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e f g h i fkj l m n o p q r s p q t l7t u@o p s v vLq lxw yxz n w,m q { | s p q t lxo�}xs o�o } t ~Ll,p }xs p�p } nCs z p yxs vLm s v y nKt u
p } nCn w r n ~Lq o nK{ v s w n�u | n � y n lxz �,| n v s p q m n�p t5p } n5z t y � v n w"�
r v t {xs vF| t p t |�p q v p � � s ~�u | n � y n lxz q n o�q o
q ���xt | p s l p�u t |
w n m n v t � ��n l p�t u p } nFm q { | s p q t lxo � �F} n ��w n m n v t ���[t | nFn s o q v �@q u p } nF{ v s w nFu | n � y n lxz �
q o5z v t o n,p t�t l n,t u[p } n,| t p t |Cp q v p � � s ~Qu | n � y n lxz q n o�| n u n | | n w�p t�z t ���[t l�z t t | w q lxs p n o �@�F} q o
t { o n | m s p q t lKq lxw q z s p n oLp }xs p@s l�q ���xt | p s l p�z t y � v q l r[n � q o p oL{xn p ~Fn n l�p } n�{ v s w n�n w r n ~Lq o n@�[t w n o
s l w�p } n�r v t {xs v�| t p t |L�[t w n o �x�F} n�� | n o n l p n w�~Ft | ��s q �Ko�s pL� | t m q w q l r[q lxo q r } pLq l p t[p } n�� } � o q z o
t u�p } q o�z t y � v q l r�{ �Kyxo n@t u=o q ��� v n���t w n v o � ~L} q z }�p s � n@q l p tKs z z t y l pLp } n@n �xn z p oL{xn v q n m n wKp t[{xn
��t o p=q �[�xt | p s l p=q l[p } n@z t lxo q w n | n w�o p s p n�t uxt �xn | s p q t l�� �5n�s o o y �[nLp }xs p=p } n�w t �[q lxs p q l r@q l n | p q s
u t | z nLt l[p } n�{ v s w n o=t | q r q lxs p n o
u | t �$p } n�n w r n ~Lq o nLm q { | s p q t l�� �F} n�| n o y v p q l r�q l n | p q s@u t | z n@s p=p } n
} y {"� ~L} q z }�p y | lxoLt y pLp t[{xn�s�u t | z n@| t p s p q l r�q l�p } n�| t p t |L� v s l n�~Lq p }Cp } n@n w r n ~Lq o n@u | n � y n lxz � �
q o
p } n lKz t lxo q w n | n w[s o
p } n�u t | z q l r�t l[p } n@o y � �xt | p q l r�o p | yxz p y | n � q � n � p } n��[s q lKo }xs u p � p } n�lxs z n v v n
u | s �[nCs lxw9p } nCp t ~Fn | �=��u t y |�w n r | n n o�t u@u | n n w t ����t w n v�t u�p } n5| t p t |Ks lxw,p } n7o y � �xt | p q l r
o p | yxz p y | n�q o�yxo n w7p t5q v v yxo p | s p n�p } n�r v t {xs vF| t p t |�p q v p � � s ~$�[t w nCo }xs �xn o�w y | q l r5t �xn | s p q t l��=�
�[s p } n �Ks p q z s v ��t w n v u t |=p } n�~Ft | ���xn | u t | �[n w�{ ��p } n�q l n | p q s�u t | z nLu | t ��p } n�{ v s w nLm q { | s p q t l�t l
p } n�} y {K�[t m n �[n l pFo } t ~�o � } t ~9n l n | r ���[q r } pF{xn�n � z }xs l r n w�{xn p ~Fn n l[p } n�o p | yxz p y | s v n v n ��n l p o �
j l�s w w q p q t l�� u y v vxs n | t n v s o p q zFz s v z y v s p q t lxo=s | nFyxo n w�p t�o y � �xt | p=s lxw�n � p n lxw�p } n�z t lxz v yxo q t lxo�u | t �
p } nLo q �[� v nF�[t w n v o � ~L} n l�p } nLz t �[� v n �"� | n s v ~Lq lxw�p y | { q l nLo p | yxz p y | n=q o�z t lxo q w n | n w"� �F} n=q l � � v s l n
q l n | p q s@u t | z n�w n o z | q {xn o=s l[n v v q � p q z s v �xs p }Kq l[p } n�| t p t |=� v s l n � s lxw�~Fn�w n l t p nLp } n@z t | | n o �xt lxw q l r
{ v s w n�w n u t | �Ks p q t l5� � � � ��� � � � ���
� � � � �x�"q � n ~Lq o n � p } n@} y {��[t m n oFs v t l r[s lKn v v q � p q z s v"t | { q p � ~L} n l
p } n�| t p t |=p q v p � � s ~9�[t w n oFs | nLn � z q p n w"� s lxw[~Fn@w n l t p n�p } q o=��t m n ��n l pF� � � � � �"� � � � ���
� � � � � ��o q l r
p } n o n�p n | �[o�t y |@z t lxz n | lCq oLp } n�q l p n | s z p q t lC{xn p ~Fn n l,� � � � �=� � � � �[�
� � � �xs lxwC� � � � � �
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D6E F G H I FKJ L E&M L E F E N I E OQP L R SBF I L G�T I G L J H O U N�J SWV T F�L E F E J L T X*Y Z&X V T XWX�J F�[�E E N\T J L L V E O�R G I6J I6D6V F ]
Z&V I X V N\I X E&M L R ^ L J S`_8a b c a d e f g h i&jQa f h k l m n6X E&Z6R L o�V FKJ�T R N I L V [ G I V R NWI R�R N E8R P�I X E8I J F o F�V NWI X E
pKq�r�s t u�M L R v E T I8w6b c k b e xzy c bKy c b f { l�h l k\h6e a b c a d e f g h i h g a g m�n6X E�F M�E T V |�T�I J F o\V F&T R N�T E L N E OWZ&V I X

}=~ O E N I V |�T J I V R N�R P*S\J V N�M�J L J SWE I E L F6P R L&H R J OWL E O G�T I V R N*m

n6X E�L E F E J L T XzV F=V N�F M V L E Oz[ UzM L E � V R G�F�Z6R L o?V NBM L R v E T I F=T R N�T E L N E OzZ&V I X�V N � E F I V ^ J I V R NzR P
F I J H H*V N�O G�T E O\� V [ L J I V R N�F m n6X E F E�M L R v E T I F&J L E�I X E�N�J I V R N�J H*p6q�r�s t ��M L R v E T I&�We l�g f � h l k l h l k a b�h
f g e d d�J N�O�I X EQV N I E L N�J I V R N�J HKp6�z� R G H E s ~ ~ ~ M L R v E T I�w6b a � h i g h c l�c y8jQ� l�e xQh i��*c e � f\e l'�W� l�� ��i a ��*h � b e g h c l f�h l��'g e d d'� � � m
� F G SWSWJ L U�R P I X E6L E F G H I F*P L R SzI X E6M L E F E N I*Z6R L o�V F*V N�T H G�O E O�V NQI X E6| N�J H L E M�R L I*P R L�I X E&pKq�rKs t u
M L R v E T I Y D6V F ] s D&s � � � � � � �8� Y��*c b f { l�h l k\h*_8a b c a d e f g h i h g a g �*�K��w6� � ���'d � g b e � � c b gK�   � m
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Mode shape 7 : 2.916 Hz.

Blade 1

Blade 2 Blade 3

  Negative deformation.
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  Positive deformation.
  Undeformed rotor.
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Mode shape 8 : 2.964 Hz.

Blade 1

Blade 2 Blade 3

  Negative deformation.
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  Positive deformation.
  Undeformed rotor.
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Mode shape 9: 3.668 Hz.

Negative deformation.
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Rotor rotational frequency  [Hz]

Rotor global whirl frequencies. Example 1.

IT  = 2.5 e5 kgm^2
kN  = 1.4 e7 Nm/rad
kxT = 1.6 e8 Nm/rad
kzT = 0.7 kxT

1st whirl backwards.
1st whirl forwards.

2nd whirl backwards.
2nd whirl forwards.
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Rotor rotational frequency  [Hz]

Rotor global whirl frequencies. Example 2.

IT  = 2.5 e5 kgm^2
kN  = 4.0 e7 Nm/rad
kxT = 6.0 e7 Nm/rad
kzT = 0.75 kxT

1st whirl backwards.
1st whirl forwards.

2nd whirl backwards.
2nd whirl forwards.
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Global rotor whirl hub displacement.
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Global rotor whirl frequency [Hz]

Work performed by in-plane force on global whirl.

1 rotor whirl cycle. F_p + u_pw + u_rw
F_r + u_pw + u_rw

2.4 Hz
3.4 Hz
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Global rotor whirl frequency [Hz]

Work performed by in-plane force on global whirl.

5 rotor whirl cycles. F_p + u_pw + u_rw
F_r + u_pw + u_rw

2.4 Hz
3.4 Hz

��� � � � ��� � ? ������� � � ���  ! " # � � ��$ � % &�� � �'$ ( # ) ��� ) � � &*� + �-, � $ � # % � . �/# �0)1� . % . ��&*" � � (2# +�3 � �0! % � . �'. 3
� . % . �-&*" � � ( 3 � � 4 � � ��! � 5�627 89��:0" ��� �0� � � ��� +�% " �1# , � � # � �1. 3�@<! . =�>0( � % ��� . % . �-&2" � � (*! � ! ( � + �

A�B C D E A�E F G H I J K�L�M N I



-15

-10

-5

0

5

10

15

1 1.5 2 2.5 3 3.5 4 4.5 5

W
or

k 
pe

r 
ro

to
r 

w
hi

rl 
cy

cl
e 

[k
N

m
]

�

Global rotor whirl frequency [Hz]

Work performed by in-plane force on global whirl.

20 rotor whirl cycles. F_p + u_pw + u_rw
F_r + u_pw + u_rw

2.4 Hz
3.4 Hz
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Global rotor whirl frequency [Hz]

Work performed by in-plane force on global whirl.

5 rotor whirl cycles. F_p + u_pw
F_r + u_pw

2.4 Hz
3.4 Hz
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Global rotor whirl frequency [Hz]

Work performed by in-plane force on global whirl.

5 rotor whirl cycles. F_p + u_rw
F_r + u_rw

2.4 Hz
3.4 Hz
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Ö�× Ø�Ù Ú Û"Ø�Ù Ü Ý Þ Ø ß�à á Ù × Ø�Ù à â�Ø Ü�Ù à ã�Ü Ø ß ã�à ä�ß Ø�Û"à Û�Ø ä Ù ß�á à Ü�Ù × Ø�à Ü Ú å Ú ä�Ý æ Þ à ä ç å è Ü Ý Ù Ú à ä�Ý Ü Ø�ß × à â�ä*Ý ßé ê ë ã æ à Ù ß�Ú ä"ì�Ú å è Ü Ø ß�í î ï#Ý ä�ð�í î ñ#á à Ü'Ù × Ø�Þ Ý ß Ø�â�Ú Ù ×*ò�Ý Þ ó â�Ý Ü ð*ß â�Ø Ø ã*Ø ô Þ Ú Ù Ý Ù Ú à ä�î ì�Ú å è Ü Ø#í î ï#ß × à â#ßÙ × Ø�Û�à Û"Ø ä Ù ß'Þ à Ü Ü Ø ß ã�à ä�ð Ú ä å#Ù à�õ ö ÷�ò�Ý Þ ó â�Ý Ü ð*Ý ä�ð õ ö ÷�á à Ü â�Ý Ü ð�Ü à Ù à Ü�â�× Ú Ü æ Û�à ð Ø ß ø Ü Ø ß ã�Ø Þ Ù Ú ù Ø æ ú îì�Ú å è Ü Ø#í î ñ�ß × à â#ß�Ù × Ø#û ü ý�ò�Ý Þ ó â�Ý Ü ð*Ý ä�ð"û ü ý�á à Ü â�Ý Ü ð*â�× Ú Ü æ Û"à Û�Ø ä Ù ß ø Ü Ø ß ã�Ø Þ Ù Ú ù Ø æ ú î Ö�× Ø#Ý Ü Ü à â#ßÚ ä)Ù × Ø ã æ à Ù ß"ß × à â¢Ù × Ø Ü à Ù Ý Ù Ú à ä2ð Ú Ü Ø Þ Ù Ú à ä�î'Ö�× Ø�ã æ à Ù ß*Þ à ù Ø Ü õ ñ�ß Ø Þ"à á�Ù × Ø Ù Ú Û�Ø Ù Ü Ý Þ Ø ß�Ú ä)Ù × ØÝ Ü Ø Ý ß�â�× Ø Ü Ø�Ù × Ø�Ü Ø ß à ä�Ý ä�Þ Ø�ã�Ø Ý ó ß�Ý Ü Ø�ð Ø Ù Ø Þ Ù Ø ð�á Ü à ÛÄÙ × Ø�Ü Ú å × Ù�ã æ à Ù�Ú ä�ì�Ú å è Ü Ø"í î õ îÖ�× Ø�ã æ à Ù�à á�Ù × Ø�õ ö ÷�ò�Ý Þ ó â�Ý Ü ð�â�× Ú Ü æ�Û"à ð Ø*Þ à ù Ø Ü ß#õ ñ"ß Ø Þ#á Ü à ÛÄþ�ÿ��"ß Ø Þ ø Ù × Ø�õ ö ÷�á à Ü â�Ý Ü ð"â�× Ú Ü æõ ñ�ß Ø Þ á Ü à Û þ ÿ"õ � �(ß Ø Þ ø'Ù × Ø�û ü ý�ò�Ý Þ ó â�Ý Ü ð(â�× Ú Ü æ"õ ñ(ß Ø Þ á Ü à Û�þ�ÿ�� � �(ß Ø Þ�Ý ä�ð2ç ä�Ý æ æ ú)Ù × Øû ü ý á à Ü â�Ý Ü ð�â�× Ú Ü æ#õ ñ�ß Ø Þ"á Ü à ÛXþ"ÿÄï û ��ß Ø Þ î'Ö�× Ø Ý Ü Ü à â#ß�Ú ä2Ù × Ø�ã æ à Ù ß�Ú ä�ð Ú Þ Ý Ù Ø Ù × Ø�Ü à Ù Ý Ù Ú à äð Ú Ü Ø Þ Ù Ú à ä�î ��ú�Ý ã ã Ü à ã Ü Ú Ý Ù Ø#ß Þ Ý æ Ú ä å*à á�Ù × Ø�ß × à â�ä�Û"à Û�Ø ä Ù ß�Ù × Ø�Þ à Ü Ü Ø ß ã�à ä�ð Ú ä å�Û"à ù Ø Û"Ø ä Ù'à á�Ù × ØÜ à Ù à Ü#Þ Ø ä Ù Ø Ü#â�à è æ ð�ò�Ø*à ò Ù Ý Ú ä Ø ð�â�Ú Ù ×�å à à ð�Ý ã ã Ü à ô Ú Û Ý Ù Ú à ä�î�� à�ø Ù × Ø*ã æ à Ù ß#Þ Ý ä(Ý æ ß à�ò�Ø"ù Ú Ø â�Ø ðÝ ß�Ù × Ø*Û"à ù Ø Û"Ø ä Ù�à á�Ù × Ø*Ü à Ù à Ü#Þ Ø ä Ù Ø Ü�Ú ä�Ý*ù Ø Ü Ù Ú Þ Ý æ�ã æ Ý ä Ø îì à Ü�Þ à Û"ã æ Ø Ù Ø ä Ø ß ß ø�Ù × Ø(ã�à â�Ø Ü�ß ã�Ø Þ Ù Ü Ý)à á*Ù × Ø(ò æ Ý ð Ø(Ü à à Ù ò�Ø ä�ð Ú ä å3Û"à Û�Ø ä Ù ß�Ý ä�ðQÙ × Ø)ß ×�Ý á Ùò Ø ä�ð Ú ä å[Û�à Û"Ø ä Ù)Ý Ü Ø3ß × à â�ä¡Ú ä¡Ù × Ø�ì�Ú å è Ü Ø ß2í î í ë í î õ �3Ù à å Ø Ù × Ø Ü)â�Ú Ù ×Äß ã�Ø Þ Ù Ü Ý�à á�ð Ú ��Ø Ü Ø ä ÙÞ à Û*ò Ú ä�Ý Ù Ú à ä�ß�à á�Ù à â�Ø Ü*Ù à ã)Û"à Û�Ø ä Ù ß î�Ö�× Ø ß ×�Ý á Ù*ò�Ø ä�ð Ú ä å�Û�à Û"Ø ä Ù ø
	�� ø�Ú ß*Ü Ø Þ à Ü ð Ø ð�à ä)Ù × ØÜ à Ù Ý Ù Ú ä å*ß ×�Ý á Ù î Ö�× Ø�Ù à â�Ø Ü'Ù à ã�Û"à Û�Ø ä Ù ß ø Ù Ú æ Ù�	�� Ý ä�ð"ú Ý â�	��� ø Ý Ü Ø�Ü Ø Þ à Ü ð Ø ð�Ú ä"Ù × Ø#ß Ù Ý Ù Ú à ä�Ý Ü úÙ à â�Ø Ü�Þ à à Ü ð Ú ä�Ý Ù Ø ß îÖ�× Ø�Ü Ø ß è æ Ù ß�ß × à âQÙ ×�Ý Ù�Ù × Ø�Ü Ø ß ã�à ä�ß Ø�Ú ß�Ý æ Û�à ß Ù�Ú ð Ø ä Ù Ú Þ Ý æ ø â�× Ø Ù × Ø Ü�Ù × Ø�Ø ô Þ Ú Ù Ý Ù Ú à ä Ú ß�á à Ü â�Ý Ü ð�à Üò�Ý Þ ó â�Ý Ü ð�ø ú Ø Ù�â�Ú Ù ×�Ù × Ø*Ù Ø ä�ð Ø ä�Þ ú Ù ×�Ý Ù#Ù × Ø*â�× Ú Ü æ�Û�à ð Ø ß�â�Ú Ù ×�Ù × Ø"ß Ý Û"Ø*Ü à Ù Ý Ù Ú à ä�ð Ú Ü Ø Þ Ù Ú à ä(Ý ßÙ × Ø*Ø ô Ù Ø Ü ä�Ý æ�Û"à Û�Ø ä Ù#Ý Ü Ø#Ø ô Þ Ú Ù Ø ð Û�à Ü Ø�Ø Ý ß Ú æ ú�Ù ×�Ý ä�Ù × Ø�Û�à ð Ø ß�â�Ú Ù ×�à ã ã�à ß Ú Ù Ø�â�× Ú Ü æ�ð Ú Ü Ø Þ Ù Ú à ä�î
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Tower top tilt moment. Backward sweep excitation.
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PSD Tower top moments. Forward sweep excitation.
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PSD Tower top moments. Backward sweep excitation.
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Tower top moments. Backward sweep excitation.

B1: 1.1 Hz 1st whirl backwards.
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Tower top moments. Backward sweep excitation.

F1: 2.1 Hz 1st whirl forwards.
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Tower top moments. Backward sweep excitation.

B2: 3.4 Hz 2nd whirl backwards.

-4

-2

0

2

4

6

-4 -3 -2 -1 0 1 2 3 4

M
xT

  [
kN

m
]

MzT  [kNm]

Tower top moments. Backward sweep excitation.

F2: 4.4 Hz 2nd whirl forwards.
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PSD Edgewise moment, root. Forward sweep excitation.
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PSD Edgewise moment, root. Backward sweep excitation.
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PSD Flapwise moment, root. Forward sweep excitation.
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PSD Tower top and shaft moments. Forward sweep excitation.
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PSD Tower top and shaft moments. Backward sweep excitation.
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PSD Tower top and shaft moments. Forward sweep excitation.
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PSD Tower top and shaft moments. Backward sweep excitation.
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PSD Shaft bending moment, x. Forward sweep excitation.
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PSD Shaft bending moment, x. Backward sweep excitation.
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PSD Tower top tilt moment. Forward sweep excitation.
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PSD Tower top tilt moment. Backward sweep excitation.
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PSD Tower top yaw moment. Forward sweep excitation.
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PSD Tower top yaw moment. Backward sweep excitation.
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