
HAL Id: tel-00474041
https://theses.hal.science/tel-00474041v1
Submitted on 18 Apr 2010 (v1), last revised 16 Mar 2011 (v2)

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Control and Energy Management of a Hybrid Active
Wind Generator including Energy Storage System with

Super-capacitors and Hydrogen technologies for
Microgrid Application

Tao Zhou

To cite this version:
Tao Zhou. Control and Energy Management of a Hybrid Active Wind Generator including Energy
Storage System with Super-capacitors and Hydrogen technologies for Microgrid Application. Electric
power. Ecole Centrale de Lille, 2009. English. �NNT : �. �tel-00474041v1�

https://theses.hal.science/tel-00474041v1
https://hal.archives-ouvertes.fr


N° d’ordre : 103 
 

ECOLE CENTRALE DE LILLE  
 
 

THESE 
 

présentée  en vue  
d’obtenir le grade de 

 

DOCTEUR 
en 

Spécialité : Génie Electrique 
 

par 

Tao ZHOU 
 

DOCTORAT DELIVRE PAR L’ECOLE CENTRALE DE LILLE 
 

 
Titre de la thèse: 

 
Commande et Supervision Energétique d’un Générateur Hybride Actif Eolien  
incluant du Stockage sous forme d’Hydrogène et des Super-Condensateurs 

pour l’Intégration dans le Système Electrique d’un Micro Réseau 
 
 

Soutenue le 30 Juin 2009 devant le jury d’examen : 
 

 Président Geneviève DAUPHIN-TANGUY, professeur, Ecole Centrale de Lille, LAGIS 

 Rapporteur Bernard DAVAT, Professeur, ENSEM de Nancy, GREEN 

 Rapporteur Daniel HISSEL, Professeur, Université de Franche-Comté, FEMTO-FCLAB 

 Membre Yongdong LI, Professeur, Université de Tsinghua, Beijing, Chine 
 Membre  Stéphane LECOEUCHE, Professeur,  Ecole des Mines de Douai 
 Membre Gille NOTTON, Maître de Conférences (HDR), Université de Corse, LSPE 

 Membre  Frédéric COLAS Docteur-Ingénieur de recherche, ENSAM ParisTech, L2EP 

 Directeur de thèse Bruno FRANCOIS, Maître de Conférences (HDR) Ecole Centrale de Lille, L2EP 

 
Thèse préparée dans le Laboratoire L2EP à l’Ecole Centrale de Lille 

 
Ecole Doctorale SPI 072 



 

 



 

 

 

 
Control and Energy Management of a Hybrid Active Wind Generator 

including Energy Storage System with Super-capacitors and  
Hydrogen technologies for Microgrid Application 

 
 
 
 
 
 

Tao ZHOU 
 
 
 
 

Ph.D dissertation 
Laboratoire d’Electrotechnique et d’Electronique de Puissance de Lille (L2EP) 

ECOLE CENTRALE DE LILLE, FRANCE 
 

June 30th 2009 
 



 

 
 



Preface 

 i

 
 
 

Preface 
 
 



Preface 

 ii



Preface 

 iii

Preface 
 
The PhD work, which is presented in this thesis, has been done at the “Laboratoire 
d'Electrotechnique et d'Electronique de Puissance de Lille” (L2EP), from September 2006 to 
July 2009. This work has been carried out as a part of a research project “ANR–
SUPERENER”, at Ecole Centrale de Lille with the support of the French National Research 
Agency (ANR) and the China Scholarship Council (CSC). 
 
 
Acknowledgements 
 
This dissertation is not only a result of my own dedication and perseverance, but is largely a 
credit to the patient and helpful people that I have worked with and to the supporting and 
understanding people that I have lived with over these past three years. I would like to take 
this opportunity to express my gratitude to everyone who contributed to this work.  
 
My sincere thanks go to my supervisor, Dr. Bruno FRANCOIS, for his confidence in me 
throughout this project and for his valuable guidance during the study.  
 
I would like to thank members of the jury, Prof. Bernard DAVAT, Prof. Daniel HISSEL, Prof. 
Yongdong LI, Prof. Geneviève DAUPHIN-TANGUY, Prof. Stéphane LECOEUCHE, Gille 
NOTTON and Frédéric COLAS, for their valuable discussions and insightful comments 
during the writing of the manuscript.  
 
I am equally indebted to Prof. Stephane LECOEUCHE and his colleagues (Mohamed el hadi 
LEBBAL, Didier JUGE-HUBERT and Gabriel HOUSSAYE) in the Department of 
Informatics and Control Systems of the Ecole des Mines de Douai for their generous 
cooperation and helpful discussion when I worked on the electrolyzer system in their 
laboratory. Working with them during that period has been a very enriching experience.  
 
I am also very grateful to Prof. Alain BOUSCAYROL and his colleagues (Anne-Laure 
ALLEGRE, CHEN Keyu, Walter LHOMME and Christian DEMIAN) in the control team of 
the L2EP for their constructive suggestions and continuous help during my work on the fuel 
cell system in their laboratory. 
 
Many thanks go also to Xavier CIMETIERE, Simon THOMY, Christophe RYMEK and 
Hicham FAKHAM for their enormous help on implementation of the experimental test bench.  
 
I would like also to thank my colleagues in the Grid Network Team (Omar BOUHALI, LI 
Peng, LU Di, PENG Ling, Gauthier DELILLE, ZHANG He, Amir AHMIDI) and my 
colleagues in the L2EP (TRAN Tuan Vu, Arnaud VIDET, Jean LEBESNERAIS, Fouzia 
MOUSSOUNI, David MARIN, Francois GRUSON, Souleymane BERTHE, Xavier 
MARGUERON, Guillaume PARENT) for their infinite friendship and encouraging supports. 
 
Finally, I am infinitely grateful to all my friends and my families for their moral support, to 
my parents for their continuous encouragement, and especially to my wife LU Yao for being 
supportive and understanding during these three years, which are also the most difficult 
period for her study. 



Preface 

 iv

 

Explore everything around you,  

penetrate to the furthest limits of human knowledge,  

and always you will come up with something inexplicable in the end.  

 

It is called life.  

 

Albert Schweitzer 



Contents 

 v

Contents 
 
Preface ................................................................................................................................................... iii 

Acknowledgements............................................................................................................................ iii 
 
Contents.................................................................................................................................................. v 
 
Nomenclature of Symbols .................................................................................................................. xiii 
 
Introduction ........................................................................................................................................... 3 
 
Chapter I  Context and Methodologies ............................................................................................... 6 

I.1 Renewable energy sources and distributed generation .................................................................. 6 
I.1.1 Renewable energy sources ..................................................................................................... 6 
I.1.2 Distributed generation ............................................................................................................ 8 
I.1.3 Smart grid ............................................................................................................................... 9 
I.1.4 Microgrid.............................................................................................................................. 10 
I.1.5 Hybrid power system............................................................................................................ 12 

I.2 Hydrogen as alternative energy carrier to electricity................................................................... 12 
I.2.1 Hydrogen market.................................................................................................................. 12 
I.2.2 Hydrogen-electric economy ................................................................................................. 13 
I.2.3 Hydrogen as storage for electricity....................................................................................... 14 

I.3 Integration of renewable energy based generators into a microgrid............................................ 15 
I.3.1 General framework of the microgrid operation.................................................................... 15 
I.3.2 Problems of renewable energy sources ................................................................................ 15 
I.3.3 Concept of active generator.................................................................................................. 16 

I.4 Presentation of the studied active generator ................................................................................ 17 
I.4.1 Technologies of wind generators ......................................................................................... 17 
I.4.2 Classification of energy storage systems.............................................................................. 19 
1.4.3 Long-term storage system through hydrogen technologies ................................................. 20 
1.4.4 Fast-dynamic storage unit by super-capacitors.................................................................... 20 
I.4.5 Structure of the studied hybrid power system ...................................................................... 21 

I.5 Objectives and methodologies of the PhD thesis......................................................................... 22 
I.5.1 Objectives............................................................................................................................. 22 
I.5.2 Tools..................................................................................................................................... 22 
I.5.3 Methods................................................................................................................................ 24 
I.5.4 Thesis layout ........................................................................................................................ 25 

 
Chapter II  Wind Energy Conversion System.................................................................................. 28 

II.1 Study of a wind energy conversion system ................................................................................ 28 
II.1.1 Presentation......................................................................................................................... 28 
II.1.2 Modeling of the wind energy conversion system ............................................................... 29 
II.1.3 Hierarchical control structure.............................................................................................. 32 
II.1.4 Automatic control unit ........................................................................................................ 33 
II.1.5 Power control unit............................................................................................................... 37 
II.1.6 Mode control unit................................................................................................................ 40 

II.2 Experimental test of the grid connection control........................................................................ 41 
II.2.1 Wind power emulator.......................................................................................................... 41 
II.2.2 Experimental implementation ............................................................................................. 43 
II.2.3 Simulation and experimental results ................................................................................... 44 
II.2.6 Discussion ........................................................................................................................... 45 

II.3 Study of a wind/super-capacitor hybrid power generator .......................................................... 46 
II.3.1 Presentation......................................................................................................................... 46 
II.3.2 Modeling of the super-capacitor storage system................................................................. 46 



Contents 

 vi

II.3.3 Modeling of the hybrid power system ................................................................................ 48 
II.3.4 Hierarchical control of the hybrid power system................................................................ 49 
II.3.5 Power balancing strategies of the wind/super-capacitors hybrid power system................. 52 

II.4 Experimental test of the wind/super-capacitor hybrid power generator..................................... 55 
II.4.1 Experimental implementation ............................................................................................. 55 
II.4.2 Test of the grid following strategy ...................................................................................... 56 
II.4.3 Test of the power dispatching strategy................................................................................ 59 
II.4.4 Discussion ........................................................................................................................... 62 

II.5 Conclusion.................................................................................................................................. 63 
 
Chapter III  Fuel Cell for Energy Backup from Hydrogen............................................................. 66 

III.1 Overview of fuel cells ............................................................................................................... 66 
III.1.1 Technologies...................................................................................................................... 66 
III.1.2 Operating principles........................................................................................................... 68 
III.1.3 Fuel cell system ................................................................................................................. 69 
III.1.4 Technical challenges.......................................................................................................... 70 
III.1.5 Modeling methods ............................................................................................................. 71 

III.2 Studied fuel cell system ............................................................................................................ 73 
III.2.1 Introduction ....................................................................................................................... 73 
III.2.2 System operation ............................................................................................................... 73 

III.3 Modeling of the fuel cell stack.................................................................................................. 75 
III.3.1 Open-circuit voltage .......................................................................................................... 75 
III.3.2 Operating voltage............................................................................................................... 76 
III.3.3 Stack modeling .................................................................................................................. 77 
III.3.4 Graphical representation.................................................................................................... 77 

III.4 Modeling and control of the auxiliary systems ......................................................................... 78 
III.4.1 Modeling and control of the power conditioning system .................................................. 78 
III.4.1 Modeling of the fuel processing system ............................................................................ 79 
III.4.2 Modeling and control of the oxidant processing system ................................................... 79 
III.4.3 Modeling and control of the thermal management system................................................ 80 
III.4.5 Overall control and supervision system............................................................................. 81 

III.5 Modeling simplification and identification............................................................................... 84 
III.5.1 Simplification of the modeling .......................................................................................... 84 
III.5.2 Experimental characterization of the fuel cell behavior .................................................... 84 
III.5.3 Identification of the modeling parameters ......................................................................... 85 
III.5.4 Dynamic limitations in transient states.............................................................................. 85 

III.6 Real-time fuel cell emulator...................................................................................................... 86 
III.6.1 Structure of the fuel cell Emulator..................................................................................... 86 
III.6.2 Modeling and control of the fuel cell emulator ................................................................. 87 
III.6.3 Implementation of the fuel cell emulator........................................................................... 88 
III.6.4 Experiment results ............................................................................................................. 89 

III.7 Conclusion ................................................................................................................................ 90 
 
Chapter IV  Electrolyzer for Energy Storage into Hydrogen ......................................................... 92 

IV.1 Overview of electrolyzers ......................................................................................................... 92 
IV.1.1 Technologies ..................................................................................................................... 92 
IV.1.2 Operating principles .......................................................................................................... 93 
IV.1.3 System performance .......................................................................................................... 94 
IV.1.4 Commercialized products .................................................................................................. 96 

IV.2 Studied electrolyzer system ...................................................................................................... 97 
IV.2.1 Introduction ....................................................................................................................... 97 
IV.2.2 System operation ............................................................................................................... 98 
IV.2.3 Experimental tests ............................................................................................................. 98 

IV.3 Modeling of the electrolyzer stack............................................................................................ 99 
IV.3.1 Open-circuit voltage .......................................................................................................... 99 



Contents 

 vii

IV.3.2 Operation voltage ............................................................................................................ 100 
IV.3.3 Stack modeling ................................................................................................................ 100 
IV.3.4 Graphical representation.................................................................................................. 101 

IV.4 Modeling and control of the auxiliary systems....................................................................... 101 
IV.4.1 Power conversion system ................................................................................................ 101 
IV.4.2 Hydrogen handling system.............................................................................................. 103 
IV.4.3 Oxygen handling system ................................................................................................. 104 
IV.4.4 Water and thermal management system.......................................................................... 105 
IV.4.5 Macroscopic representation of the electrolyzer system................................................... 106 

IV.5 Modeling simplification and identification............................................................................. 106 
IV.5.1 Simplification of the modeling ........................................................................................ 106 
IV.5.2 Experimental characterization of the electrolyzer behavior ............................................ 107 
IV.5.3 Identification of the modeling parameters....................................................................... 107 
IV.5.4 Dynamic limitations in transient states............................................................................ 108 

IV.6 Real-time electrolyzer emulator.............................................................................................. 109 
IV.6.1 Structure of the electrolyzer emulator ............................................................................. 109 
IV.6.2 Modeling and control of the electrolyzer emulator ......................................................... 110 
IV.6.3 Implementation of the electrolyzer emulator................................................................... 111 
IV.6.4 Experimental results ........................................................................................................ 113 

IV.7 Conclusion .............................................................................................................................. 113 
 
Chapter V  Active Wind Generator................................................................................................. 116 

V.1 Modeling of the active wind generator .................................................................................... 116 
V.1.1 Presentation....................................................................................................................... 116 
V.1.2 Equivalent average modeling............................................................................................ 117 
V.1.3 DC-bus modeling.............................................................................................................. 118 
V.1.4 Energetic macroscopic representation .............................................................................. 118 

V.2 Control of the active wind generator........................................................................................ 119 
V.2.1 Hierarchical control structure ........................................................................................... 119 
V.2.2 Automatic control unit ...................................................................................................... 120 
V.2.3 Power control unit............................................................................................................. 121 

V.3 Power balancing strategies for the active wind generator........................................................ 123 
V.3.1 Role of the power balancing ............................................................................................. 123 
V.3.2 Power flow modeling........................................................................................................ 123 
V.3.3 Grid following strategy..................................................................................................... 124 
V.3.4 Power dispatching strategy ............................................................................................... 126 

V.4 Experimental tests .................................................................................................................... 127 
V.4.1 Experimental implementation........................................................................................... 127 
V.4.2 Test of the grid following strategy.................................................................................... 129 
V.4.3 Test of the power dispatching strategy ............................................................................. 131 
V.4.4 Comparison and discussion .............................................................................................. 133 

V.5 Energy management of the active wind generator ................................................................... 134 
V.5.1 Studied microgrid ............................................................................................................. 134 
V.5.2 Energy management ......................................................................................................... 135 
V.5.3 Mode control unit.............................................................................................................. 136 
V.5.4 Normal operating mode .................................................................................................... 139 
V.5.5 Short-term recovering modes............................................................................................ 140 
V.5.6 Long-term recovering modes............................................................................................ 141 
V.5.7 Entire recovering modes ................................................................................................... 143 

V.6 Performance tests of the energy management strategies.......................................................... 144 
V.6.1 Presentation....................................................................................................................... 144 
V.6.2 Normal operating mode .................................................................................................... 144 
V.6.3 Short-term recovering modes............................................................................................ 146 
V.6.4 Long-term recovering modes............................................................................................ 148 
V.6.5 Discussion......................................................................................................................... 150 



Contents 

 viii

V.6.6 Efficiency analysis............................................................................................................ 151 
V.6.7 Cost evaluation ................................................................................................................. 152 

V.7 Conclusion ............................................................................................................................... 153 
 
Conclusion.......................................................................................................................................... 157 
 
Appendix ............................................................................................................................................ 165 

Appendix A: The ongoing research & development on Distributed Generation ............................ 165 
Appendix B: Equivalent Continuous Modeling of Power Converters ............................................ 167 
Appendix C: Control Structure of Power Systems through Power Converters .............................. 173 
Appendix D: Causal Ordering Graph (COG).................................................................................. 175 
Appendix E: Energetic Macroscopic Representation (EMR) ......................................................... 177 
Appendix F: Multi-Level Representation (MLR) ........................................................................... 179 
Appendix G: Hardware In-the-Loop (HIL) Simulation .................................................................. 187 
Appendix H: Ancillary Services in the Context of Microgrid ........................................................ 191 
Appendix I: Technical Data of the Used Super-Capacitors ............................................................ 195 

 
Bibliography: ..................................................................................................................................... 200 
 
Curriculum Vitae (english version) ................................................................................................. 208 
 
Curriculum Vitae (version française).............................................................................................. 210 
 
Résumé Etendu en Français ............................................................................................................. 214 
 
 
 
 



List of Figures 

 ix

 

List of Figures 
 
Figure I-1:  Evolution of installed wind power and photovoltaic cell production in the world .............................. 7 
Figure I-2:  Overview of distributed generation (based on and of typical uses) ..................................................... 8 
Figure I-3:  Example for organizing distributed generators and loads by means of Smart grid and Microgrid .... 10 
Figure I-4:  Examples of wind electrolysis ........................................................................................................... 13 
Figure I-5:  Example of a microgrid...................................................................................................................... 15 
Figure I-6:  Characteristic of different kinds of energy sources............................................................................ 17 
Figure I-7:  Wind generator with power electronics ............................................................................................. 18 
Figure I-8:  Characterization of main energy backup systems .............................................................................. 19 
Figure I-9:  Structures of hybrid power systems for distributed generation.......................................................... 21 
Figure I-10:  Methodologies of the PhD work ...................................................................................................... 25 
 
Figure II-1:  A classical variable-speed wind energy conversion system ............................................................. 28 
Figure II-2:  Experimentally recorded wind speed and wind power ..................................................................... 28 
Figure II-3:  Equivalent average modeling of the power electronic converters .................................................... 29 
Figure II-4:  EMR of the considered wind energy generation system................................................................... 29 
Figure II-5:  Blade characteristic: CT versus λ for a fixed blade angle.................................................................. 30 
Figure II-6:  EMR of the grid connection system ................................................................................................. 31 
Figure II-7:  EMR of the DC bus .......................................................................................................................... 32 
Figure II-8:  EMR of the entire wind energy conversion system .......................................................................... 32 
Figure II-9:  Hierarchical control structure of the wind energy conversion system .............................................. 33 
Figure II-10:  Turbine power vs. speed ................................................................................................................. 33 
Figure II-11:  Control scheme of the wind energy generation system. ................................................................. 34 
Figure II-12:  Block diagram of the oriented field control of the electrical machine............................................ 35 
Figure II-13:  Control scheme of the grid connection system. .............................................................................. 35 
Figure II-14:  Block diagram of the line current control in the grid connection system. ...................................... 36 
Figure II-15:  Control scheme of the DC bus........................................................................................................ 36 
Figure II-16:  Control scheme of the entire wind energy conversion system........................................................ 37 
Figure II-17:  Block diagram of the automatic control units for the wind energy conversion system. ................. 37 
Figure II-18:  Power flow exchanges around the DC bus ..................................................................................... 37 
Figure II-19:  Power flow exchange inside the wind energy conversion system. ................................................. 38 
Figure II-20:  Multi-Level Representation of the wind energy conversion system............................................... 39 
Figure II-21:  Power flow balance and power sharing inside the wind energy conversion system....................... 39 
Figure II-22:  Block diagram of the hierarchical control for the wind energy conversion system........................ 40 
Figure II-23:  Equivalent average modeling of the power conversion chain with a wind power emulator........... 41 
Figure II-24:  Power electronic stage of the wind power emulator. ...................................................................... 41 
Figure II-25:  Multi-Level Representation of the wind power emulator. .............................................................. 41 
Figure II-26:  Implementation of the wind energy conversion experimental test bench. ...................................... 43 
Figure II-27:  Multi-Level Representation of the wind energy conversion experimental test bench. ................... 44 
Figure II-28:  Test results of the wind energy conversion experimental test bench.............................................. 45 
Figure II-29:  A wind/super-capacitor hybrid generator. ...................................................................................... 46 
Figure II-30:  Super-capacitor power conversion system...................................................................................... 46 
Figure II-31:  Equivalent average electrical modeling of the super-capacitor power conversion system ............. 47 
Figure II-32:  EMR of the super-capacitor power conversion system modeling................................................... 47 
Figure II-33:  Electrical model of super-capacitors............................................................................................... 48 
Figure II-34:  Equivalent electrical diagram of the wind/super-capacitors hybrid power system......................... 48 
Figure II-35:  EMR of the DC bus in the wind/super-capacitors hybrid power system. ....................................... 48 
Figure II-36:  EMR of the wind/super-capacitors hybrid power system. .............................................................. 49 
Figure II-37:  Hierarchical control structure of the wind/super-capacitors hybrid power system......................... 49 
Figure II-39:  Block diagram of the automatic control unit for the wind/super-capacitors hybrid power system. 50 
Figure II-40:  Multi-Level Representation of the power modeling and control for the hybrid power system ...... 51 
Figure II-41:  Block diagram of the hierarchical control for the wind/super-capacitors hybrid power system..... 52 
Figure II-42:  Power flow balance inside the wind/super-capacitors hybrid power system. ................................. 52 
Figure II-43:  Power flow exchanges around the DC bus in the wind/super-capacitors hybrid power system..... 53 
Figure II-44:  Multi-Level Representation of the grid following strategy for the hybrid power system............... 54 
Figure II-45:  Block diagram of the grid following strategy for the hybrid power system. .................................. 54 
Figure II-46:  Multi-Level Representation of the power dispatching strategy for the hybrid power system. ....... 55 



List of Figures 

 x

Figure II-47:  Block diagram of the power dispatching strategy for the hybrid power system............................. 55 
Figure II-48:  Implementation of the experimental test bench for the hybrid power system. ............................... 56 
Figure II-49:  Dynamic test of the wind/super-capacitor hybrid generator with the grid following strategy........ 57 
Figure II-50:  Evolution test of the wind/super-capacitor hybrid generator with the grid following strategy....... 58 
Figure II-51:  Dynamic test of the wind/super-capacitor hybrid generator in power dispatching strategy ........... 60 
Figure II-52:  Evolution test of the wind/super-capacitor hybrid generator in power dispatching strategy .......... 61 
 
Figure III-1:  Schematic representation of a PEM fuel cell................................................................................... 68 
Figure III-2:  Fuel cell system scheme .................................................................................................................. 69 
Figure III-3:  Studied fuel cell system (Ballard NexaTM) ...................................................................................... 72 
Figure III-4:  Bloc diagram of a fuel cell system including the stack and its auxiliaries ...................................... 74 
Figure III-5:  COG and EMR of a fuel cell stack modeling .................................................................................. 77 
Figure III-6:  EMR and block diagram of the power conditioning modeling and control..................................... 78 
Figure III-7:  EMR of fuel processing modeling as an energy source................................................................... 79 
Figure III-8:  EMR of oxidant processing modeling as an energy source............................................................. 79 
Figure III-9:  EMR of oxidant processing modeling and control .......................................................................... 80 
Figure III-10:  EMR of the thermal management modeling and control............................................................... 81 
Figure III-11:  EMR of the fuel cell system modeling and control ....................................................................... 82 
Figure III-12:  EMR of a simplified fuel cell system’s modeling and control ...................................................... 84 
Figure III-13:  The fuel cell stack current-voltage characteristics curves for different temperatures.................... 84 
Figure III-14:  Comparison between the modeling curve and experimental curve of the fuel cell stack in 65°C. 85 
Figure III-15:  Evolution of the electrical variables with a limited slope.............................................................. 86 
Figure III-16:  Structure of the fuel cell emulator ................................................................................................. 87 
Figure III-17:  EMR of modeling and control scheme for the fuel cell emulator and power conditioning unit.... 87 
Figure III-18:  Experimental implementation of the fuel cell emulator ................................................................ 89 
Figure III-19:  Time evolution of the emulated variables ..................................................................................... 90 
 
Figure IV-1:  Electrical characteristic of different types of electrolyzers ............................................................. 92 
Figure IV-2:  Alkaline electrolyzer designs .......................................................................................................... 93 
Figure IV-3:  Operating principles of electrolyzers .............................................................................................. 94 
Figure IV-4:  Influence of the temperature and the current on voltage efficiency and current efficiency ............ 94 
Figure IV-5:  Studied electrolyzer system (CETH GENHY 100®)] ..................................................................... 97 
Figure IV-6:  Block diagram of the simplified electrolyzer system. ..................................................................... 98 
Figure IV-7:  Evolution of the main variables in the electrolyzer stack................................................................ 99 
Figure IV-8:  COG and EMR of an electrolyzer stack modeling........................................................................ 101 
Figure IV-9:  EMR and block diagram of the power conversion system modeling and control ......................... 102 
Figure IV-10:  EMR of the hydrogen handling system modeling. ...................................................................... 103 
Figure IV-11:  EMR of the oxygen handling system modeling. ......................................................................... 104 
Figure IV-12:  EMR of the water and thermal management system modeling................................................... 105 
Figure IV-13:  EMR of the electrolyzer system modeling. ................................................................................. 106 
Figure IV-14:  Simplified EMR of the electrolyzer system modeling and control. ............................................ 106 
Figure IV-15:  Experimental current-voltage characteristics at 7bar with different temperatures ...................... 107 
Figure IV-16:  Experimental current-voltage characteristics at 45°C with different pressures........................... 107 
Figure IV-17:  Comparison between the modeling curve and experimental curve at 7bar and 45°C ................. 108 
Figure IV-18:  Evolution of the simulated electrical variables with limited slope.............................................. 109 
Figure IV-19:  Structure of the Electrolyzer emulator ........................................................................................ 110 
Figure IV-20:  EMR of modeling and control scheme for the electrolyzer emulator. ........................................ 110 
Figure IV-21:  Implementation of the electrolyzer emulator .............................................................................. 112 
Figure IV-22:  Time evolution of the emulated variables ................................................................................... 113 
 
Figure V-1:  Structure of the active wind generator............................................................................................ 116 
Figure V-2:  Equivalent electrical diagram of the active wind generator............................................................ 117 
Figure V-3:  EMR of the DC bus in the active wind generator........................................................................... 118 
Figure V-4:  EMR of the power conversion system in the active wind generator .............................................. 119 
Figure V-5:  Hierarchical control structure for the active wind generator. ......................................................... 119 
Figure V-6:  EMR of the active wind generator with the control scheme........................................................... 120 
Figure V-7:  Block diagram of the automatic control units for the active wind generator.................................. 120 
Figure V-8:  Multi-Level Representation of the power modeling and control for the active wind generator ..... 122 
Figure V-9:  Block diagram of the hierarchical control system of the active wind generator............................. 122 
Figure V-10:  Power flow exchanges around the DC bus in the active wind generator...................................... 123 



List of Figures 

 xi

Figure V-11:  Power balance inside the active wind generator........................................................................... 124 
Figure V-12:  Multi-Level Representation of the grid following strategy for the power sharing ....................... 125 
Figure V-13:  Block diagram of the grid following strategy for the power sharing............................................ 126 
Figure V-14:  Multi-Level Representation of the power dispatching strategy for the power sharing................. 126 
Figure V-15:  Block diagram of the power dispatching strategy for the power sharing. .................................... 127 
Figure V-16:  Implementation of the experimental test bench for the active wind generator. ............................ 128 
Figure V-17:  Time evolution of the powers inside the active wind generator with the grid following strategy 130 
Figure V-18:  Time evolution of the storage systems’ currents and voltages with grid following strategy........ 131 
Figure V-19:  Time evolution of the powers inside the active wind generator with power dispatching strategy 132 
Figure V-20:  Time evolution of the storage systems’ currents and voltages with power dispatching strategy . 133 
Figure V-21:  Studied microgrid ......................................................................................................................... 135 
Figure V-22:  Block diagram of the Mode Control Unit for the active wind generator ...................................... 137 
Figure V-23:  Hysteresis control of the short-term recovering modes. ............................................................... 138 
Figure V-24:  Hysteresis control of the long-term recovering modes for the active wind generator. ................. 139 
Figure V-25:  Block diagram of the power dispatching strategy in normal mode . ............................................ 140 
Figure V-26:  Block diagram of the power dispatching strategy in “full-SC” mode .......................................... 140 
Figure V-27:  Block diagram of the power dispatching strategy in “empty-SC” mode...................................... 141 
Figure V-28:  Block diagram of the power dispatching strategy in “full-H2” mode .......................................... 142 
Figure V-29:  Block diagram of the power dispatching strategy in “empty-H2” mode...................................... 143 
Figure V-30:  Test of the energy management strategy for the active wind generator in normal mode ............. 145 
Figure V-31:  Test of the energy management strategy for the active wind generator in “full-SC” mode ......... 146 
Figure V-32:  Test of the energy management strategy for the active wind generator in “empty-SC” mode..... 147 
Figure V-33:  Test of the energy management strategy for the active wind generator in “full-H2” mode ......... 148 
Figure V-34:  Test of the energy management strategy for the active wind generator in “empty-H2” mode..... 149 
Figure V-35:  Energy exchange inside the active wind generator....................................................................... 151 
 



List of Tables 

 xii

 

List of Tables 
 
Table I-1:  Comparison of future’s Smart Grid with today’s grid......................................................................... 10 
 
Table II-1:  Power calculation and control algorithms for the wind energy conversion system. .......................... 38 
Table II-2:  Power calculation and control algorithms for the wind/super-capacitors hybrid power system. ....... 51 
 
Table III-1:  Overview of the operating characteristics of the different fuel cells ................................................ 67 
Table III-2:  Summary of major FC modeling features......................................................................................... 72 
Table III-3:  Change in Gibbs free energy of hydrogen fuel cell at various temperatures at standard pressure.... 75 
Table III-4:  Summary of modeling equations and control algorithms for the oxidant processing....................... 79 
Table III-5:  Summary of modeling equations and control algorithms for the oxidant processing....................... 80 
Table III-6:  Summary of modeling equations and control algorithms for the oxidant processing....................... 81 
Table III-7:  Summary of modeling equations and control algorithms for the fuel cell emulator......................... 87 
Table III-8:  Parameters of the Fuel Cell Emulator............................................................................................... 89 
 
Table IV-1:  Technical comparison between alkaline electrolyzers and PEM electrolysers................................. 94 
Table IV-2:  Main manufacturers of electrolyzer, developed technologies .......................................................... 96 
Table IV-3:  Summary of modeling equations and control algorithms for the oxidant processing..................... 102 
Table IV-4:  Modeling parameters of the electrolyzer stack at 45°C and 7bar ................................................... 108 
Table IV-5:  Summary of modeling equations and control algorithms for the fuel cell emulator....................... 110 
Table IV-6:  Parameters of the electrolyzer emulator ......................................................................................... 112 
 
Table V-1:  Power calculation and power control algorithms for the active wind generator. ............................. 121 
Table V-2:  Implementation parameters for the fuel cell and the electrolyzer emulators ................................... 129 
Table V-3:  Implementation parameters for the super-capacitors bank .............................................................. 129 
Table V-4:  Fast-dynamic energy storage level vs. the super-capacitor voltage ................................................. 137 
Table V-5:  Long-term energy storage level vs. the hydrogen pressure in the tank............................................ 138 
Table V-6:  Possible operating modes (M) for the active wind generator........................................................... 139 
Table V-7:  The round-trip efficiency of the storage systems............................................................................. 152 
Table V-8:  Possible system efficiencies according to different energy distribution ratios ................................ 152 
Table V-9:  Techno-economic statistics of different components ...................................................................... 153 
Table V-10:  Comparison of system efficiency and electricity cost for a PV based hybrid power systems ....... 153 
 
 
 
 
 



Nomenclature of Symbols 

 xiii

 

Nomenclature of Symbols 
 
 x Variable 
x)  Measured value of the variable x 
x~  Estimated value of the variable x 
xref Reference value of the variable x 
PI(xref- x) ) Proportional-Integral controller of the variable x 
 



Nomenclature of Symbols 

 xiv

 



Introduction 

 1

 
 
 
 

Introduction 
 

 



Introduction 

 2



Introduction 

 3

Introduction 
 
More and more decentralized generation systems are integrated into electrical network, as 
result, new structures of the electrical system should be considered. The microgrid is one of 
the solutions. The advantages of the microgrids consist of 

- the association of the local generators and local loads in order to minimize the energy 
losses in the electricity transport; 

- the possibility of electricity and heat cogeneration in order to increase the energy 
generation efficiency; 

- the ease of using communication means in order to optimise the total electricity 
generation and to increase the quality and the reliability of the power system.  

 
Nowadays, it is preferred to integrate renewable energies in the microgrid in order to reduce 
the CO2 emission and the fossil fuel consumption. But the renewable energy sources are 
usually very intermittent and fluctuant. Moreover the renewable energy production is 
generally difficult to predict. The power balance between the production and the consumption 
becomes very difficult. In order to increase the development of renewable energy generators 
in the electrical network, we must imagine new renewable energy generators, which are more 
flexible and more controllable for the grid operation.  
 
The topic of this thesis is the transformation of a renewable energy generator into an active 
generator by using energy storage systems. A hybrid power system is studied in the thesis. It 
consists of a wind generator (as primary energy source), super-capacitors (as fast-dynamic 
storage system), fuel cells and electrolyzers (as long-term storage system in the form of 
hydrogen). They are all connected to a common DC bus and an inverter is used for the 
connection of the whole system to the grid.  
 
The objective of this thesis is to design the control system, including the power balancing and 
energy management strategies for all embedded sources. The proposed active wind generator 
is able to supply controllable powers as most conventional power plants. As result, it is able to 
provide ancillary services to the electrical system of the microgrid [Appendix H]. 
 
The context of the thesis is introduced in the first chapter. And then the thesis work is 
presented in four chapters. 
 
In Chapter II, a wind energy conversion system is studied. The system modelling and the 
control design are detailed. In order to overcome the fluctuation problems of the wind power, 
a super-capacitor based fast-dynamic storage system is added. Power balancing strategies are 
proposed for their coordination in this hybrid power system. The delivered power to the grid 
is well smooth, but the operation can not be ensured for a long time. Hence a hydrogen based 
long-term storage system (including the fuel cells and the electrolyzers) is considered in the 
following chapters.  
 
In Chapter III and in Chapter IV, the studies of a fuel cell system and of an electrolyzer 
system are presented. The system modelling and the control design are studied and validated 
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by some experimental tests on the commercial systems (1200W Ballard Nexa fuel cell system 
and 500W CETH GENHY electrolyzer system). In order to set up a flexible experimental 
platform, some real-time emulators are built for the fuel cell and the electrolyzer by using 
validated models. These emulators can provide the same electrical behaviours as the fuel cell 
and the electrolyzer. This allows us to test the power balancing strategies in the active wind 
generator, which is presented in the following chapter.  
 
In Chapter V, the study of the active wind generator is presented. The modeling and control of 
the entire system are detailed. The power balancing strategies are proposed according to the 
characteristics of each energy source. They are experimentally implemented in the digital 
control board (DSpace 1103), and their performances are compared with respect to the DC-
bus voltage regulation and the grid power control. The energy management strategies are 
implemented in order to ensure the good energy availability. They are performed with 
different operating modes to adjust the required energy storage levels.  
 
The conclusion and the perspectives of this thesis are finally presented in Chapter VI.  
 
The main scientific contributions of this thesis are the followings: 

- the use and the adaptation of the graphical tools for the modeling of complex systems and 
their control design; 

- the design and the experimental implementation of real-time emulators in order to reduce 
the time and the cost of an experimental test bench;  

- The proposition and the validation of two power balancing strategies for the active wind 
generator to regulate the DC-bus voltage and to control the grid power; 

- The proposition of different energy management strategies with the definition of the 
operating modes for the active wind generator to ensure the energy availibility.  

These contributions can be adapted and extended for other hybrid power systems, which 
consist of a renewable energy source, a fast-dynamic energy storage system and a long-term 
energy storage system. 
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Chapter I  Context and Methodologies 
 

In the last decades, Renewable Energy Sources (RES) and Distributed Generation (DG) 
have attracted special attention in Europe and all over the world, in order to reach two goals: 

- Increasing the security of energy supply by reducing the dependency on imported fossil 
fuels such as oil, natural gas and coal; 

- Reducing the emission of greenhouse gases, specifically carbon dioxide, from the burning 
of fossil fuels. 

In the mean time, new concepts and technologies are being developed in the Transmission and 
Distribution Networks (like Smartgrid) and in the management and control concepts (like 
Microgrid), in order to improve the grid integration and the local consumption of these 
distributed renewable energy generators. Controllable and reliable generators are necessary in 
order to make all these concepts above feasible and flexible. In this PhD thesis we propose the 
association of a wind generator, super-capacitors and hydrogen technologies to assess an 
active generator for a microgrid application.  

So before presenting this generator, this chapter recalls some concepts about renewable 
energy sources, distributed generators, smart grids and microgrids. Then in a second part, 
characteristics and opportunities of hydrogen as alternative energy carrier to electricity is 
presented. Hence, the context, which is related with microgrid and active generators, is 
explained as well as the structure of the active generator. Finally, the objectives of the 
research work and the followed methodologies are presented.  
 
 
I.1 Renewable energy sources and distributed generation 
 
I.1.1 Renewable energy sources 
 

Renewable Energy Sources (RESs) refer to the sustainable natural energy sources, such as 
the sun and the wind. Renewable energy systems convert these natural energy sources into 
consumable energy forms (electricity and heat), which are easy to transport and to use. 
According to the European directive on RES for production of electricity [Dir 01], RESs 
include: 

- Wind; 
- Solar (photovoltaic, thermal electric); 
- Geothermal; 
- Wave and tidal energy; 
- Biodegradable waste; 
- Biomass (solids, biofuels, landfill gas, sewage treatment plant gas and biogas). 

Nowadays, hydropower and wind power are technically and economically the best 
renewable energy utilizations. In countries with hydropower potential, small hydro turbines 
are used at distribution level to sustain the utility network in dispersed or remote locations. In 
many countries, the wind power potential has led to a fast development of wind turbine 
technologies in the last decade [Ewe 05]. A total amount of nearly 120GW wind power has 
been installed in the world by the end of 2008 (Fig.I-1a). Another renewable energy based 
sustainable power supply is the photovoltaic (PV) technology [Iea 05]. The number of PV 
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installations increases exponentially and the worldwide PV cells production reaches 3.7GW 
(Fig.I-1b), mainly thanks to the governments and utility companies that support programs 
focusing on grid-connected PV systems. 

The main advantage of renewable energy systems is the low impact on the environmental 
pollution as no fossil fuels are involved. An additional advantage is the insensitivity to fuel 
prices since they are free natural resources. This decreases the operational cost of renewable 
energy systems and reduces economic operation risks.  

The major drawback is the initial investment in renewable energy systems. It is often 
more expensive to build renewable energy systems than non-renewable energy systems, since 
the environmental deterioration has not yet been taken into account for the cost calculation. 
However, this investment cost will be reduced with the fast developing technologies (just like 
the development of computer industry in the last three decays). Other disadvantages of RES 
are the specific requirements of the site and the unpredictability of the generated power. The 
intermittent availability of the RES means a higher cost for balancing the electricity and for 
maintaining reserve capacity, for example in the event that the wind drops below or 
increases above the operating area of wind turbines. These quality and security problems 
have already been encountered in areas with a high penetration of wind turbines, such as in 
Germany and in Denmark.  
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Figure I-1:  Evolution of installed wind power and photovoltaic cell production in the world [Eur 09].  
 
 
 



Chapter I  Context and Methodologies 
 

 8

I.1.2 Distributed generation 
 

Distributed Generation (DG) refers to distributed energy generation and energy storage 
(like electricity and heat, near to or at the load center). Generally, a part of the electricity is 
used locally and the remainder is delivered to the grid. The heat, on the other hand, is always 
used locally, as heat transport is costly and involves relatively large losses. In this dissertation, 
we focus on the generation of electricity. DGs are usually smaller than 50 MW and are 
connected to the distribution network, which has a low or medium operating voltage level 
(240/400 up to 110kV). Fig.I-2 gives an overview of DG systems and their typical uses.  

 
Figure I-2:  Overview of distributed generation (based on [Ack 01] [Van 05] and of typical uses) 

 
Today, central electricity production still dominates electricity production because of 

many issues, like economy of scale, efficiency, fuel capability and lifetime [Wil 00]. However, 
the advantage of the central production’s economy of scale is decreasing, because fossil fuels, 
which are economically suitable for central production, are not abundant enough for the next 
century (without steady supply or stable price). Recently, the world has shown its great 
interest and ambition of integrating RES and DG into the Transmission and Distribution 
Network (electrical grid) because of many advantages. These advantages include additional 
energy-related benefits (improved security of supply, avoidance of overcapacity, peak load 
reduction, reduction of grid losses) and network-related benefits (transmission network 
infrastructure cost, power quality support, reliability improvement) [Sch 03]. Moreover, DG 
can increase the overall fuel efficiency of the plant considerably, as the heat can be used 
locally. Appendix A outlines the ongoing research, development and demonstration (RD&D) 
efforts currently in progress in Europe, the United States, Japan and Canada. 

Except for large-scale hydro, offshore wind farms and co-combustion of biomass in 
conventional (fossil fuelled) power plants, most renewable energy systems are small DG 
systems. In the last decades, electric power systems undertook several modifications toward a 
more decentralized energy system paradigm, allowing the increase of DG integration. With 
the fast development of distributed renewable energies, many efforts should be done in the 
following domains: 
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- Modernization of the Transmission and Distribution (T&D) networks (like SmartGrid), for 
distributed renewable energies’ grid integration; 

- Innovation of the local system’s Management and Control Concepts (like Microgrid), for 
distributed renewable energies’ local demand and supply optimization; 

- Implementation of Controllable and Reliable Generation (like Active Generators), to 
overcome the intermittent and fluctuant availability of renewable energies and to supply 
ancillary services to the electrical network. 

In this context, we propose solutions to transform a wind generator into a controllable 
production unit.  
 
 
I.1.3 Smart grid 

 
Today’s electrical grid has to take the challenges to match the modern digital economy 

and information age, which requires higher load demands, uninterruptible power supplies, and 
other high-quality, high-value services. Especially, the integration of more and more DGs 
based on intermittent and fluctuant RES will lead to reliability problems of ancillary service, 
power quality disturbances, brownouts, and blackouts. The original power grid technology 
has its control systems embedded in the generating plants. The utilities attempt to meet the 
demand and succeed or fail with varying degrees (brownout, rolling blackout, uncontrolled 
blackout). The total amount of power loaded by the users can have a very wide probability 
distribution, which requires a lot of spare generating plants in standby mode to respond to the 
rapidly changing power usage. Thus, the clusters’ generating capacity should usually be 
oversized, so it is very expensive for the power producers, and the resulted brownouts and 
outages can be also very costly for consumers. 

As new electricity transmission and distribution network is required for integrating the 
newly emerging distributed renewable energies. Smart Grid is a modernized “grid” that uses 
robust two-way communications, advanced sensors and distributed computers to improve the 
efficiency, reliability and safety of power delivery and use. With the application of 
communication and information technologies to the electric grid, many smart digital meters 
can be integrated in the modernized grid to replace analog mechanical meters. The Smart Grid 
System Operator (SGSO) is able [Maz 03]:  

- to control the electrical powers down to the residential level, small-scale DGs and storage 
devices;  

- to communicate information on operating status and needs and to collect information on 
prices and grid conditions; 

- to transform the grid under central control into a collaborative network. 
Moreover, the Demand Response (DR) will be the next step for the smart grid development. 
This can be very simple like timers to switch off electric water heaters during peak-demand 
periods, but such systems are unable to respond to contingencies. The full Smart Grid allows 
generators and loads to interact in real time, by using modern communication and information 
technology. So the demand managements can eliminate the cost of generators, can cut the 
wear and extend the life of equipment and allow users to get more value from the system by 
putting their most important needs first.  

A comparison of a future’s Smart Grid with the today’s grid is summarized in Table I-1. 
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Table I-1:  Comparison of future’s Smart Grid with today’s grid [Glo 05] 
20th Century Grid 21st Century Smart Grid 

Electromechanical Digital 

One-way communications (if any) Two-way communications 

Built for centralized generation Accommodates distributed generation 

Radial topology Network topology 

Few sensors Monitors and sensors throughout 

“Blind” Self-monitoring 

Manual restoration Semi-automated restoration and, eventually, self-healing

Prone to failures and blackouts Adaptive protection and islanding 

Check equipment manually Monitor equipment remotely 

Emergency decisions by committee and phone Decision support systems, predictive reliability 

Limited control over power flows Pervasive control systems 

Limited price information Full price information 

Few customer choices Many customer choices 

 
 
I.1.4 Microgrid 
 

With a large number of widely dispersed distributed generators, the real-time 
communication and control are difficult to perform for the whole power system, especially 
with extremely large amounts of information and long transmission distance. Therefore, the 
optimized real-time control and management of distributed generators and loads should be 
implemented within local power systems. The necessary information should be firstly 
gathered and then be exchanged with the Grid System Operator (GSO) for the whole power 
grid’s control and optimization. As a new control and management concept of organizing the 
distributed renewable energies and local loads, microgrids have attracted great attention all 
over the world. An example of organizing all distributed generators and loads by means of 
smart grid and microgrids in a hierarchical structure is shown as in Fig.I-3.  
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Figure I-3:  Example for organizing distributed generators and loads by means of Smart grid and Microgrid 
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The power connections are presented by the bold lines, which symbolize the 

infrastructure network. The Smart Grid interfaces many microgrids and each microgrid 
combines locally the dispersed generators and load, which are totally or partially controllable. 
The information connections are presented by the dotted lines, which symbolize the advanced 
communication technologies connecting Smart Grid System Operator (SGSO), MicroGrid 
System Operator (MGSO) and the controllers of distributed generators and loads 

Microgrids comprise dispersed energy resources (like wind turbines, photovoltaic panels, 
fuel cells, micro gas turbines…), storage devices (like flywheels, super-capacitors and 
batteries) and controllable loads in order to offer considerable control capabilities to the local 
network operation. These systems are interconnected to the low-voltage distribution network, 
but they can also be operated in islanding mode in case of faults in the upstream network. 
From the customer’s point of view, microgrids provide both thermal and electricity supplies, 
and in addition enhance local reliability, reduce emissions, improve power quality by 
supporting voltage and reducing voltage dips, and potentially reduce costs of energy supply. 
A series of microgrid symposiums have started in California, on 17 June 2005, and then have 
been organized in Montreal on 23 June 2006, in Nagoya on 6 April 2007 and recently in 
Kythnos on 2 June 2008. The main researches include control philosophies, energy 
management, local generator and load issues and analysis tools… 

Islanded operation is expected to happen very few times in a year and it is obvious that 
the main concern is to “keep the lights on” in such periods. In interconnected operation, 
MicroGrid System Operator (MGSO) should ensure the maximization of renewable energy 
generation and the optimization of the microgrid’s operation. Controller functions have to be 
considered in order to achieve optimal operation of the microgrid in interconnected mode. 
The MGSO might use load forecasts (electric and possibly heat) and production capacity 
forecasts (from local generators). It uses the market prices of electricity, the gas costs, the 
local production capability, the local load demands, the grid security concerns and the 
distribution network’s requests to determine the amount of power that the microgrid should 
draw from its owned distributed generators and another amount of power that should be 
exchanged with the upstream grid network. The defined optimized operating profile can be 
achieved by controlling the local generators and the local loads in the microgrid by sending 
control signals to their controllers. In this framework, non-critical, controllable loads can be 
cut off, when necessary. Furthermore, it is necessary to monitor the actual active and reactive 
power balancing. These techniques can be considered equivalent to the secondary control of 
the interconnected grid [Tsi 05]. 

Many technical challenges are associated with the operation and the control of microgrids. 
Energy management is very important for the achievement of good energy efficiencies by 
optimizing production and consumption of heat, gas and electricity. With various conflicting 
requirements and limited communication techniques among a large number of distributed 
energy sources, the management of instantaneous active and reactive power balancing is a key 
challenge of microgrids. Another key challenge of microgrids is to ensure stable operation 
during faults and various network disturbances. Transitions from interconnected operation to 
islanding operation are likely to cause large mismatches between generations and loads, and 
to cause severe frequency and voltage control problems. Maintaining stability and power 
quality in the islanding mode of operation requires the development of sophisticated control 
strategies. 
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In this context, we propose to design a local control interface of a wind generator based 
hybrid power system in order to make it available for the microgrid management.  
 
I.1.5 Hybrid power system 
 

Because of the intermittent and fluctuant availability of the renewable energy sources, 
Hybrid Power Systems (HPS) provide a high level of energy security through the mix of 
various generation systems and often incorporate energy storage systems to ensure maximum 
reliability of power supply. Several kinds of hybridization of power sources are presented as 
follows: 

- Hybridization of renewable energy sources and backup power units: Because of the 
intermittent availability of renewable energy sources, backup power units are usually 
integrated for a high level of local energy security. For example, diesel generator, micro 
gas turbine and fuel cells are usually used as for uninterrupted power supplies [Che 03].  

- Hybridization of renewable primary sources: Two or more renewable primary sources can 
be associated for complementary advantages. For example, the PV-Wind system are often 
proposed, because the PV panels provide powers only in the day time and wind generators 
produce usually more powers with stronger wind in the night. [Ahm 06]. 

- Hybridization of renewable energy sources and energy storage devices: The association 
of energy storage devices with renewable energy sources can ensure reliability and security 
of the distributed power generation system while maximizing the benefit from renewable 
energies. For these systems, the excess and deficit of energy production can be optimally 
adjusted by the energy storage units to increase the energy efficiency [Abb 05].  

- Hybridization of different kinds of energy storage devices: In this PhD thesis, we have 
classified energy storage devices into two categories: fast-dynamic storage devices and 
long-term storage devices. We propose an association of these two kinds of device to bring 
their complementary advantages to the renewable energy based generator for improvement 
of the power supply [Zho 07].  

In this PhD thesis, a hybrid power system is proposed to assess an active wind generator in 
order to provide some ancillary services to microgrid.  
 
 
I.2 Hydrogen as alternative energy carrier to electricity 
 
I.2.1 Hydrogen market 
 

Because of the effects of carbon emissions into the atmosphere on global climate change, 
a carbon-constrained world is coming and alternative energy sources will be required to 
supplement the carbon-intensive sources that currently power the utility network and the 
transport vehicles. One promising solution to this problem is the direct use of hydrogen. 
Hydrogen, is not a primary energy source like coal and oil, but is an energy carrier like 
electricity. Ideally, 1kg of hydrogen at 25°C and 1bar corresponds to 39kWh of electricity. 
But unlike electricity, hydrogen can be stored quite easily. 

Hydrogen can be manufactured or extracted from hydrogen-rich materials such as coal, 
natural gas, biomass or water. Currently, the primary means of manufacturing hydrogen is to 
strip it from natural gas via steam methane reforming. The technologies to produce hydrogen 
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from non-fossil sources are also available, such as biomass, wind, and solar. As advantages, 
the hydrogen production cycle from non-fossil sources can produce less greenhouse gases 
than from fossil sources. 

The current market for hydrogen is divided into two segments: captive users, who 
produce the hydrogen at the location where it is to be used; and merchant users, who have 
their hydrogen delivered to the point of use. In the worldwide, the captive market is larger, 
and includes chemical producers, refineries, fat and oil hydrogenation and metal production. 
The merchant market is smaller and serves industries such as electronics manufacturers, float 
gas producers and public utilities for generator cooling in nuclear plants [Sur 04].The future 
market for hydrogen is even much larger, if hydrogen is to be used as fuel for vehicles.  
 
I.2.2 Hydrogen-electric economy 
 

Hydrogen economy refers to a society that can use hydrogen as an energy carrier because 
of the following advantages: 

- hydrogen can be produced from a clean energy sources; 
- hydrogen can be distributed and stored in a variety of ways; 
- hydrogen can replace fossil fuels to provide electricity and transportation fuels; 
- domestic resources can be used for hydrogen production to lead to energy independence.  

Such an idea is not new and it dates back up to 1874 “…Water will one day be employed as 
fuel, that hydrogen and oxygen of which the water is constituted will be used, simultaneously 
or in isolation, to furnish an inexhaustible source of heat and light”[Ver 01].  

As in France, the all-electric economy relies on inexpensive nuclear electricity [Gre 72]. 
Additional means are required to modulate the electricity production with fast response time. 
Classically they are pumped-storage hydro and coal or oil based thermal generators. Both 
additional power-regulation means have their own drawbacks as the site-specific application, 
the increasing price of the fossil fuel and environmental pollution.  

The use of hydrogen to replace fossil fuels and as an alternative to the all-electric 
economy is examined. The term hydrogen-electric economy was also developed [Lot 74] to 
describe the possibilities of combining production, transmission and sales of both energy 
carriers. Like electricity, hydrogen can be centrally produced and then be distributed to the 
point of use. It can also be produced locally (decentralized hydrogen production) (Fig.I-4).  

 

 
Figure I-4:  Examples of wind electrolysis [Kot 08] 
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If hydrogen can be produced economically, hydrogen-based internal combustion engines 

(IECs) and fuel cells could be used to provide electrical power in distributed energy 
applications. If the loads can also use the heat from the distributed generators, a combined 
heat and power (CHP) application can increase the overall efficiency of the packaged system. 
Moreover, new technological advantages may be developed:  

- the electrolyzers can be used during off-peak times in order to increase the efficiency of 
the electrical power system by allowing it to run close to its rated capacity [Fer 74]; 

- the hydrogen, which is produced on site, can be used for generator cooling with its high 
thermal capacity and low density[Gre 73]; 

- For wind electrolysis, the wind tower may even be used as hydrogen storage tank [Kot 03]. 
 
 
I.2.3 Hydrogen as storage for electricity 
 
a) Hydrogen production from electricity 

Hydrogen can be produced from a variety of sources. Currently, hydrogen is mainly 
produced by reforming natural gas and dissociating hydrocarbons and a smaller amount is 
produced by electrolysis. Reforming natural gas is currently the least expensive way to 
produce large quantities of hydrogen. However, some drawbacks exist: 

- the process is based on a non-renewable fossil-fuel source; 
- the reactions produce also carbon dioxide; 
- the produced hydrogen gas can have high impurities. 

As another way, electrolysis uses direct current electricity to split water into its basic elements 
of hydrogen and oxygen. For large-scale energy storage, the hydrogen should be further 
compressed before stored. Since the electrolysis process uses only water and electricity, it can 
produce pure hydrogen and oxygen (99.9995%).  

In the actual hydrogen market, electrolyzers are still used in places where low electricity 
prices are available or for high hydrogen purity requirements. As the price of natural gas 
increases, electrolysis becomes a viable option for competition in the hydrogen market and 
electric utilities are well placed to provide the electricity for hydrogen production by water 
electrolysis. 
 
b) Electricity generation from hydrogen 

Hydrogen can also be used to generate electricity in different ways. Hydrogen can be used 
as fuel to supply the combustion engine for electricity generation by rotating machine. 
Hydrogen can also be directly used through electro-chemical reactor (eg. fuel cells) to 
generate electricity. For high power levels, the most efficient conversion from hydrogen to 
electricity can be achieved in combined heat and power (CHP) plant, where the thermal 
energy can also be used. For lower power levels, fuel cells alone can be applied.  
 
c) Round-trip evaluation 

Fuel cells require very high hydrogen purity, so electrolyzers are very suitable for the 
application. Both components use direct electro-chemical conversion and higher round-trip 
efficiency can be expected (in the range of 35-40%) than using “steam methane reforming” 
(for hydrogen production) and “hydrogen combustion” (for electricity generation). 
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I.3 Integration of renewable energy based generators into a microgrid 
 
I.3.1 General framework of the microgrid operation 

 
In our study we consider a microgrid, which is powered by a gas micro-turbine (Fig.I-5). 

At first sight the use of Renewable Energy System can decrease the environmental impact. So 
we want to evaluate the integration of a wind generator into the operation and the 
management of the studied microgrid. 

The microgrid can operate both in connected mode with a distribution network and in 
islanding mode. The MicroGrid System Operator (MGSO) controls the microgrid’s operation 
through the local generator controllers (Fig.I-3).  

In connected operation, a timing power planning is established between the DSO and the 
MGSO. The MGSO adapts the power reference of the gas micro-turbine in order to fulfill this 
contract. 

In islanding operation, the microgrid should ensure the local electricity supply and energy 
security. To perform the power balance between the production and consumption, the MGSO 
should predict the local production capacity and the local consumption needs for the next 
period. If the production is more than the consumption, the power production of the gas 
micro-turbine must be reduced and during this transient state the excess power is dissipated in 
dummy resistor loads in case of overvoltage. If the production is less than the consumption, 
two solutions exist. The micro gas turbine will be prepared to supply the deficit power or a 
part of loads will be disconnected from the microgrid (if necessary). 
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Figure I-5:  Example of a microgrid 

 
I.3.2 Problems of renewable energy sources 

 
Actual wind generators are not dispatched by a microgrid system operator because their 

output active and reactive powers are not controllable. In an isolated microgrid if a wind 
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generator is used the electrical production may exceed the consumed load power. This event 
may occur during the night when the loads are very low. This is a typical problem, which is a 
barrier for the integration of wind generator in grids. So research efforts must be done to 
transform this wind generator into a classical generator. 

As example one desirable control action is to be able to reduce the wind power production 
when it is not useful for the microgrid operation. In order to increase the value of renewable 
energy, it is interesting to store locally the non-used electrical power. Another advantage of 
having load storage capability is to make able the supply of more power (as the wind turbine 
can) if the microgrid operator asks it. 

Moreover the generated wind power is very fluctuant. So the gas micro-turbine has to 
perform a real time compensation of power transients and it implies abnormal stresses. 
Important collateral effects may decrease expected economic and environmental benefits. So 
a great improvement is to erase the wind-caused power variations by using a local storage unit 
with fast dynamic abilities. It should smooth the produced power. A local control system must 
manage the storage to supply or absorb the power difference between the generated wind 
power and the power reference set by the MGSO. 

In connected mode, it is very important to have a constant power exchange with the grid 
during each period (15 or 30 minutes) between the microgrid and the distribution grid. If 
renewable energy based generators are connected, the MGSO must estimate the production 
capacity with the climate forecasts as well as the local consumption demands for the next 
period τn. To have a great benefit of “clean” electricity production we must imagine a possible 
scenario. The MGSO should send to the DSO the average power, which will be exported 
during the period τn . Hence the DSO has enough time in advance to gather and to send set 
points to coordinate the power production for his interest. At the same time, the MGSO 
assigns the power references to each local generator for the period τn according to the climate 
condition. Then each active generator should respect its power reference during the period τn, 
against the possible large fluctuations of the weather condition.  

These problems and possible solutions show the necessity to get a wind generator, which 
is capable of exchanging information with the MGSO and of supplying the power 
requirements of the microgrid. 
 
I.3.3 Concept of active generator 
 

The task of an active generator is to supply the electrical power references, which has 
been previously set by the MGSO for a given period by taking into account all the local 
factors and the distributed network’s requirements.  

Conventional power plants are usually active generators because they are controllable 
and can supply necessary powers to satisfy the grid requirements. Moreover, they can usually 
provide some ancillary services to the grid, basically like frequency regulation by active 
power control, voltage regulation by reactive power control, etc… They are mostly fossil and 
nuclear fuelled and rely on the abundant fuel supply like coal, oil, natural gas or nuclear fuels. 
Most of the time, they can work at any power level below its nominal power (Fig.I-6a) by 
controlling the fuel supply.  

Renewable energy generators are usually considered as passive generators because they 
can not participate to the grid management, because they are dependent on the availability of 
the primary renewable source. Most of the time, they work far below their nominal capacity 
(Fig.I-6b). Moreover, the reliability and efficiency of the power system can not be ensured. 
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Therefore, they can not provide ancillary services to the grid, like power balance between the 
production and the consumption. 

Energy storage devices can serve as backup power plants. They can work at any power 
level between two nominal powers, for storing and releasing energies (Fig.I-6c). So they can 
be used to support the operation of sources, transmission, distribution, and loads. When they 
serve as source devices, they can help to solve the problems of renewable energies’ 
intermittent availabilities and fast transients. 

For each unit, the classified power domain can be achieved by a proper control (Fig.I-6). 
Thus, a hybrid power system combining a renewable energy based generator and energy 

storage devices can be a good solution to make an active generator. Such an active generator 
corresponds to both the needs of clean energy generation and high power quality for the 
future’s electrical network. For this objective, two major innovative improvements should be 
made:  

- Energy Storage Systems should be well chosen and associated with renewable energy 
generators to compensate or to absorb the power difference between the actual renewable 
energy production and the required grid consumption;  

- Energy Management Strategies should be properly designed and adapted to control the 
power flows among the renewable energy generator, the energy storage systems and the 
grid. Various additional control functions have to be implemented to provide ancillary 
services for the grid [Appendix H]. 
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Figure I-6:  Characteristic of different kinds of energy sources 
 
With proper power control and energy management strategies, active generators must 

perform local optimization of the active and reactive power production and fast load tracking. 
 
 
I.4 Presentation of the studied active generator 
 
I.4.1 Technologies of wind generators 
 

Among the different renewable energy generators, the wind generator is technically and 
economically the most developed one. In general, wind generators can be classified into three 
categories [Bla 06].  

Wind generator without power electronic converters: Most of these topologies are based 
on a squirrel-cage induction machine (SCIM), which is directly connected to the grid. A soft 
starter is usually used to reduce the inrush current during start up. Moreover, a capacitor bank 
is necessary for the reactive power compensation (Fig.I-7a).  

By adding power electronic converters into the wind generator, a variable-speed wind 
generator can be achieved. Although the system complexity and the solution cost are 
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increased, a better control of the converted primary power and of the grid connection can be 
obtained. For example, maximum power can be extracted for a large variation of wind speed. 
The use of power electronic converters in the wind generator can be further divided into two 
categories: systems using partial-scale power electronic converters and systems using full-
scale power electronic converters.   

Wind generator using partial-scale power electronic converters: A particular structure is 
based on a wounded-rotor induction machine. An extra resistor controlled by power electronic 
converters is added in the rotor and gives a variable speed range of 2% to 4%. The power 
converter for the rotor resistor control is for low voltage but high currents. This solution also 
needs a soft starter and a reactive power compensator. Another solution is to use a back to 
back power electronic converter with the wounded rotor induction machine, as shown in 
Fig.I-7b. In this case, a power converter connected to the rotor through slip rings controls the 
rotor currents. If the generator is running super-synchronously, the electrical power is 
delivered through both the rotor and stator. If the generator is running sub-synchronously, the 
electrical power is only delivered into the rotor from the grid. A speed variation of 60% 
around synchronous speed may be obtained by the use of a power converter of 30% of the 
nominal power. 

Wind generator using full-scale power electronic converters: By implementing a full-
scale power converter between the electrical machine and the utility grid, additional technical 
performances of the wind generator can be achieved. Normally, as shown in Fig.I-7c, a 
squirrel-cage induction machine (SCIM) or a synchronous machine (SM) is used in this 
configuration. By using a multi-pole wound rotor (or permanent-magnet) synchronous 
machine (MPSM), the gearbox can be eliminated (Fig.I-7d). 

 

SCIM 

 
(a) Minimum electronics unit. 

WRIM

 
(b) Partial power converter. 

SCIM 
or 
SM  

 
(c) Full-scale power converter with gearbox. 

MPSM

 
(d) Full-scale power converter without gearbox. 

Figure I-7:  Wind generator with power electronics 
 
In our study, a variable-speed wind generator as shown in Fig.I-7c is considered for 

extracting the maximum available wind power. Such kind of wind generator supplies 
continuously varying powers, which depend on the intermittent and fluctuant wind velocity. 
When a large scale of wind generators is connected to the grid, stability problems will occur 
due to the dependence of the power production on the wind condition. It is very important for 
the future’s power grid to transform wind generators into active generators. So we choose 
wind generators as the renewable energy source in our studied system.  
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I.4.2 Classification of energy storage systems 

 
Energy storage systems can be classified in accordance with the storage of electrical, 

magnetic, thermal, chemical, kinetic and gravitational potential energy. From the system view, 
more attentions should be paid to the access time, application and control of the storage units, 
as illustrated in Fig.I-8. According to this Ragone Chart, they can be classified into two 
categories: 

- Fast-dynamic storage systems (“power sources”), which usually can deliver high specific 
power with fast dynamics. They can not store much energy for a long-term operation but 
can provide fast and high power variations, such as flywheels, super-capacitors, super-
conducting magnetic energy storage (SMES); 

- Long-term storage systems (“energy sources”), which usually have slow dynamic and high 
specific energy. They can not provide fast varying power but can store much energy for 
long-term operation, such as diesel generator, micro gas turbine, batteries, fuel cells with 
electrolyzers and hydrogen bottles. 

 
Therefore, long-term storage systems are suitable to overcome the uncertainty of energy 

availability of the renewable energy generators. Fast-dynamic storage systems can be used to 
compensate the power difference between the fast power variations of loads and the fluctuant 
power supply of the renewable energy generation. In order to make the wind energy 
conversion system work like a conventional power generator, energy storage systems will be 
used to store or to compensate the power difference between the continuously varying 
production and consumption. 

An ideal energy storage device, which can work as an excellent long-term energy source 
and as a perfect high-dynamic power source, does not exist. The batteries are the “trade-off” 
product, which are usually used to provide medium performances in both energy density and 
power density. In order to combine the complementary advantages of these two kinds of 
energy storage devices, hybrid power systems are chosen for our study and the batteries are 
not considered.  
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Figure I-8:  Characterization of main energy backup systems 
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1.4.3 Long-term storage system through hydrogen technologies 
 
Diesel generators and micro gas turbines have a good controllability, so they are good 

candidates for long-term backup power plants. They are often used in microgrids for the 
security of power supply. However, they consume fossil fuels, which should be transported 
from far away.  

Some fuel cells consume hydrogen to generate electricity and heat and the only product is 
water, which has no environmental impact. There are many methods to produce hydrogen. If 
we can find a way to produce hydrogen by using electrical power, the electricity can be stored 
in the form of hydrogen. The water electrolyzer is the good candidate. The idea is to design an 
intelligent control system to perform a combined use of both power sources.  

The excess wind power can be consumed by the electrolyzer to produce hydrogen, which 
is stored in a hydrogen tank and later is used to compensate the deficit wind power by fuel 
cells. In a system point of view, the whole hydrogen based energy storage system can be 
charged and discharged like traditional batteries. The power capacity can be sized by 
adjusting the nominal powers of the fuel cells and the electrolyzers. The energy capacity can 
be sized by adjusting the hydrogen tank volume. Therefore, it is easier to avoid wasting over-
sizing problems with the hydrogen devices than with the batteries. So we choose hydrogen 
devices for long-term energy storage in our studied hybrid power system.  

Regenerative fuel cells have also earned many researchers’ interests. They are 
electrochemical reactors, which can be operated both in fuel cell mode and in electrolyzer 
mode. However, we can not ensure good efficiencies because different catalysts are needed 
for the different operations. Therefore, regenerative fuel cells have not yet been 
commercialized today. However, although some technical points should still be improved and 
the cost should be decreased, fuel cells and electrolyzers are relatively mature products and 
have already been commercialized. So we choose the fuel cells and the electrolyzer for our 
hybrid power system. 
 
 
1.4.4 Fast-dynamic storage unit by super-capacitors 

 
Thanks to their high dynamics, long lifetime and good efficiency, flywheel systems are 

suitable for fast-dynamic energy storage [Fra 02] [Gra 06]. A flywheel is a rotating mass, 
which can store energy in the form of kinetic energy through an electrical machine (working 
in motor or in generator). However, being a mechanical system, it is currently hampered by 
the danger of “explosive” shattering of the massive wheel due to overload (tensile strength 
because of high weight and high velocity).  

Recent progress in technology makes super-capacitors the best candidates for fast-
dynamic energy storage devices [Tho 05] [Abb 07]. Compared to the batteries, super-
capacitors are capable of very fast charging and discharging and can achieve a very large 
number of cycles without degradation, even at 100% depth of discharge without “memory 
effect”. Globally, super-capacitors have a better round-trip efficiency than batteries. For 
discharge peak power, super-capacitors have always a high efficiency of 95%, but batteries 
have only an efficiency of 50% with large thermal dissipations. Super-capacitor can be 
recharged in several minutes with high current magnitude, but batteries take much more time 
because of the limited charging current. Moreover, super-capacitors are less sensitive in 
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operating temperature than batteries and have no mechanical security problems that the 
flywheel has. So we choose super-capacitors for fast-dynamic energy storage in our hybrid 
power system.  
 
 
I.4.5 Structure of the studied hybrid power system  
 

The structures of Hybrid Power System (HPS) can be classified into two categories: AC-
coupled and DC-coupled.  

In an AC-coupled HPS, all sources are connected to a main AC-bus before being 
connected to the grid (Fig.I-9a) [Bas 06] [Li 08a]. In AC-coupled structure, different sources 
can be located anywhere in the microgrid with a long distance from each other. However, the 
voltage and the frequency of the main AC bus should be well controlled in order to ensure the 
stability of the DG and the compatibility with the utility network.  

In a DC-coupled HPS, all sources are connected to a main DC-bus before being 
connected to the grid through a main inverter (Fig.I-9b) [Yu 04] [Fra 04]. In a DC-coupled 
structure, the voltage and the frequency of the grid are independent from those of each source.  

However, not all HPSs can be classified into AC or DC-coupled system, since it is 
possible to have both coupling methods (Fig.I-9c) [Ona 06], then a Mixed HPS is obtained. In 
this case, some advantages can be taken from both structures. 

 
In our study, we use the DC-coupled structure as shown in Fig.I-9b. The DC-coupled 

structure is flexible and expandable since the number and the type of the energy sources may 
be freely chosen. Even more, the grid frequency is independent from the sources through the 
use of the DC bus. The grid voltage is also independent from the DC-bus voltage and each 
source’s voltage through the use of different power converters. So even if both the control 
structure and the power management are developed properly for a specified hybrid power 
system, the number and the type of the power sources do not alter the global control structure 
of the HPS and the main idea of the power management. 
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Figure I-9:  Structures of hybrid power systems for distributed generation 
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I.5 Objectives and methodologies of the PhD thesis 
 
I.5.1 Objectives 
 

The global goal of the thesis is to theoretically propose and to practically validate 
efficient energy management strategies to implement an active generator. These strategies 
must control the power flows among the different energy sources in the studied hybrid power 
system (Fig.I-9b), in order to supply the active and reactive power required by the microgrid 
system operator during a certain period. In our laboratory, the system modeling and the 
control design for wind generators have already been studied. The following objectives have 
been formulated: 

1. In order to build the proposed multi-source hybrid power system, power balancing 
strategies should be studied to control the power flows among the different sources. 
These power balancing strategies should firstly be tested in a wind/super-capacitor 
based hybrid power system. Technical limitations must be highlighted. 

2. In order to integrate the hydrogen based long-term energy storage system, the modeling 
of the fuel cells and the electrolyzers should be studied and experimentally validated. 
Then proper control strategies should be proposed by taking into account the low 
dynamic of the auxiliary systems. The performances of the fuel cells and the 
electrolyzers should be tested before we integrate them in the hybrid power system.  

3. With integrated long-term energy storage system, the whole hybrid power system 
should be modeled and the control system should be adapted. Moreover, efficient power 
balancing and energy management strategies should be proposed to decide the operating 
mode of the hybrid power system and to control the power flows among the different 
sources. 

 
 
I.5.2 Tools 
 
a) Equivalent average modeling  

Different power converters are used in our system. The power electronic converters are 
discrete-event systems [Hau 99] [Lab 98], whereas the generator and the AC grid are 
continuous systems. For the analysis of the dynamical behavior of the generators and for the 
design of the different controllers, it is very useful to define firstly an equivalent average 
model of the global system including power converters [Rob 01] [Rob 02].  

Equivalent average models of power electronic converters take into account only the 
useful components of modulated currents and voltages in our system (Appendix B). Hence 
they allow the simulation of the global dynamical behavior of the power system and are 
sufficient for the analysis and control of the power flow. Moreover, the numerical simulation 
time is reduced because the integration step is smaller than the switching period of power 
electronic converters. Even more, the models of other complementary elements, which are 
connected to the DC bus, can be easily added in.  

However, it must be noted that the equivalent model is not able to calculate the voltage 
and current harmonics because the switching frequency is not taken into account.  
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b) Graphical tools for system modeling and control design  
The studied hybrid power system is a very complex system and a large number of 

physical quantities are involved. For the system modeling and control design, graphical tools 
can help the understanding and the analysis of the global system. In our study, we will refer to 
the following graphical representation tools: 

Causal Ordering Graph (COG) has been introduced in 1996 [Hau 96] [Hau 04] to 
describe power electronics and electrical machines for developing their control systems. This 
graphical description exclusively uses integral causality [Iwa 94] [Rub 97] on the contrary as 
the well-known Bond Graph, which allows the derivative causality [Pay 61]. The inversion of 
this graph yields the control structure of the system with sensors and controllers [Gui 00] [Gui 
03]. More details are presented in Appendix D. 

Energetic Macroscopic Representation (EMR) has been introduced in 2000 for research 
development in complex electromechanical drives especially multi-drives [Bou 00]. It is 
based on action-reaction principle, which organises the system as interconnected subsystems 
according to the integral causality as for the COG. Inversion of the graphical description by 
using specific rules leads to a Maximal Control Structure of the system [Bar 06] for which we 
assume that all variables are measurable. This methodology has been successfully applied to 
fault-tolerant supplies [Del 03], railway traction systems [Bou 06a], wind energy conversion 
systems [Bou 05a], hybrid electric vehicles using super-capacitors [Lho 05a] and energy 
storage system using compressed air [Bos 07]. More details are presented in Appendix E. 

Multi-Level Representation (MLR) has been recently proposed for a synthetic and 
dynamic description of the electromechanical conversion systems [Li 08b]. The MLR has the 
same advantages as the EMR. Moreover, it integrates power modelling levels (“power 
calculation” and “power flow”) as well as the corresponding control levels (“power control” 
and “power sharing”) , in order to design the power supervision for microgrid application. It 
has been successfully used for the power management of a PV unit and a standalone super-
capacitor unit and a gas micro-turbine [Li 09]. More details are presented in Appendix F. 

 
In our study, all generation systems and power conversion systems are physically causal 

systems. In order to model the process and to design the control, the COG is adapted to make 
appear the causality among the different quantities. However, the hybrid power system is a 
very complex multi-physic system, including electro-mechanic fields (wind generator), 
electrochemical fields (fuel cells and electrolyzer), etc. In order to give a synthetic description, 
EMR is adapted to organise the different subsystems together. For our microgrid application, 
power flow control is an important task for the energy management and system supervision. 
MLR will be properly used to make appear the power flows and to design the different power 
control strategies.  
 
c) Real-time emulator for flexible experimental assessment 

Real-time emulators by Hardware-In-the-Loop (HIL) simulations are more and more used 
for first validation tests before implementation on the entire real process [Rab 02] [Lu 07]. 
HIL simulation uses one or several real devices for experimental tests, the other parts of the 
process are simulated in real time on a control board or parallel computers. Such a 
methodology has been used in aeronautics and automotive industry since a long time [Han 96] 
[Mac 97]. Traction applications are nowadays more and more developed by using HIL 
simulation [Ter 99] [Ath 04] [Bou 06b]. HIL simulations of wind energy conversion systems 



Chapter I  Context and Methodologies 
 

 24

have also been developed during the last decade [Koj 04][Bou 05b] [Ste 06]. Different HIL 
simulation concepts for electric drives are presented in Appendix G [Bou 08].  

In our study, we need to build an experimental test bench of the hybrid power system in 
order to test the power balancing and energy management strategies. In order to make the 
experimental test bench more flexible, we have decided to implement some real-time 
emulators to replace the real components because of the following advantages: 

- Equivalent performances: HIL simulator can provide the same electrical behavior (with 
the same current-voltage characteristic) as the real component. It is accurate enough to 
test the power balancing and energy management strategies of the hybrid power system, 
which is the main objective of the PhD work. 

- Flexible control: The commercialized systems (fuel cells or electrolyzers) are usually 
closed systems and the users have no access to modify the control algorithms for better 
performances. With HIL simulation, advanced control strategies can be implemented 
according to the wished functions.  

- Simple implementation: It takes less time to implement an HIL simulation, thus time and 
money are saved during the development of the experimental test bench in laboratory, 
without unnecessary constraints (with reduced system sizing, without security concerns, 
etc); 

- Updating capacity: With HIL simulation, the system characteristic can always be updated 
with mathematic modeling and this implies a very long lifetime and a good immunity to 
the fast developing market. Moreover, it can be used to compare different technologies 
and products with the static and dynamic characteristics, which are provided by the 
manufacturers. 

 
 
I.5.3 Methods 
 

We recall that the objective is to test the control functions and the energy management of 
a hybrid active wind generator. Specifically in our experimental test bench, real-time 
emulators by HIL simulation are used to replace the wind generator, the fuel cell and the 
electrolyzer, in order to avoid sizing constraints and security worries for laboratory 
implementation. The following steps have been followed (Fig.I-10): 

1) Firstly a real system is studied to obtain the system model with mathematical equations 
and modeling tools in order to make appear necessary and useful properties.  

2) A real-time emulator of certain parts of the system is constructed with corresponding 
modeling equations in order to make a fast assessment of the experimental platform for 
cost and risk reasons.  

3) The emulators are validated by comparing the obtained performances with the behaviors 
of the studied real systems in the same conditions.  

4) The system modeling is also used to design the control algorithms for certain wished 
performances of the system.  

5) The control system can be firstly implemented on the experimental platform with real-
time emulators to test the performances. This can be considered as the demonstration of 
the control performances because normally the same control performance can also be 
obtained when the control system is implemented on the real system.  
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Figure I-10:  Methodologies of the PhD work 

 
 
I.5.4 Thesis layout 
 

According to the existing problems and the formulated objectives, the following parts of 
the dissertation are organized as follows. 

In Chapter 2, the wind/super-capacitor based hybrid power system is studied, including 
the system modeling, the control design. Two power balancing strategies are proposed and 
tested for the power flow control among the different sources.   

In Chapter 3, a detailed study of fuel cells is presented. An analytical model is chosen for 
the study and is experimentally validated with a commercial fuel cell system. A control 
method is proposed to regulate the fuel cell power flow and is validated with a fuel cell 
emulator. 

In Chapter 4, a detailed study of electrolyzers is presented. An analytical model is chosen 
and is experimentally validated with a commercial electrolyzer system. A control method is 
proposed to regulate the electrolyzer power flow and is validated with an electrolyzer 
emulator. 

In Chapter 5, we present the hybrid power system, consisting of a wind energy conversion 
system, super-capacitors based fast-dynamic storage system and hydrogen based long-term 
storage system (fuel cells and electrolyzers). The system modeling and control design are 
presented. Different power balancing and energy management strategies are proposed to 
implement the active wind generator. Finally, the experimental test bench of the hybrid wind 
generator is presented.  

Finally, some conclusions are driven from the studies on the implementation of this active 
wind generator.  
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Chapter II  Wind Energy Conversion System  
 

As introduced in the previous chapter, hybrid power systems can be a good solution for 
the integration of distributed renewable energies in a microgrid. Before presenting the 
proposed active wind generator (in Chap.V), a classical wind energy conversion system is 
firstly studied in this chapter, including the system modeling by EMR (Appendix E), the 
control design and the power balancing strategies. This energy conversion system enables to 
extract the maximum wind power by adjusting the wind turbine’s rotational speed. The 
obtained electrical power must be adapted (sinusoidal wave form at 50 Hz, phasing) before 
being sent to the grid. A “grid following” power balancing strategy must be used, while the 
wind generator works in Maximum Power Point Tracking (MPPT) strategy. Then the DC-bus 
voltage is regulated with the grid power. 

Then, in order to reduce wind power variations, super-capacitors are used to build a first 
hybrid power system. The system modeling, the control design and the power balancing 
strategies are presented. The “grid following” strategy and the “power dispatching” strategy 
can both be used for the power balancing. In the “power dispatching” strategy, the DC-bus 
voltage is regulated with the powers from the wind generator and the super-capacitors. The 
performances of these two power balancing strategies are compared in the end of the chapter. 
 
II.1 Study of a wind energy conversion system 
 
II.1.1 Presentation 
 

A classical wind energy conversion system consists of a 3-blade turbine, a gearbox, an 
electrical machine, a three-phase rectifier, a DC-bus capacitor, a three-phase inverter, line 
filters which are connected to the grid through a grid transformer (Fig.II-1).  

DC 

AC

AC 

DC

Control system 

turbine 
Shaft & 
gearbox 

Electrical 
machine 3-phase rectifier N°2 line filters Dc bus 3-phase inverter N°1 Grid with transformer

 
Figure II-1:  A classical variable-speed wind energy conversion system 

 
When the wind energy conversion system works in MPPT strategy, the power, which is 

delivered to the grid, is very fluctuant. We are going to use a wind speed profile, which has 
been recorded in a wind farm in the north of the France (Fig.II-2) [Lec 04] [Bou 07].  
Wind speed vwind (m/s) 

 
        0      20      40       60      80      100     120  time(s) 

Grid power pg_record (W) 

 
        0      20      40       60      80      100     120  time(s) 

Figure II-2:  Experimentally recorded wind speed and wind power [Lec 04][Bou 07] 
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II.1.2 Modeling of the wind energy conversion system  

 
a) Average modeling of the electrical conversion chain 

By using equivalent average models of power electronic converters (Appendix B), the 
average modeling of the electrical power conversion chain is obtained for the wind energy 
conversion system (Fig.II-3). The grid with transformer is considered as three-phase voltage 
sources and the electrical machine is considered as three-phase current sources. The two back-
to-back voltage source converters introduce control inputs for the power control. As the DC 
bus has a relatively slow dynamic, it’s shown that we can have three different subsystems 
with their inner dynamic and control tasks: the wind generator, the grid connection system 
and the DC bus.  

<urec13> 

<urec23> udc 

<irec>

<uinv23>

<uinv13>
<iinv> il1 

il2 

Three-phase inverter Three-phase rectifier 

<mrec> <minv>

DC bus Grid with transformer 

imac2 

imac1 

Wind generator 

imac3 

ugrid13 

ugrid23 

idc 

 
Figure II-3:  Equivalent average modeling of the power electronic converters 

 
Three-phase rectifier: The equivalent average model is used with average modulation 

functions It yields the average values (<urec>=[(<urec13> <urec23>]T) of the modulated voltages 
from the dc-bus capacitor voltage (udc) and the average value (<irec>) of the modulated current 
from the machine currents (imac=[imac1  imac2]T) : 
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where mrec is the vector of modulation functions of the grid inverter. 
Three-phase inverter: The three-phase inverter is modeled in the same way. The average 

value of the modulated voltages (<uinv>=[(<uinv13> <uinv23>]T) is calculated from the DC-bus 
voltage (udc) and the average value (<iinv>) of the modulated current from the line currents 
(il=[il1  il2]T): 
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where minv is the vector of modulation functions of the grid inverter. 
 
b) Modeling of the wind generator 

The modeling of the wind energy generation system is presented in detail with the help of 
the EMR as below (Fig.II-4). 

Wind 

vwind Ttur Ω mac esdq isdq irec Ω tur imac 

mrec 
Ω tur Tmac Fp usdq udc isdq Tgear urec 

wind turbine inertia gearbox Electrical machine 3-phase rectifier 

β   
Figure II-4:  EMR of the considered wind energy generation system 
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Wind: The wind is modeled by a mechanical source (oval pictogram), which sets the wind 

velocity (vwind) to the blades.  
Turbine: The turbine is modeled as a mechanical converter (triangular pictogram). The 

torque (Ttur), which is produced by the turbine, depends on the wind velocity (vwind) and on the 
blade pitch angle (β ): 

 ( ) 2,
2
1

windbbTtur vRSCT ρβλ=  (II-3)

with Sb: the area, which is swept by the blades; 
 Rb: the blade length; 
 ρ: the air density; 
 CT: the torque coefficient, a non-linear function of the tip-slip ratio (λ) (Fig.II-5); 
 λ: the tip-slip ratio depending on the wind velocity and the rotational speed (Ω tur).  

 
wind

turb

v
R Ω

=λ  (II-4)

For the study, we will consider a normal turbine operating with a constant pitch angle.  
 

 
Figure II-5:  Blade characteristic: CT versus λ for a fixed blade angle 

 
Inertia: The shaft is an element with energy accumulation (rectangular pictogram), which 

imposes the rotational speed (Ω tur) with the torque difference between the blade torque (Ttur) 
and the gear torque (Tgear), 

 turshaftgeartur
tur

shaft fTT
dt

d
J Ω−−=

Ω
 (II-5)

with Jshaft: the equivalent inertia moment of the shaft; 
 fshaft: the friction coefficient of the equivalent shaft.  

Gearbox: The gearbox is a mechanical converter (triangular pictogram) and adapts the 
low speed of the turbine with the high speed of the electrical machine. It yields the rotational 
speed (Ω mac) and the torque (Tgear) through the gear ratio (mgear): 
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Electrical machine: The electrical machine can be globally modeled as an 
electromechanical converter (circular pictogram) with the rectifier voltages (urec=[urec13, 
urec23]T) and the gear speed (Ω mac) as the inputs. The stator currents (imac=[imac1, imac2]T) and 
the machine torque (Tmac) are the outputs. It can be divided into three sub-blocks.  

The first block corresponds to mathematical transformations (square pictogram) from 
phase-to-phase voltages (urec) to machine line voltages and then into a rotating d-q frame 
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(usdq). This Park transformation expresses stator voltages and currents in a d-q rotational 
frame: 
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where θsdq is the angle of the rotating d-q frame with respect to the stator stationary frame.  
The second block is an element with energy accumulation (rectangular pictogram). In the 

d-q frame, the equivalent stator windings set the stator currents (isdq=[isd, isq]T) as state 
variables, which are calculated with the stator voltages (usdq=[usd, usq]T) and the e.m.f. 
(esdq=[esd, esq]T),  
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with Rs: the resistor of the stator winding; 
 Ls: the cyclic inductor of the stator winding. 

The third block is an electromechanical converter (circular pictogram), which leads to the 
machine torque (Tmac) and the e.m.f. (esdq) from the stator currents and the rotor’s electrical 
angular speed (Ω mac). 

 sqrdmac iT ρφ= , (II-9)
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with ρ : number of pole-pairs; 
 rdφ : constant rotor flux of the permanent magnet. 
 
c) Modeling of the grid connection 

The modeling of the grid connection system is presented in detail with the help of the 
EMR as below (Fig.II-6). 

 

Grid 

udc 

iinv 

uinv 

il 
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ugrid 
minv
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Figure II-6:  EMR of the grid connection system 

 
Grid filter: The line currents (il) are calculated from dynamic equations of the filter with 

the inverter phase-to-phase voltages (uinv) and the phase-to-phase grid voltages (ugrid): 
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with Lline: the equivalent inductor of the grid filter; 
 rline: the equivalent resistor in series of the grid filter. 
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Grid: The electrical network with the grid transformer is considered as ideal sinusoidal 
phase-to-phase voltage sources ugrid=[ugrid13  ugrid23]T.  
 
d) Modeling of the DC bus 

The modeling of the DC bus is presented in detail with the help of the EMR (Fig.II-7). 
Coupling: In order to control the power exchange around the DC bus, the DC coupling 

should be modeled in detail: 
 invrecdc iii −= , (II-12)

with irec: the rectifier’s modulated current; 
 iinv: the inverter’s modulated current. 

Capacitor: The DC-bus capacitor is an element with energy accumulation and its voltage 
is calculated from the dynamic equation: 

 dc
dc

dc i
dt

du
C = , (II-13)

with Cdc: the DC-bus capacitor; 
 udc: the DC-bus voltage. 
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Figure II-7:  EMR of the DC bus 

 
e) Modeling of the entire wind energy conversion system 

The modeling of the entire wind energy conversion system is obtained (Fig.II-8) by 
combining all EMR, which have been previously presented (Fig.II-4, Fig.II-6 and Fig.II-7). 
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Figure II-8:  EMR of the entire wind energy conversion system 

 
 
II.1.3 Hierarchical control structure 
 

The wind energy conversion system is designed to transfer powers from the wind 
generator to the electrical grid. Two power converters are used to regulate the power 
exchange. A hierarchical control structure is used to implement the control system (Appendix 
C). Two Switching Control Units and two Automatic Control Units are used seperately in the 
control system for the two power converters. A common Power Control Unit and a common 
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Mode Control Unit are used for the power balancing and the energy management of the entire 
power system (Fig.II-9). 

In the SCU of each converter, the IGBT drivers and PWM techniques are used to control 
the commutation circuits. These control units are not the main concern of this study, so they 
will not be detailed here. However, the control algorithms in the ACU should be presented in 
order to highlight the physical quantities, which can be used for the power flow control 
among the different energy sources.  
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Figure II-9:  Hierarchical control structure of the wind energy conversion system 

 
The ACU is designed from the EMR of the system modeling according to inversion rules 

(Appendix E). The use of an average modeling of power electronic converters gives three 
different subsystems, whose ACUs are now respectively detailed. 

 
 

II.1.4 Automatic control unit 
 
a) Control of the wind generator 

The electrical power vs. speed curves of a typical wind turbine is given in Fig.II-10. For 
example if the wind velocity is v1 the output power can be raised to the maximum value at 
point A by setting the mechanical speed to Ω1. If the wind speed changes to v2 the power 
output jumps to point B. For this wind velocity the maximum power can be extracted by 
setting the speed to Ω2 at point C. This shows that, as the wind speed changes, the generator 
speed should track these changes in order to extract the maximum power. This strategy is 
called Maximum Power Point Tracking (MPPT) strategy.  
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Figure II-10:  Turbine power vs. speed 
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The EMR of the wind energy conversion system modeling (Fig.II-8) shows that the speed 

(Ωtur) can be controlled by acting on two inputs: the aerodynamic torque (Ttur) and the torque 
of the generator (Tgear). As here we consider a normal operation with a constant pitch angle, 
the aerodynamic torque must be considered as a perturbation input (linked to the wind speed) 
for the system. So the turbine speed can be controlled by acting on the gearbox torque (Tgear) 
via the control input (mrec) of the power electronic converter.  

 
From the EMR of the wind energy conversion system modeling, an action chain appears 

from the control inputs (mrec) of the rectifier to the gear’s mechanical torque (Tgear) (Fig.II-8). 
The control scheme of the wind energy generation system is obtained by inverting this action 
chain (Fig.II-11). It consists to calculate the reference of the rectifier’s duty ratios (mrec_ref) 
according to a torque references (Tgear_ref). It is composed of a torque control, a field oriented 
control and a rectifier control.  

Wind 

vvent Ttur esdq isdq irec Ω tur imac 

mrec_ref 
Ω tur Tmac Fp usdq udc isdq Tgear urec 

wind turbine inertia gearbox electrical machine 3-phase rectifier 

urec_ref usdq_ref isdq_ref Tmac_ref Tgear_ref 

Ω mac 

torque control field oriented control rectifier control 

esdq ~

mrec 

 
Figure II-11:  Control scheme of the wind energy generation system. 

 
Torque control: The calculated mechanical torque reference (Tgear_ref) from a MPPT 

strategy is converted into the machine torque reference (Tmac_ref) by inverting Eq.II-6: 

 refgear
gear

refmac T
m

T __
1

= . (II-14)

Field oriented control: A standard field oriented control is used to control the electrical 
machine (Fig.II-12) [Bou 02]. The inversion of Eq.II-9 leads to the current references 
(isdq_ref=[isd_ref  isq_ref]T), isq_ref is obtained from the torque reference (Tmac_ref) with the constant 
rotor flux ( rdφ ) of the permanent magnet and isd_ref is set to zero with a properly chosen frame 
orientation:  
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As the stator windings are accumulation elements, closed-loop controllers are needed to invert 
Eq.II-8: 

 ( ) sdqsdqrefsdqrefsdq eiiPIu ~
__ +−=

)
. (II-16)

where PI(xref–x) is the controller of the variable x. In practice, the e.m.f. (esdq) can not be 
measured, but it can be estimated through the sensed rotor’s rotational speed (Ω mac) by using 
Eq.II-10: 
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Finally by inverting Eq.II-7, the inverse Park transformation ([T(θsdq)]-1) leads to the 
references of the rectifier voltages (urec_ref): 
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Rectifier control: The reference modulation functions mrec_ref are obtained by inversion of 

Eq.II-1 through the measurement of the DC-bus voltage udc: 
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Figure II-12:  Block diagram of the oriented field control of the electrical machine. 

 
b) Control of the grid connection 

The EMR of the grid connection system modeling makes appear a path from the control 
inputs (minv) of the inverter to the line currents (il) in Fig.II-6. The control scheme of the grid 
connection system is obtained by inverting this path (Fig.II-13). It consists to calculate the 
reference of the inverter’s duty ratios (minv_ref) according to the line currents’ references (il_ref).  

Grid 
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Figure II-13:  Control scheme of the grid connection system. 

 
Line current control: The grid is a voltage source (ugrid), so the line current should be 

controlled in order to regulate the exchanged power with the grid. In order to control this 
current, a current controller is needed with a Park transformation (T) and an inverse Park 
transformation (T-1) as shown in Fig.II-14:  
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with [ ] refldqrefdql iTi ___ )(θ= , [ ] ldqdql iTi
))
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π= , where f is the frequency of the grid voltage. 
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Figure II-14:  Block diagram of the line current control in the grid connection system. 

 
Inverter control: The modulation functions of the inverter are obtained by inverting 

Eq.II-2: 
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c) Control of the DC bus  

The wind energy conversion system can be decomposed into three independent 
subsystems if the DC-bus voltage is constant. The control scheme of the DC bus is obtained 
by inverting the EMR of the system modeling. The DC-bus voltage should be well regulated 
for the stability of the grid connection because it is used in a division operator in the converter 
control algorithms (Eq.II-19 and Eq.II-21). So a voltage controller is needed (Fig.II-15): 

 )( __ dcrefdcrefdc uuPIi )−= . (II-22)
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Figure II-15:  Control scheme of the DC bus. 
 
d) Control of the entire wind energy conversion system 

The control scheme of the entire wind energy conversion system is obtained by 
combining all the control schemes presented above (Fig.II-16). And the corresponding bloc 
diagram is shown in Fig.II-17.  
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Figure II-16:  Control scheme of the entire wind energy conversion system. 
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Figure II-17:  Block diagram of the automatic control units for the wind energy conversion system. 

 
II.1.5 Power control unit 
 

In the studied wind energy conversion system, all power exchanges are performed via the 
DC-bus (Fig.II-18) and have an impact on the DC-bus voltage:  

gcwgdcdcdc
dc

dcdc
dc pppiu

dt
du
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with Edc: the stored energy in the DC-bus capacitor; 
 pdc: the exchanged  power with the DC-bus capacitor; 
 pwg: the power, which is injected into the DC bus from the wind generator; 
 pgc: the power, which is extracted from the DC bus into the grid; 
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Figure II-18:  Power flow exchanges around the DC bus 

 
a) Layout 

The Power Control Unit (PCU) can be divided into two levels: the Power Control Level 
(PCL) and the Power Sharing Level (PSL). The power control level consists to calculate the 
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reference of the related quantities (Tgear_ref, idc_ref, il_ref) from the power references (pwg_ref, 
pdc_ref, pg_ref, qg_ref). The power sharing level coordinates the power flow exchanges among the 
different energy sources.  

 
b) Power control level 

Each controlled quantities implies a power, which is calculated in Table II-1.  
For the wind generator, a MPPT strategy is used to extract the maximum power. The 

power reference (pwg_ref) can be set by calculating the corresponding torque reference (Tgear_ref) 
with the sensed value of the rotational speed (Ω tur) according to the inverse equation (Int2c). 

The powers, which are exchanged with the grid, can be calculated through the “two-
wattmeter” method with the equation (Int1) and the line current references are calculated by 
the inverse equations (Int1c). 

The output of the DC-bus voltage control loop is the reference of the required dc current 
(idc_ref) and its product with the measured DC-bus voltage (udc) gives the necessary power 
reference (pdc_ref) for the DC-bus voltage regulation according to the equation (Int0e).  

 
Table II-1:  Power calculation and control algorithms for the wind energy conversion system. 
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refwg
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c) Power sharing level 

The choke filters are sized to obtain a small voltage drop across them and their losses and 
reactive powers are small. Moreover, these powers will be considered as disturbances and can 
be attenuated by the various used closed-loop controls. So we will not discuss in detail the 
power estimation of losses and compensation algorithms in order to focus on the power 
balancing algorithms.  

We can assume that the wind power (pwg) is divided into two parts (Fig.II-19). One part 
(pdc) is sent to the DC-bus capacitor. The other part is sent to the grid (pg). The power 
exchange can be expressed as,  

 Pow1: dcwgg ppp −= . (II-24)
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Figure II-19:  Power flow exchange inside the wind energy conversion system. 
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The wind generator is connected to a three-phase rectifier and various control strategies 
can be used. For example, when the wind velocity is not too high, the wind generator can 
work in a Maximum Power Point Tracking (MPPT) strategy to improve the global energy 
efficiency. When the wind velocity becomes too high, the wind generator can work in rated 
power strategy by reducing the power efficiency for security reasons. In our study, we assume 
that the wind velocity is medium and we use a MPPT strategy in the form of a searching 
algorithm of the maximum power as shown in Fig.II-10. Therefore, with the fluctuant wind, 
the wind power is very fluctuant. This fluctuant power is rectified and sent to the DC bus. 
Hence a “grid following” power balancing strategy should be used (Fig.II-20) because the 
availability of the wind power is not ensured for the DC bus control. So the DC-bus voltage is 
regulated by the line current controller through the three-phase inverter. The wind power (pwg) 
must be seen as a fluctuant disturbance. In order to regulate the DC-bus voltage, the only way 
is to use the grid power (pg), as shown in the closed loop (udc_ref  pdc_ref  pg_ref  minv  
pg  pdc  udc) in Fig.II-20. 
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Figure II-20:  Multi-Level Representation of the wind energy conversion system. 

 
So the grid power reference (pg_ref) is obtained by taking into account the DC-bus power 

reference (pdc_ref) for the voltage regulation and the estimated wind power wgp~  (Fig.II-21), 

 Pow1e: refdcwgrefg ppp __
~ −= . (II-25)

In practice, we can set wgp~ = pwg_ref. 
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Figure II-21:  Power flow balance and power sharing inside the wind energy conversion system. 

 
All these power control and power sharing algorithms are presented with the help of the 

Multi-Level Representation (Appendix F) in Fig.II-20, which has been developed by Peng LI 
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in 2008 [Li 08]. The control system of the wind energy conversion system is then extended as 
shown in the block diagram (Fig.II-22).  
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Figure II-22:  Block diagram of the hierarchical control for the wind energy conversion system. 

 
 
II.1.6 Mode control unit 
 

The operating mode of the wind generator depends on the wind speed condition and the 
microgrid requirements (Fig.II-22). The wind generator can work normally while the 
microgrid capacity is large enough to receive the fluctuant wind power without much impact. 
If the wind speed is low or medium, the wind generator works in a MPPT strategy. Otherwise, 
the wind generator should be limited with the rated power value (pwg_rated) with high wind 
speed, or even be shut down with extremely high wind speed for the security reasons.  
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These strategies can be switched in the Power Control Unit by a signal (Operating mode) 
coming from the Mode Control Unit (Fig.II-22).  
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II.2 Experimental test of the grid connection control 
 
II.2.1 Wind power emulator 
 

Recently, wind generator emulators have been designed in the laboratory [Sau 05]. In this 
part, we present a simplified version because the main interest is to obtain the same power 
variation as from the real wind generator (Fig.II-2). In order to have a flexible and “easy-to-
use” wind energy conversion system for testing control algorithms we have developed an 
emulator with a reduced rated power (1.2kW). 
 
a) Hardware structure 

The wind power emulator is a controllable power source, which must provide the same 
power profile as the wind energy generation system. So, the wind generator in Fig.II-3 is 
replaced experimentally by the wind power emulator as shown in the equivalent average 
modeling (Fig.II-23).  
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Figure II-23:  Equivalent average modeling of the power conversion chain with a wind power emulator. 
 
In this case, the average value of the modulated current from the chopper (<im_wg>) in 

Fig.II-23 is proportional to the average value of the modulated current from the three-phase 
rectifier (<irec>) in Fig.II-3.  

The power electronic stage of the wind power emulator is implemented with a step-up 
power conversion circuit (Fig.II-24), including a constant DC voltage source (120V), a choke 
filter (20mH), a DC chopper. By controlling the current (iwg) of the filter inductor, the power 
of the emulator can be well controlled through the duty ratio (mwg) as control input.  
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DC
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uwg 
120V 

mwg  
Figure II-24:  Power electronic stage of the wind power emulator. 

 
b) Software implementation 

Modeling and control of the power electronic stage are presented with the help of the 
EMR (Fig.II-25).  

The choke filter is an element with accumulation and the state variable is the current (iwg): 
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 wgmwg
wg

wg uu
dt

di
L _−= ) , (II-27)

with Lwg: the inductor ; 
 um_wg: the modulated voltage of the chopper. 

The chopper is a conversion element:  
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_

_
, (II-28)

with mwg: the duty ratio of the chopper 
 udc: the DC-bus voltage. 

The EMR of the power electronic stage of the emulator shows a path between the control 
input (mwg) and the choke current (iwg) in Fig.II-25. The objective is to control this current. 
The control scheme of the wind power emulator is obtained by inverting this path. So a 
converter controller and a current controller are required.  

A current controller is needed to make equal the inductor current (iwg) to a reference value 
(iwg_ref): 

 )( ___ wgrefwgwgrefwgm iiPIuu
)) −−= . (II-29)

A converter controller is obtained by inverting the Eq.II-28:  

 refwgm
dc

refwg u
u

m ___
1
)= . (II-30)
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Figure II-25:  Multi-Level Representation of the wind power emulator. 

 
Modeling and control of the emulated wind power are presented with the help of the MLR. 

The generated power can be described as below (Fig.II-25),  
 Int2’: wgwgemuwg iup =_ . (II-31)

Then, this power reference (pwg_emu_ref) for the emulator leads to a current reference (iwg_ref) for 
the control system.  

 Int2’c: refwg
wg

refwg p
u

i __
1
)= . (II-32)

In normal operation, the DC-bus voltage is regulated to a prescribed constant value and 
then from Eq.II-24 (Pow1), we obtain 

 wgg pp = . (II-33)
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So the objective is to make the produced power from the emulator equal to a previously 
recorded wind power profile (Fig.II-2), 

 recordgrefwg pp __ = . (II-34)
The “wind power profile”, which is implemented in the digital control board 

(DSpace1103) set this power reference (pwg_emu_ref) according to the recorded wind speed 
profile (Fig.II-2). The experimental test bench is built with a 1.2kW rated power, thus the 
coefficient (kwg) is adapted to have a wind power profile (pwg_emu_ref=kwgpwg_ref) below 1.2kW.  
 
II.2.2 Experimental implementation 

 
The grid connection system is experimentally implemented with a wind power emulator 

through a DC-bus capacitor (2300uF), a three-phase inverter, three line filters (10mH) and a 
three-phase grid transformer. 

The implementation of the wind energy conversion experimental test bench is shown in 
Fig.II-26. Its modeling and control is obtained by replacing the wind energy generation 
system by the wind power emulator. The Multi-Level Representation of the entire 
experimental test bench is shown in Fig.II-27 with previously presented equations. The 
proposed hierarchical control system (Fig.II-21) is experimentally applied and tested with the 
real DC bus and grid connection system by taking into account the fluctuant wind power. 
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Figure II-26:  Implementation of the wind energy conversion experimental test bench. 
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Figure II-27:  Multi-Level Representation of the wind energy conversion experimental test bench. 

 
 

II.2.3 Simulation and experimental results 
 
In order to validate our mathematical modeling and control design, we have firstly 

simulated this academic study under the software Matlab/SimulinkTM. We can see that the 
obtained simulated active power (pg) in Fig.II-28a is very close to the recorded grid active 
power (Fig.II-2).  

Hence, this mathematical model gives us the same power dynamics as from a real wind 
generator. Moreover, we have now some knowledge about the internal physical quantities and 
also about the different control functions.  

 
The grid connection test of the wind energy conversion system is performed with the 

same wind power profile during 150 seconds. The experimental results are compared with the 
previous simulation results. 

We can see that the similar power profile (Fig.II-28b) can be generated as the recorded 
wind power profile (Fig.II-2). The DC-bus voltage is well regulated (around 400V) by the line 
current control loop in a “grid following” power balancing strategy. The emulated fluctuant 
wind power is totally delivered to the grid through the three-phase inverter.  

This experimental test bench enables us to have similar power dynamics and 
characteristics as a real wind generator. We will use it to validate our proposed improvement 
in order to design a wind based active generator.  
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(a) Simulation results (b) Experimental results 
Figure II-28:  Test results of the wind energy conversion experimental test bench 

 
II.2.6 Discussion 

 
The fluctuant power from the wind generator depends entirely on the wind condition, but 

not on the microgrid’s requirements. Therefore, the wind energy conversion system working 
in MPPT strategy behaves like a passive generator. It can not supply smooth powers to the 
microgrid and can not supply any ancillary services for the power system. It can only generate 
continuously varying powers depending on meteorological conditions. Moreover, it becomes 
a considerable disturbance input for the grid power quality if many wind generators are used.  

Energy storage systems can help to solve the fluctuation problem of the wind power and 
can ensure a good energy availability. However, additional control functions should be added 
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to coordinate the different sources. In the following sections, a super-capacitor assisted wind 
energy conversion system is studied in detail. 

 
 

II.3 Study of a wind/super-capacitor hybrid power generator 
 

II.3.1 Presentation 
 
As explained in Chap.I, a hybrid power system combining renewable energy generators 

and energy storage devices is a possible solution for clean energy generation and high power 
quality supply for the future electrical network. In this chapter, we study a hybrid power 
system, which consists of a wind energy conversion system and a super-capacitor based 
energy storage system. The purpose is to filter wind power fluctuations in order to satisfy a 
grid power reference from a microgrid system operator. A DC-coupled structure is considered 
(Fig.II-29) and the super-capacitor system is connected to the DC bus through a DC/DC 
power converter (N°3). This power electronic converter is used to have a control input for the 
load of super-capacitors. 
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Figure II-29:  A wind/super-capacitor hybrid generator. 

 
II.3.2 Modeling of the super-capacitor storage system  

 
A super-capacitor tank is used to enable fast-dynamic energy storage for high power 

dynamic requirement. A choke filter and a chopper are associated to adapt the voltage levels 
between the super-capacitor tank and the DC bus (Fig.II-30). As shown in the equivalent 
average electrical model (Fig.II-31), the chopper introduces a control input, which is the duty 
ratio of the chopper (msc). We will use it for the power control. The modeling of the super-
capacitor storage system is presented in details with the help of the EMR (Fig.II-32).  
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Figure II-30:  Super-capacitor power conversion system 
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Figure II-31:  Equivalent average electrical modeling of the super-capacitor power conversion system 
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Figure II-32:  EMR of the super-capacitor power conversion system modeling 

 
Super-capacitors: For the majority of energy storage applications, the model of Zubieta 

and Bonert [Zub 00] can be used (Fig.II-33). This model takes into account a non-linear 
equivalent capacitor (Co and Cu), a leakage resistor (Rl), a series resistor (Rs) and the 
relaxation phenomenon (R1, C1; R2, C2; …; Rn, Cn). Nevertheless, the load and discharge 
frequencies of R1, C1; R2, C2; …; Rn, Cn are weak enough in this application to neglect 
relaxation phenomenon. The leakage resistor Rl is also neglected due to its high value, as well 
as the series resistor Rs due to its small value. Finally, a series connection of super-capacitors 
can then be represented in the same way as an ideal capacitor [Lho 05b]. The super-capacitor 
tank is modeled as a voltage source (terminal element), which has the choke current isc as 
input and it’s voltage usc as output: 

 sc
sc

sc i
dt

du
C −= , (II-35)

with Csc: the equivalent capacitor of the super-capacitor tank; 
usc: the voltage across the super-capacitor tank; 
isc: the current applied to the super-capacitor tank. 

Choke filter: The choke is an element with energy accumulation and the state variable is 
the current (isc): 

 scmsc
sc

sc uu
dt

di
L _−= , (II-36)

with Lsc: the equivalent inductor ; 
 um_sc: the modulated voltage of the chopper. 

Chopper: The chopper is a conversion element and the average model can be described as 
below:  
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with msc: the duty ratio of the dc chopper; 
 udc: the DC-bus voltage. 
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Figure II-33:  Electrical model of super-capacitors 

 
II.3.3 Modeling of the hybrid power system 
 
a) Average modeling of the electrical conversion chains 

An average modeling is sufficient for studying the power balancing and energy 
management strategies of the hybrid power system. Moreover, it can reduce significantly the 
simulation time for pre-validation. In this case, the modulated values are replaced by their 
average values during the modulation period. It is shown in Fig.II-34. The electrical diagram 
with equivalent average modeling of power electronic converters makes appear four parts 
corresponding to the wind generator, the grid connection, the super-capacitors and the DC bus. 
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Figure II-34:  Equivalent electrical diagram of the wind/super-capacitors hybrid power system 

 
b) Modeling of the DC bus 

In order to control the power flow among the three sources (the wind generator, the super-
capacitors and the grid connection), the DC coupling should be modeled in detail (Fig.II-35): 

 scmrecsour iii _+=  (II-38)
 invsourdc iii −=  (II-39)
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Figure II-35:  EMR of the DC bus in the wind/super-capacitors hybrid power system. 
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And the DC-bus voltage is obtained as follows: 

 dc
dc

dc i
dt

du
C = . (II-40)

 
c) Energetic Macroscopic Representation 

The EMR of the super-capacitor assisted wind energy conversion system is obtained 
(Fig.II-36) by combining the EMRs of the wind energy conversion system modeling (Fig.II-8), 
the super-capacitor power conversion system (Fig.II-32) and the DC bus modeling (Fig.II-35).  
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Figure II-36:  EMR of the wind/super-capacitors hybrid power system. 

 
II.3.4 Hierarchical control of the hybrid power system 
 
a) Hierarchical control structure 

We have used a hierarchical structure of the control system in order to organize the 
control functions (Appendix C). 

In a DC-coupled hybrid power system, all energy sources are connected to the DC bus 
through different power converters [Zho 08]. In the super-capacitors assisted wind energy 
conversion system, three energy sources are considered: the wind generator (WG), the super-
capacitors (SC) and the grid connection (GC). Three power converters are used to regulate the 
power exchanges among them (Fig.II-34). So in the control system, three SCUs and three 
ACUs are used to control the three energy sources, a common PCU and a common MCU are 
used for the power balancing and energy management of the entire system (Fig.II-37).  
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Figure II-37:  Hierarchical control structure of the wind/super-capacitors hybrid power system 

 
In the SCU of each converter, the IGBT drivers and PWM techniques are used to control 

the switching circuits. These units are not the main concerns of the study, so they will not be 
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detailed here. However, the control algorithms in the ACU should be presented in order to 
highlight the physical quantities, which can be used for the power flow control among the 
different energy sources. The control scheme in the ACU and the power balancing algorithms 
will be presented in the following sections. 
 
b) Automatic control unit 

For the wind generator, the DC bus and the grid connection, the control tasks are the same 
as previously exposed (Paragraph II.1.4). Then we retrieve the same control schemes (Fig.II-
38). For the super-capacitors, the EMR (Fig.II-32) shows a path between the duty ratio msc 
and the choke current isc. The objective is to control this current. The control scheme of the 
super-capacitor power conversion system is obtained by inverting this path. So a converter 
control and a current control are required. (Fig.II-38). 

Current control: As the super-capacitor bank is a voltage source, a current controller is 
needed to set its current: 

 )( ___ screfscscrefscm iiPIuu
)

−−= . (II-41)
Converter control: Then the duty radio of the dc chopper is obtained by inverting the 

Eq.II-37:  

 refscm
dc

refsc u
u

m ___
1
)= . (II-42)

As result, four groups of physical variables (idc_ref, il_ref, Tgear_ref, isc_ref) appear to interface 
the automatic control units with the power control unit (Fig.II-39).  
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Figure II-38:  Control scheme of the entire wind/super-capacitors hybrid power system. 
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Figure II-39:  Block diagram of the automatic control unit for the wind/super-capacitors hybrid power system. 
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c) Power control unit 

The power control unit is divided in two levels: the Power Control Level (PCL) and the 
Power Sharing Level (PSL).  

 
The Power Control Level (PCL) is obtained by inverting the equations calculating the 

different powers (Table II-2). For the super-capacitor storage system, the power (psc) is 
calculated by multiplying the current (isc) and the voltage (usc). The super-capacitor current 
reference (isc_ref) is calculated by dividing the wished super-capacitor power reference (psc_ref) 
with the measured voltage (usc). For the other powers, the same equations are used (as in 
Table II-1). As explained before (in Paragraph.II.1.5), the instantaneously exchanged reactive 
power with the inductors, the filter losses and the power converter losses are neglected.  

 
The organization of the power control unit can then be presented with the help of the 

Multi-Level Representation (Fig.II-40). And the control system of the hybrid power system is 
then extended as shown in Fig.II-41.  

 
Table II-2:  Power calculation and control algorithms for the wind/super-capacitors hybrid power system. 
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Figure II-40:  Multi-Level Representation of the power modeling and control for the hybrid power system 
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Figure II-41:  Block diagram of the hierarchical control for the wind/super-capacitors hybrid power system. 

 
The Power Sharing Level is used to implement power balancing strategies in order to 

coordinate the different sources in the hybrid power system. They are developed by using the 
power flow modeling equations. So before presenting the power balancing strategies in the 
next paragraph, we explain here the modeling of the power flow inside the wind/super-
capacitor hybrid power system (Fig.II-42): 

 Pow1: dcsourg ppp −= , (II-43)
 Pow2: scwgsour ppp += , (II-44)

with pdc: the exchanged  power with the DC-bus capacitor; 
 pg: the power, which is delivered to the grid from the DC bus; 
 psour: the total power, which arrives to the DC bus from the sources. 

pwg: the power, which is injected into the DC bus from the wind generator; 
 psc: the power, which is injected into the DC bus from the super-capacitors. 

 

pg 
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Figure II-42:  Power flow balance inside the wind/super-capacitors hybrid power system. 

 
II.3.5 Power balancing strategies of the wind/super-capacitors hybrid power system 
 
a) Role of the power balancing 

The power balancing plays a very important role in the control system of the hybrid 
power system. It leads directly to the stability of the hybrid power system. In the studied wind 
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energy conversion system, all power exchanges are performed via the DC-bus (Fig.II-43) and 
have an impact on the DC-bus voltage:  

gcscwggsourdcdcdc
dc

dcdc
dc ppppppiu

dt
du

uC
dt

dE
−+=−==== . (II-45)

with Edc: the stored energy in the DC-bus capacitor; 
 pdc: the exchanged  power with the DC-bus capacitor; 
 pwg: the power, which is injected into the DC bus from the wind generator; 
 psc: the power, which is injected into the DC bus from the wind generator; 
 pg: the power, which is delivered to the grid from the DC bus. 
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Figure II-43:  Power flow exchanges around the DC bus in the wind/super-capacitors hybrid power system 

 
The super-capacitors introduce a possibility to perform the regulation of the DC-bus 

voltage. The various power balancing strategies can be implemented in the Power Control 
Unit (PCU). In the super-capacitor assisted wind energy conversion system, the three power 
electronic converters can regulate the power transfer with each source. The three-phase 
rectifier is used to control the wind generator with a MPPT strategy. The three-phase inverter 
in the grid connection system and the DC chopper in the super-capacitor power conversion 
system can be used for the DC-bus voltage regulation and the grid power control. According 
to the function of the line current loop’s function, two power balancing strategies can be 
implemented [Zho 09a]:  

- The grid following strategy uses the line current loop to regulate the DC-bus voltage; 
- The power dispatching strategy uses the line current loop to control the grid active power. 

 
b) Grid following strategy 

For this hybrid power system, the grid following strategy is an extension of the previous 
one (paragraph II.1.5) by taking into account the super-capacitor power (psc). As shown in the 
Multi-Level Representation (Fig.II-44), the required power for the DC-bus voltage regulation 
(pdc_ref) is used to estimate the grid power reference (pg_ref) from the equation (Pow1), 

 Pow1e: refdcsourrefg ppp __
~ −= . (II-46)

And the sources’ total power (psour) is considered as a disturbance and is estimated as below,  
 Pow2e: scwgsour ppp )+= ~~ . (II-47)
While the DC-bus voltage is regulated, the exchanged power with the DC-bus capacitor 

(pdc) is zero in average value in the equation (Pow1). With the presence of the super-capacitor 
based fast-dynamic energy storage system, the microgrid system operator can set power 
requirements (pgc_ref and qgc_ref) for the grid power (pg). Hence we obtain 

 Pow1c: refgcrefsour pp __ = . (II-48)
In order to help the wind energy conversion system to respect the active power 

requirement, the super-capacitor power conversion system is then controlled to supply or 
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absorb the difference between this power requirement pgc_ref and the fluctuant wind power pwg 
by inverting the equation (Pow2) in Fig.II-44:  

 Pow2c: wgrefsourrefsc ppp ~
__ −= . (II-49)

The block diagram of the grid following strategy for the wind/super-capacitor hybrid 
power system is presented in Fig.II-45.  
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Figure II-44:  Multi-Level Representation of the grid following strategy for the hybrid power system. 
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Figure II-45:  Block diagram of the grid following strategy for the hybrid power system. 

 
c) Power dispatching strategy 

If the stored energy is enough, the super-capacitors can also be used to regulate the DC-
bus voltage while the wind generator works in a MPPT strategy (Fig.II-46). This second 
strategy relies on a second power-based closed loop (pdc_ref  psour_ref  psc_ref  psc  psour 

 pdc). In this case, the necessary power from the sources (psour_ref) must be first calculated by 
taking into account the required power for the DC-bus voltage regulation (pdc_ref) and the 
measured grid power (pg) by inverting the equation (Pow1) in the Multi-Level Representation 
(Fig.II-46), 

 Pow1c: grefdcrefsour ppp )+= __ , (II-50)
Then the super-capacitor power reference (psc_ref) is deduced by taking into account the 
estimated fluctuant wind power (pwg) in Fig.II-46,  

 Pow2c: wgrefsourrefsc ppp ~
__ += , (II-51)

It is used to supply fast varying power (pdc) to regulate the DC-bus voltage against the 
fluctuant wind power (pwg). 
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While the DC-bus voltage (udc) is regulated, the exchanged power with the DC-bus 
capacitor (pdc) is zero in average value. The microgrid system operator can directly set power 
requirements (pgc_ref and qgc_ref) for the grid connection system (Fig.II-46),  

 refgcrefg pp __ = . (II-52)
Therefore, the hybrid power system can directly supply the required powers for providing the 
ancillary services to the microgrid, like the regulations of the RMS grid voltage and frequency.  

Moreover, if the grid power is well controlled (pg=pg_ref=pgc_ref), we can modify the 
equation (Pow1c) as: psour_ref=pdc_ref+pgc_ref.  

The block diagram of the power dispatching strategy for the wind/super-capacitor hybrid 
power system is presented in Fig.II-47.  

As the grid power is not used to regulate the DC-bus voltage, the grid power requirements 
can be better satisfied. So the power dispatching strategy is preferred if the microgrid is fed by 
this hybrid power generator alone. 
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Figure II-46:  Multi-Level Representation of the power dispatching strategy for the hybrid power system. 
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Figure II-47:  Block diagram of the power dispatching strategy for the hybrid power system 

 
II.4 Experimental test of the wind/super-capacitor hybrid power generator 
 
II.4.1 Experimental implementation  
 

The super-capacitor based energy storage system is added in the previously presented 
experimental test bench of the wind energy conversion system. Three “BOOSTCAP” super-
capacitor modules (160F and 48V) are connected in series. Therefore, the equivalent capacitor 
of the super-capacitor bank is about 53F and the maximal voltage (usc) is about 144V. The 
super-capacitors are connected to the DC-bus capacitor through a step-up power conversion 
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system, including a choke filter (20mH) and a DC chopper (Fig.II-48). The two power 
balancing strategies are respectively tested and compared on this test bench. 
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Figure II-48:  Implementation of the experimental test bench for the hybrid power system. 
 

II.4.2 Test of the grid following strategy 
 

a) Test with grid power steps from the microgrid system operator 
The dynamic performance of the “grid following” strategy is tested with grid power 

requirement through simulation and experimental tests (Fig.II-49). 
In first, the wind power is set to zero in order to highlight the performances of the super-

capacitor power conversion system and the grid connection system with respect to the grid 
power steps. Two steps of the grid active power (pgc_ref) are given from 0W to 1000W then 
from 0W to –1000W. Two steps of the grid reactive power (qgc_ref) are given from 0VAR to 
500VAR then from 0VAR to –500VAR. (Obviously, this operation is not possible with a 
classical power generator) 

We can see that the DC-bus voltage is well regulated around 400V by the grid connection 
system. The reactive power requirement is well achieved dynamically. However, a small 
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steady-state difference appears in the grid active power between the simulation results and 
experimental results, because the power losses in the filters and in the power converters are 
not considered in the simulation. In the grid following strategy, the grid power requirement is 
directly sent to the primary sources and the storage systems (psour_ref=pgc_ref). As the wind 
power is zero, the super-capacitor power is controlled to supply the same power as the grid 
power requirement (psc_ref=pgc_ref).  

In practice, the exchanged power with the grid is slightly less than the requirement 
(pg<pgc_ref) because of the power losses in the filters and in the power converters. The super-
capacitor voltage varies differently in the experimental test in comparison with the simulation 
results. It drops or rises about 1V instantaneously in the experimental results during the 
transient because of the equivalent series resistance, which is not taken into account in the 
simulation. 
DC-bus voltage udc (V) DC-bus voltage udc (V) 

Grid active power pg (W) Grid active power pg (W) 

Grid reactive power qg (W) Grid reactive power qg (W) 

Super-capacitor power psc (W) Super-capacitor power psc (W) 

Super-capacitor current isc (A) Super-capacitor current isc (A) 

Super-capacitor voltage usc (V) 

        0   5      10          15       time(s) 

Super-capacitor voltage usc (V) 

        0   5     10         15       time(s)
(a) simulation results (b) experimental results 

Figure II-49:  Dynamic test of the wind/super-capacitor hybrid generator with the grid following strategy 
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b) Test with wind power fluctuations 
The performance of the hybrid power system in “grid following” strategy is now tested 

with the prescribed wind power profile (Fig.II-50). The same wind power profile, which is 
presented in Fig.II-2, is used here during 150s. The power requirement from the microgrid is 
assumed to be pgc_ref=800W and qgc_ref=0VAR.  
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(a) simulation results (b) experimental results 
Figure II-50:  Evolution test of the wind/super-capacitor hybrid generator with the grid following strategy 
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The DC-bus voltage is well regulated by the line current loop in the “grid following” 

strategy against the fluctuant wind power. The delivered grid power is smoothed because the 
super-capacitors based energy storage system absorbs or supplies the difference between the 
power requirement (pgc_ref) and the generated wind power (pwg) with its fast power dynamic.  
 
II.4.3 Test of the power dispatching strategy 
 
a) Test with power steps from the microgrid system operator 

The dynamic performance of the “power dispatching” strategy is firstly tested with 
respect to the grid power requirements (Fig.II-51).  

The wind power is set to zero in the test in order to highlight the performances of the 
super-capacitor power conversion system and the grid connection system. The same steps of 
the active and reactive grid power requirements are given as previously. 

The DC-bus voltage is better regulated around 400V with less overshoots by the super-
capacitors during the transients. Both the active and reactive power requirements are exactly 
achieved (1000W and 500VAR) because they are directly sent to the grid connection system 
as power references. So the power dispatching strategy can have a better performance on the 
power regulation than the grid following strategy.  

 
The super-capacitors supply or absorb necessary powers to regulate the DC-bus voltage. 

Because of the power losses in the filters and power converters, the super-capacitor power is 
slightly more than the grid active power requirement (psc>pgc_ref) in the experimental results. 
The same kind of super-capacitor voltage drops can be observed in the experimental results 
during the transient.  

 
 

b) Test with wind power fluctuations 
The performance of the hybrid power system in “power dispatching” strategy is then 

tested with the same wind power profile and grid power requirements (Fig.II-52). The 
delivered grid power is smoothed and the DC-bus voltage is well regulated, because the 
super-capacitors based energy storage system absorbs or supplies the difference between the 
power requirement (pgc_ref) and the generated wind power (pwg) with its fast power dynamic. 
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Figure II-51:  Dynamic test of the wind/super-capacitor hybrid generator in power dispatching strategy 
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Figure II-52:  Evolution test of the wind/super-capacitor hybrid generator in power dispatching strategy 
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II.4.4 Discussion 
 

For the super-capacitors assisted wind energy conversion system, two power balancing 
strategies are tested above: the grid following strategy and the power dispatching strategy. 
Thanks to the help of the super-capacitors based energy storage system, both power balancing 
strategies can be used. The DC-bus voltage is well regulated and the grid power requirements 
from the microgrid are well achieved. This is a great advantage since now the microgrid 
operator has the possibility to use this wind energy based generator as controllable power 
plant to supply some ancillary services for the microgrid. 

From the simulation and experimental results, we find that the “power dispatching” 
strategy has better performances than the “grid following” strategy. With the grid following 
strategy, the grid power is used to regulate the DC-bus voltage and is adjusted and fluctuant 
all the time. Moreover, the power losses in the filters and in the power converters can not be 
exactly estimated and compensated in practice. When the power reference is attributed to the 
super-capacitors to supply the microgrid power requirements with the fluctuant wind power, 
the delivered grid power can not be exactly controlled as same as the microgrid system 
operator requires. With the power dispatching strategy, the microgrid power requirement is 
directly set for the grid connection system and can be more exactly satisfied.  

According to the study, the super-capacitors are able to provide fast power dynamic, so 
they are suitable to filter the fast fluctuations of the wind power. However, due to the low 
energy density, its storage capacity is quite small if its power level is properly sized. Its 
storage level varies rapidly when the average wind power in a short period is different from 
the microgrid’s power requirement. In the performance tests, since the average wind power 
(about 550W) during 150s is smaller than the microgrid’s power requirement (800W), the 
extracted power from the super-capacitor is more than the stored power into them. As result, 
the storage level decreases from 125V to 120V, as well as the storage level from 75% to 69%. 
If the hybrid power system works in this way, the super-capacitors can not sustain for more 
than several minutes. However, in a microgrid operation, the power requirements are updated 
about every 15 or 30minutes. If the super-capacitor is sized according to the energy capacity, 
it is very expensive to add many super-capacitor modules. Moreover, the power capacity is 
much oversized and the super-capacitors will work far below its rated power for most of the 
time. Therefore, it is a huge waste of money and of power to use super-capacitors for storing a 
large amount of energy. 

So another kind of energy storage system, which can store much more energy, should be 
added in the hybrid power system. Such a storage system should be cheap and have a high 
energy density in order to ensure the energy availability of the whole system for a long term. 

In our study, we propose the use of the hydrogen based energy storage system because of 
many advantages, which have already been presented in Chap.I. It consists of fuel cells for 
energy backup from hydrogen and electrolyzers for energy storage into hydrogen. If we want 
to store more energy, we should increase the volume of the hydrogen tank and the effective 
cost power unit can be consequently reduced. Even more, we do not have to increase the 
power capacity of the fuel cell system and the electrolyzer system. The study of these two 
systems will be presented in the Chap.III and Chap.IV. 
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II.5 Conclusion 
 

In this chapter, a wind energy conversion system is firstly presented, including the system 
modeling, control scheme and power balancing. Since, only the grid following power 
balancing strategy can be used, the DC-bus voltage is regulated by the line current control 
loop and the fluctuant wind power is totally delivered to the grid. This fact indicates that the 
grid power quality can not be ensured and some energy storage units should be associated in 
order to add some new control functions into the power system.  

Then the super-capacitors assisted wind energy conversion system is studied. Different 
sources (wind generator, super-capacitors and the grid) are connected to a common DC bus 
through different power converters. The power balancing is very important for the control of 
the multi-source hybrid power system for the stability and efficiency reasons. We have 
proposed and tested two power balancing strategies: the “grid following” strategy and the 
“power dispatching” strategy. With this hybrid power system, the microgrid system operator 
can now modify its generated power as necessary. 

Super-capacitors have fast power dynamic and can filter the fast fluctuations of the wind 
power and the peak power demand from the microgrid. However, an energy storage system 
with a high energy capacity is still needed to ensure the energy availability for a long-term 
operation. In our study, it refers to the hydrogen based long-term energy storage system 
including a fuel cell system and an electrolyzer system for power conversion. These two 
power systems will be presented in detail in the following chapters.  
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Chapter III  Fuel Cell for Energy Backup from Hydrogen 
 

Continuous depletion of oil supply and the gradual increase of oil prices have emphasized 
the need for a suitable energy alternative for our century’s economy. The progress of fuel cell 
technologies makes the hydrogen a possible alternative energy carrier for the future. Fuel cell 
power generation becomes a more and more interesting and promising solution for both 
automotive industry and stationary power plants. In our study, the fuel cell system is proposed 
as an energy backup solution.  

A systemic study of the fuel cell system is presented in this chapter. An overview is firstly 
presented, including the existing technologies, the operating principles, the fuel cell system, 
the technical challenges and the modeling methods. More specifically, a commercialized fuel 
cell system (Ballard NexaTM module) is used and is presented in detail. The modeling and 
control of the fuel cell system is detailed by using the Energetic Macroscopic Representation 
(EMR) as a graphical tool in order to give a better mathematical presentation. The modeling 
parameters are identified and validated through experimental studies. A flexible experimental 
test bench by using Hardware-In-the-Loop simulations has been used to test and validate our 
presented control system. It is presented in the end of this chapter. This fuel cell experimental 
test bench is finally used to set up an active generator, which is presented later in Chap.V.  
 
 
III.1 Overview of fuel cells 
 
III.1.1 Technologies 
 
a) Classifications 

The discovery of the fuel cell is generally attributed to Mr. William GROVE in 1845 [Gro 
45]. With the ongoing development of the already successful steam engine and the later 
discovery of the internal combustion engine and its adaptation for the transport sector, fuel 
cells did not see any industrial development until the 20th century. Since then, different types 
of fuel cells have been developed. They are typically classified by either their operation 
temperature or the type of electrolyte as reported in Table III-1.  

Proton Exchange Membrane Fuel Cell (PEMFC) or Polymer Electrolyte Fuel Cell is 
based on a solid polymer electrolyte. Fast start-up times, low temperature operation and high 
power densities make them an easy to use technology especially for portable or transport 
applications. CO poisons the catalyst and the hydrogen fuel has to be very pure. Because the 
polymer membrane has to be kept well humidified for good proton conduction, water 
management is one of the critical aspects of successfully running a PEMFC. 

Direct Methanol Fuel Cell (DMFC) is similar in construction to PEMFCs. Since liquid 
methanol can be used as a fuel, no external fuel processing is required and high energy 
storage densities can be achieved. Unfortunately, the polymer membrane is not impermeable 
to liquid methanol and the resulting fuel crossover reduces overall system efficiency. 

Alkaline Fuel Cell (AFC) is based on a liquid, concentrated KOH electrolyte. AFCs can 
operate with non-precious metal catalysts (typically nickel) and therefore have a cost 
advantage over other types of FCs. The use of a liquid electrolyte requires an additional 
electrolyte re-circulation system. Unfortunately, CO2 is a poison for the liquid electrolyte and 
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needs to be scrubbed from process air. Typically, the use of AFCs has been limited to niche 
applications such as military and space applications. 

Phosphoric Acid Fuel Cell (PAFC) is based on a liquid acid electrolyte. Due to their 
higher operating temperature, they are less sensitive to CO impurities in the fuel and water 
management is less of an issue. Additionally, they exhibit excellent long term stability. Their 
relatively long start-up times and low power densities limit their application to stationary 
power or co-generation plants. 

Molten Carbonate Fuel Cell (MCFC) is based on a liquid molten carbonate electrolyte 
and generally exhibit very high conversion efficiencies. A high operating temperature allows 
direct use of non noble catalysts along with direct internal processing of fuels such as natural 
gas. Relatively long start-up times and low power densities again limit their application to 
stationary power or co-generation plants. 

Solid Oxide Fuel Cell (SOFC) is based on a solid oxide electrolyte conducting oxygen 
O2− ions. As with the MCFC, the high operating temperature translates into non-noble 
catalysts, direct internal hydrocarbon fuel processing and high quality waste heat that can be 
used in combined-cycle power plants. Additionally, high power densities along with high 
efficiencies can be attained. Slow start-up times dictate their primary use as stationary power 
or co-generation plants. 
 

Table III-1:  Overview of the operating characteristics of the different fuel cells [Hoo 03] 
Fuel Cell Type Electrolyte Charge Carrier Temperature Fuel 

PEMFC solid H+ 50-90°C H2 
DMFC solid H+ 50-90°C CH3OH 
AFPC liquid OH– 60-250°C H2 
PAFC liquid H+ 160-250°C H2 
MCFC liquid CO3

2– about 650°C H2, CO, CH4 
SOFC solid O2– 750-1000°C H2, CO, CH4 

 
 
b) Advantages 

Fuel cell power generation becomes a more and more interesting and promising solution 
for both automotive industry and stationary power plants. Fuel cell systems become attractive 
thanks to many advantages over the conventional systems, such as: 

- low pollution (or in some cases zero emission solutions); 
- relatively high efficiency (55 – 65% stack); 
- relatively high power density (>1MW/m3 stack); 
- direct energy conversion (no combustion); 
- silent operation (stack); 
- fuel flexibility; 
- ability of modular installations for load matching; 
- high reliability; 
- size flexibility; 
- rapid load following capability (PEMFC compared to the internal combustion engines). 
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III.1.2 Operating principles 
 

Depending on the type of fuel cell and the used fuel, the reaction mechanisms may be 
different from each other. We choose PEM fuel cells to consider the operation description, 
moreover the main concept remains the same as for the other types of fuel cells. Within the 
PEM fuel cells, hydrogen and oxygen are converted into water while generating electricity. A 
schematic diagram of the processes occurring in a PEM fuel cells [Gra 07] is shown in Fig.III-
1.  

Both reactant gases are supplied under pressure into the flow channels of the plate. At the 
anode side the hydrogen oxidation reaction forms protons and electrons: 

 −+ +⎯⎯ →⎯ eHH catalyst 222  (III-1)
Released protons and electrons are transferred through the membrane to the cathode catalyst 
layer and the external electrical load, respectively. At the cathode side the oxygen is 
consumed by the oxygen reduction reaction along with the protons and electrons and liquid 
water is produced as the product with heat: 

 HeatOHHeO catalyst +⎯⎯ →⎯++ +−
22 22

2
1  (III-2)

As a result, the overall chemical reaction of the fuel cell is represented as follows: 

 EnergyElectricalHeatOHOH ++⎯→⎯+ 222 2
1  (III-3)

In order to technically exploit such a reaction, the two chambers are separated through an 
electrically insulating (i.e. no electron conduction) and gas-impermeable membrane 
electrolyte assembly, which is capable of conducting protons. The area in contact with the 
membrane is called catalyst layer, which is covered with a platinum catalyst on both anode 
and cathode sides.  

Adjacent to the catalyst layers on both sides of the membrane is a porous, electrically 
conducting gas diffusion layer. It allows reaction gases (i.e. hydrogen and oxygen) to flow to 
the reaction sites on the catalyst layer and product water to flow back out. 

 

 
Figure III-1:  Schematic representation of a PEM fuel cell. [Gra 07]. 
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III.1.3 Fuel cell system 
 
a) Fuel cell stack 

The fuel cell stack is the key component of a fuel cell system and performs the main 
function of energy conversion within the system (Fig.III-2) [Ast 08]. Due to the fact that the 
voltage of a single fuel cell is quite small (between 1V and 0.5V depending on the current 
density) the desired voltage can only be produced by a series connection of cells. Such a 
collection of cells in series is called a “stack”. This configuration corresponds to an electrical 
series connection of the single elements. The reaction gases and cooling liquid are supplied to 
the cells through a parallel network of supply channels. 

One of the commonly used methods for cell interconnection in practice is to use a 
“bipolar plate”. This makes connections all over a cathode of one cell and an anode of the 
next cell (hence “bipolar”). At the same time the bipolar plate helps to feed oxygen to the 
cathode and fuel gas to the anode. This distribution of the reactant gases over the electrodes is 
done using a “flow field” formed into the surface of the plate, usually a fairly complex 
serpentine pattern. 

The heat, which is generated during the electrochemical reaction, is transferred to the 
bipolar plates through conduction. Then it is either transmitted to the ambient air through 
specially designed cooling fins or it is evacuated from the system through a cooling liquid 
(CL) circulating within the bipolar plates. 

 
Figure III-2:  Fuel cell system scheme [Ast 08]. 

 
b) Fuel cell auxiliaries 

For a proper operation, a fuel cell system needs many auxiliaries, which are also called 
“Balance of Plant (BoP)” components. If the fuel cell stack is intrinsically able to respond 
quickly to the load changes, the auxiliary subsystems (hydrogen supply, air compressor, gas 
humidification, coolant circuit) respond much more slowly. This apparent contradiction 
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decreases the reliability and performance of the entire fuel cell system [Spa 03]. Fig.III-2 
presents a general scheme of a fuel cell system.  

The fuel must first be produced and/or stored. Then, it is finally processed (mostly in 
terms of pressure, hydration, and flow regulation) before arriving in the fuel cell stack. The 
oxidant must also be processed in the same way. For both fuel and oxidant gases, the water, 
which is produced by the fuel cell stack can be removed from the exhaust gases and can be 
reused in the hydration of incoming gases. Since the electrochemical reaction is exothermal 
and the fuel cell stack must be operated in a dedicated temperature range, a thermal 
management is essential. Moreover, the gas supply and the stack thermal management are 
strongly coupled with the gas hydration level control. The electrical power conditioning (in 
association with, or not in association with, an energy storage device) and the overall control 
of the whole system are also very important for an advanced fuel cell system.  

There are many fuel cell stack manufacturers, few complete system suppliers exist. 
Investment costs are still high at present and depend on cell materials (Pt catalyst, graphite, 
membrane) and on the manufacturing mode. For the purpose of both energy savings and 
pollutant emissions, the whole fuel cell system should be well designed and global optimized. 
As mentioned above, many technological challenges have to be solved before that efficient, 
competitive, reliable fuel cell power generators can be seen in the market.  

 
 
III.1.4 Technical challenges 
 

Among the different technological challenges, some of them concern mainly 
electrochemical, mechanical or thermal engineering researchers. Obviously, the first research 
area concerns electrochemical and material engineering researches on the FC stack itself. 
The power density should be increased, whereas the amount of noble catalyst should be 
reduced. Moreover, temperature and water management related issues are of the highest 
importance. The temperature should increase for low-temperature FC stacks (to reduce water 
management problems) and decrease for higher-temperature FC stacks (to reduce the thermal 
stress on the materials and the startup time). The second large research area deals with 
hydrogen production, distribution, or storage [Jou 03]. It is clear that hydrogen is not a 
primary power source but an energy carrier. Today, hydrogen is usually produced by 
reforming oil or natural gas (in this case, a fossil fuel has to be available and carbon is emitted) 
or by electrolysis (in this case, electricity has to be provided). The reforming solution is based 
on a time-limited resource and also suffers from hydrogen purity problems.  

For electrical engineering researchers, the challenges concern mainly the fuel cell’s 
electrical behavior and the auxiliaries. Auxiliaries are required to feed the stack with reactants, 
to ensure the thermal equilibrium (temperature regulation or limitation), to perform the output 
power conditioning (storage devices and power converters) and to supervise the system. Four 
main research issues need to be considered: 

- Power efficiency: The electrical efficiency of the electrochemical conversion is quite high, 
between 50% and 60%, but it has to supply its own auxiliaries. To keep the global 
efficiency as high as possible, the auxiliary consumption has to be minimized (particularly, 
the motor compressor or the blower) and their efficiency has to be optimized (power 
conversion system). 
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- Power dynamic: The auxiliaries dominate the dynamic of the fuel cell system. In 
comparison with the electrochemical time response of the fuel cell stack (below 
milliseconds), they take much longer time to be regulated, such as the flow regulators and 
valves (seconds and milliseconds), the air compressor (a few seconds) and the 
humidification system (a few minutes).  

- Power buffer: In general, the system is assisted by batteries. Super-capacitors and 
flywheels can also be used. At least, the power buffer has to supply the supervision system 
during startup and emergency shutdown. Moreover it can also be sized to balance the stack 
power by supplying the peak power demand and improving the time response to transient 
load changes. 

- Power control: It consists of the control of each auxiliary system (including closed-loop 
controls) and a global supervision of the fuel cell system. The global supervision must 
guarantee the safe operation of the stack. Moreover, it has to control the power flows 
among the different energy sources in a fuel cell based hybrid power system [Dav 09]. 

 
 
III.1.5 Modeling methods 
 

The modeling is an important aspect in fuel cell system development since it facilitates a 
better understanding of the features and parameters affecting the performance of fuel cells and 
fuel cell systems. There are different approaches for fuel cell modeling, which can be 
classified by using different criteria (Table III-2) [Ast 08]. 

The first criterion is related to the system boundary, which defines the area of interest of 
the model:  

- fundamental cell level (electrodes, membrane); 
- middle stack level (fuel cell  stack);  
- high system level (stack with auxiliary system). 

The fuel cell models can also be subdivided into empirical and theoretical ones. The 
theoretical (or mechanistic) models normally use the basic, phenomenological equations. For 
example, the Nernst-Planck equation describes the species transport, the Stefan-Maxwell 
equation is used for the gas-phase transport, the Butler-Volmer equation for the fuel cell 
voltage. Spatial dimensions are the key criteria for mechanistic models. For instance, to 
describe the fuel cell phenomenon of mass transport limitation at least a one-dimensional 
model is required. For a proper treatment of the thermal and water management, except 
electrochemical relationships, the model should contain also thermodynamic and fluid 
dynamic equations. They are normally applied in two or three dimensions and can provide an 
appropriate representation of almost all processes in a fuel cell and a fuel cell system. 
Depending on its focus and complexity level, the model may provide details like fuel flow 
pattern, current density distribution, voltage and pressure drops in the stack. Such a model is 
normally an appropriate tool for detailed system studies, since it allows a high flexibility in 
applications with a wide range of operating conditions. Usual drawbacks of such models are 
the time demand for their development and validation, due to the difficulties in the 
achievement of the detailed fuel cell stack features. 

The other approach to model the FC is empirical. It is based on fitting experimental data 
by a set of mathematical functions. Usually, these models are related to the particular fuel cell 
experimental data specific to each application and operating condition. They typically do not 



Chapter III  Fuel Cell for Energy Backup from Hydrogen 
 

 72

provide as many details as theoretical ones but may serve as a fast start into fuel cell modeling 
and a simplified basis for engineering applications. 

The fuel cell models can also be classified into steady-state models and transient-state 
models (or a special intermediary case, the quasi-steady-state models). This criterion is 
especially useful for system engineers. Steady-state models describe one operating point in 
each step. They are used mainly for parametric studies like sizing components in the system 
(stack and/or auxiliary systems), calculating amounts of materials (e.g. catalyst) and 
specification of the auxiliaries’ parameters. The transient models are useful for the design of 
both the system’s electrical and thermal interfaces, as well as the dynamic properties of the 
auxiliary equipments. The objective of the fuel cell system modeling and simulation could be 
focused on both stationary and transportation fuel cell applications. 

 
Table III-2:  Summary of major FC modeling features [Har 04] 

System 
boundary 

Model 
approach 

Spatial 
dimension 

Complexity/ 
details 

Time 
domain 

Electrode (gas 
channels, catalyst 
layer), fuel cell, 

stack, system 

Theoretical 
(mechanistic), 

empirical, 
semi-empirical 

Zero to three 
dimensions 

Electrochemical, 
thermodynamic, 
fluid dynamic, 

control 

Steady-state, 
quasi-steady-state, 

transient-state 

 

 
(a) Ballard® fuel cell stack 

 
(b) NexaTM system schematic 

 
(c) Installation of the fuel cell system (d) Control panel from the computer screen 

Figure III-3:  Studied fuel cell system (Ballard NexaTM) 
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III.2 Studied fuel cell system 
 
III.2.1 Introduction 
 

A Ballard NexaTM power module is studied in our study. It is a compact, low-maintenance 
and fully automated fuel cell system, which is designed for the back-up power markets. It 
provides up to 1200W DC power with supplied hydrogen and air. Water and heat are the only 
by-products of the reaction. So the NexaTM module is extremely quiet and produces zero 
harmful emission. Moreover, it operates at low pressure, with minimized parasitic losses and 
enhanced system reliability. Furthermore, it does not require external fuel humidification and 
it is air-cooled. The overall system design is then simplified. 

The Ballard® fuel cell stack contains 47 cells of 100 cm2 in series (Fig.III-3a), as well as 
all necessary auxiliary systems for the fuel cell operation. Hydrogen, oxidant air and cooling 
air must be supplied to the unit (Fig.III-3b). Exhaust air, product water and coolant exhaust is 
emitted. The power conversion system is required to regulate the output electrical power. All 
these auxiliary systems are integrated in a rolling cabinet (Fig.III-3c). A communication 
interface must be provided to provide start/stop signals and to receive serial port 
communications. A computer is equipped to visualize and control the operations (Fig.III-3d).  

In this section, this commercial fuel cell plant will be modeled and then be used to 
evaluate the feasibility of the proposed hybrid power system.  
 
 
III.2.2 System operation 
 
a) Fuel cell stack 

The fundamental component of the Ballard® fuel cell consists of two electrodes, which are 
separated by a polymer membrane electrolyte. Each electrode is coated on one side with a thin 
platinum catalyst layer. The electrodes with catalyst and membrane together, form the 
membrane electrolyte assembly (Fig.III-4a).  

Gases (hydrogen and air) are supplied to the electrodes through channels formed in flow 
field plates. Hydrogen flows through the channels to the anode where the platinum catalyst 
promotes its separation into protons and electrons. The free electrons are conducted in the 
form of usable electric current through an external circuit, while the protons migrate through 
the membrane electrolyte to the cathode. At the cathode, oxygen from the air with electrons 
from the external circuit and protons, are combined to form pure water and heat. 

Individual fuel cells are gathered into a fuel cell stack to provide the required electrical 
power. A single fuel cell produces about 1V at open circuit and about 0.6V at full load. On 
one hand, cells are stacked together in series to provide the required voltage. On the other 
hand, the current of a fuel cell is proportional to its active area. Consequently, the fuel cell 
stack geometry can be tailored to provide the desired output voltage, current and power 
characteristics.  

 
b) Fuel cell auxiliaries 

The security issues are very important but are not detailed here. We focus on the 
operating principles of the auxiliaries (Fig.III-4b).  
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Power Conditioning: The fuel cell stack provides an unregulated DC power. A power 
conversion system is required to adapt the output electrical power. Due to the slow transient 
response of the auxiliary systems, power buffers are sometimes integrated through power 
electronic system to supply the peak power demand and to improve the time response to 
transient load changes. 

Fuel processing: The NexaTM power module operates with pure, dry hydrogen from any 
suitable source (hydrogen tank or hydride bottle). The fuel processing system monitors and 
regulates the hydrogen supply. The pressure regulator maintains the pressure during the 
operation by continuously replenishing hydrogen, which is consumed in the fuel cell reaction.  

Oxidant processing: A small compressor provides excess oxidant air to the fuel cell stack 
in order to sustain the fuel cell reaction. The compressor speed is adjusted to suit the current 
demand of the fuel cell stack. Oxidant air is humidified before reaching the fuel cells to 
maintain the membrane saturation for the fuel cell lifetime. A humidity exchanger transfers 
both fuel cell product water and heat from the wet cathode outlet to the dry incoming air. 
Excess product water is collected and discharged from the system.  

Cooling system: A cooling fan is located on the bottom of the power module, blows air 
through vertical cooling channels in the fuel cell stack. The fuel cell operating temperature 
can be maintained at 65°C by varying the speed of the cooling fan. The hot air from the 
cooling system may also be used in an energy cogeneration system for building heating in 
some cases.  

System control and supervision: The overall control and supervision should be 
implemented for the security reasons and for improving performances, by receiving various 
input signals from the onboard sensors, like stack temperature, hydrogen pressure, stack 
current and voltage, air mass flow, etc.  

 
(a) Operation of a fuel cell [Pri 02] 
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(b) Operation principles of the studied fuel cell system 
Figure III-4:  Bloc diagram of a fuel cell system including the stack and its auxiliaries 

 
Therefore, a fuel cell system is a very complex multi-physic system. Some graphical tools 

are used in order to present the system modeling and the control. The modeling and control of 
the studied fuel cell system will be presented by using the Energetic Macroscopic 
Representations (See Appendix C). 
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III.3 Modeling of the fuel cell stack 
 
III.3.1 Open-circuit voltage 
 

A fuel cell directly converts chemical energy into electrical energy. The chemical energy 
released from the fuel cell can be calculated from the change in Gibbs free energy (∆G), 
which is the difference between the Gibbs free energy of the product and the Gibbs free 
energy of the reactants. The Gibbs free energy is used to represent the available energy to do 
external work. For the hydrogen/oxygen fuel cell, the basic chemical reaction is shown in (II-
3), and the change in the Gibbs free energy (∆G) in a hydrogen fuel cell reaction is expressed 
as: 

 222 OHOHfc GGGG −−=∆  (III-4)
with ∆Gfc: the change in Gibbs free energy of the hydrogen fuel cell reaction [J]; 

GH2O: the Gibbs free energy of H2O [J]; 
 GH2:  the Gibbs free energy of H2 [J]; 
 GH2O:  the Gibbs free energy of O2 [J]. 
 
The change in Gibbs free energy varies with both temperature and pressure [Lar 00],  
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with ∆G0: the change in Gibbs free energy at standard pressure (1 bar) [J]; 
 ∆S0: the entropy change in standard temperature; 
 T0: the standard temperature [K]; 
 Tfc:  the temperature of the fuel cell [K]; 
 pH2_fc: the partial pressure of the hydrogen [bar]; 
 pO2_fc: the partial pressure of the oxygen [bar]; 
 pH2O_fc: the partial pressure of the water vapor [bar]; 
 R:  the universal gas constant 8.31451 [J/(kg·K)]. 
The change in Gibbs free energy of the reaction in Eq.III-5 at standard pressure varies with 
different reaction temperatures (Table III-3). Its value is negative and means that the energy is 
released from the reaction.  
 

Table III-3:  Change in Gibbs free energy of hydrogen fuel cell at various temperatures at standard pressure 
From of Water Product Temperature °C ∆G0 (kJ/mole) 

Liquid 25 -237.2 
Liquid 80 -228.2 

Gas 80 -226.1 
Gas 100 -225.2 
Gas 200 -220.4 
Gas 400 -210.3 
Gas 600 -199.6 
Gas 800 -188.6 
Gas 1000 -177.4 

 
We consider that all of the Gibbs free energy is converted to electrical energy, which is 

the electrical work used to move an electrical charge around a circuit. For each mole of 
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hydrogen, two moles of electrons pass around the external circuit and the resulted electrical 
work (charge × voltage) is 

 nFEdoneworkElectrical −=   (III-6)
with n: number of moles of electrons (=2 moles); 
 F: Faraday constant (=96485 Coulombs), electrical charge of 1 mole of electrons; 
 E: the voltage of the fuel cell [V]. 
This resulted electrical work would be equal to the change in Gibbs free energy if the system 
is reversible. In practice, the fuel cell process is not reversible, some of the chemical energy is 
converted to heat and the fuel cell voltage Vcell is less than the theoretical value. By using 
thermodynamic values of the standard-state entropy change, the open circuit voltage (Efc) of 
the fuel cell can be expressed as [Amp 95] 

 )ln(103085.4)15.298(1085.0229.1 5.0
_2_2

53
fcOfcHfcfcfc ppTTE −− ×+−×−=   (III-7)

It can be rewritten into two parts.  
 Rfc_1: fcfcfc EEE ∆−= _0 , (III-8)

where 
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and 
 Rfc_2: )ln(103085.4)15.298(1085.0 5.0

_2_2
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fcOfcHfcfcfc ppTTE −− ×−−×=∆   (III-10)
The term Efc is the theoretical thermodynamic voltage due to the change in Gibbs free energy 
varies at standard-state condition (25°C and 1 bar). ∆Efc is the voltage drop, which depends on 
the temperature and pressures.  
 
 
III.3.2 Operating voltage 
 

When the fuel cell operates, the actual cell voltage Vcell is less than the open-circuit 
voltage Efc, 

 Rfc_3: fcfcfccell VEV ∆−=_ . (III-11)
The voltage drop ∆Vfc is the result of several irreversible losses, such as activation losses, 
ohmic losses and concentration losses, which depend on the current density (jfc) [Lar 00]  
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where Afc and j0_fc are the parameters for the activation losses, rfc is the parameters for the 
ohmic losses, Bfc and jlim_fc are the parameters for the concentration losses. The current density 
jfc is described as: 

 Rfc_5:
fc

fc
fc S

i
j =  (III-13)

with  jfc: the fuel cell current density; 
 ifc: the fuel cell current; 
 Sfc: the active surface area. 
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III.3.3 Stack modeling 
 

For the fuel cell stack of nfc cells in series, the gas flow (qH2_fc and qO2_fc) of the consumed 
H2 and O2 are described with the Faraday law: 
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2_2 =  (III-14)
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And the output voltage of the stack Vfc can be deduced as follows: 
 Rfc_8: cellfcfc Vnu =  (III-16)
Since the fuel cell operation is not reversible in practice, the energy losses are converted 

to heat. In order to present the losses by thermal flow, we define a variable “entropy flow” 
(∆S). Then we can describe the power losses in the fuel cell open-circuit voltage as 
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and the power losses in the fuel cell operation as 
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The total power losses by thermal flow can be described as 
 Rfc_11: fcVfcEfctot SSS ___ ∆+∆=∆  (III-19)

 
 
III.3.4 Graphical representation 

 
We can see that a fuel cell stack is a very complex multi-physic component, and many 

variables are used in its modeling. In order to organize all relations among the different input 
and output variables, the modeling equations are depicted by in a COG (Appendix D) and by 
an equivalent macroscopic presentation (REM) (Fig.III-5). We can see four quantities, which 
should be controlled by the auxiliary systems: 

- the current (ifc) should be controlled by the power conditioning system; 
- the hydrogen pressure (pH2_fc) should be controlled by the hydrogen handling system; 
- the oxygen pressure (pO2_fc) should be controlled by the oxygen handling system; 
- the temperature (Tfc) should be controlled by the thermal management system.  
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Figure III-5:  COG and EMR of a fuel cell stack modeling 
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III.4 Modeling and control of the auxiliary systems 
 
III.4.1 Modeling and control of the power conditioning system 
 

The fuel cell stack supplies unregulated DC power, 
 fcfcfc iup = . (III-20)

It should be adapted before being applied to the load. Since the fuel cell is considered as a 
voltage source (ufc), the power can be controlled by regulating the fuel cell current (ifc). A 
choke filter is needed to set this current (ifc),  
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where um_fc is the average value of the chopper’s modulated voltage. The DC chopper is 
described by average values as below,  
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where mfc is the chopper’s duty ratio and im_fc is the average value of the chopper’s modulated 
current. The voltage of the DC bus (udc) can be considered as a constant voltage source, which 
is maintained by the other sources in the studied hybrid power system.  

An EMR is used to organize the modelling equations (Fig.III-6) of the power 
conditioning system. We can see a causal path from the duty ratio (mfc) of the chopper to the 
fuel cell current (ifc). In order to control the fuel cell current, the control scheme is obtained by 
inverting this path (Fig.III-6). The reference value (mfc_ref) of the chopper’s duty ratio is 
obtained by inverting the equation (II-22),  

 
dc

reffcm
reffc u

u
m )

__
_ =  (III-23)

where um_fc_ref is the reference of the chopper’s average modulated voltage. It is set by the 
current corrector (PI) to keep the fuel cell current equal to the desired value ifc_ref,  

 ( ) fcfcreffcreffcm uiiPIu ))
+−= ___  (III-24)

The used equations in the EMR are summarized in (Table III-4) 
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Figure III-6:  EMR and block diagram of the power conditioning modeling and control 
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Table III-4:  Summary of modeling equations and control algorithms for the oxidant processing 

 Modeling equations Control algorithms 
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III.4.1 Modeling of the fuel processing system 
 

The pressurized H2 is stored in a bottle. It should be released and humidified before 
arriving at the anode. In practice, the pressure regulation is performed instantaneously, so we 
can assume a hydrogen supply with a wished constant pressure (pH2_fc). Hence the fuel 
processing unit is modeled as an energy source in the EMR (Fig.III-7). 

H2 

pH2_fc 

qH2_fc  
Figure III-7:  EMR of fuel processing modeling as an energy source 

 
 
III.4.2 Modeling and control of the oxidant processing system 
 

The pressurized O2 with a releaser can also be used to supply the fuel cell and the same 
modeling can be used for the oxidant processing as for the fuel processing (Fig.III-8).  

O2 

pO2_fc 

qO2_fc  
Figure III-8:  EMR of oxidant processing modeling as an energy source 

 
In our study, an air compressor is used to supply the O2 into the fuel cell. A simplified 

model is used for the oxidant processing system [Chr 07]: 
- The electrode and the manifold are represented by a lumped volume.  
- The air is sent into the electrode by a compressor, which is modeled with a simplified 

compressor law and the turbine inertia.  
- The compressor is driven by a DC machine, which is connected to a DC chopper and a 

filter inductor.  
Theoretically, the air pressure should be controlled and the reference of the air flow 

(qair_fc_ref) is the output of the pressure controller. In practice, the reference of the air flow 
(qair_fc_ref) is directly set proportional to the fuel cell current (ifc) in order to supply enough or 
more oxygen than consumed. In order to control the oxygen supply, the rest of the control 
scheme is obtained by inverting the modelling equations or by inserting some variable 
controllers.  

An EMR is used to organize the modelling equations and the control algorithms (Fig.III-
9). The used equations are summarized in (Table III-5). 
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Figure III-9:  EMR of oxidant processing modeling and control 

 
Table III-5:  Summary of modeling equations and control algorithms for the oxidant processing 

 Modeling equations Control algorithms 
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III.4.3 Modeling and control of the thermal management system 
 

The fuel cell operating temperature (Tfc) can be maintained in a certain range with a 
controlled air flow by varying the speed of the cooling fan. The temperature of the fuel cell 
stack (Tfc) depends on the balance between the created entropy flow (∆Stot_fc by the fuel cell 
stack) and the released entropy flow (Q/Tair) by the air [His 08]. The modeling of the thermal 
management consists of the ambient air (the low temperature source), a thermal flow 
regulator and an equivalent thermal capacity (Fig.III-8).  

The ambient air has a constant temperature, which is lower than the temperature of the 
fuel cell stack. 

The thermal flow regulator is performed by the cooling fan here. By adjusting the air 
flow, the thermal flow, which is released to the outside of the fuel cell stack, can be regulated: 

 ( ) ( )ambfcclclambfcclcl TTqkTTQ −=−= σ'  (III-25)
with Q’cl: the thermal flow released by the cooling air from the fuel cell stack; 

Tfc: the temperature of the fuel cell stack; 
 Tamb: the temperature of the ambient air; 
 σ cl: the equivalent thermal conductivity of the cooling air; 
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qcl: the cooling air flow;  
kcl: a constant coefficient. 

The thermal capacity of the fuel cell stack is used to make appear the time-dependent 
thermal behavior. 
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where Ct_fc is the specific thermal capacitance of the fuel cell stack. 
In order to regulate the temperature Tfc, the control scheme is obtained by inverting the 

path of the modeling equations, which connects the cooling air flow (qcl) to the temperature 
(Tfc). An EMR is used to organize the modelling equations and the control algorithms (Fig.III-
10). The used equations are summarized in (Table III-6).  

 
Table III-6:  Summary of modeling equations and control algorithms for the oxidant processing 

 Modeling equations Control algorithms 
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Figure III-10:  EMR of the thermal management modeling and control 

 
 
III.4.5 Overall control and supervision system  

 
With all EMRs of the fuel cell stack and the auxiliary systems, we obtain the EMR of the 

system modeling and the control scheme of the whole fuel cell system (Fig.III-11). The 
overall control and supervision is represented in EMR by a strategy block (purple pictogram 
in Figure III-11). The supervision unit of the fuel cell system should ensure the security and 
the efficiency of the whole fuel cell system, by taking into account the working capacity of 
each subsystem and all measured variable values. Some control decisions should be made 
with anticipated forecasting. Some control signals should be conditioned and adapted 
according to the control capacity of each subsystem (eg. Fuel cell power pfc). In case of 
subsystem’s failure, alarming system should be triggered and the system should stand by or 
automatically stop in sequence if necessary. 

The overall control of the fuel cell system is the control interface between inside and 
outside. It receives external requirements from outside the fuel cell system and “translates” 
them into internal instruction through some controllable variables’ references (eg. fuel cell 
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current ifc_ref and pressures pH2 and pO2 ) or through some operation intervals (eg. fuel cell 
temperature Tfc_ref). 
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Figure III-11:  EMR of the fuel cell system modeling and control 

 
a) Pressures  

According to the pressure level of the reactants, the fuel cell can be divided into two 
categories: pressurized fuel cell and atmospheric fuel cell. For pressurized fuel cells, the 
reaction performance varies with the pressure conditions. Moreover, the differential pressure 
between the two electrodes should be controlled below a certain level (eg. 0.1bar) to avoid 
breaking the membrane. Therefore, the pressures should be precisely controlled both in the 
anode and in the cathode. The pressure references (pH2_ref and pO2_ref) should be set, and the 
sophisticated pressure control loops should be considered to control the air flow in order to 
precisely control the reactant pressures and the differential pressure for security and efficiency 
reasons.  

In our study, we use the atmospheric fuel cells. Since the (opened) system is well sized 
and the reactants’ pressures are both near the atmospheric pressure, the differential pressure is 
in the required interval. In practice, the air flow reference (qair_ref) is given according to the 
estimation of the oxygen consumption with the fuel cell current, but 1.5 times or twice more 
than consumed in the reaction. 
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where kO2 is an empirical parameter and is based on the concentration of the oxygen in the air 
and the required surplus oxygen supply.  
 
b) Temperature  

The operation temperature interval is required according to the type of the fuel cell. The 
fuel cell temperature should be controlled in this interval for efficiency and security reasons. 
The temperature control system can be more or less sophisticated. With an accurately 
controlled cooling system (by circulating water), the overall control unit needs only to set the 
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temperature reference (Tfc_ref), which is used by the control loop to set the water flow 
reference. With a less precisely control cooling system (by cooling fan), the overall control 
system should directly control the cooling system’s power. For example, when the fuel cell 
supplies a high power, a high power reference for the cooling fan should be given, in order to 
prevent the temperature increasing upon the upper limit for security reasons. When the fuel 
cell supplies a low power, a less power reference is given for the cooling fan for efficiency 
reasons.  

 
c) Power  

The fuel cell stack supplies an unregulated DC power, 
 fcfcfc iup = . (III-28)

with a very non-linear characteristic. Since the fuel cell is considered as a voltage source (ufc), 
the power can be controlled by regulating the fuel cell current (ifc). So the power reference 
(pfc_ref) of the fuel cell stack can be converted into the current reference (ifc_ref). Two methods 
can be used.  

- by a division operator: The current reference (ifc_ref) can be obtained by dividing the power 
reference (pfc_ref) by the measured fuel cell voltage (ufc), 
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- by a look-up table: The static model of the fuel cell stack can be implemented in a look-up 
table. For each power reference (pfc_ref), a current reference (ifc_ref) can be directly found in 
the table in order to avoid the division by zero, 
 ( )reffcreffc pLUTi __ = . (III-30)

 
d) Dynamic 

Due to the low-dynamics of the auxiliary systems, the power dynamic should be limited. 
So the supervision system should verify the power reference’s dynamic and should limit its 
variation rate in an acceptable level. Two solutions can be considered: 

- A slope limiter for the power reference (pfc_ref) or for the current reference (ifc_ref) to limit 
the rate of variation, before sending the reference to the control loop; 

- A low-pass filter can be applied for the power reference (pfc_ref) or the current reference 
(ifc_ref) to slow down the variation, before sending the reference to the control loop. 
Since the power slope of the fuel cell is limited, a power buffer is usually necessary as an 

auxiliary energy source. In general, batteries are often used, but flywheels and super-
capacitors are also encountered. This auxiliary energy source should at least supply the 
supervision system during startup and emergency shutdown. Moreover, it can also be used to 
balance the fuel cell stack power according to the power requirement from the load, by 
supplying the peak power demand and improving the time response to transient load changes. 
In this case, the power mission can be accomplished with the help of the power buffer and the 
supervision unit can put in priority the security and lifetime of the fuel cell stack.  
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III.5 Modeling simplification and identification 
 
III.5.1 Simplification of the modeling 
 

The goal of the work is to integrate the fuel cell system in the hybrid power system with 
some power management algorithms. So we focus on the electrical characteristics of the fuel 
cell system and some auxiliary parts can be simplified. 

The fuel cell stack is intrinsically able to quickly react to the load changes, since the 
electrical and electrochemical time constants are very small. The auxiliaries (hydrogen 
supply, air compressor, gas humidification, cooling circuit and membrane hydration) react 
much slower, with some time constants that are several hundreds or thousands times higher. 
So the global dynamic of the fuel cell system is generally considered slow and the power 
slope (which is required by the load) should be limited enough, so that we can consider a 
quasi steady-state operation during which the partial pressures (pH2 and pO2), the temperature 
(Tfc) and the membrane hydration can be considered constant. As result, the modeling of the 
fuel cell system can be simplified and the corresponding REM is shown in Fig.III-12. 
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Figure III-12:  EMR of a simplified fuel cell system’s modeling and control 

 
III.5.2 Experimental characterization of the fuel cell behavior 

 
In order to evaluate the influence of the temperature on the stack voltage, several tests are 

performed on a Ballard NexaTM 1200W power module (47 cells of 100 cm2 in series) at the 
University of Lille. This fuel cell system has been presented in Paragraph III.2. The voltage-
current curves have been recorded for different temperatures: 35°C, 45°C, 55°C and 65°C. 
We find that the stack voltage increases with the temperature (Fig.III-13). 
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Figure III-13:  The fuel cell stack current-voltage characteristics curves for different temperatures 

(35°C, 45°C, 55°C and 65°C) 
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III.5.3 Identification of the modeling parameters 
 

In order to validate the fuel cell stack modeling, some modeling parameters should be 
identified in Eq. II-12: 
- Afc: the Tafel slope for the activation losses; 
- j0_fc: the minimal current density for the activation losses; 
- rfc: the equivalent specific resistance for the ohmic losses; 
- Bfc : the empiric coefficient for the concentration losses; 
- jlim_fc : the maximal current density for the concentration. 

For the studied fuel cell stack with 47 cells of 100cm2 in series, the modeling parameters 
are identified at 65°C (Table III-5). And these parameters are validated by comparison with 
the experimental curves (Fig.III-18). 

 
Table III-5:  Modeling parameters of the fuel cell modeling in 65°C 

pH2 pO2 Tfc A jo B jlim r 
1bar 0.2bar 65°C 0.027 2µA/cm2 0.027 2A/cm2 0.5Ω·cm2 
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Figure III-14:  Comparison between the modeling curve and experimental curve of the fuel cell stack in 65°C 

 
 
III.5.4 Dynamic limitations in transient states 
 

According to recent works on a 1.2kW PEMFC (Ballard) [Sch 05] and a 0.5kW PEMFC 
(ZSW) [Tho 06], one of the main weak points of the FC is the fact that its time constants are 
dominated by the temperature and the fuel delivery system. As result, fast load demand will 
cause a high voltage drop in a short time, which is known as fuel starvation phenomena [Cor 
04][Vah 04] and is harmful for the fuel cell stack [Tho 05][Puk 04]. Thus, to use the fuel cell 
in dynamic applications, the control system should limit its current or power slope, for 
example, 4A/s–1 for a 0.5kW-12.5V PEMFC [Tho 07]; 2.5kW/ s–1 for a 40kW-70V PEMFC 
[Rod 05]; and 500W/ s–1 for a 2.5kW-22V PEMFC [Cor 05].  

 
The studied fuel cells have also an active area of 100cm2 as the ZWS fuel cell, which is 

used in [Tho 07]. The same current slope of 4A/s is used for our fuel cell system and it 
corresponds to a power slope of about 125W/s. The time evolutions of the electrical variables 
are simulated separately with the current slope limiter and the power slope limiter. In Fig.III-
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15a, a current ramp is given from 0.1A to 16A, then from 16A to 32A, and finally from 32A 
to 0.1A. In Fig.III-15b, a power ramp is given from 5W to 500W, then from 500W to 1000A, 
and finally from 1000W to 5W.  
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(a) Limitation with a current slope (b) Limitation with a power slope 
Figure III-15:  Evolution of the electrical variables with a limited slope 

 
III.6 Real-time fuel cell emulator 
 

In our study, we need to test the power balancing and energy management strategies of 
the hybrid power system on an experimental test bench. In order to make the experimental test 
bench more flexible, we have decided to build a real-time emulator of the fuel cell system 
instead of implementing on a real fuel cell system. The real-time emulator has also many 
other advantages, as explained in the Paragraph I.4.2. In this section, we present the fuel cell 
emulator by Hardware-In-the-Loop (HIL) simulation. 
 
III.6.1 Structure of the fuel cell Emulator  
 

The fuel cell emulator works like a current dependent voltage source (Fig.III-16a). It can 
be divided into two stages: the power electronic stage and the control stage (Fig.III-16b).  

The power electronic stage consists of a dc-voltage supply and a buck converter including 
a chopper, a choke and a capacitor (Fig.II-16b). It is properly designed and sized to set the 
same voltage (ufc_emu) as in the real fuel cell voltage (ufc) according to the measured current (ifc) 
and the used fuel cell system’s models.  

The control stage consists of the chopper’s driving card, the measurement instruments, 
the Digital Signal Processing (DSP) card and the interfacing card. A feed-back closed loop is 
used to control the emulator’s output voltage (ufc_emu). The voltage reference ufc_ref is 
calculated from the fuel cell modeling. The fuel cell modeling is implemented in the DSP card. 
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For a simplified modeling, the partial pressures (pH2 and pO2), the stack temperature (Tfc) can 
be set constant as given parameters. For a more complex modeling, all needed auxiliary 
modeling and control functions can be algorithmically implemented in the DSP card, then the 
time evolutions of other quantities (Tfc, pH2 and pO2) can also be observed through the 
emulator.  
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(b)  Structure of the fuel cell emulator 

Figure III-16:  Structure of the fuel cell emulator 
 
III.6.2 Modeling and control of the fuel cell emulator  
 

The EMR of the power electronic stage modeling and the control scheme of the fuel cell 
emulator are shown in Fig.III-17 and the used modeling equations and control algorithms are 
summarized in Table III-7. 
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Figure III-17:  EMR of modeling and control scheme for the fuel cell emulator and power conditioning unit 

 
Table III-7:  Summary of modeling equations and control algorithms for the fuel cell emulator 

 Modeling equations Control algorithms 
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a) Emulator modeling 
For the power stage, the power supply is modeled by a constant voltage source (us). An 

average model is used for the chopper,  
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where um and im_s are the average values of the chopper’s modulated voltage and modulated 
current. The choke inductor current is can be described as below,  
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The voltage across the capacitor (ufc_emu) is used as the emulated fuel cell voltage,  
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b) Emulator control 

The task of the emulator control is to make the output voltage (ufc_emu) equal to the real 
fuel cell voltage (ufc)  according to the sensed current and the implemented current/voltage 
characteristic (Fig.II-14).  

The control scheme is divided in two parts (Fig.III-17). The first stage is the power 
electronic stage control. It consists to regulate the output voltage (ufc) in order to make it equal 
to the reference value (ufc_ref) by a voltage control controller, 

 fcfcreffcrefs iuuPIi
)) +−= )( __ . (III-34)

The obtained reference value (is_ref) is used as the current reference in the current controller, 
 fcsrefsrefm uiiPIu ))

+−= )( __ . (III-35)
Then the reference of the averaged modulated voltage (um_ref) is used to generate the duty ratio 
reference (ms_ref) of the chopper with the measured dc voltage (us),  
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The second stage is the modeling of the studied fuel cell stack and auxiliary systems. It 
consists to calculate the emulated fuel cell’s output voltage according to the pressures, the 
temperature (Tfc) and the current (ifc), which is set by the fuel cell power conditioning unit. 
This current (ifc) is measured and is sent to the “Fuel cell stack and auxiliary modeling” 
(Table III-5 with the equations from EqIII-7 to Eq.III-16) in the DSP card as the fuel cell 
current and the voltage of the emulated fuel cell (ufc_ref) can be calculated. 
 
III.6.3 Implementation of the fuel cell emulator  

 
The experimental implementation of the fuel cell emulator is shown in Fig.III-18. The 

power electronic stage consists of a dc-voltage supply and a buck converter including a 
chopper, a choke and a capacitor. The control stage consists of an analogical control card for 
the current control loop and a digital control board (DSpace 1002) for the voltage control loop 
and the algorithmic modeling of the fuel cell system. The parameters, which are used in the 
fuel cell emulator implementation, are given in Table III-8. 
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Figure III-18:  Experimental implementation of the fuel cell emulator 

 
Table III-8:  Parameters of the Fuel Cell Emulator 

us 60 V Ls 10 mH 
Lfc 10 mH Cs 22 µF 

 
III.6.4 Experiment results 

 
By taking into account the fuel cell’s power dynamic limit, we give the same power ramp 

in the fuel cell emulator’s experimental test, as in the simulation (Fig.III-15). The same 
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electrical behaviors are found in the experimental results (Fig.III-19) as in the simulation 
(Fig.III-15b).  
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Figure III-19:  Time evolution of the emulated variables 

 
Therefore, the fuel cell emulator can be used to test our studied hybrid power system, in 

order to experimentally test the added control functions and the different power balancing and 
energy management strategies, which will be presented in Chap.V.  

 
 
III.7 Conclusion 
 

In this chapter, a system analysis of the studied fuel cell power module is presented. An 
overview is given on the existing technologies, the operating principles, the fuel cell system, 
the technical challenges and the modeling methods. In our study, a 1200W Ballard NexaTM 
power module is used. The system modeling and control scheme of the studied fuel cell 
system is presented with the Energetic Macroscopic Representation (EMR) in order to give a 
better presentation. The modeling parameters are experimentally identified and validated. 
This model is used to build a fuel cell emulator by Hardware-In-the-Loop simulation. This 
emulator is a flexible experimental test bench, which will be used to set up the hybrid power 
system in order to test the control function, power balancing and energy management 
strategies for the active generator, which will be presented in Chap.V.  
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Chapter IV  Electrolyzer for Energy Storage into Hydrogen 
 

The water electrolyzer is an ideal solution for the hydrogen production on site without 
CO2 emission. It can avoid the costs of bottled hydrogen delivery and stock management. In 
the next chapter, we will test this solution to store the surplus energy from intermittent 
renewable energies. 

In this chapter, a system analysis of the electrolyzer is presented. An overview is firstly 
presented, including the existing technologies, the operating principles, the system 
performances and commercialized products. More specifically, the CETH GENHY 100® 

electrolyzer system is used in our study and is presented in detail. A modeling and control 
scheme of this electrolyzer system is presented graphically by using the Energetic 
Macroscopic Representation (EMR) in order to give a synthetic view of the whole system. 
The modeling parameters are validated with experimental tests. The control system is 
designed in order to use the electrolyzer as a controlled load to damp high power surplus from 
the wind generator. Finally, a flexible experimental test bench by using Hardware-In-the-
Loop simulation is presented in the end of this chapter and validated through performance 
comparisons. This electrolyzer experimental test bench will be used to implement the active 
generator in Chap.V. 

 
 
IV.1 Overview of electrolyzers 
 
IV.1.1 Technologies  
 

There are three existing electrolyzer technologies: (1) the alkaline technology, which is 
the most developed and mature; (2) the Proton Exchange Membrane (PEM) or Solid Polymer 
Electrolyte (SPE) technology, which is equivalent to PEM Fuel Cell; (3) the Steam Vapor 
technology, which is analogue to the Solid Oxide Fuel Cell. Fig.IV-1 compares the electrical 
characteristics of the three electrolyzer technologies [Wen 91]. The steam vapor electrolyzer 
has the lowest operating voltage but the maximum current density is still low. Moreover, there 
are many problems in terms of materials and fabrication and only prototypes exist. The 
alkaline and PEM electrolyzer are presented as follows.  

0            0.25           0.5         0.75           1.0           1.25          1.5 
Current density (A/cm2)

E
le

ct
ro

ly
se

r C
el

l V
ol

ta
ge

 (V
) 

0.5 

1.0 

1.5 

2.0 

2.5 

PEM electrolysis

Zero-gap cell geometry 
40% KOH, 120…140°C

Conventional water electrolysis

Steam electrolysis 

 
Figure IV-1:  Electrical characteristic of different types of electrolyzers [Wen 91]. 
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The alkaline electrolyzers are configured as unipolar (tank) or bipolar (filter press) 

designs. In the unipolar design (Fig.IV-2a), electrodes are alternatively suspended in a tank 
that is filled with a solution of electrolyte (potassium hydroxide in pure water). In this design, 
the cells are connected in parallel and operate at 1.9V-2.5V. The alkaline electrolyzers are 
very simple to manufacture and repair. However, they usually operate at lower current 
densities and lower temperatures. [Kon 75].  

The bipolar design (Fig.IV-2b) has alternating layers of electrodes and separation 
diaphragms that are clamped together. The cells are connected in series to obtain higher stack 
voltages. Since the cells are relatively thin, the overall stack can be considerably smaller than 
the unipolar design. The bipolar design has the reduced stack size, the higher current densities 
and the ability to produce higher pressure gas. However, it is more complicated to repair it 
[Kin 78].  

In a PEM electrolyzer, the electrolyte is contained in a thin, solid and ion-conducting 
membrane [Kon 75] rather than the aqueous solution in the alkaline electrolyzers. This allows 
the H+ ion (i.e., proton) to transfer from the anode side of the membrane to the cathode side 
and separates the hydrogen and oxygen gases. Oxygen is produced at the anode side and 
hydrogen is produced on the cathode side. The most commonly used membrane material is 
Nafion® from Dupont. PEM electrolyzers use the bipolar design and can be made to operate at 
a high differential pressure across the membrane. 

Electrolyzer technologies are in fast development and important improvements are being 
made in the following field: (1) the change of geometry, in order to reduce the ohmic losses 
and to increase the volumetric power density; (2) the increase of the operating temperature, in 
order to improve the electrolyte conductivity and to reduce the electrode voltage drop; (3) the 
development of new catalysts, in order to activate the electrochemical reaction easier and to 
reduce the voltage drops; (4) the increase of operating pressure, in order to operate in higher 
temperatures and to increasing electrolyte conductivity.  
 

H2 O2 
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Cathode (–) 

O2 O2H2 H2 O2 H2 

 
(a) Unipolar Design 

 

H2 O2

Anode (+)Cathode (–)

O2 O2H2 H2 O2H2 

 
(b) Bipolar Design 

Figure IV-2:  Alkaline electrolyzer designs 
 
IV.1.2 Operating principles 
 

An electrolyzer splits water into hydrogen and oxygen when it is electrically supplied. An 
electrolyzer cell is made up of: (1) two electrodes, which activates the electrochemical 
reactions; (2) an electrolyte permitting the ionic transfers; (3) a membrane between the two 
electrodes. The operating principles of alkaline electrolyzers and PEM electrolyzers are 
illustrated in Fig.IV-3. Their technical differences are summarized in Table IV-1.  
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(a) Alkaline electrolyzer 
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(b) PEM electrolyzer 
Figure IV-3:  Operating principles of electrolyzers 

 
Table IV-1:  Technical comparison between alkaline electrolyzers and PEM electrolysers 

 Alkaline Electrolyzer PEM Electrolyzer 
Electrolyte Alkaline solution Solide polymer electrolyte 
Charge carrier OH– H+ 
Cathode reaction −− +→+ OHHeOH 4244 22  2244 HeH →+ −+  

Anode reaction −− ++→ eOHOOH 424 22  −+ ++→ eHOOH 442 22  

Global reaction energyOHOH ++→ 222 24  energyOHOH ++→ 222 24  

 
 
IV.1.3 System performance 
 
a) Electrolyzer stack  

The electrolyzer stack is the key component of an electrolyzer system and performs the 
main function of energy conversion within the system, as well as the fuel cell stack in the fuel 
cell system. Since the voltage of a single cell is quite small, a number of cells should be 
connected in series to obtain a higher voltage, which can be used by other electrical systems. 

The electrical characteristics of an electrolyzer stack depend on the used electrolyzer 
technology (see above); on the number of cells (which determines the operating voltage of the 
stack); and on the active area (which defines the maximum current of the stack).  

Fig.IV-4 shows the electrical characteristics of an alkaline cell. The open circuit voltage is 
about 1.23V. When the current increases, losses become important and the operating voltage 
increases. The alkaline cell voltage is usually limited to 2V.  
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Figure IV-4:  Influence of the temperature and the current on voltage efficiency and current efficiency  

(alkaline electrolyzer) [Ull 98] 
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The voltage efficiency, which is also called the energy efficiency, is the ratio of the 
consumed electrical energy on the global used energy of the reaction. This global energy is 
the enthalpy, equal to 286kJ/mol at standard condition, equivalent to the thermodynamic 
voltage equal to 1.48V. The energy efficiency is simply calculated by dividing the 
thermodynamic voltage by the cell voltage, 

 

elcell

th
elv U

U

_
_ =η  (IV-1)

with  ηv_el: energy efficiency or voltage efficiency of an electrolyzer cell (%); 
 Ucell_el: operating voltage of an electrolyzer cell (V); 
 Uth: thermodynamic potential (V). 
The voltage efficiency decreases when the current increases. It is higher than 74% in case of 
2V limitation. 

The gas production of an electrolyzer is directly proportional to the current if the current 
efficiency or Faraday efficiency is constant.  
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with  ηi_el: Faraday efficiency or current efficiency of an electrolyzer cell (%); 
 qH2_el: hydrogen flow, produced by the electrolyzer (mol/s); 
 nel: number of the electrolyzer cells in series; 
 F: Faraday constant (electrical charge of 1 mole of electrons), 96485 Coulombs; 

Iel: current of the electrolyzer (A). 
The current efficiency results from the reduction of the gas production due to the 

migration and recombination of hydrogen and oxygen across the membrane without energy 
recuperation. This efficiency is usually close to 1.  

The power efficiency, or global efficiency, of the electrolyzer stack is evaluated by 
multiplying the voltage efficiency and the current efficiency, 

 elielvelp ___ ηηη ×= , (IV-3)
where ηp_el is the power efficiency of an electrolyzer stack (%). 

The gas purity is another essential performance criterion. A part of the gases crosses the 
membrane. They do not recombine and reduces the purity of produced gases. It becomes 
dangerous when there is about 4% of hydrogen in oxygen (lower explosive limit) or 4% 
oxygen in hydrogen. A gas purity measurement unit is needed and this measurement 
decreases generally the Faraday efficiency.  
 
b) Important parameters 

Two parameters, the operating temperature and the pressure, influence the electrolyzer 
performance, especially the voltage efficiency, the current efficiency and the gas purity.  

Increasing the temperature reduces the stack operating voltage because the amount of 
energy needed to initiate the reaction (activation) is reduced. In other words, the reactions at 
the electrodes are increased, which lowers the voltage drop (losses) at the electrodes. In 
addition, the open-circuit voltage of the electrolyzer cells is reduced. So the voltage efficiency 
(overall energy efficiency) thus increases with the operating temperature (Fig.IV-4). But this 
can increase the mechanical stress of the other component in the electrolyzer system and the 
current efficiency and the gas purity decrease with the temperature [Ull 98]. 
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There are also advantages for the electrolyzers to operate at high pressures. These include 
reductions in specific power consumption, a reduced need for gas compressors and smaller 
electrolyzer cells.  
 
c) Electrolyzer system  

The auxiliary systems ensure the management of the gases, the water, the heat, the 
pressures and the electrical supply for the electrolyzer stack. They are composed of different 
sensors, regulators, valves and power electronic converters. All these elements consume a part 
of the energy, which is supplied to the electrolyzer system. Therefore, the global efficiency of 
the component (different to the cell efficiency) is defined by the following equation. 
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with  ηsys_el: global efficiency of an electrolyzer system (%); 
 ηp_el: global efficiency of an electrolyzer stack (%); 
 pgas_el: power produced in gas form (W); 
 psys_el: power consumed by the whole electrolyzer system (W); 
 psta_el: power consumed by the electrolyzer stack (W); 
 paux_el: power consumed by the auxiliaries of the electrolyzer system(W). 
Therefore, even if the power efficiency of an electrolyzer stack is quite high (70-80%) thanks 
to the directly electrochemical conversion, the global efficiency of an electrolyzer can be 
reduced (40-50%) due to the intrinsic consumptions by the auxiliary systems.   
 
 
IV.1.4 Commercialized products  
 

The first applications of electrolyzers were the hydrogen production on site with high 
power units (30kW to 700kW). The present market is more diversified (hospital, laboratory) 
but there are also some low power units (5kW). Table IV-1 shows some electrolyzer 
manufacturers and the main characteristics of their commercialized electrolyzer. 
 

Table IV-2:  Main manufacturers of electrolyzer, developed technologies [Dis 01] 

Manufacturers Electrolyte 
type 

Power 
range 

Operating
Pressure 

Global 
efficiency Price 

Casale Chemicals SA 
(Metkon-Alyzer) Alkaline 2-350kW 5-30bar  5-6€/W 

Norks Hydro Alkaline 35-200kW 15bar 65% 7-8€/W 
Vandenborre Hydrogen 
Systems (Stuart Energy) Alkaline 3-200kW 10-30bar 74% 3-4€/W 

ErreDue Alkaline  6bar 60% 1-2€/W 
Teledyne Alkaline 0-550kW 7-15bar 58% 3-4€/W 
Linde Alkaline 150W-70kW 2-4bar 62%  
GHW Alkaline 500kW-2MW 5-30bar   
PIEL (ITL Technology) Alkaline 2-55kW 3-18bar 48-75%  
Proton Energy (Diamond 
Lite) PEM 2-35kW 13bar 60% 7-8€/W 

GENHY (CETH) PEM 0-30kW 2-10bar 70-80%  
Giner, Inc. and Giner 
Electrochemical Systems PEM 15-50kW 30-200bar   
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The investment cost varies according to the producers. It depends on the cost of the cell, 

the auxiliaries and the manufacturing mode. The electrolyzer lifetime is long, about 15-20 
years for alkaline electrolyzers (manufacturer guarantees) and 150000 hours according to 
manufacturers of PEM electrolyzers. 
 
 
IV.2 Studied electrolyzer system 
 
IV.2.1 Introduction  
 

The studied electrolyzer system is GENHY 100® from the European Company of 
Hydrogen Technologies (CETH). CETH develops, builds and sells hydrogen production and 
purification systems. Their electrolyzers can be powered from primary renewable energy 
sources (photovoltaïc arrays, windmills, micro hydraulic plants, etc.) and can also operate in 
combination with the grid. 

The studied electrolyzer stack consists of 7 cells of 75cm2 in series (Fig.IV-5a). The PEM 
technologies are used for reduced maintenance, high capacity, no corrosive electrolyte and 
safe operation. It can work at 800W in maximal power and at 500W in nominal power. The 
stack covers a range of hydrogen production flow from 5Nl/h (normal liter per hour) to 
100Nl/h. The system is designed to produce hydrogen and oxygen from 2bar to 10bar. The 
pressure comes from electrochemical forces, without any mechanical compression, for energy 
efficiency improvement. 
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(a) Electrolyzer stack (b) Block diagram of the electrolyzer system 

   

   
(c) Electrolyzer system (d) Automatic control unit (e) Supervision Screen 

Figure IV-5:  Studied electrolyzer system (CETH GENHY 100®) [Cet 08] 
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Auxiliary systems (Fig.IV-5b) are integrated to provide deionized water to each cell and 
to collect separately generated hydrogen and oxygen. The system also integrates separation 
and purification means (which remove water traces in the hydrogen stream), pressure 
regulation means and monitoring and control systems.  

The electrolyzer stack and the auxiliary systems are integrated in a compact cabinet 
(Fig.IV-5c). 
 
IV.2.2 System operation 
 

Remote-control industrial computer is implemented with user friendly tactile screen 
(Fig.IV-5d). The operation can be directly visualized and ordered through the tactile screen 
(Figure IV5e). Three automated modes of operation can be performed: storage in metal 
hydride tanks, H2 supply for fuel cells and storage in pressurized vessel. The system control 
can be simplified as shown in Fig.IV-6.  
- Power conversion: The electrical power is controlled by a power conversion system, 

which consists of a stable voltage source, a DC chopper, a filter Lel and a filter Cel.  
- Hydrogen handling: The hydrogen is sent to a metal hydride with a constant pressure, so 

the hydrogen pressure in the electrolyzer is regulated with an electrovalve (open or closed).  
- Oxygen handling: The oxygen is outlet into the atmosphere and the oxygen pressure in the 

electrolyzer is also regulated with an electrovalve. It should be closed to the hydrogen 
pressure in order to reduce the membrane’s mechanical stress.  

- Water management: The water is supplied by a circulating pump with a constant flow, 
which is sufficient for the reaction requirement and the system cooling need.  
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Figure IV-6:  Block diagram of the simplified electrolyzer system. 

 
 

IV.2.3 Experimental tests 
 

An experimental test is firstly done in order to verify the system control and to 
characterize the timing evolution of the following phisical variables: the temperature Tel, the 
current iel, the voltage uel and the hydrogen pressure pH2 (Fig.IV-7).  

Some observations can be highlighted. The stack voltage (uel) is a control input and the 
current (iel) varies with the stack voltage according to the electrolyzer’s electrical behavior.  

- The voltage supply is limited in variation slope: 0.25V/s for the startup from 0V to 10.5V 
(t1 – t2 ), and 0.05V/s for changing the operating point (t5 – t6; t15 – t16; t17 – t18; t19 – 
t20; t21 – t22); 

- The regulation of the hydrogen pressure is performed by an electrovalve. To increase the 
pressure, the valve is closed and the pressure increases according to the hydrogen 
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production rate (t3 – t4; t7 – t8; t9 – t10; t11 – t12). To decrease the pressure, the valve is 
opened and the pressure decreases quickly. If the pressure decreases too much, the valve 
is closed and the pressure comes back (t13 – t14). So the electrovalve works more like a 
switch, whose duty cycle can be used to control the hydrogen outlet flow. 

- The temperature has much influence on the stack voltage. The voltage decreases while 
the temperature increases (t2 – t5; t6 – t15).  

- A pressure below 7bar has a little influence on the stack voltage (t6 – t15).  
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Figure IV-7:  Evolution of the main variables in the electrolyzer stack 
temperature Tel, current Iel, voltage Vel and hydrogen pressure pH2. 

 
 
IV.3 Modeling of the electrolyzer stack 
 
IV.3.1 Open-circuit voltage  
 

An electrolyzer converts electrical energy into chemical energy. It is the inverse process 
of the electrochemical reaction in a fuel cell as explained in Paragraph III.2.2. The exchanged 
chemical energy can be calculated from the change in Gibbs free energy (∆Gel), which is the 
difference between the Gibbs free energy of the product and the Gibbs free energy of the 
reactants.  

 OHOHel GGGG 222 −+=∆  (IV-5)
with ∆Gel: Change of Gibbs free energy in the electrolyzer [J]; 

∆GH2O: Gibbs free energy of H2O [J]; 
 ∆GH2: Gibbs free energy of H2 [J]; 
 ∆GH2O: Gibbs free energy of O2 [J]. 
The change in Gibbs free energy varies with both temperature and pressure [Lar 00], 
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with ∆G0: change in Gibbs free energy at standard pressure (1 bar), [J]; 
 ∆S0: the entropy change in standard temperature; 
 T0: the standard temperature [K]; 

Tel: temperature of the electrolyzer [K]; 
 pH2_el: partial pressure of the hydrogen in the electrolyzer [bar]; 
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 pO2_el: partial pressure of the oxygen [bar]; 
 pH2O_el: partial pressure of the water vapor [bar] 
 R: universal gas constant 8.31451 J/(kg·K). 
In the electrolyzer reaction, the signes of the ∆G0 and ∆S0 change and the movement direction 
of the electrons changes too. As result, the same equation can be obtained for the open-circuit 
voltage of the electrolyzer cell,  

 Rel_1: elel EEE ∆+= 0   (IV-7)
where 
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IV.3.2 Operation voltage 
 

During the electrolyzer operation, the actual cell voltage Vcell_el is higher than the open-
circuit voltage, 

 Rel_3: elelcellel EVV −=∆ _   (IV-10)
The voltage drop ∆Vel results from several irreversible losses, such as activation losses, ohmic 
losses and concentration losses, which depend on the current density (jel) [Lar 00]  
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where Ael and j0_el are the parameters for the activation losses, rel is the parameter for the 
ohmic losses, Bel and jlim_el are the parameters for the concentration losses. And the current 
density can be obtained by the reciprocal function of Eq.IV-11 through interpolation with a 
look-up table, 

 R-1
el_4: ( )elel VRj ∆= −

4_
1  (IV-12)

Then the current of the stack iel is obtained: 
 Rel_5: elelel jSi =  (IV-13)

with  jel: fuel cell current density; 
 iel: fuel cell current; 
 Sel: active surface area. 
 
IV.3.3 Stack modeling  
 

For the electrolyzer stack of nel cells in series, the production rates of the H2 and O2 (qH2 
and qO2) are described with the Faraday law: 
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The cell voltage can be deduced from the stack voltage uel: 
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Since the electrolyzer operation is not reversible in practice, the energy losses are converted to 
heat. In order to present the losses by thermal flow, we define a variable “entropy flow” (∆S).  
Then we can describe the power losses in the fuel cell open-circuit voltage as 
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and the power losses in the electrolyzer operation as 
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The total power losses in thermal flow can be described as 
 Rel_11: elVelEeltot SSS ___ ∆+∆=∆  (IV-19)

 
IV.3.4 Graphical representation 
 

We can see that an electrolyzer stack is a very complex multi-physic system and many 
variables are used for its mathematical modeling. In order to highlight the causal relations 
among the different variables, the modeling equations are organized in a COG and EMR 
(Fig.IV-8). We can see four quantities, which should be controlled by the auxiliary systems: 

- the current (iel) should be controlled by the power conditioning system; 
- the hydrogen pressure (pH2_el) should be controlled by the hydrogen handling system; 
- the oxygen pressure (pO2_el) should be controlled by the oxygen handling system; 
- the temperature (Tel) should be controlled by the thermal management system. 

 

R-1
el_4 ∆Vel

iel

Rel_8 Ueljel 

Rel_7 

Rel_6 

Rel_2 

qO2_el 
pO2_el  

qH2_el 

pH2_el ∆Eel  Rel_1 

Rel_3 Vcell_el

E0_el 

Tel 

Tel

Rel_9 
∆SV_el Rel_10Rel_11 ∆Stot_el 

Tel 

∆SE_el 

Rel_5

    

 

ifc 

ufc 

Tfc 

∆Stot_fc 

pO2_fc 

qO2_fc 

pH2_fc 

qH2_fc 

 
Figure IV-8:  COG and EMR of an electrolyzer stack modeling 

 
 
IV.4 Modeling and control of the auxiliary systems 
 
IV.4.1 Power conversion system 
 

The electrical characteristic of the electrolyzer stack is very non-linear and logarithmic 
functions have been used for the modeling. As shown in Fig.IV-8, the electrolyzer stack is 
considered as a current source (iel) here.  

Capacitor: A capacitor is needed to set the voltage (uel) across the electrolyzer (Fig.IV-6). 
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el
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C
ii

dt
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= . (IV-20)

Choke filter: The current (iLel) comes from a choke filter, which is modeled as: 
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L
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where um_el is the average value of the chopper’s modulated voltage.  
Chopper: The average modeling of the chopper is described as below,  
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where im_el is the average value of the chopper’s modulated current.  
DC-bus: The voltage of the DC bus (udc) is considered here as a constant voltage source, 

which is maintained by the other sources in the hybrid power system. And mel is the chopper’s 
duty ratio. 

 
The objective of the control scheme is to set the electrolyzer voltage (uel) in order to 

control the supplied electrical power or the produced hydrogen flow.  
The EMR of the power conditioning unit is shown in Fig.IV-9 and the used equations are 

summarized in Table IV-3. An action path appears from the control input of the DC chopper 
(mel) to the electrolyzer voltage (uel). The control system of the power conversion system is 
obtained by inverting this path. It relies on three control functions: a voltage controller, a 
current controller and a chopper controller.  
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Figure IV-9:  EMR and block diagram of the power conversion system modeling and control 

 
Table IV-3:  Summary of modeling equations and control algorithms for the oxidant processing 

 Modeling equations Control algorithms 
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Voltage Controller: The electrolyzer voltage is controlled with a PI corrector and a 

compensation of the electrolyzer current (iel): 
 ( ) elelrefelrefLel iuuPIi

)) +−= __  (IV-23)
Current Controller: Another PI corrector is needed to keep the choke current (iLel) equal 

to the desired value (iLel_ref) with a compensation of the electrolyzer voltage (uel): 
 ( ) elelrefLelrefelm uiiPIu ))

+−= ___  (IV-24)
Chopper Controller: With the reference of the averaged chopper’s modulated voltage, the 

reference value mel_ref of the chopper’s duty ratio is obtained by inverting Eq.IV-23.  
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IV.4.2 Hydrogen handling system  
 

The produced hydrogen should be handled and sent to the pressurized hydrogen storage 
unit (hydride bottles or hydrogen tanks). The organization of modeling equations of the 
hydrogen handling system is presented in an EMR (Fig.IV-10)  
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Figure IV-10:  EMR of the hydrogen handling system modeling. 

 
The hydrogen storage unit can be modeled as an equivalent pressure source, whose 

pressure (PH2_sto) depends on the quantity of the stored hydrogen. For most of the time, the 
pressure (PH2_sto) varies very slowly (for hydrogen tanks) or can be considered as a constant 
value (for hydrides). Moreover, the hydrogen pressure in the hydride (used in our study) is 
lower than the pressure (PH2_el), which comes from electrochemical forces of the reaction. A 
mechanical compression (gas compressor) can be avoided. 

An electrovalve is used to control the outlet hydrogen flow. 
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with qH2 _out: the hydrogen outlet flow from the electrolyzer (mol/s); 
 vH2_el: the state of the hydrogen-side electrovalve, open or closed (1 or 0); 
 pH2_el: the hydrogen pressure in the electrolyzer (bar); 
 pH2_sto: the hydrogen pressure in the storage unit (bar); 
 RH2_el: the equivalent hydraulic resistor of the hydrogen-side tube. 

The volume of the electrode can be described through the ideal gas law:  
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with pH2_el: the hydrogen pressure in the electrode (bar); 
 qH2_el: the hydrogen production rate (mol/s); 
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 qH2_out: the hydrogen outlet flow (mol/s); 
 CH2_el: the equivalent volume capacity of the hydrogen-side electrode; 
 VH2_el:  the volume of the hydrogen-side electrode; 
 Tel: the temperature of the electrolyzer. 

A hysteresis controller is used to control the hydrogen pressure in the electrode. The 
measured pressure (pH2_el) value is compared with the reference pressure value (pH2_el_ref).  
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where ∆pH2_el is the hysteresis interval of the hydrogen pressure controller. 
 
 
IV.4.3 Oxygen handling system  
 

The produced oxygen can be stored in a storage unit for future use. In our study, it is 
outlet in the atmosphere. The similar modeling and control scheme can be applied to the 
oxygen handing system (Fig.IV-11).  
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Figure IV-11:  EMR of the oxygen handling system modeling. 

 
The atmosphere can be modeled as an equivalent constant pressure source, which is 

much lower than the oxygen pressure in the electrode. 
An electrovalve is used to control the outlet oxygen flow. 
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with qO2 _out: the oxygen outlet flow from the electrolyzer (mol/s); 
 vO2_el: the state of the oxygen-side electrovalve, open or closed (1 or 0); 
 pO2_el: the oxygen pressure in the electrolyzer (bar); 
 patm: the oxygen pressure in the storage unit (bar); 
 RO2_el: the equivalent hydraulic resistor of the oxygen-side tube. 

The volume of the electrode can be described by the ideal gas law,  
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with pH2_el: the hydrogen pressure in the electrode (bar); 
 qH2_el: the hydrogen production rate (mol/s); 
 qH2_out: the hydrogen outlet flow (mol/s); 
 CO2_el: the equivalent volume capacity of the oxygen-side electrode; 
 VO2_el:  the volume of the oxygen-side electrode; 
 Tel: the temperature of the electrolyzer. 
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A hysteresis controller is used to control the oxygen pressure in the electrode. The 
measured pressure (pO2_el) value is compared with the reference pressure value (pO2_el_ref).  
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where ∆pO2_el is the hysteresis interval of the oxygen pressure controller. 
 
IV.4.4 Water and thermal management system  

 
The circulation of water is performed by water pumps. It is used to supply the necessary 

water, which is needed for the electrochemical reaction and the membrane humidification. It 
is also used to release the heat, which is created by the reaction, in order to maintain the stack 
temperature (Tel) of the electrolyzer.  

The temperature of the stack (Tel) depends on the balance of the created entropy flow 
(∆Stot by the fuel cell stack) and the released entropy flow (Q/TH2O by the circulating water) 
[His 08]. It should be maintained in a certain range. However, in the studied electrolyzer 
system, the water flow is fixed according to the worst condition. In other words, even if the 
stack works with its maximal power, the water flow is always able to maintain the 
temperature under maximal level. The EMR of the water and thermal management system 
modeling is shown in Fig.IV-12. 
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Figure IV-12:  EMR of the water and thermal management system modeling. 

 
The water supply can be considered as a constant temperature source.  
The water flow regulator is not actually used in our studied system and we assume that a 

fixed water flow is imposed no matter how much heat the stack creates by reaction. It can be 
served as a regulation input in the future with some system modification. The thermal flow 
according to the performed water flow can be expressed as follows: 

 ( )OHelclclOH TTqkQ 22' −=  (IV-32)
with Tel: the temperature of the electrolyzer stack; 
 TH2O: the temperature of the water source; 
 kcl: the constant coefficient; 
 qcl: the cooling water flow. 

The thermal capacity of the electrolyzer stack is used to make appear the time-dependent 
thermal behavior.  
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where ∆SH2O is the thermal flow evacuated by the circulating water and Ct_H2O is the specific 
thermal capacitance of the electrolyzer stack. 
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IV.4.5 Macroscopic representation of the electrolyzer system 
 
If we combine the EMRs of the stack and the auxiliary systems together, we obtain the 

EMR of the whole electrolyzer system (Fig.IV-13). Different control inputs are highlighted in 
the EMR. More or less complicated control means can be implemented for the electrolyzer’s 
operation through these control inputs.  
 

uel iLel im_el 

mel 
um_el udc iLel 

um_el_ref iLel_ref

electrolyzer stack

choke filter dc bus chopper 

dc-bus
capacitor

mel_ref 

capacitor 

iel

uel 

uel_ref

pH2_elpH2_sto qH2_out

H2 storage electrovalve electrode volume

qH2_elpH2_elqH2_out vH2_el_ref 

hydrogen 
storage 

pO2_elpatm qO2_out

atmosphere electrovalve electrode volume

qO2_elpO2_elqO2_out vO2_el_ref 

atmosphere 
 

Tel TH2O Q’H2O

water supply flow regulator thermal capacicy

∆Stot_elTel Q’H2O q’H2O 

H2O 
 

H2 handling 
system 

O2 handling 
system 

Thermal 
management 

system 

Power conditioning system 

 
Figure IV-13:  EMR of the electrolyzer system modeling. 

 
IV.5 Modeling simplification and identification 
 
IV.5.1 Simplification of the modeling  

The goal of the work is to integrate an electrolyzer system in the hybrid power system 
with some power management algorithms. So we focus on the electrical characteristics of the 
electrolyzer system. Some auxiliaries can be simplified.  

The electrolyzer stack is intrinsically able to quickly react to the load changes, since the 
electrical and electrochemical time constants are very small [Leb 07]. The auxiliaries 
(hydrogen and oxygen handling system, water and thermal management) react much slower. 
So the global dynamic of the electrolyzer system is generally slow. The power slope, which is 
required by the load, should be limited. Therefore, we can consider a quasi steady-state 
operation, during which the pressures (pH2 and pO2) and the temperature (Tel) can be 
considered constant (well maintained). As result, the modeling and control scheme of the 
electrolyzer system can be simplified by assuming the physical quantities as constant 
parameters (Fig.IV-14). 
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Figure IV-14:  Simplified EMR of the electrolyzer system modeling and control. 
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IV.5.2 Experimental characterization of the electrolyzer behavior  

 
In order to evaluate the influence of the temperature and the pressures on the stack 

voltage, several tests are performed on a CETH GENHY 100® electrolyzer system (7 cells of 
75cm2 in series) at the Ecole des Mines de Douai. It has been presented in Paragraph IV.2. 

 
a) Influence of the temperature 

Several tests are performed in order to evaluate the influence of the temperature on the 
stack voltage. The pressures (pH2_el and pO2_el) have been set to 7bar, and the voltage-current 
curves have been recorded for different temperatures: 31°C, 35°C, 40°C and 45°C (Fig.IV-15). 
We find that the stack voltage decreases with the temperature. 
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Figure IV-15:  Experimental current-voltage characteristics at 7bar with different temperatures 

(31°C, 35°C, 40°C and 45°C) 
 
b) Influence of the pressure 

Several tests are performed with the same temperature (Tel=45°C) in order to evaluate the 
influence of the pressure on the stack voltage. The voltage-current curves have been recorded 
for different pressures: from 2bar to 7bar (Fig.IV-16). We find that the stack voltage does not 
vary much with the pressure for the studied system, because 7bar is still too low to modify the 
stack’s voltage-current curve.  
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Figure IV-16:  Experimental current-voltage characteristics at 45°C with different pressures 

(from 2bar to 7bar) 
 
IV.5.3 Identification of the modeling parameters 

 
In order to validate the electrolyzer stack modeling, some modeling parameters should be 

identified in Eq.IV-11: 
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- Ael: the Tafel slope for the activation losses; 
- j0_el: the minimal current density for the activation losses; 
- rel: the equivalent specific resistance for the ohmic losses; 
- Bel : the empiric coefficient for the concentration losses; 
- jlim_el : the maximal current density for the concentration. 

For the studied electrolyzer stack with 7 cells of 75cm2 in series, the modeling parameters 
are identified at 45°C and 7bar (Table IV-4). These parameters are used in our simplified 
modeling and are validated by comparison of the obtained characteristic from simulation 
results and experimental measurements (Fig.IV-17). 

 
Table IV-4:  Modeling parameters of the electrolyzer stack at 45°C and 7bar 

pH2 pO2 Tel A jo B jlim r 
7bar 1.4bar 45°C 0.0441 30µA/cm2 0.228 0.58A/cm2 0.5Ω·cm2 
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Figure IV-17:  Comparison between the modeling curve and experimental curve at 7bar and 45°C 

 
 
IV.5.4 Dynamic limitations in transient states 
 

The dynamic of the electrolyzer system is dominated by the auxiliary systems (eg. gas 
handling systems and thermal management system). In practice, the power dynamic of the 
electrolyzer system should be limited for efficiency and security reasons. For example, when 
the electrical operating point is stepped, the gas handling systems take some time to regulate 
the pressures in a good level in order to reduce the mechanic stress of the membrane; the 
thermal management system takes more time to ensure a homogenous heat evacuation in 
order to avoid some dangerous hot point on the membrane.  

The evolutions of the electrical variables are simulated firstly with a limited voltage slope 
and then with a limited power slope. In Fig.IV-18a, a voltage ramp of 1.25V/s is given from 
10.5V to 13V, then from 13V to 15.5V, and finally from 15V.5V to 10.5V. In Fig.IV-18b, a 
power ramp of 62.5W/s is given from 5W to 250W, then from 250W to 500W, and finally 
from 500W to 5W.  
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Figure IV-18:  Evolution of the simulated electrical variables with limited slope 

 
 
IV.6 Real-time electrolyzer emulator 
 

In our study, we need to test the power balancing and energy management strategies of 
the hybrid power system on an experimental test bench. In order to make the experimental test 
bench more flexible, we have decided to build a real-time emulator of the electrolyzer system 
instead of using the studied commercial electrolyzer system. Its power slope is limited too 
slow in comparison with its power range (Fig.IV-7) and we do not have access to modify it 
for implementing interested control functions in our application [Cet 07]. Moreover, the real-
time emulator has also many other advantages in comparison with the real components, as 
explained in the Paragraph I.5.2. In this section, we present the fuel cell emulator by 
Hardware-In-the-Loop (HIL) simulation [Zho 09]. 

 
IV.6.1 Structure of the electrolyzer emulator  
 

The emulator works as a current source like the real electrolyzer (Fig.IV-19a). It can be 
divided into two stages: the power electronic stage and the control stage (Fig.IV-19b).  

The power electronic stage consists of a dc-voltage supply and a buck converter including 
a chopper, a choke and a capacitor. It is properly designed and sized to set the same voltage 
(uel) as in a real electrolyzer system according to the measured current (iel) and the used 
electrolyzer system’s models.  

The control stage consists of the chopper’s driving card, the measurement instruments, 
the digital control board (DSpace 1102) and the interfacing card. A feed-back closed loop is 
used to make the emulator’s output current (iel_emu) equal to the current reference (iel_ref), 
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which is calculated from the electrolyzer modeling with the sensed voltage (uel). The 
electrolyzer modeling is implemented in the DSpace 1102. For a simplified modeling, the 
partial pressures (pH2 and pO2), the stack temperature (Tel) can be set constant as given 
parameters. For a more complex modeling, all needed auxiliary modeling and control 
functions can be algorithmically implemented in the DSP card. The time evolutions of other 
quantities (Tel, pH2 and pO2) can also be observed through the emulator.  
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(b)  Structure of the electrolyzer emulator 

Figure IV-19:  Structure of the Electrolyzer emulator 
 
IV.6.2 Modeling and control of the electrolyzer emulator 
 

The EMR of the power electronic stage modeling and the control scheme of the 
electrolyzer emulator are shown in Fig.IV-20 and all the used modeling equations and control 
algorithms are summarized in Table IV-5. 
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Figure IV-20:  EMR of modeling and control scheme for the electrolyzer emulator. 

 
Table IV-5:  Summary of modeling equations and control algorithms for the fuel cell emulator 
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a) Emulator modeling 

For the power stage, the power supply is modeled by a constant voltage source (us). An 
average model is used for the chopper:  
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where um and im_s are the average values of the chopper’s modulated voltage and modulated 
current. The choke current (iel_emu) can be described as below,  
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b) Emulator control 

As shown in Fig.IV-20, the current from the emulator can be adjusted by the control input 
of the DC chopper (ms_ref). The strategy consists to set a reference value of the current from 
the previously presented current-voltage characteristic. The control scheme is divided in two 
parts (Fig.IV-20).  

The first one is the power electronic stage control. It consists to regulate the output 
current (iel_emu) to make it equal to the reference value (iel_ref) by a PI corrector and a 
compensation of the electrolyzer voltage,  

 )( ___ emuelrefelelrefm iiPIuu
)) −−=  (II-36)

Then the reference of the averaged modulated voltage (um_ref) is used to generate the duty ratio 
reference (ms_ref) of the chopper with the measured dc voltage (us),  
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The second stage is the modeling of the electrolyzer stack and auxiliary systems. It 
consists to calculate the emulated electrolyzer’s output current according to the pressures, the 
temperature and the voltage (uel), which is set by the electrolyzer power conditioning unit. 
This voltage (uel) is measured and is sent to the “Electrolyzer stack and auxiliary modeling” in 
the DSP card as the electrolyzer voltage. Then the current of the emulated electrolyzer (iel_ref) 
is then calculated with this voltage and serves as the reference for the current control loop. 
 
IV.6.3 Implementation of the electrolyzer emulator  

 
The implementation of the electrolyzer emulator is shown in Fig.IV-21. The power 

electronic stage consists of a regenerative DC voltage source, a DC chopper, a choke and a 
diode. The control stage consists of an analogical control card for the current control loop and 
a digital control board (DSpace 1002) for the mathematical modeling of the electrolyzer 
system. The parameters, which are used in the electrolyzer emulator implementation, are 
given in Table IV-6. 

Different auxiliary system models and their control algorithms can also be implemented 
in the DSP card, according to different purposes and methods. For example, we can 
implement the auxiliary system’s model described above to establish the relation between the 
electrolyzer and the hydrogen storage. The variation of the different physical quantities can 
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also be simulated in the DSP card and verified via the computer desk in real time, such as the 
hydrogen outlet flow rate and the hydrogen pressure in the storage. 

 
Table IV-6:  Parameters of the electrolyzer emulator 

us 60 V Ls 10 mH 
Lel 10 mH Cel 22 µF 
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Figure IV-21:  Implementation of the electrolyzer emulator 
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IV.6.4 Experimental results 
 

By taking into account the electrolyzer’s power dynamic limit, we give the same power 
ramp for the fuel cell emulator’s experimental test, as in the simulation. Experimental results 
show that the same electrical behaviors are found (Fig.IV-22) as in the simulation (Fig.IV-
18b). Therefore, the electrolyzer emulator should be able to help the test bench assessment of 
our studied hybrid power system, in order to experimentally test the added control function 
and the different power balancing and energy management strategies, which will be presented 
in Chap.V.  
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Figure IV-22:  Time evolution of the emulated variables 

 
 
IV.7 Conclusion 

 
In this chapter, a system analysis of an electrolyzer system is presented. An overview is 

given on the existing technologies, the operating principles, the electrolyzer system, the 
commercialized products. In our study, the 500W CETH GENHY100® is studied. The system 
modeling and control scheme is presented with the Energetic Macroscopic Representation 
(EMR) in order to give a better presentation. The modeling parameters are experimentally 
identified and validated. This model is used to build an electrolyzer emulator by Hardware-In-
the-Loop simulation. This emulator is a flexible experimental test bench, which is used to 
assess the hybrid power system in order to test the control function, power balancing and 
energy management strategies for the active generator, which will be presented in Chap.V.  
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Chapter V  Active Wind Generator 

 
In the previous chapters, the modeling and control schemes of the wind/super-capacitors 

hybrid power system, the fuel cell system and the electrolyzer system have been separately 
studied. In Chap.I, we have shown that super-capacitors are able to filter fast wind power 
fluctuations. In order to have a local energy reserve, the fuel cell system and the electrolyzer 
system are integrated together to build a wind/hydrogen/super-capacitors hybrid power 
system, which is presented in this chapter.  

Different control strategies have been presented for the energy management of the hybrid 
power system in several applications. These strategies are based on the evolution of the state 
of the system [Aya 07], on the fuzzy control or the neural control [Haj 07] [Mor 06], on the 
DC-bus regulation [Mar 06] [Tho 09], on the passitivity and the plate systems [Pay 07] [Bec 
06]. In this chapter, the study consists of the system modeling and the design of control 
system, including the power balancing and energy management strategies. The objective is to 
set up an active wind generator, which can work like a classical power plant to supply the 
same powers as asked by a microgrid system operator. Several cases are studied to compare 
the performances with simulations and practical implementation.  
 
V.1 Modeling of the active wind generator 
 
V.1.1 Presentation 

The hydrogen based long-term energy storage system, including fuel cells and 
electrolyzers, is integrated into the wind/super-capacitor based hybrid power system. Because 
of many advantages (presented in Paragraph I.3), the DC-coupled structure is used. Different 
sources are connected to the common DC bus through different power converters (Fig.V-1) 
[Zho 08]. Thus, four types of sources are used in the hybrid power system: 

- the renewable energy conversion system: wind generator (WG); 
- the fast-dynamic energy storage system: super-capacitor (SC); 
- the long-term energy storage system: fuel cell system (FC) and electrolyzer system (EL); 
- the grid as a three-phase voltage source. 
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Figure V-1:  Structure of the active wind generator. 
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In order to make the hybrid power system work like a classical active generator to 

participate in grid management, the coordination of these different sources is very important. 
So the modeling and control of each source’s power conversion system should be studied in 
detail, as well as the overall power balancing and energy management strategies.  
 
V.1.2 Equivalent average modeling 
 

Equivalent average models of the power converters are used in our study because they are 
sufficient for the design of the power balancing and energy management strategies. Moreover, 
they can significantly reduce the simulation time during analysis work. By adding the 
equivalent average modeling of the power conversion system of the fuel cells and the 
electrolyzers in the wind/super-capacitors hybrid power system (Fig.II-34), we obtain the 
equivalent average modeling of the active wind generator (Fig.V-2). It shows that five sources 
are connected to the DC-bus through five power converters. These five power converters are 
used to introduce control inputs for each power conversion system, in order 

- to extract the maximal power from the wind generator; 
- to maintain a constant DC-bus voltage; 
- to provide the power exchange with the microgrid; 
- to ensure the availability of each energy storage system. 
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Figure V-2:  Equivalent electrical diagram of the active wind generator 
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V.1.3 DC-bus modeling 
 
In this hybrid power system, five energy sources are connected to the common DC bus 

via different power converters. So the DC-coupling modeling should be adapted with the 
newly added power conversion systems of the fuel cells and the electrolyzers (Fig.V-3): 

 dcsourinv iii −=  (V-1)
 storecsour iii +=  (V-2)
 2_ Hscmsto iii +=  (V-3)
 elmfcmH iii __2 +=  (V-4)

with     iinv: the modulated current of the grid inverter N°1; 
irec: the modulated current of the wind generator rectifier N°2; 
im_sc: the modulated current of the super-capacitor chopper N°3; 
im_fc: the modulated current of the fuel cell chopper N°4; 
im_el: the modulated current of the electrolyzer chopper N°5. 
isto: the sum of the modulated currents from energy storage systems; 
iH2: the sum of the modulated currents from fuel cells and electrolyzers; 
isour: the sum of the modulated currents from the wind generator and the energy 

storage systems. The DC-bus voltage is expressed as: 
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dc

dc i
dt

du
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(V-5)
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Figure V-3:  EMR of the DC bus in the active wind generator 

 
V.1.4 Energetic macroscopic representation 

 
The EMRs of each source’s power conversion system modelling have already been 

presented in the previous chapters (Fig.II-8, Fig.II-31, Fig.III-6 and Fig.IV-9). By combining 
these EMRs, we obtain the EMR of the entire active wind generator (Fig.V-4).  

Five action paths appear from the control inputs of the five power converters to the 
different physical quantities (il, Tgear, isc,  ifc,  uel): 

- from the three-phase inverter N°1 (minv) to the line currents (il); 
- from the three-phase rectifier N°2 (mrec) to the gearbox torque (Tgear); 
- from the chopper N°3 (msc) to the super-capacitors current (isc); 
- from the chopper N°4 (mfc) to the fuel cell current (ifc); 
- from the chopper N°5 (mel) to the electrolyzer voltage (uel). 
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Figure V-4:  EMR of the power conversion system in the active wind generator 

 
V.2 Control of the active wind generator 
 
V.2.1 Hierarchical control structure  
 

As for the wind energy conversion system and for the wind/super-capacitors hybrid 
power system (Fig.II-9 and Fig.II-37), we have used a hierarchical structure of the control 
system (Appendix C). 

In the studied active wind generator, five sources are considered: the wind generator 
(WG), the super-capacitors (SC), the fuel cells (FC), the electrolyzers (EL) and the grid 
connection (GC). Five power converters are used to regulate the power exchanges among 
them. So in the control system, five SCUs and five ACUs are used for the control of the five 
sources, a common PCU and a common MCU are used for the power balancing and the 
energy management of the entire hybrid power system (Fig.V-5). 
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Figure V-5:  Hierarchical control structure for the active wind generator. 

 
In the SCU of each converter, the IGBT drivers and PWM techniques are used to control 

the switching legs. These units are not the main concerns of the study, so they will not be 
detailed here. However, the control algorithms in the ACU should be presented in order to 
highlight the physical quantities, which can be used for the power flow control among the 
different energy sources.  
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V.2.2 Automatic control unit 
 
The control tasks of each dynamical quantity are the same as previously explained. The 

torque (Tgear) must be controlled in order to implement a maximum power point tracking 
strategy for the wind generator. The voltage across the electrolyzer, as well as the currents 
from the fuel cells and the super-capacitors, must be controlled for regulating the power 
exchange with the storage systems.  

The global control scheme of the entire active wind generator is obtained by combining 
all these control schemes, which have been presented in the previous chapters. They are 
organized with the help of the Energetic Macroscopic Representation (Fig.V-6). Six 
references (idc_ref, il_ref, Tgear_ref, isc_ref, ifc_ref, uel_ref) must be set to interface the automatic 
control units with the power control unit. As result, the Automatic Control Units (ACU) of the 
control system consist of the control schemes of each power conversion system (Fig.V-7). 
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Figure V-6:  EMR of the active wind generator with the control scheme. 
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Figure V-7:  Block diagram of the automatic control units for the active wind generator. 
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V.2.3 Power control unit 
 
a) Layout of the power control unit 

The Power Control Unit is divided into two levels: the Power Control Level (PCL) and 
the Power Sharing Level (PSL).  

The Power Control Level is the interface between the powers and the other quantities. 
The Power Sharing Level coordinates the power flow exchanges among the different energy 
sources with different power balancing strategies. They are presented here in detail with the 
help of the Multi-Level Representation (Fig.V-8), which has been developed by Peng LI in 
2008 [Li 08]. 

 
b) Power control level 

The power flow exchanges with various sources can be controlled only via the related 
five references (uel_ref, ifc_ref, isc_ref, Tgear_ref, il_ref in Fig.V-7). Therefore, the expressions of the 
powers should be deduced and these equations are used in order to obtain the control 
algorithms (Table V-1). In order to focus on the power exchanges with the different sources 
around the DC bus, the instantaneously exchanged power with the choke, the losses in the 
filters and the losses in the power converters are neglected. Only the sources’ powers and the 
exchanged power with the DC-bus capacitor are taken into account here. 

 
Table V-1:  Power calculation and power control algorithms for the active wind generator. 
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For the energy storage systems, the powers are calculated by multiplying the measured 

currents and the measured voltages (Int3, Int4 and Int5 in Table V-1). The references of the 
controllable variables are given by dividing the power reference with the measured current or 
the measured voltages (Int3c, Int4c and Int5c in Table V-1).  

For the wind energy conversion system, a maximal power point tracking (MPPT) strategy 
is used to extract the maximum power of the available wind energy according to a non-linear 
characteristic in function of the speed. It receives the measured rotational speed (Ω tur) and 
sets a desired power reference (pwg_ref) (Int2 and Int2c in Table V-1).  
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The output of the DC-bus voltage control loop is the current reference (idc_ref) of the DC-
bus capacitor, and its product with the measured DC-bus voltage gives the power reference 
(pdc_ref) for the DC-bus voltage regulation (Int0e). The powers, which are exchanged with the 
grid, can be calculated through the “two-wattmeter” method (Int1 and Int1c in Table V-1). 

The reference of the controllable variables should be limited while the powers are divided 
by a too small value. A look-up table can sometimes be used to avoid divisions by zero. For 
example, the non-linear static model of the electrolyzer stack can be implemented in a look-up 
table to translate each power reference into a voltage reference.  
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Figure V-8:  Multi-Level Representation of the power modeling and control for the active wind generator 

 
c) Power sharing level 

The Power Sharing Level is used to implement the power balancing strategies in order to 
coordinate the various sources in the hybrid power system (Fig.V-9). It will be explained in 
the following paragraphs.  
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Figure V-9:  Block diagram of the hierarchical control system of the active wind generator. 
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V.3 Power balancing strategies for the active wind generator 
 
V.3.1 Role of the power balancing 

The power balancing plays a very important role in the control system of the hybrid 
power system. It leads directly to the stability of the hybrid power system. In the studied wind 
energy conversion system, all power exchanges are performed via the DC-bus (Fig.V-10) and 
have an impact on the DC-bus voltage (udc):  

gelfcscwggsourdc
dc

dcdc
dc pppppppp

dt
du

uC
dt

dE
−−++=−=== . (V-6)

with Edc: the energy stored in the DC-bus capacitor; 
  pdc: the resulted power into the DC-bus capacitor; 
  pwg: the power, which is injected into the DC bus from the wind generator; 
  pfc: the power, which is injected into the DC bus from the fuel cell; 
  psc: the power, which is injected into the DC bus from the super-capacitor; 
  pel: the power, which is extracted from the DC bus into the electrolyzer; 
  pg: the power, which is extracted from the DC bus into the grid; 
  psour: the total power from the sources. 
So the instantaneous power balancing is very important for the stability of the whole system 
and should be well performed to regulate the DC-bus voltage. 
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Figure V-10:  Power flow exchanges around the DC bus in the active wind generator 

 
 
V.3.2 Power flow modeling 
 

According to the power exchange, the power flows inside this hybrid power system is 
organized with four equations according to Eq.V-1, Eq.V-2, Eq.V-3 and Eq.V-4 (Fig.V-11): 

 Pow1: dcsourg ppp −= , (V-7)
 Pow2: wgstosour ppp += , (V-8)

 Pow3: scHsto ppp += 2 , (V-9)
 Pow4: elfcH ppp −=2 , (V-10)

with psour: the total power, which arrives at the DC bus from the sources; 
  psto: the total power, which arrives at the DC bus from the storage systems; 
  pH2: the total power, which arrives at the DC bus from the long-term storage system. 
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Figure V-11:  Power balance inside the active wind generator 
 

The grid power (pg) must be equal to the power reference (pgc_ref) sent by the microgrid 
system operator. The DC power (pdc) must be equal to the required value (pdc_ref) to regulate 
the DC-bus voltage (udc0 to a constant value. Hence the sources’ total power (psour) can be 
adjusted by regulating the total power from storage units (psto). So the power flows are 
supervised with the power references, which must be calculated by the Power Sharing Level 
of the Power Control Unit (Fig.V-8). 

In this wind/hydrogen/super-capacitor hybrid power system, five power electronic 
converters are used to regulate the power transfer with each source. The three-phase rectifier 
is used to control the wind generator with a MPPT strategy. The three-phase inverter in the 
grid connection system and the DC choppers in the other power conversion systems can be 
used for the DC-bus voltage regulation and the grid power control. According to the chosen 
power flow, two power balancing strategies can be implemented [Zho 09]:  

- the grid following strategy uses the line current loop to regulate the DC-bus voltage; 
- the power dispatching strategy uses the line current loop to control the grid active power, 

and the DC-bus voltage is regulated with the wind generator and storage units. 
 
 
V.3.3 Grid following strategy 

 
With the grid following strategy, the DC-bus voltage is regulated by adjusting the 

exchanged power with the grid, while the wind generator works in MPPT strategies. In Fig.V-
12, it is depicted by a closed loop (pdc_ref  pg_ref  pg  pdc). So the required power for the 
DC-bus voltage regulation (pdc_ref) is used to calculate the grid power reference (pg_ref),  

 Pow1e: refdcsourrefg ppp __ −= ) . (V-11)
The sources’ total power (psour) is a disturbance and should also be taken into account.  

 Pow2e: stowgsour ppp ~~~ += . (V-12)
 Pow3e: 2

~
Hscsto ppp )) += . (V-13)

 Pow4e: elfcH ppp )) −=2
~ . (V-14)

 
The energy storage systems help the wind energy conversion system to satisfy the power 

references, which are asked by the microgrid operator. In steady state, the DC-bus voltage is 
regulated and the averaged power exchange with the DC-bus capacitor can be considered as 
zero in the equation (Pow1). Hence in steady state, the grid power (pg) is equal to the total 
power from the sources (psour). If the microgrid system operator sets a power requirement 
(pgc_ref), it must be equal to the sources’ power reference (psour_ref) as shown in Fig.V-12: 
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 Pow1c: refgcrefgrefsour ppp ___ == . (V-15)
In order to help the wind energy conversion system to respect the active power requirement, 
the energy storage systems should be coordinated to supply or absorb the difference between 
this power requirement (pgc_ref) and the fluctuant wind power (pwg) as shown in Fig.V-12: 

 Pow2c: wgrefsourrefsto ppp ~
__ −= . (V-16)

 

il_ref 

Int3 Int1 

pg_ref qg_ref

Int3c Int1c 

Wind generator Grid 

psc 

Fuel cells DC bus 

isc_ref 

isc 
usc 

il 
ugrid

pfc_ref 

Int4 

Int4c 

ifc_ref 

ifc 
ufc 

Tgear_ref 

pwg_ref 

Int2 

Int2c 

Tgear 
Ω tur 

pdc_ref 

Int0 

Int0e 

idc_ref 

idc 
udc 

Super-capacitorsElectrolyzers 

pel_ref 

Int5 

Int5c 

uel_ref 

uel 
iel 

pg 

pwg 

Pow1 

pfc pdc 
pel pH2 psto psour Pow2Pow3Pow4

Pow1e Pow2ePow3ePow4e

psc_ref 

Pow1c Pow2cPow3c

Pow4c

psour 

pwg ~ 

psto pH2 

Pow3c’

qgc_ref

pgc_ref

MPPT 
Strategy psc 

) pel 

) 

psour_refpsto_ref

pH2_ref

pfc 

) 

Power 
flow 

Power 
calculation 

Power 
control 

Power 
sharing 

Modeling 
& control 

~ ~ ~ 

 
Figure V-12:  Multi-Level Representation of the grid following strategy for the power sharing  

 
Among the energy storage systems, the fuel cells and the electrolyzers are the main 

energy exchangers because a large quantity of hydrogen can be stored for enough energy 
availability. For efficiency reasons the fuel cell and the electrolyzer should not work at the 
same time. The activation of the fuel cell or the activation of the electrolyzer depends on the 
sign of the reference (pH2_ref). Thus a selector assigns the power reference (pH2_ref) to the fuel 
cell (pfc_ref) or to the electrolyzer (pel_ref) according to the sign of pH2_ref (Fig.V-12), 
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However, the power reference (psto_ref) is a fast varying value due to the fluctuant wind 
power (pwg) and the varying grid power (pg). In order to avoid the fast chattering problem 
when it is close to zero, it should be slowed down. Moreover, the fuel cells and the 
electrolyzers have relatively slow power dynamics, fast varying power reference are not 
welcome for their operating lifetime. So a Low-Pass Filter (LPF) with a slope limiter should 
be added (Fig.V-12):  

 Pow3c’: ( )refstorefH p
s

p __2 1
1
τ+

= . (V-18)

where τ  is the time constant of the Low-Pass Filter. Its value should be set large enough 
according specific application by taking into account the power dynamics of the fuel cells and 
the electrolyzers as well as the size of the super-capacitors.  
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The super-capacitors are not made for a long-term energy backup unit because they have 
limited energy storage capacities due to their low energy density. However, they have vey fast 
power dynamics and can supply fast varying powers and power peaks. They can be used as 
auxiliary power system of the fuel cells and the electrolyzer to fill the power gaps during their 
transients (Fig.V-12),  

 Pow3c: elfcrefstoHrefstorefsc pppppp ))) +−=−= _2__ . (V-19)
The block diagram of the grid following strategy for the active wind generator is shown in 

Fig.V-13.  
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Figure V-13:  Block diagram of the grid following strategy for the power sharing. 

 
V.3.4 Power dispatching strategy 
 

The total power (psour) from the energy storage and the wind generator can also be used to 
provide the necessary DC power (pdc) for the DC-bus voltage regulation (Fig.V-14). In this 
case, the necessary total power reference (psour_ref) must be calculated by taken into account 
the required power for the DC-bus voltage regulation (pdc_ref) and the measured grid power (pg) 
as disturbance input by using the inverse equation of Pow1 (Fig.V-14), 

 Pow1c: grefdcrefsour ppp )+= __ . (V-20)
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Figure V-14:  Multi-Level Representation of the power dispatching strategy for the power sharing 
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Then the total power reference of the storage systems is deduced by taking into account 

the fluctuant wind power with the inverse equation of Pow2 (Fig.V-14),  
 Pow2c: wgrefsourrefsto ppp ~

__ −= . (V-21)
This power reference is shared among the fuel cells, the electrolyzers and the super-

capacitors in the same way as explained above, 
 

Pow3c’: ( )refstorefH p
s

p __2 1
1
τ+

= , 
(V-22)

 
Pow4c: 

⎪
⎩

⎪
⎨

⎧

<

=

>

,P:if

,P:if

,P:if

ref_H

ref_H

ref_H

0

0

0

2

2

2      

,P

,P

,PP

ref_fc

ref_fc

ref_Href_fc

0

0
2

=

=

=
   

.

;0

;0

_2_

_

_

refHrefel

refel

refel

pP

P

P

=

=

=
 

(V-23)

 Pow3c: elfcrefstoHrefstorefsc pppppp )) +−=−= _2__
~ . (V-24)

And now, the grid power reference (pg_ref) is free to be used for the grid power control. 
The microgrid system operator can directly set power requirements (pgc_ref and qgc_ref) for the 
grid connection system,  

 refgcrefg pp __ = . (II-25)
Therefore, the hybrid power system can directly supply the required powers for providing the 
ancillary services to the microgrid, like the regulations of the grid voltage and frequency.  

The block diagram of the grid following strategy for the active wind generator is shown in 
Fig.V-15.  
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Figure V-15:  Block diagram of the power dispatching strategy for the power sharing. 

 
 
V.4 Experimental tests 
 
V.4.1 Experimental implementation 

An experimental test bench of the active wind generator has been built to test the different 
power balancing strategies. Several real-time emulators are used in our system (Fig.V-16). 
Previously, we have presented the experimental implementation of the wind energy 
conversion system (Paragraph II.2.2). It enables to have similar power dynamics and 
characteristics as a real wind generator. The wind power emulator is used to provide the 
needed wind power profile, which has been presented in Chap.II. The fuel cell emulator and 
the electrolyzer emulator are used to provide the same electrical behavior as the real fuel cell 
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stack and the electrolyzer stack, which have been presented in Chap.III and in Chap.IV. They 
are integrated into the wind/super-capacitor hybrid power system, which is presented in 
Chap.II, in order to build the experimental test bench of the active wind generator. The test 
bench of the active wind generator is controlled by a Digital Signal Processor DSpace 1103. 
The emulators of the fuel cells and the electrolyzers are respectively controlled by DSpace 
1102 (Fig.V-16).  
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(a) System implementation 

 

 
(b) Control panel 

 
Figure V-16:  Implementation of the experimental test bench for the active wind generator. 
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The sizing of the fuel cell stack and the electrolyzer stack is adapted by using the 

modeling parameters of Table V-2 in the Hardware-In-the-Loop simulation in order to be 
interfaced in the experimental test bench. Three “BOOSTCAP” super-capacitors modules 
(160F and 48V) are connected in series (Table V-3). Therefore, the equivalent capacitor of the 
super-capacitor bank is about 53F and the maximal voltage is about 144V. Two power 
balancing strategies are respectively tested and compared. With this experimental test bench, 
it is possible to apply our proposed hierarchical control system for the active generator and to 
test it with the developed power balancing strategies.  

 
Table V-2:  Implementation parameters for the fuel cell and the electrolyzer emulators 

 Number of cells Active surface Nominal power Time constant  
Fuel cells 156 25 cm2 1 kW 5 s 
Electrolyzers 70 15 cm2 1 kW 5 s 

 
Table V-3:  Implementation parameters for the super-capacitors bank 

 Module voltage Module capacitance Module number  Stored energy 
Super-capacitors 48 V 160 F 3 0.15 kWh 

 
 
V.4.2 Test of the grid following strategy 

 
In order to test the grid following strategy, the same fluctuant wind power profile is used 

during 150 seconds as in Chap.II. The active power requirement from the microgrid is 
assumed to be pgc_ref=600W. The experimental results are compared with the simulation 
results (Fig.V-17). 

 
The DC-bus voltage is well regulated around 400V. Thanks to the energy storage systems, 

the active power, which is exchanged with the grid, is well regulated.  
For the energy storage systems, when the generated wind power is more than 600W the 

electrolyzer is activated to absorb the power difference. When the generated wind power is 
less than 600W, the fuel cell is activated to compensate the power difference. Since the power 
dynamic of the fuel cells and the electrolzyer are limited by a low-pass filter with a 5s time 
constant. They are not able to filter the fast fluctuations of the wind power. Therefore, the 
super-capacitors supply or absorb the rest of the required power in order to respect the 
microgrid’s power requirement (psour=pgc_ref=600W). The grid active power is slightly less 
than the microgrid’s requirement (pg<pgc_ref=600W) because different power losses in the 
filers and in the power converters are not taken into account in the system study. 
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Figure V-17:  Time evolution of the powers inside the active wind generator with the grid following strategy 

 
The voltages and the currents of the super-capacitors, the fuel cells and the electrolyzers 

are shown in Fig.V-18. Thanks to the help of the fuel cells and the electrolyzers, the voltage 
of the super-capacitor has not varied much. It means that the super-capacitors can still work 
during a long time with the help of the long-term energy storage systems.  
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Figure V-18:  Time evolution of the storage systems’ currents and voltages with grid following strategy 
 
 

V.4.3 Test of the power dispatching strategy 
The power dispatching strategy has also be tested with the same wind power profile and 

the same power requirement pgc_ref=600W. Experimental results are compared with the 
simulation results (Fig.V-19). The active power, which is delivered to the grid, is well 
regulated. It is exactly equal to the microgrid’s requirement (pg=pgc_ref=600W) because the 
line current control loop regulates directly the grid powers.  

The DC-bus voltage is well regulated by the energy storage units against the fluctuant 
wind power. They are controlled to supply or to absorb necessary powers in order to maintain 
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constant the DC-bus voltage. Since the power losses in the filters and in the power converters 
are not taken into account in the study, the sum of the powers, which are supplied by the 
storage systems, is slightly more than the microgrid’s requirement (psto>pgc_ref). 
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Figure V-19:  Time evolution of the powers inside the active wind generator with power dispatching strategy 

 
The voltages and the currents of the super-capacitors, the fuel cells and the electrolyzers 

are shown in Fig.V-20. Similar results can be found here as in Fig.V-18.  
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Figure V-20:  Time evolution of the storage systems’ currents and voltages with power dispatching strategy 

 
 
V.4.4 Comparison and discussion 
 

Two power balancing strategies are tested above: the grid following strategy and the 
power dispatching strategy. Thanks to the help of energy storage systems, the DC-bus voltage 
and the grid powers can be well regulated while the wind generator is working in MPPT 
strategy to extract the maximum available wind energy.  

Because of their high power dynamic, the super-capacitors are used for the transient 
regulation tasks. They can help to regulate the grid active power with the “grid following” 
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strategy and they can also help to regulate the DC-bus voltage with the “power dispatching” 
strategy. As result, the active wind generator can work in both power balancing strategies.  

Because of its high energy capacity, the hydrogen based energy storage system ensures 
the energy availability of the active wind generator. Thanks to the help of the fuel cells and 
the electrolyzers, the storage level of the super-capacitor has not varied much. It means that 
the super-capacitors can continue working during a long period against the continuously 
fluctuant wind power. So the active wind generator can work like a classical power generator 
to provide ancillary services to the power system of the microgrid and to ensure the system’s 
power quality. 
 

By comparing the two power balancing strategies with their experimental test results 
(Fig.V-17 and Fig.V-19), we see that the grid active power is better regulated in “grid 
following” strategy than in “power dispatching” strategy. In grid following strategy, the grid 
power varies continuously because the line current control loop regulates the DC-bus voltage 
and the grid power is adjusted all the time. In power dispatching strategy, the DC-bus voltage 
is regulated by the super-capacitors and the grid power can be directly used to supply the 
same power as required by the microgrid system operator. So if the active generator is 
required to provide necessary powers to participate in the microgrid management, the power 
dispatching strategy is preferred for more precisely controlling the grid powers.  
  

With the same wind power profile, the similar power evolutions are found for the energy 
storage units. These two power balancing strategies have the similar impacts on the energy 
storage levels, because they are both developed based on the same power balance equations.  

 
 

V.5 Energy management of the active wind generator 
 
V.5.1 Studied microgrid 

In our study, the active wind generator is connected to a microgrid and helps it to manage 
the network (Fig.V-21). 

If the microgrid is fed only by the active wind generator, the energy storage systems 
should be sized large enough and operated robustly according to the load capacity of the 
microgrid. For example, the fuel cell system’s capacity should correspond to the nominal load 
of the microgrid and the electrolyzer system’s capacity corresponds to the wind generator’s 
nominal power. The super-capacitor should be able to supply the peak load during the 
transient. In this case, the fuel cells become the main power supply and the wind generator 
becomes a supplementary primary power source. Moreover, the very large hydrogen storage 
system should be equipped and hydrogen import from outside of the region should be possible. 
This is not a cost-effective solution nowadays and the purpose of profiting from the renewable 
energy is partially lost. The super-capacitors must be sized to filter wind power fluctuations 
and load demand variations. 

If the microgrid is also fed by other power plants, the active wind generator can provide a 
continuously smooth power while the wind turbine works in MPPT strategy in order to 
maximize the use of the wind energy. In this case, the fuel cell system and the electrolyzer 
system should be sized according to the wind generator’s capacity, since, in the worst case, 
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the active wind generator is disconnected and all wind power is then stored in H2. The super-
capacitor system is then sized to filter wind power fluctuations.  

In our study, the studied microgrid is fed by an active wind generator, a micro gas turbine 
and other power plants (Fig.V-21) [Fra 08]. When the renewable energy generator can not 
supply enough power, the micro gas turbine and the other power plants can be activated to 
feed the microgrid. It must be noted that since the storage units are associated in the active 
wind generator, a security margin exists for the energy supply. It is a very important point 
because now the microgrid system operator has a sufficient time delay to change the power 
planning of other power plants before the active generator shuts down. Moreover, the 
microgrid can be connected to the distribution network and necessary power exchanges can be 
performed between the microgrid and the distribution network.  

The objective of the energy management is that the active wind generator can supply a 
prescribed power during a time interval (eg. 30 minutes), which is required by the microgrid 
system operator. This power reference is calculated one period before according to the 
forecasting of the wind condition. 
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Figure V-21:  Studied microgrid 

 
V.5.2 Energy management 
 
a) Role of the microgrid system operator 

The energy is the integral of the power time evolution p(t) during a time interval ∆T. If 
the time interval is fixed, the energy demand (E) can be expressed by an average power 
requirement (<p>) during a period (∆T),  
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The microgrid system operator forecasts the wind profile vwind(t) and calculates the total 
expected energy (Ewind) with the estimated wind power ( )(~ tpwind ) that the wind turbine can 
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capture and can generate during each time interval in a day. The power requirement pgc_ref is 
obtained by dividing this estimated wind energy by the time interval,  
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b) Role of the active generator 

A classical power plant can supply a smooth constant power according to the microgrid’s 
requirement during the period. However, the wind generator can only supply a continuously 
fluctuant power because the actual wind speed is very fluctuant and will never be the same as 
the forecasted wind profile. These fast fluctuating power differences can be filtered by the 
super-capacitors based energy storage system, if the super-capacitor voltage is not too high or 
too low. Moreover, the forecasted wind energy and the real available wind energy can not be 
exactly the same. These energy differences can be stored or compensated by the hydrogen 
based energy storage system (by using fuel cells and electrolyzers), if the hydrogen tank is not 
full or empty (as the pressure is too high or too low).  

This operating scheme is only possible if all storage levels are in a good range for the next 
period. Then the normal power requirements will be attributed and the active power generator 
works in a normal operating mode with all storage systems in normal states (as well as we 
discussed above).  

Therefore, the storage level of each energy storage system should be monitored by an 
energy management unit. If the storage levels are not in a good range for the next period (30 
minutes) according to the necessary energy estimations, they should be adjusted during the 
next period. And the power planning, which is required by the microgrid system operator, 
should also be modified for the next period. Then the active power generator works in other 
operating modes during which at least one storage level is not in a good range.  

The energy management must ensure the energy availability of the active wind generator 
by monitoring and adjusting the storage level of each energy storage system. The 
communication with the microgrid system operator is thus necessary because it must 
coordinate the different power plants with upgraded their power planning for the next period.  
 
 
V.5.3 Mode control unit  
 
a) Presentation 

The energy management strategies can be implemented in the Mode Control Unit (MCU) 
of the hierarchical control system (Appendix C) by determining the operating mode (M) of the 
hybrid power system. Each operating mode corresponds to a group of power balancing 
algorithms in the Power Sharing Level (PSL) of the Power Control Unit (PCU). The chosen 
power balancing algorithms perform the desired energy management purpose corresponding 
to the chosen operating mode.  

The operating modes are determined in the Mode Control Unit according to the fast 
dynamic energy storage level (Levelsc) and the long-term energy storage level (LevelH2) 
(Fig.V-22). The super-capacitor voltage (usc) is used to characterize the fast-dynamic energy 
storage level. The hydrogen pressure (PH2) in the tank is used to characterize the long-term 
energy storage level.  
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Figure V-22:  Block diagram of the Mode Control Unit for the active wind generator 

 
 

b) Short-term storage level 
The short-term storage level can be expressed by the super-capacitor voltage and is 

indicated in percentage in the “short-term storage level calculator” of the Mode Control Unit 
(Fig.V-22): 
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with Esc: the energy, which is stored in the super-capacitors; 
 Esc_max: the maximal energy, which can be stored in the super-capacitors; 
 usc: the voltage across the super-capacitors; 
 usc_max: the maximal voltage across the super-capacitors banks; 
 Csc: the equivalent capacitance of the super-capacitor banks. 
 

For efficiency and security reasons, the operating fast dynamic storage level is limited 
from 25% to 95%. It corresponds to an operating voltage from 50% to 97.5% of the maximal 
voltage. In our study, three BOOSTCAP 48V super-capacitor modules are used in series and 
the maximal voltage is thus 144V. So the operating voltage range of the super-capacitors is 
from 72V to 140.4V (Table V-4).  

 
Table V-4:  Fast-dynamic energy storage level vs. the super-capacitor voltage 

Fast-dynamic storage level (Levelsc): 0% 25% 30% 50% 90% 95% 100% 
Super-capacitor voltage (usc): 0V 72V 78.9V 101.8V 136.6V 140.4V 144V 

 
In order to avoid the chattering phenomena, two hysteresis operators are used to define 

the short-term storage state (Statesc) by the “short-term storage state definition” of the Mode 
Control Unit (Fig.V-22) with Emptysc, Normalsc and Fullsc (Fig.V-23).  
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Figure V-23:  Hysteresis control of the short-term recovering modes. 

 
c) Long-term energy storage level 

The long-term energy storage level can be expressed by the hydrogen pressure in the tank 
and is indicated in percentage in the “long-term storage level calculator” of the Mode Control 
Unit (Fig.V-22): 

 
max_2

2

2max_2

22

max_2

2

max_2

2
2 /

/

H

H

HHVHH

HHVHH

HHVH

HHVH

H

H
H P

P
RTkVP

RTkVP
kM

kM
E

ELevel ==== . (V-29)

with  EH2: the energy, which is stored in the tank in hydrogen form; 
      EH2_max: the maximal energy, which can be stored in the tank in hydrogen form; 
      MH2: the number of moles of the hydrogen, which is stored in the tank; 
      MH2_max: the maximal number of moles of the hydrogen in the tank; 
      PH2:  the hydrogen pressure in the tank; 
      PH2_max: the maximal hydrogen pressure in the tank; 
      VH2:  the volume of the hydrogen tank; 
      kHVV: the higher heating value, corresponding to the stored energy in 1 mole of 
hydrogen (302kJ/mol), or to the stored energy in 1m3 of hydrogen (3.51kWh/Nm3) in stardard 
condition (T=25°C and PH2=1bar). 

The energy capacity of a hydrogen tanks can be easily sized with the volume of the tanks 
and the maximal pressure that the tanks can support. In our study, a 100L/20bar hydrogen 
tank is considered. The energy storage capacity is about 7kWh. If the fuel cell system should 
supply a 1000W rated power, it can stand up to about 7 hours due to its global power 
efficiency. For efficiency and security reasons, the operating pressure is limited from 2bar to 
18bar. The long-term storage level is then limited from 10% to 90% (Table V-4).  

 
Table V-5:  Long-term energy storage level vs. the hydrogen pressure in the tank 

Long-term storage level (Levelsc): 0% 10% 15% 50% 90% 95% 100% 
Hydrogen pressure in the tank (PH2): 0bar 2bar 3bar 10.8bar 18bar 19bar 20bar 

 
In order to avoid the chattering phenomena, two hysteresis operators are used to define 

the short-term storage state (StateH2) by the “long-term storage state definition” of the Mode 
Control Unit (Fig.V-22) with EmptyH2, NormalH2 and FullH2 (Fig.V-24).  
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Figure V-24:  Hysteresis control of the long-term recovering modes for the active wind generator. 

 
d) Determination of the operating mode 

According to the states of the energy storage systems (Statesc and StateH2), four kinds of 
operating modes (including nine specific modes) can be defined in the “operating mode 
determination” of the Mode Control Unit for the active wind generator (Fig.V-22): 

- Normal operating mode (ModeNN) 
- Short-term recovering modes (ModeNE, ModeNF) 
- Long-term recovering modes (ModeEN, ModeFN) 
- Entire recovering modes (ModeEE, ModeEF, ModeFE, ModeFF) 

All these possible operating modes with respect to the energy storage systems are 
summarized and are determined by a look-up table (Table V-6).  

 
Table V-6:  Possible operating modes (M) for the active wind generator 

Statesc 
StateH2 EmptySC NormalSC FullSC 

EmptyH2 ModeEE ModeEN ModeEF 
NormalH2 ModeNE ModeNN ModeNF 

FullH2 ModeFE ModeFN ModeFE 
 

For a specified operating mode, a group of power balancing algorithm is then applied in 
the Power Sharing Level of the Power Control Unit (Fig.V-22). As discussed above, the 
power dispatching strategy has better performances on the grid power control than the grid 
following strategy. So we consider only the power dispatching strategy for each operating 
mode in the following paragraphs. 

 
 

V.5.4 Normal operating mode  
 
When all energy storage systems are available (with their storage levels in a good range), 

M=ModeNN, the active wind generator works in the normal operating mode. The power 
balancing algorithms, which are shown in Fig.V-15, can be directly used without any 
modification by the mode switching (Fig.V-25).  
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Figure V-25:  Block diagram of the power dispatching strategy in normal mode 

 
 
V.5.5 Short-term recovering modes 
 

In short-term recovering modes, only the storage level (Levelsc) is out of the normal range 
and should be adjusted. The fuel cell or the electrolyzer should work under their nominal 
power until the storage level of the super-capacitor is recovered. At the same time, the power 
requirements from the microgrid system operator can still be respected.  

 
a) Full super-capacitor mode 

When the super-capacitor voltage increases above 140.4V, the short-term energy storage 
level is too high (Levelsc>95) for the super-capacitors to operate in the same way as in the 
normal mode. The long-term energy storage level is still in a good range and the active wind 
generator begins to work in the “full super-capacitor mode”. Special energy management 
strategy should be performed to recover the short-dynamic energy storage level (Levelsc) as 
soon as possible, while the active grid power is always well regulated to achieve the 
microgrid’s power requirement.  

In this case, the look-up table of the Operating Mode Determination (Table V-6) gives 
M=ModeNF. The “mode switching” modifies only the electrolyzer power reference (pel_ref) 
(Fig.V-26). It should be equal to its rated power, 

 ratedelrefel pp __ = . (V-30)
 

Pow2c Pow3c’

Pow3c 

Pow4e 

Pow1c 

+ 

_ psc_ref  

psto_ref 
+ + 

+ 
_ pg 

pdc_ref 

pel_ref 

psour_ref 

Low pass filter 
& slope limiter 

+ 

pH2

pfc pel 
_ 

pgc_ref 

MPPT 
strategies 

pwg_ref Ω gear 

pwg 
~ 

) 

) 

) ) 

) 

Pow4c 

 Selector
pH2_ref

pfc_rated

pel_rated

pwg_rated

0 

pfc_ref 

pg_ref 

M=ModeNF 

Mode 
Switching 

 
Figure V-26:  Block diagram of the power dispatching strategy in “full-SC” mode 
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As result, the electrolyzers consume more power than required and the super-capacitors 
start to be discharged for returning back to its normal state. Of course, the transient should be 
limited with a power slope. With the same power control algorithms for the other source, the 
super-capacitor will be automatically discharged. 
 
b) Empty super-capacitor mode 

When the super-capacitor voltage decreases below 72V, the short-term energy storage 
level is too low (Levelsc<25) for the super-capacitor to continue operating in the same way as 
in the normal mode. The long-term energy storage level is still in a good range and the active 
wind generator begins to work in the “empty super-capacitor mode”. Special energy 
management strategy should be performed to recover the fast-dynamic energy storage level as 
soon as possible, while the active grid power is always well regulated to achieve the 
microgrid’s power requirement.  

In this case, the look-up table of the Operating Mode Determination (Table V-6) gives 
M=ModeNE. The “mode switching” modifies only the fuel cell power reference (pfc_ref) by the 
mode switching (Fig.V-27). It should be equal to its rated power, 

 ratedfcreffc pp __ = . (V-31)
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Figure V-27:  Block diagram of the power dispatching strategy in “empty-SC” mode 

 
As result, the fuel cells generate more power than required and the super-capacitors start 

to be recharged for returning back to its normal state. Of course, the transient should be 
limited with a power slope. With the same power control algorithms for the other sources, the 
super-capacitor will be automatically recharged. 

 
 

V.5.6 Long-term recovering modes 
 
In long-term recovering modes, the storage level (LevelH2) is out of the normal range and 

should be adjusted. Because the active wind generator has a problem of the energy availability 
now, the grid power reference can no long be the same as the microgrid power requirements. 
Thus, the microgrid system operator should be informed of this situation, it should attribute 
more power requirements or less power requirements for other power plants to overcome this 
special period.  
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a) Full hydrogen mode 
When the hydrogen pressure in the tank increases above 18bar, the long-term energy 

storage level is too high (LevelH2>90%) for the hydrogen tank to store more hydrogen. So the 
electrolyzer system can not operate in the same way as in the normal mode. The short-term 
storage level is still in a good range and the active wind generator begins to work in the “full 
hydrogen mode”. Special energy management strategy should be performed to recover the 
long-term energy storage level. 

In this case, we have M=ModeFN, the grid power reference (pgc_ref) of the active wind 
generator should be modified in order to ask the electrolyzers to consume more hydrogen 
from the H2 storage. It can be a higher value, which corresponds to (for example 50%) more 
energy than the forecasted wind energy during the next periods, until a good hydrogen 
pressure is recovered.  

Or it can also be set with the rated power value (pgc_rated) of the active wind generator 
(Fig.V-28).  

 ratedgcrefgc pTnp __ )( =∆ . (V-32)
Then the fuel cell will be activated alone to supply the complement power between the 

actual wind power (pwg) and the active wind generator’s rated power (pgc_rated), because this 
value of pwg will never be higher than pgc_rated. As result, the hydrogen tank will be discharged 
since the hydrogen is used by the fuel cell to supply the power to the grid. 
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Figure V-28:  Block diagram of the power dispatching strategy in “full-H2” mode 

 
b) Empty hydrogen mode 

When the hydrogen pressure in the tank decreases below 18bar, the long-term energy 
storage level is too low (LevelH2<10%) for the hydrogen tank to release more hydrogen. So 
the fuel cell system can not operate in the normal mode. The short-term storage level is still in 
a good range and the active wind generator begins to work in the “empty hydrogen mode”. 
Special energy management strategy should be performed to recover the long-term energy 
storage level. 

In this case, we have M=ModeEN, the grid power reference (pgc_ref) of the active wind 
generator should be modified in order to ask the fuel cells to produce more hydrogen for the 
H2 storage. It can be a lower value, which corresponds to (for example 50%) less energy than 
the forecasted wind energy during the next periods, until the hydrogen pressure is recovered.  

Or it can also be set to zero (Fig.V-29),  
 0)(_ =∆Tnp refgc . (V-33)
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Then the electrolyzer system will be activated alone to absorb the power difference 
between the actual wind power (pwg) and the zero power reference, because this value of pwg 
will never be smaller than 0. As result, the hydrogen tank will be recharged with the hydrogen 
which is produced with the generated wind power. 
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Figure V-29:  Block diagram of the power dispatching strategy in “empty-H2” mode. 

 
 
V.5.7 Entire recovering modes 
 

We have introduced five specific operating modes (with M=ModeNN,, M=ModeNF,, 
M=ModeNE,, M=ModeFN,, M=ModeEN,) in the previous paragraphs. In all of these five 
operating modes, even if one of the two energy storage systems can not work normally, the 
wind generators can always work in a MPPT strategy to extract the maximum of the available 
wind energy if the wind speed is medium.  

When both storage levels are out of their normal ranges, we have M=ModeFF,, M=ModeFE,, 
M=ModeEF,, M=ModeEE in Table V-6, and the active wind generator works in the “entire 
recovering modes”. None of the energy storage systems can properly operate and the active 
wind generator enters into an extremely abnormal situation.  

We will not present them in detail, because the active wind generator is not “active” 
during this operating mode. In this case, we have two possible solutions.  

- Either the wind generator works in a MPPT strategy and the grid following strategy is 
used to regulate the DC bus voltage and to deliver a fluctuant wind power to the grid. 
In this case, we loose the ancillary service for the microgrid management from the 
active wind generator, but we have still the power production.  

- Or a constant power can be exchanged with the microgrid to recover the long-term 
storage level (LevelH2), and the wind generator should be stopped or should supply a 
constant power if a necessary wind speed is available. When LevelH2 is recovered, the 
active wind generator can operate in the “short-term recovering mode” to recover the 
short-term storage level (Levelsc). In this case, the wind power production is limited, 
but the active wind generator can provide ancillary service to the grid as soon as 
possible.  

 
 



Chapter V  Active Wind Generator 

 144

V.6 Performance tests of the energy management strategies 
 
V.6.1 Presentation 
 

The energy management strategy test should be performed for a long time range, so 
numerical simulations are used to test the performance. The main objective is to monitor the 
variation of the storage levels in order to evaluate these energy management strategies, so 
only the power models are used in this part. The same parameters are used in these tests as in 
the previous sections 
 
V.6.2 Normal operating mode 
 

In the normal operating mode, the two storage levels are both in a good range (usc=125V 
and PH2=10bar). The same wind power profile is given and is repeated during 150 minutes 
(9000 seconds). The grid power is updated every period of 25 minutes (1500 seconds). The 
test results are shown in Fig.V-30. 
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With the proposed power balancing strategies, the super-capacitor voltage has not much 

varied, thanks to the available long-term energy storage system. With a good wind generation 
forecasting, the grid power reference (pgc_ref=550W) is close to the average wind power (from 
0 to 30min), and the hydrogen pressure in the tank does not vary much. When the forecasted 

     Grid active power pg (W) 

      
     Wind power pwg (W) 

      
     Super-capacitor power psc (W) 

      
     Fuel cell power pfc (W) 

      
     Electrolyzer power pel (W) 

      
     Super-capacitor voltage usc (V) 

      
     Hydrogen pressure in the tank PH2 (bar) 

      
       0      20       40       60        80       100        120        140         160   time (min) 

Figure V-30:  Test of the energy management strategy for the active wind generator in normal mode 
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wind generation is not very accurate, the long-term storage system should store or release 
more energy in order to ensure the energy availability of the active wind generator and the 
long-term storage level varies (from 30minutes to 180minutes).  
 
V.6.3 Short-term recovering modes 
 

When the short-term storage level (Levelsc) goes out of the good range (from 25% to 
95%), the active wind generation works in short-term recovering mode. Two tests are 
performed to evaluate the energy management strategies in short-term recovering mode, 
respectively for the “full super-capacitor mode” (Fig.V-31) and the “empty super-capacitor 
mode” (Fig.V-32).  

 
     Grid active power pg (W) 
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     Super-capacitor power psc (W) 
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     Electrolyzer power pel (W) 
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  0         50         100   150    200   250    300 time (s) 

Figure V-31:  Test of the energy management strategy for the active wind generator in “full-SC” mode 
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When the super-capacitor voltage goes above 140.4V (Levelsc=95%), the “full super-

capacitor mode” should be started immediately. A constant power reference (500W) is sent to 
the electrolyzer and the fuel cell is deactivated until the super-capacitor voltage is back below 
136.6V (Levelsc=90%) (Fig.V-31). 

When the super-capacitor voltage goes below 72V (Levelsc=25%), the “empty super-
capacitor mode” should be started immediately. A constant power reference (500W) is sent to 
the fuel cell and the electrolyzer is deactivated until the super-capacitor voltage is back above 
78.9V (Levelsc=30%) (Fig.V-32). 
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Figure V-32:  Test of the energy management strategy for the active wind generator in “empty-SC” mode 
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V.6.4 Long-term recovering modes 
When the long-term storage level (LevelH2) goes out of the good range (from 10% to 

90%), the active wind generation works in long-term recovering mode. Two tests are 
performed to evaluate the energy management strategies in long-term recovering mode, 
respectively for “full hydrogen mode” (Fig.V-33) and “empty hydrogen mode” (Fig.V-34).  

 
     Grid active power pg (W) 

      
     Wind power pwg (W) 

      
     Super-capacitor power psc (W) 

      
     Fuel cell power pfc (W) 

      
     Electrolyzer power pel (W) 

      
     Super-capacitor voltage usc (V) 

      
     Hydrogen pressure in the tank PH2 (bar) 

      
       0      20       40       60        80       100        120        140         160   time (min) 

Figure V-33:  Test of the energy management strategy for the active wind generator in “full-H2” mode 
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When the hydrogen pressure in the tank goes above 18bar (Levelsc=90%), the “full 

hydrogen mode” should be started for the next period of 30 minutes. The microgrid system 
operator should attribute a higher active power requirement (800W for example) than the 
value, which is obtained by wind condition forecasting (600W). With the properly used power 
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     Hydrogen pressure in the tank PH2 (bar) 
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Figure V-34:  Test of the energy management strategy for the active wind generator in “empty-H2” mode 
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balancing strategy, the fuel cells supply more power than the electrolyzers consume and the 
hydrogen pressure in the tank increases. The normal operating mode will be restarted only if 
the hydrogen pressure in the tank is back below 17bar (Levelsc=85%) in the previous period. 
(Fig.V-33).  

When the hydrogen pressure in the tank goes below 2bar (Levelsc=10%), the “empty 
hydrogen mode” should be started for the next period of 30 minutes. The microgrid system 
operator should attribute a lower active power requirement (0W for example) than the value, 
which is obtained by wind condition forecasting (600W). With the properly used power 
balancing strategy, the electrolyzers consume more power than the fuel cells supply and the 
hydrogen pressure in the tank decreases. The normal operating mode will be restarted only if 
the hydrogen pressure in the tank is back above 3bar (Levelsc=15%) in the previous period. 
(Fig.V-34).  
 
 
V.6.5 Discussion 
 
a) Power balancing and energy management 

Power balancing deals with the instantaneous power flow control among the different 
sources. As result, it leads to directly two basic control functions: DC-bus voltage regulation 
and grid power regulation. With the presence of the fast-dynamic energy storage system and 
the long-term energy storage system, both the “grid following” strategy and the “power 
dispatching” strategy can be used for the power balancing of the proposed active wind 
generator. Because of the better performance on the grid power regulation, the “power 
dispatching” strategy is preferred.  

Energy management deals with the monitoring and control of the energy storage levels by 
taking decisions on the system’s operating mode. As result, it leads to the energy 
sustainability of the power system. The thresholds of the storage levels are not invariable, but 
should be adapted with the available equipments and the user’s requirements.  
 
b) Sizing of the storage systems 

The sizing of the storage systems depends on the system requirement.  
If the total conventional generator power is extremely larger than the integrated wind 

generator, the fluctuant wind power has even no impact on the system’s power quality. So the 
wind generator can work like a passive generator and no energy storage systems are needed.  

If the microgrid is partially fed by the wind generator, smooth wind powers are required 
in order to ensure the system’s power quality and even to provide sometimes some services to 
the power system. In this case, energy storage systems are needed to build an active wind 
generator. They should only be sized according to the wind generator’s rated power, in order 
to supply or to absorb the rated wind power in the worst case. 

If the microgrid is mainly fed by the wind generator, the energy storage system of the 
active wind generator should be sized according to the microgrid’s capacity. Because of the 
fluctuant and random characteristics of the wind condition, the active wind generator should 
supply the system even if there is no wind.  

The sizing of the storage systems is relatively easy. In order to adapt the power level 
(voltage and current), corresponding cell numbers and active surface areas can be easily 
calculated for the fuel cell stack and the electrolyzer and the number of the modules in series 
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and the number of the modules in parallel can also be easily calculated for the super-capacitor 
bank.  

The specified sizing of the storage systems will not change the power balancing and 
energy management strategies. Only the storage levels’ thresholds need to be adjusted. So the 
discussed methodologies can be applied to the DC-coupled hybrid power system of different 
power scales.  
 
V.6.6 Efficiency analysis 

 
In a classical wind energy conversion system, the generated wind energy, which is sent to 

the DC bus, is totally delivered to the grid. This energy efficiency of this energy conversion 
system can be considered as 100%, if all kinds of power losses are ignored.  

In the studied active wind generator, two kinds of energy storage system are integrated 
through the DC bus. A part of the generated wind power is exchanged with them before being 
delivered to the grid. So the round-trip efficiency of the storage systems should be taken into 
account to evaluate the system efficiency (Fig.V-35).  
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Figure V-35:  Energy exchange inside the active wind generator 

 
The assumed efficiencies of each component are listed in Table V-7. Therefore, the 

round-trip efficiency of the fast-dynamic storage system is about 85.74% (0.95×0.95×0.95). 
The round-trip efficiency of long-term energy storage by hydrogen is 31.38% 
(0.95×0.74×0.47×0.95). If the intrinsic losses (for example, the powers, which are consumed 
by the auxiliary systems, like compressors) are taken into account, the round-trip efficiency is 
29.84% [Li 08a]. The system efficiency can be obtained by using the following equation,  
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with  Egen:  the generated wind energy, which is sent to the DC bus; 
 Edel: the delivered wind energy from the DC bus to the grid 
 Ewg: the energy, which is directly delivered to the grid from the wind generator; 
 EH2: the energy, which is exchanged with the long-term energy storage system; 
 Esc: the energy, which is exchanged with the fast-dynamic energy storage system; 
 ηH2: the round-trip efficiency of long-term energy storage system (29.84%); 
 ηsc: the round-trip efficiency of fast-dynamic energy storage system (85.74%); 
 ηtot: the system efficiency of the active wind generator; 
 α wg: the energy distribution ratio of Ewg in Egen; 
 α H2: the energy distribution ratio of EH2 in Egen; 
 α sc: the energy distribution ratio of Esc in Egen. 
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Table V-7:  The round-trip efficiency of the storage systems 
Super-capacitors 

bank 
Fuel cell 
system 

Electrolyzer 
system 

DC-DC 
converters 

Fast-dynamic 
storage 

Long-term 
storage 

95% 47% 74% 95% 85.74% 29.84% 
 
The system efficiency is 88.5% (with α wg=79.1%, α sc=5.6% and α H2=15.3%) in normal 

operating mode with pwg_ref=550W during 150 minutes. It becomes 85.0% (with αwg=74.1%, 
α sc=5.6% and α H2=20.3%) for the scenario, which is presented in Fig.V-30. We can see that 
the energy distribution ratios (αwg, αH2 and αsc) depend on many factors. For examples: 

- If the wind power is less fluctuant, less energy is exchanged with the energy storage 
systems, so the directly transferred wind energy (α wg) is increased and the system 
efficiency ηtot is also increased.  

- If the wind forecast is more precise, α wg can be increased, α H2 can be reduced and the 
system efficiency ηtot can be improved.  

Possible values of the system efficiency are calculated in Table.V-8 according to different 
energy distribution ratios.  
 

Table V-8:  Possible system efficiencies according to different energy distribution ratios 
αH2 

αwg 0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 
0.0 85% 80% 75% 69% 63% 58% 53% 46% 41% 36% 29% 
0.1 87% 81% 76% 71% 65% 59% 54% 48% 42% 37% – 
0.2 88% 83% 78% 72% 66% 61% 55% 49% 44% – – 
0.3 91% 84% 79% 74% 67% 62% 57% 51% – – – 
0.4 92% 86% 80% 75% 69% 63% 58% – – – – 
0.5 93% 87% 82% 76% 71% 65% – – – – – 
0.6 95% 88% 83% 78% 72% – – – – – – 
0.7 96% 91% 84% 79% – – – – – – – 
0.8 97% 92% 86% – – – – – – – – 
0.9 99% 93% – – – – – – – – – 
1.0 100% – – – – – – – – – – 

 
Some extremely cases are explained as follows: 

- when no storage devices are used and the wind power is totally delivered to the grid, the 
system efficiency is considered as 100% (orange);  

- when only super-capacitors are used, the possible values of system efficiency are presented 
in the second column (blue); 

- when only hydrogen devices are used, the possible system efficiencies are presented in the 
diagonal (green); 

- with both energy storage systems, the system efficiency should probably stay in the 
triangle area (purple);  

- the other values of the system efficiency will rarely appear if the system works in normal 
operating mode (white). 

 
 
V.6.7 Cost evaluation 
 

The economic and technical performance should be evaluated for the multi-source hybrid 
power system, like cost and efficiency of each component and of the whole system. Table.V-9 
presents the actual costs (2008) and the expected costs (2015-2020) of the components [Zou 
07] [Bec 08].  
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Some similar economic and technical metrics have also been proposed and have been 
applied to compare different hybrid power systems based on solar energy (PV/Batteries, 
PV/H2 and PV/Batteries/H2) [Li 08c]. Due to the short lifetime and high price, the batteries 
are not suitable for long-term energy storage. The lowest cost with a better efficiency can be 
obtained by using batteries for short-term energy storage and hydrogen devices for long-term 
storage (Table.V-10).  
 

Table V-9:  Techno-economic statistics of different components [Zou 07] [Bec 08] 
 Efficiency Lifetime Present cost Expected cost (2015) Cost Reduction 

Photovoltaic Panels 14% 25 year 10200 $/kW 8000 $/kW 22% 
Wind Turbines 30% 25 year 1200 $/kW 1200 $/kW Stable 

Power Converters 95% 10 year 1000 $/kW 1000 $/kW Stable 
Fuel cells 47% 5 year 2000 $/kW 500 $/kW 75% 

Electrolyzers 74% 10 year 1500 $/kW 500 $/kW 67% 
Super-capacitors 95% 20 year 300 $/kW   

Batteries 90% 5 year 120 $/kWh   
Hydrogen tanks 100% 20 year 30 $/kWh   

 
Table V-10:  Comparison of system efficiency and electricity cost for a PV based hybrid power systems [Li 08c] 

 PV/Batteries PV/H2 PV/Batteries/H2 
System Efficiency 81.76% 43.71% 71.30% 
Electricity Cost 0.95$ 1.16$ 0.88$ 

 
For our system, the system efficiency varies from 54% to 87% if properly operated 

(Table.V-8). Although the super-capacitors are more expensive than batteries, wind energy is 
much cheaper than solar energy, the electricity cost of the active wind generator will be 
comparable with PV/Batteries/H2 hybrid power system (0.88$). Moreover, more we need an 
energy storage capacity, cheaper cost we have for per unit of energy, and more benefits we 
make from this active wind generator. Because, we do not need to over size the fuel cell 
system and the electrolyzer, but only need to increase hydrogen reserve. On the contrary, it is 
very expensive to increase the number of batteries for this purpose. After all, with fast 
developing control technique and reducing component price, the electricity cost of the active 
wind generator can be probably much reduced.  
 
 
V.7 Conclusion 
 

The hydrogen based long-term energy storage system (based on fuel cells and 
electrolyzers which are presented in Chap.III and in Chap.IV) has been finally added in the 
super-capacitors assisted wind energy conversion system (which is presented in Chap.II), in 
order to ensure the energy availability of the system. In this chapter, the system study is 
presented, including the system modeling and the control design. The different power 
balancing and energy management strategies are proposed to transform the wind/H2/super-
capacitors hybrid power system into an active wind generator. This active wind generator 
works like classical power plants, which can supply smooth and controllable powers to satisfy 
the microgrid power requirements, in spite of the continuous fluctuation of the wind power.  

Both power balancing strategies can be used for the active wind generator. They are 
tested in simulation and in experimental implementation. The results shows that the “power 
dispatching” strategy has better performances in DC-bus regulation and in the grid power 
control than the “grid following” strategy. 
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Different operating modes of the active wind generator are defined according to the 
related energy storage levels. Different energy management strategies are proposed for 
storage level’s recovering. Their performances are respectively tested by simulations for long-
time operations and proved to be able to bring the storage levels back in the normal operating 
ranges.  

Finally, some techno-economic evaluations are discussed. The system efficiency depends 
much on the power balancing and energy management strategies. They can be well increase 
by improving the control strategies. The cost of the system is still very high, however, this 
situation will be improved with the fast developing technologies and continuously reduced 
price of the components.  
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Conclusion  
 

In the previous chapters, the modeling and control schemes have been separately studied 
for the wind/super-capacitor based hybrid power system, the fuel cell system and the 
electrolyzer system. The objective is to design an active wind generator, which can work like 
a classical power plant to provide ancillary services to the electrical system of the microgrid. 
They are finally integrated together to form a wind/hydrogen/super-capacitors hybrid power 
system. The study consists of the design of the power balancing and energy management 
strategies. Several tests have been done to compare the performances with simulations and 
experiences. In this chapter, a summary of the dissertation is presented, some conclusions are 
driven and some recommendations for future work are also brought. 
 
 
 
Summary of the Thesis Work 
 
Recall of the context and the methodologies 

In this PhD dissertation, the introduction of wind generators in a microgrid is considered. 
In order to overcome the wind power’s intermittent and fluctuant characteristics, energy 
storage systems should be added in. Different energy storage technologies are compared. 
Finally the hydrogen-related technologies including fuel cells and electrolyzers are chosen to 
ensure the energy availability of the system and the super-capacitors are chosen to ensure fast 
power dynamics.  

The objective of this research work is to design the control system and the energy 
management system of all units in order to form an active wind generator. The used tools and 
methodologies are presented in the first chapter of the dissertation. The equivalent continuous 
modeling method and some graphical tools are introduced, as the Causal Ordering Graph 
(COG), the Energetic Macroscopic Representation (EMR) and the Multi-Level 
Representation (MLR). The design method of the control system is also recalled. Real-time 
emulators can provide the same electrical behaviour of the emulated components, so they are 
enough in our study to test the experimentally implemented control functions and the power 
balancing strategies.  
 
Wind energy conversion system  

A classical wind energy conversion system is firstly studied. It consists of a wind energy 
generation system and a grid connection system, which are connected through two back to 
back power inverters. The system modelling and the control design are studied by using 
graphical tools (REM and MLR). When the wind generator works in MPPT strategy, the grid 
connection system regulates the DC-bus voltage and the fluctuant wind power is delivered to 
the grid. A wind power emulator is experimentally implemented to provide the same fluctuant 
power profile as a wind generator.  

Because the wind energy production is very difficult to predict, the power balancing 
between the production and the consumption becomes very difficult. So this fluctuant wind 
power has very bad impacts on the power quality of the electrical system of the microgrid. As 
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solutions, the energy storage system are used to set up a hybrid power system with additional 
control functions, in order to make the power generation more controllable and flexible.  
 
Wind/super-capacitors hybrid power system  

A super-capacitor based fast-dynamic energy storage system is added to the DC bus in 
order to filter the fast fluctuations of the wind power. The modelling and control of this 
wind/super-capacitors hybrid power system are studied with the help of graphical tools (REM 
and MLR). Two power balancing strategies are presented. With the “grid following” strategy, 
the grid connection system regulates the DC-bus voltage and the super-capacitor helps the 
wind generator to satisfy the power requirement from the microgrid. With the “power 
dispatching” strategy, the grid connection system controls the delivered power to the grid and 
the super-capacitors regulate the DC-bus voltage against the fluctuant wind power. Both 
power balancing strategies are experimentally tested.  
 
Fuel cell for energy backup from hydrogen  

An overview has been given on the existing fuel cell technologies, the operating 
principles, the fuel cell system, the technical challenges and the modeling methods. In our 
study, a 1200W Ballard NexaTM power module is studied, including the system modeling and 
control design. The modeling parameters are experimentally identified. This model is used to 
build a fuel cell emulator to provide the same electrical behavior as the studied fuel cell stack. 
It has been used to assess the hybrid power system in order to test the control functions, the 
power balancing and energy management strategies for the active generator.  
 
Electrolyzer for energy storage into hydrogen  

An overview has been given on the existing electrolyzer technologies, the operating 
principles, the electrolyzer system and the commercialized products. In our study, the 500W 
CETH GENHY100® power module is studied. The system modeling and control scheme is 
presented with EMR in order to give a better presentation. The modeling parameters are 
experimentally identified. This model is used to build an electrolyzer emulator to provide the 
same electrical behavior as the studied electrolyzer stack. It has been used to assess the hybrid 
power system in order to test the control functions, the power balancing and energy 
management strategies for the active generator.  
 
Active wind generator  

Finally, the DC-coupled wind/hydrogen/super-capacitors hybrid power system has been 
considered. The modelling and control of the entire system are studied with the help of 
graphical tools (REM and MLR). The different power balancing and energy management 
strategies are proposed to transform the hybrid power system into an active wind generator. 
This active wind generator works like a classical power plant, which can supply smooth and 
controllable powers to satisfy the microgrid power requirements, in spite of the continuous 
fluctuations of the wind power.  

Two power balancing strategies can be used for the active wind generator. They are tested 
in simulation and in experimental implementation. Different operating modes of the active 
wind generator are defined according to the related energy storage levels. Different energy 
management strategies are also proposed for storage level’s recovering. Their performances 
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are respectively tested by simulations for long-time operations and are proved to be able to 
bring the storage levels back in the normal operating ranges.  

 
 
 

Discussions and Conclusions  
 
Hybrid power system for active generator 

In order to make an active generator from renewable energies, a hybrid power system is 
required because of the intermittent availability and fluctuant characteristics of the renewable 
energy sources. Three types of power sources are required : 

- renewable energy generation systems (for supplying primary energy); 
- fast-dynamic energy storage systems (for improving power quality); 
- long-term energy storage systems (for ensuring energy availability). 

Different devices can be chosen for each type of power sources according to local condition 
and power requirements. But the three types of power sources must be coordinated to perform 
an active generator for providing ancillary services to the electrical system of the microgrid. 
 
Control system for active generator 

A hierarchical control is implemented for the active wind generator. It can be divided into 
four levels: 

- the Switching Control Unit (SCU); 
- the Automatic Control Unit (ACU); 
- the Power Control Unit (PCU); 
- the Mode Control Unit (MCU) 
The SCU and ACU are both low-level control functions and can be separately designed 

with standard methods and techniques. The PCU and MCU are both high-level control 
functions and should be designed for the entire system according to some specific 
requirements. So the PCU and the MCU are the main concern of an active generator’s control 
system. We have proposed and tested two power balancing strategies in the PCU to make a 
smooth and flexible power generation from the active wind generator. We have also proposed 
several energy management strategies in the MCU in order to ensure and recover the energy 
availability of the active wind generator. 
 
Power balancing strategies  

In order to transform the hybrid power system into an active generator, it is very 
important to coordinate the different power sources, especially their power flows. The DC-bus 
voltage is the direct consequence of the power flow exchange among the different sources, 
and it should be well regulated for the system’s stable operation. The delivered power to the 
grid is another consequence of the power flow exchange among the different sources; it 
should be precisely controlled to provide ancillary services to the power system of the 
microgrid. This is an advanced control function.  

In wind energy conversion system without any energy storage system, when the wind 
generator works with a MPPT strategy, only the grid connection system can be used to 
regulate the DC-bus voltage. The fluctuant wind power is totally delivered to the microgrid. 
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The wind energy conversion system works like a passive generator, whose power supply does 
not depends on microgrid’s requirement but on the climate condition.  

In the hybrid power system, with the help of the energy storage systems, the DC-bus 
voltage and the grid power can be both controlled with a well implemented power balancing 
strategy. Two power balancing strategies are discussed in our study. With the “grid 
following” strategy, the grid current control loop regulates the DC-bus voltage, the energy 
storage systems are coordinated to help the wind generator to satisfy the power requirements 
from the microgrid. With the “power dispatching” strategy, the grid connection system 
controls the delivered power to the grid and the energy storage systems regulate the DC-bus 
voltage against the fluctuant wind power. Both power balancing strategies are experimentally 
tested and compared. We find that the “power dispatching” strategy has better performances 
on the grid power control than the “grid following” strategy.  

 
Energy management strategies  

Two kind of energy storage systems are used in the hybrid power system. The fast-
dynamic storage system is sized according to the required power level (for following the fast 
varying peak power). The long-term storage system is sized according to the required energy 
capacity (for ensuring the energy availability during hours, days or months). Their storage 
level has been monitored in order to ensure the “good health” of the active generator. When 
the grid power requirement and the available wind power are different, the storage levels will 
vary. When a storage level goes out of the good range, an energy management strategy must 
be performed by defining an operating mode and by choosing the right power balancing 
algorithms for the active generator.  

The implemented energy management strategies results in the following performances. 
When the fast-dynamic storage level goes out of the normal zone, the active generator itself 
can bring it back with the help of the long-term storage system and without modifying the 
grid power task. When the long-term energy storage level goes out of the normal zone, it can 
only be brought back by modifying the grid power requirement. In all these cases, the wind 
generator can always work with a MPPT strategy to make the maximum benefits from the 
wind energy without any bad impact on the electrical grid.  
 
 
 
Recommendation for Future Work 
 
High power-scale implementation 

The active wind generator has been designed with a small power scale. The control 
functions and the power balancing strategies have been experimentally tested and validated. 
In order to obtain an industrial and commercial prototype, an experimental implementation 
with a larger power scale is suggested to investigate the problems, which may occur with high 
voltages and a high current  

 
Experimental assessment 

In our experimental tests, we focus on the power balancing strategies and the coordination 
of the different types of energy storage systems. So some real-time emulators are used to 
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provide required conditions of the experimental test. However, a real wind generator, a fuel 
cell system and an electrolyzer system will be necessary to design a commercial plant. 

 
Techno-economic and environmental evaluation 

In this work, we focus on the control functions of the active wind generator. Only a 
simple discussion on the efficiency and the cost of the system is given. The efficiency of the 
active wind generator depends on the power balancing and energy management strategies. 
The cost of the system depends on the improving control techniques and the reducing price of 
components. But no precise evaluations are given in this work. They should be evaluated 
precisely with a sophisticated algorithm and some statistics, by taking into account the 
technical evolution three types of sources and the environmental benefits. That will be very 
useful for the future practical use.   
 
AC-coupled hybrid power system 

In our study, a DC-coupled structure is chosen for the hybrid power system assessment 
because of different advantages. In this case, all energy sources should be close from each 
other. However, sometime the needed energy sources are dispersed far from each other 
because of geographical reasons. Then the AC-coupled structure can be used for the hybrid 
power system. Therefore, it will also be very useful to test the performance of an AC-coupled 
hybrid power system.  
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Appendix 
 
Appendix A: The ongoing research & development on Distributed Generation 
 

Table A-1:  The ongoing research & development on Distributed Generation 
In Europe 
IRED’s projects (Integration of Renewable Energy Sources and Distributed Generation into Electricity Grid) 
see http://www.ired-cluster.org  
Terminated project Over 100 partners, 34M euro (see the web site for more detail) 

Project FENIX Flexible Electricity Networks to Integrate the eXpected Energy Evolution 
(22 partners 7.8M Euro) 

Project SOLID-DER 
Coordination Action to Consolidate RTD Activities for Large-Scale Integration of 
DER into the European Electricity Market 
(15 partners 1.5M Euro) 

Project MORE 
MICROGRIDS 

Large Scale Integration of Micro-Generation to Low Voltage Grids 
(22 partners 7.8M Euro) 

Project DER-LAB 
Network of Excellence for Decentralized Energy Resources and Preparation of 
Standards 
(11 partners 4.1M Euro) 

In the United States 
Supported by DOE (Department of Energy) and CEC (California Energy Commission)  
See http://www.energy.gov and http://www.energy.ca.gov  

CERTS projects  

Consortium for Electric Reliability Technology Solutions 
- The CERTS Microgrid Concept (2002) 
- Autonomous Control of Microsources (2006) 
- CERTS Microgrid Testbed (2006) 

GE Global Research 
Microgrid 
 

Development and demonstration of a microgrid energy management (MEM) 
framework for a broad set of microgrid applications that provides a unified controls, 
protection, and energy management platform 

Other U.S. Microgrid 
RD&D 
 

-  Distributed Utility Integration Test (DUIT) 
-  development of IEEE P1547.4, Draft Guide for Design, Operation, and 

Integration of Distributed Resource Island Systems with Electric Power Systems 
In Japan 
NEDO’s projects (New Energy Technology Department) 
See http://www.nedo.go.jp/english  
2004-2007 Demonstrative project on new power network systems 
2003-2007 Demonstrative projection of regional power grids with various new energies 
2003-2007  Demonstrative project on grid-interconnection of clustered photovoltaic power 

generation systems 
2004-2007 Wind power stabilization technology development project 
In Canada 
CANMET projects (Energy Technology Center) 
See http://canmetenergy-canmetenergie.nrcan-rncan.gc.ca  
Remote Microgrids 
Applications 

Applications of autonomous microgrids for remote locations by electrification of 
electrically non-integrated areas, often geographical islands. 

Grid-Connected 
Microgrid Applications 

Investigate full-scale development, field demonstration, and experimental 
performance evaluation of: 
- frequency and voltage control methods/algorithms and the available technologies, 

under various microgrid operation modes 
- transition between grid-connected and islanded modes, and vice versa 
- high DER penetration and its impact on the host grid and interaction phenomena 

between DERs. 
Planned Microgrid 
Islanding 

One central element within the microgrid concept used to maintain continuity of 
supply during planned outages; e.g., substation maintenance periods. 

Development of MV 
Test Line 

To upgrade one of HQ’s MV distribution lines for testing various concepts, 
methods, algorithms, and technologies related to DER integration, smart 
distribution system concepts, and microgrids. 
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Appendix B: Equivalent Continuous Modeling of Power Converters 
 
B.1 Fundamental recall 
 

Equivalent continuous models of the power electronic converters are sufficient for our 
study, because we do with the power balancing and energy management strategies of a hybrid 
power system in order to transform it into an active generator [Rob 01][Rob 02]. In our study, 
three types of power converters are used: 1) the DC chopper, 2) the three-phase inverter and 3) 
the three-phase rectifier. They are all connected to a DC-bus capacitor. The studies with the 
equivalent continuous modeling of power converters are carried out under the following 
assumptions: 

- switches are ideal; 
- switchings are instantaneously; 
- switches are considered as short circuits in ON state and as open circuits in OFF state. 

A switching function (sij) is defined for each power switch. It represents the ideal 
commutation order and takes the values 1 when the switch is closed (ON) and 0 when it is 
opened (OFF).  

 { } { }
{ }⎩

⎨
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°∈
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∈
circuitncommutatiotheinswitchtheofnj
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As ideal power switches are considered, the switches in a same commutation circuit are in 
complementary states: 

 { }3,2,1121 ∈∀=+ iss ii  
 
B.2 Equivalent continuous modeling 
 
a) DC chopper modeling 

In our power electronic structure a DC chopper is located between a current source and a 
voltage source. For the super-capacitor storage system, the current source is the choke Lsc and 
generates the current isc. The DC-bus capacitor is the voltage source and generates the voltage 
(udc) (Fig.B-1).   
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(a) Electrical diagram of the DC chopper 
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(b) DC chopper with ideal switches 

Figure B-1:  Diagram of the DC chopper in the super-capacitor storage system 
 
The modulation functions of the DC chopper can be expressed from the switching 

function (ssc11of the first switch in the commutation circuit: 
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 11scsc sm = . 
Then the modulated voltage um_sc and the modulated current im_sc of the DC chopper are 
obtained as follows: 
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In practice, a connection controller is used to create the two complementary switching 
functions (ssc11 and ssc12) with necessary dead times from the modulation function msc. Then 
the switching functions are converted into ON/OFF signal for each semi-conductor switch 
through some drivers and optocouplers. The modulation function msc is obtained by 
comparing an average modulation function <msc> with a triangular signal ξ (Fig.B-2). 

In theory, when the modulation frequency of the carrier signal ξ is much higher than the 
frequency domain of the control signal (which is a continuous value for the DC chopper), the 
average modulation function can be obtained as follows: 
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By considering that the voltage udc and the current isc are constant during the time interval ∆t, 
the average values of the modulated voltage<um_sc> and the modulated current <im_sc> are 
expressed as follows: 
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As result, the equivalent average model of the DC chopper is obtained and the electrical 
diagram is shown in Fig.B-3. Finally, a variable <msc> can be used to model the DC chopper.  
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Figure B-2:  Classical PWM method 
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Figure B-3:  Equivalent average electrical diagram of the DC chopper 
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b) Three-phase inverter modeling 

In our study, a three-phase voltage source inverter VSI is used to connect the DC bus to 
the AC grid [Fra 99]. The task is to invert in real time the DC voltage into AC modulated 
voltages. The three-phase VSI is located between a three-phase current source and a voltage 
source. For the grid power conversion system, the current sources come from the choke filters 
and is set to generate the AC line current (iline=[iline_1  iline_2]T) and the voltage source comes 
from the DC bus and is set to generate the DC-bus voltage (udc) (Fig.B-4). 
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(a) Electrical diagram of the three-phase inverter 
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(b) Three-phase inverter with ideal switches 

Figure B-4:  Diagram of the three-phase inverter in the grid power conversion system 
 
The modulation functions (minv=[minv13  minv23]) of the three-phase inverter can be 

expressed from the switching functions (sinv=[sinv11  sinv21  sinv31]) of first switches of the three 
commutation circuits : 
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Then the modulated voltage (uinv=[uinv13  uinv23]T) and the modulated current iinv of the three-
phase inverter are obtained from the DC-bus voltage and the line currents (il=[il1 il2]), which 
are considered constant during the time window t∆ : 
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In practice, a connection controller is used to create the six switching functions {sinv11, 
sinv12, sinv21, sinv22, sinv31, sinv32} with necessary dead times from the modulation function minv. 
Then the switching functions are converted into ON/OFF state of each switch through some 
drivers and optocouplers. The modulation function minv can be obtained by comparing an 
average modulation function <minv> with a triangular signal ξ (Fig.B-5).  

In theory, when the modulation frequency of the carrier signal ξ is much higher than the 
frequency domain of the control signals (which are sinusoidal values for the inverter) the 
average modulation function can be obtained as follows: 
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Then the average values <uinv> and <iinv> of the modulated voltage and the modulated current 
are expressed as follows: 
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The voltage udc and the currents il are assumed to be constant during the switching period. As 
result, the equivalent continuous model of the three-phase inverter is obtained and the 
electrical diagram is shown in Fig.B-6. Finally, a vector <minv> can be used to model the 
three-phase inverter.  
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Figure B-5:  Classical sinusoidal PWM method. 
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Figure B-6:  Equivalent electrical diagram of the three-phase inverter 

 
c) Three-phase rectifier modeling 

A three phase rectifier is used to rectify three-phase sinusoidal currents from the machine 
of the wind generator. For the three-phase rectifier, similar relations are obtained for the 
average values of the modulated voltage (<urec>=[(<urec13> (<urec23>]T) and the modulated 
current (<irec>) from the DC-bus voltage udc and the currents (imac=[imac1 imac2]T) of the 
electrical machine, with the averaged vector (<mrec>=[<mrec13> <mrec23>]T) of the rectifier 
modulation functions:  
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As result, the equivalent continuous model of the three-phase inverter is obtained and the 
electrical diagram is shown in Fig.B-7. Finally, a vector <mrec> can be used to model the 
three-phase inverter.  
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Figure B-7:  Equivalent electrical average diagram of the three-phase rectifier 
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Appendix C: Control Structure of Power Systems through Power Converters 
 

In a power system, power converters are usually used to introduce some control inputs for 
the power conversion. The structure of the control system can be divided into four different 
levels [Hau 99]:  

- Switching Control Unit (SCU); 
- Automatic Control Unit (ACU); 
- Power Control Unit (PCU); 
- Mode Control Unit (MCU). 

A representation of a power system including renewable energy generators and energy storage 
systems is given as example (Fig.C-1). Different power converters are used to connect the 
different energy sources to the DC bus. The roles of each control unit in the control system 
are explained as below. 
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Figure C-1:  Structure of a DC-coupled hybrid power system and its control system 

 
The Switching Control Unit (SCU) is designed for each power converter as shown in 

Fig.2 and in Fig.5. In a SCU, the drivers with opto-couplers generate the transistor’s ON/OFF 
signals from the ideal states of the switching function {0,1} and the modulation modules (eg. 
PWM) determine the switching function from the modulation function.  

The Automatic Control Unit (ACU) is designed for each energy source and its power 
conversion system. In an ACU, the control algorithms calculate the modulation index of each 
power converter through the regulation of some physical quantities according to their 
reference values.  

The Power Control Unit (PCU) is designed to perform the instantaneous power 
balancing of the entire hybrid power system. In a PCU, some power balancing algorithms are 
implemented to coordinate the power mission of the different energy sources with their power 
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conversion systems. It can be an algorithm base consisting of different power balancing 
algorithms targeting at a number of possible operation mode of the hybrid power system.  

The Mode Control Unit (MCU) is designed for the energy management of the entire 
hybrid power system. In a MCU, the renewable energy generation capacity (like the climate 
condition and the generator’s state) and the energy storage level (like the super capacitors’ 
voltage and the stored hydrogen pressure) should be supervised to make the right decision of 
the operating mode in order to ensure good energy availability.  
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Appendix D: Causal Ordering Graph (COG) 
 
Static relation 

The COG is a graphical representation of mathematical equations, which can be used to 
model a system and to design its control structure [Hau 96][Hau 04]. Balloons with inside the 
equation number represent modeling relations. A static instantaneous relation has no time 
dependence. It will be depicted as a balloon with a bi-directional arrow as shown in Fig.D-1a. 
Physically, it can be said that the corresponding element has an external causality orientation. 
If the variable x is externally set, it is then the input and we get:  

 Ra: ))(()( txRty a= . 
To make the output y equal to a reference yref, an elementary control equation Rac, 

obtained by inverting the modeling equation Ra to calculate the desired input variable xreg 
from the reference yref. 

 Rac: ))(()( tyRtx refacreg = . 
 
Dynamic relation 

A time-dependent relation will be characterized by a unidirectional arrow in the balloon. 
Classically, dynamical systems are mathematically modeled by differential equations, 

 btax
dt

tdy
+= )()(  

This first order differential equation is typically a time-dependent relation, whose output is 
formed by integration. It is represented by (Rb) in Fig.9b, 

 Rb: )),(()( ttxRty b= . 
Moreover the mathematical property of differential equations specifies that this equation 

type has an input-output orientation. Meanwhile for equation Rb, the variable x(t) must be the 
input and y(t) must be the output. Physically, it can be said that the element has an internal 
causality orientation. The pure inverse equation introduces large instabilities due to the 
differential term. Instead of inverting Rb, we can use a closed loop control with a corrector Cm 
to compensate the error signal between the measured output y)  and the reference yref. 

 Rbc: ))()(()( tytyCtx refmreg
)−= . 
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Model 
Control 
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Figure B-8:  COG of static and dynamic relations with their control schemes. 
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Appendix E: Energetic Macroscopic Representation (EMR) 
 

EMR is based on action-reaction principle, which organises the system as interconnected 
subsystems according to the integral causality. Inversion of the graphical description by using 
specific rules leads to a Maximal Control Structure of the system. It is very suitable for 
research/development of complex multi-physic system [Bou 07]. 
 
Interaction principle 

The system is decomposed into basic subsystems in interactions (Table E-1): energy 
sources (green ovals), accumulation elements (orange rectangles), conversion element without 
energy accumulation (various orange pictograms) and coupling elements for energy 
distribution (orange overlapped pictograms). All the elements are interconnected according to 
the action and reaction principle using exchange variable (arrows). The product of action and 
reaction variables between two elements leads to the instantaneous power exchanged. 

 
Table E-1:  Elements of EMR and of control 

 
Source of energy 

 

Element with 
energy 

accumulation  

Electromechanical 
converter  

(without energy 
accumulation) 

 

Electrical 
converter 

(without energy 
accumulation) 

Mechanical 
converter 
(without 
energy 

accumulation) 
 

Mechanical 
coupling device 

(energy distribution)

 

Control block 
without 

controller  

Control block 
with controller

 

 

Action and reaction 
variables 

 
Causality principle 

As in COG, only the integral causality is considered in EMR. This property leads to 
define accumulation element by a time-dependant relationship between its variables, in which 
its output is an integral function of its inputs. Other elements are described using relationships 
without time dependence. In order to respect the integral causality specific association rules 
are defined, but there are taught only in the expert level unit. 
 
Inversion principle 

The inversion based control theory has been initiated by COG. The control structure of a 
system is considered as an inversion model of the system because the control has to define the 
appropriated inputs to apply to the system from the desired output (Fig.E-1). In this method, 
relationships without time-dependence are directly inverted (with neither control nor 
measurement). Because the derivative causality is forbidden, a direct inversion of time-
dependence relationships is not possible. An indirect inversion is thus made using a controller 
and measurements. These inversion rules have been extended to EMR (blue pictograms, see 
Table E-1): conversion elements are directly inverted and accumulation elements are inverted 
using controller. Moreover inversions of coupling element require distribution or weighted 
inputs. These inputs lead an organization of the energy distribution. This inversion 
methodology is another way to locate controllers and measurements or estimations. 
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Figure E-1:  Inversion-based control principle 

 



Appendix 

 179

Appendix F: Multi-Level Representation (MLR) 
 

The Multi-Level Representation (MLR) has been recently proposed for a synthetic and 
dynamic description of the electromechanical conversion systems [Li 08]. The MLR has the 
same advantages as the EMR. Moreover, it integrates a power calculation level and a power 
flow level as well as their corresponding control levels, in order to solve the most important 
factor of the supervision for microgrid application. Here we take the Super-Capacitor Bank 
(SCB) power conversion system (Fig.F-1) as example to explain how to make and use a 
Multi-Level Representation (MLR).  

 
Figure F-1:  Super-capacitor power conversion system 

 
F.1 Multi-level modelling 
 
Step 1: EMR level modeling 

The SCB is composed of the Super Capacitor (SC), a SC filter, a chopper, a DC bus, an 
inverter and a three-phase grid filter (Fig.F-1). The first step of the SCB multi-level modeling 
is consists to gather dynamical equations of each element into ‘ProX’ and ‘ES’ macro blocs in 
order to obtain an EMR (Fig.F-3, EMR level). 
 
1) Modeling of the SC (macro bloc ‘Pro1’) 

The super capacitor module is modeled as a voltage source. For the study of power 
system applications, the model of Zubieta and Bonert can be applied. Nevertheless, for the 
simplification of the study, the model with a resistor Rs and an ideal capacitor C0 in series is 
used. 

sc
C i

Cdt
dv

0

1
=  (F-1)

scsR iRv =  (F-2)
RCsc vvv +=  (F-3)

2) Modeling of the filter (‘Pro2’) 
The SC filter is modeled as an inductance (Lfsc) and a resistance (Rfsc) in series. 

lfsc
fsc

sc v
Ldt

di
_

1
=  (F-4)

rfscchpsclfsc vvvv __ −−=  (F-5)
scfscrfsc iRv =_  (F-6)

3) Modeling of the chopper (‘Pro3’) 
The chopper adapts the low voltage across the super capacitor to the desired voltage for 

the DC bus. An equivalent continuous model of the chopper is used by a mean value 
modulation function mchp: 
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⎩
⎨
⎧

=
=

scchpchp

dcchpchp

imi
vmv

, ]1,0[∈chpm  (F-7)

4) Modeling of the grid-side DC bus (‘Pro4’) 
The DC bus is considered as a capacitor (Cdc) and a resistance (Rdc) in parallel. 

cdcdc
dc iC

dt
dv

_=  (F-8)

rdcinvchpcdc iiii __ −−=  (F-9)

dc
dc

rdc v
R

i 1
_ =  (F-10)

5) Modeling of the inverter (‘Pro5’) 
An equivalent mean modeling of the power converters is sufficient for the study. It 

represents fundamental phase-to-phase voltage uinv=[uinv13, uinv23]T and line currents img=[img1, 
img2]T components as: 

dcinvinv vmu ⋅=  (F-11)

mg
T
invinv imi ⋅=  (F-12)

where minv = [minv1, minv2]T is the modulation index vector. Line voltages vinv=[vinv1n, vinv2n]T 
are obtained by: 

invinv uv ⋅⎥
⎦

⎤
⎢
⎣

⎡
−

−
=

21
12

3
1  (F-13)

6) Modeling of the three-phase filter (‘Pro6’) 
The line current img are deduced from the inverter voltages uinv and the grid voltages 

umg=[umg13, umg23]T. 

lfg
fg

mg v
L

i
dt
d

_
1

=  (F-14)

rfgmginvlfg vuuv __ )(
21
12

3
1

−−⎥
⎦

⎤
⎢
⎣

⎡
−

−
=  (F-15)

mgfgrfg iRv =_  (F-16)
where Lfg and Rfg are the inductance and resistance of the filter, the vfg_l = [vfg_l1, vfg_l2]T and 
vfg_r = [vfg_r1, vfg_r2]T are the voltages respectively across Lfg and Rfg. 
 
7) Modeling of the microgrid (‘ES’) 

The grid voltages umg is modeled by : 

⎥
⎦

⎤
⎢
⎣

⎡
+−
+−

=⎥
⎦

⎤
⎢
⎣

⎡
=

)2/2sin(
)6/2sin(

2
0

0

23

13

θππ
θππ

ft
ft

A
u
u

u
mg

mg
mg  (F-17)

where A is the rms value of the grid phase-to-phase voltage, f is the grid frequency and θ0 is 
the initial angle of the grid voltage. The line currents img are considered as disturbances for the 
microgrid. 
 
Sept 2: Power calculation level 

The second step for the multi-level modeling uses an interface, which is designed to 
calculate the different powers. They are classified in three terms: the intermediary powers 
between two elements, the exchanged powers with a storage element, and the losses (Table F-
1). All equations of this level have been respectively gathered into the macro blocs named 
‘IntX’ in the ‘Power Calculation’ level of the Fig.F-3. 
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Step 3: Power flow representation level 

The third step for the multi-level modeling describes the power flow (Fig.F-2) from the 
super capacitor modules to the microgrid. The macro blocs, which are named ‘PowX’ in the 
‘Power Flow’ level of the Fig.F-3, represent the modeling equations. 

For the storage elements (as example the SC filter), the input power (Pscf from the SC) is 
separated into losses (Pfsc_los), the exchanged power with the storage unit (pfsc_sto) and the 
output power (pfch) is expressed as: 

Pow1: stofsclosfscscffch pppp __ −−=  (F-18)
where pfsc_sto is the total of the accumulation power (p+

fsc_sto) and the restitution power (p-

fsc_sto). 
For the power electronic converters, the input power is equal to the output power since 

losses are neglected. The power flow from the SC to the microgrid is modeled by the 
following equations: 

Pow2: chbfch pp =  (F-19)
Pow3: stodclosdcchbbin pppp __ −−=  (F-20)

Pow4: infbin pp =  (F-21)
Pow5: stofglosfginfmgs pppp __ −−=  (F-22)

These power equations are bidirectional. For the SCB, it is possible to perform the 
accumulation and the restitution of the power. 

The complete multi-level modeling of the SCB is composed of three levels: EMR, Power 
Calculation and Power Flow (Fig.F-3). 
 
 
F.2 Design of the control system 
 

The global system has three control inputs in order to manage the system. The inverter 
has two independent modulation functions minv1 and minv2 using its switching orders. The 
chopper has only one modulation function mchp. The control task is to reduce the power 
variations of the microgrid. The inverter is used to control the real and reactive power at the 
connection point. The control input of the chopper is used to control DC bus voltage, since the 
voltage of the DC bus must be constant for correct system performances. The control system 
is ordered by the following steps according to the rules of the multi-level representation. 

 
Figure F-2:  Power flow from the SC to the microgrid 
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Table F-1:  Equations of the Power calculation interface. 

Intermediary powers Storage powers Losses 
Int1 : scscscf ivp =  Int3 : sclfscstofsc ivp __ =  Int2 : 2

_ scfsclosfsc iRp =  

Int4 : scchpfch ivp =  Int7 : cdcdcstodc ivp __ =  Int6 : dcdclosdc Rvp /2
_ =  

Int5 : chpdcchb ivp =  Int11 : ( ) ( )mg
T

lfgstofg iCvCp ⋅⋅⋅= 23_23_  Int10 : ( ) ( )mg
T

mgfglosfg iCiCRp ⋅⋅⋅= 2323_  

Int8 : invdcbin ivp =  

Int9 : mg
T
invinf iup =  

Int12 : mg
T
mgmgs iup =  

Where 
⎥
⎥
⎥

⎦

⎤

⎢
⎢
⎢

⎣

⎡

−−
=

11
10
01

23C  is the calculation matrix from two line currents to three line 

currents. 
 

E
M

R
P

ow
er

C
al

cu
la

tio
n

Po
w

er
Fl

ow

 
Figure F-3:  Multi-level representation of the modeling for a Super Capacitor Bank 

 
 

Step 4: Mark the stationary quantities and the non-measurable quantities in the EMR level 
The SC terminal voltage vsc changes very slowly thanks to a great quantity of stored 

energy. The DC bus voltage vdc has also a slow dynamic, since it has to be controlled as 
constant in order to ensure the inverter function. At the ac side, the principal component of all 
quantities (voltages and currents) is 50 Hz. By modeling them into a 50 Hz rotational Park 
form, they become stationary. Moreover if their magnitudes are constant, they can be 
considered constant as umg for the microgrid voltages. In the multi-level representation, the 
stationary quantities are visualized by the thick solid lines (Fig.F-5). 

The voltages vchp and uinv and the currents ichp and iinv are difficult to measure since they 
are modulated by the converters. These non-measurable quantities are visualized by the thick 
dashed lines (Fig.F-5). 
 
Step 5: Apply the ‘pass’ rule and the ‘block’ rule 

This step is necessary to fix the electrical chains. 
When a macro bloc in the Power Calculation level has a stationary quantity input in the 

EMR level, it can be used to serve as a possible passage bloc between the EMR level and the 
Power Flow level. In this condition, this type of macro blocs is colored in the dark blue color. 
Such as Int1 is colored in the dark blue for vsc, Int5, Int6, Int7 and Int8 for vdc, Int12 for umg. 

When a non-measurable quantity in the EMR level is used as an input of the macro bloc 
for the storage element, it is impossible to design the control strategy by the inversion of 
another chain of this macro bloc without estimator or a corrector which rejects the 
disturbances. Some symbols × are added to present the block in the control part. Such as in 
Pro2, the chain vsc→isc is blocked by the modulation quantity vchp, in Pro4, the chain ichp→vdc 
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is blocked by the modulation quantity iinv, the chain iinv→vdc is blocked by the modulation 
quantity ichp; in Pro6, the chain umg→img is blocked by the modulation quantity uinv (Fig.F-5). 
 
Step 6: Fix the electrical chains 

The multi-level representation helps us to find the electrical chain in the power model 
level in order to design the control system. 

The first electrical chain is used to control the real and reactive power at the connection 
point to the microgrid by the modulation functions of the inverter. The path from the control 
input of the inverter to the powers injected to the microgrid is obvious (Fig.F-5): 
minv(Pro5)→uinv(Pro6)→img(Int12)→pmgs and qmgs 

The second electrical chain is used to control the DC bus voltage vdc by the modulation 
function mchp. Since vdc is a stationary quantity which is suitable for the processes of division 
in the control system (F-28), the first step of this electrical chain is mchp(Pro3)→vchp (Fig.F-5). 
Now the arrow is pointed to the left side of the chopper, but the destination vdc is at its right 
side. The power flow level is used to establish the relation between vchp and vdc. At the left 
side of the chopper, there is only one bloc Int1 for the passage. So the electrical chain is 
drawn from vchp to isc in order to reach Int1. Since both external currents (ichp and iinv) of the 
DC bus are modulation quantities, the end of the electrical chain in the power flow level is 
fixed on the DC bus storage power pdc_sto. Finally the equations Int7 and Pro4 are used to 
reach the DC bus voltage from pdc_sto. The second electrical chain is (Fig.F-5): 
mchp(Pro3)→vchp(Pro2)→isc(Int1)→pscf(Pow1)→pfch 

(Pow2)→pchb(Pow3)→pdc_sto(Int7)→idc_c(Pro4)→vdc 
 
Step 7: Control the fast dynamic quantities by the inversion of EMR 

The control system of fast dynamic quantities is obtained by using inversion rules of 
equations from the EMR modeling level (Fig.F-5). Hence a grid current controller (macro bloc 
‘Pro6c’ in the Fig.F-5) is required to enslave grid currents to prescribed reference (img_ref). 
Two controllers (‘Pro3c’ and ‘Pro5c’) are used for power electronic converters. A voltage 
controller (‘Pro4c’) is used to set the DC bus voltage reference and a current controller 
(‘Pro2c’) sets the super capacitor current reference (Fig.F-5). The following sections give the 
details of each macro control bloc in the ‘Control of Dynamic Quantities’ level (‘ProXc’) in 
the Fig.F-5. 
 
1) Grid connection controller (‘Pro6c’) 

A Park transform is used with a synchronization with the first line voltage. In this frame, 
filter equations are written as: 

( )

( )⎪
⎪

⎩

⎪
⎪

⎨

⎧

+−−=

−−−=

mgdsfgmgqfgmgqinvq
fg

mgq

mgqsfgmgdfgmgdinvd
fg

mgd

iLiRvv
Ldt

di

iLiRvv
Ldt

di

ω

ω

   1 

   1 
 (F-23)

The control of these current is obtained by a compensation of grid voltages, a current 
decoupling and a closed loop control (Fig.F-4). 
 
2) Inverter controller (‘Pro5c’) 

Phase-to-phase voltages are obtained by inversion of the equation (F-13): 
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⎪⎩

⎪
⎨
⎧

−

−

refinvrefinvrefinv

refinvrefinvrefinv

vvu

vvu

_3_2  =_23

_3_1  =_13  (F-24)

Modulation functions are calculated by inversion of (F-11): 

dc

refinv
refinv

dc

refinv
refinv v

u
m

v
u

m ))
_23

_2
_13

_1    , ==  (F-25)
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Figure F-4:  Grid connection controller (macro bloc ‘Pro6c’) 

 
A vector is defined as: minv_ref= [minv1_ref, minv2_ref]T. Hence current references can be assumed 
equal to grid currents. 
 
3) DC bus voltage controller (‘Pro4c’) 

The DC bus voltage is controlled by the current idc_c (Fig.F-1). 
)( ____ dcrefdcpdcregcdc vvKi )−=  (F-26)

where Kdc_p is the proportional parameter of the corrector for the DC bus voltage control. 
 
4) SC current controller (‘Pro2c’) 

A control loop of the SC current generates the voltage reference of the chopper (vchp_reg) 
as: 

)( ___ scregscpfscscregchp iiKvv
)) −−=  (F-27)

where Kfsc_p is the proportional parameter of the corrector for the super capacitor current 
control. 
 
5) Chopper controller (‘Pro3c’) 

The modulation function of the chopper mchp_ref is calculated with the DC bus voltage 
measurement: 

dc

regchp
refchp v

v
m )

_
_ =  (F-28)

 
Step 8: Power calculation control 

The Power Calculation Control level is designed by the inversion or the estimation of the 
Power Calculation level. 

Int1c : 
sc

regscf
regsc v

p
i )

_
_ =  (F-29)

Int7e : regcdcdcregstodc ivp ____ =  (F-30)
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The grid current references are deduced (Int12c) from the equation Int12 for the real 
power (Table F-1) and the following equation for the reactive power: 

))2()2((
3

1
2231311323 mgmgmgmgmgmgmgs iuuiuuQ −−−=  (F-31)

Int12c : 
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(F-32)

 
Step 9: Power flow control 

The power flow control is obtained by model inversion of the Power Flow level with 
anticipation of calculated filter losses ( losfscp _

~  and losfgp _
~ ) (Table F-1). The exchanged 

powers with the filters (pfsc_sto and pfg_sto) and the losses in the DC bus (pdc_los) are slight 
enough to be neglected. 

Pow1c : losfscregfchregscf ppp ___
~+=  (F-33)

Pow2c : regchbregfch pp __ =  (F-34)
Pow3c : regstodcregbinregchb ppp ____ +=  (F-35)

Pow4c : reginfregbin pp __ =  (F-36)
Pow5c : losfgrefmgsreginf ppp ___

~+=  (F-37)
 
Storage level protection 

The terminal voltage of the super capacitor represents its energy storage level. For 
security reasons, it should be between the maximal allowed value and 50% of this value for an 
efficiency reason. 

In order to limit the terminal voltage of the SC, an additional control function has to be 
used (macro bloc ‘SLP’ in the Power Supervision level of the Fig.F-5).  
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Figure F-5:  Control system of the Super Capacitor Bank 
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Appendix G: Hardware In-the-Loop (HIL) Simulation 
 
Presentation 

Hardware-In-the-Loop (HIL) simulation has been intensively used for controller 
assessment for a long time [Bou 08]. The aerospace industry has used this technique since 
flight control systems is a safety-critical aspect. This methodology yields exhaustive testing of 
a control system to prevent costly and damageable failures. From 90’s, many groups in 
automotive industry have employed HIL simulation for testing embedded electronic control 
units. This methodology avoids intense and complex integration tests on the actual vehicle. 
The development time is reduced and a high quality assurance is obtained. HIL simulation is 
nowadays more and more used to develop new components and actuators in many fields, such 
as vehicle component evaluation, assessment of drive controls, power electronics and electric 
grid, servo control and robotics, railway traction systems for trains and subways, education 
applications.  

In industrial applications, software simulation is always an essential preliminary step to 
test the required performances of the drive and its control by using simple models of the 
power system. HIL simulations are sometimes used for validation tests before implementation 
on actual processes. On the contrary of software simulation, HIL simulation uses one or 
several actual devices and the other parts of the process are simulated in a controller board or 
in parallel computers. HIL simulation enables to check availability and reliability of drives 
(machines, power electronics and control) before their insertion on a whole system. Moreover, 
many implementation constraints are taken into account such as sensor accuracy, sampling 
period, modulation frequency, active limitations and so on. More specifically, electrical 
generators of wind energy conversion systems can be tested by using HIL simulation, and 
some small-rate power systems can be used to validate control algorithms and Maximum 
Power Point Tracking strategies before implementation on a full-rate power system. Power 
propulsion systems for electric vehicles and hybrid electric vehicle can also be tested by HIL 
simulation, and actual drives can be tested before integration on the vehicle chassis. 

An electrical drive can be decomposed into several subsystems (Fig.G-1): the process 
control, the power electronics set, the electrical machine and the mechanical load to move (the 
mechanical power train of a vehicle for example). Power devices are connected according to 
the action and reaction principle. A controller board contains the process control and yields 
the switching orders of the power electronics converter. Measurements of all power parts are 
inputs for this controller board. In some cases, several controller boards are used. In other 
case analog devices as FPGA are used to control the faster dynamics and to achieve high-
frequency modulations of power electronics.  

 
Figure G-1:  Subsystems of an electric drive 

 
 
 

Limitation of software simulation 
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The first step of the study is the simulation of the whole system including its control. All 
parts are simulated in the same simulation environment (software). In order to reduce the 
computation time, simple models and other simplifications are considered. For instance, the 
sampling period of the control is often neglected. For these reasons, simulation is not always 
accurate enough to enable a direct real-time implementation of the control. Before 
implementation on the actual system, different validations have to be made. HIL simulation 
could be a very useful intermediary step. One of the simulated parts can be replaced by its 
hardware device. By this way, the real constraints of this hardware subsystem are taken into 
account in the simulation loop. Three kinds of HIL simulation can be considered. 
 
Signal level HIL simulation 

In the first case, only the controller board (which contains the process control) is tested 
(Fig.G-2). The other parts (power electronics, machine and mechanical load) are simulated in 
real-time. The simulation system must manage inputs and outputs of the controller board 
under test. A second controller board is thus used to simulate in real-time the power parts of 
the system. A specific signal conditioning is required to impose the same inputs and outputs 
as imposed by the power parts. This method can be called “signal level HIL simulation” 
because only signals are used at the interface between the system under test and the 
simulation environment. This kind of HIL has been very often employed in aerospace and 
automotive applications for assessment of controller boards. 

 
Figure G-2:  Signal level HIL simulation 

 
Power level HIL simulation 

In the second case, the actual controller board and the power electronics converter are 
evaluated. The other parts (electrical machine and mechanical load) are simulated. The 
simulation system must impose inputs and outputs for the power electronics and the controller 
board under test. The simulation environment is generally composed of a second power 
electronics set (electric load) and a second controller board (real-time simulation) (Fig.G-3). 
This method can be called “power level HIL simulation”. Indeed the interface between the 
system under test and the simulation environment require signal and power variables. 

 
Figure G-3:  Power level HIL simulation 

 
Mechanical level HIL simulation 

In the last case, the whole drive (control, power electronics and electric machine) is tested 
and the mechanical part is simulated. The simulation system must impose mechanical inputs 
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and outputs to the electrical machine under test. Moreover, measurements on the mechanical 
part have to be sent to the controller board under test. Another electrical machine (load 
machine) is often used as controlled mechanical load. It is supplied by a second power 
electronics set (load supply). A second controller board (real-time simulation) is required to 
control the load machine and to send fictitious mechanical "measurements" to the controller 
board under test (Fig.G-4). This method can be called “mechanical level HIL simulation”. 
Indeed the interface between the system under test and the simulation environment 
corresponds to mechanical variables. 

 

 
Figure G-4:  Mechanical level HIL simulation 
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Appendix H: Ancillary Services in the context of Microgrid  
 
H.1. Fundamental recalls 
 

In order to present the necessary and possible ancillary services in the context of 
microgrid, some fundamental principles of grid management systems and classical practices 
should be recalled to highlight studied problems.  
 
Isochronous Speed Control Mode  

Isolated power systems and industrial microgrids are relatively small power systems. 
They are usually powered by a single AC generator, which is driven by a gas turbine or a 
diesel engine generator. The frequency of the generator is directly proportional to the speed of 
the rotating electrical field. Hence the power management relies on a simple Isochronous 
Speed Mode Control. It uses the physical principle of grid connected synchronous machine 
stator, which induces the exact synchronization of the machine speed with the grid frequency. 
A controller operating in the Isochronous Speed Control Mode maintains the turbine at a 
constant speed. Hence the energy being admitted to the prime mover is regulated in response 
to changes in load, which would tend to cause changes in the speed. Any increase in load 
would tend to cause the speed to decrease, but energy is quickly admitted to the prime mover 
to maintain the speed at the set point. Any decrease in load would tend to cause the speed to 
increase, but energy is quickly reduced to the prime mover to maintain the speed at the set 
point. 

To increase the total generated power, multiple machines can be connected in parallel. In 
this case, if all prime movers operate in Isochronous Speed Mode, they will “fight” to control 
the frequency and result in wild oscillations of the grid frequency. So only one machine can 
have its governor operating in Isochronous Speed Mode for a stable grid frequency control, all 
others should work in “Droop Speed Control Mode” or “Fixed Power Control Mode”. 

 
Droop Speed Control Mode 

In Droop Speed Control Mode, the turbine speed is controlled as a function (the droop 
characteristic) of turbine load. It refers to the fact that the energy being admitted to the prime 
mover of the AC generator is being controlled in response to the difference between the grid 
frequency setpoint and the actual grid frequency. To increase the power output of the 
generator, the controller increases the speed setpoint of the prime mover, but since the speed 
cannot change (it is fixed by the frequency of the grid to which the generator is connected) 
this frequency difference is used to increase the energy being admitted to the prime mover. So, 
the actual speed is being “allowed” to “droop” below its setpoint. 

 
Fixed Power Control Mode 

Nowadays, many small distributed generators (in particular the renewable energy based 
generators) are integrated in parallel with the grid. A Fixed Power Control Mode can be 
adopted for them to generate a fixed amount of active and reactive power, because they are 
not obliged to participate in frequency or voltage regulation until now. Moreover, for 
renewable energy based generators, the power reference is adapted according to the 
meteorological conditions in order to generate the maximum power, which is intermittent and 
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fluctuant. In consequence frequency or voltage regulation is reported to large AC generators 
in the grid. This can be the case if our studied microgrid is connected to a distribution network. 

However, with a large-scale development of distributed renewable energy generators, 
their generation flexibility should be improved to avoid damaging the stability of the electrical 
grid. As the conventional turbine-based generators, they should be able to supply a smooth 
and controllable power in order to provide ancillary services to the electrical grid. 
 
Ancillary services and active generators  

An active generator is considered as a generator who participates to the management of 
the grid. Modern high speed micro-turbines and major of distributed generators are grid-
connected with power electronic converters and so no physical relations exist between the 
rotor of the machine and the grid frequency. Moreover the large scale development of PV 
generators as well as technological evolution of backup power systems (like super-capacitors 
and fuel cells) makes appear power plants without any electrical rotating machine. Therefore, 
ancillary services can be provided only with improved control functions of the power 
converters (grid inverter for example). Some example features are listed as below: 

- Reactive power supply/compensation; 
- Harmonics supply/compensation; 
- Peak shaving of the energy consumption; 
- Improvement of the local power quality; 
- Uninterruptible power supply for dedicated loads; 
- Feed-in of renewable energies with lowest cost and highest efficiency; 
- etc. 

In order to perform all these ancillary services, including the frequency and voltage regulation, 
the distributed power generator must be able to supply corresponding active and reactive 
power references.  

 
H.2. Ancillary services for the microgrid 
 

The task of a grid supervision is to manage the power and the energy between sources and 
loads. Then the active and reactive power must be shared among the distributed generators. 
The originality of a microgrid is that it is a small grid and then a communication network can 
exists between generators, some dispatchable loads and the microgrid supervision. Active and 
reactive power references and also other appropriate control signals must be assigned to the 
distributed generators, storage units and controllable loads. Two implementations of 
microgrid supervisions exist for distributed generators [Kat 08] [Ped 08]: 

- Control by sensing electrical quantities: This method is achieved by using the 
knowledge of physical quantities at the Point of Common Connection (PCC) [Las 02] 
[Kat 06] and a droop characteristic control; 

- Control by signal communication: This method uses a communication bus to exchange 
information and control signals [Dim 05] [Bar 05] [Gaz 06] [Deg 06] [Dim-07]. 

 
Control by sensing electrical quantities  

In Europe, electrical networks have been developed after the Second World War. At this 
time, communication infrastructures were limited. Coordination of all generators has been 
implemented through the measurement of two grid physical dynamic quantities: the frequency 
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and the RMS value of the microgrid voltage [Las 02] [Kat 06]. With this information, a droop 
characteristic control performs the coordination of Local Controllers (of generators) with a 
frequency-active power droop characteristic and/or voltage-reactive power droop 
characteristic. For example, when the frequency decreases the characteristic modifies the 
power reference in order to increase the generated active power. A local supervision of 
internal power and energy flows is therefore required as previously detailed “Power 
dispatching strategy” for the wind/super-capacitors hybrid power system (Fig.II-46) and the 
active wind generator (Fig.V-14). A droop controller can be easily embedded in the local 
control system to set active and reactive power references for the active generator. 
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Figure H-1:  Droop controllers for the “Power dispatching strategy”. 

 
The main advantage of this method is its simple hardware implementations, since the 

development of a communication network and a central supervision are not necessary. 
Moreover, this local implementation enables a very fast response and then a good adequacy 
for frequency control and RMS voltage regulation. This organization works in an autonomous 
way and sometimes called “non interactive” since it is not coordinated with a higher control 
center. The main disadvantage is the fact that an optimization function of the microgrid can 
not be designed with accuracy, since no sufficient information is known from operating points 
of other generators. 
 
Control by signal communication 

Control by signal communication enables information exchange and includes three 
categories of controllers (Fig.H-2) [Kat 08]: 

- Distribution Network Controller (DNC); 
- Microgrid Central Controller (MCC); 
- Local Controllers (LCs), which are associated with each Active Generator (AG) or loads. 

The DNC is intended for an area in which more than one microgrid exists. It does not 
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belong to the microgrid but is the delegate of the distribution network. The main interface 
between the DNC and the microgrid is the MCC. The MCC assumes different roles ranging 
from the maximization of the microgrid value to the coordination of LCs.  

The LC controls the DER units and the controllable loads. 
In a centralized operation, each LC receives set points from the corresponding MCC 

[Deg 06]. We have designed several control systems in Chap.II and Chap.V for our active 
generator. Then it must implement the received set points and send to the MCC some 
information about their operating point (Fig.H-2).  

In a decentralized operation, each LC makes decisions locally (Fig.H-3). It relies on the 
results of negotiations between agents of every LC functions (multi-agent systems) [Dim 05] 
[Dim 07]. 

 
Figure H-2:  Centralized operation for microgrid supervisory control 
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Figure H-3:  Decentralized operation for the “Power dispatching strategy”. 
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Appendix I: Technical Data of the Used Super-capacitors 
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Résumé Etendu en Français 
 
De plus en plus de générateurs décentralisés sont intégrés dans le réseau électrique. Par 
conséquent, de nouvelles structures de réseau électrique sont envisagées pour les accueillir. 
Le micro réseau en fait partie. L’avantages des micro-réseaux consistent à: 

- regrouper les producteurs dispersés et les consommateurs locaux pour minimisation des 
pertes dues au transport de l’électricité; 

- avoir la possibilité de cogénération pour augmenter le rendement global lors de la 
génération des énergies; 

- faciliter l’utilisation des moyens de communication pour optimiser la production 
électrique et renforcer la qualité et la fiabilité du système électrique. 

 
Aujourd’hui, il est préférable d’intégrer des énergies renouvelables dans le micro-réseau pour 
réduire l’émission de CO2 et la consommation des combustibles fossiles. Mais, les sources 
d’énergies renouvelables sont souvent très intermittentes et fluctuantes. Donc la production à 
base d’énergies renouvelables est généralement difficile à prévoir. Par contre, la qualité de 
puissance du réseau électrique est très importante. L’adéquation entre la production des 
énergies renouvelables et la consommation électrique devient très difficile. Afin de pouvoir 
augmenter la pénétration des énergies renouvelables dans le réseau électrique, nous devons 
faire participer la production des énergies renouvelables à la gestion du réseau. C’est le 
principe du générateur actif. 
 
Le sujet de cette thèse est de transformer un générateur à base d’énergie renouvelable en 
générateur actif en utilisant des systèmes de stockage d’énergie. Un système hybride multi-
source est étudié dans la thèse. Il consiste en un générateur éolien (comme source d’énergie 
primaire), des super-condensateurs (comme système de stockage à dynamique rapide), des 
piles à combustible et des électrolyseurs (comme système de stockage a long-terme sous 
forme d’hydrogène). Ils sont tous connectés à un bus continu commun et un onduleur est 
utilisé pour la connexion au réseau.  
 
L’objectif de cette thèse est de concevoir le système de commande, y compris les stratégies de 
supervision énergétique, pour réaliser un générateur actif éolien. Il doit pouvoir fonctionner 
comme un générateur classique pour pouvoir générer des puissances lisses et contrôlables. Par 
conséquent, il est capable des fournir des services au système électrique du micro-réseau.  
 
L’introduction du contexte de la thèse est présentée au chapitre I. Et puis la présentation des 
travaux de la thèse est divisée en quatre chapitres : 
 
Au Chapitre II, l’étude d’un système de génération éolienne est présentée. La modélisation du 
système et la conception de la commande sont détaillées. Afin de résoudre le problème de la 
fluctuation de la puissance éolienne, un système de stockage à dynamique rapide par super-
condensateur (Annexe I) est ajouté. Les stratégies de supervision des puissances sont 
proposées pour la coordination des sources différentes dans ce système hybride. Les 
puissances envoyées au réseau sont bien lissées, mais le fonctionnement ne peut pas être 
garanti pour long-terme à cause du manque du stockage d’énergie en grande quantité. Il s’agit 
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du système de stockage à long-terme par hydrogène (incluant les piles à combustible et les 
électrolyseurs), qui est présenté dans les chapitres suivants. 
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Au Chapitre III et au Chapitre IV, les études sur un système de pile à combustible et un 
système d’électrolyseur sont présentées. La modélisation et la commande sont étudiées et 
validé par des essais expérimentaux sur les systèmes commercialisés (Ballard Nexa 1200W 
pour la pile a combustible et CETH GENHY 500W pour l’électrolyseur). Afin de rendre la 
plateforme expérimentale plus flexible, des émulateurs sont réalisés pour la pile à combustible 
et l’électrolyseur en implémentant les modèles validés sur la carte numérique de commande 
(DSpace 1102). Ils peuvent fournir les mêmes comportements électriques. Cela nous permet 
ensuite de tester les stratégies de supervision des puissances au sein du générateur actif éolien, 
qui sont présenté dans le chapitre suivant.  
 

  
Système de pile à combustible étudié  

(BALLARD NEXA 1200W) 
Système d’électrolyseur étudié 

(CETH GENHY 500W) 
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Au Chapitre V, les études du générateur actif éolien sont présentées. La modélisation et la 
commande du système entier sont présentées. Les stratégies de supervision énergétique sont 
proposées suivant les caractéristiques de chaque source d’énergie. Elles sont 
expérimentalement implémentées dans une autre carte numérique de commande (DSpace 
1103), et leurs performances sont comparées par rapport à la régulation de la tension du bus 
continu et au control des puissances transitées au réseau. Les stratégies de gestion énergétique 
sont également conçues avec la définition des différents modes de fonctionnement pour 
maintenir les niveaux de stockage dans leurs zones normales.  
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Les conclusions et les perspectives de cette thèse sont finalement présentées au Chapitre VI.  
 
Les contributions scientifiques principales de cette thèse sont les suivantes : 
 

- l’utilisation et l’adaptation des formalismes dans la modélisation des systèmes complexes 
et la conception de commande; 

- la conception et la réalisation expérimentale des émulateurs pour réduire le temps et le 
cout du développement de la plateforme expérimentale.  

- la proposition et la validation de deux stratégies de gestion des puissances pour la 
régulation du bus continu et le contrôle des puissances transitées au réseau ; 

- la proposition des stratégies de supervision énergétique avec la définition des modes de 
fonctionnement pour le générateur actif éolien afin d’assurer une disponibilité 
énergétique.  

 
Moyennant adaptation, ces contributions peuvent être utilisées aussi pour d’autres centrales 
hybrides contenant une source d’énergie renouvelable, un système de stockage à dynamique 
rapide et un système de stockage à long-terme. 
 



 

 

 



 

 

Abstract:  
A hybrid power system is studied in this thesis for the distributed generation, which is 

based on renewable energy resources and energy storage systems in microgrid applications. It 
consists of a wind generator as primary energy source, super-capacitors as fast-dynamic 
storage system, fuel cells and electrolyzers as long-term storage system in hydrogen. They are 
all connected to a common DC bus and an inverter is used for the connection of the whole 
system to the grid. In this thesis, we have presented the system modeling, the control design 
including the power balancing and energy management strategies. This hybrid power system 
can finally supply controllable smooth powers as most conventional power plants. The 
performances have been tested in numerical simulations and also on an experimental test 
bench. As result, it is able to provide ancillary services to the microgrid.  

The main scientific contributions of this thesis are: the use and the adaptation of the 
graphical tools for the modeling of complex systems and their design; the design and the 
experimental implementation of real-time emulators in order to reduce the time and the cost 
of an experimental platform; the proposition and the validation of two power balancing 
strategies for the DC-bus voltage regulation and the grid power control and, finally, the 
proposition of energy management strategies for the active wind generator to ensure the 
energy availability.  
Keywords : hybrid power system, active generator, wind generator, fuel cell, electrolyzer, 
super-capacitor, hydrogen, energy management. 
 
 
Résumé :  

Un système hybride multi-source est étudié dans cette thèse pour la génération dispersée 
basée sur des sources d’énergie renouvelable et des systèmes de stockage d’énergie. Il 
comprend un générateur éolien comme source d’énergie primaire, des super-condensateurs 
comme système de stockage à dynamique rapide, des piles à combustible et des électrolyseurs 
comme système de stockage sur le long terme sous forme d’hydrogène. Ils sont tous 
connectés à un bus continu commun et un onduleur est utilisé pour la connexion du système 
entier au réseau. Dans ce mémoire, nous avons présenté la modélisation du système, la 
conception du contrôle y compris des stratégies de répartition des flux de puissance et la 
gestion énergétique. Cette centrale hybride peut finalement générer des puissances lissées et 
contrôlables comme la plupart des générateurs classiques. Les performances ont été testées en 
simulation numérique et aussi sur un prototype expérimental.  

Les contributions scientifiques principales de cette thèse sont les suivantes : l’utilisation 
et l’adaptation des formalismes pour la modélisation des systèmes complexes et la conception 
de leur commande; la conception et la réalisation expérimentale des émulateurs pour réduire 
le temps et le coût du développement du prototype expérimental; la proposition et la 
validation de deux stratégies de gestion des puissances pour la régulation du bus continu et le 
contrôle des puissances transitées au réseau et, enfin, la proposition de stratégies de 
supervision énergétique avec la définition des modes de fonctionnement pour le générateur 
actif éolien afin d’assurer une disponibilité énergétique.  
Mots clés : Centrale hybride, générateur actif, générateur éolien, pile à combustible, 
électrolyseur, super-condensateur, hydrogène, supervision énergétique. 


