
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  

General rights 
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners 
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights. 
 

• Users may download and print one copy of any publication from the public portal for the purpose of private study or research. 
• You may not further distribute the material or use it for any profit-making activity or commercial gain 
• You may freely distribute the URL identifying the publication in the public portal  

 
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately 
and investigate your claim. 

   

 

Downloaded from orbit.dtu.dk on: Dec 19, 2017

Experimental Verification of the Implementation of Bend-Twist Coupling in a Wind
Turbine Blade

Luczak, Marcin; Manzato, Simone; Peeters, Bart; Branner, Kim; Berring, Peter; Haselbach, Philipp Ulrich

Published in:
Proceedings

Publication date:
2011

Document Version
Publisher's PDF, also known as Version of record

Link back to DTU Orbit

Citation (APA):
Luczak, M., Manzato, S., Peeters, B., Branner, K., Berring, P., & Haselbach, P. U. (2011). Experimental
Verification of the Implementation of Bend-Twist Coupling in a Wind Turbine Blade. In Proceedings European
Wind Energy Association (EWEA).

http://orbit.dtu.dk/en/publications/experimental-verification-of-the-implementation-of-bendtwist-coupling-in-a-wind-turbine-blade(b93c07f1-67e5-49c7-8430-c7efaf7941d3).html


EWEA 2011 Scientific Proceedings

119

E
x

p
e

ri
m

e
n

ta
l 
V

e
ri

fi
c

a
ti

o
n

 o
f 

th
e

 I
m

p
le

m
e

n
ta

ti
o

n
 o

f 
B

e
n

d
-T

w
is

t 
C

o
u

p
li

n
g

 i
n

 a
 W

in
d

 T
u

rb
in

e
 B

la
d

e
 

 
M

a
rc

in
 L

u
c
z
a
k
, 
 

S
im

o
n

e
 M

a
n
z
a

to
, 
B

a
rt

 P
e

e
te

rs
 

K
im

 B
ra

n
n

e
r,

  
P

e
te

r 
B

e
rr

in
g
, 
P

h
ili

p
p

 H
a

s
e

lb
a
c
h

 
 

L
M

S
 I
n

te
rn

a
ti
o

n
a

l 
 

W
in

d
 E

n
e
rg

y
 D

iv
is

io
n

, 
 

R
is

ø
 D

T
U

 
m

a
rc

in
.l
u
c
z
a

k
@

lm
s
in

tl
.c

o
m

 
k
ib

r@
ri

s
o

e
.d

tu
.d

k
 

 A
b

s
tr

a
c

t 
T

h
is

 p
a
p

e
r 

p
re

s
e
n

ts
 s

o
m

e
 r

e
s
u

lt
s
 a

n
d

 a
s
p
e

c
ts

 
o

f 
th

e
 

m
u

lt
id

is
c
ip

lin
a
ry

 
a

n
d

 
in

te
rd

is
c
ip

lin
a
ry

 
re

s
e

a
rc

h
 

o
ri
e

n
te

d
 

fo
r 

th
e

 
e

x
p

e
ri

m
e
n

ta
l 

a
n

d
 

n
u

m
e
ri

c
a

l 
s
tu

d
y
 
in

 
s
ta

ti
c
 
a

n
d

 
d

y
n

a
m

ic
 
d

o
m

a
in

s
 

o
n

 t
h

e
 b

e
n

d
-t

w
is

t 
c
o
u

p
lin

g
 i
n

 t
h

e
 f

u
ll 

s
c
a

le
 s

e
c
ti
o
n
 

o
f 
a

 w
in

d
 t
u

rb
in

e
 b

la
d
e

 s
tr

u
c
tu

re
. 

T
h

e
 m

a
in

 g
o
a

l 
o

f 
th

e
 c

o
n
d

u
c
te

d
 r

e
s
e

a
rc

h
 i

s
 t

o
 

c
o

n
fi
rm

 
e

x
p

e
ri

m
e

n
ta

lly
 
th

e
 
n

u
m

e
ri
c
a

l 
p

re
d

ic
ti
o

n
 

o
f 

m
o

d
if
ic

a
ti
o

n
 

o
f 

th
e

 
d

y
n

a
m

ic
 

a
n

d
 

s
ta

ti
c
 

p
ro

p
e

rt
ie

s
 o

f 
th

e
 w

in
d
 t

u
rb

in
e

 b
la

d
e

. 
B

e
n

d
-t

w
is

t 
c
o

u
p

lin
g

 w
a
s
 i

m
p

le
m

e
n

te
d
 b

y
 a

d
d

in
g

 a
n

g
le

d
 U

D
 

la
y
e

rs
 
o

n
 
th

e
 
s
u

c
ti
o
n

 
a
n
d

 
p
re

s
s
u
re

 
s
id

e
 
o

f 
th

e
 

b
la

d
e

. 
 

S
ta

ti
c
 a

n
d

 d
y
n

a
m

ic
 t

e
s
t 

w
e

re
 p

e
rf

o
rm

e
d

 o
n
 a

 
s
e
c
ti
o

n
 o

f 
a

 f
u

ll 
s
c
a

le
 w

in
d
 t

u
rb

in
e

 b
la

d
e
 p

ro
v
id

e
d

 
b

y
 
V

e
s
ta

s
 
W

in
d

 
S

y
s
te

m
s
 
A

/S
. 

T
h

e
 
re

s
u

lt
s
 
a

re
 

p
re

s
e

n
te

d
 

a
n

d
 

c
o
m

p
a
re

d
 

to
 

th
e

 
o

ri
g

in
a

l 
a

n
d

 
m

o
d

if
ie

d
 b

la
d
e

 m
e

a
s
u

re
m

e
n

ts
. 
 

C
o

m
p
a

ri
s
o
n

 a
n

a
ly

s
is

 c
o

n
fi
rm

e
d

 t
h

a
t 

U
D

 l
a

y
e

rs
 

in
tr

o
d

u
c
e

 
m

e
a

s
u

ra
b

le
 

b
e

n
d

-t
w

is
t 

c
o

u
p

lin
g

s
, 

w
h

ic
h

 t
h

e
 o

ri
g

in
a

l 
b

la
d
e

 d
id

 n
o

t 
h

a
v
e

. 
 

K
E

Y
W

O
R

D
S

: 
W

in
d

 
tu

rb
in

e
 

b
la

d
e

, 
b

e
n

d
in

g
, 

to
rs

io
n

, 
c
o

m
p
o

s
it
e

 m
a

te
ri
a

ls
, 

b
e
n

d
-t

w
is

t 
c
o

u
p

lin
g

, 
m

o
d

a
l 

a
n

a
ly

s
is

, 
s
tr

u
c
tu

ra
l 

d
y
n

a
m

ic
s
, 

fi
n

it
e
 

e
le

m
e

n
t 
a

n
a

ly
s
is

 
  1

. 
In

tr
o

d
u

c
ti

o
n

 
W

in
d

 t
u
rb

in
e

 b
la

d
e
s
 m

u
s
t 

b
e

 d
e
s
ig

n
e

d
 t

o
 r

e
s
is

t 
th

e
 e

x
tr

e
m

e
 l

o
a

d
s
 c

a
s
e
s
 a

n
d

 f
a

ti
g

u
e

 l
o

a
d
s
 f

ro
m

 
n

o
rm

a
l 

o
p

e
ra

ti
o

n
. 

S
u

d
d

e
n
 
w

in
d

 
g
u

s
ts

 a
re

 
o

ft
e

n
 

to
o

 
q

u
ic

k
 
fo

r 
th

e
 
a

c
ti
v
e

 
p
it
c
h

 
c
o

n
tr

o
l 

s
y
s
te

m
 
to

 
re

a
c
t 

a
n

d
 

m
a

y
 

s
h

o
rt

e
n

 
th

e
 

fa
ti
g

u
e

 
lif

e
 

s
u

b
s
ta

n
ti
a

lly
. 

T
h

is
 p

ro
b

le
m

 m
a

y
 b

e
 o

v
e

rc
o

m
e

 b
y
 

a
n

 a
e
ro

-e
la

s
ti
c
 t

a
ilo

ri
n

g
 o

f 
th

e
 b

la
d

e
s
. 

P
a

rt
ic

u
la

r 
im

p
le

m
e
n

ta
ti
o

n
 

o
f 

th
e
 

a
n

is
o

tr
o

p
ic

 
c
o

m
p
o

s
it
e
 

m
a

te
ri

a
l 

c
a

n
 i

n
tr

o
d

u
c
e

 t
h
e

 b
e

n
d
-t

w
is

t 
c
o
u

p
lin

g
 i

n
 

th
e

 
b

la
d
e

 
[7

-1
5

].
 

T
h
e

 
c
o

u
p

lin
g

 
c
a
u

s
e
s
 

th
e
 

fe
a

th
e

ri
n
g

 b
la

d
e

 t
o
 t

w
is

t 
u

n
d

e
r 

th
e
 b

e
n

d
in

g
 l

o
a
d
 

a
n

d
 
a

s
 
a

 
re

s
u

lt
 
d
e

c
re

a
s
e

s
 
th

e
 
a
n

g
le

 
o

f 
a

tt
a

c
k
. 

T
h

is
 p

a
p

e
r 

p
re

s
e
n

ts
 t

h
e

 p
ro

g
re

s
s
 a

n
d

 r
e

s
u

lt
s
 o

f 
a

 
c
o

m
p
re

h
e

n
s
iv

e
 

lo
n

g
-t

e
rm

 
s
c
ie

n
ti
fi
c
 

re
s
e

a
rc

h
 

fo
c
u
s
e

d
 

o
n

 
th

e
 

b
e

n
d
-t

w
is

t 
c
o

u
p

lin
g

 
a

n
a

ly
s
is

, 
d

e
s
ig

n
 a

n
d

 i
m

p
le

m
e
n

ta
ti
o
n

 i
n

 w
in

d
 t

u
rb

in
e

 b
la

d
e

 
m

a
d

e
 f

ro
m

 c
o

m
p

o
s
it
e

 m
a

te
ri

a
ls

. 
F

ir
s
t 

th
re

e
 p

a
rt

s
 

o
f 

th
e

 
p

a
p

e
r 

b
ri

e
fl
y
 
re

c
a

ll 
th

e
 
re

s
e
a

rc
h

 
a

c
ti
v
it
y
 

c
a

rr
ie

d
 o

u
t 

[1
-3

] 
w

h
ile

 t
h

e
 m

a
in

 f
o

c
u
s
 i

s
 p

u
t 

o
n

 

m
e

a
s
u

ri
n

g
 
a
n

d
 
m

o
d

e
lin

g
 
th

e
 
d

y
n

a
m

ic
 
b

e
h

a
v
io

r 
d

e
s
c
ri
b

e
d

 w
it
h

in
 t
h

e
 f
o

u
rt

h
 p

a
rt

. 
T

h
e

 
fi
rs

t 
p

a
rt

 
o

f 
th

e
 

p
a
p

e
r 

re
p
o

rt
s
 

o
n

 
th

e
 

e
x
p

e
ri

m
e

n
ta

l 
a

n
d

 n
u

m
e
ri

c
a
l 
s
tu

d
ie

s
 o

f 
a

 s
ta

n
d
a

rd
 

w
in

d
 

tu
rb

in
e
 

b
la

d
e

 
s
e
c
ti
o

n
. 

T
h
e

 
w

in
d

 
tu

rb
in

e
 

b
la

d
e

 
s
e
c
ti
o

n
 
m

a
d

e
 
o

f 
c
o
m

p
o

s
it
e
 
m

a
te

ri
a

l 
w

a
s
 

s
ta

ti
c
a

lly
 

te
s
te

d
 

a
n

d
 

m
o
d

e
le

d
. 

D
if
fe

re
n

t 
lo

a
d

 
c
o

n
fi
g
u

ra
ti
o
n
s
 w

e
re

 a
p

p
lie

d
 a

t 
th

e
 t

ip
 o

f 
th

e
 b

la
d
e

 
s
e
c
ti
o

n
 t
o

 a
s
s
e

s
s
 t
h

e
 t
w

is
t 
a

n
d

 b
e
n

d
 b

e
h
a

v
io

r 
[1

].
 

T
h

e
 

s
e
c
o
n

d
 

p
a
rt

 
o

f 
th

e
 

p
a

p
e

r 
p

re
s
e

n
ts

 
th

e
 

s
tr

u
c
tu

ra
l 

d
y
n

a
m

ic
s
 

id
e
n
ti
fi
c
a

ti
o

n
, 

w
h
ic

h
 

w
a

s
 

p
e

rf
o
rm

e
d
 

b
y
 

m
e

a
n
s
 

o
f 

e
x
p

e
ri
m

e
n

ta
l 

m
o

d
a

l 
a

n
a

ly
s
is

. 
A

 f
in

it
e

 e
le

m
e

n
t 

m
e

th
o

d
 m

o
d
e

l 
[2

] 
w

a
s
 

d
e

v
e

lo
p
e

d
, 

u
p

d
a

te
d

 
a

n
d

 
v
a

lid
a

te
d

 
a
g
a

in
s
t 

th
e
 

s
ta

ti
c
 

m
e

a
s
u

re
m

e
n

t 
re

s
u

lt
s
. 

B
a

s
e

d
 

o
n

 
th

e
 

v
a

lid
a

te
d

 
m

o
d

e
l 

th
e
 
m

o
d

if
ie

d
 
d
e

s
ig

n
 o

f 
e

x
is

ti
n

g
 

b
la

d
e

 
w

a
s
 

s
tu

d
ie

d
. 

A
 

b
a
s
e

lin
e

 
c
o
n

c
e
p

t 
o

f 
th

e
 

m
o

d
if
ic

a
ti
o
n

 
w

a
s
 

im
p

le
m

e
n

ta
ti
o

n
 

fo
r 

b
e

n
d
-t

w
is

t 
c
o

u
p

lin
g

 
b

y
 

m
e

a
n
s
 

o
f 

a
p
p

lic
a

ti
o
n

 
o

f 
a

d
d

it
io

n
a

l 
c
o

m
p
o

s
it
e

 
m

a
te

ri
a

l 
la

y
e
rs

. 
T

h
e

 
o

ri
g

in
a

l 
b

la
d
e
 

s
e
c
ti
o

n
 w

a
s
 m

o
d

if
ie

d
 w

it
h
 f

o
u

r 
la

y
e

rs
 o

f 
U

D
1

2
0
0

, 
w

h
ic

h
 

w
e
re

 
la

m
in

a
te

d
 

o
n

 
th

e
 

p
re

s
s
u

re
 

a
n

d
 

s
u
c
ti
o

n
 
s
id

e
 
o

f 
th

e
 
b

la
d

e
, 

w
it
h

 
a

n
 
a

n
g
le

 
o

f 
2
5

 
d

e
g

re
e
s
 t

o
 t

h
e

 b
la

d
e

 a
x
is

, 
in

 o
rd

e
r 

to
 c

re
a

te
 a

 
m

e
a

s
u

ra
b

le
 f
la

p
w

is
e

 b
e

n
d
-t

w
is

t 
c
o
u

p
lin

g
. 

In
 

th
e

 
th

ir
d

 
p

a
rt

 
th

e
 

s
ta

ti
c
 

e
x
p
e

ri
m

e
n

ta
l 

a
n
d

 
n

u
m

e
ri

c
a

l 
a

n
a

ly
s
is

 o
n

 t
h

e
 m

o
d

if
ie

d
 b

la
d
e

 s
e
c
ti
o

n
 

is
 e

x
p

o
s
e

d
 t

o
 v

e
ri

fy
 t

h
e

 d
e

s
ig

n
 c

o
rr

e
c
tn

e
s
s
 o

f 
th

e
 

b
e

n
d
-t

w
is

t 
c
o
u

p
lin

g
. 

F
in

a
lly

 i
n

 t
h

e
 f

o
u

rt
h

 p
a

rt
 t

h
e

 d
y
n

a
m

ic
 b

e
h

a
v
io

r 
o

f 
th

e
 
m

o
d

if
ie

d
 
b

la
d

e
 
s
e
c
ti
o

n
 
is

 
e

x
p

e
ri

m
e

n
ta

lly
 

id
e

n
ti
fi
e

d
 
w

it
h

 
th

e
 
a
s
s
e

s
s
m

e
n

t 
o

f 
th

e
 
c
o

u
p

lin
g

. 
M

o
re

o
v
e

r 
th

e
 
in

fl
u

e
n
c
e
 
o

f 
th

e
 s

u
p
p

o
rt

 
s
tr

u
c
tu

re
 

d
y
n

a
m

ic
s
 o

n
 t
h

e
 t
e

s
t 
s
p

e
c
im

e
n

 i
s
 d

is
c
u

s
s
e

d
. 

  

2
. 

S
ta

ti
c

 i
n

v
e

s
ti

g
a
ti

o
n

 o
f 

o
ri

g
in

a
l 

b
la

d
e

 s
e

c
ti

o
n

 
S

ta
ti
c
 l

o
a

d
s
 i

n
 b

e
n
d

in
g

, 
to

rs
io

n
 a

n
d

 c
o
m

b
in

e
d

 
b

e
n

d
in

g
 

a
n
d

 
to

rs
io

n
 

c
o

n
fi
g
u

ra
ti
o

n
s
 

w
e
re

 
in

tr
o

d
u
c
e
d

 w
it
h

 d
if
fe

re
n

t 
lo

a
d

in
g

 f
o
rc

e
 l

e
v
e

ls
 [

1
-

3
].
  

2
.1

. 
O

b
je

c
t 

o
f 

th
e
 i

n
v
e
s
ti

g
a
ti

o
n

s
 

T
h

e
 
o

b
je

c
t 

o
f 

in
v
e

s
ti
g

a
ti
o
n

 
is

 
a

n
 
8
 
m

e
te

r 
lo

n
g
 

s
e
c
ti
o

n
 c

u
t 

fr
o

m
 a

 2
3

 m
e

te
r 

w
in

d
 t

u
rb

in
e

 b
la

d
e

. 
T

h
is

 s
e
c
ti
o

n
 i

s
 m

o
u

n
te

d
 i

n
 t

h
e

 t
w

o
 r

o
o

t 
c
la

m
p

s
 

w
it
h

 a
d
d

it
io

n
a

l 
c
la

m
p

 a
t 

th
e

 t
ip

 f
o

r 
th

e
 h

y
d

ra
u

lic
 

ja
c
k
 f
a

s
te

n
in

g
 (

F
ig

u
re

 1
).

  

 

F
ig

u
re

 1
 W

in
d

 t
u

rb
in

e
 b

la
d

e
 s

e
c
ti

o
n

 u
n

d
e

r 
in

v
e

s
ti

g
a

ti
o

n
 w

it
h

 t
h

e
 c

o
o

rd
in

a
te

 s
y
s

te
m

. 
F

o
r 

m
e

a
s

u
re

m
e
n

ts
 o

f 
th

e
 o

ri
g

in
a

l 
b

la
d

e
, 
a

x
is

 
s

y
s

te
m

 i
s

 r
o

ta
te

d
 o

f 
9
0

° 
a

b
o

u
t 

z
 a

x
is

 

 
B

e
n

d
in

g
 a

n
g

le
s
 a

re
 c

o
m

p
u

te
d

 c
o
n

s
id

e
ri

n
g

 t
h

e
 

ro
ta

ti
o

n
 

o
f 

tw
o

 
c
o
n

s
e

c
u

ti
v
e

 
m

e
a
s
u
re

d
 

c
ro

s
s
 

s
e
c
ti
o

n
s
 

a
b

o
u

t 
th

e
 

x
 

a
x
is

. 
T

w
is

t 
a

n
g

le
s
 

a
re

 
c
o

m
p
u

te
d
 a

s
 t

h
e

 r
o

ta
ti
o

n
 a

b
o

u
t 

th
e
 z

 a
x
is

 o
f 

e
a
c
h

 
c
ro

s
s
 

s
e
c
ti
o
n

 
w

it
h

 
re

s
p
e

c
t 

to
 

th
e

 
u

n
lo

a
d

e
d
 

c
o

n
fi
g
u

ra
ti
o
n

. 
A

 
d

e
ta

ile
d
 

d
e

s
c
ri

p
ti
o

n
 

o
f 

th
e
 

c
a

lc
u

la
ti
o
n

 c
a

n
 b

e
 f

o
u

n
d
 i

n
 [

1
].
 F

ig
u
re

 2
 s

h
o

w
s
 

th
e

 b
e

n
d

 a
n
d

 t
w

is
t 

a
n
g

le
s
 o

f 
th

e
 o

ri
g

in
a

l 
b

la
d
e

 
c
o

m
p
u

te
d

 f
ro

m
 t
h

e
 s

ta
ti
c
 b

e
n

d
in

g
 m

e
a
s
u

re
m

e
n

t.
 

-0
,0

3

-0
,0

2
5

-0
,0

2

-0
,0

1
5

-0
,0

1

-0
,0

0
50

0
,0

0
5

0
1
0
0
0

2
0
0
0

3
0
0
0

4
0
0
0

5
0
0
0

S
p
a

n
w

is
e

 d
is

ta
n
c
e

 [
m

m
]

Rotation x [rad]

 

-0
,0

3

-0
,0

2
5

-0
,0

2

-0
,0

1
5

-0
,0

1

-0
,0

0
50

0
,0

0
5

0
1
0
0
0

2
0
0
0

3
0
0
0

4
0
0
0

5
0
0
0

S
p
a

n
w

is
e

 d
is

ta
n
c
e

 [
m

m
]

Rotation z [rad]

 
F

ig
u

re
 2

 B
e
n

d
in

g
 s

lo
p

e
 a

n
g

le
 (

to
p

) 
a

n
d

 c
ro

s
s

 
s

e
c

ti
o

n
s

 t
w

is
t 

a
n

g
le

 (
b

o
tt

o
m

) 
v
a

lu
e

s
 u

n
d

e
r 

fl
a

p
w

is
e

 b
e

n
d

in
g

 l
o

a
d

. 
T

h
e

 b
la

d
e

 s
e
c
ti

o
n

 i
s

 
b

e
n

d
in

g
 b

u
t 

n
o

t 
tw

is
ti

n
g

. 
T

h
a

t 
in

d
ic

a
te

s
 t

h
a
t 

th
e

 b
e

n
d

-t
w

is
t 

c
o

u
p

li
n

g
 i
s

 c
lo

s
e

 t
o

 z
e
ro

 

 
G

ra
p
h

 i
n

d
ic

a
te

s
 t

h
a

t 
th

e
 b

e
n

d
-t

w
is

t 
c
o

u
p

lin
g

 i
s
 

e
q

u
a

l 
o

r 
c
lo

s
e

 t
o

 z
e

ro
, 

s
in

c
e

 t
h

e
 b

e
n
d

in
g

 m
o

m
e
n

t 
d

o
e
s
 n

o
t 

re
s
u
lt
 i
n

 a
 t

w
is

t 
a

n
g

le
 (

ro
ta

ti
o
n

 a
b

o
u

t 
th

e
 

z
-a

x
is

) 
o

f 
th

e
 b

la
d

e
 s

e
c
ti
o

n
. 

3
. 

D
y
n

a
m

ic
 i

n
v

e
s

ti
g

a
ti

o
n

 o
f 

o
ri

g
in

a
l 

b
la

d
e

 s
e

c
ti

o
n

 
O

b
s
e

rv
a

ti
o

n
s
 

fr
o

m
 

th
e

 
s
ta

ti
c
 

in
v
e

s
ti
g

a
ti
o

n
s
 

w
e

re
 
v
e
ri

fi
e

d
 
in

 
th

e
 
s
tr

u
c
tu

ra
l 

d
y
n
a

m
ic

s
 
o

f 
th

e
 

te
s
te

d
 o

ri
g

in
a

l 
b

la
d

e
 s

e
c
ti
o

n
 [

1
9

].
 M

e
a

s
u
re

m
e

n
t 

p
o

in
ts

 
w

e
re

 
d

e
fi
n

e
d
 
o

n
 
th

e
 
le

a
d

in
g

 
a
n

d
 
tr

a
ili

n
g
 

e
d

g
e
 

a
t 

th
ir

te
e

n
 

c
ro

s
s
 

s
e

c
ti
o

n
s
. 

F
la

p
w

is
e

 
a

n
d

 
e

d
g

e
w

is
e

 d
ir
e

c
ti
o

n
 a

c
c
e

le
ra

ti
o

n
s
 w

e
re

 m
e

a
s
u

re
d

. 
P

o
in

ts
 

o
n

 
th

e
 

s
u

p
p
o

rt
 

s
tr

u
c
tu

re
 

w
e

re
 

n
o

t 
m

e
a

s
u

re
d

. 
A

s
 t

h
e

 d
ra

w
b

a
c
k
 o

f 
th

is
 f

a
c
t 

s
o

m
e

 o
f 

th
e

 
n

a
tu

ra
l 

fr
e

q
u

e
n

c
ie

s
 
o

f 
th

e
 s

u
p
p

o
rt

 
s
tr

u
c
tu

re
 

w
e

re
 i

n
d

e
n

ti
fi
e

d
 a

s
 t

h
e

 m
o
d

e
s
 o

f 
th

e
 b

la
d

e
 w

h
ile

 
th

e
y
 a

re
 m

o
d
e

s
 o

f 
th

e
 s

u
p
p

o
rt

 s
tr

u
c
tu

re
. 

N
a

tu
ra

l 
fr

e
q

u
e
n

c
ie

s
 

a
n

d
 

c
o
rr

e
s
p
o

n
d

in
g

 
m

o
d
e

 
s
h
a

p
e
s
 

w
e

re
 

e
s
ti
m

a
te

d
 

a
n

d
 

s
o

m
e
 

e
x
a

m
p

le
s
 

a
re

 
p

re
s
e

n
te

d
 o

n
 t
h

e
 F

ig
u

re
 3

. 
 

 

 

F
ig

u
re

 3
 3

D
 p

lo
ts

 o
f 

m
o

d
e

 s
h

a
p

e
s

 o
f 

o
ri

g
in

a
l 

b
la

d
e

 s
e

c
ti

o
n

. 
1

s
t  f

la
p

 w
is

e
 b

e
n

d
in

g
 (

to
p

) 
a
n

d
 

fi
rs

t 
e

d
g

e
w

is
e

 b
e

n
d

in
g

 (
b

o
tt

o
m

) 

  

4
. 

S
ta

ti
c

 i
n

v
e

s
ti

g
a
ti

o
n

 o
f 

m
o

d
if

ie
d

 b
la

d
e

 s
e

c
ti

o
n

 
O

n
e

 
o

f 
th

e
 

p
ri

m
a

ry
 

a
im

s
 

o
f 

th
is

 
lo

n
g

-t
e
rm

 
re

s
e

a
rc

h
 

is
 

to
 

s
tu

d
y
, 

d
e

s
ig

n
 

a
n

d
 

im
p

le
m

e
n

t 
d

e
s
ir
e

d
 b

e
n

d
-t

w
is

t 
c
o

u
p

le
d

 b
e

h
a

v
io

r.
 T

h
e

 o
ri

g
in

a
l 

b
la

d
e

 
s
e
c
ti
o
n

 
w

a
s
 
m

o
d

if
ie

d
 
w

it
h

 
fo

u
r 

la
y
e

rs
 
o

f 
U

D
1

2
0
0

, 
w

h
ic

h
 w

e
re

 l
a

m
in

a
te

d
 o

n
 t

h
e
 p

re
s
s
u
re

 
a

n
d

 s
u
c
ti
o

n
 s

id
e

 o
f 

th
e

 b
la

d
e

 w
it
h
 t

h
e
 f

ib
e

rs
 a

n
g

le
 

o
f 

2
5

° 
to

 c
re

a
te

 a
 m

e
a
s
u
ra

b
le

 f
la

p
w

is
e

 b
e

n
d

-t
w

is
t 



EWEA 2011 Scientific Proceedings

120

D
u

ri
n

g
 

th
e
 

p
ro

c
e
s
s
in

g
 

o
f 

th
e

 
d

a
ta

, 
s
o

m
e

 
s
ig

n
if
ic

a
n

t 
n
o
is

e
 
w

a
s
 
o

b
s
e

rv
e

d
 
in

 
th

e
 
a

c
q
u

ir
e

d
 

F
R

F
s
 
in

 
th

e
 
lo

w
 
fr

e
q

u
e
n
c
y
 
re

g
io

n
. 

T
h

e
 
d

ri
v
in

g
 

p
o

in
t 

c
o

h
e

re
n

c
e

 f
u

n
c
ti
o

n
s
 s

h
o
w

 a
 s

m
a
ll 

d
ro

p
 i

n
 

th
is

 
re

g
io

n
, 

m
e

a
n

in
g

 
a

 
n

o
n
-i

d
e

a
l 

e
x
c
it
a

ti
o

n
 

(F
ig

u
re

 7
).

 

 

 
F

ig
u

re
 7

 C
o

h
e

re
n

c
e

 f
u

n
c
ti

o
n

s
 f

o
r 

th
e

 t
w

o
 

d
ri

v
in

g
 p

o
in

ts
. 
It

 i
s

 u
s

e
d

 m
e

a
s

u
re

 o
f 

th
e

 F
R

F
 

q
u

a
li
ty

. 
Id

e
a

ll
y
 i

t 
s

h
o

u
ld

 t
a

k
e

 v
a

lu
e

 e
q

u
a

l 
1

. 
  T

h
e

 
m

o
d
a

l 
p
a

ra
m

e
te

r 
id

e
n

ti
fi
c
a

ti
o

n
 
te

c
h

n
iq

u
e

 
w

a
s
 
n

o
t 

a
b

le
 
to

 
c
le

a
rl

y
 
s
ta

b
ili

z
e

 
m

o
d

e
s
 
in

 
th

is
 

re
g

io
n

, 
p

o
s
s
ib

ly
 r

e
s
u

lt
in

g
 i

n
 s

o
m

e
 l

o
c
a

l 
e

rr
o

rs
 i

n
 

th
e

 
m

o
d

e
 

s
h
a

p
e
s
 

b
e

lo
w

 
7

 
H

z
. 

T
h

e
 
e
s
ti
m

a
ti
o

n
 

p
ro

v
id

e
d

 n
a

tu
ra

l 
fr

e
q
u

e
n
c
ie

s
, 

m
o

d
e

 s
h
a

p
e
s
 a

n
d

 
c
o

rr
e
s
p
o

n
d

in
g

 
d

a
m

p
in

g
 

ra
ti
o

s
 

in
 

th
e

 
fr

e
q

u
e
n

c
y
 

b
a

n
d
w

id
th

 0
-6

0
 H

z
. 

F
ir
s
t 

fi
v
e

 o
u

t 
o

f 
1

2
 i

d
e

n
ti
fi
e

d
 

m
o

d
e

 s
h

a
p
e

s
 a

re
 p

ro
v
id

e
d

 o
n

 F
ig

u
re

 8
. 

M
A

C
 (

M
o

d
a

l 
A

s
s
u
ra

n
c
e

 C
ri
te

ri
o

n
) 

c
a
n

 b
e

 u
s
e
d

 
to

 
c
o

m
p

a
re

 
tw

o
 

m
o

d
a

l 
m

o
d

e
ls

. 
T

h
e

 
M

A
C

 

b
e

tw
e
e

n
 t

w
o

 m
o

d
e

 s
h

a
p

e
 v

e
c
to

rs
, 


φ

 a
n

d
 

(
) 


φ

  
, 
is

 d
e

fi
n

e
d

 a
s
: 

(
)

(
)

(
)

(
)

s
s

s
s

M
A

C
i

T

i
i

T i

i

T i

φ
φ

φ
φ

φ
φ

2

=
  
  

  
  

  
  

  
  
  
(1

) 

If
 a

 l
in

e
a

r 
re

la
ti
o

n
s
h

ip
 e

x
is

ts
 b

e
tw

e
e

n
 t

h
e

 t
w

o
 

c
o

m
p

le
x
 
v
e

c
to

rs
 


φ
a

n
d

 
(
) 


φ

, 
th

e
 
M

A
C

 
v
a

lu
e

 

w
ill

 
b

e
 

n
e

a
r 

to
 

1
0
0

. 
If
 

th
e

y
 

a
re

 
lin

e
a

rl
y
 

in
d

e
p
e

n
d

e
n

t,
 t

h
e

 M
A

C
 v

a
lu

e
 w

ill
 b

e
 s

m
a

ll 
(n

e
a
r 

z
e

ro
).

 F
ig

u
re

 9
 s

h
o
w

s
 a

 c
o
m

p
a

ri
s
o
n

 b
e

tw
e

e
n

 t
h
e
 

A
u

to
M

A
C

 
o

f 
th

e
 

m
o

d
a

l 
m

o
d

e
l 

o
b

ta
in

e
d

 
b

y
 

c
o

n
s
id

e
ri

n
g

 
o

n
ly

 
th

e
 
s
e
n
s
o

rs
 
o

n
 
th

e
 
b

la
d

e
 
a

n
d

 
th

e
 

o
n
e

 
w

h
e

re
 

a
ls

o
 

th
e

 
re

s
p

o
n
s
e

 
o

f 
th

e
 

s
u

p
p

o
rt

in
g

 s
tr

u
c
tu

re
 i
s
 i
n
c
lu

d
e

d
. 
 

L
o

w
 

v
a

lu
e

d
 

o
ff
-d

ia
g

o
n

a
l 

te
rm

s
 

fo
r 

th
e
 

b
la

d
e

 
o

n
ly

 
m

o
d
e

l 
e

n
s
u

re
 

lin
e

a
r 

in
d

e
p

e
n
d

e
n
c
e

 
o

f 
e

s
ti
m

a
te

d
 

m
o

d
a

l 
v
e
c
to

rs
. 

T
h

e
 

c
o

rr
e

la
ti
o

n
 

b
e

tw
e
e

n
 

o
ff
-d

ia
g

o
n

a
l 

te
rm

s
 

is
 

in
c
re

a
s
e

d
 

w
h

e
n

 
in

c
lu

d
in

g
 t

h
e

 s
u

p
p

o
rt

in
g

 s
tr

u
c
tu

re
 i

n
 t

h
e

 a
n

a
ly

s
is

. 
T

h
is

 i
s
 d

u
e

 t
o

 t
h

e
 f

a
c
t 

th
a

t 
th

e
 c

la
m

p
in

g
 i

s
 n

o
t 

p
e

rf
e
c
tl
y
 

ri
g

id
 

a
n

d
 

th
e

 
s
u

p
p

o
rt

 
h
a

s
 

it
s
 

o
w

n
 

d
y
n

a
m

ic
 b

e
h
a

v
io

r 
w

h
ic

h
 i
n
fl
u

e
n

c
e

s
 t

h
e

 m
e

a
s
u

re
d

 
re

s
p

o
n
s
e

 o
f 
th

e
 b

la
d
e

. 
 

   

 

a
) 

1
s
t  b

e
n

d
 f
la

p
 

 

b
) 

1
s
t  b

e
n
d

 e
d
g

e
 

 

 
c)

 2n
d
 b

e
n

d
 f
la

p
 

 

d
) 

1
s
t  t

o
rs

io
n
 

 
e)

 2n
d
 b

e
n

d
 e

d
g

e
 

F
ig

u
re

 8
 a

-e
 E

s
ti

m
a

te
d

 e
x

p
e

ri
m

e
n

ta
l 
m

o
d

e
 

s
h

a
p

e
s

 o
f 

th
e

 m
o

d
if

ie
d

 b
la

d
e

 s
e

c
ti

o
n

 a
n

d
 

s
u

p
p

o
rt

 s
tr

u
c

tu
re

 

c
o

u
p

lin
g

. 
T

h
e
 a

d
d

it
io

n
a

l 
la

y
e

rs
 w

e
re

 l
a

m
in

a
te

d
 a

s
 

in
d

ic
a

te
d

 i
n

 F
ig

u
re

 4
. 

 

 

F
ig

u
re

 4
 F

ib
e

r 
o

ri
e

n
ta

ti
o

n
s

 o
f 

th
e

 e
x

tr
a

 U
D

 
la

y
e

rs
 

 T
o

 v
e

ri
fy

 t
h

e
 n

u
m

e
ri

c
a

l 
p
re

d
ic

ti
o
n

 o
f 

th
e

 b
e
n

d
-

tw
is

t 
c
o
u

p
lin

g
 

th
e

 
s
ta

ti
c
 

te
s
ts

 
c
a
m

p
a

ig
n

 
w

a
s
 

re
p

e
a

te
d

 s
u
c
h

 a
s
 o

n
 a

 m
o

d
if
ie

d
 b

la
d

e
. 

T
h

e
 t

w
is

t 
a

n
g

le
s
 

fo
r 

e
q

u
id

is
ta

n
t 

c
ro

s
s
 

s
e
c
ti
o
n

s
 

u
n

d
e
r 

fl
a

p
w

is
e

 
b

e
n
d

in
g

 
lo

a
d

 
w

e
re

 
c
a

lc
u

la
te

d
 

fr
o

m
 

m
e

a
s
u

re
m

e
n

t 
(F

ig
u

re
 5

).
 

 

-0
,0

3

-0
,0

2
5

-0
,0

2

-0
,0

1
5

-0
,0

1

-0
,0

0
50

0
,0

0
5

0
1
0
0
0

2
0
0
0

3
0
0
0

4
0
0
0

5
0
0
0

S
p
a

n
w

is
e

 d
is

ta
n
c
e

 [
m

m
]

Rotation z [rad]

 
F

ig
u

re
 5

 T
w

is
t 

a
n

g
le

 u
n

d
e

r 
fl

a
p

w
is

e
 b

e
n

d
in

g
 

lo
a

d
. 
T

h
is

 i
n

d
ic

a
te

s
 t

h
a
t 

th
e

 b
la

d
e

 s
e
c

ti
o

n
 h

a
s

 
a

 m
e

a
s

u
ra

b
le

 b
e

n
d

-t
w

is
t 

c
o

u
p

li
n

g
 

 A
s
s
u
m

in
g

 t
h

a
t 
th

e
 s

h
e

a
r 

c
e
n

te
r 

is
 l
o
c
a

te
d

 i
n

 t
h

e
 

c
e

n
te

r 
o

f 
th

e
 s

p
a
r,

 t
h

e
 r

o
ta

ti
o

n
 a

n
g

le
s
 a

b
o

u
t 

th
e
 z

 
a

x
is

 
fo

r 
th

e
 
m

o
d

if
ie

d
 
b

la
d

e
 
s
e

c
ti
o
n

 
in

 
F

ig
u

re
 
5
 

s
h

o
w

 a
 m

e
a
s
u

ra
b

le
 b

e
n
d

-t
w

is
t 
c
o

u
p

lin
g

. 
 

  

5
. 

D
y
n

a
m

ic
 i

n
v

e
s

ti
g

a
ti

o
n

 o
f 

m
o

d
if

ie
d

 b
la

d
e

 s
e

c
ti

o
n

 
T

h
e

 
fl
a

p
w

is
e
 

b
e

n
d
-t

w
is

t 
c
o

u
p

lin
g

 
w

a
s
 

a
ls

o
 

in
v
e

s
ti
g

a
te

d
 

b
y
 

m
e

a
n
s
 

o
f 

e
x
p

e
ri

m
e

n
ta

l 
m

o
d
a

l 
a

n
a

ly
s
is

. 
T

h
e
 r

e
s
e
a

rc
h

 w
a
s
 f

o
c
u
s
e

d
 o

n
 t

h
e

 b
e
n

d
-

tw
is

t 
c
o

u
p

lin
g

 
p

re
s
e
n

c
e

 
in

 
th

e
 
m

o
d
e

 s
h

a
p

e
s
 
o

f 
th

e
 

b
la

d
e

 
s
e

c
ti
o

n
. 

Im
p

o
rt

a
n

t 
a

s
p
e

c
t 

w
a

s
 

a
ls

o
 

a
n

a
ly

s
is

 o
f 

th
e

 i
n

fl
u

e
n

c
e

 o
f 

a
d

d
it
io

n
a

l 
m

a
s
s
 a

n
d
 

s
ti
ff
n

e
s
s
 
in

tr
o
d

u
c
e

d
 
b

y
 
e

x
tr

a
 
la

y
e

rs
. 

F
in

a
lly

 
th

e
 

in
fl
u

e
n
c
e

 
o

f 
th

e
 

s
u

p
p

o
rt

 
s
tr

u
c
tu

re
 

o
n

 
th

e
 

c
o

rr
e

la
ti
o

n
 

a
n

a
ly

s
is

 
b

e
tw

e
e
n

 
n
u

m
e
ri

c
a

l 
a

n
d

 
e

x
p

e
ri

m
e

n
ta

l 
m

o
d

a
l 
m

o
d

e
ls

 w
a
s
 s

tu
d

ie
d
. 
[1

6
, 
1

7
].
 

B
la

d
e

 
s
e
c
ti
o
n

 
w

a
s
 

e
x
c
it
e

d
 

w
it
h

 
tw

o
 

e
le

c
tr

o
-

d
y
n

a
m

ic
 s

h
a
k
e

rs
 a

tt
a
c
h

e
d

 a
t 

th
e

 t
ip

 e
n

d
 i

n
 t

h
e

 
fl
a

p
w

is
e

 
a

n
d
 

e
d

g
e

w
is

e
 

d
ir

e
c
ti
o

n
s
. 

F
re

q
u
e

n
c
y
 

R
e
s
p

o
n

s
e

 F
u
n

c
ti
o

n
s
 w

e
re

 m
e

a
s
u

re
d

 a
n

d
 s

to
re

d
 

w
it
h

in
 0

 a
n
d

 1
2

0
 H

z
 f
re

q
u
e

n
c
y
 r

a
n

g
e

. 

F
o

r 
a
d

e
q

u
a
te

 
id

e
n

ti
fi
c
a

ti
o

n
 

o
f 

th
e
 

b
la

d
e

 
d

y
n

a
m

ic
 

d
is

p
la

c
e

m
e

n
t,
 

a
c
c
e

le
ra

ti
o

n
s
 

o
f 

th
e

 
v
ib

ra
ti
o

n
s
 w

e
re

 m
e
a

s
u

re
d

 i
n

 1
3

0
 p

o
in

ts
. 

T
h

ir
te

e
n

 
e

q
u

id
is

ta
n

t 
m

e
a

s
u

re
m

e
n

t 
c
ro

s
s
 

s
e
c
ti
o

n
s
 

w
e

re
 

d
e

fi
n

e
d

 a
lo

n
g

 t
h

e
 s

p
a
n

 w
is

e
 d

ir
e
c
ti
o
n

 (
Z

) 
e

v
e
ry

 
0

.5
 

[m
].
 

E
a

c
h

 
c
ro

s
s
 

s
e
c
ti
o

n
 

c
o

n
ta

in
s
 

fi
v
e
 

m
e

a
s
u

re
m

e
n

t 
p

o
in

ts
 i

n
 w

h
ic

h
 a

c
c
e

le
ra

ti
o

n
s
 w

e
re

 
a

c
q
u

ir
e
d

 a
lo

n
g

 t
h

e
 f

la
p

w
is

e
 (

X
) 

a
n

d
 e

d
g
e

w
is

e
 (

Y
) 

d
ir

e
c
ti
o

n
. 

T
h
e
s
e

 p
o

in
ts

 a
re

 l
o

c
a

te
d

 a
t 

th
e

 l
e

a
d

in
g

 
e

d
g

e
, 

tr
a

ili
n

g
 e

d
g

e
, 

o
n

 t
h

e
 l
in

e
 o

f 
a

ir
fo

il 
m

a
x
im

u
m

 
th

ic
k
n

e
s
s
 

a
n
d

 
in

 
th

e
 

m
id

-p
o

in
ts

 
b
e

tw
e

e
n

 
th

e
 

p
re

v
io

u
s
 

th
re

e
. 

M
e

a
s
u
re

m
e

n
t 

d
ir
e

c
ti
o

n
s
 

w
e
re

 
p

re
c
is

e
ly

 d
e

fi
n

e
d

 b
a
s
e
d

 o
n

 t
h

e
 C

A
D

 g
e

o
m

e
tr

y
 o

f 
th

e
 b

la
d

e
 s

e
c
ti
o

n
. 

M
o

d
e

l 
q

u
a

lit
y
 

a
s
s
e
s
s
m

e
n
t 

w
a
s
 
a

n
 

in
te

g
ra

te
d
 

p
a

rt
 o

f 
th

e
 i

n
v
e

s
ti
g

a
ti
o

n
. 

E
x
c
e

p
t 

ti
m

e
 i

n
v
a

ri
a

n
c
e
 

a
n

o
th

e
r 

c
o

n
d

it
io

n
s
 m

u
s
t 

b
e
 o

b
s
e

rv
e

d
 t

o
 s

a
ti
s
fy

 o
f 

m
o

d
a

l 
a
n

a
ly

s
is

 a
s
s
u
m

p
ti
o
n

s
: 

lin
e

a
ri

ty
, 

M
a

x
w

e
ll’

s
 

re
c
ip

ro
c
it
y
 

p
ri
n

c
ip

le
 

a
n

d
 

o
b

s
e

rv
a

b
ili

ty
. 

P
o

s
s
ib

le
 

s
o

u
rc

e
s
 

o
f 

n
o

n
lin

e
a
ri

ti
e

s
 

w
it
h

in
 

in
v
e

s
ti
g

a
te

d
 

s
tr

u
c
tu

re
 

a
re

 
m

a
te

ri
a

l 
p
ro

p
e

rt
ie

s
, 

g
e
o

m
e

tr
ic

a
l 

p
ro

p
e

rt
ie

s
 a

n
d

 t
h

e
 e

x
is

te
n
c
e

 o
f 

b
o

n
d

 c
o
n

n
e
c
ti
o

n
s
 

V
e

ri
fi
c
a

ti
o
n

 o
f 

a
 s

u
p

e
rp

o
s
it
io

n
 r

u
le

 i
s
 o

n
e

 o
f 

th
e

 
m

e
th

o
d
s
 

o
f 

d
e

te
c
ti
n

g
 

n
o

n
lin

e
a

ri
ti
e
s
. 

L
in

e
a

ri
ty

 
c
h

e
c
k
 w

a
s
 d

o
n

e
 f

o
r 

th
e

 l
e

v
e

l 
o

f 
d

ri
v
in

g
 v

o
lt
a

g
e
 

ra
n

g
in

g
 f

ro
m

 0
.5

 [
V

] 
to

 2
 [

V
] 

w
it
h

 a
 s

te
p

 o
f 

0
.5

 [
V

].
 

R
e
s
u

lt
s
 
a

re
 
p

re
s
e

n
te

d
 
o

n
 
F

ig
u

re
 
6

. 
F

re
q

u
e

n
c
y
 

R
e
s
p

o
n

s
e

 
F

u
n

c
ti
o
n

 
(F

R
F

) 
b

e
tw

e
e

n
 
in

p
u

t 
s
ig

n
a

l 
a

n
d

 o
u

tp
u

t 
s
p
e

c
tr

u
m

 d
e

fi
n

e
d

 a
s
 a

c
c
e

le
ra

ti
o

n
 o

v
e

r 
fo

rc
e

 r
e

m
a

in
 c

o
n
s
ta

n
t 

in
d
e
p

e
n

d
e

n
tl
y
 o

f 
e

x
c
it
a

ti
o

n
 

v
o

lt
a

g
e

 
le

v
e

l.
 

T
h

is
 

p
ro

v
e

s
 

th
a

t 
th

e
 

s
tr

u
c
tu

re
 

d
y
n

a
m

ic
 
b
e

h
a

v
io

r 
is

 
lin

e
a
r 

w
it
h

in
 
b

a
n
d

w
id

th
 
o

f 
in

te
re

s
t.
  

T
h

e
 
re

c
ip

ro
c
it
y
 
c
h

e
c
k
 
is

 
b

a
s
e

d
 
o

n
 
M

a
x
w

e
ll’

s
 

p
ri

n
c
ip

le
, 

w
h

ic
h

 s
ta

te
s
 t

h
a

t 
th

e
 F

R
F

s
 o

b
ta

in
e

d
 b

y
 

a
p

p
ly

in
g

 t
h
e

 f
o

rc
e
 o

n
 p

o
in

t 
1

 a
n

d
 m

e
a
s
u

ri
n

g
 t

h
e

 
re

s
p

o
n
s
e

 
in

 
2

 
a

n
d

 
v
ic

e
 

v
e

rs
a

 
s
h

o
u

ld
 

b
e

 
th

e
 

s
a

m
e

. 
T

h
e
 r

e
s
u

lt
s
 f

o
r 

th
e

 t
w

o
 c

h
e

c
k
s
 p

e
rf

o
rm

e
d
 

c
o

n
fi
rm

e
d

 a
p
p

lic
a
b

ili
ty

 o
f 
th

e
 r

e
c
ip

ro
c
it
y
 r

u
le

. 

  

0
.0

0
1

3
0

.0
0

H
z

-5
0

.0
0

5
0

.0
0 dB

g/N

F
F

R
F

 D
rv

p
:1

:+
Y

/D
rv

p
:1

:+
Y

lin
e

a
ri
ty

_
c
h
e

c
k_

0
5

V
F

F
R

F
 D

rv
p

:1
:+

Y
/D

rv
p

:1
:+

Y
lin

e
a
ri
ty

_
c
h
e

c
k_

1
0

V
F

F
R

F
 D

rv
p

:1
:+

Y
/D

rv
p

:1
:+

Y
lin

e
a
ri
ty

_
c
h
e

c
k_

1
5

V
F

F
R

F
 D

rv
p

:1
:+

Y
/D

rv
p

:1
:+

Y
lin

e
a
ri
ty

_
c
h
e

c
k_

2
0

V

 
F

ig
u

re
 6

 L
in

e
a

ri
ty

 c
h

e
c

k
 f

o
r 

o
n

e
 o

f 
th

e
 p

o
in

ts
 

o
n

 t
h

e
 b

la
d

e
. 
V

o
lt

a
g

e
 v

a
lu

e
s

=
 0

.5
V

, 
1

V
, 
1

,5
V

 
a

n
d

 2
V

 

  



EWEA 2011 Scientific Proceedings

121

 
 

 

F
ig

u
re

 9
 A

u
to

M
A

C
 m

a
tr

ic
e

s
 f

o
r 

e
x

p
e
ri

m
e

n
ta

l 
m

o
d

a
l 
m

o
d

e
l 
w

it
h

 s
e
n

s
o

rs
 o

n
ly

 o
n

 t
h

e
 

m
o

d
if

ie
d

 b
la

d
e

 s
e

c
ti

o
n

 (
to

p
) 

a
n

d
 b

la
d

e
 

s
e

c
ti

o
n

 w
it

h
 i
t’

s
 s

u
p

p
o

rt
 s

tr
u

c
tu

re
 (

b
o

tt
o

m
) 

 
O

n
 

F
ig

u
re

 
9

, 
re

d
 
c
o

lo
r 

c
o

rr
e

s
p

o
n
d

s
 

to
 

M
A

C
 

v
a

lu
e

 
e

q
u
a

l 
1

0
0

. 
D

a
rk

 
B

lu
e

 
c
o

lo
r 

re
fl
e

c
ts

 
th

e
 

M
A

C
 

v
a

lu
e
 

0
. 

M
o

d
e
s
 

c
o

rr
e
s
p
o
n

d
in

g
 

to
 

fr
e

q
u

e
n

c
ie

s
 8

 H
z
, 

2
8

 H
z
, 

3
1

 H
z
 a

n
d

 3
3

 H
z
 a

re
 

re
la

te
d
 
to

 
d

y
n

a
m

ic
 
p
ro

p
e
rt

ie
s
 
o

f 
th

e
 
s
u

p
p

o
rt

in
g
 

s
tr

u
c
tu

re
. 

 

5
.1

 C
o

rr
e
la

ti
o

n
 a

n
a
ly

s
is

 f
o

r 
th

e
 

s
im

u
la

ti
o

n
 a

n
d

 t
e
s
t 

re
s
u

lt
s
 

B
a

s
e

d
 

o
n

 
th

e
 

e
s
ti
m

a
te

d
 

e
x
p

e
ri

m
e

n
ta

l 
m

o
d

a
l 

m
o

d
e

l 
a

n
d
 t

w
o

 d
e

v
e

lo
p

e
d
 F

E
M

 m
o

d
e

ls
 (

m
o

d
e

lin
g

 
th

e
 o

ri
g

in
a

l 
a
n

d
 m

o
d

if
ie

d
 b

la
d

e
s
) 

th
e

 c
o

rr
e

la
ti
o

n
 

a
n

a
ly

s
is

 c
a

n
 b

e
 a

p
p

lie
d

. 
T

h
e

 F
E

 m
o
d

e
l 
s
h

o
u

ld
 b

e
 

c
h

a
ra

c
te

ri
z
e
d
 b

y
 g

o
o

d
 c

o
n
s
is

te
n

c
y
 o

f 
th

e
 n

a
tu

ra
l 

fr
e

q
u

e
n

c
y
 

v
a
lu

e
s
 

a
n

d
 

m
o

d
e

 
s
h

a
p
e

s
 

o
b

ta
in

e
d
 

fr
o

m
 m

e
a
s
u
re

m
e

n
t.
 M

o
d

a
l 
A

s
s
u
ra

n
c
e

 C
ri

te
ri

o
n

 i
s
 

u
s
e
d

 
a

s
 

th
e
 

o
ri

g
in

a
l-
m

o
d
if
ie

d
 

b
la

d
e

 
s
im

u
la

ti
o

n
 

a
n

d
 a

ls
o

 t
e

s
t-

s
im

u
la

ti
o
n

 c
o
rr

e
la

ti
o

n
 m

e
tr

ic
s
. 

T
h

e
 g

lo
b
a

l 
a

x
is

 s
y
s
te

m
 u

s
e

d
 t

o
 d

e
fi
n

e
 t

h
e

 t
e

s
t 

m
o

d
e

l 
d

if
fe

rs
 f

ro
m

 t
h

a
t 

u
s
e
d

 f
o

r 
th

e
 F

E
 m

o
d

e
l.
 I

n
 

o
rd

e
r 

to
 m

a
k
e

 t
h

e
 m

o
d

e
ls

 m
a

tc
h

 i
t 

is
 n

e
c
e
s
s
a

ry
 

to
 a

p
p

ly
 g

e
o
m

e
tr

ic
 c

o
rr

e
la

ti
o

n
 b

y
 t

ra
n
s
la

ti
o

n
 a

n
d
 

ro
ta

ti
o

n
 o

f 
th

e
 t

e
s
t 

m
o

d
e

l 
(F

ig
u

re
 1

0
).

 N
e
x
t 

s
te

p
 i
s
 

n
o

d
e

 
m

a
p

p
in

g
. 

T
h

e
 

n
u
m

b
e

r 
o

f 
m

e
a

s
u
re

m
e

n
t 

n
o

d
e
s
 
is

 
m

u
c
h

 
le

s
s
 
th

a
n
 
th

e
 
F

E
 
n

o
d

e
s
. 

M
o

d
a

l 
v
e

c
to

rs
 a

re
 c

o
m

p
a
re

d
 o

n
ly

 f
o

r 
th

e
 n

o
d

e
s
 f

ro
m

 F
E

 
w

h
ic

h
 
a

re
 
lo

c
a

te
d

 
c
lo

s
e

s
t 

to
 
th

e
 
m

e
a

s
u

re
m

e
n

t 
p

o
in

ts
. 

O
n

ly
 
th

e
 

p
o
rt

io
n

 
o
f 

th
e

 
b

la
d
e

 
a

ft
e

r 
th

e
 

c
la

m
p

 i
s
 c

o
n

s
id

e
re

d
. 
 

F
o

r 
te

s
ts

 
d

e
s
c
ri

b
e
d

 
in

 
s
e

c
ti
o

n
 

2
 

to
 

4
, 

th
e
 

s
u

p
p

o
rt

 s
tr

u
c
tu

re
 w

a
s
 n

o
t 

ta
k
e
n

 i
n

to
 a

c
c
o

u
n

t 
a

n
d

 
m

e
a

s
u

re
d

 d
a
ta

 r
e

d
u

c
e

d
 t

o
 o

b
ta

in
 a

 p
e
rf

e
c
tl
y
 r

ig
id

 
b

o
u

n
d

a
ry

 c
o

n
d

it
io

n
 o

n
 t

h
e

 c
la

m
p
e

d
 s

e
c
ti
o

n
 [

1
-5

].
 

S
in

c
e

 
th

e
 
F

E
M

 
m

o
d

e
l 

o
f 

th
e

 
b

la
d

e
 
is

 
m

o
d

e
le

d
 

u
s
in

g
 t

h
e

 s
a
m

e
 a

s
s
u

m
p

ti
o

n
, 

s
o

m
e

 d
if
fe

re
n
c
e
s
 i

n
 

fr
e

q
u

e
n

c
y
 

v
a

lu
e
s
 

a
n

d
 

m
o

d
e

 
s
h
a

p
e
s
 

fr
o

m
 

e
x
p

e
ri

m
e

n
ta

l 
re

s
u

lt
s
 
fo

r 
th

e
 
m

o
d

if
ie

d
 
b

la
d

e
 
a
re

 
e

x
p

e
c
te

d
. 

 

 

 
F

ig
u

re
 1

0
 T

e
s

t 
a

n
d

 F
E

 g
e
o

m
e

tr
y
 c

o
rr

e
la

ti
o

n
 w

it
h

 n
o

d
e

 m
a

p
p

in
g

. 

 T
h

e
 b

la
d
e

 m
o

d
e

l 
w

a
s
 s

o
lv

e
d

 t
o
 c

o
m

p
u

te
 m

o
d

e
 

s
h

a
p

e
s
 i

n
 t

h
e

 0
-6

0
 H

z
 f

re
q

u
e

n
c
y
 b

a
n
d
w

id
th

 a
n
d

 
c
o

m
p
u

ta
ti
o

n
s
 

w
e

re
 

p
e
rf

o
rm

e
d

 
o

n
 

a
 

5
0

T
fl
o

p
 

c
lu

s
te

r.
 

F
ir

s
t 

M
o

d
a

l 
A

s
s
u

ra
n

c
e
 

C
ri

te
ri

o
n
s
 

w
e

re
 

c
a

lc
u

la
te

d
 f

o
r 

th
e

 c
o

rr
e
s
p

o
n

d
in

g
 m

o
d

e
s
 i

n
 o

rd
e
r 

to
 

a
s
s
o
c
ia

te
 

th
e
 

c
lo

s
e
s
t 

n
u
m

e
ri
c
a

l 
a

n
d
 

e
x
p

e
ri

m
e

n
ta

l 
m

o
d

e
 

s
h

a
p

e
s
 

(F
ig

u
re

 
1

1
).

 
T

h
e
 

p
ro

c
e

d
u

re
 a

c
c
o

u
n

te
d

 f
o

r 
b

o
th

 n
a

tu
ra

l 
fr

e
q

u
e
n

c
y
 

v
a

lu
e

 a
n

d
 t
h

e
 m

o
d

e
 s

h
a

p
e

 c
o

n
s
is

te
n
c
y
. 

 

 

F
ig

u
re

 1
1

 M
A

C
 m

a
tr

ix
 f

o
r 

te
s

t 
a
n

d
 F

E
 

s
im

u
la

ti
o

n
 m

o
d

a
l 

v
e

c
to

rs
 o

f 
m

o
d

if
ie

d
 b

la
d

e
. 

 
T

h
e

 f
o

llo
w

in
g
 m

o
d

e
s
 w

e
re

 i
n

v
e

s
ti
g

a
te

d
: 

1
s
t  a

n
d
 

2
n
d
 

fl
a

p
w

is
e
 

b
e

n
d

in
g

, 
1

s
t  

a
n

d
 

2
n
d
 

e
d

g
e
w

is
e

 
b

e
n

d
in

g
 
a

n
d
 
1

s
t  

to
rs

io
n
a

l 
(F

ig
u
re

 
8

).
 
T

h
e

 
M

A
C

 
m

a
tr

ix
 
in

 
F

ig
u

re
 
1

1
 
c
le

a
rl
y
 
s
h

o
w

s
 
th

a
t 

th
e

 
o

ff
-

d
ia

g
o
n

a
l 

te
rm

s
 

a
re

 
lo

w
 

v
a

lu
e

d
 

w
h

ic
h
 

c
o

n
fi
rm

s
 

lin
e

a
r 

in
d
e

p
e
n

d
e

n
c
e
 o

f 
e
s
ti
m

a
te

d
 m

o
d
a

l 
v
e

c
to

rs
. 

T
h

e
 

b
e
s
t 

te
s
t 

a
n
d

 
s
im

u
la

ti
o

n
 

m
o

d
a

l 
v
e

c
to

rs
 

c
o

n
s
is

te
n
c
y
 c

a
n

 b
e

 o
b

s
e

rv
e

d
 f

o
r 

th
e
 2

n
d
 f

la
p

w
is

e
 

m
o

d
e

. 
T

h
e
 

c
o

n
s
is

te
n
c
y
 

o
f 

th
e

 
re

s
u

lt
s
 

c
a

n
 

b
e

 
re

c
o

g
n

iz
e
d

 a
s
 s

a
ti
s
fa

c
to

ry
, 

h
o

w
e

v
e

r 
th

e
 p

re
s
e

n
t 

d
if
fe

re
n
c
e
s
 

n
e

e
d

 
to

 
b

e
 

fu
rt

h
e
r 

in
v
e

s
ti
g

a
te

d
. 

O
b

s
e

rv
in

g
 

th
e

 
v
a

lu
e

s
 

o
f 

th
e

 
M

A
C

 
c
ri

te
ri

o
n
 

b
e

tw
e
e

n
 
te

s
t 

a
n

d
 
s
im

u
la

ti
o

n
 
m

o
d

e
s
 
(F

ig
u

re
 
9
),

 
d

if
fe

re
n
c
e
s
 c

a
n

 b
e

 n
o

ti
fi
e

d
. 

T
h

e
y
 a

re
 c

a
u
s
e
d

 b
y
 

th
e

 
in

fl
u

e
n
c
e
 

o
f 

th
e

 
s
u

p
p
o

rt
 

s
tr

u
c
tu

re
 

a
n

d
 

n
o

t 
p

e
rf

e
c
tl
y
 e

x
c
it
e

d
 1

s
t  b

e
n

d
in

g
 m

o
d

e
. 

C
o
m

p
a

ri
s
o
n

 
o

f 
n

a
tu

ra
l 

fr
e

q
u
e

n
c
ie

s
 

fo
r 

e
x
p

e
ri

m
e
n

ta
l 

a
n
d
 

s
im

u
la

ti
o
n

 f
o

r 
th

e
 o

ri
g

in
a

l 
a

n
d

 m
o
d

if
ie

d
 b

la
d

e
 i

s
 

p
re

s
e

n
te

d
 i
n

 T
a

b
le

 1
. 

 O
ri

g
in

a
l 

b
la

d
e

  
F

E
 

O
ri

g
in

a
l 

b
la

d
e

 
T

e
s

t 

M
o

d
if

ie
d

 
b

la
d

e
  

F
E

 

M
o

d
if

ie
d

 
b

la
d

e
 

T
e

s
t 

4
.7

 H
z
 

4
.5

 H
z
 

5
.0

1
 H

z
 

4
.4

8
 H

z
 

1
s
t  b

e
n

d
 f
la

p
 

1
0

.8
5

 H
z
 

8
.7

 H
z
 

1
2

.9
 H

z
 

1
2

.0
8

 H
z
 

1
s
t  b

e
n

d
 e

d
g

e
 

1
8

.5
6

 H
z
 

1
8

.9
 H

z
 

2
0

.0
3

 H
z
 

1
9

.2
4

 H
z
 

2
n
d
 b

e
n

d
 f
la

p
 

4
2

.9
9

 H
z
 

3
9

.5
 H

z
 

4
3

.7
5

 H
z
 

4
0

.9
2

 H
z
 

1
s
t  t

o
rs

io
n

 

T
a

b
le

 1
 C

o
m

p
a

ri
s

o
n

 o
f 

th
e

 n
a

tu
ra

l 
fr

e
q

u
e

n
c

ie
s

 f
o

r 
th

e
 e

x
p

e
ri

m
e

n
ta

l 
a

n
d

 
n

u
m

e
ri

c
a

l 
re

s
u

lt
s

 o
b

ta
in

e
d

 f
o

r 
th

e
 o

ri
g

in
a

l 
a

n
d

 m
o

d
if

ie
d

 b
la

d
e

. 

T
h

e
 

d
if
fe

re
n
c
e

 
b

e
tw

e
e

n
 

th
e

 
T

e
s
t 

a
n

d
 

F
E

 
fr

e
q

u
e
n

c
ie

s
 c

a
n

 b
e

 e
x
p

la
in

e
d

 b
y
 t

h
e

 m
o

d
e

lin
g

 o
f 

th
e

 b
o
u

n
d
a

ry
 c

o
n

d
it
io

n
 a

s
 r

ig
id

 i
n
 F

E
. 

M
o

re
o

v
e

r,
 

fu
rt

h
e

r 
d

if
fe

re
n

c
e

s
 

in
 

th
e

 
fr

e
q

u
e

n
c
y
 

v
a

lu
e

s
 

b
e

tw
e
e

n
 o

ri
g

in
a

l 
a

n
d

 m
o

d
if
ie

d
 b

la
d

e
 r

e
s
u

lt
s
 a

re
 

in
tr

o
d

u
c
e
d

 
b
y
 

a
d

d
it
io

n
a

l 
m

a
s
s
 

a
n

d
 

s
ti
ff
n

e
s
s
 

im
p

le
m

e
n

te
d
 

fr
o

m
 

a
n
g

le
d

 
U

D
 

la
y
e

rs
 

o
n

 
th

e
 

s
u
c
ti
o

n
 a

n
d
 p

re
s
s
u
re

 s
id

e
 o

f 
th

e
 b

la
d

e
. 
T

h
e

s
e

 U
D

 
la

y
e

rs
 

in
tr

o
d

u
c
e

 
m

e
a

s
u
ra

b
le

 
b

e
n

d
-t

w
is

t 
c
o

u
p

lin
g
s
, 

w
h

ic
h

 t
h

e
 o

ri
g

in
a

l 
b

la
d

e
 d

id
 n

o
t 

h
a

v
e

 
b

o
th

 i
n

 t
e

rm
s
 o

f 
s
ta

ti
c
 a

n
d
 d

y
n

a
m

ic
 r

e
s
p

o
n
s
e

 o
f 

th
e

 
in

v
e
s
ti
g

a
te

d
 
s
e

c
ti
o
n

 
o

f 
th

e
 
b

la
d

e
. 

W
h

ile
 
in

 
s
ta

ti
c
 r

e
s
p

o
n
s
e

 t
h

e
re

 w
a
s
 c

le
a
r 

in
d

ic
a

ti
o

n
 o

f 
th

e
 

c
o

u
p

lin
g

, 
th

e
 m

o
d

if
ic

a
ti
o

n
 o

f 
d

y
n

a
m

ic
 s

ti
ff
n

e
s
s
 i

s
 

n
o

t 
fu

lly
 r

e
c
o
g

n
iz

e
d

 w
h

ic
h
 c

a
n
 b

e
 o

b
s
e
rv

e
d

 f
ro

m
 

th
e

 c
o

m
p
a

ri
s
o

n
 o

f 
th

e
 s

im
u

la
ti
o

n
 o

f 
o
ri

g
in

a
l 

a
n

d
 

m
o

d
if
ie

d
 b

la
d
e

 s
tr

u
c
tu

ra
l 
d
y
n

a
m

ic
s
 (

F
ig

u
re

 1
2
).

  

 

 
F

ig
u

re
 1

2
 M

A
C

 m
a
tr

ix
 f

o
r 

o
ri

g
in

a
l 
a

n
d

 
m

o
d

if
ie

d
 b

la
d

e
 F

in
it

e
 E

le
m

e
n

t 
m

o
d

e
ls

 

 
1

0
0

%
 

M
A

C
 

m
a

tr
ix

 
te

rm
s
 

fo
r 

th
e

 
fi
rs

t 
th

re
e

 
m

o
d

e
s
 
m

a
y
 
in

d
ic

a
te

 
th

a
t 

th
e

s
e

 
p
a

rt
ic

u
la

r 
m

o
d

e
 

s
h

a
p

e
 

s
e

n
s
it
iv

it
y
 

to
w

a
rd

s
 

th
e

 
im

p
le

m
e

n
te

d
 

a
d

d
it
io

n
a

l 
la

y
e

rs
 i
s
 n

o
t 
s
ig

n
if
ic

a
n

t.
 

 

5
.2

 T
w

is
t 

a
n

d
 b

e
n

d
 a

n
g

le
s
 

c
o

m
p

u
ta

ti
o

n
 

U
s
in

g
 

th
e

 
m

o
d

a
l 

v
e

c
to

rs
 

id
e

n
ti
fi
e

d
 

fr
o

m
 

th
e

 
e

x
p

e
ri

m
e

n
ta

l 
m

o
d

a
l 

a
n

a
ly

s
is

 r
e
s
u

lt
s
 o

r 
c
o

m
p

u
te

d
 

fr
o

m
 t

h
e

 F
E

 m
o

d
e

l,
 t

w
is

ti
n

g
 a

n
d

 b
e
n

d
in

g
 a

n
g

le
s
 

fo
r 

p
a

rt
ic

u
la

r 
m

o
d

e
 s

h
a

p
e

s
 c

a
n

 b
e

 c
o

m
p
u

te
d

. 
F

o
r 

e
x
p

e
ri

m
e

n
ta

l 
m

o
d

e
 s

h
a

p
e
s
, 

a
 f

it
ti
n

g
 i

s
 a

p
p

lie
d

 t
o
 

s
m

o
o

th
 

o
u

t 
s
o

m
e

 
o

d
d

 
lo

c
a

l 
b
e

h
a

v
io

r 
d

u
e

 
to

 
in

h
e

re
n

t 
e
rr

o
rs

 
in

 
th

e
 

m
e

a
s
u

ri
n
g

 
p
ro

c
e
s
s
 

a
n

d
 

e
x
c
it
a

ti
o

n
 l
im

it
a

ti
o

n
s
 s

h
o
w

n
 i
n

 F
ig

u
re

 7
. 

F
o

r 
tw

is
ti
n
g

 a
n

g
le

s
, 

a
 s

im
ila

r 
a

p
p
ro

a
c
h

 t
o
 t

h
e
 

o
n

e
 u

s
e

d
 i

n
 t

h
e

 s
ta

ti
c
 c

o
m

p
u

ta
ti
o

n
 i

s
 a

p
p

lie
d

 [
1

].
 

F
o

r 
e

a
c
h

 c
ro

s
s
-s

e
c
ti
o
n

, 
d

is
p

la
c
e

m
e

n
ts

 f
ro

m
 t

h
e
 

u
n

d
e

fo
rm

e
d

 
c
o

n
fi
g
u

ra
ti
o
n
 
a

re
 
a

s
s
o
c
ia

te
d

 
to

 
th

e
 

e
s
ti
m

a
te

d
 

m
o

d
a

l 
a

m
p

lit
u

d
e

s
. 

O
n

ly
 

th
e

 
le

a
d

in
g
 

a
n

d
 

tr
a

ili
n
g
 

e
d

g
e

 
re

s
u
lt
s
 

a
re

 
u
s
e
d

 
in

 
th

e
 

c
o

m
p
u

ta
ti
o

n
. 

B
o

th
 

re
la

ti
v
e

 
a

n
g

le
s
 

fo
r 

e
a
c
h

 
s
e
c
ti
o

n
 a

n
d

 t
h

e
 s

u
m

 o
f 

th
e

s
e

 a
n

g
le

s
 a

lo
n

g
 t

h
e

 
b

la
d

e
 a

re
 c

o
m

p
u

te
d

. 
B

e
n

d
in

g
 

a
n

g
le

s
 

a
re

 
c
o

m
p

u
te

d
 

in
 

a
 

s
lig

h
tl
y
 

d
if
fe

re
n

t 
w

a
y
 t

h
a

n
 f

o
r 

s
ta

ti
c
 m

e
a

s
u

re
m

e
n

ts
. 

T
h
e

 
m

o
d

a
l 

d
is

p
la

c
e

m
e
n

ts
 o

b
ta

in
e

d
 f

ro
m

 t
h
e

 s
e
n

s
o

rs
 

lo
c
a

te
d

 o
n

 t
h

e
 p

o
in

t 
o

f 
m

a
x
im

u
m

 t
h

ic
k
n
e

s
s
 o

f 
th

e
 



EWEA 2011 Scientific Proceedings

122

1
8
,9

 [
H

z]
 2

n
d
 F

la
p
 m

o
d
e

-0
,50

0
,51

2
3

4
5

6
7

8
9

B
la

d
e

 L
e

n
g
th

 [
m

]

Modal Deflection and 

Twist [-]

Y
 D

e
fe

lc
ti
o
n

Z
 r

o
ta

ti
o
n
 (

ra
d
)

 

1
9
.2

4
  

[H
z]

 2
n
d
 F

la
p
 m

o
d
e
 

-4-20246

2
3

4
5

6
7

8
9

B
la

d
e

 L
e

n
g
th

 [
m

]

Modal Angle [-]

B
e
n
d
in

g
 A

n
g
le

T
w

is
ti
n
g
 A

n
g
le

 
g

) 
E

x
p

e
ri

m
e

n
ta

l 
h

) 
E

x
p

e
ri

m
e

n
ta

l 

 F
ig

u
re

 1
3

 T
w

is
t 

a
n

d
 b

e
n

d
 a

n
g

le
 c

o
m

p
u

ta
ti

o
n

 f
ro

m
 n

u
m

e
ri

c
a

l 
a
n

d
 e

x
p

e
ri

m
e
n

ta
l 
re

s
u

lt
s

 f
o

r 
o

ri
g

in
a

l 
(l

e
ft

 c
o

lu
m

n
) 

a
n

d
 m

o
d

if
ie

d
 (

ri
g

h
t 

c
o

lu
m

n
) 

b
la

d
e

 s
e
c

ti
o

n
 f

o
r 

1
s
t  a

n
d

 2
n

d
 f

la
p

w
is

e
 b

e
n

d
in

g
 m

o
d

e
 

s
h

a
p

e
s

. 
B

la
d

e
 s

e
g

m
e

n
t 

b
e

tw
e
e

n
 2

 c
la

m
p

s
 i
s

 n
o

t 
p

lo
tt

e
d

. 

  
 

F
ig

u
re

 1
3

 a
,c

,e
,g

 s
h

o
w

s
 t

h
e

 o
ri

g
in

a
l 
b

la
d

e
 t

w
is

t 
a

n
g

le
 a

n
d

 b
e
n

d
 t

ra
n
s
la

ti
o
n
 c

o
m

p
u

te
d

 f
o
r 

th
e

 1
s
t 

a
n

d
 

2
n
d

 
fl
a

p
w

is
e

 
m

o
d
e

s
 

fo
r 

e
x
p

e
ri
m

e
n

ta
l 

a
n

d
 

n
u

m
e
ri

c
a

l 
re

s
u

lt
s
. 

F
ig

u
re

 
1

3
 

b
,d

,f
,h

 
s
h

o
w

s
 

th
e

 
m

o
d

if
ie

d
 

b
la

d
e
 

tw
is

t 
a
n

d
 b

e
n

d
 a

n
g

le
 c

o
m

p
u

te
d

 f
o
r 

th
e

 1
s
t 

a
n

d
 

2
n

d
 

fl
a

p
w

is
e

 
m

o
d
e

s
 

fo
r 

e
x
p
e

ri
m

e
n

ta
l 

a
n

d
 

n
u

m
e
ri

c
a

l 
re

s
u

lt
s
. 
 

B
y
 g

ra
p

h
ic

a
lly

 c
o

m
p
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n
g
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h
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 d
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n

t 
p

lo
ts

, 
it
 

c
a

n
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m
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d
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b
s
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d
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w

 t
h
e

 c
o

m
p
u

te
d
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rs
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n
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l 
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n

g
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h

ig
h

e
r,

 
a

s
 

e
x
p

e
c
te

d
, 

fo
r 

th
e
 

m
o

d
if
ie

d
 

b
la

d
e

 
th
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n
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r 
th
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ri
g
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a
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n

e
. 

M
o
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o

v
e
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h
e
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d
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f 

b
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n
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h
e
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a
m
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 i
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 a

ll 
th

e
 

p
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, 

c
o

n
fi
rm

in
g

 
th

a
t 

th
e
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e
n

ti
fi
e

d
 

m
o
d

e
 

s
h

a
p

e
s
 i
n

 t
h
e
 d

if
fe

re
n

t 
p
ro

c
e
s
s
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g
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 c
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n

s
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te
n

t.
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v
e
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F

ig
u
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3
 
b
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,f
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s
h
o

w
 
b

e
n

d
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g
 
m

o
d
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l 

a
n

g
le

s
 

in
s
te
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d
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d
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p
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c
e
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e
n
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, 
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c
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n
 

b
e

 
d

ir
e
c
tl
y
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e
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te
d

. 
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y
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c
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b
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c
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 c
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b
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b
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c
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o
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u
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 D
e
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p
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d
 a

g
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n
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b
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e
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v
e

ra
ll 
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e
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f 
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e
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w
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t 
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n

d
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n

d
 a

n
g
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r 
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e
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b
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b
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 c
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b
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 b
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c
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b
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o

n
, 

th
e
 r

a
ti
o

 b
e

tw
e

e
n
 t

h
e

 c
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b
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 c
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 r
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 b
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c
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h
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n
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 c
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 o
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a
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n
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u
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n
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c
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b
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e
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a

s
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c
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e
e
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e
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a
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c
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c
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n
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e
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F
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u
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T

h
e
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n
g
e
n

t 
o
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e
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ti
v
e
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n

g
le

 f
o
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e
 s

e
c
ti
o
n

 i
s
 t

h
e

n
 c
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m

p
u
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in

g
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e
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c
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n
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c
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c
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b
a
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n
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n
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 c
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y
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v
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n
g
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c
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n
g
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s
, 

s
o
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y
 

d
e

p
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n
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a
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v
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n
a
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n
g
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s
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 c
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m

p
u
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a
s
s
u
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a
s
s
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n
d
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h
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c
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n
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p
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l 
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d
a
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a

n
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 r
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In
 t

h
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 p
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s
e
n

t 
p
a

p
e

r 
o
n
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a
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it
e

d
 

p
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o
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th

e
 

e
x
p

e
ri

m
e

n
ta

l 
re

s
u

lt
s
 

a
re

 
p

re
s
e

n
te

d
 

in
 

d
e

ta
ils
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T

h
e

 
re

s
u
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s
 

fo
r 
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t 
a

n
d

 
s
e
c
o

n
d

 f
la

p
 m

o
d

e
s
 w

ill
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e
 d
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c
u

s
s
e
d
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b
la

d
e

 
s
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u
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o
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a

p
 

b
e

n
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g
 

tr
a

n
s
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o

n
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a
lu

e
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F
ig

u
re
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 a
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e
) 

a
re

 p
lo

tt
e

d
 w

it
h
 

th
e

 d
a

rk
 b

lu
e

, 
e

d
g

e
 b

e
n

d
in

g
 w

it
h

 r
e
d

 a
n
d

 r
o

ta
ti
o
n
 

w
it
h

 l
ig

h
t 
b

lu
e
. 

O
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g
in

a
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b
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d
e

 
e

x
p
e

ri
m

e
n

ta
l 
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s
u
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s
 

a
re

 
p
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s
e

n
te

d
 o

n
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ig
u
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 c
, 

g
. 

D
e

fl
e
c
ti
o

n
 i
n
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h

e
 f

la
p

 
d

ir
e
c
ti
o

n
 
is

 
p

lo
tt
e

d
 
w

it
h

 
th

e
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d
 
lin

e
, 

e
d

g
e
w

is
e

 
d

ir
e
c
ti
o

n
 w

it
h
 b

lu
e

 a
n
d

 r
o

ta
ti
o

n
 a

ro
u

n
d

 t
h

e
 b

la
d

e
 

a
x
is

 i
s
 m

a
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e
d

 w
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h

 g
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e
n

. 
T

h
e

 a
n

g
le

s
 v

a
lu

e
s
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re
 

a
s
s
u

m
e
d

 t
o

 b
e

 0
 i
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h

e
 c
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m

p
e

d
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e
c
ti
o
n
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F
o
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 m
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 b
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d

e
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e
c
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o

n
 b

e
n
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g
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n
g
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v
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e

s
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e

d
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 d
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e
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n
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T

o
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a
v
e
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v
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v
e
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ll 

b
e

h
a

v
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h
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a
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te

 
a

n
g
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p
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te
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R
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s
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g
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h

e
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