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2.2.2.4  �������	
� (Gate Driver)  ���#�$��������%&������%����&
��%'�����()��"(&����*� �+�%��

	��"�,���*��-.����� TLP 250 (&�� 8 (� �+#�%&����!�
���)&(&�� 2 �
� ������!,�������������()�

���(+�&��!)��'�� 2 �������#�!,�'&��!"#()����(������
�!)�� 2 �)�  ���/��!"# 2-18 �)77�9��&�;�

���	�<$�$�&<!��������(�����)�(� 2 
��(� 3 (�� TLP250 ���#��)�	��)�%'�
��<
<��	�<��!"#�����-�

/��%&�)�	��" TLP250 ��'����(� 2 
��(� 3 <��!"#(� 2 (�� TLP250 ����(���)� Vcc (+5 V) ���#�

�)�@����)�(��
���)&%'�$�!"# !,�%'�<
<��	�<��!,���&	���������*�!"# �+#������ Pull up �)����&!�& 1 

k� !,�'&��!"#$��$;����
�!"#	'����&��.<��$).�.��� <���)77�9������;���	�����$;9���)��(��	��" 

�+#� TLP 250 �"�)�@9��.A&	.����)77�9��&�;�!"#.��&�(���� 
������
��,��)��.A&�;.��9�������

�,��)�!"#�������
���)&$��$;�%'�����
��,��)�!,���& �)�&)�&�)77�9!"#�(����$��$;��������.A&

�)77�9�)���!"#�����B!,�%'�����
��,��)�!,���&	��
��'�;�!,���&	�������*����$�����������+#�

�������.A&�)77�9�)���
���"#�'�"#�� <��!"#	��" TLP 250 B-��)��������$;9���)��(��	��"$����

	���)����.��&
���)&	
��� 15 V �(��!"#(� 8 
������������(��!"#(� 5 (��	��" <���)77�9������;�!"#

����������(� 6 
��(� 7 (��	��"���#��!"���)�������!"#(� 5 (��	��" �)77�9!"#	��������.A&�)���

���"���)�(���)77�9��-�!"# +15 V ���
'�������	
!"#.��&%'��)�	��"
��$���B"#!"#	�����!���)�$���B"#

(���)77�9��&�;�!"#.��&%'��)�	��"
�� R2 ���.A&�)�$��$;����
�!"# !"#��	'����&	.�)�(� G (��

������������
�
�����#�!,�����)����)��)77�9!"#	��!"#(� G 
��(� S (��������������
��)77�9

!"#	���'������)�$����������(������
��,��)�!"#�����B!,���&�.A&������	�� 
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2.3  �	
��
��������	��������������������������������� 
2.3.1 !����!���
�"�!��
	�#��
�"�������	����$�!�%����� (2-Quadrant Converter) 
       

 
 

������ 2-19  �����-���$�&���������� 2 !�E!�� 

 

���/��!"# 2-19 �.A&���&(������!�
���)&
�� 2 !�E!�� �"����
��,��)�!,�'&��!"#�.A&

�������)�$,��)#����������������)�()��������(��!"#�;� GD1 
�� GD2  %&�����,��)���.�����	.����

������
�����&����J �)�&"� 

 

2.3.1.1  
��
�������
�����	���������
���������  %&����!�
���)&	

�����
���� �)��'&"#��&,��.A&

�;.��9�!"#�,�$)7��� �&�#������"'&��!"#%&�����*�
��$����)���&�.A&��%'����)�
���)&!��������;��"

$���-��������)�
���)&!"#��&�;����$,�&�9'�$��(���)��'&"#��&,������B'�	���������� 

 

� �2

min

1
2

D D R
L

f
�

�       (2-16) 

 

���#� minL  $��$���)��'&"#��&,��#,��;�!"#�����B%����&	��%&���� 

f    $��$���B"#!"#%��%&���� �"$�� 25 kHz 

 R   $��$��$������&!�&<'��(������'�	����� 

 

               
2

min

busVR
Po

�        (2-17) 

 

���#�  busV  $��
���)&���&���(������!"#��������"$�� 60 V 

 minPo  $���,��)�!�����&������;�!"#%'�.����!N�/���#,��;�'�	����������!"# (2-18) 

 

        min
min

max

Po
Pi

	 �       (2-18) 
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 min	  $��.����!N�/���#,��;�(������!"#�������$�� 80 �.�����*&�� 

 maxPi  $���,��)�!�����&��&�;�!"#%'�.����!N�/���#,��;� '�	����������!"# (2-19) 

     

      max max maxbat batPi V i�                  (2-19) 

 

 maxbatV  $��
���)&(��
������"#�-��;�$�� 24 V 

 maxbati  $�����
�(��
������"#�-��;�$�� 20  A 


!&$����%&�����!"# (2-19) 

 

                        max 24 20 480Pi � 
 � W 

 


!&$�� maxPi  ��%&�����!"# (2-18) ���#�'� minPo  

 

                       min min maxPo Pi	�  

                       min
80 480 384

100
Po � 
 � W 

 


!&$�� minPo  ��%&�����!"# (2-17) 

 

                         
2 2

min

60 9.357
384

busVR
Po

� � � �  

 

��������!"# (2-1)  D  $������"�	��$�� '�	����� 

 

           1- bat

bus

V
D

V
�                (2-20) 

 

���#�  batV   $�� 
���)&��&�;� �"$�� 24 V 


!&$����%&�����!"# (2-20) 

 

                            
241- 0.6
60

D � �  

 


!&$����%&�����!"# (2-16) ���#�'�$���)��'&"#��&,� 
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� �2

min 3

0.6 1 0.6 9.375
18 H

2 25 10
L �

� 

� �


 

 

 

�)�&)�&�+� �����%��(�����)&�&
�& EE55 $,�&�9'��,�&�&���(��(����	����� 

 

max

peakLI
N

B S
�  

 

���#� N  $���,�&�&���(��(���� 

 peakI  $�����
��-��;�!"#	'�%&(���� �"$�� 10 A 

 maxB  $��$����(��
�)����-��;�	��������
 BH Curve �"$�� 0.025 T 

 S  $�����&!"#(��
�& EE55 �"$�� 354 mm
2
 

 
6

6

18 10 10 42.37
0.012 10 354

N
�

�


 

� �


 

��� 

 

2.3.1.2  
��	���
���
�����!�"!��  �;.��9�������#�%&����!�
���)&	

�����
����$��������;.��9�!"#

!,���&	���"!"#$���B"#�-� ����%&����.�"#�&�B�&�$��&(����)�& %&������)�&"�	�������%������
��,��)�!,�

'&��!"#�.A&�;.��9�������#� �����&����������B!,���&!"#$���B"#�-�	���)��
�� 30 kHz 	.�&B+� 400 

kHz ����%&�����������-�%&����&�<&��&�!" 
��%&����()�����
��,��)�&)�&!,�	�����������$��$;�

����
���)&
������������
���&�;�$���#,�J �!��&)�& 

<��	�������%��������������
������ IRFP264 (�����@)! International Rectifier IR �"

$;9�)�@9����)������ J !"#�,�$)7�)�&"� $������&!�&��'����(����&
������� (9�&,����
� 

( ) 0.075DS onR � �   �+#��"$���#,���� 
���)&��$������'����(����&
��(������ ( DSV ) !"#!&	�� 250 V 

���
����& ( DI )  �-��;�!"#�����B	'����&	�� 38 A ����$�&�/��(��������������
�   

620rrt ns�  

 

2.3.1.3  
��
�������
�����	
#���$��%&��	����'�� %&�����,��)�(������!�
���)&	

���)���*�.���;

���&������;�(�������"'&��!"#%&�����*���)���&%&�-.(��.���;	

��
��!,��������
���)&���%'��)�

������;�'���/��� (Load) '���$��.���;	

�����#��;.��9�������#� Turn on 
��!,������*�.���; ���#�

�;.��9�������#� Turn off �)�&)�&�,��.A&����������)���*�.���;!"#�����B!&
���)&	���!���)�'����������


���)&������;� '��������)���*�.���;!"#�"(&��%'7����"���&����%&�����
���)&������#��!�����&

������;� �����B$,�&�9'�$���)���*�.���;!�����&������;�	����������!"# (2-21) 

 

bus

bus

V D
V RCf
�

�             (2-21) 
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���#�     bus

bus

V
V
�

 $��$�� Ripple Factor �,�'&�%'��"$��	�����& 1 �.�����*&�� 

 busV�  $��
���)&������#��!�����&������;� 

 busV    $��
���)&������;� �"$�� 60 V 

 C   $��$���)���*�.���;!�����&������;� 

  D      $������"�	��$�� '�	����������!"# (2-5) �"$�� 0.6 

  R     $��$��$������&!�&<'��(������ 

        f       $��$���B"#!"#%��%&���� �"$�� 25 kHz 

 


!&$��%&�����!"# (2-21) ���#�'� busV�  

0.01
60

busV�
�  

�)�&)�& 

0.01 60 0.6VbusV� � 
 �  

 

'�$���)���*�.���;!�����&������;���������!"# (2-21) 

    

Bus

Bus

DC VRf
V

�
�

 


!&$�� 

    
3

0.6 256 F
9.375 25 10 0.01

C �� �

 
 


 

 

�)�&)�&$��������)���*�.���;!�����&������;�(������!"#�"$���-����� 256 �F 
��
���)&!"#!&	��

����	���#,�����
���)&������;�!"# 60 V 

 

2.3.2  !����!���
�"��
���& 
����$��$;����
��.A&����!"#!,�'&��!"#$��$;�%'����)�����������
�$�!"#B+�
�����/������"

����.�"#�&
.��  ����)�����$��$;�
����)�/��!"# 2-20  �;������&�;� Vctrl �.A&�;��)��)77�9$,��)#�

��� dSPACE ���#�$��$;�����������
�(��$�&����������!)��'�� �;������&�;� Vactive1 �.A&�;�����)�

�)77�9.��&��)�$�����
������&��������
�!"#	���)����
.��%'��.A&
���)&
��� ������������)�

���
�
���;����������;� Vcommand1 �.A&�;�����)77�9�������)�$��$;�	.%'������,��&���)77�9 

PWM ���#�$��$;�������������	. �)��.A&�����)&�&���#�.����)&	��%'������+����
�!"#�;� Vactive1 
�� 

Vctrl �+#����!,�%'�
���)&!)�� 2 �;������&���!,���&(��$�&�����������������	�� U1B �)��.A&����

����
���)&���#�����
���)& Vactive1 �����&��������
�%'��"$�����"�����!"#�;� ������)77�9!"#	��

�����&��������
��)��"���������#������)�@9�(�����
�����)��'&"#��&,�$���B"#�-���-� ���& U2B 
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�.A&�����.A&��������)77�9��'�����)77�9$,��)#� Vctrl �)��)77�9 Vactive1 
���&�#����� Vactive1 B-�

��)��
��)77�9������.A&���.��&��)�$�����
�
���� !,�%'�������;�!"#�;� Verr1 �.A&������(�� 

Vctrl-Vactive1 ������	.�)��)�$��$;����
�
�� PI 

 

 
������ 2-20  ����$��$;����
�(���)�
.��	
�,�'�)�
��������"# 

 

 ������$,�&�&!,�%'�	��$�� Kp (�� P-Controller 
��$�� Ti (�� I-Controller %&/��!"# 2-20 !"#

!,�%'�	���������&�����$,��)#� Vctrl 	��%&����!"#������� 9 �;�!"#$��Kp = 0.285 
��$�� Ti = 2.085ms 

�)�&)�&�����B$,�&�9'�$���;.��9�����J 	���)�&"� 

��������<�&����(������$��$;�
�� PI 
�����������)& 

1

1

( ) 11
( )

command
P

err i

V s K
V s T s

� 

� �� �

� �
            (2-22) 

 

���#� 1( )commandV s  $��
���)&������;�(���)�$��$;�
�� PI 

 1( )errV s  $��
���)&������(�� Vctrl-Vactive1 

<��!"#�)���(���(�� PK  '�	���������� 

 

33 34

32

R +R
RPK �             (2-23) 

 

%&������
�������$��$������&!�& R32 = 20 k� 
�� R33 = 100 � '�$�� R34 <��
!&$��

�������!"# (2-23) 

34R =0.285×20k�-100�=5.6k�  

 

 ���#���$����������!"#�������(+�&����)��;.��9�%&���%����&���������%�� R34 �.A&�)����&!�&

.�)�$��!"#�����B.�)�$��$���$�;�$��$������&!�& 5.6 k� ���#�.�)�%'�	��$��!"#%����$"��!"#�;� <��

�����%���)����&!�&.�)�$�� 50 k� 
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%&���&(�� I-Controller $,�&�9'�$���;.��9�	���������� 

 

35 36 31(R +R )CiT �              (2-24) 

 

������
��%&��&���)������%��$��$������&!�& R36 = 20 k� 
��$��(���)���*�.���; C31 = 

0.05 �F $,�&�9'�$�� R35 <��
!&$����%&�����!"# (2-24) 

 

352.085ms=(R +20k�)0.05 F�  

35
2.085msR = -20k�=21.7k�
0.05 F�

 

 

2.3.2.1  ����	%%*+�� ( Dead time circuit)  �����)�/��!"# 2-21 !,�'&��!"#%&���'&����)77�9$,��)#�

���������#�.����)&	��%'��;�������!)�� 2 �)�%&
�����
�!,���&������)& <���)77�9$,��)#���������B-�

'&��������)����&!�&
���)���*�.���;%&(��(�(+�&�!��&)�& �*��"����!"#��.����)&	��%'���������)�����

(��������!)�� 2 �;� 
�����#��)77�9��&�;��.A& High '�)�������& NOT GATE �*���.�"#�&�B�&��.A&

Low  �)���*�.���;�+#��"
���)&�-���-��*��$��.���;���&�)����&!�& ���#����)�
���)&!"#�)���*�.���;�#,�B+�

���)�!"# NOT GATE ����.A&�B�&� Low �)77�9������;��.A& High ����&"���	���"���'&������� 

��������
�	'����&	�<����������)���*�.���;
�����*�!)&!" !,�%'�������;�(�� NOT GATE �"��)�

�.A& Low  ���.�)�$��$������&!�&��!,�%'��������'&��������.�"#�&	.�)�@9����'&���(�� Dead 

time 
����)�/��!"# 2-22 

 
 

������ 2-21 �������	!�� (Dead time circuit) 



��������	

�����
����
������������������������ �����
����!����
��
��������"# 60 

TRF: MRG5180348 

 
������ 2-22  ���	!��(�����()�����
� 

 

 ���/��!"# 2-21 �.A&�������	!�� �;���� PWM1 �.A&�;��)��)77�9!"#	����������,��&��

�)77�9 PWM ���&!�����&������;��;���� DT1 
�� DT2 �.A&���&!"#	��B-��,�'&����	!��
������#����

���	.�)�����()�������	. 

 ���(���-�(��	��" NOT GATE ����� 74LS14 !"#%��%&�������	!��  �)77�9��&�;�!"#!,�%'�

������;��.A&����� “1” $��
���)&��&�;� 1.6 V  ����
��,��)�!"#%���"����%&���$�&�/�� (trr) 620 &�<&

��&�!"  $������!"#�"��)�'&+#�!,���&	����*�!"#
���"��)�'&+#�'�;�!,���&�&�!  $��'&�������!)��'�� 2trr   

�)�&)�&����'&����"$�� 620 &�<&��&�!" x 2 = 1,240 &�<&��&�!" '���1.24 	�<$���&�!"  %&�������

	!��&"�$������'&���.����9 2 	�<$���&�!" �����%��$�� C5 = 3 nF $,�&�9'�$�� R2 	����� 

 

            � �2 2 5/R C
C5 1 dt

CCV V e�� �                  

 

���#� 5CV   $�� 
���)&!"#��$���� C5 !"#!,�%'���&�;��.A&�B�&� high $�� 1.6 V 

  CCV   $�� 
���)&	
��"��������"$�� 5 V 

 


!&$����%&��������&�& 

 

             � �3 9
22 10 /R 3 101.6 5 1 e

�� 
 
 
� �  

             3
2

logR 0.67 10 1.74k
log 0.68

e
� � 
 � �  

 

 %&���%����&���� �����%����& R2 �"$�� 2 � �+#�!,�%'�$�����	!��!"#	�������"$�� 2.31 	�<$���&�!" 
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2.3.2.2  ����������	
�  ����	��" TLP250 �)77�9!"#���&������-������$��������(���)���'���

�)77�9 PWM �"�)�@9��.A&�)77�9�)����"#�'�"#�� �)77�9&"�B-����	.�)�����()�&,��������	��"�����

�)77�9()�&,��������� TLP250  ���#�$��$;����!,���&(������
� ���������()�&,����
����)�

/��!"# 2-23 ��������)77�9���&�(���.A&�)77�9!"#B-��������������,��&���)77�9 PWM  �"(&��


���)& 0 V B+� 5 V  �)77�9&"�B-�����(��	.	�
��%'� LED %& TLP250  &,����
�<���"$������&!�& 

R9 !,�'&��!"#�,��)����
�%&���	�
��
��%��	��"�)
�
��� 74LS07 �.A&�)�.����)&	
 5 V !"#���������

	'����&��)�(��
���)&�(��	.%&�����,��&���)77�9 PWM ���#� LED &,����
� �����!,�%'�

!��&���������&�� NPN !�����&������;�(�� TLP250 &,����
� 
���)&!"#(� 7 (�� TLP250 �!"��

�)�����&��!���)� VDD2(15V) 
��
���)&!"# GSV  (������
��!���)� VDD2 (15 V) �!"���)�����&�

���#�
���)& GSV  �"$���.A&��������B!,�%'�����
�&,����
�	�� ���&%&��9"!"#
���)&��&�;�&������� 

0.7 V LED /��%& TLP250 '�;�&,����
������%'�!��&���������&�� NPN !�����&������;�(�� 

TLP250 '�;�&,����
����&��"���)& 
��!��&���������&�� PNP ��&,����
������%'� !"#�/���&"�
���)&

!"#(� 7 (�� TLP250 �!"���)�����&��"$��.����9 0 V ���#�
���)&!"# GSV  �"$���.A& 0 V �*��!,�%'����

�
�'�;�&,����
�	�� 

 

 
 

������ 2-23  ����()�&,����<��%��	��"����� TLP250 

 

 ���/��!"# 2-23 �;������&�;�(������ �;� DT1 �.A&�;��)��)77�9����������	!��
��!"#

������;�(������ �;� GD1 �.A&�;�����)77�9	.�)�������
�����)�<���;�&"����!"���)��;� AGND1 ���

�;� GD1 �(��!"#(����(�� S1 
���;� AGND1 �(��!"#(���������/���.A&����()�����,�&�& 1 �;� 

�)�&)�&%&���%����&��������������)�@9���"���)&&"�!)��'�� 2 �;� 
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2.4  !��������"	�!���
	����'��%��"*�+���$�!�%��������,�&�/
+��

���56���
��    
��

���������+��
%���������������������������������� 
2.4.1  
�"�!��
	������	���
*�"*�+�����,�& 

<$������������������,��)�(��
'�������	

�����&"�
���	���)�/��!"# 2-24 [24] �)�
.��	


�,�'�)����������������$�������-�!"#(&�&�)& 4 �;� (')�(�� 2.1) �)�
.��	
�,�'�)������
����!����$��

�����-�!"#(&�&�)& 2 �;� (')�(�� 2.2)  �)�
.��	
�,�'�)��;.�.���$�.��������$������
.��	

�� 2 

!��!�� (2-Quadrant Converter) !"#(&�&�)& 4 �;� (')�(�� 2.3) 

���#��.A&���.����)&
�����!,���&!"#�"$�����*��-�  �)�
.��	
(�����������������  �����


����!����
���;.�.���$�.����������B-�$��$;�������.q�(�����$��$;����
�(��
�����)�  �)�

�N����	.
���%&')�(�� 2.1 2.2 
�� 2.3  ���#�
&�%��������!,���&!"#�"��B"��/�� (Stability)  $�����*�

(����.q�����$��$;����
��+#��.A&����$��$;���%&�;� (inner current regulation loops)  ������

!,���&!"#$�����*��-���������$��$;���.q�(������$;�$����&�� (outer control loops) [25] ����

$��$;����
�&"����)�$,��)#�������� (References)  ����)77�9$�����
�$,��)#�(���;.�.���$�.�������� 

iSCREF  ���
�$,��)#�(����������������� iFCREF  
�����
�$,��)#�(�������
����!���� iPVREF  ���
�$,��)#�

!)�����&"���B-��,��&��������)�$��$;����'���)������)���&!)������  �+#���&,���&��)����	.&"� 
 

2.4.2  ���"��
������7��:�����#����
*�"*�+�����,�& 
��������9�%'����
�(����������������� ���
�(�������
����!����
�����
�(���;.�.���$�

.��������!,���&������
�$,��)#�����������*�  �)�&)�& 

 

FC

FCREF

FC

FC
FCREFFC v

p
v
pii ���            (2-25) 

PV

PVREF

PV

PV
PVREFPV v

p
v
pii ���            (2-26) 

SC

SCREF

SC

SC
SCREFSC v

p
v
pii ���            (2-27) 

 

�.A&��!,�%'����������������  �����
����!����
�����
�(���;.�.���$�.��������!,���&�.A&


'����������
�!"#$��$;�	�� (Controlled current sources) 
���	���)�/��!"# 2-25  ��������9�%'��"

$���-7��"�%&�)�
.��	

�����)��.A&�)����&!�&!"#�"$���-7��"�$�!"#$�� rFC, rPV 
�� rSC (���)�
.��	


(�����������������  (���)�
.��	
(�������
����!����
��(���)�
.��	
(���;.�.���$�.�������� 

����,��)� 

��)���&	

��!"#$�.��������%&�)�	
��� (EBus) 
����)���&	

��!"#�;.�.���$�.�������� (ESC) 

�����B�("�&	���)�&"� 
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������ 2-24  	���
���(����������	
�������������������  �����
����!����
���;.�.���$�.��������  

�+#� pLoad ( = vBus 
 iLoad), vBus, 
�� iLoad $���,��)�(��<'�� 
���)&!"#�)�	
���
�����
�!"#�)�	
��� 

����,��)�  pFC  ( = vFC 
 iFC), vFC, 
�� iFC $���,��)� 
���)&
�����
�(����������������� ����,��)�  

pPV ( = vPV 
 iPV), vPV, 
�� iPV $���,��)� 
���)&
�����
�(�������
����!���� ����,��)�  pSC ( = 

vSC 
 iSC), vSC, 
�� iSC $���,��)� 
���)&
�����
�(���;.�.���$�.�������� ����,��)�  pFCo, pPVo 


�� pSCo $���,��)�������;�!"#���	.�)��)�	
���(����������������� �����
����!����
���;.�.���$�.���

����� ����,��)� 
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������ 2-25  �����!"���$"��(��
'�������	

�����!"#&,���&� 
 

2
BusBusBus 2

1 vCE �             (2-28) 

2
SCSCSC 2

1 vCE �             (2-29) 

(9�!"#��)���&������� (ET) !"#��*���-�%&$�.��������!"#�)�	.��� (CBus) 
��%&�;.�.���$�.���

����� (CSC) �����B�("�&	���)�&"� 

 

2
SCSC

2
BusBusT 2

1
2
1 vCvCE ��           (2-30) 

 

�)�
���%&/��!"# 2-25  �����B�("�&�.A&������&;�)&N�(����)���&	

��!"#$�.��������%&�)�

	
��� (EBus) �)� pFCo, pPVo,  pSCo, 
�� pLoad  	���)�&"� 

 

LoadSCoPVoFCoBus ppppE �����           (2-31) 

 

�+#� 
2

FC

FC
FCFCFCo ��

�



��
�

�
��

v
prpp             (2-32) 
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2

PV

PV
PVPVPVo ��

�



��
�

�
��

v
prpp             (2-33) 

 
2

SC

SC
SCSCSCo ��

�



��
�

�
��

v
prpp             (2-34) 

Load
Bus

Bus
LoadBusLoad

2 i
C
Eivp ����           (2-35) 

   SC
SC

SC
SCSCSC

2 i
C
Eivp ����            (2-36) 

 

2.4.3  !���
���&����&*������/������	���
*�"*�+�����,�& 
2.4.3.1  '��������%���� 

�)�B;.����$�(�����$��$;�$��$����"��B"��/�� (stability)  $���
(*�
�� (robustness) 

.����!N�/�� (high overall efficiency) 
�����!,���&!"#�'�����!"#�;� (optimization)  ���#�����

��)���&%'��)�<'��
��������;.�.���$�.�������� ����$��$;�
��'����)�
.�&"��+������"$,��)#��������

(��
���)&!"#�)�	
��� (vBusREF) (
!&��)���&!"#�)�	
��� (EBus) !"#�����"����� “����"��B"��/��!"#�)�

	
��� DC link stabilization”) 
��$,��)#��������(��
���)&!"#�;.�.���$�.�������� (vSCREF) (
!&

��)���&!"#�;.�.���$�.�������� (ESC) !"#�����"����� “supercapacitor state-of-charge SOC”) 

���
&�$����&���)����&'&��&"� [26], [27]  �����
����!������B-�$��$;��.A&
'�������'�)�  

���������������!,���&�.A&
'�����������	
���#���)���&%&�/�����-��)�	������������
����!����  

(9�!"#�;.�.���$�.���������.A&
'�����)���&!"#�"$�����*��-����J ����������	
����	�&�������-�J  

�)�&)�&'�)�������'���)������)���&%&����$��%'��;.�.���$�.������������	
���#��)�@����)�
���)&!"#

�)�	
���  ���&�����
����!����
����������������� (�.A&�$��#���,��&����)���&!"#��������;.�.���$�.���

�����)  !,�'&��!"#�)�@����)�
���)&!"#�)�	
���
��!"#�;.�.���$�.�������� 

 

2.4.3.2  '!�����
����
�������!,�� flatness ���,��������,��/�� 

���#���&�)&����"$;9���)��
�� flatness  �)�	���N����	.
���%&')�(�� 1.6 ��B-����-�&��)����	.&"�  

���#��)�@����)�
���)&	
!"#�)�	
���
��!"#�;.�.���$�.��������  �&���&|�&(��!}@~"���$��$;�
�� 

flatness �)�
.�������;� (y)  �)�
.�$��$;���&�;� (u)  
���)�
.����! (x) B-��,�'&��)�&"�  
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Bus
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1
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E
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y             (2-37) 
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TREF

SCREF
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1
p
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u
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u            (2-38) 
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�

SC

Bus

2

1
v
v

x
x

x             (2-39) 
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�+#� pTREF $���,��)�	

�������������
����!����
�����������������  ��������!"# (1-32) (1-33) 


�� (1-34) �)�
.����!�����B�("�&	���)�&"� 
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� ���
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�

212

11

SC

12

Bus

1

2

1
2

2

yy

y

C
yy

C
y

x
x

,)(
x

�

�
          (2-40) 

 

��������!"# (2-31)  �)�
.���&�;� (u) �����B$,�&�9	������)�
.�������;��)� (y) 
��

�&;�)&N��!"���)�����$��  
 

� � SCREF111

SCLim

PVoFCoLoad
Bus

1
1

SCLim1

2

112

pyy

p

ppi
C

yy
pu

��

�
�
�
�
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�
�
�
�
�

�
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�
�
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         (2-41) 

� � TREF212

TMax

Load
Bus

1
2

TMax2

2

112

pyy

p

i
C

yy
pu
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,�

           (2-42) 

 

�+#� 

SC

2
SC

SCLim 4r
vp � ,

 T

2
T

TMax 4r
vp �              (2-43) 

 

(9�!"# pSCLim $���,��)�	

���-��;�!"#B-��,��)�����)�
.��	
(���;.�.���$�.�������� pTMax $��

�!"���$"���,��)�	

���-��;�!"#B-��,��)�����)�
.��	
(�������
����!����
����������������� vT  $��


���)&	

���!"���$"�����
'�������	
��������
����!����
�����������������
�� rT $��$���)�

���&!�&�!"���$"��%&�)�
.��	
(�������
����!����
����������������� 

�)&!"#����
��� 

 

PVMaxFCMaxTMax ppp ��            (2-44) 
 

�+#� pFCMax $���,��)�	

���-��;�������������������
�� pPVMax $���,��)�	

���-��;���������
����!���� 
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2.4.3.3  
0
��
��
��,�$	�����5�' (Control Law and Stability) 

 ��������!"# (1.35)  �~���$��$;���)���&
���	���)�&"� [28], [29] 

� � � � �dyyKyyKyyv
t
� ������
0

1REF1121REF111REF111 ��          (2-45) 

� �2REF221REF222 yyKyyv ���� ��              (2-46) 

 

�+#� 1REFy  $��$,��)#��������(���)�
.�������;��)�!"# 1 (��)���&!"#$�.��������!"#�)�	
���) 
�� 2REFy  

$��$,��)#��������(���)�
.�������;��)�!"# 2 (��)���&����!"#$�.��������!"#�)�	
����)�!"#�;.�.���$�.���

�����) 

��������!"# (2-45) B���,�'&�%'� 1REF11 yye �� , nK ��211 �  
�� 2
12 nK ��  ��	�� 

 

02 1
2

11 ����� eee nn ��� ���            (2-47) 


!& 1y�  ��%&�����!"# (2-41) ��	�������%&�!��(�����$��$;�
��.��&��)�  ��������

��"����� “inverse dynamics” 

�
�
�

�

�
�
�

�
��
�



��
�

� ���
����

SCLim

PVoFCoLoad
SCLim1

45-2112
p

pppequpu ).(          (2-48) 

 ���#����$,�&�9!"#������  ��������.����9��� rSC = 0  !,�%'� pSC= PSCo <������,�'&�%'�  

PSCMax � PSCLim ���������("�&����� inverse dynamics 	������(+�&$�� 

SCREF

PVoFCoLoad

Bus1

0
1

2
11REF1 2

p

ppp

Ey

deeyu
t

nn

�

���

�

��
�



��
�

�
����

����� ������ ��
��

� ����          (2-49) 

 

 ���&��"���)&��������!"# (2-46)  B���,�'&�%'�  2REF22 yye �� , S21 1 �/�K  ��	�� 
 

011S ��� ee��             (2-50) 


!& 2y�  ��%&�����!"# (2-42) ��	�������%&�!��(�����$��$;�
��.��&��)�  !"#��"����� 

“inverse dynamics” 
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� �

FCREFPVREF

TREF

Load

T2

2S2REF2 1

pp
p

p
Ey

eyu

��
�

�

�

��
��� ���� ��

��

� )( �
           (2-51) 

��������!"# (2-49) 
�� (2-51)  �'*&	���)��������$��$;����"��B"��/��
&�&�&�,�'�)�$�� 

K11, K12 > 0 
�� K21 > 0  �����	��*��� �&���&|�&(������$��$;��.A&�)�&J (cascade control 

structure) 
��$���B"#(���������������*�!��&�����,��)� (�S)  ��$��$;��)�&&�� (%&!"#&"�$�����$��$;�

��)���&!"#�)�	
���) ������!,���&!"# cut-off frequency �E << �C �+#� �C $�� cut-off frequency 

(������$��$;�(����$��$;��,��)�����;.�.���$�.���������+#��.A&���)�&%&&)�&���
�� �C << �S  

���#��)�
.�������;��"��B"��/��  ����$��$;�!)��'���*���"��B"��/��	.����������)�
.�!)��'��

�����B
���%&�!��(�� differtial flatness 

/��!"# 2-26 	���N����B+�
&�$������$��$;�!"#	��&,���&��,�'�)�
'�������	
�����)���&

!�
!&!"#	���N�����)�(����&  �~���$��$;���)���&!"#�)�	
���������,��)�	

����������,�'�)�

�;.�.���$�.�������� pSCREF (������������!"# (2-41))  �)77�9 pSCREF &"���B-�'������
���)&!"#�)���

����;.�.���$�.�������� vSC 
�����,��)�
���)&(���;.�.���$�.��������%'���-�%&�����#,��;�
���-��;� 

[VSCMin, VSCMax] <������,��)����
������'������
�$��.���; (	��	���N����%&������&"� �����B'�

���&���#�����	����� [19], [30])  ���)�N��*$��	�����
���������,�'�)��;.�.���$�.�������� iSCREF 

�~���$��$;���)���&���'����~���$��$;���)���&�,�'�)��;.�.���$�.���������,��&��

�,��)�	

������������ pTREF (������������!"# (2-42))  �����
�� �)77�9 pTREF &"���B-������9�%'�

�.A&�,��)���������,�'�)�<��������� pPVREF  �)77�9&"���B-��,��)�	��%'����&�,��)�	

���-��;� pPVMax ����

�)��������,��)�	

�� (maximum power point tracking MPPT) �+#�	��	���N����%&��&���)�&"�  �����!"#

��� $���
��������'�����,��)�	

������������ pTREF �)��,��)���������,�'�)�<��������� pPVREF $��

�,��)�	

����������,�'�)���������������� pFCREF  �)77�9&"���B-��,��)�	��%'����&�,��)�	

���-��;� pFCMax  


�����,��)�	�&������(����������������� [31], [32] %&!"#&"�  �)�'&����,��)�!"# 2 (DFC(s)) B-�������,�'�)�

����,��)�	�&������(����������������� (FC power dynamic limitation) 
���	���)�&"� 
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��  �1 $���)�
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������ 2-26  	���
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����� 3 

�=�!����
�� ,
!����
���
%
�"��7�,
!����
�� 

 

���()�&��&������
��
���,��&�&��&���!"#	�������	.
���%&�!!"# 2 ���#�&,��������� J ��

.���������)&�.A&���&��&!"#���-�9���"������
��� %&�!&"��������B+�������,��&�&��&(������!"#	��

���
��	��
�������!�������!,���&(����������J �)�&"� 

 

3.1  ��+
%���+������
�� 
�;�!������������	

�������&
��(&����*�
����)�/��!"# 3-1 ������������������� 

(Ballard Nexa fuel cell system) 
��<��������� (����)���&���
���B��)&&�)������!$<&<��" 	!�-

��)#��E�)
��<��-��;.�.���$�.��������
����)�/��!"# 3-1 B+�/��!"# 3-3 ����,��)�  �������"��


'�������
�����)�
���%&�����!"# 3-1 

 

 
 

������ 3-1  �;�!������������	

�������&
��(&����*� 
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������ 3-2  
��<��������� (����)���&���
���B��)&&�)������!$<&<��" 	!�-��)#��E�) 

 

 
������ 3-3  <��-��;.�.���$�.�������� 

 

�������� 3-1  �������"��
'�������	

�����)� 
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���)&!"#�)�	
�����B-�$��$;�!"# 60 V 
���)�	
�����B-�����(���)�<'������*�!��&�������#�

�,�����B�&�����J (���)�	
��� ����)�$�����
�(����������������� (iFC) ���
�(��<��������� (iPV) 

���
�(���;.�.���$�.�������� (iSC) ���
�(��<'�� (iLoad) 
���)&!"#�)�	
��� (vBus) 
���)&(�������

���������� (vFC) 
���)&(��<��������� (vPV) 
��
���)&(���;.�.���$�.�������� (vSC) ��B-��)����� 

zero-flux Hall effect sensors  �,�
'&���;��)�����J 
����)�/��!"# 3-4  ����$��$;���)���&!)������

B-������%&�)�$��$;�
�� real time %&����� dSPACE DS1104 (�)�/��!"# 3-1) ���&�)�$,�&�9%& 

Matlab–Simulink  !"#�"$���B"#�;�� (sampling frequency) !"# 25 kHz 

 

 
������ 3-4  �;��)�
���)&
�����
�(���;�!���� 

 

3.2  ��+
%���+��%���
���& 
�)���(���(���)�$��$;� K11 = 450 rad·s

-1
 
�� K12 = 22,500 rad

2
·s

-2
 ���#�%'������"�)���

'&��� (damping ratio) �!���)� 1.5 
���"$���B"#N������� (natural frequency) �!���)� 150 rad·s
-1
  �+#�

��!,�%'� cutoff frequency (�E) (����.q�(������$��$;���)���&!"#�)�	
����"$���!���)� 60 rad·s
-1
  

�+#��"$���#,����� cutoff frequency (�P) (����.q�(������$��$;��,��)�(���;.�.���$�.�������� (�P) 

�"$���!���)� 600 rad·s
-1
 (�+#���.q�(������$��$;��,��)�(���;.�.���$�.����������B-�.����9�.A&�)�

'&����,��)�!"# 1 �"$��$�!"#(������ (time constant) �!���)� 2.2 ms !"#	��������!���� identification) 

�)�&)�&����$��$;��"��B"��/��  �)���(���(���)�$��$;�(����.q�����$��$;���)���&��� ('���

��)���&(���;.�.���$�.��������) K21 = 0.1 W·J
-1
 !,�%'� cutoff frequency (�SC) (����.q�����

$��$;���)���&����!���)� 0.1 rad·s
-1
 !"#�+#� �SC << �E ���#��.A&������)&�"�,�'�)�����"��B"��/��

(��!)������$��$;� �)�&)�& cutoff frequency (��!;���.q�
���	���)�/��!"# 3-5  �)�&)�&�����������

(������$��$;�!)�������
����)������!"# 3-2 
�� 3-3 
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������ 3-5  ����,�'&�$��(���)�$��$;�<��������,�'&�$�� cutoff frequency !"#�+#� �S $��$���B"#

������(���)�
.��	
(���;.�.���$�.��������!"# 25 kHz (157,080 rad·s
-1
)  �P $�� cutoff frequency 

(����.q�(������$��$;��,��)�(���;.�.���$�.���������"$���!���)� 600 rad·s
-1
  �E $�� cutoff 

frequency (����.q�(������$��$;���)���&!"#�)�	
����"$���!���)� 60 rad·s
-1
  �SC 
�� $�� cutoff 

frequency (����.q�(������$��$;���)���&��� ('�����)���&(���;.�.���$�.��������) 

 
 

�������� 3-2  �����������(������$��$;���)���&!"#�)�	
��� 

 
 

�������� 3-3  �����������(������$��$;���)���&��� ('�����)���&(���;.�.���$�.��������) 
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3.3  ,
!����
�� 
3.3.1  ����&�!��#���%���
���&!��
	�#����*
%��
*�"*�+ (Power Loop Identification) 

���#��.A&�����&�)&B+�	�&������(������$��$;��,��)� ('������
�) (��
'�������
�����)� /��

!"# 3-6 B+�/��!"# 3-8 
��������!����!"#!����$�����*�%&�������&������)77�9$,��)#�(���,��)�

(��
����
'�������  /��!"# 3-6 
����������&������)77�9$,��)#�(���,��)�(����������������� %&

/��&,���&�$,��)#��������(���,��)�(����������������� (FC Power Demand)  �,��)�(����������������� 

(FC Power Response)  
���)&(����������������� (FC Voltage) 
�����
�(����������������� (FC 

Current)  �)���&!"#�������&��(���,��)�(������������������.A&�)�'&����,��)�!"# 2 (second order 

characteristics) �.A&	.��������!"# (2-52)  
���'*&	���)�!"#	���".����������'������������ (fuel 

starvation phenomenon) ����(+�&%&�����  �&�#����������"���'&������!,���&(���,��)���������

����������	��%'�!,���&��*����&	.&)�&���  ���&%&/��!"# 3-7 
����������&������)77�9$,��)#�(��

�,��)�(��<��������� %&/��&,���&�$,��)#��������(���,��)�(��<��������� (PV Power Demand)  �,��)�

(��<��������� (PV Power Response)  
���)&(��<��������� (PV Voltage) 
�����
�(��<��������� 

(PV Current)  �;�!���/��!"# 3-8 
����������&������)77�9$,��)#�(���,��)�(��                

�;.�.���$�.�������� %&/��&,���&�$,��)#��������(���,��)�(���;.�.���$�.�������� (PV Power 

Demand)  �,��)�(���;.�.���$�.�������� (PV Power Response)  
���)&(���;.�.���$�.�������� 

(PV Voltage) 
�����
�(���;.�.���$�.�������� (PV Current)  �'*&	���)�����������&��(���,��)�

����;.�.���$�.���������.A&	.����������*����  �)&�����B�����,��)�	.�-��)�	
������ 0 W B+� 400 

W %������
$�.����9 50 ms �!��&)�&  �+#�&"�$���;����&(��
��������"#�&���;.�.���$�.��������!"#

�'&������
��������"#�&����#&J %&���&	�&������
�� Power Densities 

 

3.3.2  ����&�!��#��!���
���&�	������ 
/��!"#  3-9 
����)77�9(9��"������.<'��(&��%'7�  
���
���)&�)�	
��� (dc bus 

voltage) (�+#�$���)�
.����! x1 &,���&�
!&�)�
.�������;! y1) <'�� (load power) ('����*$��

�)77�9����&) �,��)�(���;.�.���$�.�������� (supercapacitor power) (�+#�$���)�
.�$��$;�!"#�.A&

��&�;��)�!"# 1 u1)  
���,��)�(��<��������� (PV power)  ���#���&(9�!"#	���"<'�� �;.�.���$�.��������

B-��������*�
��� (&)�&$�� vSCREF = 25 V) 
���)�	
���B-�$��$;�%'�$�!"#!"# 60 V (vBusREF = 60 V)  

�.A&��!,�%'��,��)�(����������������� <���������
���;.�.���$�.���������"$���!���)�E-&��  (9�!����

�,��)��-��;����<���������B-��,��)���-�!"#.����9 400 W <���)��������,��)��-��;� (MPPT)  �����

!����
���%'��'*&�������&��!��	�&���������������.<'��(&��%'7��.A&	.��������!"# (2-

47) �+#��.A&	.����)�@9����)��(�������'&����,��)�!"# 2   ���
������*�&���(���)�	
�����������

�)���(��� K12 �"$���-�
��<'���"$���-����  $���)���(��� K12 �����B����	�����#������
����  

�����	��*��� �)&��!,�%'��������&������� �~���$��$;� (control law) 
���%'��'*&��������"

��B"��/��
���"�������&��!"#�"!"#�;����#�$��$;�
���)&!"#�)�	
���!"# 60 V  B+�
�����	�&������(��

����$��$;������B!,�%'��"(+�&	��
������������(��	.%���(��(�����	���"��B"��/��	�� (reduced 
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stability margin)  (���)���� %&!��.���)����������<'��!"#�.A&���.��!,�	������)�
���%&/��  
��

�&�#������,��)�(�����������������B-��,��)����&	�&������  �)�&)�&	�&������(��<'��������<���;.�.���

$�.��������
��<��������� 

 

 
 

������ 3-6  	�&������(������$��$;��,��)�(�����������������  &,���&�$,��)#��������(���,��)�(��

��������������� (FC Power Demand)  �,��)�(����������������� (FC Power Response)  
���)&(��

��������������� (FC Voltage) 
�����
�(����������������� (FC Current)  

a). $,��)#��������(���,��)�(��������������������.��� 0 W 	.�)� 400 W !"#���� 10 s 

b). $,��)#��������(���,��)�(��������������������.��� 0 W 	.�)� 800 W !"#���� 10 s 
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������ 3-7  	�&������(������$��$;��,��)�(��<���������  &,���&�$,��)#��������(���,��)�(��<����

����� (PV Power Demand)  �,��)�(��<��������� (PV Power Response)  
���)&(��<��������� (PV 

Voltage) 
�����
�(��<��������� (PV Current) 
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������ 3-8  	�&������(������$��$;��,��)�(���;.�.���$�.��������  &,���&�$,��)#��������(���,��)�

(���;.�.���$�.�������� (SC Power Demand)  �,��)�(���;.�.���$�.�������� (SC Power 

Response)  
���)&(���;.�.���$�.�������� (SC Voltage) 
�����
�(���;.�.���$�.�������� (SC 

Current) 

 

�&�#���������$��$;�<����N"���$,�&�9
�� flatness �������"�����������(�������(����

$,�&�9����  �+#�����������"�����!��������.�"#�&
.��(��������������'���&"�  ���#���&�)&���

��N"���$��$;�
��&"��"	���"�����!��������.�"#�&
.�������������%&���� (robustness)  ����

$��$;�B-�!�����.�"���!"���)�&"�$�������������(������B-����� (rFC = 0.14 �, rPV = 0.12 �, rSC = 

0.10 �) 
�������������$����$��#�& (rFC = 0 �, rPV = 0 �, rSC = 0 �)  �����!�������#�

�.�"���!"��<����B-�����
��<����$����$��#�&
����)�/��!"# 3-10  �.A&���!����(9�!"#�"

������.(��<'��(&��%'7���� 0 W B+� 500 W  
����)77�9
���)&!"#�)�	
��� (DC bus 

voltage) �,��)�(��<'�� (Load power) �,��)�(���;.�.���$�.�������� (SC power) 
��
���)&(��

�;.�.���$�.�������� (SC voltage)  ���������,��)�������������������
��<�����������������,��)����

�;.�.���$�.�����������  �)�&)�&�;.�.���$�.���������������,��)�	�&������!"#<'���������!)��'��  

�'*&	���)�����)77�9%&/��!"# 3-10(a) 
�� (b) ��	��
�������)&���&)�  
���)&!"#�)�	
������"

�����!������������.(��<'��(&��%'7�  
������$��$;�	���"�����!����&)����!"#

�����������%&<����$����$��#�&  �)�&)�&!,�%'���;.	���������$��$;�
�� flatness �"$���!&!�&���

����.�"#�&
.������������� (robustness) 
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������ 3-9  �������&�����������.<'����� 0 W B+� 760 W !"#���� t = 10 ms  '����'�; pLoad 

  pSC + pPV (pFC    0 ����	�&������) 
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������ 3-10  �.�"���!"��	�&���������$��$;�
���)&!"#�)�	
���(��
'�������	

�����(9�!"#�"

������.(��<'��$���-� 

a). <����B-����� (rFC = 0.14 �, rPV = 0.12 �, rSC = 0.10 �) 

b). <����$����$��#�& (rFC = 0 �, rPV = 0 �, rSC = 0 �) 

 

3.3.3  ���#��?�
� (Load Cycle) 
/��!"# 3-11 
����)77�9(9�����	
%'��)�<'�������"#��  
���
���)&!"#�)�	
��� (dc bus 

voltage) (�+#�$���)�
.����!�)�!"# 1 x1, &,���&�
!&�)�
.�������;� y1)  
���)&(����������������� (FC 

voltage) 
���)&(��<��������� (PV voltage)  �,��)�(��<'�� (load power)  �,��)�(���;.�.���$�.���

����� (supercapacitor power) ('����)�
.���&�;� u1) �,��)�(����������������� (FC power) �,��)�(��

<��������� (PV power) ���
�(���;.�.���$�.�������� (supercapacitor current)  ���
�(�������

���������� (FC current)  ���
�(��<��������� (PV current) 
��
���)&(���;.�.���$�.�������� 

(supercapacitor voltage) (�+#�$���)�
.����!�)�!"# 2 x2 '���&,���&��B�&���������(���;.�.���$�.�

������� (supercapacitor state-of-charge))  �B�&����#���&��-�%&�B�&�!"#	���"<'��
���;.�.���$�.���

�����B-��������*�
��� (vSC = 25 V) �.A&��%'��,��)�(����������������� <���������
���;.�.���$�.���

������!���)�E-&��  !"#���� t = 20 s <'��(&��%'7����.���  0 W 	.�)� 840 W  (9�!,����!����

�,��)��-��;�(��<��������� (�+#�(+�&��-��)��;��)�
�� �/�������E
���;9'/-��) �"$���!���)�.����9 200 

W B-�$,�&�9<���)� MPPT 
���,��)��-��;�(�����������������B-��,��)�%��!"# 360 W  �)�&)�& �,��)�(��
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���������������	'����#�(+�&�����J �)�����,��)�$����)&%&�)�@9�(���)�'&���,��)�!"# 2 (second 

order dynamics) 	.�&B+��,��)��-��;�!"#�,��)�!"# 360 W �;.�.���$�.��������
��<�������������	


!)��'������	�&������(9�<'�������� �;.�.���$�.���������)�$���-�%&�B�&�$��.���;'�)����

<'�����.�����<'��!"#�/�����-��)� (840 W) �"$���-������,��)��-��;�����)&������������������
��<�

�������� 

'�)����&)�&!"#���� t = 72 s  <'�����.��� 840 W 	.�)� 0  �.A&��%'��;.�.���$�.��������

�.�"#�&�B�&����$��.���;�.A&�����.���;  �".���~���9� 4 ���������(+�& 

! .���~���9�
��  ���������������
��<����������)�$�����	
!"#�,��)��-��;� ���#�()�

<'��
��������;.�.���$�.�������� 

! .���~���9�!"#���  !"#���� t = 100 s (vSC = 23 V)  �;.�.���$�.��������B-������

��*�.���;�������*�  !,�%'��;.�.���$�.�����������,��)�%&��������.���;��  �.A&��

%'��,��)����������������������� 

! .���~���9�!"#���  !"#���� t = 108 s (vSC = 24.5 V)  �;.�.���$�.��������B-�

�������*�.���;�������*�!"#
���  �.A&��%'��,��)�������������������
��<���������

���� 

! .���~���9�!"#�"#  !"#���� t = 160 s  �;.�.���$�.��������B-��������*�  �.A&��%'�

�,��)�(����������������� <���������
���;.�.���$�.���������"$���!���)�E-&�� 

 

�'*&	���)�����)77�9
���)&!"#�)�	
����"��B"��/���������(��<'��(&��%'7�  �+#��.A&

�;����&!"#�,�$)7!"#�"�;.�.���$�.������������!,�%'�����B&����&	�&������(��!)�������"(+�& 

�;�!���  /��!"# 3-12 
����)77�9(9�!�����"���(��<'��'������  �)77�9�*��$����J 

�)�/��!"# 3-11  (9�!,����!���� �,��)��-��;�������������������B-��,��)�!"# 440 W 
���,��)����<�

��������B-��,��)�<�� MPPT  �)���������&!"#���� 10:00:50 �,��)��-��;����<����������"$��.����9 360 

W  !"#���� 10:03:20 �,��)��-��;����<����������"$��.����9 360 W  !"#���� 10:05:50 �,��)��-��;����

<����������"$��.����9 360 W  !"#���� 10:06:40 �,��)��-��;����<����������"$��������� 360 W 	.

�)� 240 W  �)���&���!"#
'�������	

�����&"��"���!,���&!"#���;����������� (pLoad(t)   pFC(t) + 

pPV(t) + pSC(t)) ������N"���$��$;�!"#&,���&� 

 



��������	

�����
����
������������������������ �����
����!����
��
��������"# 81 

TRF: MRG5180348 

 
������ 3-11  �������&��(��
'�������	

��������<'�������"#�� 



��������	

�����
����
������������������������ �����
����!����
��
��������"# 82 

TRF: MRG5180348 

 
������ 3-12  �������&��(��
'�������	

��������<'��'������ 



TRF: MRG5180348 

����� 4 
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�;����&'�)�(����&���)�&"�$��&,���&����'�<����
�����$��$;�<��	

��
�����!"#����	
<��

��������������� <���������
��
��������"#�&���;.�.���$�.��������  <��	

����&
��!"#!,����E+�@�

.�����������������������������&�� PEMFC ((&�� 1200 W ��"����� Nexa Ballard FC power 

system) 
��<��������� ((&�� 800 W (�����@)! ����)|<���� �,��)�) 
��<��-�(���;.�.���$�.���

����� (100 F, 32 V (�����@)! Maxwell Technologies) ����
.��	

��!�
���)&(&�&�)&�"#�)�

�,�'�)���������������� ����
.��	

��!�
���)&(&�&�)&����)��,�'�)�<���������
������
.��	



�����!�E!��(&�&�)&�"#�)��,�'�)��;.�.���$�.��������  �+#��.A&��&
���,�'�)���&�,��)��-�  '�)����

!,���&  ������$���'�
��������
��
����()�&��&	��B-�&,���&� 

<�����������!,���&�.A&
'�������	
'�)� (9�!"#�������������������������	
���#���������

�B�&���9�!"#<���������	�������B����	
	��%&�B�����-��)�  �;.�.���$�.��������!,�'&��!"#�.A&
'���

��)���&�,����'���
'�������	
�,����  ��������	
���#����������������
��<���������	�������B����	


!)��%&�/�����-��)�
��	�&������ 

������N"���$��$;�
��	���������&
�� flatness  ��&���)�&"�&,���&���N"���
��.�7'����������

�,�'�)�.�7'����&	�&������ ��B"��/��
��$���!&!�&�������.�"#�&
.��(�������������%&����

����*�!��&�����,��)��+#��.A&����	���.A&�������&  �+#��.A&
&�$����&
���,�'�)����.���;���%����&%&

�)�@9�&"� 

�;�!�������&�����
���	��B-����
��
�������(+�&����%&'���!���� ��"#����-�&���&�)&��N"���

$��$;�
���~���$��$;�  �����!�������-�&�%'��'*&�������!,���&	���.A&������" 

�����	��*��� �~���$��$;�!"#&,���&��"$����,��.A&�����)����
�(��<'�� ���#�$,�&�9�,��)�

(��<'��  ��&%&�&�$� �����������"�)��)�������9�(��<'�� (load observer)  ���#�'�"���"#�����

�)����
�(��<'��&"� 
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Comparative Study of Fuel-Cell Vehicle
Hybridization with Battery or
Supercapacitor Storage Device

Phatiphat Thounthong, Member, IEEE, Viboon Chunkag, Panarit Sethakul,
Bernard Davat, Member, IEEE, and Melika Hinaje

Abstract—This paper studies the impact of fuel-cell (FC) per-
formance and control strategies on the benefits of hybridization.
One of the main weak points of the FC is slow dynamics domi-
nated by a temperature and fuel-delivery system (pumps, valves,
and, in some cases, a hydrogen reformer). As a result, fast load
demand will cause a high voltage drop in a short time, which is
recognized as a fuel-starvation phenomenon. Therefore, to employ
an FC in vehicle applications, the electrical system must have at
least an auxiliary power source to improve system performance
when electrical loads demand high energy in a short time. The
possibilities of using a supercapacitor or a battery bank as an aux-
iliary source with an FC main source are presented in detail. The
studies of two hybrid power systems for vehicle applications, i.e.,
FC/battery and FC/supercapacitor hybrid power sources, are ex-
plained. Experimental results with small-scale devices (a polymer
electrolyte membrane FC of 500 W, 40 A, and 13 V; a lead-acid
battery module of 33 Ah and 48 V; and a supercapacitor module of
292 F, 500 A, and 30 V) in a laboratory authenticate that energy-s-
torage devices can assist the FC to meet the vehicle power demand
and help achieve better performance, as well as to substantiate the
excellent control schemes during motor-drive cycles.

Index Terms—Battery, converters, current control, electric ve-
hicles, fuel cells (FCs), power supplies, supercapacitor, voltage
regulation.

I. INTRODUCTION

FUEL CELLS (FCs) are able to generate electrical power
with high efficiency, low operation noise, and no emissions
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from hydrogen gaze and air. Byproducts are exhaust gases,
water, and waste heat. The supplied electrical power can be used
in vehicles for propulsion as well as for the operation of elec-
trically powered accessories. Polymer electrolyte membrane
(or proton exchange membrane) FCs (PEMFCs) utilize a solid
polymer electrolyte membrane, operate at lower temperature,
and are considered by many to be the most suitable for vehicle
applications (such as cars, buses, tramways, trains, or aircraft)
[1], [2].

Although recent literature portrays FCs as a newly emerging
energy source, the technology was actually invented in the
19th century. In 1839, Sir William Grove, a Welsh judge and
scientist, assembled the first FC. Since then, FCs have been
primarily used in research settings. The National Aeronautics
and Space Administration selected PEMFCs for the space
program in the 1960s, rejecting both nuclear power, which had
a higher safety risk, and solar power, which had a higher cost
[1]. FCs provided power for the Gemini and Apollo missions
and, at present, provide water and electricity to the space
shuttle. Despite their high-profile use in the space program, the
commercialization of FC technology was not explored until the
early 1980s.

Many factors have limited the marketable development of
FCs, including manufacturing cost, fuel generation and distri-
bution, and system complexity. The high manufacturing cost
is caused by a number of factors: expensive raw materials
used as catalysts, expensive membrane materials, and expensive
fabrication processes for collector plates.

In addition to manufacturing cost, fuel generation and dis-
tribution have also prevented widespread commercialization.
Most FCs consume pure hydrogen or hydrogen-rich gas as
the primary fuel. So far, experimental results and real-world
applications of PEMFCs revealed that they perform best on
pure hydrogen (H2) as anode input gas. However, for many
applications, particularly mobile, due to a lack of availability
of refueling infrastructure and impractical storage techniques,
pure hydrogen is not yet a viable option. Pure hydrogen as
an anode gas source for PEMFCs, at this time, has a number
of formidable limitations. One of the major limitations is on-
board hydrogen storage. As a viable alternative for carrying
pure hydrogen, onboard hydrogen generation by reforming
hydrocarbons such as natural gas, gasoline, or alcohol fuels
would be an obvious choice. However, gas produced from a re-
former contains about 70%–75% hydrogen, 20%–25% carbon
dioxide (CO2 poisoning), and 10–100 ppm carbon monoxide

0018-9545/$26.00 © 2009 IEEE
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(CO poisoning) [3]; furthermore, these reformers are large and
expensive, and they operate at high temperatures.

Since most advanced vehicles like FC electric vehicles have
one energy storage (buffer) device as part of the propulsion
system, it is possible and necessary to apply advanced control
technologies to significantly optimize the vehicle’s fuel econ-
omy, emissions, and/or drivability [4], [5].

Nonetheless, the recent studies of Corrêa et al. [6], who
worked with a 0.5-kW PEMFC (BCS Technology Company)
and a 0.5-kW PEMFC (Avista Company), Thounthong et al.
[5], [7], who worked with a 0.5-kW PEMFC [Zentrum für
Sonnenenergie und Wasserstoff-Forschung (ZSW) Company,
Germany] and a 1.2-kW Nexa PEMFC (Ballard Power System
Company, Canada), Adzakpa et al. [8], who worked with
a 0.6-kW PEMFC (H Power Company), Wang et al. [9],
who worked with a 0.5-kW PEMFC (Avista Company), and
Gaynor et al. [10], who worked with a 350-kW Solid Oxide
FC, have demonstrated the fact that the FC time constants are
dominated by a temperature and fuel-delivery system (pumps,
valves, and, in some cases, a hydrogen reformer). As a re-
sult, fast energy demand will cause a high voltage drop in a
short time, which is recognized as a fuel-starvation phenome-
non [11].

When starved from fuel or oxygen, the FC performance
degrades, and the cell voltage drops. This condition of oper-
ation is evidently hazardous for the FC stack [11], [12]. Fuel
starvation can result in generation of hydrogen in the cathode
or oxygen in the anode. For instance, in the event of hydrogen
starvation, the cell current cannot be maintained, causing a high
anode potential. Therefore, the water, which is present at the
anode, may split into hydrogen and oxygen, producing oxygen
in the anode. In the same way, during oxygen starvation, the
reaction at the cathode will produce hydrogen. The presence of
oxygen at the anode and hydrogen at the cathode will lead to
the reversal of the cell potential, which is a negative potential
difference between the anode and the cathode. Cell reversal
accelerates the corrosion of carbon components such as backing
layers with ensuing electrocatalyst corrosion and eventually
leads to damaged components. During hydrogen starvation,
oxygen at the anode can react with the carbon present in the
gas diffusion and backing layers to form carbon dioxide (CO2

poisoning).
Thus, to utilize an FC in dynamic applications, its current or

power slope must be limited to circumvent the fuel-starvation
problem, e.g., 4 A · s−1 for a 0.5-kW 12.5-V PEMFC [13] and
5, 10, and 50 A · s−1 for a 20-kW 48-V PEMFC [14]. As a
result, the vehicle electrical system must have at least an auxil-
iary power source (an energy storage device), such as a battery,
supercapacitor, or flywheel, to improve the system performance
when electrical loads at a dc bus demand high power in a short
time (e.g., vehicle acceleration and deceleration) [15], [16].
Therefore, an FC vehicle can benefit from being hybridized
with an energy-storage device [17]–[19], which assumes some
of the roles that the FC would normally handle.

This paper deals with the conception and the achievement
of a hybrid power source that is supplied by a PEMFC as
the main energy source and a battery or a supercapacitor
as an auxiliary power source, particularly for future vehicle

applications. Its interest is focused on control algorithms. It
enables the management of transient power demand, power
peaks, and regenerative braking with regard to FC, battery,
and supercapacitor constraints. The general structures of the
studied systems, the control principles of the hybrid sources,
the realization of the experimental bench, and the experimental
validation will be presented in the following sections.

II. BATTERY VERSUS SUPERCAPACITOR AS AN

ENERGY-STORAGE DEVICE

Currently, the battery is still the most extensive energy-
storage device for providing and deliver electricity. There are
many kinds of battery technology, such as lead-acid, NiCd,
NiMH, or Li-ion. For a lead-acid cell, the terminal voltage of
battery Vb and the internal resistance Rb are strong functions of
the state of charge (SOC). The battery actual voltage curve is
not constant. This is because the internal resistance is almost
linear during the discharge, but the losses are substantially
below 25% SOC due to the increase in the internal resistance.
Therefore, the battery SOC estimation is defined here again as
[20], [21]

SOC(t) =
1

QBat

t∫
t0

iBat(t) · dt+ SOC0(t0) (1)

where SOC0 is the known battery SOC (in percentage) at time
t0, QBat is the rated capacity (in ampere-hours), and iBat(t) is
the charging battery current (in amperes).

Supercapacitors (or ultracapacitors) are an emerging tech-
nology in the field of energy storage systems. Current break-
throughs in material design and fabrication methods that are
aimed at maximizing rated capacitance have provided tremen-
dous increases in the energy-storage capabilities of superca-
pacitors [22], [23]. The terminal voltage of supercapacitors is
limited, however, due to the dissociation of the electrolyte. This
limits the maximum voltage to 2.5–3 V.

When comparing the power characteristics of supercapaci-
tors and batteries, the comparisons should be made for the same
charge/discharge efficiency. The relative performance of super-
capacitors and power batteries can be directly assessed from
the pulse power tests since both types of devices are capable
of high-power pulses, although batteries are not intended to be
charged/discharged for long periods at these high power levels.
The pulse testing of a battery is usually done at a specified
partial SOC, as only a small fraction of the energy stored in
the battery is used in the cycle tests. Of particular interest in
the pulse tests is the round-trip efficiency of the devices. This
is determined from the ratio of the energy out of the devices to
the energy into the devices during the test cycle. This efficiency
primarily depends on the internal equivalent series resistance
(ESR) of the device. For supercapacitors, their charge/discharge
efficiency is high, and the energy lost to heat during each cycle
is relatively small and readily removed. The energy lost to heat
in batteries is a much larger amount, making heat removal more
crucial and its extraction costs much higher. This is to say that
the cycle efficiency of batteries is around 80%, and the cycle
efficiency of supercapacitors is around 95% [24], [25]. For a
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Fig. 1. Specific power versus specific energy of modern storage devices:
supercapacitor, lead-acid, NiMH, and Li-ion battery technology. Note that the
supercapacitors, NiMH, and Li-ion batteries are based on SAFT Company
(France) technology.

corresponding high-efficiency discharge, batteries would have
a much lower power capability.

Furthermore, the main drawback of batteries is a slow charg-
ing time, limited by a charging current [25], [26]; in contrast,
supercapacitors may be charged over a short time, depending
on a high charging current (power) that is available from the
main source. Capacitor voltage vC can then be found using the
following classical equation:

vC(t) =
1
C

t∫
t0

iC(t) · dt+ vC(t0) (2)

where iC(t) is the charging capacitor current.
Moreover, Fig. 1 compares the advanced technologies of

batteries and supercapacitors in terms of specific power and
energy. Although it is true that a battery has the largest energy
density (i.e., more energy is stored per weight than other
technologies), it is important to consider the availability of that
energy. This is the traditional advantage of capacitors. With a
time constant of less than 0.1 s, energy can be taken from a
capacitor at a very high rate [27], [28]. On the contrary, a battery
of the same size will not be able to supply the necessary energy
in the same time period. Unlike batteries, more advantageous
for the case of supercapacitors is the fact that they can with-
stand a very large number of charge/discharge cycles without
degradation (or virtually infinite cycles) [24], [25].

III. FC/BATTERY AND FC/SUPERCAPACITOR

HYBRID POWER SOURCES

A. Structure of the Hybrid Power Sources

Different power converter topologies can be used for the
power electronic interface between the FC and the utility dc
bus. For the dc link voltage level, it depends on its applica-
tions. Basically, low-voltage high-current structures are needed
because of FC electrical characteristics. A classical boost con-
verter is often selected as an “FC converter” [29]–[31] because
it can be operated in the current control mode in a continuous

condition mode. Then, one does not need a blocking diode and a
passive filter between an FC and a converter. Based on the load
conditions, the boost converter can be commanded to draw a
specific amount of current from the FC with a ripple that is well
defined by the frequency, the size of the inductor, and the duty
ratio. However, a classical boost converter will be limited when
the power increases or for higher step-up ratios.

In many applications, the use of an isolation transformer can
provide an increased output/input voltage conversion ratio, as
required, and full-bridge topologies can be used [7]. However,
there are applications where transformer-less energy converter
systems could potentially offer significant advantages, includ-
ing simplicity, cost, and converter size reduction, particularly in
high-power applications. That way, the use of paralleling power
converters with an interleaved technique may offer some better
performances [7].

One may summarize here again that the constraints to operate
an FC are as follows.

1) The FC power or current must be kept within an interval
(a rated value, a minimum value, or zero).

2) The FC current must be controlled as a unidirectional
current.

3) The FC current slope must be limited to the maximum
absolute value (e.g., 4 A · s−1 [13], [32]) to prevent an
FC stack from the fuel starvation phenomenon.

4) The switching frequency of the FC current must be
greater than 1.25 kHz and the FC ripple current must be
lower than around 5% of the rated value to ensure minor
impact to the FC conditions [7].

Proposed hybrid power sources are depicted in Figs. 2
and 3. The battery actual voltage curve is not constant. It is
linear over most of its operating range. The battery voltage
variation is at least 25%. Nonetheless, at the end of discharge,
the battery voltage decreases very rapidly toward zero. This is
because the internal resistance of a lead-acid battery is almost
linear during discharge, but the losses are largely below 25%
SOC due to the increase in the internal resistance of the battery.
As depicted in Fig. 2, we propose the FC/battery hybrid source
by directly connecting the battery module to a dc bus [33], [34].
For this reason, there is no battery converter in this structure to
improve system efficiency and converter cost. Then, this system
will be operated based on unregulated dc bus voltage, in which
the dc bus voltage is equal to the battery voltage.

For the FC/supercapacitor hybrid source (see Fig. 3), a
supercapacitor module is frequently connected to the dc bus
by means of a classical two-quadrant (bidirectional) dc/dc con-
verter [35]–[38]. Supercapacitor current iSuperC, which flows
across the storage device, can be positive or negative, allowing
energy to be transferred in both directions.

B. Energy Management of the Hybrid Power Sources

When an FC operates, its fuel (hydrogen and oxygen) flows
are controlled by an “FC controller,” which receives current de-
mand. This current demand is the FC current reference iFCREF

coming from the hybrid control algorithms detailed hereafter.
The fuel flows must be adjusted to match the reactant delivery

Authorized licensed use limited to: King Monkuts Institute of Technology. Downloaded on October 4, 2009 at 09:39 from IEEE Xplore.  Restrictions apply. 



THOUNTHONG et al.: FC VEHICLE HYBRIDIZATION WITH BATTERY OR SUPERCAPACITOR STORAGE DEVICE 3895

Fig. 2. Proposed structure of the FC/battery hybrid power source, where pFC (= vFC × iFC), vFC, and iFC are the FC power, voltage, and current, respectively.
pBat (= vBat × iBat), vBat, and iBat are the battery power, voltage, and current, respectively. pLoad (= vBus × iLoad), vBus, and iLoad are the load power,
the dc bus voltage, and the load current, respectively. Note that it has been assumed that there are no losses in the FC converter, and here, vBus is vBat.

Fig. 3. Proposed structure of the FC/supercapacitor hybrid power source, where pFC (= vFC × iFC), vFC, and iFC are the FC power, voltage, and current,
respectively. pSuperC (= vSuperC × iSuperC), vSuperC, and iSuperC are the supercapacitor power, voltage, and current, respectively. pLoad (= vBus ×
iLoad), vBus, and iLoad are the load power, the dc bus voltage, and the load current, respectively. Note that it has been assumed that there are no losses in the FC
and supercapacitor converters.

rate to the usage rate by the FC controller [39]. For this reason,
the inner FC current control loop is obligatory, and the hybrid
control algorithms demand energy from the FC to the dc link by
generating iFCREF [1], which is synchronously sent to the FC
system. One can take advantage of the safety and high dynamic
characteristics of this loop as well. Note that the definitions of
current direction are also illustrated in Figs. 2 and 3, and the
dynamics of the current regulation loops are also supposed to
be much faster than those of the outer control loops, which are
detailed hereafter.

The energy management of hybrid power sources has al-
ready been studied recently, for example, by Jiang and Dougal
[40], who worked on an unregulated voltage FC/battery hybrid
source; by Ayad et al. [41], who studied the control of an
unregulated voltage battery/supercapacitor hybrid source; and
by Thounthong et al. [42], whose work concerned a regulated
voltage FC/supercapacitor hybrid source. The problem of such
a control strategy is well known: The definition of system states
(state-machine-used) implies control algorithm permutations
that may lead to a phenomenon of chattering when the system is
operating near a border between two states. Of course, solutions

exist to avoid such a phenomenon—hard filtering, hysteretic
transition, and transition defined by a continuous function.

The control algorithm presented here is not based on the state
definition; therefore, naturally, it does not present the problem
of chattering near state borders. Its basic principle lies in using
the storage device, which is the fastest energy source of the
system, to supply the energy that is required to the load, as
if this device were a standard power supply. Therefore, the
FC, although obviously the main energy source of the system,
functions as the source that supplies energy to storage devices
to keep them charged.

1) FC/Battery Hybrid Power Source: One takes advantage
of a battery bank, which is directly connected to a dc bus to
supply transient energy demand and peak loads that are required
during traction motor acceleration and deceleration, as if this
device is a standard power supply [43]–[45]. The proposed
control strategy is a cascade control structure composed of
three loops, as portrayed in Fig. 4. The outer loop is the
battery SOC control that links the battery SOC to the battery
charging current reference iBatREF. The middle loop controls
the battery-charging current and links iBatREF to the FC current
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Fig. 4. Proposed energy management of the FC/battery hybrid power source.

reference iFCREF. The inner loop is the FC current control,
which is not presented in Fig. 4.

A simple method to charge the battery is with constant
current (maximum charging current IBatMax is set around
QBat/10; for a modern Li-ion battery, it can be set at IBatMax =
QBat) when the SOC is far from the SOC reference SOCREF,
with reduced current when the SOC is near SOCREF, or with
no current when the SOC is equal to SOCREF. For the battery
SOC, it is estimated from (1), as depicted in “Battery State-of-
Charge Observer” in Fig. 4.

More importantly, in vehicle applications, to replace aged
batteries, battery monitoring is compulsory. In particular, the
potential capacity QBat is dependent on the depth of the dis-
charge, the discharge rate, the cell temperature, the charging
regime, the dwell time at low and high SOCs, battery main-
tenance procedures, the current ripple, and the amount and
frequency of overcharge [21].

It is beyond the scope of this paper to observe the potential
capacity of the battery. It is assumed that QBat is constant.
Additionally, in a real system of applications, SOC0 can be
retained in a storage device.

According to this SOC control algorithm, the “Battery State-
of-Charge Controller” generates a battery-charging current
iBatCh for the battery current control loop. The battery current
command iBatCh must be limited within an interval [maxi-
mum charging current IBatMax, maximum discharging current
IBatMin].

To avoid overvoltage at the dc bus in case of an erroneous
SOC estimation or high regenerative braking, the dc bus voltage
(the battery voltage) must be monitored to limit the charging
current. The “Battery Current Limitation Function” consists of
limiting the battery current reference iBatREF versus the dc bus
voltage as

iBatREF(t) = iBatCh(t) ·min
(

1,
VBusMax − vBus(t)

ΔvBus

)
(3)

where VBusMax is the defined maximum dc bus voltage, and
ΔvBus is the defined voltage band.

The battery-current control loop receives iBatREF from an
SOC regulation loop. The measured battery current must be
reversed because the definition of the battery current is neg-
ative for the charging current. The battery current controller
generates the FC current reference iFCREF. It must be limited
in level, within the interval maximum IFCMax (corresponding
to a rated current of the FC) and minimum IFCMin (set to 0 A)
and limited in slope to the maximum absolute value (in amperes
per second), which enables the safe operation of the FC with
respect to the constraints that are associated with the FC.

One may summarize that the control principle of the whole
system is based on the battery SOC, whatever the load power is.

• If the SOC is lower than SOCREF, the battery-charging
current reference is a negative value, and an FC current is
necessary to charge the battery.

• If the SOC is higher than SOCREF, the battery-charging
current reference is a positive value or equal to zero, and
the FC current reference is reduced to zero.

As a consequence, a transient in the load modifies the FC
current when the battery SOC becomes lower than SOCREF. In
any case, if the SOC is higher than SOCREF, the FC current
reference is equal to zero. For transient conditions, as FC
current dynamics have been intentionally reduced, the battery
supplies all load variations.

It must be noted here that, in this system, the PEMFC
is the main source, and the battery module is the secondary
source. The battery functions to compensate the FC dynamic
performance to avoid the FC starvation problem, supply the
overenergy demand, and absorb the regenerative braking en-
ergy. There are two possibilities to connect a battery module
with a dc bus. First, a battery bank is directly connected to the
dc bus as proposed in our system. Second, a battery bank may
be connected to the dc bus by a bidirectional converter, but it
will increase system losses and cost. Nevertheless, the battery
will be cycled whenever there is a load. Because, as mentioned
earlier, the battery lifetime is usually limited by the number
of cycles, its longevity might suffer. There are no solutions to
improve the battery lifetime in the FC/battery hybrid source,
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Fig. 5. Proposed energy management of the FC/supercapacitor hybrid power source.

even if a battery bank is directly connected to the dc bus or
to the dc bus by a bidirectional converter. The battery will be
always cycled whenever there is a load because the FC power
dynamics are compensated by the battery power. To improve
the battery lifetime, an FC/battery/supercapacitor hybrid source
is proposed. We want the supercapacitor to supply or to absorb
the load transient power and not the battery. Nonetheless, this
system is under study [18].

2) FC/Supercapacitor Hybrid Power Source: To manage
energy change in the system, its basic principle lies in us-
ing the supercapacitor, which is the fastest energy source of
the system, to supply the energy that is required to achieve
the dc bus voltage regulation, as if this device were a stan-
dard power supply. Therefore, the FC, although obviously the
main energy source of the system, is equivalent to a load
working only in regenerative braking and may be seen as a
device that supplies energy to supercapacitors to keep them
charged [44].

Consequently, the supercapacitor converter is driven to real-
ize a classical dc bus voltage regulation, and the FC converter
is driven to maintain the supercapacitor module at a given
SOC. Therefore, the dynamics of the current regulation loops
are also supposed to be much faster than those of the outer
control loops. Thus, the currents iSuperC and iFC are considered
to perfectly follow their references iSuperCREF and iFCREF,
respectively. The supercapacitor and FC current control loops
are supplied by two reference signals, i.e., iSuperCREF and
iFCREF, which are generated by the dc bus voltage regulation
loop and the supercapacitor voltage regulation loop, as shown
in Fig. 5.

For the dc bus voltage control loop, it uses the dc bus capac-
itive energy EBus as the state variable and the supercapacitor
delivered power pSuperCREF as the command variable to obtain
a natural linear transfer function for the system. If the losses
in both the FC and supercapacitor converters are neglected, the
dc link capacitive energy EBus is given versus supercapacitor

power pSuperC, FC power pFC, and load power pLoad by the
following differential equation:

dEBus(t)
dt

= pSuperC(t) + pFC(t)− pLoad(t). (4)

Function “F1” presented in Fig. 5 is a voltage-to-energy
transformation, which is proportional for the total dc bus ca-
pacitance CBus to the square function

EBus(t) =
1
2
· CBus · v2

Bus(t). (5)

It enables the generation of both dc bus energy reference
EBusREF and dc bus energy measurement EBusMea through dc
bus voltage reference VBusREF and dc bus voltage measurement
vBus, respectively. The “DCBus Energy Controller” generates a
supercapacitor power reference pSuperCREF. This signal is then
divided by the measured supercapacitor voltage vSuperCMea and
limited to maintain the supercapacitor voltage within an inter-
val [VSuperCMin, VSuperCMax]. The upper value of this interval
corresponds to the rated voltage of the storage device, and
the lower value, which is traditionally equal to VSuperCMax/2,
corresponds to a level under which the supercapacitor discharge
becomes ineffective. This results in supercapacitor current ref-
erence iSuperCREF.

The “SuperC Current Limitation Function” consists of
limiting reference iSuperCREF to the interval [ISuperCMin,
ISuperCMax], which is defined, versus measured supercapacitor
voltage vSuperCMea, as follows:

ISuperCMin = −ISuperCRated

×min
(
1, VSuperCMax−vSuperCMea(t)

ΔvSuperC

)
ISuperCMax = +ISuperCRated

×min
(
1, vSuperCMea(t)−VSuperCMin

ΔvSuperC

)

⎫⎪⎪⎪⎬
⎪⎪⎪⎭
. (6)

ISuperCRated and ΔvSuperC are the regulation parameters.

Authorized licensed use limited to: King Monkuts Institute of Technology. Downloaded on October 4, 2009 at 09:39 from IEEE Xplore.  Restrictions apply. 



3898 IEEE TRANSACTIONS ON VEHICULAR TECHNOLOGY, VOL. 58, NO. 8, OCTOBER 2009

For the supercapacitor voltage regulation loop, the “Super-
capacitor Voltage Controller” generates an FC current refer-
ence iFCREF limited in level and slope with respect to the
constraints associated with the FC. The iFCREF that drives the
FC converter through the FC current loop is then kept within
an interval [IFCMin, IFCMax]. The upper value of this interval
corresponds to the rated current of the FC, and the lower value
should be zero. Slope limitation to the maximum absolute value
of some amperes per second enables safe operation of the FC,
even during the transient power demand.

One may summarize that, using this form of control princi-
ple, the state of the supercapacitor module is naturally defined,
through the dc bus voltage regulation, by the load power level,
and by its SOC. In narrow steady-state conditions, we have the
following.

1) If load power is negative, the dc link voltage regula-
tion generates a negative supercapacitor current reference
iSuperCREF.

2) If load power is greater than the approximate FC rated
power, the dc bus voltage regulation generates a positive
supercapacitor current reference iSuperCREF.

3) Otherwise, the state of the supercapacitor module de-
pends on its SOC: the supercapacitor current will, there-
fore, be positive if vSuperC > VSuperCREF and negative if
vSuperC < VSuperCREF.

In all cases, the FC state depends only on the supercapaci-
tor voltage; the FC current will be strictly positive and less
than IFCRated if vSuperC < VSuperCREF. Otherwise, it will be
zero. In transient conditions, as FC current dynamics have
been intentionally reduced, the supercapacitor supplies load
variations. In effect, the dc bus voltage regulation transforms
a sudden increase in load power into a sudden increase in the
supercapacitor current and, on the contrary, a sudden decrease
in load power into a sudden decrease in the supercapacitor
current.

3) Conclusion of Proposed Energy-Management Algo-
rithms: The main important point in hybrid systems presented
here is to balance the energy between the FC main source,
the auxiliary source, and the load. The FC power (or current)
dynamics have been intentionally reduced; the auxiliary source
supplies all load variations.

Finally, Figs. 6 and 7 present simulation results during a high
constant stepped load power. They show the load, auxiliary, and
FC powers in per unit [p.u.]. In simulations, the FC minimum
and maximum powers are set at 0 p.u. (corresponding to the
FC minimum current) and 1.0 p.u. (corresponding to the FC
maximum current), respectively. The power dynamics of the FC
are set at 0.6 p.u. · s−1. As illustrated in Fig. 6, initially, the
storage device is full of charge, and the load power is 0.2 p.u. As
a result, the storage device power is zero, and the FC supplies
0.2 p.u. for the constant load power. At t = 1 s, the constant
load power steps to 3.0 p.u. One can observe the following.

• The auxiliary source supplies most of the transient power
required.

• The FC power increases to the limited power 1.0 p.u. with
a slope of 0.6 p.u. · s−1.

Fig. 6. Simulation result: hybrid source response during a high positive load
step. Note that the power unit is per unit (p.u.).

Fig. 7. Simulation result. Hybrid source response during a high negative load
step (imitated regenerative braking).

• Synchronously, the auxiliary power, after a sharp increase
(discharging), slowly decreases to a constant discharge of
2.0 p.u.

At a steady state, the constant load power of 3.0 p.u. is
entirely supplied by the FC of 1.0 p.u. and the storage device
of 2.0 p.u. (the discharging state).

As a final simulation illustrated in Fig. 7, initially, the aux-
iliary energy source is full of charge, and the load power is
0.8 p.u. As a result, the storage device power is zero, and the
FC supplies 0.8 p.u. for the constant load power. At t = 1 s, the
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Fig. 8. Hybrid source test bench.

Fig. 9. PEMFC stack and storage devices.

constant load power steps to −1.0 p.u. (imitated regenerative
braking). One can see, again, the following.

• The auxiliary source absorbs most of the transient negative
power.

• The FC power reduces to zero with a slope of
0.6 p.u. · s−1 because the FC power source is a unidirec-
tional power flow.

• Simultaneously, the auxiliary source, after a sharp de-
crease (charging), slowly increases to a constant charge at
−1.0 p.u.

IV. EXPERIMENTAL VERIFICATION

A. Test Bench Explanation

The small-scale test bench of the hybrid systems in our
laboratory is presented in Fig. 8. As illustrated in Fig. 9, the
PEMFC system (500 W, 40 A, 13 V) was achieved by the ZSW
Company. It is composed of 23 cells of 100 cm2 in series. It
is supplied using pure hydrogen from bottles under pressure
and with clean and dry air from a compressor. The battery
module is obtained by means of four aged lead-acid batteries
[7.78 Ah (33 Ah at the nameplate), 12 V] connected in series.
The supercapacitor module is obtained by means of 12 SAFT
supercapacitors SC3500 (capacitance: 3500 F; rated voltage:
2.5 V; rated current: 500 A; low-frequency ESR: 0.8 mΩ)
connected in series.

The FC converter is a classical boost converter and is
selected to adapt the low dc voltage delivered by the FC,
which is approximately 12.5 V at rated power, to the 42-V dc
bus. Thus, the FC converter is composed of a high-frequency
input inductor (72 μH), an output filtering capacitor (Pana-
sonic aluminum electrolytic capacitors: 30 000 μF), a diode
(Schottky diode STPS80H100TV: 100 V, 40 A), and a main
power switch (power metal–oxide–semiconductor field-effect

transistor STE180NE10: 100 V, 180 A). The frequency of the
pulsewidth modulation that drives the FC converter is 25 kHz.

The supercapacitor converter is a classical two-quadrant
dc/dc converter (a bidirectional converter). Thus, the superca-
pacitor converter is composed of a high-frequency input induc-
tor (54 μH), an output filtering capacitor (Panasonic aluminum
electrolytic capacitors: 330 mF), and two power switches
(power insulated-gate bipolar transistors SKM200GB123D:
1200 V, 200 A). The supercapacitor current, which flows across
the storage device, can either be positive or negative, allowing
energy to be transferred in both directions. The converter is
driven by means of complementary pulses, which are generated
by a hysteresis comparator, and applied on the gates of the
power switches.

In the case of the FC/battery hybrid power source test bench,
the total dc bus capacitance is 360 mF (30 mF of the output
capacitance of the FC converter and 330 mF of the output
capacitance of the load converter). In the case of the FC/
supercapacitor hybrid power source test bench, the total dc bus
capacitance is 690 mF (30 mF of the output capacitance of the
FC converter, 330 mF of the output capacitance of the load
converter, and 330 mF of the output capacitance of the superca-
pacitor converter).

The dc bus is connected to only a traction motor drive
(10 kW) coupled with a small-inertia flywheel. The super-
capacitor and FC current control loops, on the other hand,
have been realized by analog circuits to function at a high
bandwidth. The proposed energy-control algorithms have been
implemented in the real-time card dSPACE DS1104 through
the mathematical environment of MATLAB–Simulink, with
a sampling frequency of 25 kHz. The ControlDesk software
enables changes in the parameters of the control loops. Two
digital oscilloscopes (Tektronix Com.), as shown in Fig. 8, are
used as data acquisition to store signal waveforms, which are
presented hereafter.

The control parameters of the PEMFC are set as follows.
• IFCMax = 40 A (rated FC current, corresponding to the

rated FC power).
• IFCMin = 0 A (minimum FC current, corresponding to the

minimum FC power).
• The FC current absolute slope limitation is set to 4 A · s−1

(corresponding to the FC power slope of around 50 W ·
s−1). This value has been experimentally determined as
the highest current slope of our FC system, where no fuel
starvation occurs [13].

B. Test Results of the FC/Battery Hybrid Power Source

The controlled parameters of this system are set as follows:
• SOCREF = 100% (equal to 7.78 Ah);
• IBatMax = +6 A (the maximum battery charging current);
• IBatMin = −50 A (the maximum battery discharging

current);
• VBusMax = 61 V;
• ΔvBus = 2 V.
Figs. 10 and 11 present waveforms that are obtained during

the motor-drive cycle. They show the dc bus voltage (the battery
voltage), the FC voltage, the load power, the battery power, the

Authorized licensed use limited to: King Monkuts Institute of Technology. Downloaded on October 4, 2009 at 09:39 from IEEE Xplore.  Restrictions apply. 



3900 IEEE TRANSACTIONS ON VEHICULAR TECHNOLOGY, VOL. 58, NO. 8, OCTOBER 2009

Fig. 10. FC/battery hybrid source response during motor starting to
1500 r/min.

FC power, the motor speed, the battery current, the FC current,
and the battery SOC. The battery SOC is calculated from (1)
by MATLAB–Simulink and is then sent through a digital-to-
analog-converter card of dSPACE to an oscilloscope.

The initial state is zero for both the FC and battery powers
and 100% for the battery SOC. At t = 4 s, the motor reaches
the final speed of 1500 r/min such that the final FC current is
IFCRated. One can observe the following.

• The battery supplies most of the power of 1600 W that is
required during motor acceleration.

Fig. 11. FC/battery hybrid source response during motor braking from
1500 r/min.

• The FC power increases with a limited slope up to a level
of the rated power of 500 W.

• Concurrently, the battery power, after a sharp increase
during motor acceleration, slowly decreases to a constant
discharging power of 400 W.

• The steady-state load power at the constant speed of
1500 r/min is about 800 W, which is entirely supplied by
the FC and the battery.

Therefore, this characteristic can be comparable with the
simulation results in Figs. 6 and 7. After that, at t = 54 s, the
motor reduces speed and then stops. It can be scrutinized that
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there are three phases. First, the battery recovers the power that
is supplied to the dc link by the FC and the motor (known as
the regenerative braking energy). Second, the battery recovers
the reduced power that is supplied to the dc bus by only the FC.
Third, the battery is charged at a constant current of 6 A by
the FC. During the first and second phases, the FC power
reduces from a rated power of 500 W with a constant slope of
50 W · s−1. In the third phase, the FC power is nearly constant
at around 300 W to charge the battery. After that, both the FC
and the battery power will reduce to zero when the SOC reaches
SOCREF.

C. Test Results of the FC/Supercapacitor
Hybrid Power Source

The control parameters of this system are set as follows:
• VBusREF = 42 V (a new standard dc bus voltage in the

automotive electrical system called “PowerNet” [17]);
• VSuperCREF = 25 V;
• VSuperCMax = 30 V;
• VSuperCMin = 15 V;
• ISuperCRated = 200 A;
• ΔvSuperC = 0.5 V.
Figs. 12 and 13 present waveforms that are obtained during

the motor-drive cycle. They show the dc bus voltage, the
FC voltage, the load power, the supercapacitor power, the FC
power, the motor speed, the supercapacitor current, the FC
current, and the supercapacitor voltage (or the supercapacitor
SOC).

The initial state is in no-load power, and the storage device is
full of charge, i.e., VSuperC = 25 V; as a result, both the FC and
supercapacitor powers are zero. At t = 20 s, the motor speed
accelerates to the final speed of 1000 r/min; synchronously, the
final FC power increases with a limited slope of 50 W · s−1 to a
rated power of 500 W. Thus, the supercapacitor, which supplies
most of the power that is required during motor acceleration,
remains in a discharge state after the motor start because the
steady-state load power (approximately 600 W) is greater than
the FC rated power (500 W), and the peak load power is about
1000 W, which is about two times that of the FC rated power.

After that, at t = 50.5 s, the motor speed decelerates and
stops with a peak load power of about −500 W. The superca-
pacitor is deeply charged, demonstrating the three phases. First,
the supercapacitor recovers the energy that is supplied to the
dc bus by the FC (500 W) and the traction motor. Second, the
supercapacitor is charged only by the FC. Third, the superca-
pacitor is nearly fully charged, which then reduces the charging
current. After that, both the FC and supercapacitor powers
reduce to zero when VSuperC reaches VSuperCREF of 25 V.

Only small perturbations on the dc bus voltage waveform
can be seen, which is of major importance when using super-
capacitors to improve the dynamic performance of the whole
system. These characteristics can be, again, comparable with
the simulation results in Figs. 6 and 7.

The proposed energy-management algorithms of FC/battery
and FC/supercapacitor hybrid sources are used to balance pow-
ers in the system with respect to dynamic constraints. During
motor acceleration or deceleration (a high stepped load), as can

Fig. 12. FC/supercapacitor hybrid source response during motor startup to
1000 r/min.

be seen in Figs. 6 and 7 in simulation results (in per unit) and
in Figs. 10–13 in experimental results, the powers are always
balanced during dynamic and transient states. Importantly, the
high dynamics during load steps are compensated by storage
devices. For the FC/battery hybrid source, the stepped energy
is naturally supplied or absorbed by the battery because the
battery bank is directly connected to the dc bus based on the
control algorithm of the unregulated dc bus voltage. In the case
of the FC/supercapacitor hybrid source, the stepped energy is
automatically supplied or absorbed by the supercapacitor be-
cause the proposed control algorithm is based on the regulated
dc bus voltage. Then, the supercapacitor module functions as
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Fig. 13. FC/supercapacitor hybrid source response during motor braking from
1000 r/min.

the one supplying or absorbing the energy that is required to
achieve the dc bus voltage.

V. CONCLUSION

The advantages of an FC hybrid vehicle could include
improved vehicle performance and fuel economy and lower
system cost. The degree of hybridization benefits from 1) FC
efficiency characteristics; 2) FC downsizing; 3) displacing FC
tasks with the secondary source functionality; or 4) energy
recovery through regenerative braking. This paper has studied

the role of the energy-storage device in FC hybrid vehicles to
understand their potential impact on dynamic performances.

Experimental verifications with a small-scale hybrid test
bench in the laboratory have evidently shown the possibility of
improving the performance of the whole system and validated
the proposed control algorithms: the FC/battery hybrid source
and the FC/supercapacitor hybrid source.

In general, the FC/supercapacitor hybrid has better perfor-
mance because the supercapacitor can more effectively assist
the FC to meet the transient power demand (the supercapacitor
can be charged or discharged at a high current, in which the bat-
tery cannot function), and high-current charges and discharges
from the battery will reduce its lifetime as well.

Nonetheless, an FC hybrid vehicle with supercapacitors as
the only energy storage will be deficient or even malfunction
during the vehicle startup because of the startup time of a
PEMFC of around 5–10 min, in which the battery has higher
specific energy than the supercapacitor. Consequently, a more
practical answer will be an FC/battery/supercapacitor hybrid
power source [45] to increase the battery lifetime due to the
reduction of high-current charges and discharges.
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a b s t r a c t

This study presents an original control algorithm for a hybrid energy system with a renewable energy

source, namely, a polymer electrolyte membrane fuel cell (PEMFC) and a photovoltaic (PV) array. A single

storage device, i.e., a supercapacitor (ultracapacitor) module, is in the proposed structure. The main weak

point of fuel cells (FCs) is slow dynamics because the power slope is limited to prevent fuel starvation

problems, improve performance and increase lifetime. The very fast power response and high specific

power of a supercapacitor complements the slower power output of the main source to produce the

compatibility and performance characteristics needed in a load. The energy in the system is balanced by

d.c.-bus energy regulation (or indirect voltage regulation). A supercapacitor module functions by supply-

ing energy to regulate the d.c.-bus energy. The fuel cell, as a slow dynamic source in this system, supplies

energy to the supercapacitor module in order to keep it charged. The photovoltaic array assists the fuel cell

during daytime. To verify the proposed principle, a hardware system is realized with analog circuits for

the fuel cell, solar cell and supercapacitor current control loops, and with numerical calculation (dSPACE)

for the energy control loops. Experimental results with small-scale devices, namely, a PEMFC (1200 W,

46 A) manufactured by the Ballard Power System Company, a photovoltaic array (800 W, 31 A) manu-

factured by the Ekarat Solar Company and a supercapacitor module (100 F, 32 V) manufactured by the

Maxwell Technologies Company, illustrate the excellent energy-management scheme during load cycles.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Currently, most of the energy demand in the world is met by

fossil and nuclear power plants. A small part is drawn from renew-

able energy technologies such as wind, solar, fuel cell, biomass and

geothermal energy [1,2]. Wind energy, solar energy and fuel cells

have experienced a remarkably rapid growth in the past ten years

[3–5] because they are pollution-free sources of power. Addition-

ally, they generate power near the load centres, which eliminates

the need to run high-voltage transmission lines through rural and

urban landscapes.

The cost of solar photovoltaic and fuel cell electricity is still high

[6–8]. Nevertheless, with ongoing research, development and uti-

lization of these technologies around the world, the costs of solar

cells and fuel cell energy are expected to fall in the next few years. As

for solar cell and fuel cell electricity producers, they now sell power

∗ Corresponding author. Tel.: +66 2 913 2500x3332; fax: +66 2 587 8255.

E-mail addresses: Phatiphat.Thounthong@ensem.inpl-nancy.fr,

phtt@kmutnb.ac.th (P. Thounthong).

freely to end-users through truly open access to the transmission

lines. For this reason, they are likely to benefit as much as other

producers of electricity. Another benefit in their favour is that the

cost of renewable energy falls as technology advances, whereas the

cost of electricity from conventional power plants rises with infla-

tion. The difference in their trends indicates that hydrogen and solar

power will be more advantageous in future.

In the near future, the utility power system at a large scale will

be supplied by renewable energy sources and storage device(s), i.e.,

hybrid energy systems, in order to increase their reliability and make

them more effective. The specific properties of fuel cells and solar

cells are as follows:

• The amount of power the fuel cell system delivers is controlled

by the amount of current drawn from the system if the proper

conditions for cell operation are maintained. When a large load

is applied to the cells, the sudden increase in the current can

cause the system to stall if the depleted oxygen or hydrogen

cannot be replenished immediately and sufficiently. Cell star-

vation can lead to a system stall, permanent cell damage or

0378-7753/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
doi:10.1016/j.jpowsour.2010.01.051
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Nomenclature

a.c. alternating current

d.c. direct current

FC fuel cell

PV photovoltaic

SC supercapacitor

CBus total capacitance at d.c.-bus (F)

CSC total capacitance of supercapacitor module (F)

iLoad d.c.-bus load current (A)

iFC fuel cell current (A)

iFCREF fuel cell current reference (set-point) (A)

iSol solar cell (photovoltaic) current (A)

iSolREF solar cell current reference (set-point) (A)

iSC supercapacitor current (A)

iSCREF supercapacitor current reference (set-point) (A)

pLoad load power (W)

pFC fuel cell power (W)

pFCa fuel cell output power to d.c.-bus (W)

pFCREF fuel cell power reference (set-point) (W)

pFCMax maximum fuel cell power (W)

pSol solar cell (photovoltaic) power (W)

pSola solar cell output power to d.c.-bus (W)

pSolREF solar cell power reference (set-point) (W)

pSolMax maximum solar cell power (W)

pSC supercapacitor power (W)

pSCa supercapacitor output power to d.c.-bus (W)

pSCREF supercapacitor power reference (set-point) (W)

pSCMax maximum supercapacitor power (W)

vBus d.c.-bus voltage (V)

vFC fuel cell voltage (V)

vSol solar cell (photovoltaic) voltage (V)

vSC supercapacitor voltage (V)

yBus d.c.-bus energy (J)

yBusREF d.c.-bus energy reference (set-point) (J)

ySC supercapacitor energy (J)

ySCREF supercapacitor energy reference (set-point) (J)

yT total energy at d.c.-bus and supercapacitor (J)

rFC equivalent series resistance in fuel cell converter

(�)

rSol equivalent series resistance in solar cell converter

(�)

rSC equivalent series resistance in supercapacitor con-

verter (�)

u input variable vector

x state-variable vector

y output vector

ϕ(·),  (·), �(·) smooth mapping functions

reduced cell lifetime. To protect the fuel cells from overloading

and starvation, especially during transient conditions, excessive

oxygen and hydrogen can be supplied to the cells during the

steady-state operation, which increases the reserve of available

power in anticipation of a load increase. This strategy, however,

is conservative and leads to increased parasitic losses, decreased

air utilization and thereby compromised system performance.

Therefore, the fuel cell power or current slope must be limited

to prevent a fuel cell stack from experiencing the fuel starvation

phenomenon and to optimize the system, for example, 4 A s−1 for

a 0.5 kW, 12.5-V PEMFC [9], and 5, 10 and 50 A s−1 for a 20 kW,

48-V PEMFC [10].
• The output power of solar cells fluctuates considerably depending

on solar radiation, weather conditions and temperature [11,12].

Therefore, in order to supply electric power to fluctuating loads

with a hybrid system composed of the above-mentioned fuel cell

and solar cell, an electric energy-storage system is needed to com-

pensate for the gap between the output from the renewable energy

sources and the load, in addition to the collaborative load sharing

among those energies [13–15].

Moreover, hydrogen as an energy storage media has the poten-

tial to address both daily and seasonal buffering requirements.

Systems that employ an electrolyzer to convert excess electric-

ity to hydrogen coupled with hydrogen storage and regeneration

using a fuel cell can, in principle, provide power with zero (or

near zero) emissions. Hydrogen production by solar energy is a

‘renewable–regenerative system’ [4], and this process is known as

the electrolysis process. The basic principle is the following: when

the photovoltaic input power exceeds the load power demand, the

system controller determines that the energy should be directed

to hydrogen production. In this kind of operation, i.e., a solar-

based renewable–regenerative system, almost half of the solar

input energy is directed to hydrogen production and converted

with 60% energy efficiency [4].

Based on present storage device technology, battery design has

to supply the trade-off between specific energy, specific power and

cycle life. The difficulty in obtaining high values of these three

parameters has led to some suggestions that the energy-storage

system of distributed generation systems should be a hybridiza-

tion of an energy source and a power source [16,17]. The energy

source, mainly fuel cells and solar cells in this study, has high spe-

cific energy, whereas the power source has high specific power. The

power sources can be recharged from the main energy source(s)

when there is less demand. The power source that has received

wide attention is the supercapacitor (or ‘ultracapacitor’, or ‘elec-

trochemical double-layer capacitor’) [18–20].

The enhancements in the performance of renewable energy

source power systems that are gained by adding energy storage

are all derived from the ability to shift the system output. Firming-

up the renewable system is accomplished by ensuring that energy

is available when there is a demand for it rather than being limited

by the availability of the renewable resource. As a result, the sys-

tem output may need to be shifted to periods when the hydrogen

and/or the sun, for example, are not available [21]. Depending on

the size and type of the energy-storage system and the load, it may

be possible to provide all of the power needed to support the load.

A much more common scenario is for the energy storage to simply

provide enough power for applications, like peak shaving, without

having full load support capability. The energy-storage system may

also provide sufficient energy to ride out electric service interrup-

tions that range from a few seconds to a few hours. This is especially

important for service disruptions that occur when the renewable

resource is not available.

In this study, a fuel cell/photovoltaic/supercapacitor hybrid

power source is proposed. A power electronic converter struc-

ture, energy management and innovative energy control law are

presented. To authenticate the proposed principle, the hardware

system is realized by analog circuits and digital estimation with a

dSPACE controller. Experimental results obtained with small-scale

devices illustrate the system performance.

2. Renewable energy hybrid system

2.1. System configuration

The power converter structure of the system is shown in Fig. 1.

Fuel cell and solar cell power-generating systems may provide

direct or alternating current (d.c. or a.c.) to satisfy application-

specific power needs (Fig. 1). The current, voltage and power quality
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Fig. 1. Proposed hybrid energy system supplied by fuel cell, solar cell and supercapacitor, where pLoad (= vBus × iLoad), vBus and iLoad are load power, d.c.-bus voltage and

d.c.-bus load current, respectively. pFC (= vFC × iFC), vFC and iFC are fuel cell power, voltage and current, respectively. pSol (= vSol × iSol), vSol and iSol are solar cell power, voltage

and current, respectively. pSC (= vSC × iSC), vSC and iSC are supercapacitor power, voltage, and current, respectively. pFCa, pSola and pSCa are the output powers to d.c. link

from converters of fuel cell, solar cell and supercapacitor, respectively. iFCREF, iSolREF, iSCREF are the current references of the fuel cell, solar cell and supercapacitor converters,

respectively.

are controlled by electronic power-conditioning systems. Gener-

ally, voltage regulators and d.c.–d.c. converters (chopper circuits)

are used to control and adjust the fuel cell and photovoltaic d.c.

output voltages to useful values [22,23].

The voltages of the fuel cell and solar cell vary with the cur-

rent drawn by the load and decrease significantly at high load

currents [24]. Therefore, a power-electronics system is needed to

process the raw output power from the stack or panel and pro-

vide power to the load at a constant d.c. or a.c. voltage. Typically,

the power-electronics systems include multiple interconnected

power converters: for example, a d.c.–d.c. converter is often fol-

lowed by a d.c.–a.c. converter for stationary applications [25]. The

switching scheme in such power converters can be based on pulse-

width modulation (PWM), resonant, quasi-resonant, soft-switched,

or line-commutated switching [26–28]. Furthermore, the topolog-

ical structures of these converters can vary dramatically [29].

The supercapacitor bank is always connected to the d.c.-bus

by means of a two-quadrant d.c.–d.c. converter (bidirectional con-

verter), a ‘supercapacitor converter’. The supercapacitor power can

be positive or negative, which allows energy to be transferred in

both directions [30].

An inverter is used to convert the d.c. voltage to a useful

a.c. voltage. It may operate as grid-independent or with grid-

synchronization. Then, the solar cell supplies all its output power

to the d.c.-bus, and the fuel cell supplies a slowly fluctuating power

difference between the load power pLoad demand and the solar cell

output power. A supercapacitor storage device can compensate for

both a sudden change in the load demand and rapidly fluctuating

solar cell output power caused by solar radiation; therefore, the

load is supplied with stable power.

As depicted in Fig. 1, the proposed system has a multi-source

structure (or cascade scheme). The cascaded structure can lead to

interactions between converters that cause the system to be unsta-

ble, if they are designed separately. This problem has been studied

during the past decade. In this case, to study interactions between

the converters, impedance criteria are often used to determine the

stability of the cascaded system. Nonetheless, the technique only

proves the asymptotic stability around a given operating point. The

large signal stability properties or the behaviour of the system in

the case of outsized disturbances are not considered in this model.

In this paper, a non-linear control algorithm based on the differen-

tial flatness principle of the renewable power plant is proposed.

Design controller parameters are independent of the operating

point. Interactions between the converters are taken into account

by the controllers, and high dynamics in perturbation rejection are

accomplished.

2.2. Energy management

For reasons of safety and dynamics, the fuel cell, solar cell and

supercapacitor converters are usually controlled primarily by inner

current-regulation loops [17]. The dynamics of current-regulation

loops are much faster than those of outer control loops, which are

described later. Therefore, the fuel cell current iFC, the solar cell

current iSol and the supercapacitor current iSC are considered to

follow their references iFCREF, iSolREF and iSCREF perfectly.

Energy management of multi-power sources has already been

studied recently, for example, Feroldi et al. [31] studied control

(based on efficiency map) of a fuel cell/supercapacitor hybrid power

source for vehicle applications, Payman et al. [32] studied control

of a regulated d.c. voltage supplied by a fuel cell and superca-

pacitor storage device based on a differential flatness system,

and Thounthong et al. addressed a regulated d.c.-bus voltage fuel

cell/supercapacitor hybrid source [33], a regulated d.c.-bus voltage

fuel cell/battery/supercapacitor hybrid source [34] and an unregu-

lated d.c.-bus voltage fuel cell/battery hybrid source [14].

Thus, in the proposed system depicted in Fig. 1, there are two-

voltage variables, or two-energy variables, to be regulated. The

d.c.-bus energy yBus is the most important variable, and the super-

capacitor storage energy ySC is the next most important. Therefore,

based on the previous work described above, it is proposed to utilize

supercapacitors, which are the fastest energy source in the pro-
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Fig. 2. Dynamic classification for proposed hybrid power source.

posed system, to supply the energy for the d.c.-bus [33,34]. Thus,

the fuel cell (as the slowest dynamic device) and solar cell supply

energy for both the d.c.-bus capacitor CBus and the supercapacitors

CSC to keep them charged.

At the d.c. link, there are three sources that supply energy at the

same time. Therefore, the dynamics of the three sources must be

classified in order to guarantee system stability [34], as illustrated

in Fig. 2. Note that the power unit in Fig. 2 is the normalized unit (or

per-unit [pu]). Thus, the defined dynamic classification depicted in

Fig. 2 is obtained from the simulation result using Matlab–Simulink,

and the experimental results of the power source dynamics are pre-

sented after the performance validation section. The supercapacitor

is operated as the highest dynamic power source to provide the

micro-cycles and the fast dynamic power supply. It can withstand

a very large number of charge–discharge cycles without degrada-

tion (or virtually infinite cycles) [33,35]. The fuel cell generator is

operated as the lowest dynamic power source. The fuel cell cur-

rent or power slope must be limited to avoid the fuel starvation

phenomenon. The fuel cell limited current or power slope has been

experimentally determined to be the highest slope of an operating

fuel cell system, where no fuel starvation occurs in order to improve

its lifetime [33,34]. The photovoltaic generator is between the fuel

cell and supercapacitor in the dynamic classification.

2.2.1. Principle of differential flatness theory

A non-linear control algorithm based on the flatness properties

[36–38] of the system is proposed. According to the flatness-control

law, the tuning controller parameters are independent of the oper-

ating point [32]. According to Fliess et al. [39,40], an independent

dynamic system is considered to be differentially flat if an output

y is given by:

y = �(x,u, u̇, ..., u(˛)), y ∈�m (1)

such that the state x and controls u (or inputs) can be written as:

x = ϕ(y, ẏ, ..., y(ˇ)), x ∈�n (2)

u =  (y, ẏ, ..., y(ˇ+1)), u∈�m (3)

whereϕ(·), (·),�(·) are the smooth mapping functions,˛ andˇ are

a finite number of their time derivatives, and (n,m)∈N. Moreover,

it is assumed that m≤n.

The output y is called a flat output. Thus, a dynamic system is,

in nature, differentially flat if it is equivalent to a system without

dynamics, i.e., a static system. In other words, there are no dif-

ferential constraints in output space. The apparent advantage of a

differentially flat system is that every trajectory in the output space

is feasible; therefore, trajectory generation is theoretically simpler

in terms of the flat outputs. For this reason, by using the flatness

estimation in power electronic applications, interactions between

the converters are taken into account by the flatness-control law

and high dynamics in perturbation elimination are achieved.

2.2.2. d.c.-Bus energy control

Based on the flatness-control, the electrostatic energy yBus

stored in the total d.c.-bus capacitor CBus is considered as the flat

output variable (Eq. (1)), i.e.:

yBus = 1

2
CBusv2

Bus (4)

It is assumed that the supercapacitor current follows its reference

value perfectly. Thus:

iSC = iSCREF = pSC

vSC
= pSCREF

vSC
(5)

where pSCREF is the control variable of the reduced system described

in Eq. (3).

Therefore, the state variable vBus may be put into a form similar

to that in Eq. (2):

vBus =
√

2yBus

CBus
= ϕ1(y) (6)

To obtain a relationship between the control variable pSC and the

flat output variable yBus, the differential equation verified by the

reduced model from Fig. 1 is written as:

ẏBus = pFCa + pSola + pSCa − pLoad (7)

where

pFCa = pFC − rFC

(
pFC

vFC

)2

(8)

pSola = pSol − rSol

(
pSol

vSol

)2

(9)

pSCa = pSC − rSC

(
pSC

vSC

)2

(10)

rFC is the total equivalent series resistance in the fuel cell converter.

Here, only static resistance loss is considered [32]. rSol is the total

equivalent series resistance in the solar cell converter. rSC is the

total equivalent series resistance in the supercapacitor converter.

It follows that:

pSCREF = 2pSCMax

[
1 −
√

1 −
(
ẏBus + pLoad − pFCa − pSola

pSCMax

)]

=  1(y, ẏ) (11)

where

pSCMax = v2
SC

4rSC
(12)

pLoad = vBusiLoad =
√

2yBus

CBus
iLoad (13)

pSCMax is the limited maximum power from the supercapacitor

module.

Thus, it is apparent that pSC =  1(y, ẏ), which corresponds with

Eq. (3), and the proposed reduced system with the control variable

pSC can be considered to be a flat system associated with yBus as the

flat output variable.

To ensure the control of the flat output variable yBus to its ref-

erence trajectory yBusREF, the following control law is based on the
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Fig. 3. Proposed d.c.-bus energy control loop for fuel cell/solar cell/supercapacitor hybrid source.

well-known second-order control law:

(ẏBus − ẏBusREF) + K11(yBus − yBusREF)

+K12

∫ t

0

(yBus − yBusREF)d� = 0 (14)

where K11, and K12 are the controller parameters. Defining

eyBus = yBus − yBusREF, K11 = 2�ωn, and K12 = ω2
n gives:

ëyBus + 2�ωnėyBus +ω2
neyBus = 0 (15)

It is obvious that the control system is stable for K11, K12 > 0.

Based on the power electronic constant switching frequency fS and

a cascade control structure, the outer control loop (here the d.c.-bus

energy control) must operate at a cut-off frequency fe � fC (a cut-

off frequency of the supercapacitor current loop or power loop)� fS
[41]. The d.c.-bus energy control loop detailed above is portrayed

in Fig. 3.

The d.c.-bus energy control law generates a supercapacitor

power reference pSCREF. This signal is then divided by the measured

supercapacitor voltage vSC and limited to maintain the superca-

pacitor voltage within an interval [VSCMin, VSCMax] by limiting the

supercapacitor charging current or discharging current, as pre-

sented in the block “SuperC Current Limitation Function” [33]. The

higher voltage value VSCMax of this interval corresponds to the max-

imum voltage of the storage device. Generally, the lower voltage

value VSCMin is chosen as VSCMax/2, which causes only 25% of the

energy in the supercapacitor bank to remain [33]; as a result, the

supercapacitor discharge becomes ineffective. This results in the

supercapacitor current reference iSCREF.

2.2.3. Supercapacitor energy control

The classical electrostatic energy storage ySC in the supercapac-

itor is expressed by:

ySC = 1

2
CSCv2

SC (16)

where CSC is the supercapacitor capacitance (refer to Fig. 1), and vSC

is the supercapacitor voltage.

Again, based on the flatness-control, the total electrostatic

energy yT stored in the total d.c.-bus capacitor CBus and the super-

capacitor CSC is taken as the flat output variable (Eq. (1)), i.e.:

yT = yBus + ySC = 1

2
CBusv2

Bus +
1

2
CSCv2

SC (17)

It is again assumed that the fuel cell and photovoltaic currents

follow their reference values perfectly. Thus:

iFC = iFCREF = pFC

vFC
= pFCREF

vFC
(18)

iSol = iSolREF = pSol

vSol
= pSolREF

vSol
(19)

where pFCREF and pSolREF are the control variables of the reduced

system (Eq. (3)).

Thus, the state variable vSC may be put into a form similar to that

of Eq. (2):

vSC =
√

2(yT − yBus)

CSC
= ϕ2(y) (20)

The differential equation verified by the reduced model from Fig. 1

is:

ẏT = pTa − pLoad (21)

where

pTa = pFCa + pSola = pT − rT
(
pT

vT

)2

(22)

For a fuel cell and a solar cell that are combined as an energy source

to supply energy to a d.c.-bus and supercapacitor, vT is defined as

presented in Eq. (22) and rT represents the total losses in the fuel

cell and photovoltaic converters.

Therefore:

pTREF = 2pTMax

[
1 −
√

1 −
(
ẏT + pLoad

pTMax

)]
=  2(y, ẏ) (23)

where

pTMax = v2
T

4rT
(24)

In fact:

pTMax = pFCMax + pFCMax (25)

pFCMax is the maximum fuel cell power. pSolMax is the maximum

photovoltaic power.

Photovoltaic power systems require some specific estimation

algorithms to deliver the maximum power point (MPP) because

the output features of a solar cell vary with environmental changes

in irradiance and temperature. Many previous investigations have

presented different techniques for maximum power point tracking

(MPPT) of photovoltaic arrays [42–44]. It is beyond the scope of this

study to present the MPPT algorithm here, though it is similar to Eq.

(14). Because the supercapacitor energy storage has a large capacity

and the supercapacitor energy is defined as a slower dynamic vari-

able than the d.c.-bus energy variable, the total (supercapacitor)

energy control law is defined as:

(ẏT − ẏTREF) + K21(yT − yTREF) = 0 (26)

The supercapacitor energy control loop is shown in Fig. 4. The

total energy control law generates a total power reference pTREF.

First, pTREF is considered to be the photovoltaic power reference

pSolarREF. It must be limited in level, within an interval maximum

pSolarMax (MPP) and minimum pSolarMin (set to 0 W), and have lim-

ited dynamics to respect constraints in the dynamic classification

(Fig. 2). Here, the second-order delay [34] is selected as a photo-

voltaic power dynamic limitation, as illustrated in Fig. 4. Second,

the difference between the total power reference pTREF and the
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Fig. 4. Proposed supercapacitor energy control loop for fuel cell/solar cell/supercapacitor hybrid source.

photovoltaic power reference pSolarREF is the fuel cell power refer-

ence pFCREF. It must be limited in level, within an interval maximum

pFCMax and minimum pFCMin (set to 0 W), and be limited in dynam-

ics to respect the dynamic classification constraints in Fig. 2. Again,

second-order delay is selected as a fuel cell power dynamic limita-

tion.

3. Performance validation

3.1. Test bench description

In order to authenticate the proposed original hybrid energy

management, a small-scale test bench has been implemented, as

presented in Fig. 5. The fuel cell system used in this effort is a Bal-

lard Nexa fuel cell system (1.2 kW, 46 A). It is supplied using pure

hydrogen with a regulated pressure of 10 bar from bottles under

a pressure of 150 bar and with clean dry air from a compressor.

The photovoltaic array (800 W, 31 A) was obtained by connecting

four panels (200 W, 7.78 A) in series. The solar cell panels were

developed and manufactured by the Ekarat Solar Company. They

were installed on the roof of the laboratory building, as illus-

trated in Fig. 5. The supercapacitor module (100 F, 32 V, based on

Maxwell Technologies Company) was obtained by connecting 12

cells BCAP1200 (capacitance: 1200 F; maximum voltage: 2.7 V) in

series, as shown in Fig. 5.

The fuel cell converter (1200 W) is composed of four-phase

boost converters connected in parallel using the interleaving tech-

nique [45] and is selected to adapt the low d.c. voltage delivered

by the fuel cell, which is approximately 26 V at rated power, to the

60 V d.c.-bus. Thus, each boost converter is composed of a high-

frequency input inductor (420 �H), four output filtering capacitors

connected in parallel (each capacitor is an aluminum electrolytic

capacitor (470 �F), thus the total capacitance is 1880 �F), a diode

(Schottky diode RURG3020: 200 V, 30 A), and a main power

switch (power metal–oxide–semiconductor field-effect transistor

IRFP264N MOSFET: 250 V, 38 A). The frequency of the pulse-width

modulation (PWM) that drives each boost converter is 25 kHz.

The solar cell converter (800 W) is composed of two-phase

boost converters connected in parallel by the interleaving tech-

nique and is selected to adapt the low d.c. voltage delivered by the

solar panels, which is approximately 25 V at rated power, to the

60 V d.c.-bus. Thus, each boost converter is composed of a high-

frequency input inductor (140 �H), four output filtering capacitors

connected in parallel (total capacitance: 4400 �F), a diode (Schot-

tky diode RURG3020: 200 V, 30 A), and a main power switch (power

metal–oxide–semiconductor field-effect transistor IRFP264N MOS-

FET: 250 V, 38 A). The frequency of the PWM that drives each boost

converter is 25 kHz.

The supercapacitor converter is composed of four-phase bidi-

rectional converters connected in parallel by the interleaving

technique. Thus, each two-quadrant converter is composed of

a high-frequency input inductor (290 �H), an output filtering

capacitor (aluminum electrolytic capacitors: 680 �F), two power

switches (power metal–oxide–semiconductor field-effect transis-

tor IRFP264N MOSFET: 250 V, 38 A), and two diodes (Schottky diode

RURG3020: 200 V, 30 A). The frequency of the PWM that drives

Fig. 5. Hybrid power source test bench.
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Table 1
d.c.-bus energy control loop parameters.

Parameter Value

vBusREF 60 V

CBus 12,200 �F

K11 450 rad s−1

K12 22,500 rad s−2

rFC 0.14 �
rSol 0.12 �
rSC 0.10 �
VSCMax 32 V

VSCMin 15 V

ISCRated 150 A

each bidirectional converter is 25 kHz. The supercapacitor current,

which flows across the storage device, can either be positive or

negative, which allows energy to be transferred in both directions.

3.2. Control description

Measurements of the fuel cell current iFC, the solar cell current

iSol, the supercapacitor current iSC, the load current iLoad, the d.c.

link voltage vBus, the fuel cell voltage vFC, the solar cell voltage vSol,

and the supercapacitor voltage vSC are collected with zero-flux Hall

effect sensors.

The fuel cell, the solar cell and the supercapacitor current-

regulation loops were realized by analog circuits to function at a

high bandwidth. Parameters associated with the d.c.-bus energy

regulation loop and the supercapacitor energy regulation loop can

be seen in Tables 1 and 2, respectively. The fuel cell power dynamic

delay is shown in Table 2; this value was experimentally deter-

mined as the highest power slope of the FC system, where no

fuel starvation occurs. It must be noted here that, for the small-

Table 2
Supercapacitor energy control loop parameters.

Parameter Value

vSCREF 25 V

CSC 100 F

K21 0.1 W J−1

pSolMax (rated) 800 W

pSolMin 0 W

ISolMax (rated) 28 A

ISolMin 0 A

�2 1

ωn2 0.8 rad s−1

pFCMax 500 W

pFCMin 0 W

IFCMax (rated) 46 A

IFCMin 0 A

�1 1

ωn1 0.4 rad s−1

test bench, the fuel cell maximum power pFCMax is set at 500 W;

but, the rated fuel cell power considered here is 1200 W. Further,

these two energy control loops, which generate current refer-

ences iFCREF, iSolREF and iSCREF are implemented on the real time

card dSPACE DS1104 through the mathematical environment of

Matlab–Simulink with a sampling frequency of 25 kHz.

3.3. Experimental results

The studied d.c.-bus of 60 V is only connected to an electronic

load. To validate the dynamics of the power (current) regulation

loops for each power source, Figs. 6–8 present waveforms that

are obtained during the stepped power demand. Fig. 6 illustrates

the fuel cell power demand, power response, voltage and current.

Fig. 7 contains the photovoltaic power demand, power response,

Fig. 6. Dynamic identification of fuel cell power control loop.
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Fig. 7. Dynamic identification of photovoltaic power control loop.

voltage and current. Finally, Fig. 8 illustrates the supercapacitor

power demand, power response, voltage and current. Because the

fuel cell and photovoltaic powers are intentionally limited by the

control algorithm (refer to Fig. 4: ‘solar cell dynamic power limita-

tion’ and ‘fuel cell power dynamic limitation’), a smooth transition

of the power responses of the fuel cell and photovoltaic sources is

observed, while the supercapacitor power dynamics are very fast.

The supercapacitor can supply power from 0 to 400 W in 50 ms. It

is clear that the fast response of the supercapacitor storage device

can be operated with the fuel cell and solar cell main generators

in order to improve system performance. The data in Fig. 6 also

confirm that the fuel cell is controlled to avoid the fuel starvation

phenomenon.

Because flatness-based control is model-based, it may have

some sensitivity to errors in the model parameters. To authenti-

cate its robustness, the flatness-based control was tested with the

exact model parameters (rFC = 0.14�, rSol = 0.12�, rSC = 0.10�) and

in the lossless parameters case (rFC = 0�, rSol = 0�, rSC = 0�). In the

case of no losses, this leads to a drastically less complex estima-

tion of the control law (Eqs. (8)–(11)). Comparisons (robustness)

between the accurate parameters and the error parameters are

given in Fig. 9. They generate waveforms that are obtained during

the large load step from 0 to 500 W and show the d.c.-bus voltage,

the load power (disturbance), the supercapacitor power, and the

supercapacitor voltage (storage SOC). Because the power of the fuel

cell and the solar cells are intentionally limited, the supercapaci-

tor supplies the transient load power demand. Similar waveforms

are seen in Fig. 9(a) and (b). The d.c.-bus voltage (d.c. link stabi-

lization) is minimally influenced by the large step in load power.

Clearly the performance of the control system is hardly affected

by the considered error in model parameters. Experimental testing

demonstrates that errors in these parameters have relatively little

effect on regulation performance. It is therefore conclude that the

non-linear differential flatness-based approach provides an abso-

lutely robust controller in this application.

Waveforms obtained during the large load cycle are presented

in Fig. 10. The data show the d.c.-bus voltage, the fuel cell volt-

age, the photovoltaic voltage, the load power, the supercapacitor

power, the fuel cell power, the photovoltaic power, the superca-

pacitor current, the fuel cell current, the photovoltaic current, and

the supercapacitor voltage (or the supercapacitor SOC). In the ini-

tial state, the small load power is equal to 100 W, and the storage

device is fully charge, i.e., vSC = 25 V; as a result, both the fuel cell

and supercapacitor powers are zero, and the photovoltaic source

supplies power for the load of 100 W. At t = 40 s, the load power

steps to the final constant power of around 900 W (positive load

power transition). The following observations are made:

• The supercapacitor supplies most of the 900 W power that is

required during the transient step load.
• Simultaneously, the photovoltaic power increases with limited

dynamics to a maximum power point (MPP) of around 300 W,

which is limited by the maximum power point tracker (MPPT).
• Concurrently, the fuel cell power increases with limited dynamics

to a maximum power of 500 W.
• The input from the supercapacitor, which supplies most of the

transient power that is required during the stepped load, slowly

decreases and the unit remains in a discharge state after the load

step because the steady-state load power (approximately 900 W)

is greater than the total power supplied by the fuel cell and pho-

tovoltaic array.

At t = 100 s, the supercapacitor voltage is equal to 19 V. As a

result, the supercapacitor supplies its stored energy ySC to the d.c.-

bus. This energy ySC Supply is estimated to be:

ySC Supply = 1

2
CSCv2

SC(t = 40 s) − 1

2
CSCv2

SC(t = 100 s)

= 13.20 kJ
(27)

The load power is reduced from the high constant power of 900 W

to the low constant power of 100 W (negative load power transi-

tion). As a result, the supercapacitor changes from discharging to

charging and demonstrates the following four phases:

• First, the fuel cell and photovoltaic array still supply their con-

stant maximum powers to drive the load and to charge the

supercapacitor.
• Second, at t = 110 s, the supercapacitor is approaching full charge,

i.e., vSC = 23 V. Consequently, the fuel cell power is reduced with

limited power dynamics.
• Third, at t = 120 s, the supercapacitor is nearly fully charged, i.e.,

vSC = 24 V. As a result, the photovoltaic power is reduced with

limited power dynamics.
• Fourth, at t = 160 s, the supercapacitor is fully charged, i.e., vSC =

vSCREF = 25 V. After slowly decreasing, the photovoltaic power

remains at a constant power of 100 W for the load power

demanded. Furthermore, the fuel cell and supercapacitor powers

are zero.

It is evident that the d.c.-bus voltage waveform is stable during

the large load cycle, which is critically important when employing

supercapacitors to improve the dynamic performance of the whole

system using the proposed control law.

Finally, Fig. 11 presents waveforms that are obtained during the

long load cycles measured on 5 December, 2009. The waveforms are
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Fig. 8. Dynamic identification of supercapacitor power control loop.

Fig. 9. Comparison of d.c. link stabilization of hybrid energy source during large load step. (a) exact model (rFC = 0.14�, rSol = 0.12�, rSC = 0.10�) and (b) error model

(robustness) (rFC = 0�, rSol = 0�, rSC = 0�).
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Fig. 10. Hybrid source response during load cycle.

similar to the test bench results in Fig. 10. During the experiment,

the FC maximum power was set to 500 W, and the PV maximum

power (depending on solar radiation, weather conditions and tem-

perature) was limited by the MPPT. For example, at 15:01:40, the PV

maximum power was approximately equal to 180 W; at 15:02:30,

the PV maximum power was about 180 W; at 15:03:20, the PV max-

imum power was around 180 W; and from 15:05:50 to 15:08:20,

the PV maximum power was reduced to 0 W, because of the cloudy

conditions. In particular, it was found that the power plant was

always energy balanced pLoad(t)≈pFC(t) + pSol(t) + pSC(t) by the pro-

posed original control algorithm.

The important variable necessary to balance the energy in this

complex system is the d.c.-bus energy or voltage. From the exper-

imental validation, the d.c.-bus voltage is automatically controlled

at the constant set-point, i.e., vBus = 60 V. This experiment confirms

that the energy in the system is well managed. The fuel cell and
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Fig. 11. Hybrid source response during long load cycles.

solar cell powers are limited at their maximum powers, and the

fuel cell power dynamics are controlled; as a result, there is no

fuel starvation problem and the fuel cell stack lifetime is increased

[46–48].

4. Conclusions

Energy management of multi-power sources has been proposed

as a solution for a hybrid energy system that uses renewable energy

from solar cells, fuel cells and a supercapacitor as an energy stor-

age device. A supercapacitor can advance the load, following the

characteristics of the main sources by providing a stronger power

response to changes in the system load. During essential steps in the

load, the supercapacitor provides the energy balance needed dur-

ing load transition periods. Adding energy storage to the distributed

power systems improves power quality and efficiency.

Experimental verification with a small-scale hybrid test bench

(Nexa Ballard fuel cell power generator: 1.2 kW, 46 A; Ekarat Solar

Cell power module: 800 W, 31 A; Maxwell supercapacitor storage

device: 100 F, 32 V) has demonstrated the excellent performance of
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the whole system, and has validated the proposed energy manage-

ment principle.
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E
nergy consumption plays 
an important role in our 
modern civilization and 
daily life, which is heavily 
dependent on burning fos-
sil fuels. The increasing 
threat of the fast deple-

tion of resources such as petroleum, 
coal, and natural gas forces people 
to seek regenerative energy sources, 
such as solar, wind, geothermal, and 
hydroelectric energies. Another way of 
saving valuable natural resources and 
solving the environmental problem is 
to develop cleaner and more efficient 
energy conversion devices. In recent 
years, fuel cell (FC) research and devel-
opment have received much attention 
for their higher energy conversion ef-
ficiency and lower or nongreenhouse-
gas emissions than thermal engines in 
the processes of converting fuel into 
usable energies [1]–[3]. The power and 
energy efficiency of an FC is highly de-
pendent on thermodynamics, electrode 
kinetics, and reactant mass transfer, 
as well as materials and components 
for assembling the FC. These factors 
have been addressed throughout the 
FC history and are now still the major 
challenges for FC research and devel-
opment [4]–[6].

In industry, United Technologies 
Corporation (UTC) Fuel Cells is in-
volved in FC systems for space and 
defense applications. UTC Fuel Cells 
activity began in 1958 and led to the 
development of the first practical FC 
application used to generate electrical 
power and potable water for the Apol-
lo space missions. Since 1966, all of 
the more than 100 manned U.S. space 
flights, including the Space Shuttle, 
have operated with FCs supplied by 
UTC companies. In 1991, UTC Fuel 
Cells manufactured its first PureCell 
200 power plant, the world’s first and 
only commercial FC power. The Pure-
Cell 200 FC produces 200-kW of elec-
tricity and 700,000 BTUs of heat. The 
unit can be powered by natural gas, 
propane, butane, hydrogen, naphtha, 
or gases from waste. Since their first 
flight in 1981, UTC Fuel Cells power 
plants have provided electric power 
for more than 100 shuttle missions. 
They shipped a 50-kW hydrogen-air 

FC power plant to the U.S. Department 
of Energy (DOE) and the Ford Mo-
tor Company. In 1998, UTC Fuel Cells 
delivered a 100-kW methanol power 
plant, with 40% efficiency, to Nova Bus 
for installation in a 40-ft, hybrid drive 
electric bus under a DOE/Georgetown 
University contract [7], [8].

General Motors is involved in the 
development of FCs for stationary pow-
er as well as the more obvious automo-
tive markets [9]–[11]. In February 2004, 
they began the first phase of installa-
tion operations in Texas at Dow Chemi-
cal Company, the largest facility in the 
world. These FC systems are used to 
generate 35 MW of electricity [12].

Axane (France) is also working on 
FC technology. Three markets that are 
likely to provide large commercial out-
lets [13], [14] are: 

portable multiapplication genera-■

tors (500 W–10 kW)
stationary applications (more than ■

10 kW)
mobile applications for small hy-■

brid vehicles (5–20 kW).
FCs produce dc voltage outputs, and 

they are always connected to electric 
power networks through power condi-
tioning units such as dc/dc and dc/ac 
converters. Power conversion and con-
trol functions form the basis of what has 
come to be known as the field of power 
electronics. In recent years, power elec-
tronics technology has been spurred 
by needs for efficient control of indus-
trial applications and the development 
of more reliable lightweight switching 
power supplies for a sophisticated sys-
tem. This article reviews the current re-
search of power electronic converters 
for FC high-power applications.

FC Technology
An FC is a device that converts the 
chemical energy of a fuel directly to 
electrical energy. Its concept was pro-

posed approximately 170 years ago 
when William Robert Grove conceived 
the first FC in 1839, which produced 
water and electricity by supplying 
hydrogen and oxygen into a sulfuric 
acid bath in the presence of porous 
platinum electrodes [1]. The process 
by which this is done is very similar 
to the electrochemical process by 
which a battery generates power; at 
one electrode, a fuel such as hydrogen 
is oxidized, and at the other electrode 
an oxidant such as oxygen is reduced. 
The reactions exchange ions through 
a solid or liquid electrolyte and elec-
trons through an external circuit, as 
shown in Figure 1 [15], [16].

The theoretical value of a single 
cell voltage of FC is 1.23 V. It is never 
reached even at no load. At the rated 
current, the voltage of an elementary 
cell is about 0.6–0.7 V [17]–[19]. There-
fore, an FC is always an assembly of el-
ementary cells that constitute a stack, 
as Figure 2 depicts.

There are many different types of 
FCs, with the principal differences be-
tween them being the type of electro-
lyte and/or the type of fuel that they 
use. For instance, both the phosphoric 
acid FC (PAFC) and the molten carbon-
ate FC (MCFC) have a liquid electro-
lyte, whereas a solid oxide FC (SOFC) 
has a solid, ceramic electrolyte [20]–
[22]. A proton exchange or polymer 
electrolyte membrane FC (PEMFC) 
and a direct methanol FC (DMFC) may 
have the same solid polymer electro-
lyte, but the DMFC uses liquid metha-
nol for fuel whereas the PEMFC uses 
gaseous hydrogen [23], [24].

Currently, there are three general 
areas of application for FC technol-
ogy: portable power, distributed pow-
er, and transportation. For each appli-
cation, it is generally found that one 
type of FC is better suited than the 
others to satisfy the requirements of 

Fuel cells produce dc voltage outputs, and they 
are always connected to electric power networks 
through power conditioning units such as dc/dc 
and dc/ac converters.
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the application. The DMFCs are attrac-
tive for several applications in view of 
their lower weight and volume. The 
DMFCs are increasingly being devel-
oped to replace or support batteries, 
mainly for the high energy density of 
methanol. The DMFCs are promising 
candidates as portable power sources 
because they do not require any fuel 
processing and operate at low tem-
peratures (30–60 °C) [25]–[27]. The 
SOFC, because of its high pow-
er density and high grade 
waste heat that may be used 
in cogeneration applications, 
is a front-runner in distributed 
power applications at the 
industrial level [28]–[31]. The 
PEMFC has many of the quali-
ties required of an automotive 
power system including rela-
tively low operating tem-
perature, high power density, 
and rapid startup [32]–[34]. In 
addition, PEMFC may also be 
used in residential and com-
mercial power systems [35].

An FC stack requires fuel, 
oxidant, and coolant in order to 

operate. The composition, pressure, 
and flow rate of each of these streams 
must be regulated. In addition, the gas-
es must be humidified and the coolant 
temperature must be controlled. To 
achieve this, the FC stack must be sur-
rounded by a fuel system, fuel deliv-
ery system, air system, stack cooling 
system, and humidification system. 
Once operating, the output power gen-
erated by the FCs must be conditioned 

and absorbed by a load (converter). 
Suitable alarms must shut down the 
process if unsafe operating conditions 
occur, and a cell voltage monitoring 
system must monitor FC stack per-
formance. These functions are per-
formed by electrical control systems. 
As an example, Figure 3 shows a sim-
plified diagram of the PEMFC system. 
When an FC operates, its fuel (hydro-
gen and air) flows are controlled by an 
FC controller, which receives current 
demand. This current demand is the 
FC current reference iFCREF (see Figure 
3) coming from the energy manage-
ment controller. The fuel flows must 
be adjusted to match the reactant de-
livery rate to the usage rate by the FC 
controller [36], [37].

FC Characteristics
As mentioned earlier, an FC power 
source is always connected to the dc 
bus by a step-up converter. Switching 
characteristics of the PEMFC (500 W, 
40 A) at steady-state when connecting 
with a boost converter are presented 
in Figure  4. It can be seen that the 
PEMFC contains a complex impedance 
component, which it is not purely re-
sistive at a high switching frequency 
of 25 kHz [36].

Thounthong et al. [38] (who worked 
with a 500-W PEMFC system by ZSW 
Company), Corrêa et al. [39], [40] (who 
worked with a 500-W Ballard and 500-
W Avista PEMFC system), and Zhu 
et al. [41] (who worked with a 500-W 
PEMFC system) have demonstrated 

that the electrical response 
time of an FC is generally fast, 
being mainly associated with 
the speed at which the chemi-
cal reaction is capable of re-
storing the charge that has 
been drained by the load. On 
the other hand, because an FC 
system is composed of many 
mechanical devices, the whole 
FC system has slow transient 
response and slow output pow-
er ramping [42], [43].

For clarity about the FC dy-
namics, Figure 5 illustrates a 
Nexa PEMFC  system (1.2 kW, 46 
A), and Figure 6 depicts the FC 
voltage response to a current 

FIGURE 2 – An PEMFC (16 cells, 500 W, 50 A, and around 11 V) 
manufactured by the Centre for Solar Energy and Hydrogen 
Research Baden-Württemberg (ZSW) Company. It is being 
functioned at the GREEN laboratory.

FIGURE 1 – Different layers of an elementary cell of PEMFC.
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demand of the Nexa PEMFC stack. The 
tests operate in two different ways: cur-
rent step and controlled current slope 
of 2 A #s21. One can scrutinize the volt-
age drop in Figure 6(a), compared to 
Figure 6(b), because fuel flows (par-
ticularly the delay of air flow) have dif-
ficulties following the current step. This 
characteristic is called fuel starvation 
phenomenon [1], [44]–[47]. The same 
kind of FC dynamic responses can be 
seen in [48]. This condition of operation 
is evidently dangerous for the FC stack, 
as  already demonstrated by Taniguchi 
et al. [49]. To utilize the FC in dynamic 
applications, its current or power slope 
must be limited, for example, 4 A #s21

for a PEMFC (0.5 kW, 12.5 V) [50]; a 2.5 
kW #s21 for a PEMFC (40 kW, 70 V) [51]; 
and 500 W #s21 for a PEMFC (2.5 kW, 
22 V) [52].

Therefore, the constraints to oper-
ate an FC are as follows:
 1)  The FC power or current must be 

kept within an interval (rated val-
ue, minimum value or zero).

 2)  The FC current must be controlled 
as a unidirectional current.

 3)  The FC current slope must be lim-
ited to a maximum absolute value 
(for example, 4 A #s21 [53]), to pre-
vent an FC stack from the fuel star-
vation phenomenon.

 4)  Switching frequency of the FC cur-
rent must be greater than 1.25 kHz, 
and the FC ripple current must be 
lower than around 5% of rated val-
ue, to ensure minor impact to the 
FC conditions [54], [55].

FC Power Conditioning
The power conditioning system pro-
vides regulated dc or ac power ap-
propriate for the application. It is the 
major component of an FC distributed 
system. The output of the FC is an un-
regulated dc voltage (see Figure 6), 
and it needs to be conditioned in or-
der to be of practical use. The power 
conditioner section converts the FC 
power to usable power for different 
applications. The power condition-
ing unit also controls electricity’s fre-
quency and maintains harmonics to 
an acceptable level. The purpose of 
conditioners is to adapt the electrical 
current from FC to suit the electrical 

needs of the application. FC operates 
giving direct current and at a low 
voltage; thereby, the step-up (boost) 

converter (dc/dc converter, named 
here FC converter) is always selected 
to adapt the low dc voltage delivered 

FIGURE 3 – Simplified diagram of the PEMFC system. vFC , iFC , and iFCREF are the FC voltage, 
current, and current demand, respectively.
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by the FC to the utility dc bus followed 
by an inverter (Figure 7) [56]. In gen-
eral, the load for the boost stage is a 
filter and the inverter system.

The inverter is used for the interfac-
ing of the FC system to the power grid 
to provide the grid with voltage/current 
with proper frequency phase and mag-
nitude where the input for the inverter 
comes from the boost converter stage 
and the inverter (with the filter) be-
comes the load for the boost converter. 
The power conditioner is also used for 
the grid connection of the FC. An electri-
cal power-generating system that uses 
FC as the primary source of electricity 
generation and is intended to operate 
synchronously, and in parallel with 
the electric utility network is a grid-
connected FC system [57], [58]. Such 
systems may also include storage de-
vices and other generating sources and 
may operate on site loads independent of 
the utility network during outages.

To employ the FC as a main power 
source in dynamic applications (such 
as an electric vehicle [59]–[61] and 
railway vehicle [62]–[64]), the electri-
cal system must have at least an auxil-
iary power source (storage device) to 
improve the dynamic performances 
of the whole system, when electrical 
loads at a dc bus demand high power 
in a short time (for example, vehicle 
acceleration and deceleration), as por-
trayed in Figure 8. Moreover, one can 
take advantage of this auxiliary power 
source to achieve an actual hybrid 
source to disassociate mean power 
sizing from peak transient power siz-
ing, the aim being a reduction in vol-
ume and weight, and in the case of FCs 
used as main energy source, the pos-
sibility of regenerative braking [38], 
[65]. For example, some authors have 
described the study of the FC/battery 
hybrid power source [66]–[70] and 
the FC/supercapacitor hybrid power 
source [71]–[73].

For the past ten years, much 
research has been conducted on the 
utilizations of FCs in high power appli-
cations. Today, the required FC power 
is in the range of 1 kW to 2 MW:

1–2 kW for unmanned aircrafts ■ [74] 
and 40–700 kW for manned aircraft 
[75]–[78]

FIGURE 5 – A Nexa PEMFC (1.2 kW, 46 A). It is being functioned at the TFII laboratory.
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50–100 kW for urban cars ■ [9], [33], 
[79]–[85]
100–200 kW for buses and light ■

trams [7], [86]–[88] 
600 kW–1 MW for tramways and ■

locomotives [62]–[64], [89]–[92] 
(for example four motors of 180-kW 
peak are installed on a tramway, 
two motors per boggy. The total 
power installed is 800 kW)
480 kW–2 MW for distributed gen-■

eration systems (grid parallel con-
nection) [8], [93].
To increase the power and volt-

age levels, several configurations for 
the FC association can be envisaged 
as depicted in Figure 9 [93]–[98]. For 
association of the converter inputs, 
we can connect several FC in series 
and then connect them to a con-
verter or each FC to a converter. The 
FC  parallel connection is currently 
complicated because of complexity 
of controlling the output power dis-
tribution in each FC. For association 
of converter outputs, the output of a 
converter can be connected in series 
for a high output voltage or in paral-
lel for a low output voltage.

FC Power Converter
Different power converter topolo-
gies can be used for the power elec-
tronic interface between the FC and 
the utility dc bus. For the dc link 

FIGURE 7 – FC power system.
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A large research effort is underway to develop the 
FC for applications ranging from small portable 
electronic devices to automotive transport, as well 
as residential combined heat and power supplies.

FIGURE 8 – Fuel cell powered vehicle.
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voltage level, it is depending on 
its applications: 

270 V or 350 V for the standard on ■

the all-electric aircraft [78] 
48 V ■ [99], 120 V [100], or 400–480 V 
[30], [93], [101] for stand-alone or 
parallel grid connections
42 V (PowerNet) a new standard ■

voltage for automobile systems 
[34], [102], [103]

270–540 V for electric (FC) vehicles ■

[60], [65], [82]
350 V (transit bus systems) to 750 V ■

(tramway and locomotive systems) 
[7], [63], [64], [87], [89]–[92], [104].
Basically, low-voltage, high-current 

structures are needed because of the 
FC electrical characteristics. A classi-
cal boost converter is often selected as 
an FC converter [38], [93], [99]–[101], 

[105]–[107], because it can be oper-
ated in the current control mode in a 
continuous condition mode, as por-
trayed in Figure 10. Then, one does 
not need a blocking diode and passive 
filter between an FC and a converter. 
Based on the load conditions, the 
boost converter can be commanded 
to draw a specific amount of current 
from the FC with a ripple well defined 
by the frequency, size of the inductor, 
and duty ratio. The FC boost converter 
sizes of 0.5 kW [38]; 1 kW [100], [101], 
[105]; 5 kW [99]; 27 kW [106]; and 50 
kW [93] have been studied. However, 
a classical boost converter will be lim-
ited when the power increases or for 
higher step-up ratios. In that way, the 
use of paralleling power converters 
with interleaved technique may offer 
some better performances.

Parallel Power Converter with 
Interleaved Switching Algorithm
The subject of paralleling power con-
verters was on the sideline of design 
engineering tasks for decades. Latest 
efforts in standardization, miniatur-
ization, and the proliferation of high 
current, low voltage power  supplies 
have directed additional  attention 
to various techniques to parallel 
power modules. The fundamental 
difficulty using parallel power pro-
cessing circuits is to ensure that 
the load current is properly distrib-
uted among the parallel connected 
power modules. Only then can the 
design be optimized for the highest 

FIGURE 10 – Classical fuel cell boost converter: (a) power circuit and (b) FC current regulation loop.
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reliability and lowest cost by ensur-
ing equal temperature rise and by 
minimizing the power rating of the 
individual components.

The major problems of using a 
single dc/dc converter connected 
with FC in high power applications are 
as follows:

difficulty of the design of magnetic ■

component: ferrite core and Litz-
wire size
high FC ripple current, which may ■

lead to reduce its stack lifetime.
Therefore, by paralleling convert-

ers with interleaving technique, these 
problems can be avoided [108]–[111]. 
A high-power dc distributed power 
system supplied by FC invokes the 
need to parallel power modules with 
interleaving technique. Active ripple 
cancellation methods can yield even 
higher performance. Today, the ac-
tive method of interleaving is well 
known [94], [96], [98]. In the interleav-
ing method, the modules operate at 
the same switching frequency. Their 
switching waveforms are displaced 
in phase over a switching period with 
respect to one another by 2p/N  radians, 
with N  being the number of converters 
in parallel. It is important to note here 
that, according to [54] and [55], a high 
FC current ripple plays an important 
role in its  catalyst  lifetime. Especially, 

FIGURE 12 – Current sharing technique of N-phase parallel modules 
(here, boost converters).
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sharp current rise/fall and large magni-
tude of current ripple should be avoid-
ed. The multiphase parallel converters 
for FC high-power 
applications are de-
picted in Figure 11.

The most sophis-
ticated and most ac-
curate current shar-
ing implementations 
rely on a closed loop 
negative feedback system, very similar 
to those control loops used to regulate 

the output voltage of a power supply, 
as portrayed in Figure 12 [112], [113]. 
To make this approach work, two piec-

es of information must be available in 
the system. One is the actual induc-

tor currents of the modules and the 
other is the desired amount of FC cur-
rent reference iFCREF. Since the goal is 

to evenly distribute 
the FC current, the 
desired FC current 
is the FC  current di-
vided by the number 
of parallel modules. 
Therefore the task 
is two fold; measure 

the inductor currents and generate the 
average inductor current set-points.

FIGURE 14 – Steady-state waveforms of the four-cell interleaved converter system at an FC current command of (a) 4 A  (vFC = 35.8 V) and 
(b) 30 A  (vFC = 28.9 V).
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FIGURE 15 – 100-kW FC converter of three-phase interleaved boost converters with two FC modules in series [98].

FC Generator and Power Converter Specifications

Rated Power of FC Modules

Rated Current of FC Modules

Rated Voltage of FC Modules

FC Ripple Current

Converter Rated Power

Converter Efficiency

dc Bus Voltage

100 kW

600 A

214 V (460 V at No-Load)

6 A (1%)

100 kW

> 94%

540 V

L1 D1

S1

D2L2

L3

S3

D3

S2

CBus

+

+

+

− −

−

iFC

v FC

dc Bus
+

−

v Bus

There are three general areas of application for 
FC technology: portable power, distributed power, 
and transportation.



MARCH 2009 ■  IEEE INDUSTRIAL ELECTRONICS MAGAZINE    41

According to Thounthong et al. 
[114], [115], who worked with a Ballard 
Nexa PEMFC unit (1.2-kW, 46-A, see 
Figure 5), they have already demon-
strated the experimental results of the 
two- and four-phase paralleled boost 
converters for FC applications. The 
oscilloscope waveforms in Figures 13 
and 14 portray the steady-state char-
acteristics of the interleaved convert-
ers at different FC current demands, 
the load at dc bus being adjusted in 
order to obtain a constant dc bus volt-
age of 60 V (here rated value). Figure 
13 illustrates the FC current, and the 
first and the second inductor currents 
of the two-phase parallel converter at 
the average FC current reference of 4 A 
and 46 A (rated current), respectively 
[114]. Figure 14(a) presents the FC cur-
rent and the first, second, and third 
inductor currents of the four-phase 
parallel converters at the average FC 
current reference of 4 A. For the last 
test, Figure 14(b) shows the FC cur-
rent and the second, third, and fourth 
inductor currents of the 4-phase par-
allel converters at the average FC cur-
rent reference of 30 A [115].

One can observe again that the FC 
current is the sum of the inductor cur-
rents and that the FC ripple current is 
1/N  the individual inductor ripple cur-
rents. Absolutely, the FC ripple current 
of the four-cell interleaved converter 
is lower than the two-cell interleaved 
converter. So, the FC ripple current of 

the four-cell interleaved converter is 
nearly zero. It means that the FC mean 
current is close to the FC rms current. 
In addition, it can be seen the FC rip-
ple frequency is N -times the switching 
frequency of 25 kHz.

According to Hwang et al. [116], an 
FC converter size of 1 kW with four-
phase interleaved boost cells had been 
also presented. For an FC converter 
size of 150 kW (technical specification: 

VFC5 250–450 V, VBus5 548 V, weigh 
50 kg) with two-phase interleaved 
boost converters had been fabricated 
and tested [117]. Its volume and weight 
is less than one third of a single phase 
boost converter, the FC ripple current 
is less than 10%, and its efficiency is 
over 97%. According to Vulturescu 
et al. [98], the design of an FC con-
verter size of 100 kW with three-phase 
interleaved boost converters with two 

FIGURE 16 – 120-kW two-blanches interleaved double dual boost converters [96].
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The PEMFC is well suited to automotive power 
applications and may be used in residential and 
commercial power systems.
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FC modules in series has been studied 
for French urban transportation net-
works, as depicted in Figure 15. In ad-
dition, a three-phase interleaved boost 
modules based on the commercial 
standard Lopak5 of insulated gate 
bipolar transistors (IGBTs) by Asea 
Brown Boveri Ltd. (ABB) for 250–1,000-
kW FC converter at the dc link voltage 

of 750 V has been proposed in [118]. 
For the FC urban car, the 94-kW FC con-
verter with the multiphase interleaved 
boost converters at the dc link voltage 
of 320 V had been designed and used 
in the HydroGen3 FC vehicle of Gen-
eral Motors (GM) Company [119].

To increase the higher voltage 
conversion ratio, Viet et al. [96] have 

proposed the two-blanches interleaved 
double dual (IDD) boost converters for 
an FC converter: 20–120 kW, as shown 
in Figure 16. One summarizes that this 
scheme can boost the FC input voltage 
from 60–700 V utility dc bus at the FC 
current of 333 A (20 kW).

Another possibility to increase 
the voltage conversion ratio of the FC 
high-power converter is cascade-par-
allel boost converter, as Figure 17 illus-
trates. This similar concept has been 
proposed in [120]–[122]. One might 
suppose that this power  converter can 

FIGURE 18 – Interleaved current-fed full bridge converters with a parallel input and a series output for FC high power applications.
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operate up to 200 kW with the voltage 
conversion ratio of eight.

For ground isolation and high voltage 
step-up ratio (but more complicated), 
interleaved boost/flyback [123], [124], 
push-pull [125]–[127], and half bridge 
and full bridge [128]–[132] can be con-
sidered as candidate topologies for the 
FC converter. Advantages and disadvan-
tages of these converters are discussed 
in [127], [128], and [132]. The most 
popular ground isolation circuit today 
for high-power applications is the full-
bridge dc/dc converter, because of rea-
sonable device voltage ratings and soft 
switching possibility [133], [134].

Considering the ripple and direct 
current control requirement, an isolated 
current-fed full bridge converter topol-
ogy shows some promise [134]–[136]. 
It has small current ripple and high effi-
ciency. To reduce the size of the magnet-
ic components and further improve the 
converter efficiency, a multiphase inter-
leaved current-fed full-bridge converter 
is proposed in [113], as shown in Figure 
18. By paralleling input of the converter 
system, input current, and hence the 
power, can be equally shared between 
the modules of the converter system. 
Therefore, current stress on the semi-
conductor devices on the input side is 
reduced. On the other hand, the series 
connection on the output side results in 
lower voltage ratings for output capaci-
tors and diodes. Furthermore, phase 
shifted pulse-width modulation (PWM) 
is used for the interleaved full-bridge 
converter. So, the input current ripple 
frequency and the output voltage ripple 
frequency increase. Hence, for the same 
input current and output voltage ripple 
requirement, smaller input inductors 
and output capacitors can be used.

The advantages of the parallel con-
verter with interleaving technique are 
as follows:
 1)  Size and volume of passive de-

vices (inductor and capacitor) are 
reduced.

 2)  Ripple of the input and output 
waveforms are reduced.

 3)  Ripple frequency of the input and 
output waveforms are increased

 4)  Power converter is modular. It en-
hances reliability of the system, 
and increases converter power 

rating by paralleling phases, not 
by paralleling multiple devices.

 5)  Thermal management is simple. 
The primary driver in all paral-
leling schemes for lower power 
applications is the decentralized 
heat dissipation of the parallel 
power converters.

 6)  Current ratings of power elec-
tronic components are reduced, 
because current ratings are pro-
portional to the continuous power 
rating of the circuit.

Conclusions
FCs hold great promise as a clean 
energy conversion technology. A 
large research effort is underway to 
develop the FC for applications rang-
ing from small portable electronic 
devices to automotive transport, as 
well as residential combined heat and 
power supplies. These applications 
have a large  emerging market and 
widespread adoption should lead to a 
reduced dependence on fossil fuels as 
well as encourage the development of 
a hydrogen economy.

FCs produce low dc voltage, so that 
it is most often connected to electric 
networks through a step-up dc/dc 
converter. This article first introduc-
es electrical characteristics, power 
electronic requirements, and differ-
ent types of FCs and is then  followed 
by a discussion of the various topolo-
gies of step-up dc/dc converters used 
for FCs’ power-conditioning system. 
The examinations of  several differ-
ent approaches to power- conditioning 
sys tems for single and multiple FC 
combinations have been reviewed.

High-power dc distributed power 
systems supplied by FC invokes the 
need to parallel power modules with in-
terleaving technique. By method of the 
parallel converter modules with inter-
leaving algorithm for an FC generator 

for high-power applications, inductor 
size (ferrite core and Litzwire) are sim-
ple to design and fabricate, and the FC 
ripple current can be virtually  reduced 
to zero. As a result, the FC mean current 
is nearly equal to the FC rms current. 
The main drawback of the multiphase 
approach is added circuit complexity, 
requiring measurement and balancing 
of each phase current as the larger num-
ber of control components illustrates.
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