
Development and Implementation of a Combined SHM/CM
System to Identify Yield Losses of a 2.4MW Wind Turbine

Marcel Wiemann, Lukas Bonekemper, Benedikt Wüllner, Herbert Friedmann, Peter Kraemer

�
�� !���!���650;6905.�6-�>05+�;<9)05,�*90;0*(3�*64765,5;:�/(:�),*64,�)6;/�6)30.(;69@�(5+��05�
:64,�*(:,:�� 3,.(33@�4(5+(;,+���<,� ;6� ;/0:�� 90.05(3��8<074,5;��(5<-(*;<9,9:� � ��:�� (5+�
:<7730,9:�/(=,�+,=,367,+�(5+� 05+<:;90(30A,+�(5�,?;,5:0=,�769;-6306�6-�4650;6905.�:@:;,4:� 05�
9,*,5;� @,(9:���,:70;,� ;/,:,� :<**,::-<3� 0473,4,5;(;065:� 6-� ;/,� ),-69,�4,5;065,+�4650;6905.�
*65*,7;:��,�.��-69�0*,�+,;,*;065��;/,9,�9,4(05:�(�5,,+�-69�9,:,(9*/�(5+�0556=(;0=,�(7796(*/,:�;6�
*6479,/,5:0=,3@�:(-,.<(9+�(33�*90;0*(3�(9,(:�6-�(�>05+�;<9)05,�(.(05:;�+(4(.,�(5+�:<)67;04(3�
67,9(;065��$/0:�7(7,9�+,:*90),:�;/,�+,=,3674,5;�(5+�*6440::06505.�6-�(5�,?;,5:0=,��*64)05,+�
#;9<*;<9(3� �,(3;/��650;6905.� �#���� (5+� �65+0;065��650;6905.� ����� :@:;,4� -69� 9,:,(9*/�
7<976:,:�65�(���
��&�>05+� ;<9)05,��$/,� 9,:<3;05.�4,(:<9,4,5;�+(;(�(9,�<:,+�7904(903@� ;6�
8<(5;0-@� @0,3+� 36::,:� *(<:,+� )@� <5+,:09,+� :;9<*;<9(3� =0)9(;065:� 6-� 96;69� )3(+,:�� ;/,�/<)�� ;/,�
+90=,;9(05� (5+� ;/,� 5(*,33,�� 9(;/,9� ;/(5� -69� +(4(.,� +0(.56:0:�� $/,� (39,(+@� ,?;,5:0=,3@�
05:;9<4,5;,+�>05+�;<9)05,�>(:�-<9;/,9�,8<077,+�>0;/�5<4,96<:�:,5:69�:@:;,4:��$/,:,�05*3<+,�
;,3,4,;9@�:@:;,4:�-69�*(7;<905.�96;(;065(3�(5+�),5+05.�464,5;:�6-�;/,�+90=,;9(05��,++@�*<99,5;�
:,5:69:�-69�+,;,940505.�;/,�96;69�:/(-;�69)0;��(**,3,964,;,9:�-69�0+,5;0-@05.�:;9<*;<9(3�=0)9(;065:�
05�:<7769;05.�:;9<*;<9,:�(5+�96;69�)3(+,:�(5+�4,;,69636.0*(3�4,(:<9,4,5;�:@:;,4:�-69�(::,::05.�
7,9-694(5*,�9,3,=(5;�,5=09654,5;(3�7(9(4,;,9:���++0;065(33@��(5� 05;,9-(*,�>0;/� ;/,� ;<9)05,:�
*65;963� :@:;,4� >(:� ,:;()30:/,+�� ,5()305.� ;/,� :@5*/9656<:� :;69(.,� (5+� (5(3@:0:� 6-� =(906<:�
67,9(;065(3� 7(9(4,;,9:� (365.:0+,� 4,(:<9,4,5;� +(;(�� �� /0./�7,9-694(5*,� ��� *655,*;065�
-(*030;(;,:�;/,�*65;05<6<:��(<;64(;,+�;9(5:40::065�6-�4,(:<9,4,5;�+(;(�(5+�65305,�+0(.56:;0*:�
6-� ;/,� *655,*;,+� :@:;,4:��>/0*/� (9,� ,8<077,+�>0;/� -(03�:(-,� -,(;<9,:� -69� :,3-�9,*6=,9@��$/,�
05:;9<4,5;(;065�>(:�0473,4,5;,+�(:�7(9;�6-�;/,�9,:,(9*/�7961,*;�&���796+<2;0=��>/6:,�365.�
;,94�6)1,*;0=,�0:�;6�0+,5;0-@�@0,3+�36::,:�>0;/6<;�9,8<0905.�(++0;065(3�:,5:69�;,*/5636.@��$/0:�
,?;,5:0=,� 05:;9<4,5;(;065� 0:� ,::,5;0(3� -69� ;/,� +,,7� <5+,9:;(5+05.� (5+� 0+,5;0-0*(;065� 6-�
:0.50-0*(5;� *699,3(;065:� ),;>,,5� 4,(:<9,+� >05+� ;<9)05,� 7(9(4,;,9:� (5+� ;/,09� 047(*;� 65�

Marcel Wiemann & Lukas Bonekemper & Benedikt Wüllner & Peter Kraemer
Chair of Mechanics with focus on Structural Health Monitoring (MSHM), University of Siegen, Campus Paul Bonatz, 57076
Siegen, Germany, e-mail: marcel.wiemann@uni-siegen.de

Herbert Friedmann
Wölfel Engineering GmbH & Co. KG, Max-Planck-Str. 15, 97204 Höchberg, Germany
e-mail: friedmann@woelfel.de

ISSN:3078-543X. Published by Eccomas Proceedia. 
Peer-review under responsibility of the organizing committee of SMART 2025. 
doi: 10.7712/150125.13687.208012

Available online at www.eccomasproceedia.org 
Eccomas Proceedia SMART (2025) 888-901 

888



Marcel Wiemann, Lukas Bonekemper, Benedikt Wüllner, Herbert Friedmann, Peter Kraemer

&-&$53*$*5:�130%6$5*0/���
�
������������536$563"-��&"-5)��0/*503*/(���0/%*5*0/��0/*503*/(���*&-%� -044&4�� �.#"-"/$&4��
�3*7&��3"*/��0/*503*/(���&/403��"6-54��

�
�
�� ���
	�����	��
��� "/%� ���� 4:45&.4� '03�8*/%� 563#*/&4� "3&� */�.045� $"4&4�."/%"503:�� &*5)&3� %6&� 50� -&("-�
3&26*3&.&/54� 03� */463"/$&� 3&(6-"5*0/4�� �)&4&� 4:45&.4� $07&3� "� #30"%� 3"/(&� 0'� 5&$)/*$"-�
$0.10/&/54�50�&/463&�5)&�4"'&45�1044*#-&�01&3"5*0/���:1*$"-�&9".1-&4�*/$-6%&�5)&�$0/5*/6064�
.0/*503*/(�0'�/"$&--&�7*#3"5*0/4��%&5&$5*/(�*$*/(�03�4536$563"-�%"."(&�*/�30503�#-"%&4� �!��"/%�
5)&� 0#4&37"5*0/� 0'� 7*#3"5*0/� ".1-*56%&4� */� %3*7&53"*/� $0.10/&/54�� �)*4� 1"1&3� 13&4&/54� 5)&�
%&7&-01.&/5�� */45"--"5*0/�� "/%� $0..*44*0/*/(�0'� "��������4:45&.�0/� "� ��	�����03%&9�
�����8*/%� 563#*/&� 5)"5� *4� "-3&"%:�&95&/4*7&-:� */4536.&/5&%�  �!���)*-&� '"3� 500�$0.1-&9�"/%�
&91&/4*7&� '03� 4&3*"-� "11-*$"5*0/�� 5)&� 4:45&.� 1307*%&4� 7"-6"#-&� */4*()54� 8*5)*/� 5)&� 3&4&"3$)�
130+&$5�����130%6,5*7� ���	!���)&�07&3"3$)*/(�(0"-�0'�5)&�130+&$5�*4�50�*%&/5*':�108&3�-044&4�
8*5)065�5)&�64&�0'�"%%*5*0/"-�4&/403�5&$)/0-0(:��3&-:*/(�40-&-:�0/�������%"5"���08&7&3��5)&�
&-"#03"5&� */4536.&/5"5*0/� %&4$3*#&%� )&3&� *4� */*5*"--:� /&$&44"3:� 50� &45"#-*4)� "� .&"/*/('6-�
6/%&345"/%*/(�0'� 5)&�3&-"5*0/4)*1�#&58&&/�5)&�.&"463&%�7*#3"5*0/�%"5"��������1"3".&5&34��
"/%�108&3�130%6$5*0/���)&�3&$03%&%�.&"463&.&/5�%"5"�5)64�13*."3*-:�4&37&4�50�*%&/5*':�:*&-%�
-044&4�$"64&%�#:�6/%&4*3&%�4536$563"-�7*#3"5*0/4�03*(*/"5*/(��'03�&9".1-&��'30.�30503�#-"%&4��5)&�
)6#��5)&�%3*7&53"*/�03�5)&�/"$&--&����/�5)*4�$0/5&95��5)&�*/4536.&/5&%�4:45&.�"-40�4&37&4�"4�"�40�
$"--&%�'-&&5�-&"%&3���/�"%%*5*0/�50�5)&�*/5&/4*7&-:�*/4536.&/5&%�1-"/5��5)&�������%"5"�0'�&*()5�
05)&3�1-"/54�"3&�"7"*-"#-&��8)*$)�"3&�5)&/�50�#&�"/"-:;&%�8*5)�5)&�'*/%*/(4�0'�5)&�'-&&5�-&"%&3�"4�
1"35� 0'� 5)&� 1016-"5*0/�.0/*503*/(�� �)*4�803,� *4� $0.1-&.&/5&%� #:� 580� '635)&3� 16#-*$"5*0/4�
'0$64*/(� 0/� %"5"� "/"-:4*4� "/%� 563#*/&� 4*.6-"5*0/� */� �-"%&%�  
�� �!�� �)&� '0--08*/(� 4&$5*0/4�
%&4$3*#&� 5)&� */4536.&/5"5*0/� 130$&44� '30.� 1-"//*/(� 50� *.1-&.&/5"5*0/�� "%%3&44*/(� 5)&�
3&26*3&.&/54�0'�5)&�.&"463&.&/5�4:45&.��41&$*'*$�$)"--&/(&4�"/%�3*4,4��5)&�*/5&(3"5*0/�8*5)�5)&�
563#*/&�*/5&3'"$&��"/%�"�%&5"*-&%�"/"-:4*4�0'�5)&�5&$)/*$"-�$0.10/&/54�
�����5�*4�8035)�/05*/(�*/�
5)*4�$0/5&95�5)"5��6/%&3�5)&�5&3.4�0'�"�64"(&�"(3&&.&/5��5)&�563#*/&�8*--�3&."*/�"7"*-"#-&�50�5)&�
�����803,*/(�(3061�"4�"�3&4&"3$)�1-"5'03.�#&:0/%�5)&�4$01&�0'�5)&�$633&/5�130+&$5��.&"/*/(�
5)"5� *54� $0.13&)&/4*7&� */4536.&/5"5*0/�8*--� $0/5*/6&� 50�0''&3� 4*(/*'*$"/5�105&/5*"-� '03� '6563&�
3&4&"3$)�501*$4�"/%�'0$"-�"3&"4� 
!���

�

889



Development and Implementation of a SHM/CM System to Identify Yield Losses of a 2.4MW Wind Turbine

�� ������������������������������������������


-�)/.&$( ��$(�.# �$(.,)�/�.$)(��.# �*,$'�,3�*/,*)- �)!�.# �-3-. '�$-�.# �� . �.$)(�)!�./,�$( �
-.�. -�.#�.�& ���.)�, �/� �� ( ,"3�3$ &����(�),� ,�.)�$� (.$!3�.# ��!), ' (.$)( ���),, &�.$)(-��
.# ��&, ��3� 2. (-$0 �$(-.,/' (.�.$)(�'/-.�� �!/,.# ,� 2*�(� ��������),�$(-.�(� �� -- (.$�&�
��


�*�,�' . ,-�, &�. ��.)�*)1 ,�" ( ,�.$)(7-/�#��-�, ��.$0 �*)1 ,��0)&.�" ���(���/,, (.�
�, ��/,, (.&3�'$--$("���-��, �-$'*& �.$' ,-��(���)/(. ,-�.#�.�1)/&�� (��& �+/�(.$!$��.$)(�)!�
)* ,�.$)(�&�-.�. -���/,.# ,'), ���(�&3-$-�)!�#$-.),$��&�0$�,�.$)(���.��#�-�, 0 �& ��.#�.�.# �
$(-.�&& ��' �-/, ' (.�-3-. '-��)�().�, �),����.��$(���.$' �-3(�#,)($4 ��'�(( ,��1#$�#�
-$"($!$��(.&3�#$(� ,-�.# ���$&$.3�.)��),, &�. � 0 (.-�-/�#��-��&�� �0$�,�.$)(-�1$.#�.# �*)1 ,�
*,)�/�.$)(���$% 1$- ��,).),�$(�/� ��0$�,�.$)(-�$(��,$0 .,�$(��)'*)( (.-���(().�� ��� +/�. &3�
��*./, ���� 3� (0$,)(' (.�&�*�,�' . ,-7-/�#��-�.#)- �, +/$, ��.)�� . ,'$( ��$,�� (-$.3��
1$(��-*  ����(��1$(���$, �.$)(7�, ���� --$�& �)(&3�0$��.# �./,�$( 8-���


�-3-. '��(���, �
 $.# ,�-�'*& ���.�$(-/!!$�$ (.�,�. -�),� (.$, &3�/(�0�$&��& �!),�.# �$(. (� ���**&$��.$)(���# - �
&$'$.�.$)(-�( � --$.�. �.# � -.��&$-#' (.�)!���� �$��. ��./,�$( �$(. ,!�� �.)���*./, ����$.$)(�&�
��


�*�,�' . ,-��$'*& ' (.�� (.,�&$4 ��.$' �-3(�#,)($4�.$)(�!),��/,, (.��(��!/./, �
-3-. '-��' �-/, �.),+/ ��(��� (�$("�')' (.-�$(��,$0 .,�$(��)'*)( (.-���(��� *&)3��).#���
�/-.)'� (0$,)(' (.�&�')($.),$("�-3-. '��(����� �$��. ����.��.,�(-'$--$)(�-)&/.$)(��0$��	��
�)(( �.$)(���

�� �
�

��	���������������������������
��������������
���
��
�	�����������
���
��
�# � $(-.,/' (.�.$)(� , +/$, ' (.-� �$, �.&3� $(!),'� .# � -* �$!$��.$)(-� !),� .# � ' �-/, ' (.�
-3-. '���# �-3-. '�'/-.�� ���*��& �)!���*./,$("��(��*,)� --$("���1$� �,�(" �)!�- (-),���.���

�
��&�$��&� ���%)�&�!�"('�
x� �$"#�* ,!),'�(� �	���)(( �.$0$.3�!),���.��.,�(-'$--$)(��(��, '). ���� --�
x� �'*& ' (.�.$)(�)!�!�$&�-�! �!/(�.$)(�&$.$ -�

�� � &!�, �)0 ,$("��)'*)( (.-��(��-)!.1�, �
x� �-.��&$-#' (.�)!����)(( �.$)(�.)�.# �./,�$( ��)(.,)&�-3-. '�
x� �)'')(�.$' ���- ��'�-. ,��&)�%��!),��&&�-/�-3-. '-�

���')&�!�"(�����"# #�*���%)�&�!�"('�
x� �),+/ �' �-/, ' (.-��" ( ,�.),�-#�!.��,).),�-#�!.��
x� � (�$("�')' (.�' �-/, ' (.-��,).),�-#�!.��
x� �.,/�./,�&�0$�,�.$)(-����� & ,�.$)(-��(��$(�&$(�.$)(-��
x� � '* ,�./, �')($.),$("�
x� � . ),)&)"$��&���.���!),�� . ,'$($("��$,�� (-$.3��1$(���$, �.$)(���(��1$(��-*  ���

�� �-- (.$�&�!),���&�/&�.$("�.# �.# ), .$��&&3���#$ 0��& �*)1 ,�
x� �)-$.$)(�.,��%$("��,).),�-#�!.���&�� �*)-$.$)(-��

�

890



Marcel Wiemann, Lukas Bonekemper, Benedikt Wüllner, Herbert Friedmann, Peter Kraemer

�6&�50�5)&�$0.1-&9*5:�0'�5)&�1-"//&%�4:45&.�"/%�*54�*/5&(3"5*0/�*/50�"�'6--:�01&3"5*0/"-�8*/%�
563#*/&��41&$*'*$�$)"--&/(&4�"/%�3*4,4�"3*4&�5)"5�4*(/*'*$"/5-:�$0.1-*$"5&�5)&�*.1-&.&/5"5*0/�0'�
5)&�*/4536.&/5"5*0/�"/%�.":�-&"%�50�7"3*064�$0.1-*$"5*0/4��
�
��������� ������� � �

x� �953&.&-:�-*.*5&%�*/45"--"5*0/�41"$&��&9*45*/(�015*0/�1-"5'03.�*4�'6--:�0$$61*&%��
�� �"3%-:�"/:�41"$&�"7"*-"#-&�'03�4&/4034�03�5)&�$&/53"-�.&"463&.&/5�$"#*/&5�

x� 
/5&//"4�0/�5)&�563#*/&�300'�"3&�&9104&%�50�8*/%��8&"5)&3��"/%�*/5&/4&�7*#3"5*0/4�
x� �95&3/"-�$0.10/&/54�.645�#&�4&$63&%�8*5)�"113013*"5&�-*()5/*/(�1305&$5*0/�.&"463&4�
x� �)&�&9*45*/(�563#*/&�*/5&3'"$&������ ����
��*4�065%"5&%�
x� �95&/4*7&�"11307"-�130$&44&4��50�36-&�065�"/:�3*4,�50�563#*/&�01&3"5*0/��
x� �0326&�.&"463&.&/5�0/�"�'"45�305"5*/(�(&/&3"503�4)"'5��	���������
x� �0/(�5&3.�108&3�4611-:�'03�5)&�30503�4)"'5�5&-&.&53:�4:45&.��

�

�� 

�����	���	����	�	
������	��
�)&� '0--08*/(� $)"15&3� %&4$3*#&4� 5)&� *.1-&.&/5&%� */4536.&/5"5*0/�� #"4&%� 0/� 3&-&7"/5�

46#4:45&.4� "/%� $0.10/&/54�� "4� 8&--� "4� 5)&� 4&5#"$,4� "/%� 130#-&.4� %63*/(� 01&3"5*0/� "/%�
*/4536.&/5"5*0/���*/"--:��5)&�1-"//&%�4:45&.�&91"/4*0/�*4�%*4$644&%��

���� 
�!�������!��!������������"���
�0� "$)*&7&� 5)&� -0/(�5&3.� 130+&$5� 0#+&$5*7&�?� %&5&$5*/(� :*&-%� -044&4� 8*5)065� 5)&� 64&� 0'�

"%%*5*0/"-� 4&/403� 4:45&.4�?� *5� *4� &44&/5*"-� 50� &45"#-*4)�"�$0//&$5*0/� 50� 5)&� 563#*/&�4� 4:45&.�
*/5&3'"$&���)&�1"3".&5&34� $633&/5-:� "7"*-"#-&� 03� "-3&"%:�#&*/(� 3&$03%&%� "3&� -*.*5&%� 50� #"4*$�
&/7*30/.&/5"-�%"5"��8)*$)�"3&�$"1563&%�"/%�4503&%�7*"�"��0%#64�4:45&.�#:�5)&�130+&$5�1"35/&3�
�<-'&-��
$$&44*/(�5)&�563#*/&@4���
�
�4&37&3�5)306()�5)&����� ����
�*/5&3'"$&�&/"#-&4�
5)&�"$26*4*5*0/�0'�07&3�
���1"3".&5&34�'30.�5)&�8*/%�563#*/&���&&��*(63&�	����)&4&�*/$-6%&�"�
8*%&�3"/(&�0'�7"3*"#-&4�'30.�7"3*064�46#4:45&.4��&�(���$0/%*5*0/�.0/*503*/(�4:45&.��������
�������!
���&5$���"4�8&--�"4�,&:�1&3'03."/$&�*/%*$"5034�46$)�"4�"$5*7&�108&3��3&"$5*7&�108&3��
$633&/5��70-5"(&��"/%�108&3�-*.*5"5*0/4��
%%*5*0/"--:��5)&�"$$&44�50�*/5&3/"-�5*.&34�"/%�$06/5&34�
*4� 1044*#-&�� "--08*/(� '03� "7"*-"#*-*5:� "44&44.&/54� 4*/$&� $0..*44*0/*/(� "/%�� $0/4&26&/5-:��
$0/5*/6064�.0/*503*/(�0'�563#*/&�1&3'03."/$&���*/$&�5)&�1-"//&%����*/'3"4536$563&�*/$-6%&4�"�
%&%*$"5&%����$0//&$5*0/�� *5�.645�#&�&/463&%� 5)"5� 5)*4�104&4�/0� 5)3&"5� 50� 5)&�/&5803,�0'� 5)&�
563#*/&�01&3"503�03�5)&�������/'*-53"5*0/�0'�5)&��/*7&34*5:�0'��*&(&/@4�/&5803,�.645�/05�-&"%�
50�"/:�4&$63*5:�3*4,�'03�5)&�563#*/&@4�01&3"5*0/"-�/&5803,���03�5)*4�3&"40/��"�'*3&8"--�41&$*'*$"--:�
$0/'*(63&%�#:�5)&�����8"4�*.1-&.&/5&%�50�.*/*.*;&�5)*4�3*4,��

891



Development and Implementation of a SHM/CM System to Identify Yield Losses of a 2.4MW Wind Turbine

�
�
������
��5%15)%6�.&�3(%�/.22)")+)3)%2�.&�3(%���
��������)-3%1&!#%�

�

���� ������������
���
�	���
����������
��
���
�(%� $)!'1!,� )-� �)'41%� �� /1.5)$%2� !� 2),/+)&)%$� .5%15)%6� .&� 3(%� /+!--%$� !-$� /!13)!++8�

),/+%,%-3%$� ,%!241%,%-3� 2823%,�� )-#+4$)-'� )32� /%1)/(%1!+� #.,/.-%-32� !-$� )-&1!2314#341%��
�5%-�!3� 3(%�#.-#%/34!+� +%5%+�� 3(%� #.,/+%7)38�.&� 3(%� )-3%-$%$� )-23!++!3).-�"%#.,%2�!//!1%-3��

%-31!+�*%8�#.,/.-%-32�)-#+4$%�3(%���
��3(%����1.43%1��!-$�3(%�3),%�2%15%1�/1.5)$%$�"8��./&�
�+%*31.-)*��,"����),%�28-#(1.-)9!3).-�)2�!$$1%22%$�)-�$%3!)+�)-�!�2%/!1!3%�#(!/3%1���(%���
�
�)-$4231)!+�#.,/43%1��)2�!�14''%$)9%$�5%12).-�#%13)&)%$�&.1�42%�)-�5%()#+%2��,!*)-'�)3�24)3!"+%�&.1�
6)3(23!-$)-'�3(%�5)"1!3).-2�38/)#!++8�%-#.4-3%1%$�)-�6)-$�341")-%2���3�2%15%2�!2�3(%�#%-31!+�(4"�
&.1�#.++%#3)-'�,%!241%,%-3�$!3!��6()#(�)2�1%#.1$%$�"8�3(%��!-3-%1�,%!241%,%-3�2823%,��3(%�
%$'%�"!2%��!-$�3(%�341")-%�)-3%1&!#%��
.-31!18�3.�%!1+)%1�#.-#%/32��	 ��-.�$!3!�/1%�/1.#%22)-'�)2�
/%1&.1,%$�.-�3(%���
���-23%!$��3(%�#.++%#3%$�,%!241%,%-3�$!3!�)2�!43.,!3)#!++8�31!-2&%11%$�5)!�
��8-#� 3.� !� 6.1*23!3).-� 6)3()-� 3(%� �-)5%12)38� �)%'%-� -%36.1*�� 6(%1%� )3� )2� /1.#%22%$� !-$�
!-!+89%$���(%1%&.1%�� 3(%�1%+)!")+)38�.&� 3(%����#.--%#3).-�)2�.&�#1)3)#!+� ),/.13!-#%���.6%5%1��
2(.13�3%1,�)-3%114/3).-2�)-�#.--%#3)5)38�$.�-.3�/.2%�!�2)'-)&)#!-3�)224%��!2�3(%���
�)2�%04)//%$�
6)3(�24&&)#)%-3�"4&&%1�23.1!'%��
�

�

�
�	
��
��
��
��
��

�

�������

�������

�ĐƟǀĞ
�����

ZĞĂĐƟǀĞ
�����

����


��

��
��

��	 ���

����������
����
��	���

892



Marcel Wiemann, Lukas Bonekemper, Benedikt Wüllner, Herbert Friedmann, Peter Kraemer

�
�
����������$� $��%����"�����������"�����!" #���"�"����

���� ������
������������
�������
�������
�	
����
���� ����� "���� "�����!"������!��!� �!'!"����!�������"���"�������" ������!# ����"�!'!"���

� �$������'�
��"�� �����!�!'!"������!�!"!������������� �� ��������"�����#�!�"�������" ���� �
���� !��!� �!�����������!# ����"� �� �!�� �"!����#�� � �� ����!��� � ���"��"# �� ������!� � ���!��
"���� ���� ��� "��� !'!"��� "�� "��� ��!" #���"�"���� "�!�� �"� ������ ��� ����"����� "��� ���" ��� ���" ���
������"���#!�!�"����$��#�"����#��"��� �"������� �"� �!���"�"�����" '����%� �!#���'��� �"��"����
!'!"��!��"���"����!� $� ������"����
���	#��"��"�������"���!������$������������#!"�����#�"����
!" #�"# ������"�������!������������"�� �"�����"��"���%����"# �����"����!# ��!��# ����!"����"����
�����������"����"��!�!�(�������#!�����"������"����� �"����'�"�����������"!���� ����$��"���"�����!�
�����'������� "���������"� "���� �"# �� �!����"��#�#!�'�����"� ��������������"���!��� �$���!�
��"����"%� ��������"�$�"'�������%� �!#���'��� �������������"!�������!# �������"� ��!'!"���
�$��������"'��# ���� �&"���������!# ����"� ��������!�� ����"������ !���"'����!# �!���$�������
��������"���������������'���"��!���!!�����"������������"�'���!������"����� �!"� ��"�����%� �"��

893



Development and Implementation of a SHM/CM System to Identify Yield Losses of a 2.4MW Wind Turbine

2823%,�#.,/.-%-32�5)!�36.�2%/!1!3%�24"2823%,2���()2�&4-#3).-!+)38�!++.62�!++�#.,/.-%-32�3.�
"%�1%#.5%1%$�&1.,�4-)-3%-$%$�.1�4-&.1%2%%-�&!)+41%�23!3%2�� )&�-%#%22!18���(%�#!")-%3�6%)'(2�
!//1.7),!3%+8��	��*'��6()#(�-%#%22)3!3%$�3(%�42%�.&�3(%�341")-%=2�.-".!1$�#1!-%�&.1�)-23!++!3).-��
�

���� ���������������
�������
��	
���
���������
�� #1)3)#!+� !2/%#3� .&� 3(%� ),/+%,%-3%$� )-2314,%-3!3).-� )2� 3(%� 3),%� 28-#(1.-)9!3).-� .&� 3(%�

#.--%#3%$�!-$�$)231)"43%$�2823%,2���(%�2823%,�.5%15)%6�2(.6-�)-��)'41%�	�1%/1%2%-32�.-+8�!�
2,!++�24"2%3�.&�3(%�,%!241%,%-3�2823%,2�)-23!++%$�.-�3(%�341")-%���-!+82)2�.&�()23.1)#!+�$!3!�

(!2� 1%5%!+%$� 3(!3� 3(%� 1%#.1$%$� ,%!241%,%-3� $!3!� &1.,� 3(%�
5!1).42�2823%,2�!1%�-.3�3),%�28-#(1.-)9%$��
�-� 3(%�#!2%�.&� 2),/+%� 23!-$!+.-%� 2823%,2�� 3()2� )224%� )2�424!++8�
-%'+)')"+%�� !2� 3(%� #.-31.++%12� )-3%1-!+� #+.#*� )2� !43(.1)3!3)5%��
�.6%5%1�� )&� $!3!� &1.,�,4+3)/+%� $)231)"43%$� 2823%,2� !1%� 3.� "%�
%5!+4!3%$� )-� !� 2(!1%$� #.-3%73�� !-� !//1./1)!3%� 28-#(1.-)9!3).-�
231!3%'8� "%#.,%2� %22%-3)!+�� �(%� )-23!++%$� 3),%� 2%15%1�� �����

�
�� ����� %-!"+%2� 28-#(1.-)9!3).-� .&� !� 6)$%� 1!-'%� .&�
#.,/.-%-32���%%��)'41%�
����8-#(1.-)9!3).-�#!-�"%�/%1&.1,%$�
!#1.22�36.�2%/!1!3%�-%36.1*2�42)-'��3(%��%36.1*��),%��1.3.#.+�
������ .1� 3(%� �1%#)2).-� �),%� �1.3.#.+� ������� .1� 5)!� 3(%�
(!1$6!1%�"!2%$��������)-3%1&!#%��� ���(%�!#()%5!"+%�!##41!#)%2�

6)3(�����.1��������!1%�.&�3(%�.1$%1�.&����-2��6()#(�!++.62�&.1�!$5!-#%$�2)'-!+�/1.#%22)-'�!-$�
2823%,� )$%-3)&)#!3).-� 3%#(-)04%2<24#(� !2� ./%1!3).-!+�,.$!+� !-!+82)2<3.�"%� !//+)%$� !#1.22�
$)&&%1%-3�,%!241%,%-3�2823%,2���(%�)-3%1-!+�#+.#*�.&�3(%�3),%�2%15%1�)2�28-#(1.-)9%$�5)!�!�()'(�
/1%#)2).-�����2)'-!+��6()#(�)2�1%#%)5%$�"8�!-�!-3%--!�,.4-3%$�.-�3(%�341")-%�1..&���-�3(%.18��
3()2� !+2.� %-!"+%2� ()'(+8� !##41!3%� 28-#(1.-)9!3).-� !#1.22�,4+3)/+%� 341")-%2�� 6()#(� #.4+$� "%�
/!13)#4+!1+8�5!+4!"+%�)-�3(%�#.-3%73�.&�/./4+!3).-�,.-)3.1)-'<&.1�)-23!-#%��)-�234$)%2�.&�6!*%�
%&&%#32���� ��

����������������),%2%15%1�

894



Marcel Wiemann, Lukas Bonekemper, Benedikt Wüllner, Herbert Friedmann, Peter Kraemer

���� �����������
��������
��
������	������

�
�����������1 -1$ 2�*!�/# �-**!�$)./�''�/$*)��� )1$-*)( )/�'�( �.0- ( )/��)���)/ ))��. /0+�

� .+$/ �/# ��#�'' )" .��..*�$�/ ��2$/#� 3/ -)�'�$)./�''�/$*).�*)�/# �)�� '' �-**!�*!���2$)��
/0-�$) ��.0�#��)�$)./�''�/$*)�2�.�$)�$.+ ).��' �!*-�/#$.�+-*% �/���$/#���#0��# $"#/�*!��	��( / -.��
/# �.4./ (�$.�.0�% �/�/*��)�$)�- �. ��-$.&�*!�'$"#/)$)"�./-$& .��.�2 ''��.��*)/$)0*0.� 3+*.0- �/*�
./-*)"�2$)���)��+- �$+$/�/$*)���#$.� - .0'/.� $)� .+ �$!$�� - ,0$- ( )/.� - "�-�$)"� /# � . �'$)"�*!�
�*(+*) )/.��)��/# �$(+' ( )/�/$*)�*!��++-*+-$�/ �'$"#/)$)"�+-*/ �/$*)�( �.0- .���# � 3/ -)�'�
$)./�''�/$*)�$)�'0� .���2 �/# -�./�/$*)��!*-�( �.0-$)"�2$)��.+  ���2$)���$- �/$*)��#0($�$/4��)��
/ (+ -�/0- ����)/ ))��.4./ (.��
��-*0/ -���$��$��
���)/ ))��������( -���)����� �$��/ ������
�)/ ))��!*-�/$( �.4)�#-*)$5�/$*)��.  ��$"0- �	���*� ).0- ���#$"#�+ -!*-(�)� ��)��-*�0./�
��
�*)) �/$*)�/*�/# �*0/.$� �2*-'���/# �� �$.$*)�2�.�(�� �/*�+'�� ��*/#�/# �
��-*0/ -��)���)/ ))��
*)� /# � -**!�� �#$.� ($)$($5 .� ���' � �// )0�/$*)� � /2  )� /# � �)/ ))�� �)�� -*0/ -�� �0 � /*� /# �
- �0� �� ' )"/#� *!� /# � ���' �� �# � .4./ (.� 2 - � ( �#�)$��''4� (*0)/ �� *)� /# � /0-�$) �.�
$)./-0( )/�/$*)�/0� �/-�1 -. ��)�� ' �/-$��''4�"-*0)� ��2$/#�"- �/���- �/*� ).0- �.�! ��$.�#�-" �
*!� ' �/-$��'�.0-" .���''�$)�*($)"��)��*0/"*$)"��*)) �/$*).��- � ,0$++ ��2$/#�.0-" �+-*/ �/$*)�
/*�.�! "0�-��/# ��*(+*) )/.�'*��/ ��$).$� �/# �)�� '' ��
�
�

���� ����������
�����������	����
�	������
�# �( �.0- ( )/� *!� ./-0�/0-�'� 1$�-�/$*).� $.� �� & 4� �*(+*) )/� *!� /# � *1 -�''�(*)$/*-$)"�

.4./ (���.� /# � $)!'0 )� �*!�0)� .$- ��*.�$''�/$*).�*-$"$)�/$)"�!-*(�/# �)�� '' ��#0���*-� -*/*-�
�'�� .�*)�+*2 -�+-*�0�/$*)�$.�/*�� �$)1 ./$"�/ ����# - !*- ��!*0-�/-$�3$�'��������� ' -*( / -.�
#�1 ��  )�$)./�'' ��*)�/# �" ) -�/*-��/# �" �-�*3��)��/# $-�- .+ �/$1 �.0++*-/�./-0�/0- .��.  �
 �"�� �$"0- � 
�� �2*� 0)$�3$�'� ����� ��� ' -*( / -.� �- � (*0)/ �� *)� /# � (�$)� � �-$)"�� �)�

895



Development and Implementation of a SHM/CM System to Identify Yield Losses of a 2.4MW Wind Turbine

!$$)3)/.�� 3/6%1� ).#,).!3)/.� )2� #/.3).4/42,8�-/.)3/1%$�42).'� !� ")!7)!,� 3),3� 2%.2/1����6)1%,%22�
31)!7)!,������!##%,%1/-%3%1�6)3(�!.�).3%'1!3%$�����4.)3�)2�-/4.3%$�!3�3(%�",!$%�1//3�/&�/.%�
/&�3(%�1/3/1�",!$%2���$$)3)/.!,�!##%,%1/-%3%12�01/5)$%$�"8�3(%�01/*%#3�0!13.%1��!2�6%,,�!2�2%.2/12�
3(!3�!1%�0!13�/&� 3(%� 341").%=2�"4),3�).� �����,!$%�!.$������,!$%� 2823%-2�/&��:,&%,�� 2400,8�
5!,4!",%� $!3!� &1/-� !,,� 1/3/1� ",!$%2� ��� �� ��	 �� �/'%3(%1�� 3(%2%� $!3!� 2/41#%2� %.!",%� !�
#/-01%(%.2)5%�',/"!,�!.!,82)2�/&�2314#341!,�5)"1!3)/.2��

�
�

�

�
�
�����
�����)1%$������2%.2/1��,%&3���6)1%,%22������2%.2/1�������6)3(�!33!#(%$�0/6%1�2400,8��1)'(3��

���� 	�������������
���
������
�������
�.� !$$)3)/.� 3/� 3(%� 01/*%#3�20%#)&)#� $1)5%31!).� ).2314-%.3!3)/.� !.$� 3(%�

2%.2/1�2823%-�&/1�2314#341!,�(%!,3(�-/.)3/1).'��!�2823%-�&/1�-/.)3/1).'�"/,3�
01%,/!$� "%.%!3(� 3(%� !9)-43(� "%!1).'�6!2� ).23!,,%$� �2%%� �)'41%� 	�� "/33/-�
1)'(3����()2�2823%-�#/.2)232�/&�!�$%$)#!3%$�����&/1�$!3!�01%01/#%22).'�!.$�
#/.31/,� /&� 3(%�-%!241%-%.3� $%5)#%� �380%���!.$82#/0%����2).'� !� #423/-�
$%5%,/0%$�-4,3)0,%7%1��-%!241%-%.32�!1%�0%1&/1-%$�/.�&/41��
�7	
��"/,32�
3/�%.!",%�#/.3).4/42�-/.)3/1).'�/&�3(%�01%,/!$�&/1#%���/1�3()2�0410/2%��&/41�
23!.$!1$� "/,32� 6%1%� 1%0,!#%$� 6)3(� ).2314-%.3%$� 5%12)/.2� !.$� 6)1%$�
!##/1$).',8� �2%%� �)'41%� ���� �(%� -%!241%-%.3� )2� #!11)%$� /43� 5)!� !�
0)%9/%,%#31)#�%,%-%.3�!00,)%$�3/�3(%�"/,3�(%!$��%.!",).'�01%#)2%�31!#+).'�/&�
01%,/!$�5!1)!3)/.2�/5%1�3)-%���
 ��

�
�

�����
����
�.2314-%.3%$�2#1%6�

(%!$�

896



Marcel Wiemann, Lukas Bonekemper, Benedikt Wüllner, Herbert Friedmann, Peter Kraemer

���� �������
��
�����������	
��	��������	������	
��

�
�����������-2314,$-3$#�1.3.1�2' %3�

�
�.�& (-�#$3 (+$#�(-2(&'3�(-3.�1.3.1�(-#4"$#�5(!1 3(.-2� "3(-&�.-�3'$�

#1(5$31 (-��3'$�1.3.1�2' %3�6 2�(-2314,$-3$#�6(3'� �3$+$,$318�2823$,�
%1.,��
����
���2$$��(&41$�
���'$�3$+$,$318�4-(3�(2� �+.6�/.6$1�#$5("$�
 //1.7(, 3$+8�3'$�2(9$�.%� �	���(-"'�' 1#�#1(5$��" / !+$�.%�(-3$1% "(-&�
6(3'�3'1$$�%4++�!1(#&$�231 (-�& 4&$2� -#�$5 +4 3(-&�(-3$1- +�����# 3 ��
�'$�".++$"3$#�# 3 �(2�31 -2,(33$#�6(1$+$22+8�3.�3'$��#&$�� 2$��6'$1$�
(3�!$".,$2� 5 (+ !+$�%.1�%413'$1�/1."$22(-&���-� ##(3(.-�3.�3.104$��3'$�
2823$,� +2.�1$".1#2� 3'$�!$-#(-&�,.,$-32�.%� 3'$�1.3.1�2' %3���.6$1�
24//+8�(2�/1.5(#$#�!8�"423.,�!4(+3�! 33$18�/ "*2��6'("'� 1$�,.4-3$#�
 #) "$-3�3.�3'$�1.3.1�2' %3>2�$-".#$1�1(-&���3� �2 ,/+(-&�1 3$�.%��	��
�9��3'(2�2$34/� ++.62�%.1� �,$ 241$,$-3�#41 3(.-�.%� //1.7(, 3$+8��=

� ,.-3'2�� �$8.-#� 3'$� ,$ 241$,$-3� .%� !$-#(-&�  -#� 3.12(.- +�
,.,$-32��3'$�1.3.1�2' %3�.1!(3�(2� +2.�" /341$#���.1�3'(2�/41/.2$��36.�
$##8�"411$-3�2$-2.12� 1$� (-23 ++$#�6(3'� ���;�.%%2$3� 1$+ 3(5$� 3.�$ "'�
.3'$1��".-3(-4.42+8�,$ 241(-&�3'$�#(23 -"$�3.�3'$�1.3.1�2' %3�6(3'� �
/1$"(2(.-�.%������,,���.,!(-$#�6(3'�/1.7(,(38�26(3"'$2�3' 3�2" -�
3'$�$-".#$1�1(-&� -#� �1$2$3�%4-"3(.-�31(&&$1$#�!8�, &-$32��5(2(!+$�.-�
3'$�1(&'3�2(#$�(-��(&41$�
���6'("'� +2.�#$3$"3�3'$�/ 22 &$�.%�3'$�!+ #$�
1$+ 3(5$�3.�3'$�3.6$1��3'$�2' %3�.1!(3�" -�!$�1$%$1$-"$#�3.�3'$�2' %3>2�

 !2.+43$�/.2(3(.-���.�$-241$�/1$"(2$�,$ 241$,$-3��3'$�2$-2.12� 1$�,.4-3$#�(-� �"423.,�!4(+3��
2.+(#�2$-2.1�!1 "*$3�!.+3$#�!$-$ 3'�3'$�1.3.1�2' %3���(&41$������.1�1$+( !+$�+.-&�3$1,�,.-(3.1(-&��

�����������.,!(- 3(.-�
2$-2.1�'.+#$1�

897



Development and Implementation of a SHM/CM System to Identify Yield Losses of a 2.4MW Wind Turbine

(3�(2�$22$-3( +�3.�&4 1 -3$$�3' 3�-.�"' -&$2�.""41�3.�3'$�2$-2.1�2$34/���'$1$%.1$�� ++�/.2(3(.-�
2$-2(3(5$�".,/.-$-32� 1$�, 1*$#�6(3'�3 ,/$1�$5(#$-3�2$ + -3���-8�,(-.1�"' -&$�.1�+..2$-(-&�
.%�-432�.1�!.+32�6.4+#�3'42�!$".,$�"+$ 1+8�5(2(!+$�#41(-&�(-2/$"3(.-��

������"����!����"�����!"����"����&���!!��!���� ����
�4$� 3.� 3'$� ".,/+$7(38� .%� 3'$� 2823$,�  -#� 3'$� (,/+$,$-3 3(.-� .%� -.5$+� 3$"'-.+.&($2� !8�

��������-(5$12(38�.%��($&$-��5 1(.42�2$3! "*2� -#�(224$2�6$1$� -3("(/ 3$#���'$�,.23�"1(3(" +�
.%�3'$2$� 1$�!1($%+8�.43+(-$#� -#�$7/+ (-$#�!$+.6
�

x� �
�
�#"� �����������"�����"�����"%�
��*$8�$+$,$-3�%.1�3'$�24""$22�.%�3'$�/1.)$"3�(2�3'$�".-3(-4.42�# 3 �31 -2%$1��1$ +(9$#�5( � �
���1.43$1���.�$-241$� �1$+( !+$� -#�23 !+$�".--$"3(.-��3'$�1.43$1� -#�(32� -3$-- �6$1$�
,.4-3$#�.-�3'$�- "$++$�1..%���.6$5$1�� -�4-%.1$2$$-�".,/+(" 3(.-� 1.2$�%1.,�
4-$7/$"3$#+8�'(&'�5(!1 3(.-� ,/+(34#$2� 3�3'$�(-2314,$-3 3(.-�24//.13�2314"341$���'$2$�
5(!1 3(.-2�" 42$#�".-3 "3�!.4-"$� 3�3'$�����" 1#�(-3$1% "$��+$ #(-&�3.�%1$04$-3�".--$"3(.-�
+.22$2�<�/ 13("4+ 1+8�#41(-&�'(&'�6(-#�".-#(3(.-2���'(2�(224$�6 2�1$2.+5$#�!8� //+8(-&� �
-.-�".-#4"3(5$�&1$ 2$�3.�3'$�����" 1#�".-3 "32��3.�# ,/$-�".-3 "3�!.4-"$�� -#�
(-"1$ 2(-&�3'$�".-3 "3�/1$2241$��

x� ������" %����"����"���
��� �"� �����"�
�'$�3$+$,$318�4-(3�%1.,�� --$1��, -4% "341$#�(-�
���� -#�,.4-3$#�.-�3'$�&$-$1 3.1�
2' %3��%4-"3(.-$#�1$+( !+8�#41(-&�+ !.1 3.18�3$23(-&���.6$5$1��.-�3'$� "34 +�341!(-$�
%+4"34 3(-&�3$,/$1 341$2� -#�3'$�2823$,=2�2$-2(3(5(38�3.�/1$"(2$� (1�& /� +(&-,$-3�1$24+3$#�
(-�.-+8�2'.13�3$1,�1$+( !+$�,$ 241$,$-32���'$�1..3�" 42$�6 2�(#$-3(%($#� 2� &$#�$+$"31(" +�
".,/.-$-32</1(, 1(+8�$+$"31.+83("�" / "(3.12<6'("'�(,/ (1$#�3'$�1$+( !(+(38� -#�
$+$"31., &-$3("�1.!423-$22�.%�3'$�$+$"31.-("2��

x� ���!# ����"��%!"���������# �"���������$� �����	  � !�
�'$�2/$"(%("�".-%(&41 3(.-�.%�3'$�,$ 241$,$-3�2$34/<(-"+4#(-&�# 3 �23.1 &$�.-�3'$������
42$�.%� -�$73$1- +�28-"'1.-(9 3(.-�2.41"$��".-5$12(.-�.%�,$ 241$,$-3�# 3 �(-3.�
�������%.1, 3��(-3$&1 3(.-�.%�6(1$+$22�2$-2.12��% 4+38�%(1,6 1$�� -#�".-3(-4.42�
1$".1#(-&�%1.,�.5$1����"' --$+2��/ 13+8� 3�'(&'�2 ,/+(-&�1 3$2�<+$#�3.�2/.1 #("�.5$1+. #�
$11.12�(-�3'$�"$-31 +�,$ 241$,$-3�4-(3���4$�3.�3'$�4-(04$-$22� -#�".,/+$7(38�.%�3'$�
2823$,�".-%(&41 3(.-��(#$-3(%8(-&�3'$�1..3�" 42$�.%�3'$�(224$�/1.5$#�3(,$�".-24,(-&��$5$-�
6(3'�24//.13�.%�3'$�, -4% "341$1��

x� ����%!�����	����� �$���
�-�3'$�.1& -(9 3(.- +�2(#$��3'$�/+ --(-&� -#� //1.5 +�.%�3'$�(-3$-#$#�(-2314,$-3 3(.-�!8�
3'$�6(-#�341!(-$�����3..*�2(&-(%(" -3+8�+.-&$1�3' -�.1(&(- ++8� -3("(/ 3$#���3�(2�3'$1$%.1$�
231.-&+8�1$".,,$-#$#�3' 3�3'(2� 2/$"3�!$�&(5$-�'(&'�/1(.1(38�(-�%4341$�/1.)$"3�3(,$+(-$2��
�-$�.%�3'$�, (-�1$ 2.-2�%.1�3'$�#$+ 8�6 2�3'$�$73$-2(5$�"..1#(- 3(.-�1$04(1$#�1$& 1#(-&�
+(&'3-(-&�/1.3$"3(.-�,$ 241$2��

898



Marcel Wiemann, Lukas Bonekemper, Benedikt Wüllner, Herbert Friedmann, Peter Kraemer

������������� # !����"��� ����
�6� 3$57� 2)� 7+(� 3/$11('� )2//2:�83� 352-(&7� ��2�� &855(17/<� ,1� 7+(� $33/,&$7,21� 67$*(�� 7+(�

,167580(17$7,21� ,6� $/62� 72� %(� $'$37('� 25� (;7(1'('� '8(� 72� (;7(1'('� 352-(&7� 2%-(&7,9(6�� �+(�
(;3$16,21�2)�7+(�0($685(0(17�7(&+12/2*<�5(68/76�21�7+(�21(�+$1'�)520�7+(�5(6($5&+�35,25,7,(6�
2)� 7+(� )2//2:�83�352-(&7�$1'�21� 7+(�27+(5�+$1'�)520�7+(�(;3(5,(1&(6�2)� 7+(�!���352'8.7,9�
352-(&7���1�,03257$17�)2&86�:,//�%(�7+(�(;3$16,21�2)�7+(�6(1625�7(&+12/2*<�,1�7+(�52725�%/$'(6�
2)�7+(�785%,1(��:+(5(�$�6<67(0�)520�7+(�&203$1<�����:,//�%(�86('�72�5(&25'�/2&$/�675$,16�$1'�
,1&/,1$7,216�2)�7+(�52725�%/$'(�'85,1*�527$7,21���+(�'$7$�,6�75$160,77('�:,5(/(66/<�72�7+(�('*(�
%$6(� $1'� 6<1&+521,=('�:,7+� 7+(� 27+(5�0($685(0(17� '$7$� 86,1*� 7+(� &20021� 7,0(� 67$03�� �1�
$'',7,21��7+(�7(/(0(75<�6<67(0�21�7+(�*(1(5$725�6+$)7�,6�72�%(�5(3/$&('�%<�$�:,5(/(66�6<67(0�)520�
������+(�32:(5�6833/<�)25�7+(�&20321(176�21�7+(�52725�6+$)7�$1'�,1�)8785(�$/62�21�7+(�*(1(5$725�
6+$)7�,6�72�%(�&219(57('�72�$�62/$5�62/87,21�72�(1685(�3(50$1(17�%$77(5<�,1'(3(1'(17�23(5$7,21��
�+,6�())257�,6�127�21/<�-867,),('�%<�7+(�352-(&7�5(/$7('�2%-(&7,9(6��%87�$/62�'8(�72�7+(�/21*�7(50�
3/$11('�&223(5$7,21�:,7+�7+(�!>/)(/�&203$1<�$1'�7+(�(;,67,1*�5(6($5&+�&2175$&7�:,7+��?5*(5�
�1(5*,(��/7(57+(,0�(���7+(�23(5$725�2)�7+(�:,1'�785%,1(��

�� ������������
�+(�,167580(17$7,21�2)�7+(�:,1'�785%,1(�'(6&5,%('�,1�7+,6�3$3(5�35,0$5,/<�$,06�72�(67$%/,6+�

&255(/$7,216� %(7:((1� <,(/'� /266(6� $1'� 9,%5$7,21� 3+(120(1$���6� $� %$6,6� )25� 7+(� 29(5$5&+,1*�
2%-(&7,9(�2)�,'(17,)<,1*�<,(/'�/266(6�:,7+287�$'',7,21$/�6(16256��86,1*�21/<�������'$7$���8(�
72� 7+(� &203/(;,7<� 2)� 7+(� 3/$11('� $1'� ,03/(0(17('� ,167580(17$7,21�� 7+(� ,167$//$7,21��
&200,66,21,1*�$1'�&217,18286�23(5$7,21�:$6�$1'�,6�$�&+$//(1*(��%87�,1�5(75263(&7��$3$57�)520�
7+(�6(7%$&.6�0(17,21('��,7�:$6�$�*5($7�68&&(66���+(�'2&80(17$7,21�5(48,5(0(176��(1685,1*�6$)(�
3/$17�23(5$7,21��,�(��58/,1*�287�3/$17�+$=$5'6�$1'�$1$/<=,1*�7+(�+,6725,&$/�'$7$�722.�&216,'(5$%/<�
/21*(5�7+$1�25,*,1$//<�3/$11('���+(�$1$/<6,6�$1'�9$/,'$7,21�2)� 7+(�0($685(0(17�'$7$�:,//�%(�
&$55,('�287�,1�$127+(5�3$3(5���$6�:(//�7+(�&5($7,21�2)�$�',*,7$/�7:,1�2)�7+(�,167580(17('�:,1'�
785%,1(� 72� *(1(5$7(� ����,1'(3(1'(17� 0($685(0(17� $1'� 6,08/$7,21� '$7$� "�#�� "
#�� �27+�
38%/,&$7,216� :,//� $/62� %(� 35(6(17('� $7� 7+,6� &21)(5(1&(� $1'� 5(35(6(17� 7+(� 68%6(48(17� :25.�
3$&.$*(6�,1�7+(�352-(&7�3/$1��

��
����
	�
�
���
�+(�$87+256�$5(�*5$7()8/�)25� 7+(�),1$1&,$/�6833257�2)� 7+,6�5(6($5&+�%<�7+(��(50$1��('(5$/�

�,1,675<�)25��&2120,&��))$,56�$1'��/,0$7(��&7,21���5$17�180%(5��
��
�������52-(&7�!���
352'8.7,9����857+(5025(��7+(�$87+256�:28/'�/,.(�72�(;35(66�7+(,5�*5$7,78'(�72�������/(.7521,.�
�0%��)25�3529,',1*�7+(� 7,0(�6(59(5�$1'�72�� ����0%��)25�6833/<,1*�7+(�32:(5�6833/,(6��
�3(&,$/� 7+$1.6� *2� 72� 285� 352-(&7� 3$571(5� !>/)(/� )25� 7+(� *22'�� 5(/,$%/(�� $1'� /21*�67$1',1*�
&2//$%25$7,21���'',7,21$//<��:(�:28/'�/,.(�72�7+$1.�����)25�3529,',1*�7+(��'*(��$6(�)25�'$7$�
$&48,6,7,21� 2)� 7+(� :,5(/(66� 6(1625� 6<67(0�� �� 3$57,&8/$5� 7+$1.6� *2(6� 72� �?5*(5��1(5*,(�
�/7(57+(,0�)25�3529,',1*�7+(�)$&,/,7<�$6�$�5(6($5&+�3/$7)250��

899



Development and Implementation of a SHM/CM System to Identify Yield Losses of a 2.4MW Wind Turbine

�����������
-�.� � *K;54;� �>;38=6� �<1��� �'B@C2BC@0;� �40;B7� ">=8B>@8=6� 5L@� *8=34=4@6840=;064=� N�
,CAB0=3AL14@E027C=6� D>=� �C=30<4=B�� (C@<� C=3� &>B>@1;0BB	�� -$=;8=4.	� �D08;01;4��
7BB?A�

EEE	E>4;54;	34
1@0=274=
E8=34=4@684
AB@C2BC@0;�740;B7�<>=8B>@8=6	7B<;	� -�224AA43��
�C6	�
���
�
�.	�
�

-
.� � �	� �@843<0==�� �'27;CAA14@827B� 5L@� 30A� )>@7014=� '86=0;��=0;GA4� D>=� �47=C=6A�� C=3�
'27E8=6C=6A30B4=��'86=0;���'���*K;54;��=68=44@8=6��<1�����>	� ����K2714@6���4@<0=G��
�?@	�
���	�
�

-�.� � %@>94:BB@J64@� �L;827� I� �>@A27C=6AH4=B@C<� �L;827� �<1��� �)4@1C=3D>@7014=�� *���
?@>3C:B8D	��-$=;8=4.	��D08;01;4��7BB?A�

B8=GC@;	2><
�=0@6CA	�-�224AA43���C6	�
���
�
�.	�
�

-�.���	��@843<0==��%	� @04<4@���	�'27<83B��!	��>=4:4<?4@��0=3�"	�*84<0==���*8=3�BC@18=4A�
E8B7�>?B8<8H43�?@>3C2B8D8BG�B7@>C67�5;44B�<>=8B>@8=6�E8B7>CB�0338B8>=0;�A4=A>@�B427=>;>6G���8=�
�%@>2	�'�"�
�
����
�
���3>8����	�
���
A7<
�
�
����
	�
�

-�.��!	��>=4:4<?4@��"	�*84<0==���	�*L;;=4@���	��@843<0==��0=3�%	� @04<4@���)4@85820B8>=�
>5�0�2><18=43�'�"
�"�AGAB4<�>=�0�
	��"*�BC@18=4���8=��%@>2	�+�����$"�'�(74<0B82�
�>=5	�'<0@B�'B@C2BC@4A�0=3�"0B4@80;A��'"�&(�
�
�����
�
�	�-�>@B72><8=6.	�
�

-�.���	�*L;;=4@��"	�*84<0==��!	��>=4:4<?4@���	��@843<0==��0=3�%	� @04<4@���'8<C;0B8>=�>5�
B8<4�A4@84A�>5�0�
	��"*�E8=3�BC@18=4�E8B7��;0343�5>@�B74�34D4;>?<4=B�>5��"
'�"�<4B7>3A���
8=��%@>2	�+�����$"�'�(74<0B82��>=5	�'<0@B�'B@C2BC@4A�0=3�"0B4@80;A� �'"�&(�
�
�����

�
�	�
�

-�.��)4@48=��4CBA274@��=64=84C@4��)������)���&827B;8=84�������"40AC@4<4=B�0=3�4D0;C0B8>=�
>5� B74� <4270=820;� D81@0B8>=� >5� E8=3� BC@18=4A� 0=3� B748@� 2><?>=4=BA� N�*8=3� BC@18=4A� E8B7�
640@1>F��� 
���	� -$=;8=4.	� �D08;01;4�� 7BB?A�

EEE	D38	34
@827B;8=84=	� -�224AA43�� �C6	� 
���

�
�.	�
�

-�.���	��@843<0==���	��>;><4@�'46C@0���	��14@B���	�#C14@��0=3��	�'27<83B���'B@C2BC@0;�740;B7�
<>=8B>@8=6� �'�"�� 0A� 0� B>>;� 5>@� >?B8<8H8=6� B74� ?4@5>@<0=24� >5� 0� E8=3� ?>E4@� ?;0=B��� 8=�
�*>@:A7>?�>=�'B@C2BC@0;��40;B7�">=8B>@8=6���
�����??	�
���N
���	�
�

-�.���>?5��;4:B@>=8:��<1����*48;�9434@��@C27B48;�48=4@�'4:C=34�HJ7;B���84�:><?0:B4��>@<�
34@� #4BHE4@:AG=27@>=8A0B8>=	�� -$=;8=4.	� �D08;01;4��
7BB?A�

EEE	7>?5	2><
3>E=;>03A
1@>27C@4
7>?5/����#('/�&/D���
/34	?35	� -�224AA43��
�C6	�
���
�
�.	�
�

900



Marcel Wiemann, Lukas Bonekemper, Benedikt Wüllner, Herbert Friedmann, Peter Kraemer

%�
&�����7/+*3'44�'4*� ���7'+3+7���#/(7'9/54�('8+*�)54*/9/54�354/957/4-��897:)9:7'2�.+'29.�
354/957/4-�� 656:2'9/54�354/957/4-� B��6675').� 95� '� *+,/4/9/54� 5,� 9.+� */,,+7+49� )54)+698� (>�
3+'48�5,�67')9/)'2�+='362+8�,753�9.+�,/+2*�5,�</4*�+4+7->���/4�� 75)���9.��:7��$5718.56�54�
!97:)9:7'2��+'29.��54/957/4-���$!�������
����

�
%��&� ���7'+3+7������7/+*3'44��'4*�����(+79���#/(7'9/54�('8+*�/)+�*+9+)9/54�5,�75957�(2'*+8�/4�
</4*�9:7(/4+8C".+�/4*:897/'2�7+'2/?'9/54�5,�'4�!���8>89+3����!97:)9���+'29.��54/9�����
����
*5/���
�����
	!���
��	
����

�
%��&� ��� �@21�� ��� �':9+48).2'-+7��  �� �7'+3+7�� ��� �(+79�� '4*� "�� �7+8+�� ��88+883+49� 5,� '�
;/(7'9/54�('8+*� /)+� *+9+)9/54� 8>89+3�:8/4-�3:29/� (5*>� 8/3:2'9/54��� %/4)5362+9+� 7+,+7+4)+� B�
)54,+7+4)+	05:74'2�*+9'/28�3/88/4-&��

�
%�
&��������7+/8(').�� ���7'+3+7��'4*���� ���7/9?+4����54/957/4-�5,�(529+*�05/498�</9.�+2+)975�
3+).'4/)'2� /36+*'4)+� 86+)97'� '4*� ')5:895�:297'854/)8��� /4� � 75)�� !��� �
�
��� �
�
�� *5/��
�
�����
	8.3�
�
	
������

�
%��&� ���� "+).4525-/+8� �3(��� ��+889+).4/1�� !+4857/1� :4*� 85,9<'7+-+89@9?9+�
�'9+4':8<+79:4-�?:7��/-/9'2/8/+7:4-�;54��'8)./4+4��

901




