C
) 

co
nn

ec
tio

ns
, 

in
cl

ud
in

g 
of

fs
ho

re
 w

in
d 

po
w

er
 

pl
an

ts
 

(O
W

PP
s)

 
[1

]. 
Am

on
g 

th
es

e,
 

pa
rti

cu
la

rly
 

im
po

rta
nt

 
is

 
th

e 
pr

ov
is

io
n 

of
 

ov
er

- 
an

d 
un

de
r-

fre
qu

en
cy

 
re

sp
on

se
, 

co
m

bi
ne

d 
w

ith
 s

yn
th

et
ic

 in
er

tia
 e

m
ul

at
io

n.
 

Fi
g.

 1
 d

ep
ic

ts
 a

 t
yp

ic
al

 f
re

qu
en

cy
 r

es
po

ns
e 

ch
ar

ac
te

ris
tic

, 
fro

m
 

th
e 

dr
af

t 
EN

TS
O

-E
 

ne
tw

or
k 

co
de

 f
or

 D
C

-c
on

ne
ct

ed
 p

ow
er

 p
ar

k 
m

od
ul

es
 [1

], 
w

he
re

 tw
o 

op
er

at
in

g 
m

od
es

 a
re

 
id

en
tif

ie
d:

 

 
“F

re
qu

en
cy

 
se

ns
iti

ve
 

m
od

e 
– 

O
ve

r-
fre

qu
en

cy
 (

FS
M

-O
)”

: 
Th

e 
H

VD
C

 s
ys

te
m

 
is

 
ex

pe
ct

ed
 

to
 

cu
rta

il 
ac

tiv
e 

po
w

er
 

pr
op

or
tio

na
lly

 t
o 

th
e 

fre
qu

en
cy

 i
nc

re
as

e 
Δf

/f n
, 

w
he

re
 
f n 

is
 

th
e 

no
m

in
al

 
sy

st
em

 
fre

qu
en

cy
. T

hi
s 

op
er

at
in

g 
m

od
e 

is
 li

m
ite

d 
by

 t
he

 m
in

im
um

 r
eg

ul
at

in
g 

le
ve

l t
ha

t 
th

e 
st

at
io

n 
is

 a
llo

w
ed

 to
 o

pe
ra

te
. 

 
“F

re
qu

en
cy

 
se

ns
iti

ve
 

m
od

e 
– 

U
nd

er
-

fre
qu

en
cy

 (
FS

M
-U

)”
: 

If 
un

de
r-

fre
qu

en
cy

 
ev

en
ts

 
oc

cu
r, 

th
e 

H
VD

C
 

sy
st

em
 

is
 

ex
pe

ct
ed

 
to

 
re

le
as

e 
ad

di
tio

na
l 

ac
tiv

e 
po

w
er

 u
p 

to
 it

s 
m

ax
im

um
 c

ap
ac

ity
 P

m
ax

. 
Th

e 
re

su
lte

d 
un

de
r-

fre
qu

en
cy

 r
es

po
ns

e 
de

pe
nd

s 
on

 t
he

 o
pe

ra
tin

g 
re

se
rv

e 
po

lic
y 

ap
pl

ie
d 

to
 

th
e 

D
C

-c
on

ne
ct

ed
 

pr
im

ar
y 

so
ur

ce
 

(e
.g

. 
de

-lo
ad

ed
 

op
er

at
io

n 
of

 
O

W
PP

s)
. 

 
Fi

gu
re

 1
: A

ct
iv

e 
po

w
er

 re
gu

la
tio

n 
in

 F
SM

 [1
]. 

In
 t

he
 c

as
e 

of
 O

W
PP

s 
co

nn
ec

te
d 

th
ro

ug
h 

M
TD

C
 g

rid
s,

 a
 c

oo
rd

in
at

ed
 c

on
tro

l a
pp

ro
ac

h 
is

 
re

qu
ire

d 
be

tw
ee

n 
th

e 
on

sh
or

e 
an

d 
of

fs
ho

re
 c

on
ve

rte
r 

st
at

io
ns

, 
in

 o
rd

er
 f

or
 t

he
 

on
sh

or
e 

co
nv

er
te

rs
 t

o 
pr

ov
id

e 
a 

fre
qu

en
cy

-
de

pe
nd

en
t 

ac
tiv

e 
po

w
er

 
m

od
ul

at
io

n 
an

d 
m

ee
t t

he
 a

fo
re

m
en

tio
ne

d 
re

qu
ire

m
en

ts
. 

So
 f

ar
, 

re
le

va
nt

 p
ub

lic
at

io
ns

 o
n 

fre
qu

en
cy

 
su

pp
or

t 
by

 M
TD

C
 g

rid
s 

re
ly

 o
n 

D
C

 v
ol

ta
ge

 
m

od
ul

at
io

n 
te

ch
ni

qu
es

, 
pe

rfo
rm

ed
 

by
 

th
e 

on
sh

or
e 

vo
lta

ge
 s

ou
rc

e 
co

nv
er

te
rs

 (
VS

C
s)

, 
up

on
 

de
te

ct
io

n 
of

 
on

sh
or

e 
fre

qu
en

cy
 

de
vi

at
io

ns
 [

2]
, 

[3
], 

in
 o

rd
er

 t
o 

ev
ok

e 
th

e 
de

si
re

d 
fre

qu
en

cy
 r

es
po

ns
e 

ch
ar

ac
te

ris
tic

s 
by

 t
he

 M
TD

C
 g

rid
. 

Fu
rth

er
, 

th
e 

at
te

nt
io

n 
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 3.
3 

W
T 

co
nt

ro
lle

r 
Th

e 
ty

pi
ca

l c
on

fig
ur

at
io

n 
of

 a
 F

C
W

T 
ba

se
d 

on
 

a 
m

ul
ti-

po
le

 
pe

rm
an

en
t 

m
ag

ne
t 

sy
nc

hr
on

ou
s 

ge
ne

ra
to

r (
P

M
SG

) i
s 

illu
st

ra
te

d 
in

 F
ig

. 5
 [1

0]
. I

t i
s 

co
nn

ec
te

d 
to

 th
e 

M
V 

gr
id

 
th

ro
ug

h 
an

 o
ut

pu
t 

LC
 f

ilt
er

 a
nd

 a
 s

te
p-

up
 

tra
ns

fo
rm

er
. T

he
 P

M
SG

 is
 c

on
tro

lle
d 

by
 t

he
 

m
ac

hi
ne

 
si

de
 

co
nv

er
te

r 
(M

SC
), 

w
hi

ch
 

em
pl

oy
s 

a 
ro

to
r 

fie
ld

 o
rie

nt
ed

 (
R

FO
) 

co
nt

ro
l 

sc
he

m
e,

 c
on

tro
llin

g 
th

e 
P

M
SG

 a
ct

iv
e 

po
w

er
 

to
 th

e 
po

w
er

 o
rd

er
 p

or
d 

pr
ov

id
ed

 b
y 

th
e 

ou
te

r 
W

T 
co

nt
ro

lle
r 

de
pi

ct
ed

 i
n 

de
ta

il 
in

 F
ig

. 
6.

 
Th

e 
gr

id
 s

id
e 

co
nv

er
te

r 
(G

SC
) 

op
er

at
es

 i
n 

th
e 

SR
F 

an
d 

re
gu

la
te

s 
th

e 
dc

 l
in

k 
vo

lta
ge

 
v d

c,
W

T 
to

 i
ts

 n
om

in
al

 v
al

ue
. 

Fu
rth

er
 d

et
ai

ls
 

ca
n 

be
 fo

un
d 

in
 [1

0]
. 

Th
e 

ou
te

r 
W

T 
co

nt
ro

lle
r 

st
ru

ct
ur

e 
ad

op
te

d,
 

illu
st

ra
te

d 
in

 F
ig

. 
6,

 is
 b

as
ed

 o
n 

th
e 

co
nt

ro
l 

ph
ilo

so
ph

y 
pr

es
en

te
d 

in
 [1

1]
. I

t p
er

fo
rm

s 
th

e 
fo

llo
w

in
g 

ta
sk

s:
 

 
To

rq
ue

 
co

nt
ro

l. 
A 

to
rq

ue
 

co
nt

ro
lle

r 
re

gu
la

te
s 

th
e 

W
T 

ro
to

r 
sp

ee
d 

r


 t
o 

th
e 

re
fe

re
nc

e 
va

lu
e 

pr
ov

id
ed

 
by

 
th

e 
m

ax
im

um
 

po
w

er
 

po
in

t 
tra

ck
in

g 
ch

ar
ac

te
ris

tic
. 

Ba
se

d 
on

 
th

e 
to

rq
ue

 
re

fe
re

nc
e 

* W
T

t
 a

nd
 t

he
 a

ct
iv

e 
po

w
er

 s
et

-

po
in

t 
*

0
W
T

p
, 

th
e 

fin
al

 a
ct

iv
e 

po
w

er
 o

rd
er

 
p o

rd
 is

 th
en

 d
et

er
m

in
ed

 a
fte

r a
pp

ly
in

g 
ra

te
 

an
d 

le
ve

l 
lim

it 
fu

nc
tio

ns
. 

C
on

tro
lle

r 
se

tti
ng

s 
ar

e 
th

os
e 

re
co

m
m

en
de

d 
in

 [
11

] 
fo

r t
he

 F
C

W
T 

co
nf

ig
ur

at
io

n.
 

 
P

itc
h 

an
gl

e 
co

nt
ro

l. 
Th

e 
pi

tc
h 

co
nt

ro
lle

r 
pr

ev
en

ts
 

ov
er

-s
pe

ed
in

g 
of

 
th

e 
W

T,
 

w
he

re
as

 a
n 

ad
di

tio
na

l p
itc

h 
co

m
pe

ns
at

or
 

is
 a

ls
o 

ut
ili

ze
d 

to
 r

ec
on

fig
ur

e 
th

e 
W

T 
op

er
at

in
g 

po
in

t 
du

rin
g 

de
-lo

ad
ed

 
op

er
at

io
n 

of
 t

he
 W

T,
 b

y 
pi

tc
hi

ng
 o

f 
th

e 
bl

ad
es

. 
Th

is
 c

on
tro

lle
r 

is
 a

do
pt

ed
 in

 t
hi

s 
w

or
k,

 
us

in
g 

ag
ai

n 
th

e 
co

nt
ro

l 
se

tti
ng

s 
re

co
m

m
en

de
d 

in
 

[1
1]

 
fo

r 
th

e 
FC

W
T 

co
nf

ig
ur

at
io

n.
 

 
Fr

eq
ue

nc
y 

co
nt

ro
l. 

Th
e 

de
si

re
d 

fre
qu

en
cy

 
re

sp
on

se
 

is
 

pr
ov

id
ed

 
by

 
m

od
ul

at
in

g 
th

e 
po

w
er

 o
rd

er
 p

or
d, 

ut
ili

zi
ng

 
th

e 
dr

oo
p 

an
d 

in
er

tia
 

fre
qu

en
cy

 
co

nt
ro

lle
rs

 
ill

us
tra

te
d 

in
 

Fi
g.

 
6.

 
Th

e 
fre

qu
en

cy
 c

on
tro

lle
r 

ut
ili

ze
s 

th
e 

es
tim

at
e 

of
 t

he
 o

ffs
ho

re
 g

rid
 f

re
qu

en
cy

 Δ
ω

P
LL

,W
T,

 
pr

ov
id

ed
 b

y 
th

e 
PL

L 
un

it 
of

 t
he

 G
SC

 
co

nt
ro

lle
r. 

4 
Ti

m
e 

– 
do

m
ai

n 
si

m
ul

at
io

ns
 

4.
1 

Fr
eq

ue
nc

y 
re

sp
on

se
 c

ap
ab

ili
ty

 
Th

e 
ob

je
ct

iv
e 

of
 th

is
 s

ec
tio

n 
is

 to
 a

ss
es

s 
th

e 
un

de
r-

fre
qu

en
cy

 r
es

po
ns

e 
ca

pa
bi

lit
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 c
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h
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 c
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 c
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e

r 

h
a

ve
 
b

e
e

n
 
m

e
a

su
re

d
 
d

ir
e

c
tly

 
o

n
 
th
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 d
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0
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w
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p
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p
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c
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 p
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c
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 f
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 c
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c
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c
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c
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h
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c
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c
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e

 

co
n

ve
rt

e
r 

re
a

c
tio

n
 t

o
 b

a
c
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 b
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w
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 f
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n
d

 

h
a

rm
o

n
ic

 v
o
lta

g
e

s 
o

f 
L

e
 C

a
rn

e
t 

W
in

d
 f

a
rm

 

(F
ra

n
c
e

) 
. 

T
h

e
 p

re
d

ic
te

d
 v

o
lta

g
e

 a
n

d
 c

u
rr

e
n

t 

h
a

rm
o

n
ic

s
 

h
a

ve
 

b
e

e
n

 
co

m
p

a
re

d
 

w
it
h

 
re

a
l 

d
a

ta
 

m
e

a
s
u

re
m

e
n

t.
 

T
h

e
 

a
cc

u
ra

c
y 

o
f 

th
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d
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e
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n
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c
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p
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n
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 c
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 t
h
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h
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 c
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p
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 m
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h
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h
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h

e
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b
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h

e
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w
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a

ss
e

ss
m

e
n

t 

o
f 

a
 p

a
rt

ic
u
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c
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g
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 c
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p
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lic
fo

rm
w

ill
be

re
fe

rr
ed

as
S

Y
M

B
m

od
el

.T
he

ta
bl

e
II

co
nt

ai
ns

m
os

tr
el

ev
an

tp
ar

am
et

er
s

of
th

e
D

FI
G

w
in

d
tu

rb
in

e
us

ed
in

th
e

si
m

ul
at

io
ns

,
[3

3]
.

A
cc

or
di

ng
to

S
ec

tio
n

III
-A

,
bo

th
U
(t
)

in
pu

t
an

d
w

in
d

sp
ee

d
pr

ofi
le

m
us

t
be

kn
ow

n
a

pr
io

ri
fo

r
th

e
gl

ob
al

tim
e

in
te

rv
al

.
Th

e
nu

m
er

ic
al

va
lu

es
ar

e
fit

te
d

th
ro

ug
h

a
po

ly
-

no
m

ia
ls

tr
uc

tu
re

(u
(t
)
=

c 0
+
c 1
t+

c 2
t2
+
..
.+

c k
tk

)a
vo

id
in

g
hi

gh
-o

rd
er

po
ly

no
m

ia
ls

(k
>

5
)

si
nc

e
th

ei
r

co
m

pu
ta

tio
n

is
m

or
e

co
m

pl
ex

an
d

us
ua

lly
in

vo
lv

e
a

hi
gh

er
nu

m
be

r
of

lo
ca

l
m

ax
im

um
an

d
m

in
im

um
ca

nd
id

at
es

.
M

or
eo

ve
r,

fo
r

tim
e

in
te

rv
al

s
w

he
re

th
er

e
ar

e
no

t
tra

ns
ie

nt
ev

en
ts

it
is

re
co

m
m

en
de

d
(k

<
=

2
)

fo
r

el
ec

tr
ic

al
in

pu
ts

an
d

(k
<
=

4
)

fo
r

w
in

d
sp

ee
d

pr
ofi

le
s.

Th
e

ca
se

of
st

ud
y

in
vo

lv
es

a
gl

ob
al

si
m

ul
at

io
n

tim
e

of
τ
≈

3
0

se
co

nd
s.

Th
e

G
rid

S
id

e
C

on
ve

rt
er

is
co

nn
ec

te
d

di
re

ct
ly

to
th

e
st

at
or

,
so

u
g
=

u
s
.

It
ha

s
be

en
di

vi
de

d
in

to
th

re
e

lin
ea

riz
at

io
n

tim
e

in
te

rv
al

s
w

ith
di

ffe
re

nt
tim

e
du

ra
tio

ns
:
τ

=
[1
4
.3
2
,0
.1
9
,1
8
.9
9
].

Th
e

se
co

nd
tim

e
in

-
te

rv
al

in
vo

lv
es

th
e

vo
lta

ge
di

p,
[3

4]
,

th
at

is
ill

us
tra

te
d

in
Fi

g.
4

in
in

st
an

ta
ne

ou
s

va
lu

es
.

A
fte

r
be

in
g

fil
te

re
d

an
d

w
he

re
ω
e
b
=

2π
f s

ra
d
/s

,f
s
=

50
H
z

is
th

e
gr

id
fre

qu
en

cy
,

ω
s
=

1
p
u

is
th

e
sy

nc
hr

on
ou

s
sp

ee
d,

p
=

2
is

th
e

pa
ir

of
po

le
s

an
d
Ω

g
is

th
e

m
ec

ha
ni

ca
ls

pe
ed

of
th

e
ge

ne
ra

to
r

in
ra

d
/s

.
Th

e
re

la
tio

n
be

tw
ee

n
st

at
or

an
d

ro
to

r
flu

xe
s

an
d

cu
r-

re
nt

s
is

gi
ve

n
by

th
e

fo
llo

w
in

g
ex

pr
es

si
on

s
[2

2]
:

ψ
s
=

L
s
i s

+
L
m
i r

(3
)

ψ
r
=

L
r
i r

+
L
m
i s
,

(4
)

be
in

g
L
s
=

L
ls
+

L
m

an
d
L
r
=

L
lr
+

L
m

,
w

he
re

L
ls

is
th

e
st

at
or

le
ak

ag
e

in
du

ct
an

ce
,
L
lr

is
th

e
ro

to
r

le
ak

ag
e

in
du

ct
an

ce
an

d
L
m

is
th

e
m

ut
ua

li
nd

uc
ta

nc
e.

W
ith

re
ga

rd
to

th
e

m
ot

io
n

eq
ua

tio
n

of
th

e
ge

ne
ra

to
r,

th
e

fo
llo

w
in

g
ex

pr
es

si
on

is
pr

op
os

ed
,

2H
g
·d d

tω
g
=

T
m
−
T
e
,

(5
)

w
he

re
ω
g
=

(
1

ω
e
b
/
p

) ·Ω
g

is
th

e
m

ec
ha

ni
ca

ls
pe

ed
ge

ne
r-

at
or

in
p
u

.

B
.

G
rid

–S
id

e
an

d
R

ot
or

–S
id

e
C

on
ve

rt
er

C
on

tro
lM

od
el

D
FI

G
co

nt
ro

li
s

us
ua

lly
di

vi
de

d
in

to
G

rid
–S

id
e

C
on

tro
l

an
d

R
ot

or
–S

id
e

C
on

tro
l.

Va
ria

bl
es

ar
e

se
t

in
a

sy
n-

ch
ro

no
us

ly
ro

ta
tin

g
(d
,q
)

ax
is

fra
m

e
w

ith
th

e
d

ax
is

al
ig

ne
d

al
on

g
th

e
st

at
or

flu
x

ve
ct

or
po

si
tio

n,
w

hi
ch

en
-

su
re

s
de

co
up

lin
g

co
nt

ro
l

of
st

at
or

ac
tiv

e
an

d
re

ac
tiv

e
po

w
er

flo
w

s
in

to
th

e
gr

id
[1

8]
.T

hi
s

or
ie

nt
at

io
n

fra
m

e
le

ad
s

to
ψ
s
d

≈
|ψ

s
|a

nd
ψ
s
q

≈
0

th
at

m
ea

ns
u
s
d

≈
0

an
d

u
s
q
≈

|u
s
|.

It
is

al
so

us
ua

lly
to

ne
gl

ec
t
R

s
,

hy
po

th
es

is
af

fo
rd

ab
le

fo
r

a
M

W
cl

as
s

w
in

d
tu

rb
in

e
co

nn
ec

te
d

to
a

st
ro

ng
gr

id
[1

8]
.

G
rid

–S
id

e
C

on
ve

rt
er

(G
S

C
)

is
m

od
el

ed
th

ro
ug

h
a

cu
r-

re
nt

(i
f
)

so
ur

ce
.

U
nd

er
th

es
e

as
su

m
pt

io
ns

,
th

e
pr

o-
po

se
d

m
od

el
is

su
ita

bl
e

fo
r

bo
th

dy
na

m
ic

si
m

ul
at

io
ns

an
d

tra
ns

ie
nt

st
ab

ili
ty

st
ud

ie
s

[2
3]

,[
24

],
[2

5]
.T

hi
s

cu
rr

en
t

so
ur

ce
sh

ou
ld

be
ab

le
to

m
ai

nt
ai

n
co

ns
ta

nt
th

e
D

C
-b

us
vo

lta
ge

as
w

el
la

s
th

e
po

w
er

ex
ch

an
ge

be
tw

ee
n

th
e

ro
to

r
an

d
th

e
gr

id
,

Fi
g.

1.
Ta

ki
ng

in
to

ac
co

un
t

th
e

st
at

or
flu

x
al

ig
nm

en
t

of
th

e
co

nt
ro

lr
ef

er
en

ce
fra

m
e,

an
d

as
su

m
in

g
th

e
el

ec
tr

ic
al

lo
ss

es
as

ze
ro

in
bo

th
co

nv
er

te
rs

,
i f

dq
co

m
po

ne
nt

s
ca

n
be

ca
lc

ul
at

ed
as

fo
llo

w
s,

[2
1]

,

u
g
=

R
f
i f

+
jω

f
L
f
i g

c
+

L
f

ω
e
b

d d
ti

g
c
+
u
g
c

(6
)

R
ot

or
–S

id
e

C
on

tro
l

is
m

od
el

ed
ac

co
rd

in
g

to
th

e
fo

l-
lo

w
in

g
ex

pr
es

si
on

s,
in

vo
lv

in
g

re
fe

re
nc

es
an

d
co

nt
ro

lle
d

va
ria

bl
es

:

ir
e
f

r
d

=
u
s
q

ω
s
L
m

−
L
s

L
m
u
s
q
Q

r
e
f

s
(7

)

T
r
e
f

e
=

K
o
p
t

(
1

ω
e
b
/p

·Ω
m g

) 2
(8

)

ir
e
f

r
q

=
−

L
s

L
m

ω
s

u
s
q
T

r
e
f

e
(9

)

W
hi

le
th

e
G

rid
–S

id
e

C
on

tro
li

s
m

od
el

ed
as

fo
llo

w
:

ir
e
f

g
c
d
=

Q
r
e
f

s u
g
q

(1
0)

ir
e
f

g
c
q
=

f
(u

g
q
,v
)
=

k
1(
v
)
·u

g
q
.

(1
1)

W
he

re
ir

e
f

g
c
q

is
a

fu
nc

tio
n

of
th

e
gr

id
vo

lta
ge

an
d

w
in

d
sp

ee
d.

Th
e

co
ns

ta
nt

k
1

is
de

pe
nd

en
to

n
th

e
pa

ra
m

et
er

s
of

th
e

w
in

d
tu

rb
in

e
un

de
r

st
ud

y
an

d
th

e
w

in
d

sp
ee

d.

II
I.

A
N

A
P

P
R

O
A

C
H

T
O

A
LI

N
E

A
R

W
IN

D
T

U
R

B
IN

E
M

O
D

E
L

Th
e

w
in

d
tu

rb
in

e
m

od
el

ca
n

be
di

vi
de

d
in

to
tw

o
pa

rt
s:

th
e

el
ec

tr
ic

al
pa

rt
an

d
th

e
ae

ro
dy

na
m

ic
-m

ec
ha

ni
ca

lp
ar

t.
In

th
e

ne
xt

tw
o

su
bs

ec
tio

ns
is

di
sc

us
se

d
ho

w
to

lin
ea

riz
e

bo
th

pa
rt

s.
1)

Li
ne

ar
st

at
e–

sp
ac

e
m

od
el

fo
r

th
e

el
ec

tr
ic

al
pa

rt
:

If
ω
g
(t
)

is
as

su
m

ed
as

co
ns

ta
nt

al
on

g
a

si
m

ul
at

io
n

tim
e

in
te

rv
al

τ j
=

[t
0
j
,t

f
j
],

th
e

no
n–

lin
ea

r
in

te
gr

o–
di

ffe
re

nt
ia

l
el

ec
tr

ic
al

pa
rt

m
od

el
de

fin
ed

in
se

ct
io

n
II

ca
n

be
ar

-
ra

ng
ed

in
a

lin
ea

r
st

at
e–

sp
ac

e
fo

rm
.

Th
e

su
ita

bi
lit

y
of

th
is

as
su

m
pt

io
n

(ω
g
(t
)

co
ns

ta
nt

)
is

ba
se

d
on

th
e

fa
ct

th
at

fo
r

po
w

er
sy

st
em

si
m

ul
at

io
ns

in
vo

lv
in

g
gr

id
di

st
ur

ba
nc

es
ta

ki
ng

tim
e

in
te

rv
al

s
us

ua
lly

lo
w

er
th

an
30

se
co

nd
s,

be
in

g
po

ss
ib

le
to

as
su

m
e

w
in

d
sp

ee
d

va
lu

es
as

co
ns

ta
nt

[2
6]

.
It

m
us

t
be

po
in

te
d

ou
t

th
at

th
is

as
su

m
pt

io
n

(ω
g
(t
)

as
co

ns
ta

nt
)

is
on

ly
ap

pl
ie

d
fo

r
th

e
lin

ea
riz

at
io

n
pr

oc
es

s
of

th
e

el
ec

tr
ic

al
pa

rt
,a

nd
it

is
no

tc
on

si
de

re
d

as
a

co
ns

ta
nt

va
ria

bl
e

al
on

g
th

e
w

ho
le

tim
e

in
te

rv
al

of
th

e
si

m
ul

at
io

n.
In

fa
ct

,
th

e
ev

ol
ut

io
n

of
ω
g
(t
)

al
on

g
a

τ j
=

[t
0
j
,t

f
j
]

is
ob

ta
in

ed
by

so
lv

in
g

th
e

lin
ea

riz
ed

m
ot

io
n

eq
ua

tio
n

de
sc

rib
ed

in
S

ec
tio

n
III

-2
.

Th
e

eq
ua

tio
n-

sy
st

em
ca

n
be

tra
ns

fo
rm

ed
in

to
a

di
f-

fe
re

nt
ia

l
eq

ua
tio

n
sy

st
em

by
ex

te
nd

in
g

th
e

nu
m

be
r

of
sp

ac
e-

st
at

e
va

ria
bl

es
.

Th
e

fo
llo

w
in

g
ch

an
ge

of
va

ria
bl

es
is

pr
op

os
ed

,
[2

7]
,

[2
8]

,
in

or
de

r
to

ad
ap

t
th

e
ex

pr
es

io
ns

of
th

e
P

ro
po

rt
io

na
lI

nt
eg

ra
lc

on
tro

lle
rs

of
th

e
R

ot
or

S
id

e
C

on
ve

rt
er

an
d

th
e

G
rid

S
id

e
C

on
ve

rt
er

to
th

e
st

at
e-

sp
ac

e
fo

rm
of

th
e

m
od

el
: ε r

d
=

∫ (i
r
e
f

r
d

−
i r

d
)

(1
2)

ε r
q
=

∫ (i
r
e
f

r
q

−
i r

q
)

(1
3)

ε g
c
d
=

∫ (i
r
e
f

g
c
d
−
i g

c
d
)

(1
4)

ε g
c
q
=

∫ (i
r
e
f

g
c
q
−
i g

c
q
).

(1
5)

A
fir

st
or

de
r

lin
ea

r
di

ffe
re

nt
ia

le
qu

at
io

n
sy

st
em

ca
n

be
th

en
de

du
ce

d
an

d
w

rit
te

n
as

:

M
·Ẋ

(t
)
=

N
·X

(t
)
+
S
·U

(t
),

(1
6)

Ẋ
(t
)
=

A
·X

(t
)
+
F
(t
),

(1
7)

w
he

re
A

=
M

−
1
N

an
d

F
(t
)
=

M
−

1
S

·U
(t
).

Th
is

re
ar

ra
ng

em
en

tc
an

be
ca

rr
ie

d
ou

td
ue

to
th

e
ex

is
te

nc
e

of
M

in
ve

rs
e.

Fu
rt

he
ri

nf
or

m
at

io
n

ab
ou

tt
he

m
at

rix
st

ru
ct

ur
e



EWEA 2015 Scientific Proceedings

184

of
bo

th
va

ria
bl

es
ar

e
re

la
te

d
be

tw
ee

n
th

em
.

A
s

an
in

iti
al

ap
pr

oa
ch

,
th

e
ir

e
f

g
c
q

fo
r

th
e

S
Y

M
B

m
od

el
ca

n
be

ob
ta

in
ed

m
ul

tip
liy

in
g

th
e

gr
id

vo
lta

ge
by

a
co

ns
ta

nt
an

d
m

ak
in

g
so

m
e

ba
si

c
m

at
he

m
at

ic
al

ar
ra

ng
em

en
ts

.T
hi

s
co

ns
ta

nt
is

ob
ta

in
ed

fro
m

th
e

di
vi

si
on

in
on

e
in

st
an

to
ft

im
e

be
tw

ee
n

th
e

gr
id

vo
lta

ge
an

d
ir

e
f

g
c
q

(F
ig

5)
.

In
Fi

g
6

is
sh

ow
th

e
co

m
pa

ris
so

n
of

ir
e
f

g
c
q

us
ed

by
th

e
FD

D
an

d
S

Y
M

B
m

od
el

s,
pa

yi
ng

at
te

nt
io

n
du

rin
g

th
e

vo
lta

ge
di

p.
In

Fi
g

15
ar

e
de

pi
ct

ed
th

e
er

ro
r

be
tw

ee
n

st
at

or
cu

rr
en

ts
,r

ot
or

cu
rr

en
ts

an
d

G
rid

S
id

e
C

on
ve

rt
er

cu
rr

en
ts

.I
tc

an
be

ob
se

rv
ed

ho
w

th
e

er
ro

r
is

m
ai

nt
ai

ne
d

be
lo

w
9%

.
Fo

r
th

e
ca

se
of

ro
ta

tio
na

l
ge

ne
ra

to
r

sp
ee

d
ω
g

(s
ee

Fi
g.

13
)

th
e

di
ffe

re
nc

es
be

tw
ee

n
FD

D
an

d
S

Y
M

B
m

od
el

s
ar

e
no

t
si

gn
ifi

ca
nt

,
co

ns
id

er
in

g
th

e
sm

al
l

va
lu

es
of

th
e

di
ffe

re
nc

es
in

pe
r

un
it.

R
eg

ar
di

ng
th

e
w

in
d

sp
ee

d
pr

ofi
le

de
pi

ct
ed

in
Fi

g.
14

,
th

e
di

ffe
re

nc
e

ob
se

rv
ed

is
du

e
to

th
e

tra
de

-o
ff

of
co

m
pl

ex
ity

of
th

e
po

ly
no

m
ia

l
fo

rm
an

d
its

ac
cu

ra
cy

re
sp

ec
tin

g
th

e
nu

m
er

ic
al

va
lu

e
fo

r
th

e
w

in
d

sp
ee

d
pr

ofi
le

.T
he

w
in

d
sp

ee
d

pr
ofi

le
is

on
e

of
th

e
in

pu
ts

to
th

e
m

od
el

an
d

fo
r

th
e

an
al

yt
ic

al
m

od
el

th
e

in
pu

t
m

us
t

ha
ve

a
po

ly
no

m
ia

l
fo

rm
,

as
it

w
as

m
en

tio
ne

d
at
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añ

as
-C

ar
re

tó
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(2

) 
sh

al
l 

be
 u

se
d 

fo
r 

al
l 

ot
he

r 
di

re
ct

io
ns

 a
t 

th
at

 
lo

ca
tio

n.
 

 3.
2 

C
FD

 s
im

ul
at

io
ns

 
C

FD
 s

im
ul

at
io

ns
 w

er
e 

ca
rr

ie
d 

ou
t u

si
ng

 A
N

S
YS

 
W

in
dM

od
el

le
r 

m
od

el
lin

g 
th

e 
w

ak
es

 
w

ith
 

an
 

ac
tu

at
or

 
di

sk
 

m
et

ho
d 

un
de

r 
ne

ut
ra

l 
at

m
os

ph
er

ic
 c

on
di

tio
ns

. 
Tu

rb
ul

en
ce

 c
lo

su
re

 i
s 

pr
ov

id
ed

 
us

in
g 

a 
k-
ε 

m
od

el
 

w
ith

 
m

od
ifi

ed
 

tu
rb

ul
en

ce
 

co
ns

ta
nt

s 
(𝐶𝐶𝐶𝐶
𝜇𝜇𝜇𝜇
 

= 
0.

03
, 

tu
rb

ul
en

ce
 

de
ca

y 
ra

te
 =

 0
.6

), 
as

 s
uc

ce
ss

fu
lly

 v
al

id
at

ed
 in

 
ea

rli
er

 w
or

k 
[6

]. 
Fo

r 
th

e 
re

su
lts

 s
ho

w
n 

he
re

, 
on

ly
 t

he
 N

or
th

er
n 

se
ct

io
n 

w
as

 m
od

el
le

d,
 u

si
ng

 
a 

si
m

ul
at

io
n 

do
m

ai
n 

w
ith

 a
 1

7k
m

 r
ad

iu
s,

 a
nd

 5
 

km
 h

ei
gh

t. 
Se

pa
ra

te
 s

im
ul

at
io

ns
 f

or
 t

he
 e

nt
ire

 
w

in
d 

fa
rm

 
sh

ow
ed

 
th

at
 

th
e 

ef
fe

ct
 

of
 

th
e 

So
ut

he
rn

 s
ec

tio
n 

is
 o

nl
y 

m
in

im
al

 (
in

cr
ea

si
ng

 
th

e 
TI

 fr
om

 5
.8

%
 to

 7
.1

%
 fo

r m
as

t I
G

M
M

X
) a

nd
 

on
ly

 a
ffe

ct
ed

 t
he

 s
ec

to
rs

 1
30

˚ 
to

 1
70

˚. 
Th

e 
m

es
h 

re
so

lu
tio

n 
us

ed
 a

 b
ac

kg
ro

un
d 

ho
riz

on
ta

l 
re

so
lu

tio
n 

of
 6

0m
. 

In
 t

he
 v

er
tic

al
, 

th
e 

m
es

h 

re
so

lu
tio

n 
fo

llo
w

s 
a 

ge
om

et
ric

 p
ro

gr
es

si
on

, w
ith

 
a 

fir
st

 c
el

l 
he

ig
ht

 o
f 

2m
, 

an
d 

an
 e

xp
an

si
on

 
fa

ct
or

 o
f 

1.
16

. 
Si

m
ul

at
io

ns
 h

av
e 

be
en

 c
ar

rie
d 

ou
t 

fo
r 

36
 e

qu
al

ly
 s

pa
ce

d 
di

re
ct

io
ns

, 
an

d 
4 

re
fe

re
nc

e 
w

in
d 

sp
ee

ds
 (

6,
 1

0,
 1

2 
an

d 
14

 m
/s

) 
at

 h
ub

 h
ei

gh
t. 

W
he

n 
ca

rr
yi

ng
 o

ut
 R

ey
no

ld
s 

Av
er

ag
ed

 N
av

ie
r-

St
ok

es
 

(R
AN

S)
 

si
m

ul
at

io
ns

, 
so

lv
in

g 
fo

r 
st

at
io

na
ry

 f
lo

w
 c

on
di

tio
ns

, 
th

e 
re

su
lti

ng
 f

lo
w

 
fie

ld
s 

ar
e 

as
su

m
ed

 
to

 
be

 
re

pr
es

en
tin

g 
th

e 
m

ea
n 

flo
w

 
co

nd
iti

on
s 

on
 

si
te

. 
Th

e 
m

ea
n 

tu
rb

ul
en

ce
 in

te
ns

ity
 fr

om
 th

e 
C

FD
 is

 c
al

cu
la

te
d 

fro
m

:  

𝐼𝐼𝐼𝐼 𝑚𝑚𝑚𝑚
𝑒𝑒𝑒𝑒𝑚𝑚𝑚𝑚
𝑚𝑚𝑚𝑚

=
𝜎𝜎𝜎𝜎 𝑢𝑢𝑢𝑢 𝑈𝑈𝑈𝑈

=
�

2 3
𝑘𝑘𝑘𝑘

𝑈𝑈𝑈𝑈
 

 
(7

) 

 W
he

n 
ca

lc
ul

at
in

g 
th

e 
lo

ca
l T

I a
t m

as
t l

oc
at

io
ns

 
fro

m
 th

e 
m

od
el

, l
oc

al
 v

al
ue

s 
fo

r 
th

e 
tu

rb
ul

en
ce

 
ki

ne
tic

 e
ne

rg
y 
𝑘𝑘𝑘𝑘 

an
d 

th
e 

w
in

d 
sp

ee
d 
𝑈𝑈𝑈𝑈

 a
re

 
us

ed
. 

Fo
r 

tu
rb

in
e 

lo
ca

tio
ns

, 
eq

ua
tio

n 
(7

) 
is

 
ev

al
ua

te
d 

us
in

g 
th

e 
lo

ca
l 

va
lu

e 
fo

r 
th

e 
tu

rb
ul

en
ce

 k
in

et
ic

 e
ne

rg
y 
𝑘𝑘𝑘𝑘 

an
d 

th
e 

tu
rb

in
e 

up
st

re
am

 w
in

d 
sp

ee
d 
𝑈𝑈𝑈𝑈 𝑊𝑊𝑊𝑊

𝑇𝑇𝑇𝑇,
𝑢𝑢𝑢𝑢𝑟𝑟𝑟𝑟

𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚
𝑚𝑚𝑚𝑚,

 i
ts

el
f 

de
riv

ed
 

fro
m

 th
e 

lo
ca

l w
in

d 
sp

ee
d 

at
 h

ub
 h

ei
gh

t, 
us

in
g 

1D
 a

ct
ua

to
r 

di
sk

 t
he

or
y.

 T
he

 r
ea

so
n 

fo
r 

us
in

g 
th

e 
tu

rb
in

e 
up

st
re

am
 w

in
d 

sp
ee

d,
 is

 a
n 

at
te

m
pt

 
to

 m
im

ic
 w

ha
t 

is
 r

ep
or

te
d 

in
 t

he
 w

in
d 

tu
rb

in
e 

SC
A

D
A 

da
ta

, 
w

he
re

, 
vi

a 
th

e 
us

e 
of

 n
ac

el
le

 
tra

ns
fe

r 
fu

nc
tio

ns
, 

th
e 

tu
rb

in
e 

w
in

d 
sp

ee
d 

is
 

su
pp

os
ed

 
to

 
be

 
re

pr
es

en
ta

tiv
e 

of
 

th
e 

w
in

d 
sp

ee
d 

up
st

re
am

 o
f t

he
 tu

rb
in

e.
 

 4.
 

C
O

M
PA

R
IS

O
N

 W
IT

H
 D

AT
A

 
 4.

1 
TI

 b
y 

di
re

ct
io

n 
Th

e 
re

su
lts

 o
f 

ap
pl

yi
ng

 t
he

 F
ra

nd
se

n 
m

od
el

 
an

d 
th

e 
S

im
pl

ifi
ed

 m
od

el
 a

re
 s

ho
w

n 
fo

r t
he

 tw
o 

m
et

 m
as

ts
 in

 F
ig

ur
e 

5 
an

d 
Fi

gu
re

 6
 c

om
pa

re
d 

to
 v

al
ue

s 
of

 T
I 

m
ea

su
re

d 
on

 e
ac

h 
m

as
t, 

w
ith

 
fre

es
tre

am
 

va
lu

es
 

in
di

ca
te

d.
 

Th
e 

re
su

lti
ng

 
m

ea
n 

TI
 fr

om
 th

e 
C

FD
 m

od
el

 is
 a

ls
o 

sh
ow

n.
 

 

 

 
Fi

gu
re

 3
: 

R
at

io
 b

et
w

ee
n 

w
in

d 
sp

ee
d 

st
an

da
rd

 
de

vi
at

io
n 

at
 I

G
F1

0 
an

d 
IG

M
M

X
 a

ga
in

st
 m

as
t 

w
in

d 
sp

ee
d,

 f
or

 d
ire

ct
io

ns
 1

80
°<

θ<
25

0°
 w

he
re

 
ne

ith
er

 a
re

 in
flu

en
ce

d 
by

 u
ps

tre
am

 tu
rb

in
es

. 
 

 
Fi

gu
re

 4
. F

re
es

tre
am

 w
in

d 
ro

se
 fo

r 
10

m
/s

 w
in

d 
sp

ee
d.

 
  W

ith
 p

ot
en

tia
l 

pr
ob

le
m

s 
as

so
ci

at
ed

 w
ith

 u
si

ng
 

na
ce

lle
 

an
em

om
et

ry
, 

a 
se

co
nd

 
da

ta
 

se
t 

to
 

re
pr

es
en

t 
th

e 
w

in
d 

fa
rm

 u
ps

tre
am

 c
on

di
tio

ns
 

w
as

 
ge

ne
ra

te
d 

by
 

co
m

pa
rin

g 
th

e 
m

ea
su

re
m

en
ts

 fr
om

 m
as

t I
G

M
M

X
 a

nd
 th

e 
w

in
d 

tu
rb

in
e 

IG
F1

0 
lo

ca
te

d 
ju

st
 2

.5
 d

ia
m

et
er

s 
aw

ay
. 

As
su

m
in

g 
th

e 
sy

st
em

at
ic

 b
ia

s 
in

 m
ea

n 
w

in
d 

sp
ee

d 
m

ea
su

re
m

en
ts

 
be

tw
ee

n 
IG

M
M

X
 

an
d 

IG
F1

0 
is

 a
 c

on
st

an
t f

ea
tu

re
 o

f 
us

in
g 

da
ta

 f
ro

m
 

tu
rb

in
e 

na
ce

lle
s,

 
th

e 
va

lu
es

 
of

 
na

ce
lle

-
m

ea
su

re
d 

m
ea

n 
w

in
d 

sp
ee

d 
w

er
e 

ad
ju

st
ed

 t
o 

th
e 

co
rr

es
po

nd
in

g 
va

lu
es

 o
f 

a 
m

as
t -m

ea
su

re
d 

da
ta

 s
et

.  
 3.

 
TU

R
B

U
LE

N
C

E 
IN

TE
N

SI
TY

 
 3.

1 
Fr

an
ds

en
 m

od
el

 
 Th

e 
Fr

an
ds

en
 

m
od

el
 

fo
r 

th
e 

ef
fe

ct
iv

e 
TI

 
(𝐼𝐼𝐼𝐼 𝑒𝑒𝑒𝑒

𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓
( 𝑈𝑈𝑈𝑈

) )
 i

s 
pr

ov
id

in
g 

a 
lo

ca
l 

TI
 a

t 
a 

lo
ca

tio
n 

w
ith

in
 th

e 
w

in
d 

fa
rm

, b
ut

 is
 s

pe
ci

fie
d 

in
 te

rm
s 

of
 

w
in

d 
fa

rm
 u

ps
tre

am
 c

on
di

tio
ns

 (
i.e

. 
co

nd
iti

on
s 

w
hi

ch
 c

an
 b

e 
m

ea
su

re
d 

be
fo

re
 th

e 
w

in
d 

fa
rm

 is
 

op
er

at
io

na
l).

 It
 is

 s
um

m
ar

is
ed

 b
el

ow
, u

si
ng

 th
e 

re
pr

es
en

ta
tiv

e 
(i.

e.
 th

e 
90

th
 c

en
til

e 
va

lu
e 

of
 th

e)
 

w
in

d 
sp

ee
d 

st
an

da
rd

 d
ev

ia
tio

n 
in

 th
e 

in
te

gr
an

d.
 

 𝐼𝐼𝐼𝐼 𝑒𝑒𝑒𝑒
𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓

( 𝑈𝑈𝑈𝑈
)

=
��

𝐼𝐼𝐼𝐼𝑚𝑚𝑚𝑚
𝑓𝑓𝑓𝑓 𝑤𝑤𝑤𝑤

𝑤𝑤𝑤𝑤
( 𝜃𝜃𝜃𝜃

|𝑈𝑈𝑈𝑈
0)
𝑑𝑑𝑑𝑑𝜃𝜃𝜃𝜃

18
0

−
18
0

�1 𝑚𝑚𝑚𝑚

 

𝐼𝐼𝐼𝐼
=
𝜎𝜎𝜎𝜎(
𝜃𝜃𝜃𝜃,
𝑈𝑈𝑈𝑈

)
𝑈𝑈𝑈𝑈

 

  
(1

) 

 w
he

re
 𝑚𝑚𝑚𝑚

 is
 th

e 
W

öh
le

r 
ex

po
ne

nt
, 𝜃𝜃𝜃𝜃

 is
 th

e 
w

in
d 

di
re

ct
io

n,
 a

nd
 𝑈𝑈𝑈𝑈

 is
 th

e 
w

in
d 

sp
ee

d.
 T

he
 v

al
ue

 o
f 

𝜎𝜎𝜎𝜎(
𝜃𝜃𝜃𝜃,
𝑈𝑈𝑈𝑈

)  
is

 
ca

lc
ul

at
ed

 
de

pe
nd

in
g 

on
 

lo
ca

tio
n 

w
ith

in
 

th
e 

w
in

d 
fa

rm
 

w
ith

 
re

sp
ec

t 
to

 
w

in
d 

di
re

ct
io

n 
an

d 
as

su
m

in
g 

a 
re

gu
la

r t
ur

bi
ne

 la
yo

ut
, 

vi
a 

on
e 

of
 th

e 
fo

llo
w

in
g 

th
re

e 
eq

ua
tio

ns
: 

 𝜎𝜎𝜎𝜎 𝑟𝑟𝑟𝑟
𝑒𝑒𝑒𝑒𝑟𝑟𝑟𝑟
𝑟𝑟𝑟𝑟,
0

=
〈 𝜎𝜎𝜎𝜎

0〉
+

1.
28
𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠
𝑑𝑑𝑑𝑑𝑠𝑠𝑠𝑠
𝑠𝑠𝑠𝑠(
𝜎𝜎𝜎𝜎 0

)  
(2

) 
 𝜎𝜎𝜎𝜎 𝑟𝑟𝑟𝑟

𝑒𝑒𝑒𝑒𝑟𝑟𝑟𝑟
𝑟𝑟𝑟𝑟,
0,
𝑤𝑤𝑤𝑤
𝑓𝑓𝑓𝑓

=
〈 𝜎𝜎𝜎𝜎

0,
𝑤𝑤𝑤𝑤
𝑓𝑓𝑓𝑓
〉 +

1.
28
𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠
𝑑𝑑𝑑𝑑𝑠𝑠𝑠𝑠
𝑠𝑠𝑠𝑠(
𝜎𝜎𝜎𝜎 0

)  
(3

) 
 𝜎𝜎𝜎𝜎 0

,𝑤𝑤𝑤𝑤
𝑚𝑚𝑚𝑚𝑤𝑤𝑤𝑤
𝑒𝑒𝑒𝑒

=
�

𝑈𝑈𝑈𝑈 0
2

�1
.5

+
0.

8
𝑑𝑑𝑑𝑑 𝑖𝑖𝑖𝑖 �
𝐶𝐶𝐶𝐶 𝑇𝑇𝑇𝑇
�2

+
𝜎𝜎𝜎𝜎 𝑟𝑟𝑟𝑟

𝑒𝑒𝑒𝑒𝑟𝑟𝑟𝑟
𝑟𝑟𝑟𝑟,
0

2
 

(4
) 

w
he

re
 𝜎𝜎𝜎𝜎

𝑟𝑟𝑟𝑟𝑒𝑒𝑒𝑒
𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟

,0
 is

 t
he

 r
ep

re
se

nt
at

iv
e 

w
in

d 
sp

ee
d 

st
an

da
rd

 
de

vi
at

io
n 

of
 

th
e 

fre
es

tre
am

 
flo

w
, 

𝜎𝜎𝜎𝜎 𝑟𝑟𝑟𝑟
𝑒𝑒𝑒𝑒𝑟𝑟𝑟𝑟
𝑟𝑟𝑟𝑟,
0,
𝑤𝑤𝑤𝑤
𝑓𝑓𝑓𝑓
 

is
 

th
e 

re
pr

es
en

ta
tiv

e 
w

in
d 

sp
ee

d 
st

an
da

rd
 d

ev
ia

tio
n 

of
 th

e 
flo

w
 w

ith
in

 a
n 

in
fin

ite
 

ar
ra

y,
 𝜎𝜎𝜎𝜎
0,
𝑤𝑤𝑤𝑤
𝑚𝑚𝑚𝑚𝑤𝑤𝑤𝑤
𝑒𝑒𝑒𝑒 

is
 t

he
 r

ep
re

se
nt

at
iv

e 
w

in
d 

sp
ee

d 
st

an
da

rd
 d

ev
ia

tio
n 

of
 th

e 
flo

w
 d

ire
ct

ly
 w

ith
in

 th
e 

w
ak

e 
of

 
an

 
up

st
re

am
 

tu
rb

in
e,

 
𝑑𝑑𝑑𝑑 𝑖𝑖𝑖𝑖

 
is

 
th

e 
no

rm
al

is
ed

 d
is

ta
nc

e 
to

 th
e 

up
st

re
am

 tu
rb

in
e,

 𝐶𝐶𝐶𝐶
𝑇𝑇𝑇𝑇
 

is
 

th
e 

tu
rb

in
e 

th
ru

st
 

co
ef

fic
ie

nt
. 

C
he

vr
on

 
br

ac
ke

ts
 

in
di

ca
te

 
en

se
m

bl
e 

av
er

ag
in

g.
 

Th
e 

w
in

d 
fa

rm
 a

m
bi

en
t (

or
 b

ac
kg

ro
un

d)
 w

in
d 

sp
ee

d 
st

an
da

rd
 d

ev
ia

tio
n,

 𝜎𝜎𝜎𝜎
0,
𝑤𝑤𝑤𝑤
𝑓𝑓𝑓𝑓
, i

s 
ca

lc
ul

at
ed

 fr
om

 th
e 

fre
es

tre
am

 a
m

bi
en

t 
ba

ck
gr

ou
nd

 (
𝜎𝜎𝜎𝜎 0

) 
an

d 
w

in
d 

fa
rm

 
ad

de
d 

w
in

d 
sp

ee
d 

st
an

da
rd

 
de

vi
at

io
n 

ab
ov

e 
th

e 
w

in
d 

fa
rm

, 𝜎𝜎𝜎𝜎
𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚


,𝑤𝑤𝑤𝑤
𝑓𝑓𝑓𝑓
, a

s 
fo

llo
w

s:
 

 𝜎𝜎𝜎𝜎 0
,𝑤𝑤𝑤𝑤
𝑓𝑓𝑓𝑓

=
1 2
� �

𝜎𝜎𝜎𝜎 𝑚𝑚𝑚𝑚
𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚

,𝑤𝑤𝑤𝑤
𝑓𝑓𝑓𝑓

2
+
𝜎𝜎𝜎𝜎 02

+
𝜎𝜎𝜎𝜎 0
� 

(5
) 

 𝜎𝜎𝜎𝜎 𝑚𝑚𝑚𝑚
𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚

,𝑤𝑤𝑤𝑤
𝑓𝑓𝑓𝑓

=
0.

36
𝑈𝑈𝑈𝑈 0

1
+

0.
2 �

𝑠𝑠𝑠𝑠 𝑓𝑓𝑓𝑓
𝑠𝑠𝑠𝑠 𝑟𝑟𝑟𝑟

𝐶𝐶𝐶𝐶 𝑇𝑇𝑇𝑇⁄
 

(6
) 

 w
he

re
 𝑠𝑠𝑠𝑠
𝑓𝑓𝑓𝑓
 a

nd
 𝑠𝑠𝑠𝑠
𝑟𝑟𝑟𝑟 

ar
e 

th
e 

no
rm

al
is

ed
 d

is
ta

nc
es

 
be

tw
ee

n 
tu

rb
in

es
 in

 a
 r

ow
 a

nd
 b

et
w

ee
n 

tu
rb

in
e 

ro
w

s 
re

sp
ec

tiv
el

y.
 

Th
e 

Fr
an

ds
en

 
m

od
el

 
st

ip
ul

at
es

 th
at

 e
qu

at
io

n 
(4

) 
sh

al
l b

e 
us

ed
, i

f t
he

 
lo

ca
tio

n 
is

 in
 t

he
 d

ire
ct

 w
ak

e 
of

 a
 t

ur
bi

ne
 le

ss
 

th
an

 1
0 

ro
to

r 
di

am
et

er
s 

aw
ay

. 
Fo

r 
di

re
ct

io
ns

 
w

ith
 t

ur
bi

ne
s 

m
or

e 
th

an
 1

0 
di

am
et

er
s 

aw
ay

, 
w

he
re

 th
er

e 
ar

e 
m

or
e 

th
an

 5
 tu

rb
in

es
 b

et
w

ee
n 
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va
lu

e 
of

 b
ac

kg
ro

un
d 

flu
ct

ua
tio

n 
𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠
𝑑𝑑𝑑𝑑𝑠𝑠𝑠𝑠
𝑠𝑠𝑠𝑠(
𝜎𝜎𝜎𝜎 0

) ,
 t

he
 

ab
so

lu
te

 c
ha

ng
e 

be
tw

ee
n 
𝜎𝜎𝜎𝜎 𝑟𝑟𝑟𝑟

𝑒𝑒𝑒𝑒𝑟𝑟𝑟𝑟
𝑟𝑟𝑟𝑟 

an
d 
𝜎𝜎𝜎𝜎 𝑚𝑚𝑚𝑚

𝑒𝑒𝑒𝑒𝑚𝑚𝑚𝑚
𝑚𝑚𝑚𝑚
 i

n 
w

ak
e 

co
nd

iti
on

s,
 w

hi
ch

 s
ho

ul
d 

be
 a

 m
ea

su
re

 o
f 

1.
28

 𝑠𝑠𝑠𝑠
𝑠𝑠𝑠𝑠𝑑𝑑𝑑𝑑
𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠

( 𝜎𝜎𝜎𝜎
)  

in
 w

ak
e 

co
nd

iti
on

s,
 i

s 
sm

al
le

r 
th

an
 

th
e 

1.
28

 𝑠𝑠𝑠𝑠
𝑠𝑠𝑠𝑠𝑑𝑑𝑑𝑑
𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠

( 𝜎𝜎𝜎𝜎
0)

 
th

at
 

re
su

lts
 

in
 

fre
es

tre
am

 c
on

di
tio

ns
. 

Th
is

 i
s 

in
 c

on
tra

st
 t

o 
w

ha
t w

e 
se

e 
in

 th
e 

da
ta

 a
t I

G
M

M
X

 fo
r e

xa
m

pl
e,

 
w

he
re

 𝑠𝑠𝑠𝑠
𝑠𝑠𝑠𝑠𝑑𝑑𝑑𝑑
𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠

( 𝜎𝜎𝜎𝜎
)  

fo
r 

w
ak

ed
 s

ec
to

rs
 t

en
ds

 t
o 

be
 

la
rg

er
 

th
an

 
fo

r 
fre

es
tre

am
 

se
ct

or
s.

 
It 

is
 

su
gg

es
te

d 
th

at
 t

he
 r

ep
re

se
nt

at
iv

e 
𝜎𝜎𝜎𝜎 

m
ig

ht
 b

e 
be

tte
r c

ap
tu

re
d 

w
ith

: 

𝜎𝜎𝜎𝜎 0
,𝑤𝑤𝑤𝑤
𝑚𝑚𝑚𝑚𝑤𝑤𝑤𝑤
𝑒𝑒𝑒𝑒

=
�

𝑈𝑈𝑈𝑈 0
2

�1
.5

+
0.

8
𝑑𝑑𝑑𝑑 𝑖𝑖𝑖𝑖 �
𝐶𝐶𝐶𝐶 𝑇𝑇𝑇𝑇
�2

+
𝜎𝜎𝜎𝜎 02

 

    
   

+
1.

28
𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠
𝑑𝑑𝑑𝑑𝑠𝑠𝑠𝑠
𝑠𝑠𝑠𝑠(
𝜎𝜎𝜎𝜎 0

) 
 

  
(8

) 

Fi
gu

re
 6

 s
ug

ge
st

s 
th

at
 d

ee
p 

w
ith

in
 t

he
 w

in
d 

fa
rm

 th
e 

Si
m

pl
ifi

ed
 m

od
el

 p
re

di
ct

s 
th

e 
m

ea
n 

TI
 

w
el

l, 
ex

ce
pt

 n
ea

r t
he

 s
ec

to
r 2

60
˚ a

nd
 3

30
˚. 

Th
e 

ov
er

es
tim

at
io

n 
ar

ou
nd

 
th

e 
se

ct
or

 
15

0˚
 

w
as

 
fo

un
d 

to
 

be
 

du
e 

to
 

re
du

ce
d 

av
ai

la
bi

lit
y 

of
 

tu
rb

in
e 

IG
E0

6,
 1

1.
3D

 u
ps

tre
am

 o
f 

th
e 

m
as

t. 
Th

e 
Fr

an
ds

en
 

m
od

el
 

st
ru

gg
le

s 
in

 
ca

pt
ur

in
g 

tre
nd

s 
in

 
m

ea
n 

TI
 

w
ith

 
di

re
ct

io
n 

at
 

m
as

t 
IG

M
M

Z ,
 

so
m

et
im

es
 

un
de

re
st

im
at

in
g 

w
he

re
 

le
ss

 th
an

 fi
ve

 tu
rb

in
es

 u
ps

tre
am

 a
re

 p
re

se
nt

, o
r 

ov
er

-e
st

im
at

in
g 

fo
r 

di
re

ct
io

ns
 w

he
re

 t
he

 w
in

d 
fa

rm
 a

m
bi

en
t T

I o
ve

r-
pr

ed
ic

ts
 th

e 
ac

tu
al

 T
I. 

Th
e 

C
FD

 r
es

ul
ts

 s
ho

w
 a

 s
im

ila
r 

tre
nd

 t
o 

th
e 

Si
m

pl
ifi

ed
 m

od
el

, 
w

ith
 r

ea
so

na
bl

e 
ag

re
em

en
t 

w
ith

 t
he

 d
at

a,
 e

xc
ep

t 
fo

r 
an

 u
nd

er
es

tim
at

e 
of

 
th

e 
pe

ak
 a

ro
un

d 
30

0˚
. A

ro
un

d 
se

ct
or

 1
50

˚, 
th

e 
C

FD
 a

ls
o 

pr
od

uc
es

 a
 p

ea
k 

no
t s

ee
n 

in
 th

e 
da

ta
 

be
ca

us
e 

of
 t

he
 r

ed
uc

ed
 a

va
ila

bi
lit

y 
of

 t
ur

bi
ne

 
IG

E0
6.

 
Bo

th
 

th
e 

Fr
an

ds
en

 
an

d 
S

im
pl

ifi
ed

 
m

od
el

s 
st

ru
gg

le
 to

 c
ap

tu
re

 th
e 

am
pl

itu
de

 o
f t

he
 

st
an

da
rd

 d
ev

ia
tio

n 
of

 t
he

 w
in

d 
sp

ee
d 

st
an

da
rd

 
de

vi
at

io
n,

 u
nd

er
es

tim
at

in
g 

th
e 

re
pr

es
en

ta
tiv

e 
TI

 
m

os
t l

ik
el

y 
fo

r t
he

 re
as

on
s 

m
en

tio
ne

d 
ab

ov
e.

  
Fi

gu
re

 7
 c

om
pa

re
s 

th
e 

m
od

el
 o

ut
pu

ts
 a

ga
in

st
 

th
e 

m
ea

su
re

d 
va

lu
es

 o
f 

TI
 a

t 
th

e 
lo

ca
tio

ns
 o

f 
w

in
d 

tu
rb

in
e 

IG
H

08
. 

In
 g

en
er

al
, 

th
e 

Fr
an

ds
en

 
m

od
el

 c
ap

tu
re

s 
th

e 
flu

ct
ua

tio
ns

 i
n 

TI
 d

ue
 t

o 
ne

ar
by

 
tu

rb
in

es
 

th
ou

gh
 

it 
st

ru
gg

le
s 

fo
r 

di
re

ct
io

ns
 w

he
re

 t
he

 n
ea

re
st

 t
ur

bi
ne

 i
s 

m
or

e 
th

an
 1

0 
di

am
et

er
s 

aw
ay

. F
or

 e
xa

m
pl

e,
 b

et
w

ee
n 

27
0°

<θ
<3

00
°,

 
du

e 
to

 
th

e 
fa

rm
 

la
yo

ut
 

irr
eg

ul
ar

ity
, 

th
e 

Fr
an

ds
en

 
m

od
el

 
re

ve
rts

 
to

 
us

in
g 

th
e 

fre
es

tre
am

 T
I 

va
lu

e 
w

hi
ls

t 
be

tw
ee

n 
40

°<
θ<

12
0°

 t
he

re
 a

re
 le

ss
 t

ha
n 

th
e 

ar
bi

tra
ry

 5
 

tu
rb

in
es

 re
qu

ire
d 

to
 s

ug
ge

st
 a

 w
in

d 
fa

rm
 T

I h
as

 
de

ve
lo

pe
d.

 B
y 

co
nt

ra
st

, 
th

e 
S

im
pl

ifi
ed

 m
od

el
 

w
hi

ch
 u

se
s 

th
e 

di
re

ct
 w

ak
e 

m
et

ho
d 

in
 E

qu
at

io
n 

(4
) 

fo
r 

th
es

e 
se

ct
or

s,
 p

re
di

ct
s 

th
e 

m
ea

su
re

d 
va

lu
es

 w
el

l. 
 

 

 
Fi

gu
re

 7
: M

ea
n 

(le
ft)

 a
nd

 re
pr

es
en

ta
tiv

e 
(r

ig
ht

) v
al

ue
s 

of
 T

I f
or

 th
e 

w
in

d 
tu

rb
in

e 
IG

H
08

. 
 

 
Fi

gu
re

 5
: M

ea
n 

(le
ft)

 a
nd

 re
pr

es
en

ta
tiv

e 
(r

ig
ht

) v
al

ue
s 

of
 T

I f
or

 th
e 

so
ut

he
rn

 m
et

 m
as

t I
G

M
M

X
 fo

r a
 1

0 
m

/s
 w

in
d 

fa
rm

 u
ps

tre
am

 w
in

d 
sp

ee
d.

 

 
Fi

gu
re

 6
: M

ea
n 

(le
ft)

 a
nd

 re
pr

es
en

ta
tiv

e 
(r

ig
ht

) v
al

ue
s 

of
 T

I f
or

 th
e 

no
rth

er
n 

m
et

 m
as

t I
G

M
M

Z.
 

 At
 m

as
t 

IG
M

M
X

 (
Fi

gu
re

 5
) 

at
 t

he
 e

dg
e 

of
 t

he
 

no
rth

er
n 

w
in

d 
fa

rm
 c

lu
st

er
, t

he
 F

ra
nd

se
n 

m
od

el
 

pr
ov

id
es

 
a 

go
od

 
pr

ed
ic

tio
n 

of
 

th
e 

m
ea

n 
tu

rb
ul

en
ce

 in
te

ns
ity

 e
xc

ep
t f

or
 th

e 
se

ct
or

 0
˚-

30
˚ 

an
d 

ar
ou

nd
 1

50
˚. 

Be
tw

ee
n 

0˚
-3

0˚
, 

th
e 

w
in

d 
fa

rm
 a

m
bi

en
t 

TI
 a

ss
um

ed
 b

y 
Fr

an
ds

en
 w

ou
ld

 
se

em
 

to
 

be
 

an
 

ov
er

-e
st

im
at

e.
 

Th
e 

ov
er

-
pr

ed
ic

tio
n 

of
 t

he
 T

I 
ar

ou
nd

 s
ec

to
r 

15
0˚

 w
ou

ld
 

se
em

 t
o 

re
su

lt 
fro

m
 t

he
 w

in
d 

fa
rm

 a
m

bi
en

t 
TI

 
as

so
ci

at
ed

 w
ith

 th
e 

So
ut

he
rn

 s
ec

tio
n.

 A
rg

ua
bl

y,
 

th
e 

w
in

d 
fa

rm
 

am
bi

en
t 

TI
 

in
 

th
e 

Fr
an

ds
en

 
m

od
el

 is
 n

ot
 in

te
nd

ed
 to

 c
at

er
 fo

r t
he

 e
ffe

ct
 o

f a
 

se
pa

ra
te

 
se

ct
io

n 
of

 
th

e 
w

in
d 

fa
rm

 
so

 
fa

r 
up

st
re

am
. 

Th
e 

Si
m

pl
ifi

ed
 

m
od

el
 

se
em

s 
to

 
pr

ed
ic

t m
uc

h 
be

tte
r t

he
 T

I i
n 

th
es

e 
se

ct
or

s.
 

Th
e 

C
FD

 m
od

el
 p

ro
vi

de
s 

a 
re

as
on

ab
ly

 g
oo

d 
pr

ed
ic

tio
n 

of
 t

he
 b

ac
kg

ro
un

d 
TI

, 
w

hi
ch

 a
ffe

ct
s 

th
e 

m
aj

or
ity

 o
f 

di
re

ct
io

ns
 a

t 
m

as
t 

IG
M

M
X

, 
bu

t 
te

nd
s 

to
 u

nd
er

es
tim

at
e 

th
e 

pe
ak

 T
I i

n 
th

e 
di

re
ct

 
w

ak
e 

(s
ec

to
r 

60
˚ 

an
d 

31
0˚

). 
A

dd
iti

on
al

 
si

m
ul

at
io

ns
 

at
 

a 
fin

er
 

ho
riz

on
ta

l 
re

so
lu

tio
n 

sh
ow

ed
 th

at
 th

e 
pe

ak
 T

I i
n 

th
e 

ne
ar

 w
ak

e 
is

 n
ot

 
m

es
h 

co
nv

er
ge

d.
 

Fu
rth

er
 

re
fin

in
g 

th
e 

m
es

h 
al

lo
w

s 
th

e 
ca

pt
ur

e 
of

 th
e 

pe
ak

 in
 th

e 
ne

ar
 w

ak
e 

m
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e 
ac

cu
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te
ly

 (n
ot

 s
ho

w
n)

. 
Fo

r 
di

re
ct

io
ns

 i
n 

th
e 

di
re

ct
 w

ak
e 

of
 a

 t
ur

bi
ne

 
le

ss
 th

an
 1

0D
 u

ps
tre

am
 (s

ec
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rs
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0˚
 a

nd
 3
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˚)

, 
th

e 
di

ffe
re

nc
e 

be
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ee
n 

th
e 

m
ea

n 
an

d 
re

pr
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en
ta

tiv
e 

TI
 

fro
m

 
th

e 
Fr

an
ds

en
 

an
d 

Si
m

pl
ifi

ed
 

m
od

el
s 

is
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al

l. 
Th

is
 

m
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be

 
be
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us

e 
th

e 
ca
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at
io

n 
of

 t
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 r
ep

re
se

nt
at

iv
e 

va
lu

es
 in

 th
e 

w
ak

e 
on

ly
 a
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ou

nt
s 

fo
r f

lu
ct

ua
tio

n 
of

 t
he

 s
ta

nd
ar

d 
de

vi
at

io
n 

in
 t

he
 b

ac
kg

ro
un

d 
flo

w
 a

nd
 n

ot
 th

e 
di

re
ct

 w
ak

e.
 T

he
 f

ac
t t

ha
t t

he
 

m
od

el
 

un
de

re
st

im
at

es
 

th
e 

re
pr

es
en

ta
tiv

e 
TI

 
ar

ou
nd

 th
es

e 
se

ct
or

s 
m

ay
 b

e 
an

 in
di

ca
tio

n 
th

at
 

th
e 

re
pr

es
en

ta
tiv

e 
TI

 in
 th

e 
di

re
ct

 w
ak

e 
sh

ou
ld

 
be

 d
er

iv
ed

 i
n 

a 
m

or
e 

so
ph

is
tic

at
ed

 w
ay

. 
In

 
pa

rti
cu

la
r, 

th
e 

in
cl

us
io

n 
of

 
th

e 
st

an
da

rd
 

de
vi

at
io

n 
of

 th
e 

w
in

d 
sp

ee
d 

st
an

da
rd

 d
ev

ia
tio

n 
un

de
r 

th
e 

sq
ua

re
 

ro
ot

 
in

 
eq

ua
tio

n 
(4

) 
is

 
qu

es
tio

na
bl

e.
 D

oi
ng

 s
o 

m
ea

ns
 th

at
, f

or
 a

 g
iv

en
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C
FD

 m
od

el
 a

ls
o 

pe
rfo

rm
s 

ve
ry

 w
el

l 
be

tw
ee

n 
th

e 
ra

ng
e 

of
 w

in
d 

sp
ee

ds
 w

hi
ch

 w
er

e 
si

m
ul

at
ed

 
(6

-1
4 

m
/s

). 
O

ut
si

de
 o

f t
he

 s
im

ul
at

ed
 r

an
ge

, t
he

 
C

FD
 m

od
el

 r
es

ul
ts

 a
re

 n
ot

 r
el

ia
bl

e 
as

 t
he

y 
de

pe
nd

 o
n 

an
 e

xt
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tio
n 

of
 th

e 
re

su
lts

 w
hi

ch
 

is
 n

ot
 p

hy
si

ca
lly

 b
as

ed
. 

W
he

n 
ca

lc
ul

at
in

g 
th

e 
re

pr
es

en
ta

tiv
e 
𝐼𝐼𝐼𝐼 𝑒𝑒𝑒𝑒
𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓

, 
bo

th
 

th
e 

Fr
an

ds
en

 a
nd

 S
im

pl
ifi

ed
 m

od
el

s 
pr

ov
id

e 
a 

go
od

 m
at

ch
 to

 th
e 

m
ea

su
re

d 
TI

 b
et

w
ee

n 
7 

an
d 

13
 m

/s
. 

At
 h

ig
he

r 
w

in
d 

sp
ee

d,
 t

he
se

 m
od

el
s 

te
nd
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ov

er
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re
di

ct
 

th
e 

re
pr

es
en

ta
tiv

e 
𝐼𝐼𝐼𝐼 𝑒𝑒𝑒𝑒
𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓

.W
hi

le
 

w
e 

no
tic

ed
 

fro
m

 
th

e 
pl

ot
s 

by
 

di
re

ct
io

n 
at

 1
0 

m
/s

 (F
ig

ur
e 

6)
 th

at
 th

es
e 

m
od

el
s 

te
nd

ed
 

to
 

un
de

r-
es

tim
at

e 
th

e 
pe

ak
 

re
pr

es
en

ta
tiv

e 
TI

 in
 w

ak
e 

si
tu

at
io

ns
, i

t a
pp

ea
rs

 
th

at
 w

he
n 

in
te

gr
at

in
g 

ov
er

 th
e 

di
re

ct
io

n,
 u

nd
er

- 
an

d 
ov

er
-e

st
im

at
ed

 p
re

di
ct

io
ns

 c
an

ce
l 

ou
t. 

It 
sh

ou
ld

 b
e 

st
re

ss
ed

 th
at

 th
is

 m
ay

 n
ot

 b
e 

tru
e 

fo
r 

al
l 

w
in

d 
fa

rm
s 

or
 in

de
ed

 f
or

 o
th

er
 lo

ca
tio

ns
 i

n 
th

is
 w

in
d 

fa
rm

, b
ei

ng
 d

ep
en

de
nt

 o
n 

th
e 

re
la

tiv
e 

w
ei

gh
tin

g 
be

tw
ee

n 
w

ak
e 

af
fe

ct
ed

, 
w

in
d 

fa
rm

 
af

fe
ct

ed
 

an
d 

fre
es

tre
am

 
se

ct
or

s.
 

Th
e 

C
FD

 
m

od
el

 u
si

ng
 t

he
 d

ire
ct

 m
et

ho
d 

an
d 

th
e 

lin
ea

r 
ex

pr
es

si
on

 
(9

) 
fo

r 
𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠
𝑑𝑑𝑑𝑑𝑠𝑠𝑠𝑠
𝑠𝑠𝑠𝑠(
𝜎𝜎𝜎𝜎)

 
pr

ov
id

es
 

an
 

ac
cu

ra
te

 e
ffe

ct
iv

e 
TI

 fo
r 

th
e 

ra
ng

e 
of

 s
im

ul
at

ed
 

w
in

d 
sp

ee
ds

.  
Th

e 
se

ns
iti

vi
ty

 o
f 

th
e 
𝐼𝐼𝐼𝐼 𝑒𝑒𝑒𝑒
𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓

 p
re

di
ct

io
ns

 t
o 

th
e 

as
su

m
ed

 w
in

d 
fa

rm
 u

ps
tre

am
 c

on
di

tio
ns

, 
an

d 
in

 p
ar

tic
ul

ar
 t

o 
th

e 
am

bi
en

t 
𝐼𝐼𝐼𝐼 𝑒𝑒𝑒𝑒
𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓

,0
( 𝑈𝑈𝑈𝑈

)  
cu

rv
e,

 i
s 

de
m

on
st

ra
te

d 
in

 
Fi

gu
re

 
10

, 
w

he
re

 
th

e 
𝐼𝐼𝐼𝐼 𝑒𝑒𝑒𝑒
𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓

 
ca

lc
ul

at
io

ns
 w

er
e 

re
pe

at
ed

 s
ta

rti
ng

 fr
om

 a
 w

in
d 

fa
rm

 u
ps

tre
am

 d
at

a 
se

t 
de

riv
ed

 f
ro

m
 n

ac
el

le
 

an
em

om
et

ry
. 

As
 

ca
n 

be
 

se
en

 
fro

m
 

th
es

e 
re

su
lts

, 
th

e 
ef

fe
ct

iv
e 

TI
 

de
riv

ed
 

fro
m

 
th

e 
Fr

an
ds

en
 

an
d 

S
im

pl
ifi

ed
 

m
od

el
s 

ar
e 

ve
ry

 
di

ffe
re

nt
 

fro
m

 
th

os
e 

ob
ta

in
ed

 
ea

rli
er

. 
Th

e 
pr

ed
ic

te
d 

m
ea

n 
𝐼𝐼𝐼𝐼 𝑒𝑒𝑒𝑒
𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓

 
fro

m
 

th
es

e 
m

od
el

s 
no

 
lo

ng
er

 a
gr

ee
 s

o 
w

el
l w

ith
 th

e 
m

ea
su

re
d 

da
ta

 a
t 

IG
M

M
Z.

 T
he

 r
es

ul
ts

 fr
om

 th
e 

C
FD

 m
od

el
 u

si
ng

 
th

e 
di

re
ct

 
m

et
ho

d 
ar

e 
un

ch
an

ge
d.

 
W

he
n 

de
riv

in
g 

𝐼𝐼𝐼𝐼 𝑒𝑒𝑒𝑒
𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓

 
fro

m
 

a 
ca

lib
ra

te
d 

C
FD

 
m

od
el

 
ap

pr
oa

ch
, 

th
e 

C
FD

 
m

od
el

 
re

su
lts

 
be

co
m

e 
st

ro
ng

ly
 s

en
si

tiv
e 

to
 t

he
 a

m
bi

en
t 

ef
fe

ct
iv

e 
TI

 
to

o.
  

In
 

th
e 

ca
lib

ra
te

d 
ap

pr
oa

ch
, 

th
e 

w
in

d 
fa

rm
 

up
st

re
am

 
w

in
d 

sp
ee

d 
st

an
da

rd
 

de
vi

at
io

n 
is

 
tra

ns
po

se
d 

to
 t

he
 p

re
di

ct
io

n 
si

te
 b

y 
sc

al
in

g 
it 

w
ith

 th
e 

ra
tio

 o
f s

im
ul

at
ed

 s
ta

nd
ar

d 
de

vi
at

io
n 

at
 

th
e 

pr
ed

ic
tio

n 
si

te
 a

nd
 u

ps
tre

am
 o

f 
th

e 
w

in
d 

fa
rm

. 
Th

e 
𝐼𝐼𝐼𝐼 𝑒𝑒𝑒𝑒
𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓

( 𝑈𝑈𝑈𝑈
)  

cu
rv

es
 

de
riv

ed
 

fro
m

 
th

e 
Fr

an
ds

en
 a

nd
 S

im
pl

ifi
ed

 m
od

el
, a

s 
w

el
l a

s 
fro

m
 

th
e 

C
FD

 m
od

el
 u

si
ng

 t
he

 c
al

ib
ra

te
d 

ap
pr

oa
ch

, 
ar

e 
ve

ry
 

se
ns

iti
ve

 
to

 
th

e 
as

su
m

ed
 

am
bi

en
t 

ef
fe

ct
iv

e 
TI

. 
Th

ei
r 

ov
er

al
l 

tre
nd

 
is

 
st

ro
ng

ly
 

re
m

in
is

ce
nt

 o
f 

th
e 

tre
nd

 s
ee

n 
in

 t
he

 a
m

bi
en

t 
co

nd
iti

on
s 

(p
lo

tte
d 

in
 F

ig
ur

e 
11

 fo
r r

ef
er

en
ce

). 
 

 

 
Fi

gu
re

 9
: 

M
ea

n 
(le

ft)
 a

nd
 r

ep
re

se
nt

at
iv

e 
(r

ig
ht

) 
va

lu
es

 o
f 

TI
 i

nt
eg

ra
te

d 
ac

ro
ss

 a
ll 

di
re

ct
io

ns
, 

as
 

m
ea

su
re

d 
at

 m
et

 m
as

t I
G

M
M

Z,
 m

=1
. T

I c
al

cu
la

te
d 

us
in

g 
w

in
d 

fa
rm

 u
ps

tre
am

 c
on

di
tio

ns
 d

er
iv

ed
 fr

om
 

m
et

 m
as

t I
G

M
M

X
. 

 

  
Fi

gu
re

 8
: M

ea
n 

(le
ft)

 a
nd

 re
pr

es
en

ta
tiv

e 
(r

ig
ht

) v
al

ue
s 

of
 T

I f
or

 th
e 

w
in

d 
tu

rb
in

e 
IG

K0
2.

 
 Fi

gu
re

 8
 s

ho
w

s 
re

su
lts

 f
ro

m
 t

he
 p

os
iti

on
 o

f 
tu

rb
in

e 
IG

K0
2 

an
d 

sh
ow

s 
si

m
ila

r 
re

su
lts

 
to

 
Fi

gu
re

 7
, 

al
th

ou
gh

 t
he

 p
ro

xi
m

ity
 o

f 
th

e 
fa

rm
 

ed
ge

 i
s 

m
or

e 
re

le
va

nt
. 

Th
is

 is
 s

ho
w

n 
be

st
 f

or
 

di
re

ct
io

ns
 b

et
w

ee
n 

30
°<

θ<
17

0°
 w

he
re

 fo
r s

om
e 

di
re

ct
io

ns
 

w
ith

in
 

th
is

 
se

ct
or

, 
tu

rb
in

e 
IG

K0
2 

ex
pe

rie
nc

es
 

th
e 

fre
es

tre
am

 
TI

 
va

lu
es

, 
an

d 
th

er
e 

ar
e 

so
m

e 
di

re
ct

io
ns

 w
hi

ch
 a

re
 a

ffe
ct

ed
 b

y 
th

e 
w

ak
es

 
of

 
ot

he
r 

si
ng

le
 

tu
rb

in
es

 
lo

ca
te

d 
fu

rth
er

 t
ha

n 
10

 d
ia

m
et

er
s.

 F
or

 t
he

 d
ire

ct
io

n 
se

ct
or

s 
re

la
tin

g 
to

 
th

es
e 

di
st

an
t 

in
di

vi
du

al
 

tu
rb

in
es

, 
th

e 
Fr

an
ds

en
 m

od
el

 f
ai

ls
 t

o 
ca

pt
ur

e 
th

e 
si

gn
ifi

ca
nt

 in
cr

ea
se

s 
in

 T
I w

hi
ls

t t
he

 r
es

ul
ts

 
fro

m
 t

he
 S

im
pl

ifi
ed

 m
od

el
 a

gr
ee

 w
el

l 
w

ith
 t

he
 

m
ea

su
re

d 
va

lu
es

. 
 4.

2 
TI

 v
s 

w
in

d 
sp

ee
d 

As
 w

ou
ld

 b
e 

th
e 

ca
se

 f
or

 a
 t

ur
bi

ne
 s

ui
ta

bi
lit

y 
as

se
ss

m
en

t, 
w

e 
ca

lc
ul

at
ed

 th
e 

ef
fe

ct
iv

e 
TI

 fo
r a

 
ra

ng
e 

of
 w

in
d 

sp
ee

d 
be

tw
ee

n 
60

%
 o

f t
he

 r
at

ed
 

w
in

d 
sp

ee
d 

an
d 

th
e 

cu
t-o

ut
 

w
in

d 
sp

ee
d,

 
ev

al
ua

tin
g 

eq
ua

tio
n 

(1
) 

(u
si

ng
 

a 
W

öh
le

r 
ex

po
ne

nt
 m

 =
1)

. A
s 

da
ta

 in
pu

t f
or

 th
is

 p
ro

ce
ss

, 
w

he
n 

us
in

g 
th

e 
Fr

an
ds

en
 m

od
el

, 
w

e 
re

qu
ire

 a
 

da
ta

 s
et

 r
ep

re
se

nt
in

g 
th

e 
w

in
d 

fa
rm

 u
ps

tre
am

 
co

nd
iti

on
s,

 c
ha

ra
ct

er
is

in
g 

th
e 

am
bi

en
t 

TI
 a

s 
w

el
l a

s 
th

e 
fre

qu
en

cy
 d

is
tri

bu
tio

n 
at

 e
ac

h 
w

in
d 

sp
ee

d.
 

W
he

n 
us

in
g 

a 
fre

es
tre

am
 

da
ta

 
se

t 
de

riv
ed

 f
ro

m
 t

he
 d

at
a 

at
 m

as
t 

IG
M

M
X

, 
w

e 
ob

ta
in

 
th

e 
re

su
lti

ng
 
𝐼𝐼𝐼𝐼 𝑒𝑒𝑒𝑒
𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓

( 𝑈𝑈𝑈𝑈
)  

cu
rv

es
 

at
 

m
as

t 
IG

M
M

Z,
 w

hi
ch

 a
re

 s
ho

w
n 

in
 F

ig
ur

e 
9.

 T
he

 
re

su
lts

 
fro

m
 

th
e 

Fr
an

ds
en

 
an

d 
S

im
pl

ifi
ed

 
m

od
el

s 
ar

e 
co

m
pa

re
d 

to
 t

he
 𝐼𝐼𝐼𝐼
𝑒𝑒𝑒𝑒𝑓𝑓𝑓𝑓
𝑓𝑓𝑓𝑓

( 𝑈𝑈𝑈𝑈
)  

fro
m

 t
he

 
w

in
d 

da
ta

 a
nd

 C
FD

 re
su

lts
, c

al
cu

la
te

d 
fro

m
 th

e 
lo

ca
l T

I a
nd

 b
in

ne
d 

by
 th

e 
lo

ca
l w

in
d 

sp
ee

d 
at

 
IG

M
M

Z.
 W

he
n 

ca
lc

ul
at

in
g 

th
e 

m
ea

n 
lo

ca
l 

TI
 

fro
m

 t
he

 C
FD

 r
es

ul
ts

 s
ho

w
n 

in
 F

ig
ur

e 
9,

 w
e 

ev
al

ua
te

 T
I 

di
re

ct
ly

 f
ro

m
 t

he
 s

ol
ve

d 
tu

rb
ul

en
ce

 
ki

ne
tic

 e
ne

rg
y,

 v
ia

 e
qu

at
io

n 
(7

). 
W

he
n 

us
in

g 
th

is
 

m
et

ho
d,

 
th

e 
on

ly
 

re
qu

ire
d 

w
in

d 
fa

rm
 

up
st

re
am

 d
at

a 
is

 t
he

 d
ire

ct
io

n 
di

st
rib

ut
io

n 
at

 

an
y 

gi
ve

n 
re

fe
re

nc
e 

w
in

d 
sp

ee
d.

 S
in

ce
 t

he
 

C
FD

 r
es

ul
ts

 a
re

 s
ta

tio
na

ry
 s

ol
ut

io
ns

, 
fo

r 
an

y 
gi

ve
n 

up
st

re
am

 w
in

d 
sp

ee
d 

an
d 

di
re

ct
io

n,
 th

ey
 

pr
ov

id
e 

a 
un

iq
ue

 v
al

ue
 f

or
 t

he
 w

in
d 

sp
ee

d 
st

an
da

rd
 

de
vi

at
io

n,
 

w
ith

ou
t 

an
 

as
so

ci
at

ed
 

flu
ct

ua
tio

n.
 T

o 
de

riv
e 

re
pr

es
en

ta
tiv

e 
TI

 v
al

ue
s 

fro
m

 th
e 

C
FD

, w
e 

ne
ed

 to
 c

om
pl

em
en

t i
t w

ith
 a

 
m

od
el

 fo
r 
𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠
𝑑𝑑𝑑𝑑𝑠𝑠𝑠𝑠
𝑠𝑠𝑠𝑠(
𝜎𝜎𝜎𝜎)

. I
n 

th
e 

re
su

lts
 p

re
se

nt
ed

 in
 

Fi
gu

re
 9

, w
e 

us
ed

 a
 li

ne
ar

 re
la

tio
ns

hi
p 

 
 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠

𝑑𝑑𝑑𝑑𝑠𝑠𝑠𝑠
𝑠𝑠𝑠𝑠(
𝜎𝜎𝜎𝜎)

=
𝑎𝑎𝑎𝑎𝑈𝑈𝑈𝑈

+
𝑏𝑏𝑏𝑏 

𝑎𝑎𝑎𝑎
=

0.
01

06
,𝑏𝑏𝑏𝑏

=
0.

08
69

 
 

(9
) 

 w
hi

ch
 w

as
 d

er
iv

ed
 f

ro
m

 c
or

re
la

tin
g 
𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠
𝑑𝑑𝑑𝑑𝑠𝑠𝑠𝑠
𝑠𝑠𝑠𝑠(
𝜎𝜎𝜎𝜎)

 
w

ith
 𝑈𝑈𝑈𝑈

 a
t m

as
t I

G
M

M
X

 fo
r d

ire
ct

io
ns

 u
na

ffe
ct

ed
 

by
 

w
ak

es
. 

Th
is

 
re

la
tio

ns
hi

p 
w

as
 

al
so

 
us

ed
 

w
he

n 
ev

al
ua

tin
g 

re
pr

es
en

ta
tiv

e 
𝐼𝐼𝐼𝐼 𝑒𝑒𝑒𝑒
𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓

 u
si

ng
 t

he
 

Fr
an

ds
en

 a
nd

 S
im

pl
ifi

ed
 m

od
el

s 
in

 F
ig

ur
e 

9,
 

w
he

n 
w

or
ki

ng
 w

ith
 u

ps
tre

am
 d

at
a 

de
riv

ed
 fr

om
 

m
as

t I
G

M
M

X
. 

W
he

n 
pr

ed
ic

tin
g 

th
e 

m
ea

n 
𝐼𝐼𝐼𝐼 𝑒𝑒𝑒𝑒
𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓

, 
bo

th
 

th
e 

Fr
an

ds
en

 a
nd

 S
im

pl
ifi

ed
 m

od
el

s 
pr

ov
id

e 
a 

ve
ry

 
go

od
 p

re
di

ct
io

n,
 b

et
w

ee
n 

7 
an

d 
25

 m
/s

. 
Bo

th
 

m
od

el
s 

ar
e 

re
as

on
ab

ly
 c

lo
se

 t
o 

ea
ch

 o
th

er
, 

w
ith

 
th

e 
Fr

an
ds

en
 

m
od

el
 

pr
od

uc
in

g 
sl

ig
ht

ly
 

re
du

ce
d 

TI
 b

el
ow

 1
3 

m
/s

 a
nd

 s
lig

ht
ly

 in
cr

ea
se

d 
TI

 a
bo

ve
 1

3 
m

/s
 (

co
m

pa
re

d 
to

 t
he

 S
im

pl
ifi

ed
 

m
od

el
). 

At
 lo

w
 w

in
d 

sp
ee

ds
, t

he
 m

od
el

s 
le

ad
 to

 
ex

ce
ss

iv
e 

ef
fe

ct
iv

e 
TI

 v
al

ue
s.

 A
t t

hi
s 

po
in

t i
t i

s 
no

t 
cl

ea
r 

if 
th

is
 i

s 
as

so
ci

at
ed

 w
ith

 p
ot

en
tia

l 
m

ea
su

re
m

en
t p

ro
bl

em
s 

at
 m

as
t I

G
M

M
Z,

 a
s 

th
e 

la
tte

r h
as

 n
ot

 b
ee

n 
m

ai
nt

ai
ne

d 
as

 th
or

ou
gh

ly
 a

s 
IG

M
M

X
, 

an
d 

an
em

om
et

er
s 

m
ay

 b
e 

su
ffe

rin
g 

fro
m

 
in

cr
ea

se
d 

be
ar

in
g 

fri
ct

io
n 

at
 

lo
w

 
w

in
d 

sp
ee

d 
(P

. H
ou

sl
ey

, p
riv

at
e 

co
m

m
un

ic
at

io
n)

. A
s 

de
sc

rib
ed

 a
bo

ve
, 
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