
III 
 

Table of Contents 
 

Acknowledgment ..................................................................................................................................... I 

Abstract .................................................................................................................................................. II 

List of Figures ..................................................................................................................................... VII 

List of Tables ......................................................................................................................................... IX 

List of Abbreviations .............................................................................................................................. X 

 
CHAPTER 1 Introduction 

1.1 Background ................................................................................................................................ 1 

1.2 Structure and Function of DC Microgrid ................................................................................... 5 

1.2.1 Structure of a DC Microgrid .................................................................................................. 5 

1.2.2 Energy Generation Units ....................................................................................................... 5 

1.2.3 Energy Storage Systems (ESS) .............................................................................................. 6 

1.2.4 Distribution Network ............................................................................................................. 6 

1.2.5 DC Loads ............................................................................................................................... 7 

1.2.6 Control and Communication Systems ................................................................................... 7 

1.2.7 Function of a DC Microgrid .................................................................................................. 8 

1.2.8 Advantages of DC Microgrid ................................................................................................ 8 

1.2.9 Challenges in DC Microgrid.................................................................................................. 9 

1.3 Problem Statement ..................................................................................................................... 9 

1.4 Research Objectives ................................................................................................................. 10 

1.5 Motivation for the Research ..................................................................................................... 10 

1.6   Major Research Contributions ............................................................................................... 11 

1.7 Thesis Organization ................................................................................................................. 12 

CHAPTER  2 State of Art 

2.1 Background .............................................................................................................................. 14 

2.2 Control Strategies and Operational Challenges in Islanded DC Microgrids ........................... 14 

2.3 Stability Challenges and Control of Constant Power Loads in Islanded DC      Microgrids ... 15 

2.4 Renewable Energy Sources using PV Array ............................................................................ 17 

2.5 Modeling and Control of Energy Storage System ................................................................... 18 

2.5.1 Batteries ............................................................................................................................... 19 

2.5.1.1 Lithium-ion batteries ................................................................................................... 20 

2.5.1.2 Nickel-metal hydride batteries .................................................................................... 20 

2.5.2 Supercapacitor ..................................................................................................................... 21 



IV 
 

2.6 Modeling and Control of Hybrid Energy Storage System ....................................................... 21 

2.6.1 Hybrid Energy Storage System Architectures ..................................................................... 22 

2.6.2 Battery and Supercapacitor Energy Storage System ........................................................... 23 

2.6.3 Power Electronics Interface for Energy Storage Management ............................................ 24 

2.7 Converter for DC Microgrid .................................................................................................... 25 

2.8 Power Management of DC Microgrid ..................................................................................... 29 

2.9 Modeling and Control of Standalone DC Microgrid with HESS ............................................ 31 

2.10 Optimization Techniques ......................................................................................................... 33 

2.11 Hybrid Optimization Model ..................................................................................................... 38 

2.12 Research Gaps .......................................................................................................................... 40 

2.13 Proposed Research Methodology ............................................................................................ 40 

Summary ............................................................................................................................................... 41 

CHAPTER  3  Modeling and Design of DC Microgrid with HESS 

3.1 Capacity of Proposed DC Microgrid (40KW) ......................................................................... 43 

3.1.1 Load Analysis ...................................................................................................................... 44 

3.1.2 Specification and Solar Capacity Calculation for Adani 530Wp Bifacial PV Modules ...... 46 

3.1.3 Battery Capacity Calculation ............................................................................................... 47 

3.1.4 Supercapacitor Capacity Design for Transient Load Response ........................................... 49 

3.1.5 Total Capacity of the DC Microgrid .................................................................................... 50 

3.1.6 Fuel Cell Calculation ........................................................................................................... 50 

3.2 Design of Boost Converter ....................................................................................................... 51 

3.3 Case studies for power management in DC Microgrid ............................................................ 54 

3.4 SOC Management for charging and discharging Mode ........................................................... 56 

3.4.1 SOC Management for the Battery ....................................................................................... 56 

3.4.2 SOC management for the Supercapacitor............................................................................ 57 

Summary ............................................................................................................................................... 58 

CHAPTER 4  Simulation and Control of Novel HESS Configuration 

4.1 Simulation of the Proposed Photovoltaic Array Model ........................................................... 62 

4.1.1 Control Strategies in PV Generation ................................................................................... 64 

4.1.1.1 Incremental Conductance (INC) Algorithm ................................................................ 65 

4.1.1.2 State of Charge (SOC) Control ................................................................................... 66 

4.1.1.3 Discrete Proportional-Integral (PI) Controller ............................................................ 66 

4.2 Simulation for developed Battery model ................................................................................. 67 

4.2.1 Control Strategies in Battery Energy Storage System ......................................................... 68 

4.3 Simulation for developed Supercapacitor Model ..................................................................... 69 

4.3.1 Control Strategies in Supercapacitor Energy Storage System ............................................. 71 



V 
 

4.4 Simulation for developed Fuel cell model ............................................................................... 72 

4.4.1 Control Strategies in Fuel Cell ............................................................................................ 74 

4.5 Load demands for the DC Microgrid ....................................................................................... 74 

4.6 Simulation Results: Case Studies for Developed DC Microgrid ............................................. 76 

4.6.1 Case:1   Power management in DC Microgrid without Battery .......................................... 76 

4.6.2 Case:2 Power management in DC Microgrid with Battery ................................................. 83 

4.6.3 Case:3 Power management in DC Microgrid with HESS ................................................... 90 

4.6.4 Case:4 Power management in DC Microgrid with Fuel cell (Stand by) ............................. 96 

4.7 Comparative Performance Evaluation ..................................................................................... 98 

Summary ............................................................................................................................................. 100 

CHAPTER 5 Metaheuristic Controller Optimization for HESS 

5.1 Metaheuristic Optimization Techniques ................................................................................ 102 

5.2 Problem Formulation of the Optimization Problem .............................................................. 103 

5.3 Particle Swarm Optimization (PSO) ...................................................................................... 109 

5.3.1 Implementation of PSO Algorithm .................................................................................... 109 

5.3.2 Parameters of the PSO Algorithm ..................................................................................... 109 

5.3.3 Flowchart and Procedure of PSO ...................................................................................... 110 

5.3.4 Real-Time 3D Visualization PSO Results ......................................................................... 114 

5.3.5 Total energy loss trajectory ................................................................................................ 117 

5.3.6 Best battery Efficiency for PSO ........................................................................................ 117 

5.4 Artificial Bee Colony Optimization (ABC) ........................................................................... 120 

5.4.1 Implementation of ABC Algorithm ................................................................................... 120 

5.4.2 Parameters of ABC Algorithms ......................................................................................... 120 

5.4.3 Flowchart and Procedure of ABC Algorithm .................................................................... 121 

5.4.4 Real-Time 3D Visualization ABC Results ............................................................................. 123 

5.4.5 Total Energy Loss Trajectory for ABC .............................................................................. 125 

5.4.6 Best Battery Efficiency for ABC ....................................................................................... 126 

5.5 Grey Wolf Optimization (GWO) ........................................................................................... 129 

5.5.1 Implementation of GWO Algorithm .................................................................................. 129 

5.5.2 Parameters of GWO Algorithm ......................................................................................... 129 

5.5.3 Flowchart and Procedure of GWO .................................................................................... 130 

5.5.4 Real-Time 3D Visualization in GWO Results ................................................................... 132 

5.5.5 Total Energy Loss Trajectory ............................................................................................. 134 

5.5.6 Best Battery Efficiency for ABC ....................................................................................... 135 

5.6 Comparative Analysis with Metaheuristic Optimization Algorithms .................................... 137 

Summary ............................................................................................................................................. 142 

 



VI 
 

CHAPTER  6  Hybrid Optimized Controller for HESS 

6.1 Hybrid Optimization Techniques ........................................................................................... 144 

6.1.1 Hybrid PSO-ABC Approach: Formulation ........................................................................ 145 

6.1.2 Hybrid ABC-GWO Approach: Formulation .......................................................................... 149 

6.1.2.1 Control parameters for hybrid ABC-GWO Algorithms ................................................ 149 

6.1.2.2 Flowchart and Procedure of Hybrid ABC-GWO Algorithm ......................................... 150 

6.1.3 Hybrid Optimization Results ................................................................................................. 153 

6.2 Comparative Analysis with Existing Techniques ................................................................... 155 

Summary ............................................................................................................................................. 157 

CHAPTER  7  Concluding Remarks 

7.1 Conclusion ............................................................................................................................. 159 

7.2 Limitations and Future Scope ................................................................................................ 162 

BIBLIOGRAPHY ............................................................................................................................... 163 

LIST OF PUBLICATIONS ................................................................................................................. 173 

 

 

 
 

 

 

 

 

 

 

 

 

 

 
 

 


