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Abstract: 
Grid-connected inverters are key devices for transferring power from distributed generation systems and renewable 

energy sources to the grid. To suppress current harmonics and enhance the quality of the injected power, various filters 

are employed, among which the LCL filter is widely used. However, due to the inherent resonance of the LCL filter, 

the variable impedance of weak grids can introduce disturbances at the inverter output, ultimately leading to system 

instability. The objective of this paper is to improve the power quality of a fuel-cell-based grid-connected system 

employing an LCL filter, using a control strategy based on grid-current feedback and active damping of the capacitor 

current. In this study, a grid-connected fuel cell power-conditioning system with an LCL filter is analyzed. The stable 

and passive behavior of the system is evaluated while considering the influence of current regulator phase delay. 

Furthermore, the design procedure and simulation results of the system under study are presented in detail.   

The system under study is composed of an inverter is employed to connect the fuel cell to the grid. To eliminate the 

dominant harmonics at the inverter output, an LCL filter is implemented. The inverter control strategy incorporates 

grid-current feedback and active damping of the capacitor current. The filter parameters L1, C, and L2 correspond to 

the inverter-side inductor, filter capacitor, and grid-side inductor of the LCL filter, respectively. The grid impedance, 

which includes the transmission lines, transformer, and power factor correction capacitor, is modeled by an equivalent 

parallel Lg-Cg circuit.  Since the output voltage of the fuel cell is insufficient for direct grid connection, a DC–DC 

converter is employed to step up the voltage level. Considering the characteristics of the fuel cell, this converter must 

operate with a continuous input current with very low ripple.In the current control loop, the grid current iL2 is regulated 

to be sinusoidal and synchronized with the point of common coupling (PCC) voltage. The PCC voltage (vPCC) is 

measured through a phase-locked loop (PLL) to ensure synchronization, where θ represents the detected grid voltage 

angle. This angle θ, combined with the reference current amplitude I∗, is used to generate the current reference (iref). 

The error signal between iL2 and iref is processed by the current regulator Gi. To damp the resonance of the LCL filter, 

the capacitor current feedback (iC) is fed back with a damping factor kd. Finally, the outputs of the current regulator 

Gi and the active damping term are combined to generate the modulation signal vM. Using digital pulse-width 

modulation (PWM), the corresponding gate signals for the power switches are produced. The proportional–resonant 

current regulator is denoted by Gi.To validate the accuracy of the theoretical analysis and the feasibility of the proposed 

control strategy, the required simulations have been carried out. The output power of the grid-connected fuel cell 

power-conditioning system is considered to be approximately 8.5 kW. In the first stage, the fuel cell voltage is boosted 

by means of a DC–DC boost converter. Subsequently, the DC-link voltage is injected into the grid through a grid-

connected inverter equipped with an LCL filter. The inverter control strategy is based on grid-current regulation 

combined with active damping of the capacitor current. Moreover, to compensate for the phase delay in the control 

system, a phase-delay compensator is employed to enhance the quality of the injected power. To demonstrate the 

dynamic behavior of the studied system, the fuel cell input fuel flow is varied dynamically, so that the accuracy and 

effectiveness of the control strategy in injecting power proportional to the fuel cell’s generated power can be evaluated. 

Under full fuel flow, the system produces approximately 5.8 kW. When the fuel flow is reduced by 20%, the output 

power decreases to about 4.65 kW. Once the fuel flow is increased again, the generated power returns to its nominal 

value with appropriate dynamic performance. 
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 ��)� �#���	�  �  ��� �5% �#�# ��	
 �> 5
��M p�% ��� � .���  

1( �� �Q4+ �� crossω JGM � PM �!�)2���
 J�T
 #�42� T�+� �5��  "

�QNN��� pK � rK �2 ���+ ��4NN+�NN�#�NN  D ) Huang et al, 2015;

Yepes et al, 2013(. 

2( �Q ���V:��� pK +��� D�!�)2���
 � �5%� ?��# �)� �1��� )16( J

2����� ����� ad_optK H ;���K��92 ���. 

3( �!�)2���
� ���KQ F�+ �5�� �M�? � α � τ +�+ ��� M� h) [����29( 

 �)30( �K��92 2� .#4% 

4( �9�2� Q��F m
�5I2� M�?� )oZ( 2 ��� ��4+���KQ ��  �5�� 

F�+�� M�? ��+� ".#�   �6��#�592 `� �0���
��  J5%�� �)%�# #4Q�

���KQ 
 h���2 �5�� ��$ �# .�*���% D�1� mθ ��V?� �� S

E��\ j�� � �#�#�  �� �4?���#4�
 ���@+ 5 
�2M �+�  � � _

Q��F m
�5I2�� `�> ��# �� ���?��5. 

�#��> ��5�        �1��� 7K\16

��0�� �!# ���582

 7K\  �   ��582 �#��> ��5�
[����29 �30

3��%

�M�? �#�592 �#�  _$  

 #4Q� ���? ��  ̀�#�592
�#��#

���

����


  ��582 S��V?�

��F

��582 D���+p rK ,K

mϕ

mϕ

τ α

'
oZ

mϕ

��0�� �!# ��582GM,PM,ω
c

  
) ���10 :(4
 M
�1� �	(��S ��  

�9� �4T�2 ��<��� �+ j���� D?��2 ��)�  � �)2���
� �5% J

�!�)2���
� ������ �9+ ")*� �# ��5Q 1  #�@��� � �5% �P	2

��? �
4�
 �# �9+ �@K% �� ;e)2 ")*� �)�LCL  ��5Q 7��122 

M�� #�42���� 2 ���H�6�.#�  

) ���5Q �# �  ����� �9+ ")*�� ��!�)2���
 o��� ��1) � (2 (

 h���f ��#�82 J�5% s�#pK  �rK  �� v�?> 30 dB ( )oGH jω J

18/samf=  crossf  J= 3 dB GM J= 45º PM �2 �P	2 mI� .#4%

 h��fad_optK �)�� ��N) �1��� M� �#�16H (N92 ;��N .#4� 5!�4F �K��

82N? ����M ��#�NM� S�
 ^4�12 M�?)m_leadθ(  ��#�82 D��}�! �

 �0�)�  ��!�)2���
leadτ �  

4�") #1 :(�.����
��
 ���
�� <Z� ���� 

�)2���
  ��582  

�
4�
 m
� �?��#��� )samf(  20  �V+�!4�  

 �@K% �R42 m
� �?)of((  50 V+�!  

�  m
� �?�
M5� )swf((  10  �V+�!4�  

Q��F ��4+� )oP(  6  �G��4�  

0 L�)0�� _�DC )DCV(  360 �0�  

) �@K% �R42 L�)0�gV(  220 �0�  

) #4�"2�.����
�� :(
 ���.�� 
 �
�� <Z�� 

  ?� �)��_  ?��# �)�  

� ��� ]��� �+�4�1L  600 2��
�! ��@�  600 2��
�!��@�  
? �M�F� �)�C  10 2�#���?��@  30 2�#���?��@  

 �@K% ��� ]��2L  150 2��
�!��@�  200 2��
�!��@�  
L1Cω  1/2  �V+�!4�  2/1  �V+�!4�  

 m
�
�M� m
� �?resω  6/4  �V+�!4�  4/2  �V+�!4�  
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#4�" )3 :(�.����
��
 #��$%��� &�$$%
 �!�=! 4�  

�.����
��  
�	$��� ��
�$� 

� ��� �� 	G  

�	$��� ��
�$� 

� ���4� ��   

pK  25/5  59/5  

rK  582  621  

ad_optK  25/3  88/4  

 m_leadθ  º7  °1  

 leadα  28/1  04/1  

leadτ  5-10×22/4  4/69×10-5 

  

leadα ) [���� D)?�6 �T
 �# ��29) � (30 ��#�82 .��� �K��92 ;��H (

��)�  ��!�)2���
 ���� ;��E) ��5Q �# �5�� 3.��� �5% �c��� (  

 ;@%)11( �!��#4�
� Bode ���� �m
�5I2 Q��F� �� �9+ ")*

����� 2 ��	
 ���5!#���� �4T�2 �� .� ��*E�� �� �� ")*

l+��? G���Q��F �)�� ��l+ J�+�4���� 15%- ���� �!  ���0� �#1L  �C 

#��� �5% �)?�6 �T
 �. m
�5I2��!� Q��F� �� �!�)2���
� o_oriZ J

o_oriŹJ o_veriedZ � o_veriedŹ �5% �#�# ��	
5
� �  5
�� mori �� �:
�

#�82���� �� ?�5
� � �)�� mvaried ��#�82 �:
��l+ ��� �� �M�5
� �� �)?�

%15-  .���7��12  ;@%)11(- ]0�� �� �4��2 � ��)K2 �+�4�� �� 

?� �)� ��� J���o_oriZ # �0�4E�  m
� �?6/samf �82 �#� ;@% �� �*

)6(-0���
� ��)?� ^� �)��� 2 ��	
 #4F M��5!#. ����2 ��5� D�  ���

 � �M� �� B�# �0�E �# ��)?�� ad_optK=  adK �V?� �� �� ��042 S

5	+�5� ��)�  �5�� PR 2 #4K���� .5��D)?�6 �T
 �# �� l+�� �15% - 

�# ���0��!� ?�J�)� Q��F m
�5I2�� ���� )o_oriZ( ��F�0���
� �� 

� � �#�# ��# M� �� #4F��
�
 ��� �� ")*���5� 
 �4��2 �5� .5�  ��

 �5��  ���KQ _� m
JM�? Q��F m
�5I2�� �� �4gE �# �+�4�

���KQ M��)o_variedŹ( 0���
� ��)?�� *
� �? �#�592 ;  �#�  #4F M�

2 ��	
��  5!# ��� �� ���KQ �5�� c_lagG ���� ��  B�# �0�E�+�� 5

2�5� 7��12 .  ;@%)11(- ^� �� �4��2 � ��)K2 �+�4�� �� ?� B�# �)�

 J���	2 �4\ �� J���o_oriZ # �0�4E�  m
� �?6/samf �82 �#� �� �*

;@% )6( -0���
� ��)?� s� �)��� ��
 �� #4F M��2 S�.#��U6 � ��� D

l+ D)?�6 �T
 �# �� #4Q��� �15%- ���� �VQ�� �@K% m
�5I2� J

Q��F m
�5I2�� ��% �#�l+ [�����0� ��!� ?� �)�)o_variedZ(  ���}�!

`���� ���?� ���KQ M� �#��)�� �� �# M�����% D�2�V0� [� 
�.�*  

  
(>2�)  

  
(h)  

 ���)11:( 
���=! Bode E!��-��'���J �I! 
� �� �"4�� 
�. ���D� 

15- % �� �� 
�;"� 
�) 1L 4 C( m�� �� (>2� ) .G	h( �� �� 4�  
  

��Q ;��9+ ����*E �%�
 ")*�� M� ���l+ ��!�)2���
 J�)��?  ��582

]���M�F � �!  �)��?LCL  �#�# 4�����  ��#�82 ��10  �20  5��#

 S!�  �# [���% D�� �9+ �@K% �� �8��V+ ����Q ����  � �5% �#�#

) ��5Q4 ")*�� J��5Q D�� 7��12 .��� �)?�6 ���H ����M�� #�42 (


 #�@��� ���}�! �)��? ��#�82 ���l+ ��M� �� ����� �9+ �� #4F ��5��

�2 7��V+ �@K% �� h���2 ����  �� ����Q � �#4�
 ��E.5�   
  

) #4�"4(: �� �� �	��8� M����D� N��� ��  <����( �� Z�  

  

THD  ����Q

�@K% ]�� 

THD  ����Q

�+�4��� ]��  
���l+ �!�)2���
  

59/1  15/7  10  S!�  5��#1L �2L   
79/1 13/8 20  S!�  5��#1L �2L   
46/1  44/6 10�M�F S!�  5��#  fC  
5/1 64/6 20�M�F S!�  5��#  fC  
58/1  19/7 10  S!�  5��#1L � 2L  � fC  

81/1 10/8 20  S!�  5��#1L � 2L  � fC  
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 #4K�����5��
  �)��? �� �@K% �� ;e)2 �)F4� ;�
 ��4+ M�*�� ")*��LCL ��)�  M�? �M�*
��KQ ������Q �5��   

 

���� ���	
-  ��� ����� ��� ���� ��� ���� � ����  �	!��
 "!#���$ ����%2  �
��
 ����%39 ��)*��+ 1404        

 

 ;@% �# �)**6 ��g? �# ����� �9+ ")*�� h1H � ��� ��#4�


)12 ��582 ���l+ ��M� �� .��� �5% �c��� (adK h1H � ��� ��!

 ���5��
 �:
��� �  5
��# ���H 5E�� ����# ;F�# ����� �9+ ")*��

.��� �)2���
 D�� G����l+ ;��82 �# ")*��  

  
)���12 OQP 4 �9c 
���=! :(��� ����� �������� � ����� 

����  �� �� �� ���� ��LCL  

  

6- ��!	�� W�����
  

���� q+���9+ �9� 5��T
 ;� ��� �� j�� �#4� ��)�  
�#���	� J

K%��M����!� BMb  B�<
�04+ ��4+ .��� �5%�5� �� ��4+ M�*�� ")*


�)F4� ;�  �@K% �� ;e)2 #�5E8/5  �+��4�� .��� �)?�6 �T
 �#  

 ��� ��E�2 �#�)F4� ;�
 �5�04+ L�)0�  ��4� �5K2 M� �#��)�� ��

 mI� J�)?�� S��V?� _��0 L�)0�DC 7��\ M�  �� �@K% �� ;e)2 �+�4���

 �)��?LCL �2 7��V+ �@K% �� �@K% �� ;e)2 �+�4��� ��)�  .#4%

 ��)�  �� ��)K2�Q���  �@K%� 2����� �Q ���?��� �M�F  �T
 �#

 M� ��)�  ")*�� M�? ��F�+ ��)�  ��Q D�f �# .��� �5% �)?�6

 �� �8��V+ ��4+ ����  #4K�� ��Q M�? ��F�+ �5��  ���KQ j��

 .��� �5% �#��)�� �@K%# ��)?� �#�# ��	
 �4T�2 ���B�
�W� 

o�")� ����� �9+J  G�4� �� �)F4� ;�
 �#��� �F4� ��582

 � �H# �+ �)?�� ���l+ ��4
 ��4+ 7��V+ �# ��)�  ")*�� #�@��� �9�

 ��#�82 .#��6 ���H ����M�� #�42 �)F4� ;�
 �5�04+ ��4+ �� h���)2

) ��5Q �# �5% �c��� ��#�82 7��12 ��0�12 �9+ ")*��1) � (2 (

�2.5%��  

 �# �� ����� �9+ �@K% �� ;e)2 �)F4� ;�
 ��4+ M�*�� ")*��

�
 7K\ ��� �)��? ��#�82 D)?�6 �T
) ��5Q ��!�)2��2) � (3 (

��K%) ;@% .��� �5% �M��13( - � W�)	2 ��e+� �18
 L�)0� ]0�

 ��	
 �@K% �� �)F4� ;�
 ��4+ M�*�� ")*�� �8��V+ ����Q

�2 �5��  ���KQ ")*�� M� �#��)�� ��Q �� J;@% D�� 7��12 .5!#

 A2�  W�)	2 ��e+� �18
 L�)0� �� �@K% �� �8��V+ ����Q M�? ��F�+

) ;@% �# .��� M�? "!13(- ^THD  ��	
 �@K% �� �8��V+ ����Q

 A2�  �@K% �� �8��V+ ����Q ����  ;@% D�� 7��12 .��� �5% �#�#

 � �#4� ^4�12THD  �� �����44/1 .��� �5% ;��E %  

  
(>2�)  

  
(h)  

) ���13>2� :(-  
�K( 
� ���� �� ���� ��
�$	� ��	�" 4 5��24

h +��� ����� &�$$% ����"- THD ���� �� �8	
;� ��	�"  
  

) ;@%14�Q (�04+ L�)0� � ���5� 
�)F4� ;� ��
� .��� �5% �#�# S

���� �4T�2 ��� 4
 ��)?���� �� �T90 �# J��0�12 �9+ ")*3/1 


�R� �F4� j��% J�20  S!�  5��#� �T90 �# � �)?�5/2 
�R� �

25<#�KH ��582 �� �� ) ;@% �# .��� �)	6M��14(-�Q ]0��04+ ���5� 


�)F4� ;� � 7��12 .��� �5!�	2 ;��H� j��% S!�  �� J;@% D

�Q J�F4��04+ ���5� 
�)F4� ;�  M�110  �� �I2>96  S!�  �I2>

��� � �)?����% �� ����
 [� ��5����V?� M� m
 .��� �5� #5<2 S

 ��582 �� �F4� j��%20 �Q J5��#�04+ ���5� 
�)F4� ;�  �#5<2

��%��
 [�5Q ��5��Q �� 5� ��110 M�� �� �I2>����  ;@% �# .��� �#4�


)14(-Q��F L�)0� ^� 
�)F4� ;� �M� ���  G���)2 �F4� j��%


 L�)0� .��� �5% �#�# ��	
�)F4� ;�  M� �F4� j��% S!�  ��

5/52  �� �0�5/48  S!�  �0���V?� �� � �)?�� �� �F4� j��% S

0�� ��582� .��� �)	6M�� �  

) ;@% �#1504+ ��4+ (�5� 
�)F4� ;� ��
� �� .��� �5% �#�# S

�M�� � J;2�  �F4��� D� #�5E ")*kW 8/5 ��4+ 04+�2 5� �  5� 

 S!�  ��20 5��#� j��%  #�5E �� �5�04+ ��4+ J�F4�kW 65/4 

S��V?� �� � �)?�� S!�   �� h���2 _�2���# �� �F4� j��% #5<2

.��� �)	6M�� ��KH ��582  

) ;@%16 _��0 L�)0� (DC �2 ��	
 �� �T90 �# .5!#3/1  �� � ��
�R

 �# � �)?�� S!�  �)F4� ;�
 �5�04+ ��4+ J�F4� j��% S!� 

 _��0 �M�F L�)0� �<�)
DC �T90 G�4� �� �Q�42 S!�  �� ��

�2 �5��  ��)�  .#4%PI  _��0DC  �� �+�4��� aQ�2 ����Q S!�  ��

m@� 34f42 D���2 ��� � �#�# ��	
 ;��0� _��0 L�)0� 5� DC  ��

  ��Kr+ ��KH aQ�2 ��582 �# D�� ^4�12 ���4
 ~��
 �� ����
 �# .5�
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�2 7892 �2� D�� �# �@K% �� �8�M�+ aQ�2 ����Q D������� .#4%

 ;�
 �)?�� S!�  ��4+ � ����Q �� �� #4F � �)?�� S!�  [���%

 �T90 �# �F4� j��% #5<2 S��V?� M� m
 .��� �#�# 7?� �)F4�

5/2 � �)?�� S��V?� �)F4� ;�
 �8��V+ ��4+ J��
�R �T90 �4\ �� ��

 _��0 L�)0�DC �2 S��V?� _��0 L�)0� J;@% D�� 7��12 .5���DC  ���

360  V�$�
 ���4
 �0�4  _��0 L�)0� ��)�  ")*�� � #��# �)0�DC 

�2 ;�� ��4�12 49
 ��.5�  
  

  
(>2�)  

  
(h)  

) ���14 ��	�" :(>2�) m����� ��� �"4�� 5��24 4 ��	�" :(� ��

����� ��� 5��24 :(h) +�����  

  

  
) ���15����� ��� 
��2�� ���� :(  

  

  
) ���16G$�2 5��24 :( DC  

) ;@% �#17�Q (�Q��F ��� ���M� �� �+�4�� l+���F4� j��% G�� 

) ;@% �# �18�V+ ��4+ (�8� � �@K% ��� M�*�� ")*
 ��4+� ;

)F4�� ���� 
�2M �M��� �V?� � S!� ���
 �F4� j��% S� �#�# S

� 7��12 .��� �5%�2 J;@% �# D��Q ��V��V+ ��4+ � ���8�  �@K% ��

l+ �� 7��12���V?� � S!�  �F4� j��% G��� �M�� �# � �)%�# S


�2M� !�+4 � ��% ����
 [�5Q ��5��� 5�� �  ��� �5� #�@��� �:
�

4
��� � h���2�
 ��)�  ")*�#���	� 2�.5%��  

  
) ���17<��� `
�� ���D� 
��� �� ���� �8	
;� ��	�" :(  

  
) ���18����� ��� <��� ���D� �� ���� �� �8	
;� ���� :(  

  

���KQ ��R�+ ����� ��Q ����
 �# ")*�� #�@��� J�#���	�
 M�? M��
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