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�������������	��
����
�
������	��������������������������������������������������
��������������������������� ���������������������!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!"#�̂̂72%!50%-30@!30@2:!04!-72!OL(!*%9!SL(!*32!2U57*%>29!1,-7!2*57!0-723)!-72!&(A@,%T!80@-*>2!5*%!62!50%-30@@29!-0!62!50%:-*%-!/*3-,5+@*3@.!,%!-72!282%-!04!>3,9!80@-*>2!:*>:!6.!,%532*:,%>!-72!>2%23*-03!:/229!EFFI<!!Z!:572?2!+:,%>!-72!OL(!403!&(A@,%T!80@-*>2!50%-30@!,:!,%82:-,>*-29!,%!E[GI!9+3,%>!%03?*@!*%9!4*+@-!50%9,-,0%:<!C012823)!-72!50%-30@!:572?2!,:!:+6D25-!-0!523A



���������������	��
�����

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

 ���
!����"
�"���#���$%&'�(&)&$%$&*'+�&),(&-.�/0�$1-�,*2-34+,--.�51%3%5$-3&+$&5�*6�$1-�78�%'.�3-9:&3-+�$*�/-�6:3$1-3�&';-+$&<%$-.�&'�6:((�3%'<-�*6�$:3/&'-=+�*,-3%$&*'>�?*3�$1-�@7�5(%++�A@BC�/%+-.�2&'.�-'-3<0�+0+$-)�*,-3%$&'<�:'.-3�.&66-3-'$�<3&.�5*'.&$&*'+D�%�:'&E6&-.�,*2-3�5*'$3*(�+$3%$-<0�'-5-++&$%$&'<�'*�+0+$-)�,%3%)-$-3+�&+�,3*,*+-.�&'�FGHI�&'�21&51�$1-�@BJ�%'.�CBJ�%3-�3-+,*'+&/(-�6*3�$1-�KJE(&'L�;*($%<-�5*'$3*(�%'.�$1-�,*2-3�6(*2�5*'$3*(�$*�$1-�<3&.D�3-+,-5$&;-(0>�81-�5*),%3&+*'�*6�;%3&*:+�5*'E$3*(�+$3%$-<&-+�:+-.�6*3�@BJ�%'.�CBJ�*6�A@BC�/%+-.�2&'.�-'-3<0�+0+$-)+�%3-�,3-+-'$-.�&'�8%/(-+�H>��%'.�H>MD�3-+,-5$&;-(0�-),1%+&N&'<�$1-�)%O*3�5*'+&.-3%/(-�%+,-5$+>�� ��P��Q
RQS
� J*),%3&+*'�*6�@BJ�5*'$3*(�+$3%$-<&-+�*6�A@BC>� �� ����������������
 ��P��Q
RQT
 
J*),%3&+*'�*6�CBJ�5*'$3*(�+$3%$-<&-+�*6�A@BC>� ��� ���� ����������
 �������
�������"
����	���
 UV�
 W��
 W�X�
RQ
SQ
TQ
YQ
ZQ
[Q
\Q
]Q
̂Q
R_Q
RRQ
RSQ



RTQ
RYQ
RZQ
R[Q
R\Q
 *̀$*3�,*+&$&*'�+-'+*3�3-9:&3-)-'$�a),(-)-'$%$&*'�J*'$3*(�%$�;-30�(*2�+,--.�a'$-3'%(�5:33-'$�5*'$3*(�(**,�-̀9:&3-)-'$�*6�5**3.&'%$-�$3%'+6*3)%$&*'�J*),:$%$&*'�$&)-�B2&$51&'<�$%/(-�3-9:&3-)-'$�@*.:(%$&*'�$-51'&9:-�B2&$51&'<�63-9:-'50�J3*++E5*:,(&'<�-66-5$�A%3%)-$-3�+-'+&$&;&$0�K0'%)&5�3-+,*'+-�&̀+-�$&)-�b;-3+1**$�B-$$(&'<�$&)-�83%5L&'<�-33*3�8*39:-�3&,,(-�A*2-3c5:33-'$�3&,,(-�J:33-'$�8dK�A*2-3�9:%(&$0� e-+�J*),(-f�g%+0�e-+�e-+�@*3-�h*�A7@c10+$-3-+&+�?&f-.c;%3&%/(-�e-+�e-+��d&<1�i%3<-�d&<1�i*2�i*2�i*2�i*2�j-$$-3� h*�B&),(-�K&66&5:($�h*�h*�i-++�e-+�d0+$-3-+&+�k%3&%/(-�h*�a'+-'+&$&;-��i*2�B)%((�i*2�d&<1�d&<1�d&<1�d&<1�A**3� e-+�@*3-�5*),(-f�g%+0�e-+�e-+�@*3-�h*�A7@�?&f-.�e-+�B-'+&$&;-��@*.-3%$-�@*.-3%$-�@*.-3%$-�i*2�k-30�(*2�k-30�(*2�k-30�(*2�j-+$�� ��
 �������
�������"
����	���
 UV�
 W��
 W�X�
RQ
SQ
TQ
YQ
ZQ
[Q
\Q
]Q
̂Q
R_Q



RRQ
RSQ
RTQ
RYQ
RZQ
 a),(-)-'$%$&*'�a'$-3'%(�5:33-'$�5*'$3*(�(**,�-̀9:&3-)-'$�*6�5**3.&'%$-�$3%'+6*3)%$&*'�J*),:$%$&*'�$&)-�B2&$51&'<�$%/(-�3-9:&3-)-'$�@*.:(%$&*'�$-51'&9:-�B2&$51&'<�63-9:-'50�J3*++E5*:,(&'<�-66-5$�A%3%)-$-3�+-'+&$&;&$0�K0'%)&5�3-+,*'+-�&̀+-�$&)-�b;-3+1**$�B-$$(&'<�$&)-�83%5L&'<�-33*3�k*($%<-�3&,,(-�&'�.5�i&'L�A*2-3c5:33-'$�3&,,(-�J:33-'$�8dK�A*2-3�9:%(&$0� J*),(-f�e-+�e-+�@*3-�h*�A7@c10+$-3-+&+�?&f-.c;%3&%/(-�e-+�B-'+&$&;-��d&<1�i%3<-�d&<1�i*2�i*2�i*2�i*2�j-$$-3� B&),(-�h*�h*�i-++�e-+�d0+$-3-+&+�k%3&%/(-�h*�a'+-'+&$&;-��i*2�B)%((�i*2�d&<1�d&<1�d&<1�d&<1�A**3� @*3-�5*),(-f�e-+�e-+�@*3-�h*�A7@�?&f-.�e-+�B-'+&$&;-��@*.-3%$-�@*.-3%$-�@*.-3%$-�i*2�k-30�(*2�k-30�(*2�k-30�(*2�j-+$��



�������������	��
����
�
������	��������������������������������������������������
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Table 1.5 
Trends in the technological development of permanent-magnet-synchronous-generator (PMSG)-based wind energy systems. 

Power converter topologies Control methodologies MPPT control algorithms Grid-interconnection requirements 

MSC control GSC control 

     

Diode 

Rectifier 

2-Level 

VSC 

CSC ZSI Multi- 

level 

MC  9-Switch 

ac/ac 

Pitch 

  Control

FOC DTC DCVC VOC   DPC DCVC ORB TSR OTC  P&O / 

HCS 

 Sensorless 

Control 

  Output Power   

Smoothing 

 Reactive Power 

Support at PCC 

FRT 

Capability 

29.49% 35.90% 12.82

% 

 

3.85% 

10.26%  6.41% 1.28% 71.43

% 

22.86% 5.71%    80.77% 11.54% 7.69% 36.84% 18.42%10.53% 34.21% 30.61% 12.24% 57.14% 

29.52% 3.66% 22.93% 14.29% 11.18% 18.42% 
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����������                                                                                                                                                      !" #$#$%&'()'*(+%,-%.*/*0(12(0%3,4(5%6)(4*70*'(%8,/0),5%9:9:;:<=>?@AB<CDDEFGH<IJ<DJKGL<MJNOGLIGLP<QRST TUVWSXY ST ZXV[TU\ XY ]X\Û _̀U\SVWSaU VXYẀX̂ bSWR ZSYSWU VXYẀX̂ TUW cdefg X̀ ĥTX Vĥ̂U\ ZSYSWU TUW ]X\Û _̀U\SVWSaU VXYẀX̂ cdfijkegl bRSVR ST mhTU\ XY WRU TbSWVRSYn ]X\Û XZ h _XbÙ VXYaÙWÙ hY\ VXYTS\ÙT WRU VXYẀX̂ TSnYĥ XZ UaÙo _XbÙ TbSWVR hT h VXYẀX̂ ah̀Shm̂Up dfijke \XUT YXW YUU\ h ]X\[̂hWX̀ TSYVU WRU TbSWVRSYn TSnYĥT h̀U WRU X[W_[W XZ WRU VXYẀX̂̂Ù hY\ WRUTU h̀U \S̀UVŴo h__̂SU\ WX WRU _XbÙ VXYaÙWÙp QRÙUZX̀Ul WRST TẀhWUno _̀X\[VUT h ah̀Shm̂U TbSWVRSYn Z̀Uq[UYiVop dX̀ WRST h__̀XhVRl WRU X_WS]SrhWSXY ST Vh̀̀SU\ X[W XŶSYU hW UaÙo Th]_̂SYn _UiS̀X\l hY\ nUYÙĥ̂o h _̀U\SVWSXY hY\ h VXYẀX̂ RX̀SrXY Uq[ĥ WX XYU h̀U [TU\ stl uvp dSn[̀UT wpx hY\ wpw TRXbT hY Uyh]_̂U XZ hY dfijke TVRU]U bRUY S]_̂U]UYWU\ XY h _XbÙ ÛUVẀXYSV ToTWU] hY\ WRU VXYVU_W XZ WRST VXYẀX̂ TẀhWUnol ̀UT_UVWSaÛop                   dSn[̀U wpxp fVRU]U XZ defijke ZX̀ h _XbÙ ÛUVẀXYSV ToTWU]p         ��� dSn[̀U wpwp eXYVU_W XZ defijkep  f[__̂o zY_[W ZŜWÙ kXbÙ eXYaÙWÙ {[W_[W ZŜWÙ |Xh\  {_WS]SThWSXY } eXYTẀhSYWT jX\Û cmhTU\ XY TbSWVRSYn TWhWUTg ~UZÙUYVUT fbSWVRSYn  fSnYĥT k̀U\SVWSXYT  jUhT[̀U]UYWT  jUhT[̀U]UYWT  k̀U\SVWSXYT ZX̀ \SZZÙUYW TbSWVRSYn TWhWUT �Ub X_WS][] fbSWVRSYn ~UZÙUYVUT k̀UaSX[T X_WS][] TbSWVRSYn TWhWUT W�iw          W�ix           W�          W�}x          W�}w QT 
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����������	�
���
��
���������		������
���������
������
�
�����
���������
�
��
�������	�����������
 !"!�
������������
���
��#�
������������$
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�	��������!����������������������������������������������������������������������������"#$$�̂ _̀ab\cdedfdĝ\]̀hij̀iha\D&'$(03(40%$(),:0<43+%0),$):$%&'$.3).)*'-$90,-$','3</$*/*%'?$0*$-'.0(%'-$0,$X0<43'$#5J5$D&'$*/*%'?$(),*0*%*$):$%9)$*%+<'*5$$D&'$:03*%$*%+<'$0*$+$&0<&=<+0,$*90%(&'-$0,-4(%)3$90%&$7)1%+<'$?41%0.10(+%0),$;))*%$(),7'3%'3$%)$.3)70-'$&0<&=<+0,8$&0<&='::0(0',(/$+,-$+1*)$%&'$S@$*)43('$3'=A403'-$;/$%&'$*0,<1'=.&+*'$7)1%+<'$*)43('$0,7'3%'35$$D&'$*'(),-$*%+<'$0*$+$*0,<1'=.&+*'$:411$;30-<'$0,7'3%'3$0*$4*'-$%)$0,k'(%$+$*0,4=*)0-+1$(433',%$0,%)$%&'$<30-$90%&$1)9$&+3?),0($-0*%)3%0),$+*$.)**0;1'5$$



����������	�
���
��
���������		������
���������
������
�
�����
���������
�
��
�������	�����������
 !"!�
������������
���
��#�
������������$
����������%����!��&'(�)*+,-'(.�+/.0-,12�-1/)+),)�13�,*1�+/.0-,12)�4/.�,'2((�.+1.()�*+,'�,'(�)'1*/�4224/5(6(/,�+/�7+502(�89:9�&'+)�4224/5(6(/,�(/4;<()�,'(�,*1�+/.0-,12)�,1�;(�-'425(.�+/�=424<<(<�.02+/5�,'(�>/?),4,(@�4/.�.+)-'425(.�+/�)(2+()�64//(2)�.02?+/5�,'(�>33?),4,(9��&'(�;11),�-1/A(2,(2�)*+,-'�B:�+)�.()+5/(.�,1�1=(24,(�4,�'+5'�32(C0(/-D�,1�.(?-2(4)(�,'(�+/.0-,12�A4<0()�4/.�,'(�1A(24<<�)D),(6�)+E(9��&'(�)+/5<(?='4)(�30<<�;2+.5(�+/A(2,(2�+)�-16=1)(.�13�)*+,-'()�BFGBH9�I,�'4)�,'(�4.A4/,45(�13�1=(24,+/5�4,�'+5'�32(C0(/-D9��&'+)�2(.0-()�,'(�A1<06(�4/.�-1),@�4/.�,'0)�,'(�)D),(6�1A(24<<�(33+-+(/-D�-4/�;(�+6=21A(.�,119��� 7+502(�89:9�J1/3+5024,+1/�13�=21=1)(.�*+/.�(/(25D�)D),(69��KLKLMNOPQRSTSMUVMWXTMYZ[W\XT]M̂O]_\WÙMaUUSWMbUOcT̀WT̀MdŶabeM&'(�BIfJ�,1=1<15D�gFhi�4/.�+,)�1=(24,+1/4<�61.()�42(�)'1*/�+/�7+502()�89Fj4G-k9�I,�+)�A(2D�)+6+<42�,1�,'(�-1/A(/,+1/4<�lJmlJ�;11),�-1/A(2,(29��I,�'4)�4<)1�,*1�61.()�13�1=(24,+1/)�;4)(.�1/�,'(�+/.0-,12�-022(/,�1=(24,+1/n�),12(�12�2(<(4)(�(/(25D9���������������������� �
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��-�#U�������-�����	��-��	
���
�,���U	�	��.$/�476;C$J;8C4�$F76�1;@4846=$F7$�3=86>=$;75$K<78C<@$H�6<C3DE$�bodû�\fnhe]n{\fhû_~~�|$(S)+$���
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w"0
 �����

�0
���
32xxxx�
�!7�8;@H@E>JFT@A�DE@AFVIFL@�VNHIENJ�R�D>EI�K�Iy@�z>?FV�>JMNEFIyGXY�{|ce}_cdb_\l~�vn\jopjqr\sstlov�l��t\-�.�����
/0
�
��
�0
"���
�0
���
�
2
 7�8<H>J�?F?�NO�VNHL@EI@E�INDNJNMFRV>J�?IEQVIQE@�ONE�AFE@VIRAEFL@��FHA�DN�@E�?�?I@G��FIy�:U�;XY�Z̀\fegĥ\��ach}\]hb�̀eie��\pf��[����q�\jklk\Z̀cĥ̀ _cdè_i\�è�ĥh̀bh\è�\jklk�\sstl��t\-�.�����
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�����������	
�����
�	���	�����
����	�������	��	��������������
�	��
�������
�	����������	����	����	����	����� 	� �����			!!!!! !!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!"#$	%"&'!�(����	)�*	���
�����	��*	���	�����	+,!-./01234!56763851793!0/:832;<=!7<:!</<2;<37>!9/<6>/2!/?!796;@3!?>/<683<:!9/<@3>63>5AB!CDDD!E>7<5796;/<5!/<!C<:F56>;72!D2396>/<;95!GHH&I!&GJGKL!11M$N$8$OOM!%"N'!)�����(��	+*	�����	+*	������	�*	���	P�����	),!-Q>3:;96;@3!./<6>/2!/?!7!ER>338QR753!S3F6>72!Q/;<6!.27013:!C<@3>63>AB!TUVWXYZ[V\]Ẑ_[XÙVabẐV̀cXUd̀Veffg̀VW\achfg̀VT\\\Vij_kVeffglVbb̀mijnomijp̀V%"O'!q(�����	r�*	
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