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ABSTRACT 

The increasing penetration of electric vehicles (EVs) in the global transportation landscape has 

highlighted the importance of developing innovative charging infrastructure systems that meet 

the demands of modern EVs. Fast DC charging systems are key to reducing charging times 

and enhancing the user experience, particularly for EVs equipped with high-capacity batteries 

and extended driving ranges. This thesis presents a comprehensive study on the design and 

development of an off-board DC fast charging system that leverages renewable energy 

sources and advanced power electronics technologies to create a more sustainable and 

efficient charging solution. The integration of a photovoltaic (PV)-tied grid system as a primary 

supply source reflects a growing trend toward incorporating renewable energy in EV charging 

infrastructure. This approach not only reduces the load on traditional grid systems but also 

supports global efforts to minimize carbon emissions and transition to cleaner energy sources. 

At the core of the proposed system are the interconnection power electronics, consisting of 

bidirectional AC-DC and DC-DC converters. These converters are essential for managing the 

bidirectional power flow between the grid, the PV system, and the EV battery. By employing a 

Proportional Integral (PI) controller, the system can maintain a stable and efficient power 

transfer process, ensuring that the EV battery is charged quickly while avoiding unnecessary 

stress on the grid. The DC-DC step-up converter, which interfaces with the PV system, is 

designed with an advanced control algorithm based on Maximum Power Point Tracking 

(MPPT). The Perturb and Observe (P&O) MPPT method is chosen for its simplicity and 

effectiveness in optimizing energy extraction from the PV system, even under fluctuating 

environmental conditions. This ensures that the system operates at peak efficiency, 

maximizing the use of renewable energy while maintaining grid stability and power quality. 

Through rigorous testing and simulation in the MATLAB/Simulink environment, the study 

provides valuable insights into the performance and reliability of the proposed system under 

five case scenarios. These simulations not only validate the effectiveness of the control 

strategies but also offer practical guidelines for optimizing converter design, improvements in 

charging stability, reduced total harmonic distortion (<3%), efficient power transfer, and 

minimized current ripple, confirming the robustness of the proposed approach. The outcome 

of this research contributes to the growing body of knowledge on DC fast charging systems for 

EVs, offering practical solutions for enhancing charging efficiency, integrating renewable 

energy sources, and improving grid interaction. The findings also support the development of 

more robust, scalable, and energy-efficient EV charging infrastructures, addressing the 

evolving needs of the electric vehicle market.  



iv 

 

Keywords: Fast Charging, Photovoltaic (PV)-Tied grid, DC-DC converter, Bidirectional converter, 

Electrical vehicles (EVs), PI controller, MATLAB/Simulink. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



v 

 

ACKNOWLEDGEMENTS 

 

 

First and foremost, I extend my profound gratitude to ALLAH, whose guidance, blessings, and 

infinite wisdom have enabled me to acquire the knowledge, strength, and perseverance to 

successfully complete this degree. 

 

I am deeply indebted to my supervisor, Dr. Ali Almaktoof, and my co-supervisor, Professor 

MTE Kahn, for their unwavering support, insightful guidance, and invaluable mentorship 

throughout the course of this research. Their dedication and encouragement have been pivotal 

in shaping the direction of this work, and I am truly thankful for their expertise and commitment. 

 

I would like to express my sincere appreciation to all the members of the Faculty of 

Engineering, the staff at the Centre for Research in Power Systems (CRPS). and my friends 

for their constant encouragement, constructive suggestions, and continuous support. Their 

contributions have enriched this journey in ways that words can hardly convey. 

 

A heartfelt thank you goes to my parents, my wife, my brothers and sisters, and my in-laws. 

Their love, patience, understanding, and sacrifices have been a source of strength and 

motivation. I am eternally grateful for their unwavering belief in me. May ALLAH bless them 

and grant them rewards both in this world and the Hereafter. 

 

I would also like to acknowledge the support of the Libyan Embassy in Pretoria for their 

assistance during my studies. 

 

To my friends and colleagues, I am deeply grateful for their moral support, encouragement, 

and camaraderie. Their presence has been a source of inspiration and strength. 

 

Finally, I extend my appreciation to all those who contributed to this dissertation, either directly 

or indirectly. Your contributions, however big or small, have made a significant difference, and 

for that, I am truly thankful. 

 

 

 

 

Ahmed Zentani 2025 



vi 

 

DEDICATION 

 

This thesis is dedicated to those who are dear to me, more particularly my parents, my wife 

Dr. Asma Alwakwak, my kids Yummna, Yussif, Yacob and Ayoub. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



vii 

 

TABLE OF CONTENTS 

 

DECLARATION ..................................................................................................................... ii 

ABSTRACT ........................................................................................................................... iii 

ACKNOWLEDGEMENTS ...................................................................................................... v 

DEDICATION ....................................................................................................................... vii 

TABLE OF CONTENTS ....................................................................................................... vii 

LIST OF FIGURES ............................................................................................................... xii 

LIST OF TABLES ................................................................................................................. xiii 

GLOSSARY ...................................................................................................................... xviiii 

CHAPTER ONE ..................................................................................................................... 1 

INTRODUCTION ................................................................................................................... 1 

1.1 Introduction ...................................................................................................................... 1 

1.2 Statement of the research problem .................................................................................. 3 

1.3 Research significance ...................................................................................................... 4 

1.4 Objective and scope ......................................................................................................... 4 

1.5 Research methodology .................................................................................................... 5 

1.6 Organization of the thesis ................................................................................................. 6 

1.7 Publications ...................................................................................................................... 7 

1.8 Summary .......................................................................................................................... 8 

CHAPTER TWO .................................................................................................................... 9 

LITERATURE REVIEW .......................................................................................................... 9 

2.1 Introduction ...................................................................................................................... 9 

2.2 Advanced fast charging techniques for electric vehicles ................................................. 10 

2.2.1 Inductive charging .................................................................................................... 11 

2.2.2 Ultra-fast charging (UFC) ......................................................................................... 12 

2.2.3 DC fast charging (DCFC) ......................................................................................... 12 

2.2.4 Tesla superchargers ................................................................................................ 13 

2.2.5 Bidirectional charging integration ............................................................................. 13 



viii 

 

2.2.6 Battery swapping ..................................................................................................... 14 

2.3 Electric Vehicle Battery Chargers Categories and Integrated Fast-Charging Stations .... 14 

2.3.1 On-board charging ................................................................................................... 15 

2.3.2 Off-board charging ................................................................................................... 16 

2.4 Advanced Infrastructure for DC Fast Charging of Electric Vehicles ................................ 17 

2.4.1 Charging standards .................................................................................................. 18 

2.4.1.1 Organizations for standardization ....................................................................... 19 

2.4.1.2 Charging connector types .................................................................................. 19 

2.4.1.3 Communication protocols ................................................................................... 20 

2.4.1.4 Power level and charging speeds ...................................................................... 20 

2.4.2 Charging modes control ........................................................................................... 21 

2.4.2.1 Constant current charging .................................................................................. 21 

2.4.2.2 Constant voltage charging ................................................................................. 22 

2.4.2.3 Constant power charging ................................................................................... 22 

2.4.2.4 Demand–response charging .............................................................................. 22 

2.4.2.5 Bidirectional flow charging ................................................................................. 22 

2.4.2.6 Temperature monitoring and control .................................................................. 23 

2.4.2.7 State of charge (SoC) estimation ....................................................................... 23 

2.5 Planning EV Charging Infrastructure in Power Distribution Networks ............................. 23 

2.5.1 Strategic planning for EV charging in transportation systems ................................... 24 

2.5.2 Managing uncertainties in EV charging infrastructure planning ................................ 24 

2.5.3 Incorporating distributed generation into EV charging network planning ................... 24 

2.5.4 Integration of renewable energy sources with EV charging facilities ......................... 25 

2.6 Advanced Control Architecture for EV Charging Stations ............................................... 25 

2.6.1 Primary control ......................................................................................................... 27 

2.6.2 Secondary control .................................................................................................... 27 

2.6.3 Tertiary control ......................................................................................................... 28 

2.7 Fast-Changing Technologies and Hybrid Energy Charging System Architectures .......... 28 

2.7.1 A Medium voltage DC fast charger for EV with a common AC bus ........................... 31 



ix 

 

2.7.2 A Medium voltage DC fast charger for EV with a common DC bus .......................... 33 

2.7.3 A Medium voltage DC fast charger for EV with a common hybrid AC-DC bus .......... 34 

2.8 State-of-The-Art in EV DC Charging Solutions ............................................................... 35 

      2.8.1 Solid-State Transformers (SSTs) for EV DC Charging ……………………………… 36 

     2.8.2 Integration of SSTs with DC Microgrids ………………………………………………. 42 

2.9 DC Fast Charging Converter Topologies ........................................................................ 48 

2.9.1 AC-DC Rectifiers ...................................................................................................... 48 

2.9.1.1 Three-phase active PWM rectifier with LCL filter ................................................ 48 

2.9.1.2 NPC Rectifier ..................................................................................................... 50 

2.9.1.3 Vienna rectifier ................................................................................................... 51 

2.9.1.4 Active front-end converter .................................................................................. 52 

2.9.2 DC-DC Converters ................................................................................................... 52 

2.9.2.1 Phase-shifted full bridge (PSFB) ........................................................................ 53 

2.9.2.2 LLC Resonant converters .................................................................................. 54 

2.9.2.3 Dual active bridge (DAB) converter .................................................................... 55 

2.9.2.4 CLLC Resonant converter .................................................................................. 56 

2.10 Control Techniques Used for Power Electronics Conversion System ........................... 57 

2.10.1 Space vector modulation (SVM) ............................................................................. 57 

2.10.2 Phase-shifted full bridge (PSFB) with digital pulse width modulation (PWM) .......... 58 

2.10.3 Model predictive control (MPC) for dual active bridge (DAB) .................................. 60 

2.10.4 PI Controller ........................................................................................................... 61 

2.10.5 Digital control ......................................................................................................... 62 

2.10.6 Maximum power point tracking (MPPT) algorithms techniques .............................. 63 

2.10.6.1 Perturb and observe (P&O) algorithm .............................................................. 63 

2.10.6.2 Incremental conductance (IC) algorithm ........................................................... 64 

2.10.6.3 Constant voltage (CV) algorithm ...................................................................... 65 

2.10.6.4 Fuzzy logic control (FLC) ................................................................................. 66 

2.10.6.5 Artificial neural networks (ANN) ....................................................................... 67 

2.10.6.6 Particle swarm optimization (PSO) ................................................................... 69 

2.11 Summary ...................................................................................................................... 70 



x 

 

CHAPTER THREE ............................................................................................................... 72 

SYSTEM ARCHITECTURE AND DC FAST CHARGING MODELLING ............................... 72 

3.1 Introduction .................................................................................................................... 72 

3.2 Three-Phase Voltage Source Modeling .......................................................................... 74 

3.3 LC Filter ......................................................................................................................... 75 

3.3.1 Sinusoidal pulse width modulation (SPWM) ............................................................. 76 

3.3.2 Park –clark transform ............................................................................................... 77 

3.3.3 Inverse park transform ............................................................................................. 78 

3.3.4 PI controller .............................................................................................................. 78 

3.3.5 Phase-lock loop (PLL) .............................................................................................. 79 

3.4 Front-End AC-DC Converter .......................................................................................... 81 

3.5 Dual Active Bridge Converter in DC Fast Charging System............................................ 83 

3.5.1 Power flow analysis.................................................................................................. 84 

3.5.2. Bidirectional DAB current controller design ............................................................. 97 

3.6 Photovoltaic Modelling ................................................................................................. 100 

3.6.1 DC-DC Boost converter ....................................................................................... 1055 

    3.6.2 PV system / boost converter control for maximum power extraction ....................... 110 

    3.6.2.1 Perturb and observe method control strategy ...................................................... 111 

3.7 EV Lithium-ion Battery Controller ................................................................................. 114 

3.8 Summary ...................................................................................................................... 118 

CHAPTER FOUR ............................................................................................................... 119 

 RESULTS AND DISCUSSION .......................................................................................... 119 

4.1 Introduction .................................................................................................................. 119 

4.2 Overview of the DC Fast Charging System Block Diagram .......................................... 120 

4.2.1 Hybrid power sources: grid and PV integration ....................................................... 120 

4.2.2 Electrical and power electronics system model ...................................................... 121 

4.2.3 Control and simulation model ................................................................................. 121 

4.2.4 Results and discussion .......................................................................................... 121 

4.3 Simulation results and performance of grid source ....................................................... 122 



xi 

 

4.3.1 Simulation results and performance of grid AC-DC converter ................................ 127 

4.3.2 Simulation results and performance of grid DC-DC dual active bridge converter .... 129 

4.3.3 Analysis of SoC stability and dynamics .................................................................. 132 

4.3.4 Performance of harmonic distortion and frequency analysis ................................... 132 

4.4 Simulation results and performance of PV source ........................................................ 133 

4.4.1 Performance of duty cycle at load .......................................................................... 136 

4.4.2 Simulation results and performance of PV DC-DC boost converter ........................ 137 

4.4.3 Performance Lithium-Ion Battery characteristics .................................................... 141 

4.5 Case Scenarios Analysis of the DC Fast Charging System .......................................... 143 

4.5.1 Case scenario 1: System Instability due to Front-End Converter Gain Variation .... 143 

4.5.2 Case Scenario 2: System Response to VCO Parameter Variation in PLL .............. 146 

4.5.3 Case Scenario 3: Impact of Increased RL Filter Inductance on System Stability .... 149 

4.5.4 Case Scenario 4: Battery Charging Performance at 80% Initial SoC ...................... 152 

4.5.5 Case Scenario 5: Battery Charging Performance at Full (100%) Initial SoC ........... 153 

4.6 Summary ...................................................................................................................... 155 

CHAPTER FIVE ................................................................................................................. 156 

CONCLUSION AND FUTURE WORK ............................................................................... 156 

5.1 Conclusion ................................................................................................................... 156 

5.2 Recommendation and Future Work .............................................................................. 159 

REFERENCES: ................................................................................................................. 161 

APPENDICES: ………………………………………………………………………………….… 183 

Appendix 1: Battery management system ……………………………………………………... 184 

Appendix 2: P&O MATLAB Code ………………………………………………………….…… 185 

 

 

 

 

 

 

 

 



xii 

 

LIST OF FIGURES 

 

Figure 1.1: Change of the power electric vehicle fast charging in one day……………………. 3 

Figure 1.2: DC fast charging system configuration for electric vehicle………………………… 6 

Figure 2.1: EV charging techniques ..................................................................................... 11 

Figure 2.2: Illustrated on-board/off-board EVs fast charging ................................................. 16 

Figure 2.3: EV DC Charger stations ..................................................................................... 17 

Figure 2.4: Battery charging process curve showing battery voltage (red line) and charging 

current (blue line) under the constant-current/constant-voltage (CCCV) method .................. 21 

Figure 2.5: Hierarchical control of EV charging stations  ...................................................... 27 

Figure 2.6: Generalized charging system ............................................................................. 28 

Figure 2.7: A DC’s LFT-base architectures. Station with common AC bus............................ 32 

Figure 2.8: A DC’s LFT-base architectures for station with common DC bus........................ 33 

Figure 2.9: Hybrid AC-DC microgrids ................................................................................... 35 

Figure 2.10: Classifications of SST  ..................................................................................... 36 

Figure 2.11: Single module charger with non-isolated dc-dc converter ................................. 37 

Figure 2.12: Single module charger with isolated dc-dc converter ........................................ 37 

Figure 2.13: Multiple parallel modules with LF transformer ................................................... 39 

Figure 2.14: Multiple parallel models with HF transformer .................................................... 39 

Figure 2.15: SST based DCFC using ISOP modules  .......................................................... 40 

Figure 2.16: SST based DCFC using single module circuit .................................................. 41 

Figure 2.17: MV fast charger topology developed by Virginia Tech and EPRI  ..................... 43 

Figure 2.18: AC-DC stage of Intelligent Universal Transformer  ........................................... 44 

Figure 2.19: 2.4kVac input 50kW charger circuit  ................................................................. 45 

Figure 2.20: Charger architecture of single AD-DC stage and ISOP modules  ..................... 45 

Figure 2.21 Figure: 12.47kV ac three phase 350kW XFC  .................................................... 46 

Figure 2.22: 5MV AC-DC soft-switching circuit  .................................................................... 47 

Figure 2.23: MV SST circuit  ................................................................................................ 47 

Figure 2.24: Three phase PWM rectifier with LCL filter  ....................................................... 49 

Figure 2.25: Neutral-point-clamped NPC rectifier  ................................................................ 50 

Figure 2.26: Vienna rectifier  ................................................................................................ 51 

Figure 2.27:  AFE converter topology  .................................................................................. 52 

Figure 2.28: Phase shift full bridge converter  ...................................................................... 53 

Figure 2.29: LLC resonant converter  ................................................................................... 54 

Figure 2.30: DAB converter .................................................................................................. 55 

Figure 2.31: CLLC converter ................................................................................................ 56 

Figure 2.32: Three level-SVM hexagon including six sectors and four regions per sector  ... 57 



xiii 

 

Figure 2.33: Full bridge phase-shifted power PWM waveforms ............................................ 59 

Figure 2.34: Block Diagram for Model Predictive Control ..................................................... 61 

Figure 2.35: Control system with PI controller ...................................................................... 61 

Figure 2.36: The structure of the digital controller ................................................................ 62 

Figure 2.37: P&O Control process  ....................................................................................... 64 

Figure 2.38: Flowchart of incremental conductance method  ................................................ 65 

Figure 2.39: Constant-current constant-voltage (CC-CV) charging ....................................... 66 

Figure 2.40: Fuzzy logic control system structure  ................................................................ 67 

Figure 2.41: Diagram of an artificial neural network  ............................................................. 68 

Figure 2.42: The flowchart of the PSO algorithm .................................................................. 70 

Figure 3.1: PV/grid-tied off-board EV charging system structure .......................................... 72 

Figure 3.2: Load profile for DC fast charging in EV system .................................................. 74 

Figure 3.3: Structure of PPL ................................................................................................. 79 

Figure 3.4: Control Scheme of the phase grid voltage and current conversion ..................... 80 

Figure 3.5: Frontend converter and DC link capacitor subcircuit........................................... 81 

Figure 3.6: Dual active bridge converter ............................................................................... 84 

Figure 3.7: High frequency equivalent dual active bridge ..................................................... 85 

Figure 3.8: Dual active bridge waveforms ............................................................................ 86 

Figure 3.9: Inductance dimension ........................................................................................ 88 

Figure 3.10: Power loss distribution in MOSFET components across varying output power 

levels ............................................................................................................................. 93 

Figure 3.11: Fourier series approximation of a square wave ................................................ 94 

Figure 3.12: Current control structure ................................................................................... 97 

Figure 3.13: Voltage controller closed-loop block diagram ................................................... 98 

Figure 3.14: Open loop bode plot of DAB current controller ................................................. 99 

Figure 3.15: Closed loop step response of DAB current controller ....................................... 99 

Figure 3.16: I–V and P–V curve characteristics of a PV module ......................................... 101 

Figure 3. 17: Single diode model of solar PV module ......................................................... 102 

Figure 3.18: Simplified equivalent circuit of a single diode solar PV model ......................... 103 

Figure 3.19: Norton equivalent model of PV panel ............................................................. 103 

Figure 3.20: PV panel model curves. (a) current – voltage characteristic; (b) power-voltage 

characteristic ............................................................................................................... 104 

Figure 3.21: Basic circuit connection of boost converter ..................................................... 105 

Figure 3.22: DC-DC boost converter. (a) circuit diagram; (b) equivalent circuit with the switch 

closed; (c) equivalent circuit with the switch open . ...................................................... 106 

Figure 3.23: (a) Inductor voltage (b) inductor current; (c) diode current and (d) capacitor 

currents . ..................................................................................................................... 108 



xiv 

 

Figure 3.24: Perturb and observe method to regulate the output voltage ........................... 111 

Figure 3.25: Flowchart of P&O MPPT algorithm for photovoltaic (PV) with boost converter 112 

Figure 3.26: Typical characteristic of a common PV cell .................................................... 113 

Figure 3.27: Schematic diagram of the battery model  ....................................................... 115 

Figure 3.28: Waveforms of the charging profiles using CCCV method for the EV battery

 ......................................................................................... Error! Bookmark not defined. 

Figure 3.29: Battery state of charge ................................................................................... 118 

Figure 4.1: Hybrid photovoltaic (PV)-tied grid for EVs charging station Simulink model ...... 120 

Figure 4.2: Three phase grid current .................................................................................. 122 

Figure 4.3: Three phase grid voltage. ................................................................................. 122 

Figure 4.4: Grid input current ............................................................................................. 123 

Figure 4.5: Grid input voltage ............................................................................................. 124 

Figure 4.6: Grid input power ............................................................................................... 124 

Figure 4.7: Modulating signal 𝒎𝒂𝒃𝒄 ................................................................................... 125 

Figure 4.8: Phase Angle of PLL.......................................................................................... 125 

Figure 4.9: 𝐕𝐪-axis voltage ................................................................................................ 126 

Figure 4.10: 𝐕𝐝-axis voltage............................................................................................... 126 

Figure 4.11: Voltage response of input front-end converter ................................................ 127 

Figure 4.12: Voltage reference response ........................................................................... 127 

Figure 4.13: FEC Output DC link voltage ........................................................................... 128 

Figure 4.14: Ripple of the output voltage FEC .................................................................... 128 

Figure 4.15: DC bus current ............................................................................................... 129 

Figure 4.16: DAB Converter output voltage waveform ........................................................ 130 

Figure 4.17: DAB Converter output current waveform ........................................................ 130 

Figure 4.18: DAB Converter output power waveform ......................................................... 131 

Figure 4.19: Battery state of charge ................................................................................... 132 

Figure 4.20: Harmonic distortion Analysis .......................................................................... 133 

Figure 4.21: PV Output power ............................................................................................ 134 

Figure 4.22: PV Output current........................................................................................... 135 

Figure 4.23: PV Output voltage .......................................................................................... 136 

Figure 4.24: Duty cycle pulses ........................................................................................... 136 

Figure 4.25: Duty cycle pulses ........................................................................................... 137 

Figure 4.26: Current output of boost converter ................................................................... 138 

Figure 4.27: Voltage output of boost converter ................................................................... 138 

Figure 4.28: Power output of boost converter ..................................................................... 139 

Figure 4.29: Current output of battery................................................................................. 140 

Figure 4.30: Voltage output of battery ................................................................................ 140 



xv 

 

Figure 4.31: Power output of battery .................................................................................. 141 

Figure 4.32: Battery discharge characteristics expressed as a function of time .................. 142 

Figure 4.33: Battery discharge characteristics expressed in Ampers-hour ......................... 143 

Figure 4.34: FEC Output DC link voltage ........................................................................... 144 

Figure 4.35: Grid input phase voltage (V) and current (A) .................................................. 145 

Figure 4.36: FEC DC Bus output current ............................................................................ 145 

Figure 4.37: DAB Converter output voltage waveform ........................................................ 145 

Figure 4.38: DAB Converter output current waveform ........................................................ 146 

Figure 4.39: DAB Converter output power waveform ......................................................... 146 

Figure 4.40: Harmonic distortion analysis ........................................................................... 146 

Figure 4.41: FEC Output DC link voltage ........................................................................... 147 

Figure 4.42: Grid input phase voltage (V) and current (A) .................................................. 147 

Figure 4.43: FEC DC Bus output current ............................................................................ 148 

Figure 4.44: DAB Converter output voltage waveform ........................................................ 148 

Figure 4.45: DAB Converter output current waveform ........................................................ 148 

Figure 4.46: DAB Converter output power waveform ......................................................... 149 

Figure 4.47: Harmonic distortion analysis ........................................................................... 149 

Figure 4.48: FEC Output DC link voltage ........................................................................... 150 

Figure 4.49: Grid input phase voltage (V) and current (A) .................................................. 150 

Figure 4.50: FEC DC Bus output current ............................................................................ 151 

Figure 4.51: DAB Converter output voltage waveform ........................................................ 151 

Figure 4.52: DAB Converter output current waveform ........................................................ 151 

Figure 4.53: DAB Converter output power waveform ......................................................... 152 

Figure 4.54: Harmonic distortion analysis ........................................................................... 152 

Figure 4.55: Battery current output ..................................................................................... 153 

Figure 4.56: Battery voltage output .................................................................................... 153 

Figure 4.57: Battery power output ...................................................................................... 153 

Figure 4.58: Battery current output ..................................................................................... 154 

Figure 4.59: Battery voltage output .................................................................................... 154 

Figure 4.60: Battery power output ...................................................................................... 155 

 

 

 

 

 

 

 

 

 



xvi 

 

 

 

LIST OF TABLES 

 

 

Table 2.1: Power level charging rating ………………………………………………………….. 17 

Table 2.2: Major standards of EV charging systems ……………………………………………18 

Table 2.3: Specifications of commercial electric vehicles …………………...…………………. 20 

Table 3.1: Parameters of grid source components in a DC fast charging system …….....… 73 

Table 3.2: Parameters of grid components in power conversion system ………………….... 83 

Table 3.3: Switching state of the output bridge ………………………………………………… 92 

Table 3.4: PV system component parameters …………………………………………...…… 101 

Table 3.5: Perturb & Observe algorithm ……………………………………………………….. 114 

Table 4.1: Battery specification …………………………………………………………………. 131 

Table 4.2: battery specification …………………………………………………………………. 141 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



xvii 

 

 

GLOSSARY 

 

 

AFE                                                                     Active Front-End  

AC                                                                       Alternative Current 

ANNs                                                                   Artificial Neural Networks 

BMS                                                                    Battery Management System 

SoC                                                                     Battery’s State of Charge 

BSS                                                                     Battery Storage Systems 

C                                                                         Capacitors 

CLLC                                                                   Capacitor–Inductor–Inductor–Capacitor  

CC                                                                       Constant Current 

CCCV                                                                  Constant Current Constant Voltage 

CV                                                                       Constant Voltage 

CCS                                                                     Combined Charging System 

CPT                                                                     Capacitive Power Transfer 

DSPs                                                                   Digital Signal Processors 

DC                                                                       Direct Current 

DCFC                                                                  Direct Current Fast Charging 

DESs                                                                   Distributed Energy Sources 

DG                                                                       Distributed Generation 

DS                                                                       Distribution Systems 

DAB                                                                     Dual Active Bridge 

D                                                                          Duty Cycle 

EPRI                                                                    Electric Power Research Institute 

EVs                                                                      Electric Vehicles   

EMC                                                                    Electromagnetic Compatibility 

EMI                                                                      Electro-Magnetic Interference 

ESS                                                                     Energy Storage System 

E-REVs                                                               Extended-Range Electric Vehicles 

FPGAs                                                                 Field-Programmable Gate Arrays 

FCEVs                                                                 Fuel Cell Electric Vehicles 

FLC                                                                      Fuzzy Logic Control 

GaN                                                                     Gallium Nitride 

HFT                                                                     High-Frequency Transformer 

HVDC                                                                  High-Voltage Direct Current 



xviii 

 

HEVs                                                                   Hybrid Electric Vehicles 

IC                                                                         Incremental conductance   

IGBT                                                                    Insulated-Gate Bipolar Transistor 

ISOP                                                                    Input-Series, Output-Parallel 

IUT                                                                       Intelligent Universal Transformer 

ILC                                                                       Interlinked Power Converter 

IEC                                                                       International Electrotechnical Commission 

IEA                                                                       International Energy Agency's  

ISO                                                                         International Organization for Standardization 

IPT                                                                       Inductive Power Transfer  

IGBTs                                                                  Insulated Gate Bipolar Transistors 

KM                                                                       Kilometres 

kW                                                                       Kilo Watt 

kWh                                                                     kilo Watt hour 

L                                                                          Inductors 

Li-ion                                                                   Lithium-Ion 

LF                                                                        Loop Filter 

LFT                                                                      Low-Frequency Transformer  

LVDC                                                                   Low Voltage DC                  

MPPT                                                                  Maximum Power Point Tracking 

MSE                                                                    Mean Squared Error   

MVAC                                                                  Medium Voltage AC 

MVDC                                                                  Medium Voltage DC 

MVDCFC                                                             Medium Voltage DC Fast Charger 

MPC                                                                    Model Predictive Control 

NPC                                                                     Neutral-Point-Clamped 

OFF-BC                                                               Off-Board Charging 

ON-BC                                                                 On-Board Charger     

OCPP                                                                  Open Charge Point Protocol 

OCV                                                                     Open-Circuit Voltage 

PSC                                                                     Partial Shading Conditions 

PSO                                                                     Particle Swarm Optimization 

P&O                                                                     Perturb and Observe  

PD                                                                        Phase Detector 

PLL                                                                       Phase-Locked Loop 

PSFB                                                                    Phase-Shifted Full Bridge 

PV                                                                         Photovoltaic 



xix 

 

PEVs                                                                     Plug-in Electric Vehicles  

PHEVs                                                                  Plug-in Hybrid Electric Vehicles 

PCC                                                                      Point of Common Coupling 

PFC                                                                      Power Factor Correction 

PI                                                                          Proportional Integral 

PWM                                                                     Pulse Width Modulation 

RESs                                                                    Renewable Energy Sources 

RMS                                                                     Root Mean Square  

SiC                                                                       Silicon Carbide 

SCRs                                                                   Silicon-Controlled Rectifiers 

SPWM                                                                 Sinusoidal pulse width modulation 

SWTs                                                                   Small Wind Turbines                        

SAE                                                                     Society of Automotive Engineers 

SSTs                                                                    Solid-State Transformers 

SVM                                                                     Space Vector Modulation 

SFDR                                                                   Spurious-Free Dynamic Range  

SoC                                                                      State of Charge 

THD                                                                     Total Harmonic Distortion 

UFC                                                                     Ultra-Fast Charging    

V                                                                          Voltage  

V2G                                                                     Vehicle to Grid 

V2H                                                                      Vehicle-to-Home 

VCO                                                                     Voltage-Controlled Oscillator 

VSC                                                                     Voltage Source Converter 

WBG                                                                    Wide Bandgap 

ZVS                                                                      Zero Voltage Switching 

 

  



1 

 

CHAPTER ONE 

INTRODUCTION 

 

 

1.1 Introduction  

With the rapid growth of energy consumption, large-scale utilization of new energy sources 

such as wind power, solar power, and fuel cells has emerged as a fundamental way to address 

human energy problems. Due to their randomness and volatility, large-scale renewable 

sources have caused significant fluctuations in power systems. Different approaches have 

been explored to charge Electric Vehicles (EVs) solely from carbon-free sources. During fast 

charging, extremely high power is required from the charging station, which negatively impacts 

the grid through voltage dips, power losses, and harmonics. This problem has been addressed 

by implementing hybrid (grid and renewables) charging stations [1]. As renewable energy 

sources, such as solar photovoltaic (PV) systems, are gaining popularity to reduce 

dependency on grid. To improve coordination between the power grid and the control 

framework, integrating EVs into a hybrid charging station offers a more effective interaction 

approach [2]. The control of the system is very complicated when the solar PV system is 

integrated with the DC bus [3],[4]. Hence, a suitable control algorithm is required to implement 

a hybrid charging station. Although the term “fast charging” is not strictly defined, the concept 

of fast battery charging implies that in an approximately 10-minute-long charging cycle, an 

EV’s battery gains enough energy to increase the car’s cruising range of about hundred 

kilometres (i.e., almost 15 kWh). Nevertheless, this charging type, which requires massive 

power densities in a low battery’s voltage range (400–800 V), makes power electronics 

involved in the charging system unique or even impractical for on-board implementation. Fast 

charging mainly refers to off-board dc charging stations with rated power equal to or higher 

than 50 kW [5]. 

In this perspective, fast DC charging provides a fascinating opportunity as it significantly 

reduces charging time. The off-board charger is made to interface directly to the EV battery 

pack without any further intermediate stage of an on-board charger [6]. Off-board chargers 

typically support multiple charging points, accommodating different charging standards. The 

off-board chargers are either a unidirectional or a bidirectional system with the grid support 

vehicle to grid vehicle-to-grid (V2G) capability [7]. The long charging time and the lack of 

adequate charging stations are two impediments to large-scale adoption of EVs. These issues 

are mainly addressed by the level 3 charging concept, which is also known as off-board direct 

current fast charging (DCFC). EV charging systems are typically classified into three levels 

based on power delivery and charging speed. Level 1 charging uses a standard 120V AC 

household outlet, offering slow charging typically suitable for overnight use at home [8]. Level 
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2 charging utilizes a 240V AC source and is common in residential garages and public charging 

stations, offering faster charging than Level 1 [9]. Level 3 charging, also known as DC fast 

charging, delivers high-voltage direct current (DC) directly to the EV battery, bypassing the 

onboard charger [10]. This enables rapid energy transfer and significantly reduces charging 

time, making it ideal for commercial and highway applications where quick turnaround is 

essential [11]. The Level 3, Off-board DC fast charging provides a fascinating opportunity and 

reduces charging time [12]. The off-board charger requires an ac-dc and/or dc-dc conversion 

system that directly connects to the EV battery pack without any further intermediate stage of 

an on-board charger [13]. The energy stored in the battery during low demand should 

discharge back to the grid when the renewable energies are not available. To realize the 

energy storage and bidirectional power transfer, exploring converters with the ability of two-

way power transfer is a critical factor in the system. A bidirectional AC-DC converter is a 

fundamental requirement for the energy storage system and two-way power transfer between 

the EV and the grid. According to the application, different types of converters can be used 

[14]. A DC-DC step-up unit and a bidirectional DC-DC stage are also essential between the 

AC source and energy storage battery to provide additional voltage regulation. The 

development of EV makes it possible for lithium batteries to be widely used as an energy 

storage system. As a result, the grid-injected power can be stabilized. [15] investigated the use 

of batteries and supercapacitors to balance the output power of renewable energy sources, 

demonstrating improved dynamic performance in power stabilization. This study is highlighted 

here as an example of energy storage integration, while other related works are discussed in 

subsequent sections to provide a comprehensive overview. 

This research presents the model of a DC fast electric vehicle charging station connected to 

the PV-tied grid system three-phase constant voltage source ensuring quality power transfer 

with reduced currents and voltage ripples. The charging station consists of a converter 

connecting grid to a DC bus where EVs get connected through battery chargers. An energy 

management strategy based on optimal power flow is also proposed by integrating a solar PV 

generation system with a charging station to alleviate the impact of DC fast charging on the 

grid. The combined system along with the power output of EV fleet batteries available at the 

charging station reduces the net energy provided by the grid, thereby decreasing the overall 

load on the grid as well as minimizing the conversion losses. The maximum power point of the 

PV system is tracked by using perturbation and observation method. Secondly, the EV lithium 

battery is connected to DC bus via a bidirectional DC-DC converter which use a Proportional 

Integral controller (PI). The last objective of this study is to develop simulation models of a 

high-performance DC fast charging station system for EVs in Simulink/MATLAB. 
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1.2 Statement of the research problem 

The purpose of this research is to present the challenges of DC fast charging for electric 

vehicles (EVs) and to investigate their potential impacts on power quality. The rapid growth of 

the EV market, driven by rising fuel costs and environmental concerns, has created new and 

increasing load demands on the electrical grid. Long-distance driving and fast-charging 

capabilities can lead to sudden peaks in power demand, which may adversely affect the 

stability and reliability of the distribution system. DC fast charging of EVs can have detrimental 

effects on traditional power grids, including increased current and voltage ripples, harmonics 

in line currents, and DC offset. The nonlinear behavior of EV chargers, together with variations 

in charging rates, further impacts power quality. Daily fluctuations in EV fast charging power 

demand, as illustrated in Figure 1.1, also contribute to load variability and stress on the grid. 

These problems can reduce the performance and lifetime of distribution network equipment 

and significantly affect the reliability, security, efficiency, and economy of smart grids. 

 

Figure 1.1: Change of the power electric vehicle fast charging in one day [16]. 

 

Based on these observations, the main research problems addressed in this thesis can be 

summarized as follows: 

• High load demand and peak power issues: Fast-charging EVs can create sudden 

peaks in power demand, especially during peak hours, which can overload the 

distribution system. 

• Power quality degradation: DC fast charging introduces current and voltage ripples, 

harmonics, and DC offsets, which can compromise grid stability. 
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• Impact of AC-DC converters: The power quality issues caused by AC-DC converters 

used in EV chargers require careful investigation. 

• Charging time optimization: The slow or uneven charging rates, particularly during peak 

periods, need strategies to mitigate grid stress. 

• High ripples in charging current: These can reduce EV battery lifetime, decrease station 

efficiency, and impair overall system performance. 

• Integration with smart grids: EV charging behavior can affect the reliability, efficiency, 

and economic operation of emerging smart grid systems. 

 Similar studies and projects, such as the ones developed by [17]–[19], have analyzed these 

issues to provide data and methodologies for modeling and mitigation strategies. This thesis 

builds on such work to investigate the interactions between fast-charging EVs and power 

quality, and to propose solutions that address the challenges outlined above. 

 

1.3 Research significance 

Several studies and projects have investigated DC fast charging for EVs and identified various 

challenges associated with off-board DC fast-charging stations. The main significance of this 

research is to demonstrate how developing an optimized DC fast-charging station can address 

key issues, including reducing charging time and mitigating the impact on the electrical grid 

during peak hours. Another critical challenge addressed in this research is the high ripples in 

charging current, which can adversely affect the performance and lifetime of EV batteries. The 

design and control of DC-DC converters play a central role in minimizing these ripples and 

enhancing the lifetime of energy storage systems. This research contributes to improving the 

efficiency, reliability, and performance of DC fast-charging stations, highlighting its advantages 

over existing approaches in the literature. 

 

1.4 Objective and scope 

In this study, the development of a high-performance off-board DC fast charging system for 

EVs, which uses PV-tied grid and storage system, to increase the availability, efficiently and 

reliability of the rapid charging station as well as overcome the ripple current, the proposed 

system showing the effect of employing energy storage devices on performance of the 

charging station. 

 To achieve these objectives, this thesis focuses on the following aspects: 

1) Developing a model system of DC fast charge EVs using a hybrid power source to 

consider the inter-relationship between EV load needs, PV production, local storage 

energy levels and the grid. 

2) Designing and implementing bidirectional power conversion topologies for the different 

power sources.  
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3) Coordinated Control Design: Design a coordinated control strategy to enhance 

charging performance, ensure system stability, and minimize current ripples. 

Specifically: 

• Develop a unity power factor control for the front-end AC-DC converter (grid/PV 

interface). 

• Design a PI controller for the bidirectional DC-DC converter connected to the 

battery storage. 

• Implement the Perturb and Observe (P&O) algorithm for the DC-DC boost 

converter associated with the PV system to support overall DC bus stability. 

4) Developing an energy storage system (ESS) to reduce the charging cost and low-

utilization loads.  

5) Simulation Environment Development: Develop detailed simulation models of the 

proposed high-performance DC fast-charging station for EVs using the 

MATLAB/Simulink environment to evaluate system performance and validate the 

proposed designs.1.5 Research methodology 

The research methodologies of this study focus on the development and implementation of a 

DC fast-charging system for EV station-based DC microgrids to address slow charging rates 

and mitigate current ripples. EV charging can impose additional stress and overloading on the 

power grid, which has motivated researchers to design fast-charging stations that integrate 

renewable energy sources (RESs), such as PV systems, with the utility grid and energy storage 

devices. High-voltage direct current (HVDC) PV-tied grid systems have become increasingly 

popular for DC fast-charging stations due to their high efficiency and relatively low cost. In such 

systems, DC-DC converters play a critical role, performing functions such as stepping up low-

voltage PV output to high-voltage DC for the bus and stepping down high-voltage DC for low-

voltage applications. The integration of PV with a three-phase utility grid, combined with 

appropriately designed converter topologies and coordinated control methods, enhances the 

efficiency of the converters. Specifically, control techniques such as PI controllers for DC-DC 

converters and Maximum Power Point Tracking (MPPT) for PV systems help to optimize power 

flow, reduce voltage and current ripples, and improve both dynamic and steady-state 

performance. Additionally, DC-AC converters are employed to interface with AC loads or the 

utility grid, further improving output efficiency and reliability of the fast-charging station. 

Through these coordinated power electronics and control strategies, the proposed system 

achieves higher efficiency, better power quality, and superior performance during fast-charging 

operation, while minimizing the impact on the distribution network. 

The proposed system of off-board DC fast charging station contains the source supply of PV-

tied grid through an LC filter, a three-phase rectifier followed by front end converter, a DC-DC 
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converter, and a bidirectional converter using PI controller and P&O algorithm technique 

connect to a DC bus and battery storage system. The proposed DC fast charging system 

configuration for an electric vehicle is demonstrated in Figure 1.2. This thesis presents the 

study conducted, and the developed model is used with MATLAB/Simulink and Typhoon HIL 

software. The simulation results are analysed to evaluate the performance of the proposed 

development.  

 

Figure 1.2: DC fast charging system configuration for electric vehicle. 

1.6 Organization of the thesis 

Chapter one began with an introduction to the background of the thesis by presenting the 

development of DC fast charging used for electric vehicles, highlighting the research problem 

and its significance. The aims and objectives were clearly defined, guiding the investigation 

throughout. The thesis structure was outlined to provide a logical flow of the research. Finally, 

the contributions of this research were reinforced through published works that emerged from 

the study. 

Chapter Two provided an in-depth review of EV charging technologies, highlighting recent 

advancements, emerging challenges, and key trends in response to global EV adoption were 

discussed. It explores different charging methods, including inductive, ultra-fast, and DC fast 

charging, along with the required infrastructure. The chapter emphasizes improvements in 

charging speed, the integration of renewable energy to minimize dependence on fossil fuels, 

and the role of energy management strategies, V2G technology, and energy storage systems 

in maintaining grid stability. Additionally, it discusses the importance of standardized charging 

protocols and efficient battery management systems, evaluating various charging architectures 

such as AC, DC, and hybrid microgrids. Lastly, the chapter outlines the ongoing evolution of 

EV charging technologies and the research efforts aimed at overcoming challenges related to 

infrastructure costs, charging efficiency, power quality, and energy sustainability, contributing 

to a more reliable and eco-friendly charging network were presented. 
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Chapter Three deals with the development and modeling of a DC fast charging system for 

electric vehicles, presenting a detailed mathematical analysis of its key components. The 

system is structured into three main stages: the PV stage, the AC grid stage, and the charger 

stage, all working together to ensure efficient and reliable charging. The PV stage includes a 

solar array and a DC-DC boost converter with MPPT to optimize solar energy utilization. The 

AC grid stage features a front-end converter and a PI controller to regulate energy flow and 

maintain grid stability. The charger stage integrates a Dual Active Bridge (DAB) bidirectional 

DC charger with a PI controller to enhance charging performance and facilitate bidirectional 

power flow for grid and home integration. 

A DC bus interconnects these stages, maximizing renewable energy utilization while improving 

charging efficiency and grid stability. The lithium-ion battery model for EVs incorporates a 

voltage source, internal resistance, and RC networks to simulate dynamic charging and 

discharging under fast charging conditions. The Battery Management System (BMS), 

developed using the Constant Current Constant Voltage (CCCV) method, ensures battery 

protection and efficiency. It was designed to monitor the state of charge (SoC) and manage 

power distribution between the sources and battery load demand at fast charging stations. 

Finally, a MATLAB/Simulink model was implemented to simulate and validate the system's 

performance. 

Chapter Four evaluated the developed DC fast charging system for EVs, which incorporated 

a PV-tied grid, energy storage, and advanced control strategies through MATLAB/Simulink 

simulations. The system’s performance was tested under various case scenarios, 

demonstrating stable hybrid power integration, efficient bidirectional power conversion, 

minimized voltage and current ripples, and reduced reliance on the grid. 

The results showed how variations in Park transform gain, VCO parameters, and RL filter 

inductance influenced stability, power quality, and grid synchronization. The boost converter’s 

performance was analyzed under different SoC conditions, confirming stable power output and 

effective MPPT using the P&O algorithm. The system exhibited low total harmonic distortion, 

strong transient and steady-state performance, and improved charging efficiency. 

Furthermore, the use of advanced control techniques, such as PI controllers and harmonic 

compensation strategies, validated the system’s reliability. The integration of an energy 

storage system and grid-tied converters further enhanced cost efficiency and power stability, 

confirming the system as a viable high-performance DC fast charging solution. 

Chapter five concludes key findings from previous chapters of this thesis and offers some 

recommendations for further research work. 

1.7 Publications 

The following publication emanated from this doctoral research: 
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• Zentani, A. Almaktoof, A.M.A. & Kahn, M.T.E. 2025. Performance Evaluation and 

Control Stability Analysis of a DC Fast Charging System for Electric Vehicles. IET 

Power Electronics, currently under review. 

• Zentani, A. Almaktoof, A.M.A. & Kahn, M.T.E. 2025. Exploring Review of 

Advancements in Fast ‐ Charging Techniques and Infrastructure for Electric Vehicles 

Revolution. Energy Science &amp; Engineering: 1–11. 

• Zentani, A. Almaktoof, A.M.A. & Kahn, M.T.E. 2024. A Comprehensive Review of 

Developments in Electric Vehicles Fast Charging Technology. Applied Sciences 

(Switzerland), 14(11). 

• Zentani, A. Almaktoof, A.M.A. & Kahn, M.T.E. 2024. Control Technique of MPPT 

Utilizing for Boost Converter Applied to Small Renewable Energy System and a DC 

Microgrid for Remote Area. 2024 IEEE 4th International Maghreb Meeting of the 

Conference on Sciences and Techniques of Automatic Control and Computer 

Engineering, MI-STA 2024 - Proceeding, (May): 245–250. 

• Zentani, A. Almaktoof, A.M.A. & Kahn, M.T.E. 2022. DC-DC Boost Converter with PO 

MPPT Applied to a Stand-Alone Small Wind Turbine System. Proceedings - 30th 29 

Southern African Universities Power Engineering Conference, SAUPEC 2022: 1–5. 

• Zentani, A. Almaktoof, A.M.A. Kahn, M.T.E. & Elmezughi, M.K. 2022. An Effectual 

Control Technique for Islanded Operation of a Step-Up Power Converter Fed by Small 

Wind Turbine System. 2022 International Conference on Electrical Engineering and 

Sustainable Technologies, ICEEST 2022 - Proceedings: 1–6. 

 

1.8 Summary 

This chapter provided the foundational context for the research on DC fast charging technology 

for electric vehicles. It outlined the research problem and highlighted the significance of the 

study in addressing current challenges in the field. The chapter also clearly stated the research 

aims and objectives and presented an overview of the thesis structure. Finally, a list of 

publications derived from this research was included, demonstrating the contribution of the 

study to academic discourse. 
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CHAPTER TWO 

LITERATURE REVIEW 

 

 

2.1 Introduction 

As fossil fuel resources dwindle and environmental and pollution-related health concerns 

intensify, the adoption of hybrid electric vehicles (HEVs) and EVs is gaining significant global 

attention. The success and widespread acceptance of EVs, which are the primary focus of this 

research, largely depend on the efficiency and speed of their charging processes, as well as 

the driving range that these vehicles can achieve. The global EV market has the potential for 

substantial growth if charging stations can offer fast and reliable services, making EV charging 

as convenient and quick as refuelling traditional combustion vehicles. EVs are playing a crucial 

role in the electrification of transportation and are becoming increasingly prevalent. 

Consequently, there is a clear need for more charging stations to support this rapid growth. 

The number of charging stations, including fast chargers and standard chargers, is on the rise, 

and new technologies such as wireless fast chargers are under development. However, 

several challenges must be addressed, including the cost of infrastructure, EV mileage range, 

charging time, availability of fast chargers, and power quality issues. The primary goal of 

introducing EVs to the market is to reduce greenhouse gas emissions and promote 

environmental sustainability. However, a significant portion of the energy required to charge 

EVs still comes from fossil fuel-based sources. To align with environmental goals, it is essential 

to power EVs using RESs such as wind turbines and solar panels. To manage grid constraints 

during peak load periods, integrating energy storage systems and implementing V2G 

technology can help stabilize the grid. The former is more practical, as V2G relies on EV 

owners being willing to sell back excess energy from their batteries, which is less likely due to 

concerns about battery lifespan. Given the demands of EVs, it is crucial to develop fast 

chargers that not only reduce charging time and cost but also minimize current ripple to 

stabilize the energy storage systems of EVs. The SAE J1772 standard categorizes EV 

chargers into three levels based on power output: Level 1, Level 2, and Level 3 also known as 

DC Fast Charging.  

Level 1 chargers are primarily used for home-based charging with a power rating of up to 1.4 

kW (120V) supply and up to 2 kW for a 230 V supply. This is the slowest charging method, 

utilizing a single-phase grounded outlet and taking between 4-8 hours to fully charge an EV, 

depending on the grid voltage level. 

Level 2 chargers are common in both private and public settings. They charge depleted 

batteries with rated power from 3.6 kW to 19.2 kW for a 208 V to 240 V supply within 1 to 6 

hours. 
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Level 3 chargers offer DC fast charging with a maximum power rating of up to 400 kW for a 

50 V to 1000 V supply, significantly reducing the charging time to less than 1 hour. This 

charging mode is suitable for highway charging stations and city charging points. 

Level 1 and Level 2 chargers are more appropriate when charging duration is not a priority. In 

contrast, Level 3 chargers, which are the focus of this research, are used for fast charging 

processes. Fast charging, which can fully charge a battery within a short period (i.e., an hour), 

requires charging with a current higher than the battery's rated capacity. The charging time for 

electric vehicles can be significantly reduced by transferring higher currents to the battery, a 

process known as ultrafast charging. However, while high current reduces charging time, it 

can also negatively affect battery polarization and lifespan. For example, the maximum 

tolerable charging current for lithium-ion batteries is often expressed in terms of the C-rate, 

where 1C corresponds to charging the entire battery capacity in one hour. Thus, 2C indicates 

charging at twice the battery’s rated capacity (e.g., a 30 Ah battery charged at 60 A). The 

allowable charging current varies depending on the specific battery chemistry and design, and 

manufacturers specify these limits. Fast and ultrafast charging modes also impose substantial 

loads on power grids. Charging a 30-kWh EV within an hour, for instance, generates a load 

nearly twenty times that of a typical home’s hourly energy consumption. This significant 

demand can create high transients at the bus where the EV charger is connected, leading to 

serious issues for power grids, such as overloading, transients, regulatory voltage violations, 

and harmonics [20]. 

Fast and ultrafast EV charging present even greater challenges in islanded microgrids. In these 

systems, where power generation relies primarily on renewable energy sources, the limited 

and variable power supply can struggle to meet high load demands consistently. Connecting 

bulk loads like fast/ultrafast chargers to an islanded microgrid can destabilize the system, 

especially in the face of load variations, source intermittency, and parameter uncertainties. 

 

2.2 Advanced fast charging techniques for electric vehicles 

Research and development in fast charging techniques for EVs are becoming increasingly 

crucial as they aim to significantly reduce charging times and enhance the overall convenience 

of EV ownership [21]. According to the International Energy Agency's (IEA) 2022 report, global 

electric car sales have experienced a remarkable increase, comprising 14% of all new car 

purchases, up from 9% in 2021 and less than 5% in 2020. In the first quarter of 2023, over 2.3 

million electric cars were sold, marking a 25% increase from the previous year. According to 

the IEA, nearly 14 million electric vehicles (battery-electric and plug-in hybrids) were registered 

globally in 2023, making up approximately 18% of all new car sales. Under their stated policies 

scenario, electric car sales are forecasted to reach about 35% globally by 2030 [22], [23]. This 

rising popularity emphasizes the necessity for efficient fast charging methods to support 
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widespread EV adoption. As EV adoption grows, addressing the time required to recharge EV 

batteries becomes a critical challenge. A survey by McKinsey & Company revealed that 80% 

of EV owners consider the availability of fast charging to be essential in their purchase 

decisions [24], [25]. Fast charging infrastructure is also vital for commercial sectors like taxi 

fleets and delivery services to minimize vehicle downtime and improve operational efficiency. 

Significant advancements in fast charging systems for EVs have been made to meet the 

growing demand for high-power charging, enabling shorter charging times compared to 

traditional methods. Key fast charging techniques include inductive charging, ultra-fast 

charging, DC fast charging, Tesla Superchargers, bidirectional charging with V2G (vehicle-to-

grid) integration, and battery swapping as illustrated in Figure 2.1. 

 

Figure 2.1:  EV charging techniques. 

 

2.2.1 Inductive charging 

Inductive charging, also known as wireless charging, eliminates the need for physical cables 

by using an electromagnetic field to transfer energy between a ground-based charging pad 

and a receiver on the EV [26]. Although not as fast as some wired methods, it offers significant 

convenience by allowing automatic charging without connecting cables [26]. The concept, 

rooted in Nikola Tesla's early 20th-century experiments, is now utilized in smart cities for e-

mobility, employing inductive power transfer (IPT) and capacitive power transfer (CPT) [27], 

[28]. Enhancements in IPT efficiency focus on optimizing coil design, alignment, and 

electromagnetic field shielding. Despite potential safety risks like foreign object hazards and 

moderate weatherproofing, inductive charging simplifies the connection process and is 

scalable. However, its efficiency is lower than traditional methods due to energy losses in the 

magnetic field. Static inductive charging systems, often found in parking lots and traffic lights, 
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achieve up to 85% efficiency by converting AC power through a high-frequency inverter to 

create an electromagnetic field that induces AC power in the vehicle’s receiver coil. 

Misalignment issues, which can reduce efficiency, are a significant focus of ongoing research 

[29]–[32]. Dynamic inductive charging, or on-the-go charging, enables vehicles to charge while 

in motion using coils embedded in the road and mounted on the vehicle chassis. This 

technology, currently under exploration in various pilot projects, aims to extend EV range for 

long-distance travel [33], [34]. 

2.2.2 Ultra-fast charging (UFC) 

Ultra-fast charging (UFC) technology significantly reduces EV charging times by delivering 

high power levels, typically exceeding 350 kW, to the vehicle’s battery [35], [36]. This makes 

EV charging more comparable to refuelling a conventional vehicle and helps alleviate range 

anxiety [37], [38]. UFC systems employ advanced control strategies, such as Constant Current 

(CC) and Constant Voltage (CV) modes, along with temperature monitoring for efficient power 

delivery and battery management. Although still in the early stages of deployment and less 

widespread than traditional infrastructure, the number of UFC stations is increasing, 

particularly along major highways [39]. To support these high power levels, both the charging 

infrastructure and EVs require advancements in station design and battery technology. 

Automakers and charging providers are developing UFC technologies and introducing new 

standards like Combined Charging System (CCS) and CHAdeMO 3.0 to support higher power 

levels [40], [41]. Ongoing research aims to further improve charging speeds, infrastructure, 

and battery technologies. While UFC offers unparalleled convenience with rapid charging 

times and minimal user interactions, it also poses safety concerns, particularly the risk of 

overheating [39]. Therefore, precautions are necessary to prevent such incidents. UFC 

stations are designed to be moderately weatherproof, ensuring reliable operation in various 

conditions. However, their widespread availability is limited, and compatibility is primarily 

restricted to newer EV models. High charging currents associated with UFC can also lead to 

slightly accelerated battery degradation over time. Nevertheless, the scalability and 

upgradability of UFC stations are significant advantages, allowing for future modifications to 

support even faster charging speeds. Despite their high efficiency, some energy loss still 

occurs during the charging process. 

2.2.3 DC fast charging (DCFC) 

DC fast charging, or level 3 charging, is a high-power method that delivers DC electricity 

directly to an electric vehicle's battery, bypassing the on-board charger used in slower AC 

methods [42], [43]. It utilizes advanced control strategies like CC and CV modes and 

temperature monitoring to ensure safe and efficient charging. DC fast charging systems, with 
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power outputs ranging from 50 kW to 350 kW, can drastically reduce charging times to as little 

as 30 minutes or less for a full charge, depending on the vehicle's battery capacity and the 

charging power level [10], [44], [45]. The global expansion of DC fast charging infrastructure, 

particularly along highways and in urban areas [46], [47], helps mitigate range anxiety and 

supports broader EV adoption. However, charging capabilities vary based on the vehicle model 

and battery technology, influencing charging rates and maximum power support [48], [49]. 

While DC fast charging offers faster charging times compared to standard AC methods, it 

requires some user interaction and prioritizes thermal management to avoid overheating. 

These systems are moderately weatherproof and widely integrated into existing infrastructure 

at dedicated charging stations. DC fast charging is compatible with most EV models, though 

not universally. The high charging currents can lead to slightly accelerated battery degradation 

compared to slower methods. Nevertheless, the stations are scalable and upgradable, allowing 

for future enhancements to deliver even higher power outputs. Despite their high efficiency, 

some energy loss occurs during the conversion process inherent to DC fast charging. 

2.2.4 Tesla superchargers 

Tesla Superchargers are specialized fast-charging stations designed exclusively for Tesla 

vehicles, providing up to 250 kW of power and potentially adding 200 miles of range in just 15 

minutes [50]. However, actual charging rates can vary due to factors like battery level and 

temperature [51]. These chargers employ various control strategies for optimal performance 

and safety, including constant current/voltage modes and advanced communication protocols. 

Tesla continually improves its Supercharger network, expanding stations and increasing 

charging capacity to enhance convenience and reduce range anxiety for Tesla owners. While 

Superchargers offer rapid charging and a user-friendly experience, access is limited to Tesla 

vehicles, and some energy loss occurs during charging 

2.2.5 Bidirectional charging integration 

Bidirectional charging, or vehicle-to-grid integration, enables electric vehicles to both draw 

energy from and discharge stored energy back into the grid, making them mobile energy 

storage resources [52]. This concept supports grid stability, load management, and renewable 

energy integration through advanced communication and control systems [53]. Successful 

implementation relies on compatible infrastructure, communication protocols, and regulatory 

support. While bidirectional charging offers convenience and moderate weatherproofing, it 

requires careful management due to added complexity. Integration depends on the availability 

of compatible charging stations and home setups, limiting widespread accessibility [53], [54]. 

Some EVs can be made compatible with additional hardware, but universal compatibility 

across all models is lacking. Although it may slightly accelerate battery degradation, future 
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upgrades could improve scalability and efficiency. Despite its advantages, bidirectional 

charging tends to be less efficient than other faster charging methods due to additional 

conversion steps [55], [56]. 

2.2.6 Battery swapping 

Battery swapping offers a solution to long charging times by allowing drivers to exchange 

depleted batteries for fully charged ones quickly, typically taking just a few minutes. This 

benefits fleet management and long trips by reducing downtime [56]. Dedicated swapping 

stations use advanced automation and communication technologies to ensure safe and 

efficient operations [57]. Advantages include reduced charging times, convenience, and 

potentially lower battery degradation [58]. However, challenges such as standardization and 

infrastructure costs need to be addressed for widespread implementation. While generally 

safe, standardized procedures and automated mechanisms ensure safety during swapping. 

Battery swapping stations are designed for repeated swaps and offer moderate 

weatherproofing. However, their integration with existing infrastructure is limited, and 

compatibility depends on EVs having compatible battery packs. Battery degradation may occur 

slightly faster due to handling and thermal stress during swaps. Despite its advantages, 

expanding a swapping network can be slower than upgrading charging stations, although 

battery swapping boasts high efficiency, with some energy loss occurring during handling and 

charging/discharging cycles. 

2.3 Electric Vehicle Battery Chargers Categories and Integrated Fast-Charging Stations 

Electric vehicle battery chargers can be classified based on their charging capabilities, physical 

configurations, and intended applications as either on-board or off-board chargers. On-board 

chargers are integrated within the vehicle, and their capacity determines the charging rate, 

making them compatible with various charging infrastructures. Off-board chargers, external 

units found in public and private charging points, offer a higher charging rate and are essential 

for situations where on-board charging is impractical. The limitations of on-board charging, 

such as during long-distance travel or the need for faster charging, underscore the importance 

of off-board chargers in providing quick and accessible solutions. Integrating a battery storage 

system into a fast-charging station extends its functionality, benefiting different applications. 

This integration, achieved using a DC-DC converter connected to the DC link of the fast-

charging station, allows independent control of the battery voltage and power. During station 

battery charging mode, a single DC-DC converter is sufficient to regulate power flow to the 

local energy storage system. In contrast, during EV battery charging mode, two DC-DC 

converters are employed to regulate power transfer between the DC link and the EV battery, 

although this mode operates with slightly lower efficiency. This setup supports peak shaving 
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operations, buffering high power peaks to reduce grid stress, and enables fast-charging at grid 

connection points with limited power availability, ensuring continuous high-power charging 

events. 

2.3.1 On-board charging 

On-board charging (ON-BC) in electric vehicles entails converting external AC power into DC 

power to charge the vehicle's battery pack. This essential process relies on various 

components, such as rectifiers and transformers, to ensure that charging is both safe and 

efficient [40]. The on-board charger (ON-BC), typically integrated into the vehicle’s powertrain 

or located near the battery pack, can be built into the vehicle or included as part of the charging 

cable [59], as illustrated in Figure 2.2. Common charging methods include Level 1, using 

standard outlets, and Level 2, utilizing dedicated charging stations that offer higher voltage. 

On-board charging offers convenience, enabling EVs to be charged at home, work, or other 

accessible locations. Level 1 charging (120 volts) is economical, while Level 2 (240 volts) 

provides greater flexibility without the need for specialized infrastructure [8]. Owners can 

charge their vehicles wherever suitable outlets or stations are available [60]. Popular models 

and manufacturers of on-board chargers include the Tesla Supercharger, which offers fast-

charging capabilities for Tesla vehicles; the Nissan CHAdeMO, compatible with the Nissan 

Leaf for fast charging at CHAdeMO-equipped public stations; the BMW i3, which supports both 

AC and DC charging for flexibility at various public stations; and the Chevrolet Bolt EV, with an 

on-board charger capable of accepting both AC and DC charging for fast charging at 

compatible public stations.  

On-board chargers offer several advantages and disadvantages, such as the ability to charge 

anywhere with an outlet, and the integration of an on-board rectifier to control the battery 

management system (BMS). However, they have a lower rate of energy transfer (kW), resulting 

in slower charging times. Additionally, they add weight and size to the vehicle, and their 

compatibility with charging infrastructure is limited. Specific outlets may be required, and 

potential battery heating issues can arise.  
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Figure 2.2: Illustrated on-board/off-board EVs fast charging. 

 

2.3.2 Off-board charging 

Off-board charging (OFF-BC) involves replenishing EV batteries at external stations or 

infrastructure, rather than within the vehicle itself  [61], as shown in Figure 2.2, Researchers 

are particularly interested in off-board and DC-based charging methods for their potential to 

improve power quality and efficiency [4]. Common methods include public charging stations, 

DC fast charging (Level 3), and wireless inductive charging [62]. These methods are more 

efficient due to fewer conversion stages, especially with a DC power supply, which avoids the 

need for AC-DC conversion and power factor correction. Although DC chargers are not yet 

widely adopted in EVs, they hold promise for integrating solar PV power. Some studies 

propose dual-input EV chargers that can utilize both AC grid power and standalone PV 

systems, operating in grid-connected mode during low solar irradiation and in V2G mode 

during idle hours [63]. Off-board chargers can be categorized into isolated and non-isolated 

converters; isolated converters are preferred at higher voltage levels, while non-isolated 

topologies are feasible for lower power levels [10], [64], [65]. Examples of off-board chargers 

include the Tesla Supercharger network, strategically placed along highways and major routes 

to provide high-speed charging for long-distance travel. Public charging points often offer both 

Level 2 AC chargers and DC fast chargers, commonly found in parking lots and commercial 

premises for convenient access. Additionally, industries provide fast-charging stations 

supporting multiple standards like CCS and CHAdeMO, primarily located along major 

highways and urban areas. Many EV owners also install home charging stations, typically 

Level 2 AC chargers, in their garages or driveways for convenient overnight charging or during 

low electricity demand periods. 

In contrast, Off-board chargers offer several advantages and disadvantages provide a higher 

energy transfer rate (kW) and faster charging speeds. They enable charging at higher power 

levels and reduce the weight within the vehicle. Off-board chargers can potentially enhance 
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BMS systems and address battery heating problems. However, they offer limited flexibility, as 

they require compatible charging stations. They also present challenges with the battery 

management system, higher costs and complexity, accountability of charging stations, and 

limited ability to identify defective battery cells. 

2.4 Advanced Infrastructure for DC Fast Charging of Electric Vehicles  

A crucial aspect of the evolving electric vehicle landscape involves the development of 

advanced infrastructure for fast DC charging. This consists of implementing state-of-the-art 

systems and technologies that enable efficient and fast charging of electric vehicles [66]. Table 

2.1 provides the power level charging ratings and classification standards of the different 

charging stations. The levels are categorized based on the supply system, maximum power 

rating (in kW), and maximum current rating (in A). DC fast charging, commonly referred to as 

Level 3 charging, offers much faster charging times [40]. It makes use of a higher-voltage 

power supply, often in the 400 to 800 volt range, which makes it possible for EVs to charge 

significantly more quickly, frequently providing up to 80% charge in as little as 20 to 30 min for 

a 200-mile range  [40]. This thesis focuses on DC fast chargers, as illustrated in Figure 2.3. 

 

 

Figure 2.3: EV DC Charger stations. 

 

Table 2.1: Power level charging rating [67], [68] 

Level of Charging Rating  
(A) 

Supply System 
Maximum Power Rating  

(kW) 
Maximum Current Rating  

(A) 



18 

 

Level 1 (AC) (IEC*) 240 V 4.7 16 

Level 2 (AC) (IEC*) 240 V 11.5 32 

Level 3 (AC) (IEC*) 415 V 90 250 

Fast DC Charging (DC) 

(IEC*) 
600 V 150 400 

Level 1 (AC) (SAE**) 120 V 2 16 

Level 2 (AC) (SAE**) 208–240 V 20 80 

Level 3 (AC) (SAE**) 300-920 V 120-350 500 

Fast DC Charging (DC) 

(SAE**) 
−400 V   

*International Electrotechnical Commission (IEC), **Society of Automotive Engineers (SAE). 

 

The trend involves integrating renewable energy sources and energy storage systems into 

fast-charging networks to reduce their environmental impact and bolster sustainability. 

Planning approaches, simulation models, and optimization techniques are scrutinized to refine 

charging station locations and grid integration. Vehicle-to-grid technology is gaining attention 

for its potential to ease the strain on the power grid and enhance reliability. However, detailed 

assessments of its operational mode in planned stations are limited. Integrating V2G into fast 

charging infrastructure planning is emerging as a strategy to optimize power system analyses, 

although current research often side lines this aspect in favour of prioritizing losses and voltage 

stability [32]. Many important elements and factors contribute to the sophisticated infrastructure 

needed for DC fast charging. Below are several crucial aspects of the charging standards and 

charging modes control. 

2.4.1 Charging standards 

The creation and observance of charging standards are essential elements in the field of 

advanced infrastructure for DC fast charging [40], [69]. For owners of EVs, charging standards 

enable compatibility, interoperability, and seamless charging experiences across multiple 

charging networks and hardware providers [70]. The significant standards for EV charging 

systems are presented in Table 2.2, along with some crucial points about the charging 

specifications for cutting-edge DC fast charging infrastructure. 

 

Table 2.2: Major standards of EV charging systems [71]–[75] 

Standard Description 

IEC 60038 
Specifies the standard voltage levels used for electrical power systems and charging 

applications. 
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IEC 62196 
Standards conductive charging components for connectors, cables, outlets, plugs, 

inlets, and communication protocols used in AC charging of electric vehicles. 

IEC 60664-1 Insulation coordination for equipment within low-voltage systems. 

IEC 62752 
Provides guidelines for connecting electric vehicles to information and communication 

technology, ICT, networks. 

IEC 61851 Covering various charging modes, communication protocols, and safety features. 

SAE J1772 
Requirements for the electrical connectors and communication protocols for Level 1 and 

Level 2 charging used for AC charging of electric vehicles in North America. 

SAE J2344 
Provides guidelines and test procedures for evaluating the crashworthiness and safety 

of electric vehicle battery systems. 

SAE J2894/2 
Requirements for the power quality and conductive charge coupler used in DC fast 

charging electric vehicles. 

SAE J2953 
Standards for interoperability to provide guidelines for conductive automated charging 

systems for electric vehicles. 

SAE J2847/1 Communication between vehicles as a distributed energy source and the grid. 

SAE J3068 
Wireless power transfer for light-duty plug-in/electric vehicles and alignment 

methodology. 

SAE J2931/7 
Evaluating the electrical performance of components used in hybrid and electric 

vehicles. 

ISO* 15118 
Standards for V2G communication protocols and interfaces between vehicle and 

charging infrastructure. 

ISO* 17409 
Specifications and reliable measurement of energy consumption allow for accurate 

comparisons and evaluations of different EV models.  

* International Organization for Standardization (ISO).  

2.4.1.1 Organizations for standardization 

International bodies like the International Electrotechnical Commission (IEC), the Society of 

Automotive Engineers (SAE), and the International Organization for Standardization (ISO) are 

frequently responsible for developing and maintaining charging standards [76]. These groups 

work with industry participants to establish technical requirements and charging protocol 

standards for EVs. 

2.4.1.2 Charging connector types 

Various connector types and setups have been examined to ensure a dependable and safe 

link between the charging station and the electric vehicle. Commonly utilized connectors for 

DC fast charging include CHAdeMO and CCS [42], connectors [74]. These connectors 

guarantee compatibility between EVs made by various manufacturers and the charging 

infrastructure. 
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2.4.1.3 Communication protocols 

Communication protocols that enable data transmission between the charging station and the 

EV are also included in charging standards. These protocols allow for essential features to be 

controlled, including identification, control over power distribution, and real-time monitoring of 

charging conditions [75]. The Open Charge Point Protocol (OCPP) and ISO 15118 are two 

instances of communication protocols [77]. 

2.4.1.4 Power level and charging speeds 

The power levels and charging speeds enabled by the infrastructure are defined by charging 

standards. DC fast charging power levels can vary from 50 kW to several hundred kW, 

facilitating rapid charging durations [78]. Guidelines have established the upper limits for power 

and voltage to ensure safe and efficient charging procedures. 

Table 2.3 provides a comprehensive overview of the specifications for commercial Plug-in 

Hybrid Electric Vehicles, Fuel Cell Electric Vehicles (FCEVs), and Extended-Range Electric 

Vehicles (E-REVs). Key details encompass a variety of vehicle models, classification by 

powertrain type, battery capacity measured in kilowatts (kW), driving range expressed in 

kilometres (KM), and connector types required for charging. 

Table 2.3: Specifications of commercial electric vehicles [17], [77], [79]–[82] 

Category Model Type Battery (kWh) Range (Km) Connector 

Plug-in Hybrid 

(PHEV) 
Chevrolet Volt PHEV 18.4 85 (battery) Type 1 J1772 

 Mitsubishi Outlander PHEV 20 84 (battery) CCS, Type 2 

 Volvo XC40 PHEV 10.7 43 (battery) CCS, Type 

 Toyota Prius Prime PHEV 8.8 40 (battery) SAE J1772 

 Nissan Leaf PHEV 64 480 
CHAdeMO, 

Type 2 

Electric Vehicle 

(BEV) 
Tesla Model S BEV 100 620 Supercharger 

 Tesla Model X BEV 100 500 Supercharger 

 Tesla Model 3 BEV 82 580 Supercharger 

Fuel Cell Electric 

Vehicle (FCEV) 
Toyota Mirai FCEV 

1.6 (hydrogen 

capacity) 
647 N/A 

 Hyundai Nexo FCEV 
40 (hydrogen 

capacity) 
570 N/A 

 Honda Clarity FCEV 
25.5 (hydrogen 

capacity) 
550 N/A 
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Extended Range 

Electric Vehicle 

(E-REV) 

BYD Atto3 E-REV 60.4 420 (battery) CCS, Type 2 

 

2.4.2 Charging modes control 

Charging modes are crucial in the field of modern fast charging infrastructure for maximising 

charging effectiveness and catering to the various needs of EV owners [77]. “Charging modes” 

refers to the many power distribution and charging methods used with DC fast charging 

infrastructure. The battery charging process curve is shown in Figure 2.4, which illustrates the 

constant-current constant-voltage (CCCV) charging method commonly applied to lithium-ion 

batteries. In this process, the blue line represents the charging current profile, which is initially 

maintained at a constant level during the constant-current phase before gradually decreasing 

in the constant-voltage phase. The red line represents the battery voltage profile, which 

increases steadily during the constant-current phase and is then held constant during the 

constant-voltage phase until the battery reaches full charge. 

 

Figure 2.4: Battery charging process curve showing battery voltage (red line) and charging 

current (blue line) under the constant-current/constant-voltage (CCCV) method. 

 

2.4.2.1 Constant current charging 

In this mode of control, the charging station feeds the EV battery a steady current while it is 

being charged. During the initial phases of charging, when the battery’s SoC remains relatively 

low, this mode control method is frequently employed [78]. Constant current charging facilitates 

faster charge rates, ensuring prompt replenishment of the battery’s capacity. 
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2.4.2.2 Constant voltage charging 

As the battery’s SoC reaches a predefined level, the charging station transitions to constant 

voltage charging. In this control mode, the charging station gradually reduces the charging 

current while sustaining a consistent voltage. Constant voltage charging is employed during 

the final stage to prevent overcharging the battery and ensure its longevity. Throughout this 

stage, the charging system continuously monitors the battery voltage and adjusts the current 

to prevent it from surpassing the designated level. 

2.4.2.3 Constant power charging 

The constant power charging mode adjusts the current and voltage to uphold a consistent 

power level throughout the charging procedure. This mode optimizes the charging speed and 

ensures an efficient utilization of available resources by dynamically adapting the charging 

conditions based on the battery’s status and temperature [79]. When the battery’s SoC is low, 

it enables quicker charging rates and automatically lowers the charging power when the battery 

gets close to capacity. Dynamic power control also enables load management and helps 

balance the power demand and supply within the charging infrastructure. 

2.4.2.4 Demand–response charging 

Demand–response charging capabilities may be included in advanced DC fast charging 

infrastructure. With this mode of control, the charging station can dynamically modify the 

charging power depending on the capacity of the grid and the electricity demand [17]. Reducing 

the charging power during heightened demand or when the electrical grid is strained allows for 

grid resources to be utilized efficiently. 

2.4.2.5 Bidirectional flow charging 

Bidirectional power flow is supported by cutting-edge fast charging infrastructure, allowing 

energy to be transmitted to and from the EV’s battery. By employing this capability, EVs receive 

grid-based charging and discharge energy back into the grid or supply power to other 

consuming devices [80]. Vehicle-to-grid applications, where EVs can help to stabilise the grid 

and offer grid services, may be supported via bidirectional charging [81]. Different charging 

modes are implemented in sophisticated DC fast charging infrastructures, giving EV owners 

and grid operators flexibility and optimisation options based on battery state, grid limitations, 

and user choices; it also enables efficient charging [70]. EVs may be charged quickly while 

preserving battery health, grid stability, and economical power usage by utilising the correct 

charging mode. Furthermore, intelligent charging algorithms and communication protocols that 

enable real-time monitoring, control, and coordination of the charging process are frequently 

used in conjunction with charging modes [82]. These characteristics facilitate grid integration, 

optimise power distribution, and guarantee secure and dependable charging operations. 
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Implementing charging modes within advanced DC fast charging infrastructure enhances the 

user experience for electric vehicle owners during charging sessions. Additionally, it promotes 

optimal energy utilization and contributes to the broader adoption of EVs as a sustainable 

transportation option [83].  

2.4.2.6 Temperature monitoring and control 

DC fast charging produces heat because of the substantial charging currents it employs. 

Temperature monitoring and control techniques have been implemented to safeguard the 

battery against overheating. Temperature sensors are positioned inside the battery pack to 

monitor its temperature throughout the charging process [84]. The charging system utilizes 

these data to modify charging parameters like current or voltage, ensuring the battery remains 

within safe temperature thresholds. This practice is crucial for preserving optimal battery 

performance and extending its longevity [85]. The good news is that advancements in lithium-

ion batteries continue to be made, opening doors for next-generation options like solid-state 

batteries. Material research is key to overcoming challenges and making electric vehicles more 

sustainable. By focusing on improving the heat resistance of materials, using venting 

mechanisms, and employing eco-friendly bio-based flame retardants, researchers are working 

to prevent thermal runaway, a critical safety concern. 

2.4.2.7 State of charge (SoC) estimation 

Accurate estimation of the battery’s SoC is crucial for efficient charging. Control strategies 

utilize algorithms and models to estimate the SoC based on various parameters such as 

voltage, current, and temperature measurements [4], [63], [86]. These methods consider the 

battery’s discharge and charge characteristics to provide a reliable estimate of its state of 

charge [86]. SoC estimation helps regulate the charging process, ensuring the battery is 

neither undercharged nor overcharged [87]. 

2.5 Planning EV Charging Infrastructure in Power Distribution Networks 

The integration of EV charging systems into distribution systems (DS) requires meticulous 

planning to ensure grid stability and efficiency. This involves assessing the current grid 

capacity, potential load impacts, and the need for infrastructure upgrades to accommodate the 

increased demand from EVs. Advanced grid modelling and simulation techniques are 

employed to predict the effects of EV charging on load profiles, voltage stability, and 

transformer loading [88]. Effective planning considers the optimal placement of charging 

stations to minimize distribution losses and improve reliability. Coordination between utilities, 

policymakers, and EV charging providers is essential to develop strategies that enhance grid 

resilience while meeting the growing demand for EV charging. 
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2.5.1 Strategic planning for EV charging in transportation systems  

Planning EV charging systems within the transportation system focuses on ensuring 

accessibility and convenience for EV users. This involves identifying strategic locations for 

charging stations, such as urban centres, highways, and public transport hubs, to create a 

comprehensive and user-friendly charging network [89]. Planners consider traffic patterns, 

travel behavior, and EV adoption rates to determine optimal station placement. Additionally, 

integrating EV charging infrastructure with public transportation systems can encourage 

multimodal transportation solutions, reducing overall traffic congestion and emissions. 

Collaboration with city planners, transportation authorities, and private stakeholders is crucial 

to develop an efficient and sustainable charging network that supports the mobility needs of 

EV users. 

2.5.2 Managing uncertainties in EV charging infrastructure planning  

Uncertainties in EV charging system planning stem from several factors, including varying EV 

adoption rates, technological advancements, user behavior, and regulatory changes. These 

uncertainties can significantly impact demand forecasts, infrastructure requirements, and 

investment decisions [90]. Scenario analysis and probabilistic modeling are employed to 

address these uncertainties, allowing planners to evaluate different outcomes and develop 

flexible strategies. Sensitivity analysis helps identify critical variables that influence charging 

demand, enabling more robust planning. By considering a range of potential scenarios and 

their implications, planners can design adaptable and resilient EV charging systems that 

accommodate future changes and uncertainties in the EV market. 

2.5.3 Incorporating distributed generation into EV charging network planning  

Integrating distributed generation (DG) sources, such as solar and wind, into EV charging 

system planning offers significant benefits for enhancing sustainability and reducing reliance 

on centralized power plants. This approach involves incorporating renewable energy 

generation at or near charging stations, which can provide a local and clean energy supply for 

EVs [91]. Hybrid systems that combine DG with energy storage solutions can further enhance 

reliability and efficiency. Planning for DG integration requires assessing local renewable 

energy potential, grid connectivity, and the technical compatibility of DG systems with charging 

infrastructure. By leveraging distributed generation, EV charging systems can achieve greater 

energy independence, lower carbon footprints, and improved grid stability. Collaboration 

between renewable energy developers, utilities, and EV infrastructure providers is essential to 

successfully integrate DG into EV charging system planning [92]. 
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2.5.4 Integration of renewable energy sources with EV charging facilities 

Various charging architectures exist for EVs, including hybrid power sources (combining 

renewable energy, battery storage systems, and the grid) or a dedicated single power source. 

This prompts an examination of the advantages of hybrid sources over a single power source 

for fast charging EVs [93]. Numerous strategies are proposed to enhance the integration of 

RES with the electricity grid for EV charging. Key benefits include (i) lowering the cost of fast 

charging EVs through the use of free electricity generated by RES, and (ii) decreasing fuel 

consumption by the grid [94]. Additionally, the EV charging process can be maintained under 

unfavourable weather conditions by either directly charging from the main grid or utilizing RES 

in case of grid failure to meet the necessary electrical demands. Moreover, installing batteries 

as energy buffers can store excess RES energy. The energy generated can be fed back into 

the grid to provide ancillary services or to support EV charging. However, connecting 

renewable energy sources to the grid typically involves higher penetration levels compared to 

stand-alone RES installations. The main grid serves as a stable source/load to balance RES 

fluctuations [95]. Among these sources, solar energy is particularly advantageous for EV 

charging because it can generate energy during peak power tariff hours, reducing charging 

costs. Photovoltaic modules are favored for their simple structure, small size, lightweight, ease 

of transport, and straightforward installation. They also have a short construction period and 

can be flexibly combined to meet various charging capacities, making them suitable as on-site 

sources. However, PV energy production is highly influenced by ambient temperature and 

irradiation levels, leading to discontinuous and intermittent power generation throughout the 

day [96]. Directly connecting PV panels to the load without auxiliary systems can negatively 

impact the charging system's performance. Therefore, energy storage systems are crucial for 

stabilizing and mitigating the variability of solar power output. This thesis proposes integrating 

a lithium-ion battery energy storage system (BESS) with the PV array to ensure continuous 

and reliable power delivery to the EV load, even under fluctuating solar conditions. The BESS 

operates as a buffer: it absorbs surplus PV generation during periods of low demand and 

discharges during PV shortages or high charging demand. In this way, the storage system 

supports power smoothing, peak-shaving, and grid assistance, thereby improving overall 

charging station reliability. The coordinated operation of the PV system, BESS, and the utility 

grid not only enhances renewable energy utilization but also reduces dependency on grid 

supply, contributing to lower operational costs, improved system efficiency, and increased 

availability of fast charging services. 

2.6 Advanced Control Architecture for EV Charging Stations 

Fast EV charging stations are critical infrastructure for connecting electric vehicle users to the 

power grid. A well-designed station, incorporating renewable energy sources and supported 
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by energy storage systems, can not only provide convenient charging but also contribute to 

cost-effective grid operation. Here's a breakdown of key aspects in the hierarchical control of 

such stations: 

a.  Advanced energy management: 

i. This involves optimizing charging schedules and power delivery based on real-time 

factors. 

ii. The system considers the SoC of energy storage units to ensure efficient utilization of 

renewable energy and minimize reliance on the main grid. 

iii. This can involve using algorithms and machine learning to predict charging demand and 

optimize energy flows. 

b. Dynamic power balancing: 

i. The control system constantly monitors and adjusts power flow to maintain a stable 

equilibrium between electricity generation including renewables and the charging load 

from EVs. 

ii. This helps prevent overloading the grid and ensures reliable power delivery for both 

charging and other grid functions. 

c. Precise output regulation: 

i. This ensures the charging system delivers the correct voltage and current to connected 

EVs. 

ii. The hierarchical control system regulates these outputs based on individual EV needs 

and pre-defined charging protocols. 

iii. This maintains safe and efficient charging for all connected vehicles. 

d. Improvements of the Hierarchical Control Architecture: 

i. Focus on real-time optimization: The original text mentioned reference generation based 

on SoC, but advanced systems go beyond pre-defined references. They use real-time 

data and predictions to dynamically optimize energy management. 

ii. Highlight renewables and storage: The updated text emphasizes the role of renewable 

energy sources and energy storage in cost-effective and sustainable charging 

infrastructure. 

iii. Clearer breakdown of functions: The three key aspects are explained in more detail to 

provide a clearer picture of the hierarchical control system's functionalities.      

Hierarchical control for EV charging systems is an advanced approach to managing and 

optimizing the charging process, designed to address the complex demands of EV charging 
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infrastructure. This control structure is typically divided into three levels: primary, secondary, 

and tertiary controls, each with distinct functions and objectives. This hierarchical control for 

EV charging systems integrates these three levels to create a comprehensive and efficient 

management structure, ensuring that EV charging is safe, efficient, and well-coordinated with 

the broader energy system. The hierarchical control is depicted in Figure. 2.5. 

 

Figure 2.5: Hierarchical control of EV charging stations [97]. 

 

2.6.1 Primary control 

The primary control level is responsible for managing real-time operations and ensuring an 

immediate response to local conditions. It performs functions such as real-time adjustment, 

where it manages the instantaneous charging power and adjusts it based on real-time 

conditions [98]. For example, if an EV battery is nearly full, the system reduces the charging 

power to prevent overcharging. It also handles voltage regulation, ensuring that the voltage 

supplied to the EV is stable and within the acceptable range to protect both the vehicle and the 

charging equipment. Safety protections are included in this level, which involves immediate 

safety features such as shutting down the charger in case of faults like short circuits or 

overheating to protect users and equipment. The speed of response at this level must react 

within milliseconds to seconds to ensure stable and safe operation. Primary control operates 

locally at each charging station, enabling it to quickly respond to specific conditions without 

waiting for instructions from higher levels. 

2.6.2 Secondary control 

The secondary control level coordinates and balances the load among multiple EV chargers, 

ensuring system stability. It manages load distribution by distributing the charging loads across 
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a network of chargers to prevent overloading any single charger or segment of the grid, 

allocating power based on demand and availability [99]. State of Charge management is 

another function, where it monitors the SoC of connected EVs and prioritizes charging for those 

with lower SoC to ensure efficient use of resources. Additionally, secondary control integrates 

renewable energy and storage by utilizing local renewable energy sources (e.g., solar panels) 

and energy storage systems to supplement grid power, optimizing energy use and reducing 

reliance on fossil fuels [100]. This level coordinates with the local grid to balance supply and 

demand, reducing the strain on the grid during peak hours by scheduling charging during off-

peak times. It also uses battery storage systems to buffer excess renewable energy, ensuring 

a steady supply even when renewable sources are intermittent. 

2.6.3 Tertiary control 

The tertiary control level handles long-term planning, economic optimization, and strategic 

decisions. It optimizes charging schedules by planning and scheduling charging sessions 

based on factors such as electricity prices, grid conditions, and user preferences, aiming to 

minimize costs and maximize efficiency [101]. Predictive analytics and demand forecasting 

use advanced algorithms to predict future demand and supply conditions, enabling proactive 

management of the charging infrastructure. Additionally, tertiary control manages V2G 

operations, which involves managing bidirectional energy flow, allowing EVs to return stored 

energy to the grid during high-demand periods, thus supporting grid stability and reliability 

[102]. 

2.7 Fast-Changing Technologies and Hybrid Energy Charging System Architectures 

Charging electric vehicles involves drawing power from the electrical grid and converting it to 

a form that is suitable for the vehicle's battery system using power electronics. This process is 

illustrated schematically in Figure 2.6. Depending on the specific charging method, the 

required power conversion equipment may be located either on-board the EV or off-board in 

the charging infrastructure. The implementation of this conversion process varies based on the 

type of grid supply (AC or DC) and the battery system in the EV. Currently, the standard grid 

supply for end-users is AC, but there is potential for DC grids to become more common in 

future EV charging applications. 

 

Figure 2.6: Generalized charging system. 
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Electric vehicles continue to gain significant traction globally due to their role in reducing 

transportation emissions. Modern commercial EVs commonly use high-voltage battery packs, 

ranging from 400V to 800V, with a growing trend towards even higher voltages exceeding 

800V [103]. These higher voltages enable the use of proportionally lower currents to achieve 

the same power transfer. This translates to lighter and more compact cables and connectors 

within the vehicle. Additionally, utilizing the maximum rated charging current significantly 

reduces charging times, approaching the refuelling speeds of conventional gasoline vehicles 

[104]. The selection of a power conversion system for EV charging goes beyond just battery 

voltage and grid type. It also considers whether the system needs to support bidirectional 

power flow, enabling features like V2G applications where EVs can feed power back into the 

grid [105]. The charging system components can reside entirely within the EV on-board 

charger, entirely within the charging station off-board charger, or use a combination of both 

[106]. Connections between EVs and the grid can be established through conductive charging 

(plugs) or inductive charging (wireless) [107]. While fast-charging systems are typically off-

board due to the weight, size, and cost of high-power electronics, advancements are being 

made to address these limitations. Research is ongoing to minimize the drawbacks of on-board 

chargers by leveraging the existing traction inverter power electronics already present in most 

EVs. This could lead to a future where faster charging capabilities can be integrated directly 

into EVs, offering more flexibility and convenience for users. 

DC fast chargers (DCFC) can connect to the grid through AC or DC distribution, each offering 

distinct advantages and considerations [47]. In AC distribution systems, a transformer is used 

to step down medium-voltage AC to a lower-voltage AC bus (typically 250–480 V). The 

operating frequency depends on the region, being 60 Hz in North America and 50 Hz in many 

other parts of the world. Each DCFC unit then uses its own AC-DC converter to generate the 

high-voltage DC required for EV batteries. This approach utilizes mature and readily available 

technology but has drawbacks such as increased conversion stages, reduced efficiency, and 

higher system complexity. Despite these challenges, AC distribution remains popular due to 

its established technology and lower upfront costs, exemplified by Tesla's Supercharger station 

in Mountain View, California, and ABB's DC fast charger in Euroa, Australia. On the other 

hand, DC distribution uses a central AC-DC converter to create a high-voltage DC bus, typically 

below 1000V, to serve all DCFC units at the station [108]. Each charger connects directly to 

the DC bus using a DC-DC converter, eliminating the need for individual AC-DC stages, which 

improves efficiency, simplifies control, streamlines grid connection, and enhances scalability. 

However, challenges include a lack of established standards and the need for effective 

protection and metering systems for high-voltage DC buses. The choice between AC and DC 

distribution depends on factors such as initial investment costs, desired efficiency, scalability 
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plans, and regulatory environment. While AC distribution offers lower upfront costs and 

established technologies, DC distribution presents a more efficient and potentially scalable 

solution. As standards for DC bus protection and metering evolve, DC distribution is likely to 

become increasingly popular for new DCFC station deployments [109]. Furthermore, hybrid 

source-based charging system architectures for EVs are emerging as a promising solution to 

address the limitations of traditional single-source charging methods [110]. These systems 

combine the reliability of grid power with the sustainability of renewable energy sources, 

offering a more resilient and environmentally friendly approach to EV charging. They leverage 

advanced power electronics and energy management strategies to optimize the distribution 

and utilization of available energy, ensuring efficient and stable charging [111]. Key 

components include multi-source converters, smart controllers, and energy storage systems, 

which collectively enhance the flexibility and efficiency of the charging process. The review 

highlights significant advancements in hybrid architectures, such as the development of 

algorithms for dynamic source allocation and real-time energy optimization. Additionally, the 

integration of V2G capabilities allows EVs to not only draw power from the grid but also feed 

excess energy back into it, further enhancing grid stability and promoting renewable energy 

usage [112]. Despite the advantages, challenges remain in terms of cost, complexity, and the 

need for robust infrastructure to support hybrid systems. Research indicates a growing trend 

towards the deployment of hybrid charging stations, particularly in regions with high renewable 

energy potential. Integrating battery storage systems (BSS) with photovoltaic panels is gaining 

traction due to its ability to provide stable and cost-effective power for EV charging stations 

[113]. This approach involves a microgrid where a BSS is connected to both PV panels and 

the main grid to supply power for EV chargers. Independent power converters ensure efficient 

conversion for each source (PV, BSS, grid) and the EV chargers themselves. The three main 

hybrid power source architectures for EV charging include DC microgrids with DC/DC 

converters connecting PV, BSS, and grid to a common DC bus, which then connects to the 

grid via a bidirectional AC-DC converter; AC microgrids where each source (PV, BSS, grid) 

has its own rectifier converting power to AC for a common AC bus feeding the EV chargers; 

and hybrid AC-DC microgrids combining elements of both DC and AC microgrid approaches. 

EV charging stations can be classified based on their AC-DC operation, location, power rating, 

and charging time. Decentralized AC charging stations, typically found in parking spaces, use 

a plug-and-charge approach with a low current (around 15A) and require 5-8 hours or more 

for a full charge [114]. Conventional charging stations, located near business districts, offer 

medium or fast charging, with conventional charging taking 3-4 hours and fast charging using 

DC taking less than 30 minutes to 2 hours, reaching states of charge exceeding 80% with 

currents between 150A and 400A [115]. Large charging stations, equipped with multiple 

chargers and battery storage, can charge many EVs simultaneously, offering regular and fast 
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charging, centrally charging the BSS (usually slow charging), and participating in V2G 

applications for grid stability [116]. The demand for EV charging varies depending on factors 

like economics, lifestyle, climate, and location. To optimize charging infrastructure and grid 

integration, researchers are exploring how different types of RES can be combined with 

charging stations [117]. Decentralized stations and distributed RES, often found in residential 

areas or public spaces, are well-suited for integration with rooftop solar panels (photovoltaic 

systems or PV) due to their decentralized nature and flexible charging patterns, particularly 

relevant in rural areas. Conventional stations and distributed RES can integrate with one or 

more distributed RES systems depending on the local weather, utilizing small wind turbines 

(SWTs) in regions with strong winds and solar panels in areas with abundant sunlight. Large 

and medium stations and RES production cater to commercial and passenger vehicles with 

predictable driving patterns and parking locations, establishing a direct connection with larger 

RES sources like nearby solar plants, promoting local renewable energy consumption. 

Regardless of the specific energy sources used, hybrid microgrid configurations for EV 

charging stations show great potential. These microgrids combine multiple sources, such as 

PV and BSS, to ensure a stable and cost-effective power supply. This dissertation explores a 

microgrid-based approach in which a BESS is coordinated with PV generation and the utility 

grid to supply EV fast chargers. Each source and charging unit is interfaced through dedicated 

power converters, providing operational flexibility, fault isolation, and enhanced control. Three 

microgrid architectures are reviewed: DC microgrids with a common DC bus, AC microgrids 

with a common AC bus, and hybrid AC–DC microgrids that combine the benefits of both. 

Among these, the dissertation emphasizes the DC microgrid configuration due to its suitability 

for EV fast charging, reduced conversion stages, and compatibility with DC-based energy 

storage and PV generation. 

2.7.1 A Medium voltage DC fast charger for EV with a common AC bus 

One approach to integrating RES with EV charging stations is through  AC microgrids Figure 

2.7. In this setup, solar panels, BSS, and EV chargers all have separate converters. AC 

microgrids offer flexibility for connecting various power sources like PV and the grid, but they 

require multiple power conversions, leading to efficiency losses. Despite this, they are popular 

due to advantages like direct connection to the existing AC grid using a common AC bus, 

simplifying integration with conventional grids and equipment. AC microgrids with a Point of 

Common Coupling (PCC) switch on the AC bus enable V2G functionality, allowing EVs to feed 

power back to the grid during low-demand periods [118]. 
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Figure 2.7: A DC’s LFT-base architectures. Station with common AC bus. 

 

On the other hand, a Medium Voltage DC Fast Charger (MVDCFC) with a common Medium 

Voltage AC (MVAC) bus designed to facilitate high-power fast charging for EVs. This MV AC 

bus setup ensures efficient power distribution and minimizes the need for multiple low-voltage 

transformers, leading to improved system efficiency [119]. The Medium Voltage AC Bus 

typically operates at voltage levels ranging from 11kV to 33kV and connects to the grid to 

supply power to multiple chargers. This configuration reduces the need for numerous low-

voltage transformers, enhancing power distribution efficiency. The common bus architecture 

integrates multiple chargers on a common MVAC bus, providing scalability to add more 

chargers as demand grows and offering redundancy for a reliable power supply with redundant 

configurations [120]. High conversion efficiency reduces energy losses and efficient power 

distribution with a common MVAC bus enhances overall performance. The modular design 

allows easy expansion, making it suitable for large-scale EV charging stations. This system is 

cost-effective, reducing infrastructure costs by minimizing the need for low-voltage 

transformers and lowering installation and maintenance costs due to fewer components. The 

robust design with multiple protection features ensures reliability, and redundant power supply 

configurations further enhance reliability. Applications for this setup include public charging 

stations, where it is ideal for large EV charging hubs, fleet charging, suitable for commercial 

fleets requiring rapid turnaround, and urban infrastructure, perfect for integrating into city power 

grids to support widespread EV adoption [121]. This Medium Voltage DC Fast Charger with a 
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common Medium Voltage AC bus provides a highly efficient, scalable, and reliable solution for 

the growing demand for fast EV charging infrastructure. 

2.7.2 A Medium voltage DC fast charger for EV with a common DC bus  

DC microgrids offer an innovative and efficient alternative for EV charging stations as shown 

in Figure 2.8, by utilizing direct solar panel power through a common DC bus, minimizing 

conversion losses and maximizing efficiency. A simplified control system manages voltage and 

power flow through the DC bus, coordinating energy sources like PV, BSS, and the grid [122]. 

A central inverter/rectifier connects the DC bus to the AC grid, enabling V2G functionality and 

managing power flow imbalances between PV generation and EV charging demands. 

Advantages of DC microgrids include reduced system costs and improved efficiency due to 

fewer conversion stages, elimination of reactive power leading to higher transmission capacity 

and reduced losses, inherent reliability, and simplified operation [123]. 

 

Figure 2.8: A DC’s LFT-base architectures for station with common DC bus. 

 

In contrast, modern DC fast chargers, designed for high-power fast charging of EVs, employ 

either AC-Link or DC-Link architectures to connect to the MVAC grid: 

1. AC-Link architecture: Utilizes multiple independent AC-DC rectifiers connected to the 

MVAC grid via a step-down low-frequency transformer (LFT). This setup allows various 

loads and distributed energy sources (DESs) to connect independently, enhancing 

reliability and system stability but increasing complexity and cost due to harmonic 

effects during high-power operations [124]. 

2. DC-Link architecture: Uses a single AC-DC conversion unit from the LFT to create a 

shared DC distribution bus, simplifying power conversion stages and improving overall 
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system efficiency. The DC-Link system integrates well with RESs and ESSs, reducing 

power conditioning issues and offering superior performance in terms of power quality, 

charging rate, efficiency, and stability compared to AC-Link architectures [125]. 

The Medium Voltage DC Fast Charger with a common Medium Voltage DC (MVDS) bus 

designed to enable high-power fast charging for electric vehicles. This system improves power 

distribution efficiency and reduces the need for multiple low-voltage transformers, leading to a 

more streamlined and efficient setup. The Medium Voltage DC Fast Charger with a common 

Medium Voltage DC bus allows for efficient and scalable charging infrastructure [126]. This 

system integrates several charging units connected to a common MVDC bus, simplifying the 

overall design and enhancing performance. The Medium Voltage DC bus typically ranges from 

1 to 35kV, connecting to the power grid and distributing DC power to multiple chargers, 

enhancing power distribution efficiency by reducing the need for AC-DC conversion at each 

charger [127]. The Medium Voltage DC Fast Charger can have a power rating from 150 kW to 

350 kW per charger, with an output voltage up to 1000V DC, suitable for fast charging a wide 

range of EVs, featuring high DC-to-DC conversion efficiency. High DC-to-DC conversion 

efficiency reduces energy losses and efficient power distribution with a common MVDC bus 

enhances performance [128]. The robust design with multiple protection features ensures 

reliability, and redundant power supply configurations further enhance reliability. Applications 

for this setup include public charging stations, where it is ideal for large EV charging hubs, fleet 

charging, suitable for commercial fleets requiring rapid turnaround, and urban infrastructure, 

perfect for integrating into city power grids to support widespread EV adoption. This Medium 

Voltage DC Fast Charger with a common Medium Voltage DC bus provides a highly efficient, 

scalable, and reliable solution for the growing demand for fast EV charging infrastructure [10]. 

2.7.3 A Medium voltage DC fast charger for EV with a common hybrid AC-DC bus 

The hybrid AC-DC microgrid depicted in Figure 2.9 is emerging as a promising solution for 

integrating EVs and renewable energy sources (RES) into charging infrastructure. These 

microgrids simultaneously cater to both AC and DC loads, allowing EVs to connect via a 

primary DC-DC converter for fast charging or to feed power back to the grid. They also support 

conventional AC chargers and stations through the AC grid. Hybrid systems feature an 

interlinked power converter (ILC) that manages power transmission and energy balance 

between the AC and DC sides, operating in rectification or inverter mode as needed [129]. 
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Figure 2.9: Hybrid AC-DC microgrids. 

 

The common bus architecture integrates multiple chargers on a common MV AC-DC bus, 

providing scalability to add more chargers and other loads as demand grows and offering 

redundancy for a reliable power supply with redundant configurations [130]. It also features 

multiple protection mechanisms such as over-voltage, over-current, short-circuit, and thermal 

protection, and meets international standards for safety and performance, such as IEC and 

UL. The benefits of this setup are numerous. High conversion efficiency reduces energy losses 

and enhanced power distribution with a hybrid AC-DC microgrid improves overall performance. 

The modular design allows for easy expansion, making it suitable for large-scale EV charging 

stations and other hybrid microgrid applications [120]. This system is cost-effective, reducing 

infrastructure costs by minimizing the need for multiple low-voltage transformers and 

converters and lowering installation and maintenance costs due to fewer components. The 

robust design with multiple protection features ensures reliability, and redundant power supply 

configurations further enhance reliability. Applications for this setup include public charging 

stations, where it is ideal for large EV charging hubs that require both AC and DC power, fleet 

charging, suitable for commercial fleets requiring rapid turnaround and flexible power 

management, and urban and rural infrastructure, perfect for integrating into city and rural power 

grids to support widespread EV adoption and other hybrid microgrid applications. This Medium 

Voltage DC Fast Charger with a common Medium Voltage Hybrid AC-DC Microgrid provides 

a highly efficient, scalable, and reliable solution for the growing demand for fast EV charging 

infrastructure [126]. 

2.8 State-of-The-Art in EV DC Charging Solutions 

The advancement of solid-state transformers (SSTs) is set to significantly enhance the future 

of DC and ultra-fast EV charging. Unlike traditional bulky transformers, SSTs offer compact, 



36 

 

lightweight alternatives that simplify construction, reduce installation space, and improve 

performance [131]. SSTs provide higher efficiency, leading to lower energy losses and reduced 

operational costs for charging stations and EV users. Furthermore, their advanced control 

features, such as improved current regulation, enhance safety and contribute to grid stability 

[132].  

 

2.8.1 Solid-State Transformers (SSTs) for EV DC Charging 

SSTs also enable the seamless integration of DC loads into the charging ecosystem through 

a common DC link. For instance, battery storage systems can store excess renewable energy 

for use during peak times, and solar panels can be incorporated for more sustainable charging. 

Figure 2.10, classifies SSTs by various design aspects, showing how different topologies such 

as single-phase single-port converters, multi-level converters, and modular systems can be 

adapted to specific applications. Despite the advantages, SST technology faces challenges, 

primarily due to the high material costs and complex design requirements for high-voltage 

grids. Expensive components like Silicon Carbide (SiC) MOSFETs are often required, adding 

to the cost. However, promising research results indicate that SST-based systems can achieve 

efficiencies above 95% and power ratings of up to 350 kW. As research continues to address 

cost and high-voltage challenges, SSTs are expected to play a critical role in the future of EV 

charging infrastructure, paving the way for more efficient, cost-effective, and sustainable 

charging solutions. 

 

Figure 2.10: Classifications of SST [133]. 
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In recent years, advancements in SST technology have revolutionized the design of DC fast 

chargers for electric vehicles. While traditional DC fast chargers relied on bulky 60Hz 

transformers for voltage conversion, SSTs have provided a more efficient and compact 

alternative. The traditional approach involved a two-stage process: first, an AC-DC rectification 

stage with Power Factor Correction (PFC) converted the medium voltage (MV) AC input to a 

lower voltage DC [134]. Then, a DC-DC conversion stage further regulated the DC voltage to 

the specific level required for EV battery charging. Figure 2.11 illustrates a single-module 

charger lacking galvanic isolation between the grid and the EV. It comprises a low-frequency 

transformer, input filter, AC-DC rectifier, non-isolated DC-DC converter, and battery load. 

While potentially reducing costs and size, this configuration raises safety concerns due to the 

absence of isolation, limiting its suitability for certain applications. 

 

 

Figure 2.11: Single module charger with non-isolated dc-dc converter. 

 

A single-module charger with an isolated DC-DC converter illustrated in Figure 2.12, is a 

sophisticated system designed to provide safe, reliable, and efficient charging for EV batteries. 

This system includes several key components that work together to condition the power from 

the grid and provide galvanic isolation. The input filter is the first component in the system, 

reducing Electro-Magnetic Interference (EMI) and harmonics from the AC grid. It ensures that 

the charger does not introduce significant noise back into the grid and complies with 

Electromagnetic Compatibility (EMC) standards. Typically, the input filter consists of inductors 

and capacitors that filter out high-frequency noise and harmonics. 

 

Figure 2.12: Single module charger with isolated DC-DC converter. 
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Next, the AC-DC rectifier converts the alternating current (AC) from the grid into direct current 

(DC). This rectifier uses diodes or controlled rectifiers like Silicon-Controlled Rectifiers (SCRs) 

or thyristors to perform the rectification process. Following the rectification, the Power Factor 

Correction DC-DC converter improves the power factor of the input AC supply, making the 

charger more efficient and reducing the reactive power drawn from the grid [135]. This 

converter regulates the DC voltage and shapes the input current waveform to be in phase with 

the voltage waveform, thereby improving power factor. The isolated DC-DC converter is the 

core component that provides galvanic isolation between the grid and the EV battery [136]. 

This isolation enhances safety by preventing potential fault currents from reaching the battery. 

The converter uses a high-frequency transformer to transfer energy across an isolation barrier, 

with the primary side connected to the grid and the secondary side connected to the EV battery 

[137]. This configuration also allows for voltage and power level adjustments. These chargers 

are able to deliver high-power charging at levels exceeding 350 kW, enabling faster charging 

times for EVs [138], [139]. Finally, the battery load is the stage where the conditioned and 

isolated DC power is supplied to the EV battery. The battery load receives the isolated DC 

power for charging, ensuring it receives the correct voltage and current for safe and efficient 

charging. The benefits of using an isolated DC-DC converter in this configuration are 

substantial. Galvanic isolation enhances safety by protecting against electrical faults and 

leakage currents that could harm users or damage equipment. It improves reliability by 

reducing the risk of component failure due to high voltages and providing protection against 

transient surges from the grid. The isolated design also has better EMC performance, reducing 

interference with other electronic devices. Additionally, it allows for a wider voltage and power 

range, accommodating a broader range of EV battery specifications. 

A multi-module charger configuration, as depicted in Figure 2.13, enhances output power by 

paralleling multiple individual charger modules, each comprising a non-isolated DC-DC 

converter, an input filter, and an AC-DC rectifier, while sharing a common low-frequency 

transformer and grid connection. This setup increases output power significantly compared to 

a single-module charger and offers modularity, allowing for flexible scaling of charging capacity 

by adding or removing modules as needed. The potential for redundancy in this configuration 

can improve system reliability, and the shared LF transformer and grid connection can reduce 

costs and simplify overall system design. However, challenges such as load balancing, current 

sharing, and safety concerns due to the non-isolated nature of the DC-DC converters must be 

addressed to ensure equal power distribution, avoid uneven current distribution, and mitigate 

electrical hazards. Multi-module chargers with non-isolated DC-DC converters are suitable for 

high-power charging applications where increased output capacity and modularity are 

essential, with power parameters typically ranging from 50 kW to 350 kW per module [140], 

[141]. 
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Figure 2.13: Multiple parallel modules with LF transformer. 

 

Figure 2.14 illustrates a multi-module charger, an example of Tesla Supercharger which has 

12 modules connected in parallel. Its configuration featuring multiple isolated DC-DC 

converters connected in parallel, enhancing the system's power capacity and redundancy 

compared to a single-module charger. Each module contains an isolated DC-DC converter, an 

input filter, an AC-DC rectifier, and a PFC DC-DC converter, all connected in parallel at both 

the input AC side and output DC side to distribute the load and increase total output power 

[142]. The modules share a common grid connection, simplifying integration into the power 

grid, and the modular design allows for flexible expansion by adding or removing modules as 

needed to match varying power requirements. This configuration offers increased charging 

capacity, modularity, scalability, improved reliability through redundancy, and enhanced safety 

with galvanic isolation between the grid and EV batteries. However, key challenges in modular 

operation include load balancing, current sharing, and synchronization, which must be carefully 

managed to ensure reliable power distribution and reduce the complexity of coordinating 

multiple modules. Multi-module chargers with isolated DC-DC converters are ideal for high-

power charging stations, fleet charging depots, and applications where high charging capacity, 

reliability, and safety are critical, with power parameters typically ranging from 50 kW to 350 

kW per module [141]. 

 

 

Figure 2.14: Multiple parallel models with HF transformer. 
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Solid State Transformers represent a transformative approach to power conversion and 

distribution in DC fast charging stations for electric vehicles. Utilizing the Input-Series, Output-

Parallel (ISOP) configuration as shown in Figure 2.15, to enhance the performance and 

reliability of these systems. Central to SSTs, the HFT operates at high frequencies, allowing 

for significant size and weight reductions compared to conventional transformers. SSTs 

incorporate advanced power electronics to achieve AC-AC, AC-DC, and DC-DC conversion 

stages using semiconductor devices like IGBTs and MOSFETs.  

 

Figure 2.15: SST based DCFC using ISOP modules [143]. 

 

The ISOP configuration arranges multiple converter modules in series on the input side, 

enabling each module to handle a fraction of the total input voltage, reducing voltage stress on 

individual components and simplifying scalability [144]. On the output side, the converter 

modules are connected in parallel, distributing the load current among multiple modules to 

enhance reliability and ensure no single module is overloaded. The initial stage involves 

converting the medium voltage AC - MVAC from the grid to medium voltage DC - MVDC using 

an active front-end rectifier, which provides PFC, reactive power compensation, and harmonic 

elimination. The MVDC is then fed into a high-frequency transformer coupled with a DAB, 

converter to ensure galvanic isolation and regulate power flow [145]. The final stage involves 

further stepping down the voltage to a low voltage DC (LVDC) level suitable for EV battery 

charging using a DC-DC converter. The ISOP configuration minimizes switching losses and 

maximizes efficiency by operating at optimal voltage and current levels. The use of HFT and 

advanced power electronics results in compact and lightweight designs, allowing higher power 

densities and reduced installation space. Series and parallel configurations ensure reliable 

operation with built-in redundancy to handle module failures without disrupting the charging 

process. The modular nature of ISOP allows easy scalability to meet varying power demands 
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and future expansion requirements. SSTs with ISOP can integrate sophisticated control 

algorithms for dynamic power management, enabling optimal energy utilization and seamless 

integration with renewable energy sources and energy storage systems 

Using a single high-power module circuit as shown in Figure 2.16 ensures efficient power 

transfer and voltage conversion, catering to the demanding requirements of modern EV 

charging infrastructure. An SST-based DC fast charger typically integrates three main stages: 

AC-DC conversion, high-frequency isolation, and DC-DC conversion. The first stage involves 

an active front-end rectifier that converts medium voltage AC-MVAC from the grid into medium 

voltage DC-MVDC. This stage includes PFC to ensure that the current drawn from the grid is 

in phase with the voltage, reducing reactive power and minimizing harmonic distortion. This 

rectifier stage is crucial for maintaining grid stability and complying with regulatory standards. 

 

Figure 2.16: SST based DCFC using single module circuit. 

 

The second stage features an HFT that provides galvanic isolation and steps down the voltage. 

The high-frequency operation significantly reduces the size and weight of the transformer 

compared to conventional low-frequency transformers. This stage often uses a Dual Active 

Bridge DC-DC converter, which enables efficient power transfer between the MV DC and the 

LVDC required by EV batteries. The DAB converter operates with Zero Voltage Switching 

(ZVS) or soft switching techniques, minimizing switching losses and enhancing overall 

efficiency. The final stage involves a DC-DC converter that further adjusts the LVDC to the 

specific voltage level needed for charging EV batteries. This stage is critical for ensuring that 

the charging voltage matches the battery's requirements, optimizing the charging process, and 

protecting the battery from damage. Advanced control algorithms are employed to manage the 

power flow dynamically, optimizing energy utilization and ensuring stable and efficient 

charging. A single high-power module circuit SST eliminates the need for multiple stages of 

conversion typically found in other configurations, such as input-series, output-parallel ISOP 

setups. This single module design simplifies the overall system, reducing the number of 

components, and improving reliability. By integrating advanced semiconductor devices such 

as Silicon Carbide (SiC) or Gallium Nitride (GaN) transistors, these SSTs can operate at higher 

frequencies with lower losses, further enhancing their performance. In addition to efficiency 

and compactness, SSTs with single high-power modules offer several advantages, including 
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bidirectional power flow capability, enabling V2G applications. This allows EVs to discharge 

power back into the grid, providing ancillary services such as load balancing and frequency 

regulation, thereby supporting grid stability and promoting the integration of renewable energy 

sources. Despite their numerous benefits, the development and deployment of SST-based DC 

fast chargers face challenges such as high initial costs, the need for robust control strategies, 

and ensuring compliance with safety standards. Ongoing research and technological 

advancements are addressing these challenges, paving the way for widespread adoption of 

SSTs in EV charging infrastructure. SST-based DC fast chargers utilizing a single high-power 

module circuit offer a highly efficient, scalable, and reliable solution for EV charging. By 

integrating advanced power electronics, high-frequency isolation, and dynamic control 

algorithms, these systems ensure optimal power transfer, voltage conversion, and grid 

integration, meeting the evolving needs of the EV market. 

 

2.8.2 Integration of SSTs with DC Microgrids 

The Electric Power Research Institute (EPRI) has developed a fast charging technology for 

EVs based on the Intelligent Universal Transformer (IUT), which incorporates solid-state 

transformer technology. The IUT replaces traditional power conversion units and transformers 

with a single interface system capable of fast charging EVs. This system provides an 

intermediate DC bus voltage at the 400V level, suitable for direct use in DC distribution systems 

or fast EV charging. This technology allows utilities to offer fast charging directly from medium 

voltage (4-15kV) distribution systems, enhancing the practicality and efficiency of EV charging 

infrastructure. In 2012, EPRI demonstrated a prototype 2.4kV, 45kVA solid-state direct-current 

fast charger at its Knoxville, Tennessee laboratory. This utility direct fast charger technology 

enables rapid charging of Plug-in Electric Vehicles (PEVs) and serves as a utility-owned asset 

for other electricity delivery purposes. The UFC is designed to be more efficient and simpler 

than current commercial DC fast charging systems, with an expected overall efficiency of 96-

97%, compared to the 89-91% efficiency of conventional systems. The UFC technology offers 

significant operational benefits, including reduced installation costs and improved efficiency. 

By eliminating the need for a conventional transformer, the system achieves substantial size 

and weight reductions, with the entire EPRI IUT-based DC fast charger electronics weighing 

less than 150 lbs. This compact and efficient design makes the UFC an attractive option for 

urban environments, parking structures, and buildings, allowing for fast charging infrastructure 

that supports the expansion of PEVs markets and enhances grid stability. EPRI's Medium 

Voltage (MV) Fast Charger Functional Specifications highlight the system's capabilities, such 

as a single-phase 2.7/8 kV, 60 Hz utility AC input, a maximum output power of 50 kW, and an 

overall system efficiency greater than 95%. The system complies with CHAdeMO standards 
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and is adaptable to other connector interfaces. Additionally, the UFC includes advanced 

protection schemes, remote access capabilities, and optional features like integrating energy 

storage and multiple AC Level 2 charging spots. The approach in [146] development of the MV 

fast charger topology by Virginia Tech and EPRI, as illustrated in Figure 2.17, represents a 

significant advancement in EV MV fast charger topology developed by Virginia Tech and EPRI. 

This topology employs a solid-state transformer to enhance power transfer and voltage 

conversion efficiency, integrating RES and energy storage systems (ESS). With a three-stage 

configuration including MVDC and LVDC links, the system facilitates efficient power flow 

regulation and bidirectional power capabilities, supporting both EV charging and broader grid 

applications. The comprehensive approach of EPRI and Virginia Tech ensures that this MV 

fast charger topology not only meets current EV charging demands but also paves the way for 

future innovations in the field. 

 

Figure 2.17: MV fast charger topology developed by Virginia Tech and EPRI [147]. 

 

A prototype 15-kV single-phase IUT presented in [148], and shown in Figure 2.18, has been 

successfully developed and tested, demonstrating promising results in voltage conversion and 

regulation. This IUT, featuring an 8kV AC input and 240V AC output, employs a three-stage 

topology comprising an Active Front-End (AFE), an isolated DC/DC converter, and a soft-

switched DC/AC inverter. Packaged into a single module with ten such modules connected in 

an ISOP configuration, it achieves a peak efficiency of 97.5% at 25 kW and maintains steady-

state heat sink temperatures below 55°C. Key measurements include a DC bus voltage of 

403V, an output voltage of 240V RMS, and a Total Harmonic Distortion (THD) of under 2.5%. 

The IUT excels in voltage regulation under varying conditions, offers superior power quality, 

and utilizes commercial 1.2kV SiC devices. While its overall efficiency is currently slightly lower 

than conventional transformers, its advantages in voltage regulation, power quality, and 

intelligent features make it suitable for applications such as electric vehicle charging and DC 
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microgrids. Future efficiency improvements and market identification are necessary for broader 

adoption, and the IUT's compact design also shows promise for medium voltage power 

conversions in sectors like marine and railway systems. 

 

Figure 2.18: AC-DC stage of Intelligent Universal Transformer [139]. 

 

A SiC-based high-performance medium-voltage fast charger for plug-in electric vehicles shown 

in Figure 2.19, approach in [149], details the creation and evaluation of an efficient, medium-

voltage fast charger utilizing SiC power devices. This charger, which converts a 50 kW 2.4 kV 

input to a variable DC output, achieves over 96% efficiency. Its modular design with an input-

series-output-parallel topology allows for scalable input voltage and output power. The use of 

Wide Bandgap (WBG) power devices significantly reduces the charger's volume and weight 

while exceeding the efficiency of current fast chargers by over 1.5% [150]. The design was 

validated through simulations and a prototype. Future improvements focused on higher output 

power testing, enhanced input stage control, and further efficiency gains through reduced 

switching frequency and synchronous rectification. This development offers a promising 

advancement in EV charging technology. 
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Figure 2.19: 2.4kVac input 50kW charger circuit [139]. 

 

Proposes in [151] development single ac-dc stage and ISOP modules in the dc/dc stage as 

shown in Figure 2.20, utilizing 3.3 kV SiC MOSFETs, has been successfully demonstrated with 

a down-scaled prototype, confirming its continuous power transfer capability and 

enhancements in ZVS regions through variable input voltage and switching frequency. Future 

research directions include system level testing for MV grid-connected EV chargers and 

studying accurate battery charging profiles. The MV DAB converter, designed for high 

efficiency, high power density, and fast dynamic response, employs phase-shift modulation 

and operates under soft-switching conditions. It is equipped with key characteristics such as a 

2500 V input voltage, 520 V - 820 V output voltage range, and a 50 kHz switching frequency. 

The 3.3 kV SiC MOSFET features a SiC DMOSFET device type, TO-247 package, and 70 mΩ 

on-state resistance, making it suitable for high-power and bidirectional applications in medium 

voltage EV fast-charging systems. 

 

Figure 2.20: Charger architecture of single AC-DC stage and ISOP modules [139]. 

  



46 

 

The paper employs a modified multi-cell boost topology to implement the charger [152], as 

illustrated in Figure 2.21. The paper presents the design and development of a 12.47 kV, 350 

kW electric vehicle fast charger using 10 kV SiC MOSFETs. The key aspects include: the use 

of 10 kV SiC MOSFETs and Schottky diodes to enable direct connection to the MV grid without 

a service transformer; detailed characterization of the 10 kV SiC MOSFETs; selection of a 

modified multi-cell boost topology; optimization of the system design, including operating 

frequency and passive component selection, to achieve a simulated efficiency exceeding 98% 

and input current THD lower than 2%; and an overall power density of 1.6 kW/L, demonstrating 

the advantages of this high-voltage SiC MOSFET-based MV fast charger design. 

 

 

Figure 2.21 Figure: 12.47kV ac three phase 350kW XFC [153]. 

 

The research [154] presents the design and realization of a 25 kW, single-phase AC-DC power 

factor correction rectifier stage of an MV three-phase inverter, operating from 3.8 kV AC to 7 

kV DC, based on 10 kV SiC MOSFETs as shown in Figure 2.22. The goal is to develop a 

simple and efficient MV AC-DC input stage for an SST that could directly power server racks 

of several tens of kilowatts from the MV grid. The focus is on the realization of the MV inductors 

and their electrical insulation, the LCL input filter to limit electromagnetic interference 

emissions, as well as the challenges due to cable resonances when connecting the SST to the 

MV grid via an MV cable. Despite the large insulation distances required for MV, the realized 

MV PFC rectifier achieves an unprecedented power density of 3.28 kW/L (54 W/in3) and a full-

load efficiency of 99.1%, measured using a calorimetric test bench described. 
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Figure 2.22: 5 MV AC-DC soft-switching circuit [153]. 

 

In [155] describes the design and operation of a 3.6kV high-performance SST based on 13kV 

SiC MOSFET and JBS diode devices as shown in Figure 2.23. The paper introduces the 

concept of distribution network SST and its role in integrating distributed renewable energy 

resources and energy storage devices with the distribution grid, characterizes the high-voltage 

13kV SiC MOSFET devices, designs the rectifier and DC/DC converter stages of the 3.6kV 

SST prototype, and presents experimental results demonstrating the functionalities of the 

designed SST prototype, including pre-charge, start-up, and regeneration operations when 

connected to the 3.6kV distribution grid. In conclusion, the 3.6kV SST prototype developed in 

this work utilizes 13kV SiC MOSFET and JBS diode devices to achieve high conversion 

efficiency and energy density, enabling it to interface with the medium-voltage distribution grid 

and provide both 400V DC and 240/120V AC outputs, highlighting the potential of SiC-based 

power electronics for future power distribution applications. 

 

 

Figure 2.23: MV SST circuit [153]. 
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2.9 DC Fast Charging Converter Topologies 

DC fast chargers are essential for providing rapid charging to EVs by efficiently converting AC 

grid input into DC output, which is required for vehicle batteries. The primary components 

responsible for this conversion are grid-facing converters. These converters must exhibit 

specific characteristics to ensure optimal performance and reliability: Key features of grid-

facing converters including are low AC-side distortion is one of the critical requirements for 

grid-facing converters is to minimize AC-side distortion. This is essential for maintaining power 

quality and ensuring that the grid operates efficiently without introducing significant harmonics 

that can affect other connected loads. Low distortion helps in complying with grid codes and 

standards, ensuring smooth integration with the electrical grid. In the other hand regulated DC 

voltage is another important feature is the ability to provide a stable and regulated DC output 

voltage. This regulation is vital for the efficient charging of EV batteries, as it ensures that the 

voltage levels are within the required range, preventing damage to the batteries and ensuring 

fast charging times. Popular converters options include as details below: 

2.9.1 AC-DC Rectifiers  

In the realm of EVs, efficient and reliable power conversion is critical to ensure effective battery 

charging and overall vehicle performance. Rectifiers play a pivotal role in this process by 

converting the AC power from the grid into the DC power required for charging EV batteries. 

Several advanced rectifier topologies have been developed to meet the demanding 

requirements of EV applications, each offering unique benefits in terms of efficiency, power 

quality, and system integration. Among these, the three-phase active PWM rectifier with LCL 

filter, the Neutral-Point-Clamped (NPC) rectifier, the Vienna rectifier, and the buck rectifier are 

particularly notable. These rectifiers are designed to handle high power levels with minimal 

harmonic distortion, ensuring efficient energy transfer and reducing strain on the electrical grid. 

This introduction delves into the specific characteristics and advantages of these rectifiers, 

highlighting their importance and application in the evolving landscape of electric vehicle 

technology. 

2.9.1.1 Three-phase active PWM rectifier with LCL filter 

A three-phase active (PWM) rectifier with an LCL filter is a sophisticated component crucial for 

efficient AC to DC conversion in electric vehicle DC fast charging systems. Designed to 

interface with the grid, this rectifier shown in Figure 2.24, employs advanced semiconductor 

devices like IGBTs or MOSFETs to convert three-phase AC voltage into a regulated DC output 

suitable for charging EV batteries rapidly and reliably. Pulse width modulation techniques 

control the switching of these devices, ensuring precise regulation of output voltage and 

shaping of input current to maintain a sinusoidal waveform, thereby minimizing harmonic 

distortion [156]. The integration of an LCL filter inductors and capacitors is critical to attenuate 
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high frequency switching harmonics generated during rectification. This filter improves power 

quality by reducing EMI, ensuring that the current drawn from the grid remains as close to a 

pure sinusoid as possible. The design and implementation of the LCL filter require careful 

consideration of component values to balance filtering performance with system stability, 

especially in EV charging applications where power quality and reliability are paramount [157]. 

Advanced control techniques are implemented to manage the rectifier's operation effectively. 

Inner current control loops track and adjust the reference currents to compensate for 

disturbances, while outer voltage control loops maintain the desired DC output voltage level. 

Active damping strategies are often employed to mitigate the resonance effects of the LCL 

filter, enhancing overall system stability and dynamic response.  

 

Figure 2.24: Three phase PWM rectifier with LCL filter [158]. 

 

One of the significant advantages of a three-phase active PWM rectifier in EV applications is 

its high efficiency. This efficiency is achieved using modern semiconductor devices and 

sophisticated control algorithms, which optimize energy conversion processes. The rectifier's 

bidirectional capability allows it to not only supply power to charge EV batteries but also to 

absorb power, facilitating energy flow management in smart grid environments and enabling 

integration with renewable energy sources and energy storage systems [100]. Recent 

advancements in this field include the adoption of Model Predictive Control (MPC), which 

enhances dynamic performance and robustness by optimizing switching patterns in real-time. 

Digital control platforms, such as Digital Signal Processors (DSPs) and Field-Programmable 

Gate Arrays (FPGAs), provide enhanced processing capabilities for implementing complex 

control algorithms with high precision and responsiveness. Moreover, the use of wide bandgap 

semiconductors like SiC and GaN further enhances efficiency by allowing higher switching 

frequencies, improved thermal conductivity, and lower losses compared to traditional silicon 

devices [159]. Enhanced filter designs and grid-interactive features, such as voltage support 



50 

 

and reactive power compensation, are also becoming increasingly prevalent. These features 

enable the rectifier to actively participate in stabilizing the grid and supporting the seamless 

integration of distributed energy resources, making it a versatile and future-proof solution for 

modern EV charging infrastructure.  

2.9.1.2 NPC Rectifier  

The neutral-point-clamped (NPC) rectifier is a essential technology in power electronics, widely 

adopted for its effectiveness in high-power and medium-voltage applications, particularly in EV 

fast charging infrastructure. It utilizes a three-level voltage structure that divides the DC bus 

voltage into positive, negative, and neutral levels using capacitors and clamping diodes. This 

configuration reduces voltage stress on individual semiconductor devices like IGBTs or 

MOSFETs, enabling the use of components with lower voltage ratings, thus enhancing 

efficiency and cost-effectiveness. The NPC rectifier shown in Figure 2.25, operates by 

switching these devices to convert AC input voltage into a three-level DC output, significantly 

minimizing harmonic distortion in the input current. Complex modulation techniques such as 

Space Vector Modulation (SVM) or PWM are employed to optimize switching patterns, 

achieving high power factor and low total THD [160]. Integration with an LCL filter further 

improves power quality by attenuating high-frequency switching harmonics. Advanced digital 

control techniques using microcontrollers or DSPs enhance dynamic response and precision. 

Moreover, advancements in wide bandgap semiconductors like SiC and GaN contribute to 

higher switching frequencies and improved thermal management, enhancing overall efficiency 

and reliability. The NPC rectifier's robust performance and scalability make it ideal for EV 

charging stations, where efficiency, reliability, and power quality are critical considerations. 

 

Figure 2.25: Neutral-point-clamped NPC rectifier [161]. 
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2.9.1.3 Vienna rectifier 

The Vienna rectifier is a three-level, unidirectional power converter renowned for its efficiency 

and low harmonic distortion, making it ideal for demanding applications like electric vehicle 

charging stations. Operating with a three-phase input voltage, the rectifier transforms it into a 

stable DC output using three bidirectional switches, six diodes, and three capacitors. This 

configuration enables the Vienna rectifier shown in Figure 2.26, to generate a three-level 

voltage waveform, effectively reducing voltage stress on components such as IGBTs, 

MOSFETs, or advanced wide bandgap semiconductors like SiC and GaN. Lower switching 

losses and minimized EMI enhance overall system efficiency and power quality [162]. Control 

strategies incorporate advanced modulation techniques like SVM or sinusoidal PWM to 

precisely regulate output voltage and current, achieving nearly unity power factor and minimal 

THD.  

 

Figure 2.26: Vienna rectifier [163]. 

 

This high power factor optimizes grid connection efficiency by reducing reactive power. 

Additionally, the rectifier inherently produces low ripple output voltage, crucial for sensitive 

applications such as EV batteries and DC motors. Integration of an LCL filter further improves 

output quality by suppressing high-frequency switching harmonics. Recent advancements in 

digital control technology, leveraging powerful microcontrollers or DSPs, have further 

enhanced dynamic response and control accuracy [164]. Adoption of wide bandgap 

semiconductors allows for higher switching frequencies, reducing the size and cost of passive 

components. The Vienna rectifier’s robust design, combined with its efficiency, scalability, and 

superior power quality, positions it as a dependable solution for modern power conversion 

needs where reliability and efficiency are paramount. 
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2.9.1.4 Active front-end converter 

The topology of single-phase active front end rectifier (AFE) is shown in Figure 2.27, also 

known as PWM rectifier connected at the utility front of grid. The AFE acts as rectifier during 

grid to vehicle operation and is used to obtain dc supply from the ac mains for battery charging 

[165]. It fulfils the requirements such as bidirectional power flow, dc bus voltage control with 

fast dynamic response and maintains unity power factor at the input. phase AC power supply. 

The control of this converter should be designed such that it generates bus voltage reference 

and power factor reference quickly, which in turn improves the fast dynamic response. 

 

Figure 2.27: AFE converter topology [166]. 

 

2.9.2 DC-DC Converters  

Following the grid-facing converter in electric vehicles, a DC-DC converter plays a pivotal role 

in efficiently managing the interface between the high-voltage DC bus and the vehicle's battery 

or energy storage system. Isolation from ground is critical to ensure safety and reliability, 

typically accomplished through high-frequency transformers integrated within the DC-DC 

stage. Isolated DC-DC converters commonly used in EV applications include the Phase-

Shifted Full Bridge (PSFB) and LLC resonant converters. The PSFB converter offers high 

efficiency across a range of load conditions but may exhibit limitations at light loads and non-

unity voltage ratios. On the other hand, the LLC resonant converter provides efficient operation 

with reduced switching losses and high power density, making it suitable for high-power 

applications in EVs. Additionally, the DAB converter is employed for its bidirectional capability 

and wide voltage range compatibility, enabling efficient power flow control between the DC bus 

and the vehicle's energy storage. These converters utilize advanced control techniques such 

as digital PWM or MPC to optimize efficiency, regulate voltage, and ensure precise power 

delivery to the vehicle's electrical systems. Recent advancements in semiconductor 

technology, including the adoption of wide bandgap materials like SiC and GaN, have further 

enhanced the performance of isolated DC-DC converters in EVs by enabling higher switching 
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frequencies, reduced losses, and increased power density. These innovations contribute to 

improving overall system efficiency, reliability, and scalability in electric vehicle applications, 

supporting rapid advancements in EV charging infrastructure and energy management 

systems. 

2.9.2.1 Phase-shifted full bridge (PSFB) 

The Phase-Shifted Full Bridge converter plays an important role in EVs by efficiently converting 

high-voltage DC from the grid or renewable sources to levels suitable for charging EV batteries. 

This converter topology consists of four switches arranged in a full bridge configuration, 

coupled with a high-frequency transformer that provides isolation between the input and output 

sides [167]. The operation of the PSFB converter in Figure 2.28 involves precisely controlling 

the phase shift between the switching signals of the bridge legs. This phase shifting technique 

minimizes the time during which multiple switches conduct simultaneously, thereby reducing 

switching losses and enhancing overall efficiency, which is critical for fast charging applications 

where minimizing charging times and maximizing energy transfer efficiency are paramount. In 

the context of EVs, the PSFB converter's design includes advanced control strategies such as 

digital pulse width modulation (PWM) or adaptive control algorithms [168]. These techniques 

optimize the converter's performance across various load conditions, ensuring stable output 

voltage regulation and high power conversion efficiency. Moreover, the integration of wide 

bandgap semiconductors like SiC and GaN in PSFB converters has revolutionized their 

capabilities. These semiconductor materials enable higher switching frequencies, lower 

conduction losses, and improved thermal management compared to traditional silicon-based 

devices.  

 

Figure 2.28: Phase shift full bridge converter [169]. 

 

As a result, PSFB converters can achieve higher power densities and reliability while reducing 

the size, weight, and cost of power electronics in EV charging infrastructure. Recent 

advancements have also focused on enhancing the PSFB converter's robustness and 
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scalability. Innovations in control techniques and semiconductor technology continue to drive 

improvements in efficiency and performance, addressing the increasing demand for fast, 

reliable, and efficient charging solutions in the EV market. The flexibility of the PSFB converter 

makes it adaptable to evolving EV battery technologies and charging standards, supporting 

the transition towards more sustainable and efficient transportation solutions globally. 

2.9.2.2 LLC Resonant converters 

LLC resonant converters are integral to EV charging systems, facilitating efficient conversion 

of high-voltage AC grid power to the DC voltage required for charging EV batteries [170]. This 

converter topology, shown in Figure 2.29, operates on the principle of resonant switching, 

utilizing an inductor, a capacitor, and a resonant tank circuit LLC to achieve soft switching 

transitions. In EV applications, LLC resonant converters offer several advantages, including 

high efficiency across a wide load range and reduced EMI due to their soft-switching 

characteristics [171]. The LLC topology allows for seamless regulation of output voltage and 

current, crucial for maintaining battery health and maximizing charging efficiency. Advanced 

control techniques such as frequency modulation and phase-shift modulation optimize the 

resonant operation, ensuring minimal switching losses and improved overall system reliability. 

The integration of wide bandgap semiconductors like SiC and GaN further enhances efficiency 

by enabling higher switching frequencies and reducing losses. This scalability and efficiency 

make LLC resonant converters well-suited for both high-power fast charging stations and on-

board chargers in EVs, supporting rapid adoption and deployment of electric mobility solutions 

worldwide [172]. 

 

Figure 2.29: LLC resonant converter [173]. 
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2.9.2.3 Dual active bridge (DAB) converter  

The Dual Active Bridge converter is a sophisticated power electronics topology that excels in 

EV applications due to its ability to efficiently manage high-power levels and bidirectional 

energy flow. In an EV context, the DAB converter shown in Figure 2.30, typically interfaces 

between the high-voltage DC battery pack or energy storage system and the vehicle's low-

voltage DC bus [174]. This topology consists of two sets of switches typically, IGBTs or 

MOSFETs arranged in a bridge configuration. Each bridge includes an isolation transformer, 

which provides galvanic isolation between the high-voltage and low-voltage sides, crucial for 

safety and electrical isolation requirements. The DAB converter operates by dynamically 

adjusting the phase shift between the switching of the bridges. This phase-shift modulation 

allows precise control over the voltage and current delivered to the vehicle's electrical system, 

ensuring efficient power conversion and minimal losses [175]. The bidirectional capability of 

the DAB converter enables it to seamlessly switch between charging the battery from an 

external source, such as a DC fast charger and supplying power to the vehicle's traction motor 

or other on-board systems.  

 

 

 

 

 

                                                        [176]. 

 

Key advantages of the DAB converter in EVs include its wide input voltage range compatibility, 

which accommodates varying battery voltages and charging scenarios. This flexibility is 

particularly advantageous in hybrid and electric vehicles where the battery voltage may vary 

significantly depending on charge level and operating conditions. Moreover, the DAB 

converter's ability to handle high-frequency switching and advanced control algorithms, such 

as MPC or advanced PWM, ensures high efficiency across different load conditions and 

operational states [177]. Recent advancements in DAB converter technology focus on 

improving efficiency through the use of wide bandgap semiconductors SiC and GaN, which 

offer lower switching losses, higher switching frequencies, and improved thermal management 

capabilities. These advancements contribute to reducing the size and weight of the converter 

Figure 2.30: DAB converter 
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while enhancing overall system reliability and performance. The scalability of the DAB 

converter makes it suitable for future EV applications requiring higher power densities and 

faster charging capabilities, positioning it as a critical component in advancing the efficiency 

and sustainability of electric transportation. 

2.9.2.4 CLLC Resonant converter  

The Capacitor–Inductor–Inductor–Capacitor (CLLC) resonant converter is a specialized 

topology increasingly employed in electric vehicles for its efficiency, reliability, and ability to 

handle high-frequency operation. In EV applications, the CLLC resonant converter typically 

serves as a DC-DC converter, interfacing between the high-voltage DC battery pack and the 

lower-voltage DC bus that powers various vehicle systems. The converter shown in Figure 

2.31 consists of a combination of inductors (L), capacitors (C), and transformers, designed to 

resonate at a specific frequency. The CLLC resonant converter achieves efficient power 

conversion by leveraging the resonance phenomenon, which minimizes switching losses and 

enhances efficiency compared to traditional PWM converters. The operation of the CLLC 

converter involves careful control of the switching frequency and phase angles to maintain 

resonance and optimize power transfer [178]. This control is typically managed by advanced 

modulation techniques such as phase-shift control or frequency modulation. The resonant 

nature of the converter also reduces EMI, contributing to cleaner power delivery and improved 

system reliability. In recent developments, the integration of wide bandgap semiconductors like 

Silicon Carbide and Gallium Nitride has further enhanced the performance of CLLC resonant 

converters. These materials enable higher switching frequencies, lower conduction losses, and 

improved thermal management, leading to higher efficiency and power density in EV 

applications.  

 

 

 

 

 

 

 

                                                                                               [179]. 

 

Figure 2.31: CLLC converter 
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2.10 Control Techniques Used for Power Electronics Conversion System  

Power electronics conversion systems play a critical role in modern energy applications, 

enabling efficient control and transformation of electrical power. These systems are essential 

in various fields, including electric vehicle charging, renewable energy integration, and 

industrial automation. The performance of power electronics largely depends on the control 

techniques employed to manage switching operations, voltage, current, and overall energy 

flow within the system. Proper control strategies not only improve efficiency but also ensure 

stability, reliability, and safety across various operating conditions. This section explores 

several advanced control techniques used in power electronics conversion systems, each 

tailored to address specific requirements of efficiency, accuracy, and robustness. The use of 

digital and analog control methods is vital for optimizing power conversion processes in 

systems. 

2.10.1 Space vector modulation (SVM)  

Space Vector Modulation (SVM) is a sophisticated technique for controlling AC power 

converters and is widely used in motor drives and power quality improvement. It optimizes the 

switching patterns of the power electronic switches in the NPC rectifier, controlling the voltage 

vectors to maximize DC bus utilization and minimize harmonic distortion [180]. The main 

principle of SVM is to generate a reference voltage vector and modulate the switches 

accordingly. This results in a high power factor and low THD, enhancing the converter's 

efficiency and power quality. As it is shown in Figure 2.32, the space vector hexagon has six 

sectors and four regions per sector. 

 

Figure 2.32: Three level-SVM hexagon including six sectors and four regions per sector [181]. 

 

The reference voltage vector 𝑉𝑟𝑒𝑓 is given by equation (2.1) [182] 
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 𝑉𝑟𝑒𝑓 =𝑉𝑚. 𝑠𝑖𝑛 (𝜔𝑡 + 𝜃)                                                                                                                          (2.1) 

 

Where: 

• 𝑉𝑚 is the peak phase voltage, 

• 𝜔𝑡 is the angular frequency, and 

• 𝜃 is the phase angle. 

The SVM technique involves the following steps: 

The reference voltage vector is generated using the above equation. 

The space vector diagram is divided into six sectors. The sector in which the reference voltage 

vector lies is determined. 

The time durations for which the active and zero vectors should be applied are calculated. 

These are given by: 

𝑇𝑎 = 𝑇 . [
√3

2
 . 𝑉𝑟𝑒𝑓 . 𝑠𝑖𝑛 (𝜔𝑡 − 𝜃) + 0.5]                                                                                                    (2.2) 

 

𝑇𝑏 = 𝑇 . [
√3

2
 . 𝑉𝑟𝑒𝑓 . 𝑠𝑖𝑛 (𝜔𝑡 − 𝜃 − 𝐴 =

2𝜋

3
) + 0.5]                                                                                    (2.3) 

 

𝑇𝑐 = 𝑇 − 𝑇𝑎 − 𝑇𝑏                                                                                                                                   (2.4) 

where, 

𝑇 is the sampling period, 

𝑇𝑎 , 𝑇𝑏 , and 𝑇𝑐 are the time durations for which the active vectors should be applied. 

Switching Sequence Generation: Based on the calculated times and the sector in which the 

reference voltage vector lies, the appropriate switching sequence is generated. By controlling 

the switching patterns of the power electronic switches in this way, SVM optimizes the DC bus 

utilization and minimizes harmonic distortion, resulting in a high power factor and low THD 

[183]. This enhances the converter's efficiency and power quality. 

2.10.2 Phase-shifted full bridge (PSFB) with digital pulse width modulation (PWM) 

The Phase-Shifted Full Bridge (PSFB) converter is designed to improve efficiency and reduce 

switching losses by using a phase-shift control technique. This converter is often used in 

applications requiring high efficiency and high power density. The PSFB converter uses a full-
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bridge topology and operates by phase-shifting the switching signals of the bridge transistors 

to control the power flow [184]. 

The effective duty cycle of the power converter depends on the primary voltage, inductor filter, 

and the voltage drop across the leakage inductor. It is given by: 

 

𝐷𝑒𝑓𝑓 = 𝐷 + 𝑑𝑒𝑓𝑓                                                                                                                                    (2.5) 

Where 𝐷 the nominal duty is cycle and 𝑑𝑒𝑓𝑓 represents small variations due to inductor current 

and input voltage changes. The small changes in duty cycle (𝑑𝑖  𝑎𝑛𝑑 𝑑𝑣) due to the filter 

inductor current and input voltage are given by: 

𝑑𝑖 =
𝑛𝐿𝑟 ʄ𝑠𝑖𝐿

𝑉𝑖𝑛
                                                                                                                                              (2.6)        

𝑑𝑣 =
𝑛𝐿𝑟 ʄ𝑠𝑉𝑖𝑛

𝑉𝑖𝑛
                                                                                                                                          (2.7) 

The transfer function from the equivalent circuit is expressed as: 

𝐺𝑑(𝑠) =
𝑉𝑜

𝑑
=

𝑛𝑉𝑖𝑛

𝑅(
𝐿

𝑅𝐿𝐶
+𝑠+

1

𝑠𝐶
+

𝑅

𝐿𝐶
)
                                                                                                   (2.8)     

Figure 2.33 illustrates the principle of operation for the full bridge phase-shifted power 

converter, demonstrating the switching signals and the resultant current and voltage 

waveforms. 

 

 

 

 

 

 

                                                                                                             [185]. 

 

Figure 2.33: Full bridge phase-shifted power PWM waveforms 
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2.10.3 Model predictive control for dual active bridge (DAB) 

MPC is a control strategy that utilizes a model of the system to predict future behavior and 

optimize performance over a specified prediction horizon. In the context of a DAB converter, 

MPC can be used to achieve efficient and precise control of power flow between two DC 

sources [186]. The concepts prediction model, algorithm uses a mathematical model of the 

DAB converter to predict future states of the system based on current measurements and 

control inputs. The optimization at each control interval, the algorithm solves an optimization 

problem to find the control inputs that minimize a predefined cost function over the prediction 

horizon. Receding horizon optimization is performed in a receding horizon manner, meaning 

only the first control input of the optimized sequence is applied to the system. The process is 

repeated at each time step. MPC is based on iterative, finite-horizon optimization of a plant 

model it allows the control of processes while satisfying a set of constraints [187]. 

The MPC for dual active bridge DC–DC converters emphasize advanced control 

methodologies to enhance the performance of DAB converters, particularly in renewable 

energy systems and electric vehicles. The conclusion focuses on MPC’s ability to improve 

dynamic response, optimize power transfer, and minimize reactive power by adjusting phase-

shift ratios. MPC provides precise regulation of the converter's output voltage and current 

under various load conditions and disturbances. Equations related to phase-shift modulation 

and voltage dynamics in the DAB converter are central to the controller’s operation [188].          

For instance, the inductor current in the DAB converter can be expressed as a Fourier series 

expansion in terms of the phase shift 𝛿 and the state-space representation of the converter: 

 

𝑖𝑠𝑛𝐿(𝑡) =
4

𝜋
∑

1

2𝐿+1
.
𝑁𝑉𝑖𝑛

|𝑍(𝐿)|
𝑠𝑖𝑛[(2𝐿 + 1)𝑓𝑡]∞

𝐿=𝑜                                                                             (2.9) 

 

where NNN is the transformer turns ratio, 𝑉𝑖𝑛 is the input voltage, 𝑍(𝐿) is the impedance at 

harmonic order 𝐿, and the summation captures both the fundamental and higher-order 

harmonic components of the current. These harmonic terms are significant because they 

influence current stress and soft-switching behavior. The MPC uses this predictive current 

model, derived from the applied voltage waveforms, to dynamically adjust the phase shift and 

optimize performance, thereby reducing reactive power, improving ZVS, and enhancing 

efficiency under various load conditions. In Figure 2.34, the MPC controller receives 

measurements of the converter states, such as currents and voltages and uses these to predict 

future states based on the system model. The optimization algorithm then computes the 

optimal control inputs to minimize the cost function while satisfying constraints. The first control 

input of the optimized sequence is applied to the DAB converter, and the process repeats at 

each sampling interval. 
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MPC provides a powerful control strategy for DAB converters, enabling precise regulation of 

power flow and improved system performance. By solving an optimization problem at each 

control interval, MPC can handle multivariable interactions and constraints effectively, making 

it suitable for complex power electronic systems. 

2.10.4 PI Controller  

Proportional Integral (PI) controller for fast charging systems is used in regulating the output 

voltage and current of the charging system as shown in Figure 2.35, particularly in the rear-

stage DC-DC converter. This control algorithm helps maintain the stability and precision of the 

charging process, ensuring the desired CC and CV charging phases for electric vehicle 

batteries [189]. 

 

Figure 2.35: Control system with PI controller. 

 

The PI controller typically employs the following control law: 

 

𝑢(𝑡) = 𝐾𝑝 𝑒(𝑡) + 𝐾𝑖  ∫ 𝑒(𝜏) 𝑑𝜏
𝑡

𝑜
                                                                                                               (2.10) 

where, 

Figure 2.34: Block Diagram for Model Predictive Control. 
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𝑢 is the control signal. 

𝐾𝑝 is the proportional gain, which adjusts the error magnitude response. 

𝐾𝑖 is the integral gain, responsible for eliminating steady-state errors by integrating the error 

over time. 

𝑒(𝑡) is the error signal, defined as the difference between the setpoint and the process variable. 

In the charging system, the PI controller processes the voltage and current feedback to adjust 

the duty cycle of the DC/DC converter switches. By continuously adjusting the control signal 

based on error feedback, the PI controller helps achieve smooth and reliable charging, while 

ensuring minimal overshoot and rapid convergence to the desired charging states. 

2.10.5 Digital control 

The digital control system receives a continuous-time error signal and converts it into a format 

that can be processed by a computer via an A/D interface. After processing, the discrete signal 

is fed to a controller, and its output is then applied to the system converter. The general 

structure of the digital controller is depicted in Figure 2.36. Due to the availability of high-speed 

microcontrollers, digital control strategies have become popular for use in bidirectional fly-back 

converters [190]. The primary control challenge in these converters is to minimize capacitive 

switching losses and electromagnetic interference without sensing high-voltage side signals, 

regardless of whether the converter is in charging or discharging mode of the capacitive load. 

 

Figure 2.36: The structure of the digital controller. 

 

The proposed method utilizes a valley switching technique controlled by a digital controller. It 

compares the input supply voltage with the drain-source voltage of the LV MOSFET using a 

high-speed comparator. The resulting signal is processed by a microcontroller, which 

generates a fixed on-time pulse, optimizing charge/discharge speed and efficiency. Accurate 

modelling of a DAB converter requires understanding its modulation method and accounting 

for interactions with EMI filters. DSPs are employed due to high computational efficiency, 

flexibility, EMI immunity, and fault-monitoring capabilities. Intelligent digital control algorithms 

such as deadband, switch, and soft-start control manage bidirectional power flow and protect 

the converter during startup [191]. The system operates under zero-voltage switching (ZVS), 

enhancing efficiency by eliminating the need for additional circuit protection components. 

Future power systems integrating loads, renewable energy, and storage benefit from FPGA-
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based digital control platforms that offer flexibility and efficiency through software-

reconfigurable modules. This approach reduces costs and development time while improving 

system reliability. Advances in digital control, including the hybrid digital adaptive controller, 

enhance transient responses in synchronous buck converters [192]. This control method 

ensures system stability through Lyapunov functions and discrete-time sliding-mode analysis, 

even under disturbances. Minimum-time solutions in power electronics use advanced 

geometric digital control techniques for optimal performance, relying on raster surfaces for 

complex processing within digital controllers. 

2.10.6 Maximum power point tracking algorithms techniques 

MPPT Algorithms are crucial techniques utilized in renewable energy systems, such as PV 

arrays, wind turbines to ensure the extraction of maximum available power from the source. In 

the context of the SST system, MPPT algorithms may be employed to optimize the power 

harvesting from connected distributed renewable energy resources. The primary purpose of 

MPPT algorithms is to continuously track the maximum power point of the PV array or other 

renewable energy source, even as environmental conditions (such as irradiance and 

temperature) change. By operating the renewable energy source at the MPP, the MPPT 

algorithm ensures that the maximum amount of power is delivered to the SST system, thereby 

maximizing the overall efficiency and energy conversion capabilities. Some commonly used 

traditional and advanced MPPT algorithms include: 

2.10.6.1 Perturb and observe algorithm 

The P&O algorithm is a widely used MPPT technique that can be effectively employed in the 

SST system to optimize the power extraction from connected renewable energy sources, such 

as PV arrays. The P&O algorithm operates by periodically perturbing the operating voltage of 

the PV array and observing the resulting change in the output power, and then adjusting the 

voltage in the direction that increases the power, effectively tracking the MPP of the PV array 

[193]. The explores a control technique using the P&O method for MPPT in renewable energy 

systems. This approach aims to optimize power extraction from variable energy sources, 

particularly during fluctuating conditions. The P&O algorithm adjusts the operating conditions 

based on observed power output, maintaining or reversing perturbation direction depending 

on whether power increases or decreases [194]. This demonstrates the effectiveness of the 

P&O method in enhancing power extraction and ensuring stable operation in renewable energy 

systems under varying conditions The P&O concept depicted in Figure 2.37. 

Power output equation: 

 

𝑃𝑃𝑣 = 𝑉𝑝𝑣  . 𝐼𝑃𝑣                                                                                                                                      (2.11) 
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Relationship between input and output voltage: 

 

𝑉𝑃𝑣 = (
1

1−𝐷
)𝑉𝑑𝑐                                                                                                                                    (2.12) 

Output voltage expression: 

 

𝑉𝑜 =
𝑉𝑠

1−𝐷
                                                                                                                                               (2.13) 

 

Inductor current variation (when switch is closed): 

 

∆𝑖𝐿 =
𝑉𝑠.𝐷.𝑇

𝐿
                                                                                                                                           (2.14) 

 

Inductor current variation (when switch is open): 

 

∆𝑖𝐿 =
(𝑉𝑠−𝑉𝑜) .(1−𝐷) .𝑇

𝐿
                                                                                                                               (2.15) 

 

 

Figure 2.37: P&O Control process [195]. 

 

2.10.6.2 Incremental conductance (IC) algorithm 

The IC is a refined maximum power point tracking technique used in photovoltaic systems to 

optimize energy harvesting by accurately identifying the MPP. It operates by comparing the 

incremental conductance (
𝒅𝑰

𝒅𝑽
) to the instantaneous conductance (

𝑰

𝑽
) of the PV module. The 

algorithm relies on the condition that at the MPP, the derivative of power with respect to voltage 

is zero, i.e., (
𝒅𝑷

𝒅𝑽
) = 𝟎. This translates to the equation 

𝒅𝑰

𝒅𝑽
= −

𝑰

𝑽
 . If the calculated conductance 

is greater than the instantaneous conductance (
𝒅𝑰

𝒅𝑽
> −

𝑰

𝑽
), the operating point is to the left of 
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the MPP, and the voltage should be increased, if less ((
𝒅𝑰

𝒅𝑽
< −

𝑰

𝑽
) the voltage should be 

decreased [196]. By iteratively adjusting the operating voltage or current, the IC algorithm 

maintains operation at the MPP, reducing oscillations and improving energy extraction 

efficiency, particularly under dynamic environmental conditions. While this method provides 

more accurate and stable performance compared to simpler algorithms such as P&O, it 

requires more computational power, adding complexity and cost to the control system. The 

flowchart of the incremental conductance method is depicted in Figure 2.38. 

 

Figure 2.38: Flowchart of the incremental conductance method [197]. 

 

2.10.6.3 Constant voltage algorithm 

The CV algorithm is a straightforward MPPT technique used in PV systems, where the PV 

array voltage is maintained at a constant value, close to the MPP voltage. This method is 

based on the observation that the voltage at the 𝑽𝑴𝑷𝑷 does not vary significantly with changes 

in irradiance or temperature. The algorithm involves measuring the open-circuit voltage 𝑽𝑶𝑪 of 

the PV module periodically, calculating a reference voltage 𝑽𝒓𝒆𝒇 as a constant fraction of 𝑽𝑶𝑪 

(typically between 0.7 and 0.8), and adjusting the operating voltage of the PV module to this 

reference voltage [198]. The advantages of the CV algorithm include its simplicity and minimal 

computational requirements, making it suitable for systems with stable environmental 

conditions. However, it is less efficient under varying irradiance and temperature conditions 

due to its assumption of a fixed relationship between 𝑽𝑴𝑷𝑷 and 𝑽𝑶𝑪, leading to potential power 
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loss [199]. This method is often used in small-scale PV systems, off-grid solar-powered 

devices, and small solar chargers. The CV-CC is shown in Figure 2.39. 

 

 

Figure 2.39: Constant-current constant-voltage (CC-CV) charging. 

 

2.10.6.4 Fuzzy logic control (FLC) 

Fuzzy Logic Control (FLC) is an advanced MPPT technique used in PV systems, characterized 

by its ability to handle non-linear and variable conditions without requiring a precise 

mathematical model. FLC mimics human decision-making processes by converting crisp input 

values such as voltage, current, and power into fuzzy variables using membership functions 

[200]. These inputs are then processed through a set of "IF-THEN" rules to produce an output. 

The algorithm steps include fuzzification, where input variables are converted into fuzzy 

values; rule evaluation, which combines the results of multiple fuzzy rules; and defuzzification, 

which converts the fuzzy output back into a crisp control action. 

The main equations for the FLC technique are as follows: 

Fuzzification 

In this step, input variables such as the change in power (ΔP) are converted into fuzzy values 

using membership functions. For example, the triangular membership function for ΔP can be 

expressed as:  

𝜇∆𝑃 (𝓍) = (max  (0,min
𝓍−𝑎

𝑏−𝑎
,
𝑐−𝓍

𝑐−𝑏
))                                                                                    (2.16) 

 

Where, 𝑎, 𝑏, and 𝑐 define the shape of the triangle. 

Rule Evaluation 

The fuzzy rules are then evaluated using logical operators. For instance, the minimum 

operator can be used for the AND condition as follows: 

 𝜇𝑜𝑢𝑡𝑝𝑢𝑡 = min(𝜇∆𝑃(𝓍), 𝜇∆V(𝒴))                                                                                     (2.17) 
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Defuzzification 

Finally, the output is converted back into a crisp value using the centroid method:  

𝑉𝑛𝑒𝑤 =
∫𝑎

𝑏
𝓍 .𝜇𝑜𝑢𝑡𝑝𝑢𝑡 (𝓍)𝑑𝓍

∫𝑎

𝑏
 𝜇𝑜𝑢𝑡𝑝𝑢𝑡 (𝓍)𝑑𝓍

                                                                                                     (2.18)                  

This method is robust against uncertainties and variations, making it effective in dynamic 

environments with frequent changes in irradiance and temperature [201]. However, FLC is 

more complex to design and requires expertise in fuzzy logic theory. It is particularly suitable 

for large-scale solar power plants and residential systems with dynamic shading patterns, 

providing high efficiency and adaptability compared to traditional methods like P&O and CV. 

The fuzzy logic controller is shown in Figure 2.40. 

 

Figure 2.40: Fuzzy logic control system structure [202]. 

 

2.10.6.5 Artificial neural networks (ANN) 

Artificial Neural Networks (ANNs) are increasingly used in EV fast charging systems, 

particularly for MPPT. ANNs offer adaptive and accurate solutions by learning from historical 

data and current operating conditions [203]. Here's an overview of the updated information and 

equations relevant to ANN-based MPPT for EV fast charging are structure, training and 

prediction.  Structure ANNs used for MPPT typically consist of multiple layers, including an 

input layer, hidden layers, and an output layer. The input layer receives parameters such as 

voltage, current, temperature, and irradiance. The hidden layers process this information, and 

the output layer provides the optimal operating point. The ANN is trained using a dataset that 

includes historical data of the system's performance under various conditions. This dataset 

must be extensive to cover a wide range of operating conditions. Once trained, the ANN can 

predict the MPP by analyzing the current operating conditions. This prediction helps in 
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adjusting the operating point to maximize the power extraction from the source [204]. As a 

result, each input neuron communicates with all hidden layer neurons, but every hidden layer 

neuron interacts with both the output layer through weights, as shown in Figure 2.41. 

 

 

 

Figure 2.41: Diagram of an artificial neural network [205]. 

 

Input Vector (X), the input to the ANN is a vector consisting of parameters affecting the MPP. 

For example:  

 

X = [𝑉𝑖𝑛, 𝐼𝑖𝑛 𝑇, 𝐺]                                                                                                                                (2.19) 

where, 𝑉𝑖𝑛 is the input voltage, 𝐼𝑖𝑛 is the input current, 𝑇 is the temperature, and 𝐺 is the 

irradiance. 

The output Y of the ANN is the predicted optimal voltage or current that corresponds to the 

MPP. For instance, if the output is the optimal voltage 𝑉𝑜𝑝𝑡, we have:  

𝑌 = 𝑉𝑜𝑝𝑡                                                                                                                                              (2.20) 

Each neuron in the ANN uses an activation function to introduce non-linearity. Common 

activation functions include sigmoid, tanh, and ReLU (Rectified Linear Unit): 

Sigmoide:          

σ (𝓍) =
1

1+𝑒𝑥                                                                                                                                      (2.21) 

 

𝑡𝑎𝑛ℎ    (𝓍) =
𝑒𝑥− 𝑒𝑥

𝑒𝑥+ 𝑒𝑥                                                                                                                            (2.22) 
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 𝑅𝑒𝐿𝑈   (𝓍) = (0, 𝓍)                                                                                                                           (2.23) 

During forward propagation, the input vector is passed through the layers of the ANN. The 

output of each neuron is calculated as: 

 

𝛼𝑗 = 𝜙 (∑ 𝓌𝑖𝑗𝓍𝒾 + 𝑏𝒿𝑖 )                                                                                                                       (2.24) 

where, 𝛼𝑗 is the activation of the neuron, 𝓌𝑖𝑗 are the weights, 𝓍𝒾 are the inputs, 𝑏𝒿 are the 

biases, and 𝜙 is the activation function. 

The performance of the ANN is evaluated using a cost function, which measures the difference 

between the predicted and actual values. A common cost function is the Mean Squared Error 

(MSE):  

 

𝐽 =
1

𝑛
 ∑ (𝑌𝑖 − Ŷ𝑖)

2𝑛
𝑖−1                                                                                                                              (2.25) 

where, 𝑌𝑖 is the actual value, Ŷ𝑖 is the predicted value, and 𝑛 is the number of training samples. 

To minimize the cost function, the ANN adjusts the weights and biases using the 

backpropagation algorithm. The gradients of the cost function with respect to the weights are 

calculated, and the weights are updated using gradient descent: 

 

𝓌𝑖𝑗  ←  𝓌𝑖𝑗 − 𝜂
𝜕𝐽

𝜕𝓌𝑖𝑗
                                                                                                                            (2.26) 

where, 𝜂 is the learning rate. 

The ANN is deployed in the EV fast charging system, where it continuously monitors the input 

parameters and predicts the MPP in real-time [206]. Regular performance monitoring is 

essential to update the training data with new operating conditions, ensuring better accuracy. 

The advantages of this approach include high accuracy in predicting the MPP, the ability to 

adapt to changing conditions, and improved efficiency in power extraction. However, the 

challenges involve the need for significant computational resources for training, a large and 

diverse dataset for effective training, and the computational intensity of real-time 

implementation. By leveraging ANN-based MPPT, EV fast charging systems can achieve 

higher efficiency and reliability, optimizing the charging process and reducing energy losses. 

2.10.6.6 Particle swarm optimization (PSO) 

Particle Swarm Optimization (PSO) is a swarm intelligence method inspired by the behavior of 

birds and fish. It has been widely applied in various engineering fields due to its strong global 

optimization capability, achieved through the cooperation and competition of group agents 
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[207]. In PV systems, PSO as illustrated in Figure 2.42, is used to track the MPP even under 

Partial Shading Conditions (PSC).  

 

Figure 2.42: The flowchart of the PSO algorithm. 

 

The operation of PSO relies on two basic principles: communication and learning. The method 

involves a group of particles, each with a position (𝑋𝑖(𝑡)) and a velocity 𝑉𝑖(𝑡)). The best position 

found by each particle, known as the personal best 𝑃𝑏𝑒𝑠𝑡(𝑡)), is stored in memory, while the 

best position found by the entire group, known as the global best 𝐺 (𝑡)), guides the swarm 

[208]. In each iteration, the velocity of the particles is updated using the following equation 

[2.27]. 

 

𝑉𝑖 (𝑡 + 1) = 𝑤𝑉𝑖(𝑡) + 𝑟1𝑐1 (𝑃𝑏𝑒𝑠𝑡 𝑖(𝑡)) − 𝑋𝑖 (𝑡)) + 𝑟2𝑐2 ( 𝐺(𝑡) − 𝑋𝑖(𝑡))                                      (2.27) 

 

Where the inertia coefficient is indicated by w. 𝑐1 , 𝑐2 are the coefficient of acceleration, 𝑟1 , 𝑟2 

are the uniform distributed coefficients in between range 0 and 1. 

The position of the agent is updated by Equation [2.28]. 

𝑋𝑖  (𝑡 + 1) = 𝑋𝑖(𝑡) + 𝑉𝑖(𝑡 + 1)                                                                                                        (2.28) 

Where 𝑋𝑖  (𝑡 + 1) is the updated position, 𝑋𝑖  (𝑡) denotes position, 𝑉𝑖(𝑡 + 1) is updated velocity 

position. 

By utilizing the above equation, PSO operates efficiently. However, it is prone to falling into 

local optima (LO) instead of finding the global maxima (GM). Additionally, it has a higher 

standard deviation and lower efficiency compared to improved grey wolf optimization. 

2.11 Summary  

Chapter Two provided a comprehensive review of EV charging technologies, including 

inductive, ultra-fast, and DC fast charging methods, as well as renewable integration, energy 
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management, and microgrid architectures. While significant progress has been made, the 

review identified key research gaps: DC fast charging systems still face stability challenges 

under fluctuating renewable generation, grid-connected PV chargers introduce harmonic 

distortion and power quality concerns, and the coordination of energy storage with PV and grid 

supply remains limited. Furthermore, modular converter topologies such as the Dual Active 

Bridge (DAB) encounter issues with current sharing, soft switching, and harmonic suppression. 

To address these gaps, this dissertation proposes a PV–BESS–grid-supported DC fast 

charging system that integrates advanced converter control, harmonic compensation, energy 

management strategies, and optimized DAB operation to enhance stability, reliability, and 

efficiency in renewable-based EV fast charging. 
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CHAPTER THREE 

SYSTEM ARCHITECTURE AND DC FAST CHARGING MODELLING 

 

 

3.1 Introduction  

The past decade has seen rapid advancements in EV charging technologies and grid 

integration, driven by the growing adoption of EVs and the demand for faster, more efficient 

charging solutions. This chapter focuses on developing a model of a DC off-board fast charging 

system that comprises three main stages, as shown in Figure 3.1, that PV stage, the AC grid 

stage, and the charger stage. The PV stage includes a PV array consisting of multiple solar 

panels that convert sunlight into direct current electricity, paired with a DC-DC converter 

featuring Maximum Power Point Tracking to optimize power extraction. The AC grid stage 

involves a front-end converter that connects the system to the AC grid, managing energy flow 

between the DC bus and the grid, thus facilitating energy draw or feed-back as needed. To 

enhance performance in this stage, a PI controller is implemented to regulate battery side DC 

voltage and current, ensuring stable operation. In the charger stage, a bidirectional DC charger 

converts the power for charging the EV battery while also allowing energy to flow back to the 

grid or home system when necessary. This stage also employs a PI controller to optimize the 

charging process and maintain battery health, ensuring efficient energy transfer and 

management across the system. The interconnection of these stages via a DC bus enables 

the DC fast charging system to operate optimally while maximizing the use of renewable 

energy, forming the basis for the detailed exploration of modeling and control strategies in this 

chapter. Additionally, the system's architecture has been modeled in MATLAB/Simulink to 

address key issues like charging efficiency and grid stability during peak demand periods, 

reducing the load on the grid by leveraging renewable energy sources. The detailed 

parameters of this study system are listed in Table 3.1. 

 

 

 
Figure 3.1: PV-grid-tied off-board EV charging system structure. 
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Table 3.1: Parameters of Grid Source Components in a DC fast charging system 

Parameter Description Value Rated 

AC line voltage  400 V 

AC line current 100 A 

Line resistance  0.02 Ω 

Line inductance 1.21 mH 

Line capacitance 5000 µF 

Transfer function coefficient 1e-06 𝑠 

𝐾𝑝, 𝐾𝑖 𝑃𝐼 parameters of current loop  0.248 – 21.692 

𝐾𝑝, 𝐾𝑖 PR parameters of PLL 0.05, 1.571 

Voltage controlled oscillator (VCO). 6.28 

Switch frequency 10 kHz 

System frequency  50 Hz 

 

The parameter values in Table 3.1 were obtained from a combination of control design 

methodologies, standard practice in literature, and validation through MATLAB/Simulink 

simulations. The PI and PR gains were tuned using the converter’s small-signal model and 

grid synchronization requirements, while the VCO value corresponds to the grid angular 

frequency (2π × 50 Hz). The switching frequency of 10 kHz reflects a common trade-off 

between dynamic performance and switching losses in medium-power converters.  

The load profile used for this study was analytically generated based on defined system 

parameters and typical EV fast charging demand patterns reported in the literature. This 

approach provides a realistic representation of daily charging demand for simulation purposes. 

The load profile illustrated in Figure 3.2, for three EV charging strategies demand charging, 

off-peak charging, and off-peak with Vehicle-to-Home (V2H) charging was analyzed over a 24-

hour period, demonstrating their impact on grid load and energy management. Demand 

charging peaks in the early morning, stabilizing during the day, creating higher stress on the 

grid during peak demand. Off-peak charging shifts energy consumption to low-demand 

periods, gradually increasing usage in the evening, which reduces grid strain and improves 

efficiency. The off-peak + V2H strategy involves charging during off-peak times and 

discharging energy back to the grid during peak hours, showing negative power values and 

enhancing grid stability through bidirectional energy flow. Variability within ±2 standard 

deviations highlights fluctuations in power demand due to charging patterns and battery SOC. 
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The integration of PV energy using a DC-DC boost converter with MPPT, a front-end converter 

with a bidirectional converter managing grid interaction, and a lithium-ion battery model for fast 

charging further supports the system’s efficiency, optimizing renewable energy use and grid 

reliability. 

 

Figure 3.2: Load profile for DC fast charging in EV system. 

 

3.2 Three-Phase Voltage Source Modeling 

In the developed DC fast charging system model for EVs, the grid is modeled as a balanced 

three-phase voltage source operating at 50 Hz. This voltage source provides the AC input to 

the AFE rectifier, which converts the AC power to DC to support fast charging. The grid is 

represented by a low-voltage three-phase network. This method focuses on the mathematical 

representation and application of the three-phase voltage source within the AC-DC conversion 

stage of the system. The grid input is modeled as three balanced sinusoidal voltages of equal 

amplitude and frequency, with each phase shifted by 120 degrees [209]. The instantaneous 

voltages for the three-phase (𝑎𝑏𝑐) are represented as: 

 

𝑣𝑎(𝑡) = 𝑉𝑚 sin(𝜔𝑡)                                                                                                                                (3.1) 

 

𝑣𝑏(𝑡) = 𝑉𝑚 𝑠𝑖𝑛 (𝜔𝑡 −
2𝜋

3
)                                                                                                                      (3.2) 

 

𝑣𝑐(𝑡) = 𝑉𝑚 𝑠𝑖𝑛 (𝜔𝑡 +
2𝜋

3
)                                                                                                                       (3.3) 

where, 

𝑣𝑎(𝑡), 𝑣𝑏(𝑡), 𝑣𝑐(𝑡) are the instantaneous voltages of phases 𝑎, 𝑏, and 𝑐, respectively. 
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𝑉𝑚 is the peak voltage of each phase.  

𝜔 = 2𝜋𝑓 is the angular frequency of the system, where 𝑓 is the grid frequency (typically 50 Hz 

or 60 Hz). 

𝑡 is time. 

In the phasor domain, these voltages can be expressed as: 

 

𝑉𝑎 = 𝑉𝑚∠0𝜊                                                                                                                                           (3.4) 

 

𝑉𝑏 = 𝑉𝑚∠−120𝜊                                                                                                                                    (3.5) 

 

𝑉𝑐 = 𝑉𝑚∠+120𝜊                                                                                                                                      (3.6) 

 

For practical calculations, the Root Mean Square (RMS) values of the voltages are used. The 

relationship between the peak voltage 𝑉𝑚 and the RMS voltage 𝑉𝑟𝑚𝑠 is given by [210]: 

 

𝑉𝑟𝑚𝑠 =
𝑉𝑚

√2
                                                                                                                                             (3.7) 

 

In a three-phase system, the line-to-line voltages (voltages between any two phases) are 

related to the line-to-neutral voltages by a factor of √3: 

 

𝑉𝐿𝐿 = √3 . 𝑉𝐿𝑁                                                                                                                                        (3.8)                                                                      

where, 

𝑉𝐿𝐿 is the line-to-line voltage. 

𝑉𝐿𝑁 is the line-to-neutral voltage (same as 𝑉𝑟𝑚𝑠 for a single phase). 

3.3 LC Filter  

The LC filter is implemented in the system model to remove unwanted harmonics from the AC 

supply before the AC-DC conversion stage in the active front-end rectifier. This ensures that a 

clean and smooth AC signal is fed into the rectifier, minimizing distortion and improving power 

quality. The LC filter consists of an inductor 𝐿𝑓 and a capacitor 𝐶𝑓 , which form a second-order 

low-pass filter. The primary goal is to attenuate high-frequency harmonic components 

generated by the switching actions of the rectifier while allowing the fundamental grid 

frequency (50 Hz) to pass with minimal attenuation. 

The transfer function of the LC filter in the Laplace domain is expressed as [211]: 
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𝐻(𝑠) =
𝑉𝑜𝑢𝑡(𝑠)

𝑉𝑖𝑛(𝑠)
=

1

𝐿𝐶𝑠2+𝑅𝐶𝑠+1
                                                                                                                           (3.9) 

 

Here, 𝑉𝑖𝑛(𝑠) represents the input AC voltage containing harmonic components, while 𝑉𝑜𝑢𝑡(𝑠) 

is the filtered output voltage. The filter consists of an inductance 𝐿, a capacitance 𝐶, and a 

series resistance 𝑅, which models resistive losses in the filter. The variable 𝑠 is the Laplace 

operator (complex frequency variable), used as a multiplier in the denominator terms to 

represent the system dynamics in the frequency domain. The filter's cut-off frequency 𝑓𝑐 is 

designed to be below the switching frequency of the rectifier, typically in the kilohertz range, to 

ensure that harmonics beyond this frequency are significantly attenuated: 

 

𝑓𝑐 =
1

2𝜋√𝐿𝑓𝐶𝑓
                                                                                                                                                     (3.10) 

 

The values of 𝐿𝑓 and 𝐶𝑓 are selected based on the desired attenuation of harmonics while 

maintaining low impedance at the grid frequency (50 Hz). The filter ensures that the 

fundamental frequency passes with minimal attenuation while significantly reducing harmonic 

components above 𝑓𝑐. 

3.3.1 Sinusoidal pulse width modulation (SPWM)  

The SPWM technique is implemented as a critical method for controlling the Voltage Source 

Converter (VSC). SPWM operates by comparing a sinusoidal reference waveform 

(representing the desired output) with a high-frequency triangular carrier waveform to generate 

precise switching pulses. These pulses drive the switching devices in the DAB converter, 

controlling the flow of power between the AC grid and the electric vehicle’s battery. 

In this design, the carrier waveform is typically triangular, while the reference signal is 

sinusoidal. The comparison between the two is essential for producing the desired output 

voltage. If the sinusoidal reference signal exceeds the triangular carrier, the output of the 

converter produces a positive DC voltage; if it is less, the output voltage becomes negative. 

This logic can be mathematically expressed as follows: 

 

𝑉𝑜𝑢𝑡 = |
+𝑉𝐷𝐶 , 𝑉𝑐𝑎𝑟𝑟𝑖𝑒𝑟  <  𝑉𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒

−𝑉𝐷𝐶 , 𝑉𝑐𝑎𝑟𝑟𝑖𝑒𝑟  <  𝑉𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒
                                                                                   (3.11) 

 

In the applied SPWM method utilized in the DAB converter for DC fast charging systems, the 

modulation index plays a crucial role in minimizing switching losses while maintaining a 

balanced condition for the rectifier. The MI directly impacts the output voltage level, making it 

a key parameter in optimizing converter performance. It is defined as the ratio of the sinusoidal 
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reference voltage 𝑉𝑠𝑖𝑛𝑢𝑠𝑜𝑖𝑑𝑎𝑙  to the triangular carrier voltage 𝑉𝑡𝑟𝑖𝑎𝑛𝑔𝑢𝑙𝑎𝑟. This relationship can 

be mathematically expressed as [212]. 

𝑀𝐼 =
𝑉𝑠𝑖𝑛𝑢𝑠𝑜𝑖𝑑𝑎𝑙

𝑉𝑡𝑟𝑖𝑎𝑛𝑔𝑢𝑙𝑎𝑟
                                                                                                                  (3.12) 

 

Here, 𝑀𝐼 represents the modulation index, with its maximum value being 1. However, there 

are some drawbacks to using SPWM. One major disadvantage is its inability to directly control 

the harmonics in the output signal. Additionally, it imposes limitations on the DC bus voltage. 

Although SPWM is an analog technique, its implementation is often done in the digital domain 

using a microcontroller, which introduces complexity in real-time signal conversion [213]. 

3.3.2 Park –clark transform 

By addressing time-domain variable issues, this technique contributes to the efficient and 

reliable operation of DC fast charging infrastructure. The transformation shifts the AC signals 

from the stationary reference frame (ABC) into a rotating reference frame 𝑑𝑞 as mention in 

equations (3.13), (3.14), allowing for more effective control of electric machines and grid 

synchronization, by transforming time-varying signals into steady-state values [214]. 

 

𝑃𝜃 =
2

3
[

𝑐𝑜𝑠𝜃 𝑐𝑜𝑠(𝜃 − 120𝑜) 𝑐𝑜𝑠(𝜃 + 120𝑜)

−𝑠𝑖𝑛𝜃 −𝑠𝑖𝑛(𝜃 − 120𝑜) −𝑠𝑖𝑛(𝜃 + 120𝑜)
1

2⁄
1

2⁄
1

2⁄
]                                                          (3.13) 

 

[

𝑉𝑑

𝑉𝑞
𝑉0

] = 𝑃𝜃 [
𝑉𝐴

𝑉𝐵

𝑉𝐶

]                                                                                                                   (3.14) 

 

When a three-phase system is transformed into the orthogonal reference frame αβ, it is 

referred to as the Clark transform. This transformation allows the conversion of three-phase 

currents or voltages into two orthogonal components, simplifying analysis and control in power 

systems is represented by the following equation: 

 

𝐶𝛼𝛽 =
2

3

[
 
 
 
 1 −1

2⁄
−1

2⁄

0 √3
2

⁄ −√3
2

⁄

1
2⁄

1
2⁄

1
2⁄ ]

 
 
 
 

                                                                                           (3.15) 

[

𝑉𝛼
𝑉𝛽

𝑉𝛾

] = 𝐶𝛼𝛽 [

𝑉𝐴

𝑉𝐵

𝑉𝐶

]                                                                                                                 (3.16) 
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3.3.3 Inverse Park Transform 

When the 𝑑𝑞-stationary frame is transformed back to the phase ABC frame, it is referred to as 

an inverse park transform. This transformation is represented by equations (3.17) and (3.18), 

which are known as the inverse-park transformation [215],[216]. 

 

[
𝑣𝛼

𝑣𝛽
] = [

𝑐𝑜𝑠𝛿   𝑠𝑖𝑛𝛿
sin 𝛿   𝑐𝑜𝑠𝛿

] [
𝑣𝑑

𝑣𝑞
]                                                                                                    (3.17) 

[

𝑉𝐴

𝑉𝐵

𝑉𝐶

] = 𝐼𝑑𝑞−𝑎𝑏𝑐 [

𝑉𝑑

𝑉𝑞
𝑉0

]                                                                                                            (3.18) 

3.3.4 PI controller 

Section 2.10.4 provides the standard PI controller formulation and a brief review of its use in 

charging systems. Building on that background, this section describes the PI controller as 

implemented in the developed DC fast-charging model. The controller used in the model is 

given in the time domain by equation (3.19) and in the Laplace domain by equation (3.20). In 

the implemented system, the proportional-integral controller is applied to maintain a stable 

feedback control loop by continuously measuring the error between the actual output and the 

reference set-point. The controller adjusts the system's response until the error is reduced to 

zero, ensuring accurate synchronization and smooth operation. However, in some cases, the 

PI controller may exhibit a slower response, particularly when external disturbances affect the 

system [217]. This is especially important in the context of DC fast charging for EVs, where 

fast and precise control is needed to manage voltage and current during the charging process. 

The PI controller in this system is mathematically represented by the equation [218]: 

 

𝑣𝑃𝐼(𝑡) = 𝐾𝑝𝑒(𝑡) + 𝐾𝑖 ∫ 𝑒(𝜏)𝑑𝑡
𝑡

0
                                                                                                            (3.19) 

 

where, 𝐾𝑝 is the proportional gain, 𝐾𝑖 is the integral gain, and 𝑒(𝑡) is the error signal at time 𝑡. 

By adjusting these gains, the PI controller helps optimize the charging process, improving 

system stability and response time. In the Laplace domain, the output of the PI controller can 

be expressed as 𝑉(𝑠). This representation allows the system to manage dynamic behavior 

and disturbances by regulating the output in proportion to both the present error and the 

accumulated past error. The PI controller’s transfer function in the Laplace domain is given by 

[219]: 

𝑉(𝑠) = 𝐾𝑝𝐸(𝑆) +
𝑘𝐼

𝑠
𝐸(𝑠)                                                                                                    (3.20)                             

In this research, the PI controller is employed both in the Phase-Lock Loop (PLL) and in the 

voltage and current control loops. The primary function of the PI controller within the PLL is to 
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generate the correct phase angle for the voltage by minimizing the error between the actual 

and reference signals. Similarly, in the voltage and current control loops, the PI controller works 

by comparing the actual values to the reference set-points, adjusting the output until the error 

is reduced to zero, ensuring smooth and accurate control. By adjusting the proportional and 

integral gains, the error can be further minimized, enhancing system performance. A trial-and-

error PI tuning method has been applied in this system to optimize the gains, stabilizing the 

output and ensuring a steady-state response. 

3.3.5 Phase-lock loop (PLL) 

To develop appropriate controllers, AC variables are represented within a rotating reference 

frame. This reference frame aligns with the angular velocity of the grid voltage phasor, 𝑣̅𝑎𝑐. In 

practical implementations, this alignment is achieved using a PLL [220], a control system 

designed to ensure that the angle of the 𝑑𝑞-reference frame 𝜃𝑑𝑞, accurately tracks the angle 

of the AC system, 𝜃𝑎𝑐. The PLL typically demonstrated in Figure 3.3, consists of three key 

components: a phase detector (PD), a loop filter (LF), and a voltage-controlled oscillator 

(VCO). The grid voltage 𝑣̅𝑎𝑐 can, thus, be expressed in the 𝑑𝑞-frame as follows in equation 

(3.21), [221]: 

 

Figure 3.3: Structure of PPL. 

 

𝑣𝑎𝑐,𝑑 + 𝑗𝑣𝑎𝑐,𝑞 = 𝑣𝑎𝑐(𝑐𝑜𝑠(𝜃𝑎𝑐 − 𝜃𝑑𝑞) + 𝑗 𝑠𝑖𝑛(𝜃𝑎𝑐 − 𝜃𝑑𝑞))                                                    (3.21) 

 

The 𝑃𝐿𝐿 control loop incorporates a phase detector that measures the phase difference 

between the grid voltage and the internal reference signal. The PI controller implemented in 

the Simulink model follows the standard form given in Eq. (2.10). The same formulation is 

applied in the final integrated system analysis (previously Eq. 3.78). This phase error is then 

processed by a PI controller, which generates a control signal to adjust the reference angle 

accordingly. The loop aims to minimize the error between the measured grid phase and the 

estimated reference phase, ensuring accurate synchronization with the grid [222]. 

 

𝜃𝑃𝐿𝐿 (𝑡) = 𝐾𝑝 . 𝑒(𝑡) + 𝐾𝑖 ∫ 𝑒(𝜏)𝑑𝑡                                                                                                           (3.22) 
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The output of the 𝑃𝐿𝐿 provides the phase angle 𝜃𝑃𝐿𝐿, which is used to transform the grid 

voltage into the synchronous reference frame. 

Transformation to the synchronous reference frame 𝒅𝒒𝟎 in the system model, the three-phase 

grid voltages 𝒗𝒂(𝒕), 𝒗𝒃(𝒕), 𝒗𝒄(𝒕) are transformed to the 𝒅𝒒𝟎 synchronous reference frame using 

Park's transformation [223]. This allows for simpler control of the rectifier in the synchronous 

𝒅 − 𝒒 axes. 

The transformation equations are: 

𝑣𝑑 =
2

3
[𝑣𝑎𝑐𝑜𝑠(𝜃𝑃𝐿𝐿) + 𝑣𝑏𝑐𝑜𝑠 (𝜃𝑃𝐿𝐿 −

2𝜋

3
) + 𝑣𝑐 cos  (𝜃𝑃𝐿𝐿 +

2𝜋

3
)]                                           (3.23)                                                       

𝑣𝑞 =
2

3
[𝑣𝑎𝑠𝑖𝑛(𝜃𝑃𝐿𝐿) + 𝑣𝑏𝑠𝑖𝑛 (𝜃𝑃𝐿𝐿 −

2𝜋

3
) + 𝑣𝑐 𝑠𝑖𝑛  (𝜃𝑃𝐿𝐿 +

2𝜋

3
)]                                            (3.24) 

where, 

𝑣𝑑 and 𝑣𝑞 are the direct and quadrature components of the grid voltage in the synchronous 

reference frame. 𝜃𝑃𝐿𝐿 is the phase angle provided by the 𝑃𝐿𝐿. 

In the developed DC fast charging system for EVs, the control scheme ensures efficient power 

conversion and stable operation, as illustrated in Figure 3.4 shows the grid-side voltage-

oriented control (VOC) of the two-level VSI. The DC-link voltage controller provides 𝐼𝑑_𝑟𝑒𝑓 

(outer loop) while the reactive/PF controller sets 𝐼𝑞_𝑟𝑒𝑓 (outer reactive setpoint). The current 

errors 𝛥𝑑 = 𝐼𝑑_𝑟𝑒𝑓 −  𝑖𝑑_𝑚𝑒𝑎𝑠 and 𝛥𝑞 =  𝐼𝑞_𝑟𝑒𝑓 −  𝑖𝑞_𝑚𝑒𝑎𝑠 are regulated by PI current 

controllers; their outputs are fed to the PWM modulator which drives the two-level VSI. For the 

simulations in this work, 𝐼𝑞_𝑟𝑒𝑓 =  0 is used to maintain unity power factor unless stated 

otherwise. 

 

 

 

 

 

                                                                                                                                 [224]. 
Figure 3.4: Control Scheme of the phase grid voltage and current conversion 
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Figure 3.4 grid-side VOC block diagram for the two-level VSI. Outer DC-link voltage controller 

generates 𝐼𝑑_𝑟𝑒𝑓  the reactive power / power-factor controller provides 𝐼𝑞_𝑟𝑒𝑓 (set to 0 for 

unity power factor). Inner current control loops regulate 𝑖𝑑 and 𝑖𝑞 (PI controllers), whose 

outputs are modulated by PWM and applied to the two-level inverter. Measured grid currents 

are Clarke/Park transformed using the PLL angle to produce id_meas and 𝑖𝑞_𝑚𝑒𝑎𝑠 for 

feedback. 

 

3.4 Front-End AC-DC Converter 

The Active Front-End (AFE) converter has been implemented and designed as a key 

component in the DC fast charging system for electric vehicles, performing both AC-DC 

conversion and PFC as illustrated in Figure 3.5. The AFE is connected to the utility grid through 

a filter to ensure efficient power conversion. During the system's design phase, a typical AFE 

control strategy based on voltage-oriented control was employed.  

 

Figure 3.5: Frontend converter and DC link capacitor subcircuit. 

 

To analyze the front-end converter, the following mathematical equations are utilized. Here, 𝐿𝑠

 and 𝑅𝑠 represent the inductance and resistance of the boost inductor on the input side, 

respectively, and 𝜔 denotes the natural frequency. The terms 𝑉𝑑𝑞, 𝑖𝑑𝑞, and 𝑉𝑐𝑜𝑛𝑣.𝑑𝑞 correspond 

to the grid-side voltages, grid-side currents, and converter-side voltages, respectively, in the 

𝑑𝑞 reference frame. Additionally, 𝐼𝑑𝑐  and 𝐼𝑙𝑜𝑎𝑑 represent the total DC current and the DC load 

current, respectively [225]. 

 

𝑉𝑑 = 𝑖𝑑𝑅𝑠 + 𝐿𝑠
𝑑𝑖𝑑

𝑑𝑡
− 𝜔𝐿𝑠𝑖𝑞 + 𝑉𝑐𝑜𝑛𝑣.𝑑                                                                                                   (3.25) 

 

𝑉𝑞 = 𝑖𝑞𝑅𝑠 + 𝐿𝑠
𝑑𝑖𝑞

𝑑𝑡
− 𝜔𝐿𝑠𝑖𝑑 + 𝑉𝑐𝑜𝑛𝑣.𝑞                                                                                                   (3.26) 
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Additionally, the DC load side of the front end can be represented mathematically as follows. 

 

𝐶𝑑𝑐
𝑑𝑉𝑑𝑐

𝑑𝑡
= 𝐼𝑑𝑐 − 𝐼𝑙𝑜𝑎𝑑                                                                                                                            (3.27) 

 

In this system, PFC is essential to improve the efficiency of power transfer from the grid. The 

IGBT bridge controls the input current to follow the grid voltage phase. The power factor is 

calculated as [226]: 

 

𝑐𝑜𝑠(𝜙) =
𝑃

𝑆
=

𝑉𝑟𝑚𝑠𝐼𝑟𝑚𝑠

√𝑉𝑅𝑀𝑆
2 +𝐼𝑟𝑚𝑠

2
                                                                                                                      (3.28) 

where, 

In the system, 𝑃 represents the active power, while 𝑆 is the apparent power. The variables 𝑉𝑟𝑚𝑠 

and 𝐼𝑟𝑚𝑠 correspond to the root-mean-square values of the grid voltage and current, 

respectively. This method ensures the current drawn from the grid remains sinusoidal and 

aligned with the voltage, optimizing the grid's utilization for EV charging. The purpose of the 

grid-side inductor is to reduce any remaining harmonics that are not effectively filtered by 𝐿𝑐 

and  𝐶𝑓.  The inductor limits the rate of current change, while the capacitor smooths the voltage 

by providing a low-impedance path for high-frequency components [227]. 

The transfer function of a basic LC filter is given by: 

𝐻(𝑠) =
𝑉𝑜𝑢𝑡(𝑠)

𝑉𝑖𝑛(𝑠)
=

1

1+𝑠𝑅𝐶+𝑠2𝐿𝐶
                                                                                                (3.29) 

where, 𝑅 represents the equivalent series resistance (ESR) of the components, 𝐿 is the 

inductance value, 𝐶 is the capacitance value, and 𝑠 is the Laplace transform variable. 

The cut-off frequency 𝑓𝑐 is selected based on the switching frequency of the IGBT bridge, 

ensuring it effectively filters out higher-order harmonics while maintaining system stability: 

𝑓𝑐 =
1

2𝜋
√

𝐿𝑔+𝐿𝑓

𝐿𝑔𝐿𝑓𝐶𝑓
                                                                                                                    (3.30) 

This determines the frequency beyond which attenuation occurs. The LC filter 

components 𝐿𝑔, 𝐿𝑓 and 𝐶𝑓 are chosen to ensure that high-frequency harmonics (in the kHz 

range) are sufficiently attenuated, with typical total harmonic distortion reduction to below 5%, 

meeting IEEE 519 standards. For an LC low-pass filter, the characteristic impedance is given 

by: 
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𝑍0 = √
𝐿

𝐶
                                                                                                                                (3.31) 

which determines the filter’s ability to reject high-frequency noise. 

In the applied system, the LC filter's design minimizes the THD in the current waveform, 

improving power quality by ensuring the harmonic content is reduced: 

𝑇𝐻𝐷 =
√∑ 𝐼𝑛

2∞
𝑛=2

𝐼1
                                                                                                                                      (3.32) 

where, 

𝐼𝑛 is the RMS value of the nth harmonic, 

𝐼1 is the RMS value of the fundamental component. 

The LC filter ensures a clean AC signal fed into the rectifier, reducing THD and improving the 

efficiency of the DC fast charging system. Table 3.2 presents the power converter component 

parameters.  

Table 3.2: Parameters of Grid Components in the Power conversion system 

Parameter Description Value Rated 

AC line voltage 400 V 

Rated DC bus voltage 800 V 

Converter output voltage 900 V 

Converter output current 100 A 

DC Charger power 90 kW 

Inductance 𝐿 10e-6 H 

Capacitance 𝐶𝐷𝐶 1200 µF 

Switch frequency 10 kHz 

System frequency 50 Hz 

𝐾𝑝, 𝐾𝑖 𝑃𝐼 parameters of DC-

DC 
0.248 – 21.692 

Sample time 2 s 

Power efficiency 𝜂 0.95 % 

Power factor 0.998 

EV battery capacity 50 Ah 

Response time 1 s 

Nominal temperature 25 ℃ 

Initial battery SoC 25 % 

3.5 Dual Active Bridge Converter in DC Fast Charging System 

In the developed DC fast charging system for electric vehicles, the DAB converter, as shown 

in Figure 3.6, is implemented to ensure efficient energy transfer between the AC grid and the 
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EV battery. This DAB converter regulates both the DC voltage and current during the charging 

process, providing essential galvanic isolation and enabling bidirectional power flow. The 

system's design includes two active bridges—one on the input side connected to the AC-DC 

conversion stage and one on the output side connected to the EV battery. These bridges are 

interconnected through a high-frequency transformer and a series inductance 𝐿𝑘, which allow 

for efficient power transfer. The converter’s switches, 𝑆1 to 𝑆8 , are actively controlled to 

manage the power flow, ensuring accurate voltage and current regulation as required by the 

battery charging profile. This setup allows the system to handle voltage step-up or step-down 

operations with minimal power loss. By integrating the DAB converter into the system, the fast 

charger achieves optimized energy transfer, ensuring that the EV battery is charged rapidly 

and safely. The soft-switching capability of the DAB also minimizes switching losses, 

contributing to the high efficiency and stability of the developed charging system. This ensures 

that the power delivered to the EV is precise, meeting the demand for fast and reliable 

charging. 

 

Figure 3.6: Dual active bridge converter. 

 

3.5.1 Power flow analysis 

In the developed DC fast charging system for electric vehicles, the dual active bridge DC-DC 

converter plays a critical role in managing bidirectional power flow between the AC grid and 

the vehicle's battery. This bidirectional capability enables both the charging and discharging 

processes, including V2G functionality. In the applied system, power flow is regulated by 

adjusting the phase shift between the primary and secondary bridges, which directly controls 

the magnitude and direction of the power transfer. This phase-shift control is essential for 

maintaining stable DC bus voltage while following the CC and CV charging profiles, which are 

critical for efficient and safe battery charging. Key components such as the leakage inductance 

𝐿𝑘 and the high-frequency transformer are integral to the power transfer dynamics. Their 

interaction with the phase-shift control determines the system’s overall efficiency and energy 

conversion capabilities. To further optimize performance, wide-bandgap semiconductor 
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materials like SiC are used in the switching devices. These SiC devices allow for high power 

handling with reduced losses, especially when operating at high frequencies. The DAB 

converter in this system consists of two full-bridge circuits, each utilizing complementary 

square-wave pulses to drive the switching devices. The increased switching frequency takes 

advantage of the high-frequency properties of SiC, reducing the impact of the transformer's 

magnetizing inductance and allowing the system to focus on the leakage inductance for power 

transfer. The power equation governing the converter's operation is derived from the square-

wave voltages applied across the high-frequency transformer’s terminals, ensuring efficient, 

reliable power conversion for the DC fast charging process, as shown in Figure 3.7. This design 

provides the robust performance required to support modern fast charging infrastructure while 

ensuring safety and efficiency throughout the charging cycle. 

 

 

Figure 3.7: High frequency equivalent dual active bridge. 

 

In the implementation of the DAB converter for DC fast charging systems, the power flow is 

controlled through a method known as phase shift modulation. This technique adjusts the 

phase angle between the control pulses of the primary and secondary bridges, thereby 

managing the direction and magnitude of power transfer between the two DC buses. In the 

applied design, as illustrated in Figure 3.8, power transfer from the primary bridge to the 

secondary bridge is achieved by phase-shifting the control pulses of switches 𝑆1 and 𝑆4 on 

the primary side and switches 𝑆5 and 𝑆8 on the secondary side by a positive phase angle +𝛿. 

Conversely, when the phase shift is applied negatively, the secondary bridge becomes the 

leading bridge, and power flows back from the secondary bridge to the primary bridge.  
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Figure 3.8: Dual active bridge waveforms. 

 

The symmetry of the current waveform 𝑖𝑖𝑘(𝑡), which flows through the leakage inductance, 

plays a crucial role in simplifying the power flow analysis. This symmetry allows for an analysis 

over just half of the switching period, reducing computational complexity while maintaining the 

accuracy of the results. The design approach, as depicted by the current derivative equation 

(3.33), simplifies the representation of the inductor current by focusing on the voltage 

difference between the primary and secondary windings of the high-frequency transformer. By 

leveraging this symmetrical waveform, the system's power transfer behavior becomes more 

predictable, aiding in the precise control and design of the converter. 

 

𝑑𝑖𝑖𝑘(𝑡)

𝑑𝑡
=

𝑉𝑝𝑟𝑖(𝑡)−𝑉𝑠𝑒𝑐(𝑡)

𝐿𝑘
                                                                                                           (3.33) 

 

A half-cycle consists of two distinct intervals: the first spans from (0 < 𝜃 < 𝛿), while the second 

covers (𝛿 < 𝜃 < 𝜋). Based on the current waveform shown in Figure 3.8, solving equation 

(3.30), yields the respective expressions for these two time periods in (3.34), is fundamental 

to understanding how the voltage difference between the primary and secondary sides drives 

the current change through the leakage inductance 𝐿𝑘 over the switching time interval 𝑑𝑇.  

 

𝑉𝑖𝑛 +
𝑉𝑜𝑢𝑡

𝑛
= 𝐿𝑘

𝐼1+𝐼2

𝑑𝑇
, 𝑓𝑜𝑟 0 < 𝑡 < 𝑑𝑇                                                                                   (3.34) 

 

The equation (3.35) represents the voltage-current relationship during the second portion of 

the switching period in a power converter. It describes how the input and reflected output 

voltages continue to drive the current through the leakage inductance during the time interval 

(1 − 𝑑)𝑇, which follows the primary switching phase.  
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𝑉𝑖𝑛 +
𝑉𝑜𝑢𝑡

𝑛
= 𝐿𝑘

𝐼1+𝐼2
(1−𝑑)𝑇

, 𝑓𝑜𝑟 𝑑𝑇 < 𝑡 < 𝑇                                                                                (3.35) 

 

This equation defines key parameters in the system. Here, 𝑛 represents the transformer turns 

ratio, while 𝑇 denotes the duration of a half-cycle within the switching period. The variables 𝐼1 

and 𝐼2 correspond to the inductor current at specific switching events. Additionally, 𝐷 signifies 

the phase shift duty ratio between the two bridges, commonly referred to as the converter’s 

duty cycle. 

By combining the results of equations (3.36) and (3.37), as demonstrated in [228], the average 

output current and corresponding power expression of the converter can be derived. Equation 

(3.36) provides the average output current, while Equation (3.37) relates this current to the 

converter’s power transfer capability. Together, they highlight how the average output current 

and output power depend on input voltage, duty cycle, transformer turns ratio, and leakage 

inductance: 

𝐼𝑜𝑢𝑡 =
(1−|𝑑|)𝑑𝑇𝑉𝑖𝑛

𝑛𝐿𝑘
                                                                                                                (3.36) 

 

To calculates the power 𝑃 delivered by a power converter. factors influence the power transfer, 

with the power being directly proportional to 𝑉𝑖𝑛 and 𝑉𝑜𝑢𝑡, and inversely proportional to 𝑛 and 

𝐿𝑘. 

𝑃 = 𝑉𝑜𝑢𝑡𝐼𝑜𝑢𝑡 =
(1−|𝑑|)𝑑𝑇𝑉𝑖𝑛𝑉𝑜𝑢𝑡

𝑛𝐿𝑘
                                                                                            (3.37)  

 

For the energy transfer inductance while analyzing key system parameters, including the 

switching frequency 𝑓𝑠 and the maximum power duty cycle 𝑑. The leakage inductance 𝐿𝑘 is 

expressed as a function of the input and output voltages, duty cycle, switching frequency, 

transformer turns ratio, and maximum power: 

 

𝐿𝑘 =
(1−|𝑑|)𝑑𝑉𝑖𝑛𝑉𝑜𝑢𝑡

2𝑓𝑠𝑛𝑃𝑚𝑎𝑥
                                                                                                             (3.38)  

 

It is important to note that the half-cycle period 𝑇 has been redefined in terms of the converter’s 

switching frequency to establish a clearer foundation for future discussions and graphical 

representation. Figure 3.9 illustrates the relationship between energy transfer inductance and 

varying switching frequencies, with maximum power occurring at different duty cycles. As 

shown, a higher switching frequency significantly reduces the required inductance for optimal 

power transfer. While the duty cycle also influences the inductance value, its impact becomes 

less pronounced at higher switching frequencies. 
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Figure 3.9: Inductance dimension. 

 

The condition where the inductor currents become equal, i.e., 𝐼1 = 𝐼2, implies that under certain 

operating points, the currents flowing through the leakage inductance in both directions (during 

different portions of the switching period) are the same. This symmetry can simplify the 

analysis of the DAB converter, as it shows that the energy transfer from the input side to the 

output side is balanced when the currents 𝐼1 and 𝐼2 are equal. 

 

𝐼1 =
𝑇

2𝐿𝑘
(2

𝑉𝑜𝑢𝑡

𝑛
𝑑 + 𝑉𝑖𝑛 −

𝑉𝑜𝑢𝑡

𝑛
)                                                                                             (3.39) 

 

𝐼2 =
𝑇

2𝐿𝑘
(2𝑉𝑖𝑛𝑑 − 𝑉𝑖𝑛 +

𝑉𝑜𝑢𝑡

𝑛
)                                                                                               (3.40) 

 

When the primary reflected output voltage matches the input voltage, the current expressions 

can be simplified as follows: 

𝐼1 =
𝑇

2𝐿𝑘
(2

𝑉𝑜𝑢𝑡

𝑛
𝑑)                                                                                                                (3.41) 

 

𝐼2 =
𝑇

2𝐿𝑘
(2𝑉𝑖𝑛𝑑)                                                                                                                  (3.42) 

 

∴ 𝐼1 = 𝐼2                                                                                                                             (3.43) 

This shows that under the condition 
𝑉𝑜𝑢𝑡

𝑛
= 𝑉𝑖𝑛, the inductor currents 𝐼1 and 𝐼2are equal, 

confirming the symmetry in energy transfer during each half cycle. 
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Determining the resonant frequency of an 𝐿𝐶 circuit is essential for optimizing energy transfer 

by properly balancing inductance and capacitance. 

𝑓𝑟 =
1

2𝜋√𝐿𝑘𝐶𝑠
                                                                                                                        (3.44) 

 

Here, 𝑓𝑟 represents the resonant frequency, and 𝐶𝑠 denotes the snubber capacitance. The 

current flowing instantaneously through the capacitance is expressed as: 

 

𝐼𝐶𝑆 = 𝐶𝑆
𝑑𝑉𝐶𝑆

𝑑𝑡
                                                                                                                       (3.45) 

Since the equivalent capacitance observed by the inductor during the switching intervals is 

twice that of a single snubber capacitor, due to the complementary transistor pair, the total 

inductor current can be expressed as: 

 

𝐼𝐿𝑘 = 2𝐼𝐶𝑆 = 2𝐶𝑆
𝑑𝑉𝐶𝑆

𝑑𝑡
                                                                                                          (3.46) 

 

The modulation index (𝑀), also referred to as the voltage gain, is a key parameter that 

quantifies the ratio of output voltage to input voltage, normalized by the turns ratio of the 

transformer. If 𝑀 = 1, the output voltage is equal to the input voltage [228], adjusted by the 

turns ratio. If 𝑀 > 1, the output voltage is greater than the input voltage (boost operation), and 

if 𝑀 < 1, the output voltage is lower than the input voltage (buck operation). 

 

𝑀 =
𝑉𝑜𝑢𝑡

𝑛𝑉𝑖𝑛
                                                                                                                             (3.47) 

 

The equations below for currents 𝐼1 and 𝐼2 describe their relationships with input voltage, 

switching period, leakage inductance, modulation index, and duty cycle in a converter's 

operation. For 𝐼1, the term 2𝑀𝑑 highlights the modulation index and the duty cycle's impact, 

while 1 − 𝑀 captures additional modulation effects, illustrating current dynamics during one 

phase of the switching cycle. Conversely, 𝐼2 emphasizes the duty cycle's influence 

through 2𝑑 and includes the term −1 + 𝑀 for extra modulation effects, reflecting how current 

flow is adjusted in another part of the switching period based on input conditions and control 

strategies. 

 

𝐼1 =
𝑇𝑉𝑖𝑛

2𝐿𝑘
 (2𝑀𝑑 + 1 − 𝑀)                                                                                                    (3.48) 

 

𝐼2 =
𝑇𝑉𝑖𝑛

2𝐿𝑘
 (2𝑑 − 1 + 𝑀)                                                                                                      (3.49) 
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Equation (3.50) compares the energy stored in the leakage inductance 𝐿𝑘 and the capacitor 

𝐶𝑠 in circuit. The inequality states that the energy in the leakage inductance must be at least 

four times greater than the energy in the capacitor, 

 

𝐸𝐿𝑘 ≥ 𝐸𝐶𝑆 →
1

2
𝐿𝑘𝑖𝑖𝑘

2 ≥ 4(
1

2
𝐶𝑠𝑉𝐶𝑆

2 )                                                                                       (3.50) 

where 

𝐸𝐿𝑘 is the energy stored in the leakage inductance, 𝐸𝐶𝑆 represents the energy stored in the 

snubber capacitor.  

The emphasis is that maintaining a sufficiently high current is essential for proper circuit 

operation in equation (3.51). Higher voltage across the capacitor results in a greater required 

current through the inductor, while the circuit's natural frequency is affected by both 

capacitance and inductance.  

 

𝑖𝐿𝑘 ≥ 2𝑉𝐶𝑆√
𝐶𝑠

𝐿𝑘
                                                                                                                     (3.51) 

 

Equations (3.52) and (3.53) outline minimum current requirements for a converter's operation. 

Equation (3.52) specifies that the current through the leakage inductance during a specific part 

of the switching cycle must meet a threshold based on the input voltage, switching period, 

leakage inductance, modulation index, and duty cycle. Equation (3.53) similarly establishes a 

minimum current during another phase of the switching cycle, ensuring sufficient current for 

efficient energy transfer from the input to the output. 

𝐼1 =
𝑇𝑉𝑖𝑛

2𝐿𝑘
 (2𝑀𝑑 + 1 − 𝑀) ≥ 2𝑉𝑖𝑛√

𝐶𝑠

𝐿𝑘
                                                                                   (3.52) 

 

𝐼2 =
𝑇𝑉𝑖𝑛

2𝐿𝑘
 (2𝑑 − 1 + 𝑀) ≥ 2𝑉𝑜𝑢𝑡√

𝐶𝑠

𝐿𝑘
                                                                                    (3.53) 

 

This equation provides a lower bound for the duty cycle 𝑑. It considers the modulation index 

𝑀, which governs the voltage conversion, and the resonant interaction between the leakage 

inductance 𝐿𝑘 and the capacitance 𝐶𝑠,𝑖.  

 

𝑑 ≥
𝑀−1

2𝑀
+

2√𝐿𝑘𝐶𝑠,𝑖

𝑇𝑀
                                                                                                               (3.54) 

 

To ensure that the duty cycle is large enough to allow for proper voltage conversion and energy 

transfer in the system as depicted in equation (3.55).  
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𝑑 ≥
𝑀−1

2
+

2𝑀𝑛√𝐿𝑘𝐶𝑠,𝑜

𝑇
                                                                                                                            (3.55) 

 

Equation (3.57) is used to calculate the peak current on the low-voltage side of the converter 

during the on-state of the switching cycle. This expression shows that as either the duty cycle 

or the output voltage increases, the peak current also rises. Equation (3.58) converts the peak 

current from equation (3.57) into its RMS equivalent. RMS current is a metric for assessing the 

heating effect and power dissipation in circuit components of transformers and inductors. For 

a sinusoidal waveform, the RMS value is 
1

√2
 of the peak value. 

 

𝐼𝑆𝑃𝑒𝑎𝑘,𝐿𝑉 =
𝑇

2𝐿𝑘
(2

𝑉𝑜𝑢𝑡

𝑛
𝑑)                                                                                                      (3.57) 

 

𝐼𝑆𝑅𝑀𝑆,𝐿𝑉 =
𝐼𝑆𝑃𝑒𝑎𝑘,𝐿𝑉

√2
                                                                                                              (3.58) 

 

Equation (3.59) is used to calculate the conduction losses in a single switch of the converter. 

These losses depend on the on-state resistance 𝑅𝑑𝑠  of the switch and the square of the RMS 

current, and can be derived using Ohm’s Law [229]. The total conduction losses in the 

converter by summing the losses from all four switches. Since each switch contributes to the 

total losses, the total power dissipation is four times the conduction loss of a single switch as 

depicted in equation (3.60). 

 

𝑃𝑐𝑜𝑛𝑑,𝑠𝑤 = 𝑅𝑑𝑠𝐼𝑆𝑅𝑀𝑆,𝐿𝑉
2                                                                                                                         (3.59) 

 

𝑃𝑐𝑜𝑛𝑑,𝑏𝑟𝑖𝑑𝑔𝑒 = 4𝑃𝑐𝑜𝑛𝑑,𝑠𝑤 = 4𝑅𝑑𝑠𝐼𝑆𝑅𝑀𝑆,𝐿𝑉
2                                                                               (3.60) 

 

The voltage on the primary side of the converter is controlled by the switching states of 

switches 𝑆1 and 𝑆2. The difference between the two switching functions determines whether 

the input voltage 𝑉𝑖𝑛 is applied across the primary winding of the converter or whether the 

winding is short-circuited (i.e., no voltage is applied). When both switches are in the same 

state, no voltage is applied. By adjusting the switching pattern (the timing of turning 𝑆1 and 𝑆2 

on or off), the primary side voltage 𝑉𝑝𝑟𝑖 can be modulated to achieve the desired power transfer. 

The voltage on the secondary side of the converter is controlled by the switching states of 

switches 𝑆5 and 𝑆6. As with the primary side, the difference between these two switching 

functions determines whether the output voltage 𝑉𝑜𝑢𝑡 is applied across the secondary winding 
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of the transformer. When 𝑆5 and 𝑆6 are in opposite states, the output voltage is applied. When 

they are in the same state, no voltage is applied. The switching control on the secondary side 

is essential for managing the power delivered to the load battery. By adjusting the timing and 

sequence of the switching functions, the secondary voltage 𝑉can be modulated to regulate the 

power flow on the output side. 

 

𝑉𝑝𝑟𝑖 = 𝑉𝑖𝑛{𝑆1 − 𝑆2}                                                                                                                               (3.61) 

 

𝑉𝑠𝑒𝑐 = 𝑉𝑜𝑢𝑡{𝑆5 − 𝑆6}                                                                                                                            (3.62) 

 

The electrical energy is transferred between the primary and secondary sides of the 

transformer. The equation (3.63) represents how the capacitor balances the energy flow 

between the input and output. When 𝑖𝑑𝑐 the input DC current is higher than𝑖𝑜𝑢𝑡, the excess 

current is temporarily stored in the capacitor. This smooths out the power delivery, preventing 

sudden surges to the output and stabilizing the charging process. When 𝑖𝑜𝑢𝑡 exceeds 𝑖𝑑𝑐, the 

capacitor discharges, providing the deficit to maintain a steady output current to the EV battery. 

Table 3.3 shows the switching state of the output bridge. 

 

𝑖𝐶 = 𝑖𝑑𝑐 − 𝑖𝑜𝑢𝑡                                                                                                                                     (3.63) 

 

Table 3.3: Switching state of the output bridge 

𝑺𝟓 𝑺𝟔 𝒊𝒅𝒄 

0 0 0 

0 1 −𝑖𝑙𝑘 

1 0 𝑖𝑙𝑘 

1 1 0 

 

 

The equation (3.64) signifies that the DC current 𝑖𝑑𝑐 is directly proportional to the leakage 

inductance current 𝑖𝑙𝑘, modulated by the switching behaviour. When the switches are 

appropriately controlled, 𝑖𝑙𝑘 contributes to 𝑖𝑑𝑐, transferring power from the source to the battery. 

When 𝑆5 is on and 𝑆6 is off (or vice versa), the converter operates in a particular mode that 

determines the direction and magnitude of current flow.  

 

𝑖𝑑𝑐 = 𝑖𝑙𝑘{𝑆5 − 𝑆6}                                                                                                                (3.64) 
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This equation (3.65) represents the balance of voltages and currents within the system during 

operation. It ensures that the energy supplied from the primary side matches the energy 

delivered to the secondary side, factoring in losses due to load resistance and the behaviour 

of the leakage inductance. 

 

𝑉𝑝𝑟𝑖 −
𝑁𝑝

𝑁𝑠
𝑉𝑠𝑒𝑐 − 𝑅𝐿𝑖𝑙𝑘 − 𝐿𝑘

𝑑𝑖𝑙𝑘

𝑑𝑡
= 0                                                                                      (3.65) 

 

Equation (3.66) describes the inductor current dynamics in the DAB converter, illustrating how 

the input and output voltages, along with the transformer turns ratio, impact current flow 

through the leakage inductance during switching intervals. To represent the switching functions 

𝑆1, 𝑆2, 𝑆5, and 𝑆6 in the time domain, they can be expanded using the Fourier transform. 

 

𝑅𝐿𝑖𝑙𝑘 + 𝐿𝑘
𝑑𝑖𝑙𝑘

𝑑𝑡
= 𝑉𝑖𝑛 {𝑆1 − 𝑆2} −

𝑁𝑝

𝑁𝑠
𝑉𝑜𝑢𝑡 {𝑆5 − 𝑆6}                                                               (3.66) 

 

Figure 3.10 demonstrates the distribution of power loss components across varying output 

power levels in a MOSFET-based system. As the output power increases, the total power loss 

also grows, with switching losses in the secondary components representing the largest 

portion of the total losses, especially at higher power levels. In contrast, primary conduction 

losses remain relatively minor, while both primary switching losses and secondary conduction 

losses make moderate contributions. This pattern emphasizes the impact of secondary 

switching losses on the system’s thermal management and the need for efficiency 

optimization, particularly at elevated power outputs. 

 

Figure 3.10: Power loss distribution in MOSFET components across varying output power 

levels. 
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The harmonic structure of the switching signal in a DAB converter used for DC fast charging 

of electric vehicles. The Fourier series expansion of the switching waveform allows for precise 

control of power transfer by adjusting the amplitude and phase of the harmonics. Properly 

managing the harmonic content is essential for optimizing the performance of the converter, 

minimizing losses, and ensuring efficient energy transfer from the grid to the EV battery. 

 

𝑆𝑘 =
1

2
+

2

𝜋
∑

sin([2𝑛+1]{𝜔𝑠−𝛼𝑘})

[2𝑛+1]
𝑁
𝑛=0 , 𝑁 ≥ 0, 𝐾 = 1,2,3…                                                         (3.67) 

 

where, 

𝑆𝑘 represents the switching signal for the 𝑘 − 𝑡ℎ harmonic component in the converter. 

2

𝜋
∑ = 0𝑁

𝑛  is the Fourier series expansion of the switching waveform. The fundamental 

frequency is 𝜔𝑠, and 𝛼𝑘 represents the phase shift of the 𝑘 − 𝑡ℎ harmonic. The [2𝑛 + 1] 

corresponds to the odd harmonics in the Fourier series. 𝑁 ≥ 0 indicates the number of 

harmonics. 𝐾 = 1,2,3…, this indicates the harmonic order. The value of 𝐾 determines which 

harmonic component is being described. Based on the Fourier theory, increasing the number 

of harmonics in the summation brings the Fourier series representation closer to the original 

signal. This is illustrated in Figure 3.11, where adding more harmonics leads to a closer 

approximation of the ideal square wave.  

 

 

Figure 3.11: Fourier series approximation of a square wave. 
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Equations (3.68.a–3.68.d) describe the relationships among input and output voltages and 

currents, power, phase shift angles, harmonics, and efficiency. By controlling the phase shift 

angles, these parameters can be effectively managed. 

The equations for 𝑆1, 𝑆2, 𝑆3, 𝑆4, 𝑆5 and 𝑆6 in a converter for DC fast charging are expressed as 

Fourier series, representing the complex switching waveforms of the transistors. These 

waveforms are composed of a fundamental component and higher-order harmonics, which 

influence the converter’s performance. 𝑆1 describes the first switch's waveform, oscillating 

around a midpoint with harmonic components adjusting its shape. 𝑆2 is similar but phase-

shifted by 𝜋 radians, delaying it by half a cycle to control power flow. 𝑆5 represents the 

secondary-side switch, phase-shifted by 𝛿 to modulate power transfer, while 𝑆6 mirrors 𝑆5 with 

an additional 𝜋 phase shift to ensure synchronized switching for efficient power transfer 

between the primary and secondary sides of the converter. 

  

𝑆1 =
1

2
+

2

𝜋
∑ [

sin([2𝑛+1]{𝜔𝑠𝑡})

[2𝑛+1]
] , 𝑁 ≥ 0, 𝑘 = 1,2,3…𝑁

𝑛=0                                                         (3.68.a) 

 

𝑆2 =
1

2
+

2

𝜋
∑ [

sin([2𝑛+1]{𝜔𝑠−𝜋})

[2𝑛+1]
] , 𝑁 ≥ 0, 𝑘 = 1,2,3…𝑁

𝑛=0                                                       (3.68.b) 

 

𝑆5 =
1

2
+

2

𝜋
∑ [

sin([2𝑛+1]{𝜔𝑠−𝛿})

[2𝑛+1]
] , 𝑁 ≥ 0, 𝑘 = 1,2,3…𝑁

𝑛=0                                                       (3.68.c) 

 

𝑆6 =
1

2
+

2

𝜋
∑ [

sin([2𝑛+1]{𝜔𝑠−𝛿−𝜋})

[2𝑛+1]
] , 𝑁 ≥ 0, 𝑘 = 1,2,3…𝑁

𝑛=0                                                   (3.68.d) 

The equations below describe the output voltage rate of change (
𝑑𝑉𝑜𝑢𝑡

𝑑𝑡
) in the converter, crucial 

for managing voltage during electric vehicle fast charging. The right-hand side indicates that 

this change is a function of the output voltage 𝑉𝑜𝑢𝑡 and the phase shift (𝛿) between primary 

and secondary switching signals, which controls power transfer. Load current (−𝑖𝑙𝑜𝑎𝑑) 

decreases the voltage, so the converter compensates to maintain stable operation. 

Capacitance 𝐶𝑜𝑢𝑡) influences voltage dynamics, with larger capacitance smoothing out 

variations. The transformer’s turns ratio (𝑁𝑝/𝑁𝑠) scales the voltage from primary to secondary. 

The harmonic series summation reflects the impact of harmonics on power transfer, while 

impedance terms (𝑍[𝑛] and 𝜙𝑍[𝑛]) govern how current flows and timing is controlled across 

harmonic frequencies. The interaction between input voltage, output voltage, and impedance 

affects how effectively power is transferred through the converter. 
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𝑑𝑉𝑜𝑢𝑡

𝑑𝑡
= 𝑓(𝑉𝑜𝑢𝑡, 𝛿) = −𝑖𝑙𝑜𝑎𝑑 +

8

𝐶𝑜𝑢𝑡𝜋
2

𝑁𝑝

𝑁𝑠
∑ [

1

[2𝑛+1]2
× {

𝑉𝑖𝑛

|𝑍[𝑛]|
𝑐𝑜𝑠𝑡([2𝑛 + 1]𝛿 − 𝜑𝑍[𝑛]) −𝑁

𝑛=0

𝑁𝑝

𝑁𝑠

𝑉𝑜𝑢𝑡

|𝑍[𝑛]|
𝑐𝑜𝑠𝑡(𝜑𝑧[𝑛])}]                                                                                                                           (3.69) 

 

Where, 𝑍[𝑛] = √𝑅𝐿
2 + (2𝜋𝑓𝑠[2𝑛 + 1]𝐿𝑘)    𝑎𝑛𝑑  𝜑𝑍[𝑛] = 𝑡𝑎𝑛−1 (

2𝜋𝑓𝑠[2𝑛+1]𝐿𝑘

𝑅𝐿
).                          (3.70) 

 

A standard linearization technique based on the small-signal analysis is then applied to derive 

a linearized model.  The dynamic behavior of the output voltage (𝑉𝑜𝑢𝑡) in the converter during 

DC fast charging of electric vehicles, showing how small variations in output voltage, load 

current, and phase shift affect the voltage's rate of change. The steady-state behavior is 

represented by the base function 𝑓(𝑉𝑜𝑢𝑡0, 𝛿0𝑖𝑙𝑜𝑎𝑑0) while the partial derivatives account for 

sensitivities to changes in voltage (∆𝑉𝑜𝑢𝑡), load current (∆𝑖𝑙𝑜𝑎𝑑), and phase shift (∆𝛿). These 

variations reflect how the converter responds to perturbations, helping to analyze and control 

its stability and efficiency in power transfer to the battery in the equation [3.68]. 

 

𝑑(𝑉𝑜𝑢𝑡+∆𝑉𝑜𝑢𝑡

𝑑𝑡
 ≈ 𝑓(𝑉𝑜𝑢𝑡0,𝛿0,𝑖𝑙𝑜𝑎𝑑0) +

𝜕𝑓

𝜕𝑉𝑜𝑢𝑡
|0 ∆𝑉𝑜𝑢𝑡 +

𝜕𝑓

𝜕𝑖𝑙𝑜𝑎𝑑
|0 ∆𝑖𝑙𝑜𝑎𝑑 +

𝜕𝑓

𝜕𝛿
|0 ∆𝛿                             (3.71) 

 

The various parameters influence voltage behavior over time. Equation (3.72.a) shows 

changes in output voltage ∆𝑉𝑜𝑢𝑡 evolve due to variations in phase shift ∆𝛿 and load current 

∆𝑖𝑙𝑜𝑎𝑑, with coefficients 𝐴, 𝐵𝛿, and 𝐵𝐼 quantifying the sensitivities of the output voltage to those 

changes. Equation (3.72.b) specifies that coefficient 𝐴 quantifies the impact of output voltage 

variation on its rate of change, incorporating the transformer turns ratio [
𝑁𝑝

𝑁𝑠
], output capacitance 

(𝐶𝑜𝑢𝑡), and the effects of harmonics. Equation (3.72.c) describe 𝐵𝛿 which captures phase shift 

variation influences output voltage, depending on transformer characteristics, circuit 

impedance and phase differences. The equation (3.72.d) presents 𝐵𝐼 indicating the direct 

influence of load current variations on output voltage, inversely proportional to output 

capacitance.  

 

𝑑∆𝑉𝑜𝑢𝑡

𝑑𝑡
= 𝐴∆𝑉𝑜𝑢𝑡 + 𝐵𝛿∆𝛿 + 𝐵𝐼∆𝑖𝑙𝑜𝑎𝑑                                                                                                       (3.72.a) 

 

𝐴 =
−8

𝐶𝑜𝑢𝑡𝜋
2 (

𝑁𝑝

𝑁𝑠
)
2
∑

cos (𝜑𝑍[𝑛])

[𝑛+1]2|𝑍[𝑛]|
𝑁
𝑛=0                                                                                        (3.72.b) 

 

𝐵𝛿 =
−8

𝐶𝑜𝑢𝑡𝜋
2

𝑁𝑝

𝑁𝑠
∑ [

cos(𝜑𝑍[𝑛]−[2𝑛+1]𝛿0)

[2𝑛+1]|𝑍[𝑛]|
]𝑁

𝑛=0                                                                             (3.72.c) 
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𝐵𝐼 = −
1

𝐶𝑜𝑢𝑡
                                                                                                                       (3.72.d) 

3.5.2. Bidirectional DAB current controller design 

The bidirectional dual active bridge converter in a DC fast charger serves to regulate battery 

side DC voltage and current efficiently. It achieves this by controlling the phase shift between 

the primary and secondary H-bridges, allowing bi-directional power flow with high efficiency. 

The key to controlling the DAB converter is the phase shift 𝛿 between the two bridges. This 

phase shift governs how much power is transferred through the transformer, and the DAB 

control loop adjusts this phase shift to match power demand. The DAB control system uses a 

current control loop where the output current is regulated based on reference signals. The 

detailed bidirectional DAB current control loop is depicted in Figure 3.12. 

 

 

Figure 3.12: Current control structure. 

 

Where the PI controller, as shown in equation (3.73), governs how the phase shift 𝛿 influences 

the output current. The transfer function for the system is: 

 

𝐺(𝑆) =
𝐵𝛿

𝑠−𝐴
                                                                                                                                             (3.73) 

 

A PI controller is implemented to reduce the error between the actual output and the reference 

signals. Given that the plant function is first-order, a PI controller is an optimal choice, as it 

ensures zero steady-state tracking error [230],[231]. The transfer function of the PI controller, 

as defined in equation (3.74), is: 

 

𝐺(𝑆) = 𝐾𝑝 +
𝐾𝑖

𝑠
                                                                                                                                      (3.74) 

 

Here, 𝐾𝑝 is the proportional gain, addressing immediate voltage errors, while 𝐾𝑖 is the integral 

gain, eliminating steady-state errors. 

The control system transfer function, combining the PI controller and system transfer function, 

is given by equation (3.75). 
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𝐹(𝑠) = 𝐶(𝑠)𝐺(𝑠) = (𝐾𝑝 +
𝐾𝑖

𝑠
) (

𝐵𝛿

𝑠−𝐴
)                                                                                                      (3.75) 

 

This captures 3.13 how the controller adjusts the phase shift 𝛿 to regulate the DAB converter's 

output voltage in response to load conditions, ensuring efficient power delivery. 

The system uses a closed-loop feedback mechanism that continuously monitors the output 

voltage 𝑉𝑜𝑢𝑡 and current 𝐼𝑜𝑢𝑡  of the DC-DC converter as shown in Figure 3.13. These values 

are compared to predefined reference values for voltage 𝑉𝑟𝑒𝑓  and current 𝐼𝑟𝑒𝑓 , which align with 

the charging profile of the EV. The system then adjusts the duty cycle of the converter’s 

switching devices to maintain stable charging conditions. In the developed system, sensors 

actively measure the output voltage and current, feeding this data into the control loop for real-

time comparison with the reference values.  

 

Figure 3.13: Voltage controller closed-loop block diagram. 

 

The PI controllers are applied to minimize the difference between the reference and actual 

values. For voltage control, the error is calculated as: 

𝑒𝑣(𝑡) = 𝑉𝑟𝑒𝑓(𝑡) − 𝑉𝑜𝑢𝑡(𝑡)                                                                                                                       (3.76) 

And for current control: 

𝑒𝑖(𝑡) = 𝐼𝑟𝑒𝑓(𝑡) − 𝐼𝑜𝑢𝑡(𝑡)                                                                                                                       (3.77) 

These error values are processed by the PI controllers, generating the required control signals 

to adjust the converter’s duty cycle (3.78): 

𝑢(𝑡) = 𝐾𝑝𝑒(𝑡) + 𝐾𝑖 ∫ 𝑒(𝜏)𝑑𝑡
𝑡

0
                                                                                                               (3.78) 

This output from the PI controller determines the duty cycle 𝐷, which regulates the power 

delivered to the EV battery. The duty cycle 𝐷 of the DC-DC converter’s switching devices 

directly affects the output voltage, as expressed by: 
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𝑉𝑜𝑢𝑡 = 𝐷 . 𝑉𝑖𝑛                                                                                                                                       (3.79) 

The open-loop and closed-loop performance of the system is illustrated through Bode plots 

and step response curves, as shown in Figure 3.14 and Figure 3.15, demonstrating its stability 

and control characteristics. 

 

 

Figure 3.14: Open-loop Bode plot of DAB current controller. 

 

Figure 3.15: Closed-loop step response of DAB current controller. 

 

By dynamically adjusting the duty cycle, the control system ensures that the output voltage 

and current are stable and follow the predefined reference values, enabling efficient charging. 

During CC mode, where high current is needed initially for fast charging, the duty cycle is 

adjusted to maintain a constant current: 
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𝐷 =
𝐼𝑜𝑢𝑡

𝐼𝑟𝑒𝑓
                                                                                                                                              (3.80) 

As the battery approaches its full charge, the system transitions to CV mode, and the duty 

cycle is adjusted to maintain a constant voltage: 

𝐷 =
𝑉𝑟𝑒𝑓

𝑉𝑜𝑢𝑡
                                                                                                                                               (3.81) 

This seamless transition between CC and CV modes is essential for adhering to the battery's 

charging profile and ensuring safe operation throughout the process. 

The PI controller’s integral term eliminates any steady-state error, while the proportional term 

responds quickly to dynamic changes in the charging process. This is especially important 

when the system switches between CC and CV modes. The control strategy not only prevents 

overcharging or overheating but also maximizes efficiency in energy conversion. The average 

output current from the DAB stage can be expressed as: 

𝐼𝑜_𝑎𝑣𝑒 =
𝑉𝐷𝐶𝑁𝛿

𝜔𝑠𝑤𝐿𝑖𝑘𝜋
                                                                                                                                 (3.82) 

The relationship between the phase shift 𝛿 and output current is inherently nonlinear but can 

be linearized for controller design, allowing for better performance across a range of power 

levels.  

3.6 Photovoltaic Modelling 

When investigating the integration of PV systems into the grid or standalone systems, it is 

essential to comprehend the operational principles of a solar PV panel. A solar PV panel 

consists of an array of numerous PV cells interconnected in series and parallel configurations. 

These PV cells are typically constructed from layers of p-type and n-type silicon. In the PV 

stage, a unidirectional DC-DC converter is typically used to maximize power extraction from 

each solar module in a PV array while maintaining the voltage at the converter's output, which 

is connected to the system's DC bus. Table 3.4 demonstrates the PV system component 

parameters. 

Figure 3.16 illustrates the current-voltage (I-V) and power-voltage (P-V) characteristics of a PV 

module, emphasizing the short-circuit current (𝐼𝑆𝐶), which occurs when the voltage is zero, and 

the open-circuit voltage (𝑉𝑂𝐶), which is the maximum achievable voltage when the current is 

zero. The product of voltage and current at specific set-points determines the power extracted 

from the PV module. The P-V curve reveals a distinct MPP, defined by a particular current 

(𝐼𝑀𝑃𝑃) and voltage (𝑉𝑀𝑃𝑃) under steady irradiance. A DC-DC converter's key role in a PV 

system is to maintain operation at the MPP [232]. 
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Table 3.4: PV system component parameters 

Parameter Description Value Rated 

Rated voltage (𝑉𝑚𝑝𝑝)  54.7 V 

Rated current (𝐼𝑚𝑝𝑝)  5.58 V 

Open-circuit voltage (𝑉𝑜𝑐)  64.2 V 

Short-circuit current (𝐼𝑠𝑐)  5.96 A 

Input current  400 A - 200 A 

Input voltage  200 V - 100 VDC 

Output voltage  440 V -220 VDC 

Output current 175 A - 87.46 A 

Output power 76.85 Kw – 19.76 kw 

Battery current  80 A 

Battery voltage 443 V 

Battery power  35.4 KW 

Duty cycle 0.5286 s 

Power temperature coefficient  −0.35%/°C 

Voltage temperature coefficient  −0.2727 mV/°C 

Current temperature coefficient  0.06175 mA/°C 

 

 

 

Figure 3.16: I–V and P–V curve characteristics of a PV module. 
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Figure 3.17 illustrates the single-diode model. In this model, the electrical energy produced by 

the PV panel is represented by a photo-current 𝐼𝑝ℎ, which is directly proportional to solar 

irradiance [233]. The series resistance 𝑅𝑠 accounts for the internal resistance of the PV panel, 

while the shunt resistance 𝑅𝑠ℎ represents the leakage current.   

 

Figure 3. 17: Single diode model of solar PV module. 

 

The output current of the PV module is described by the single-diode model with series and 

shunt resistances. The implicit equation used is 

𝐼𝑝𝑣 = 𝐼𝑝ℎ − 𝐼𝑑 (𝑒𝑥𝑝 (
𝑉𝑝𝑣+𝐼𝑝𝑣𝑅𝑝𝑣

𝑛𝑉𝑇
) − 1) −

𝑉𝑝𝑣+𝐼𝑝𝑣𝑅𝑠

𝑅𝑠ℎ
                                                                                      (3.83)           

The diode current 𝐼𝑝ℎ is defined as follows: 

𝐼𝑑 = 𝐼𝑜 (𝑒
(
𝑉𝑑+𝐼𝑃𝑉𝑅𝑠

𝑎𝑉𝑡
)
− 1)                                                                                                                     (3.84) 

The photo-current 𝐼𝑝ℎ is given by: 

𝐼𝑝ℎ = (𝐼𝑆𝐶 + 𝐾1(𝑇𝑐𝑒𝑙𝑙 − 𝑇𝑟𝑒𝑓)) 𝜆                                                                                                            (3.85) 

The terms in the equations above are defined as follows: 

𝑉𝑑: Diode voltage;  

𝐼𝑜: PV cell saturation current; 

𝐾𝑇

𝑞
: Thermal voltage of the PV cell, where 𝑘 is the Boltzmann constant (1.38 . 10−23 𝐽/𝐾), 𝑇 is 

the temperature of the PV cell in Kelvin (K), and 𝑞 is the electron charge (1.6 × 10−19𝐶); 

A: ideality factor of the p-n junction diode; 

𝐼𝑺𝑪: Short-circuit current of the PV cell at standard test conditions, which are 1000 W/𝑚2 and 

25°C; 

𝐾1: Temperature coefficient of the PV cell's short-circuit current; 
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𝑇 𝑐𝑒𝑙𝑙  and 𝑇 𝑟𝑒𝑓: Operating and reference temperatures of the PV cell, respectively. 

λ: Solar irradiance in W/𝑚2. 

The non-linear model depicted in Figure 3.17, can be simplified by disregarding the effects of 

both series resistance 𝑅𝑠 and shunt resistance 𝑅𝑠ℎ. Furthermore, by neglecting ground leakage 

and the minor diode currents under zero terminal voltage and given that 𝐼𝑝ℎ≫𝐼𝑶, it can be 

concluded that 𝐼𝑆𝐶  ≅ 𝐼𝑝ℎ. Consequently, the equivalent circuit of the single-diode model can 

be simplified as shown in Figure 3.18, where the diode current 𝐼𝒅 is represented by 𝐴𝑒𝐵∗𝑉𝑝𝑣. In 

this expression, 𝐴 denotes the reverse saturation current of the PV panel, 𝐵 represents the 

inverse of the thermal voltage of the PV panel, and 𝑉𝑝𝑣 is the output voltage of the PV panel. 

 

Figure 3.18: Simplified equivalent circuit of a single diode solar PV model. 

 

The equation for the simplified non-linear model can be expressed as:  

𝐼𝑝𝑣 = 𝐼𝑆𝐶 − 𝐴𝑒𝐵∗𝑉𝑝𝑣                                                                                                                             (3.86) 

The model where the PV array supports the grid, this approach is highly effective for electrical 

simulations. While the complexity of the system can make control analysis and design 

challenging, a linear modeling approach has been applied to simplify these aspects. Linear 

models, like the Norton equivalent model, are utilized to accurately represent the behavior of 

PV panels near the MPP. For voltages below 𝑉𝑀𝑃𝑃, the Norton model provides a response 

comparable to the non-linear model, making it suitable for integration in the grid-supportive PV 

system [234]. Figure 3.19 demonstrates this Norton model in the context of the system.  

 

Figure 3.19: Norton equivalent model of PV panel. 
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As depicted in Figure 3.19, this model incorporates the short-circuit current 𝐼𝑆𝐶, which is 

proportional to the irradiance. This feature enables the analysis of the PV system under varying 

irradiance conditions [235]. 

The equivalent resistance of the Norton model, denoted as 𝑅𝑝𝑣 can be expressed as: 

𝑅𝑝𝑣 =
𝑉𝑀𝑃𝑃

𝐼𝑆𝐶−𝐼𝑀𝑃𝑃
                                                                                                                                     (3.87) 

Figure 3.20 presents a comparison of the current-voltage and power-voltage characteristic 

curves for the single-diode simplified model and the Norton equivalent model, corresponding 

to Figures 3.20 (a) and (b), respectively. 

 

 

(a) 

 

 

(b) 

Figure 3.20: PV panel model curves: (a) current–voltage characteristic; (b) power-voltage 

characteristic. 
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 3.6.1 DC-DC Boost converter 

A boost converter steps up the source DC voltage. It is used to attain a constant voltage by 

varying its duty ratio (D), which can be adjusted between 0 to 1.  Boost converter uses a DC 

input switch IGBT, diode and a capacitive filter and load. The DC-DC boost converter can 

increase the voltage while decreasing the current and keeping the same power at the output 

side. By changing the value of D, output voltage of converter is varied [236], [237]. Basic circuit 

connection of the boost converter is demonstrated in Figure 3.21. 

 

Figure 3.21: Basic circuit connection of boost converter. 

 

Design considerations 

Figure 3.22 illustrates a boost converter, a type of switching converter that functions by 

repeatedly turning an electronic switch on and off. It is referred to as a boost converter because 

it produces an output voltage that exceeds the input voltage. Most boost converters are 

designed for continuous-current operation, with the necessary inductance for this mode 

calculated using equation [3.96]. Equations [3.98] and [3.101] express the output voltage 

ripple. High switching frequencies are desirable because they reduce the size of both the 

inductor and the capacitor. Specifically, as the switching frequency increases, the minimum 

size of the inductor required to maintain continuous current and the minimum size of the 

capacitor needed to limit output ripple both decreases. However, higher switching frequencies 

can also increase power loss in the switches, thereby decreasing the converter's efficiency. 

Typical switching frequencies are above 20 kHz to avoid audio noise and can extend into the 

MHz range. Some designers consider switching frequencies around 500 kHz to be the best 

compromise between small component size and efficiency. Others prefer frequencies around 

50 kHz to minimize switching losses, while some opt for frequencies above 1 MHz. 

Assumptions made in this section include the following: 

• Steady-state conditions are presented. 

• The switching period is 𝑻, with the switch closed for duration 𝑫𝑻 and open for (𝟏 − 𝑫)𝑻. 

• The inductor current remains continuous (always positive). 

• The capacitor is very large, maintaining a constant output voltage 𝑽𝟎. 
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• All components are ideal. 

The analysis continues by evaluating the inductor’s voltage and current during the intervals 

when the switch is closed and when it is open. 

 

(a) 

 

(b) 

 

(c) 

Figure 3.22: DC-DC boost converter. (a) circuit diagram; (b) equivalent circuit with the switch 

closed; (c) equivalent circuit with the switch open [238]. 

 

With the switch closed, the diode becomes reverse-biased, preventing current flow through it. 

Applying Kirchhoff’s voltage law to the loop that includes the source, inductor, and the closed 

switch yields: 

𝑽𝑺 = 𝑳
𝒅𝒊𝑳

𝒅𝒕
                                                                    (3.88)  
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The operation and behavior of the boost converter can be better understood by examining the 

key waveforms associated with its components during one complete switching cycle. These 

waveforms are illustrated in Figure 3.23, which presents the time-domain profiles of (a) inductor 

voltage 𝒗𝑳, (b) inductor current 𝒊𝑳, , (c) diode current 𝒊𝑫, and (d) capacitor current 𝒊𝑪. 

Figure 3.23(a) shows the inductor voltage waveform over a switching period 𝑻. When the 

switch is closed (during the interval 𝟎 < 𝒕 < 𝑫𝑻), the inductor is directly connected to the 

source, and the voltage across it is equal to the source voltage 𝑽𝒔. In this interval, the diode is 

reverse-biased and prevents current flow to the output stage. When the switch opens (during 

𝑫𝑻 < 𝒕 < 𝑻), the inductor discharges its stored energy through the diode to the output, and the 

inductor voltage becomes 𝑽𝒔 − 𝑽𝒐. 

Figure 3.23(b) illustrates the corresponding inductor current 𝒊𝑳, which increases linearly while 

the switch is closed, due to the constant voltage 𝑽𝒔,  across the inductor. When the switch 

opens, the inductor current decreases linearly as energy is delivered to the load. The ripple in 

the inductor current, denoted as 𝜟𝒊𝑳 , depends on the inductance value and switching interval. 

Figure 3.23(c) presents the diode current 𝒊𝑫,  which is zero during the switch-on interval (when 

the diode is reverse-biased), and equals the inductor current during the off interval (when the 

diode conducts). This waveform reflects the unidirectional conduction nature of the diode in a 

boost converter. 

Figure 3.23(d) shows the capacitor current 𝒊𝑪 , which receives current from the inductor through 

the diode during the switch-off period. During the switch-on interval, the capacitor supplies the 

load alone, resulting in a current of −𝑽𝒐/𝑹, where 𝑹 is the load resistance. The shaded area 

under the waveform indicates the net charge variation in the capacitor over one switching 

cycle. 

The current variation rate is constant, resulting in a linear increase in current while the switch 

is closed, as illustrated in Figure 3.23b. The change in inductor current is described by 

equations (3.89) and (3.90) as follows: 

𝜟𝒊𝑳

𝜟𝒕
=

𝜟𝒊𝑳

𝑫𝑻
=

𝑽𝑺

𝑳
                                                                                      (3.89)  

Solving for 𝜟𝒊𝑳 for the switch closed 

(𝜟𝒊𝑳)𝒄𝒍𝒐𝒔𝒆𝒅 =
𝑽𝑺𝑫𝑻

𝑳
                                                                                                    (3.90) 
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Figure 3.23: Boost converter waveforms: (a) Inductor voltage, (b) inductor current, (c) diode 

current, and (d) capacitor currents [238]. 

 

When the switch is opened, the inductor current cannot change instantaneously. 

Consequently, the diode becomes forward biased. The voltage across the inductor and the 

resulting variation in the inductor current are described as follows: 

𝒗𝑳 = 𝑽𝑺 − 𝑽𝑶 = 𝑳
𝒅𝒊𝑳

𝒅𝒕
                                (3.91)                                        

𝒅𝒊𝑳

𝒅𝒕
=

𝑽𝑺−𝑽𝑶

𝑳
                                    (3.92)                                                   

The rate of variation of the inductor current remains constant; therefore, the current changes 

linearly while the switch is open. the change in inductor current while the switch is open is 

[238]: 

𝜟𝒊𝑳

𝜟𝒕
=

𝜟𝒊𝑳
(𝟏−𝑫)𝑻

=
𝑽𝑺−𝑽𝑶

𝑳
                                                                   (3.93) 

Solving for 𝜟𝒊𝑳 

(𝜟𝒊𝑳)𝒐𝒑𝒆𝒏 =
(𝑽𝑺−𝑽𝑶)(𝟏−𝑫)𝑻

𝑳
                                                                                                    (3.94) 

In steady-state operation, the net variation in inductor current is zero. Consequently, using 

equations (3.90) and (3.94), 

(Δ𝑖𝐿)𝑐𝑙𝑜𝑠𝑒𝑑 + (Δ𝑖𝐿)𝑜𝑝𝑒𝑛 = 0                                                                                                    

𝑉𝑠𝐷𝑇

𝐿
+

(𝑉𝑠−𝑉𝑜)(1−𝐷)𝑇

𝐿
= 0                                                                                                         (3.95) 
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Solving for 𝑉𝑜, 

𝑉𝑠(𝐷 + 1 − 𝐷) − 𝑉𝑜(1 − 𝐷) = 0 

𝑉𝑜 =
𝑉𝑠

1−𝐷
                                                                                                                               (3.96) 

In steady-state periodic operation, the average voltage across the inductor over one complete 

switching cycle must be zero. This condition ensures that the inductor’s current returns to its 

initial value at the end of each cycle. Mathematically, this can be expressed by calculating the 

time-averaged inductor voltage over a full switching period. 

𝑉𝐿 = 𝑉𝑠𝐷 + (𝑉𝑠 − 𝑉𝑜)(1 − 𝐷) = 0                                                                                        (3.97) 

The average current through the inductor is assessed by equating the average power supplied 

by the source to the average power absorbed by the load. Consequently, the output power can 

be determined as: 

𝑷𝑶 =
𝑽𝑶

𝟐

𝑹
= 𝑽𝑶𝑰𝑶                                        

(3.98) 

The average current through the inductor can be expressed as: 

𝑰𝑳 =
𝑽𝑺

(𝟏−𝑫)𝟐𝑹
=

𝑽𝑶
𝟐

𝑽𝒔𝑹
=

𝑽𝑶𝑰𝑶

𝑽𝒔
                                                          (3.99) 

The maximum inductor current 𝑰𝒎𝒂𝒙 and the minimum inductor current 𝑰𝒎𝒊𝒏 are defined as 

follows: 

𝑰𝒎𝒂𝒙 = 𝑰𝑳 +
𝜟𝒊𝑳

𝟐
=

𝑽𝑺

(𝟏−𝑫)𝟐𝑹
+

𝑽𝑺𝑫𝑻

𝟐𝑳
                                             (3.100) 

𝑰𝒎𝒊𝒏 = 𝑰𝑳 −
𝜟𝒊𝑳

𝟐
=

𝑽𝑺

(𝟏−𝑫)𝟐𝑹
−

𝑽𝑺𝑫𝑻

𝟐𝑳
                                              (3.101) 

For a boost converter to be designed for continuous-current operation, the inductor value must 

exceed 𝐿𝒎𝒊𝒏. The minimum inductance required for continuous current operation in the boost 

converter is given by: 

𝑳𝒎𝒊𝒏 =
𝑫(𝟏−𝑫)𝟐𝑹

𝟐𝒇
                                                                      (3.102) 

The inductance 𝐿 can be expressed in terms of the desired variation in the inductor current 𝛥𝑖𝐿 

as follows [238]: 
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𝑳 =
𝑽𝑺𝑫𝑻

𝜟𝒊𝑳
=

𝑽𝑺𝑫

𝜟𝒊𝑳𝒇
                                                                         (3.103) 

Voltage Ripples 

The previous equations assumed a constant output voltage, which corresponded to an infinite 

capacitance. In practice, a finite capacitance results in fluctuations in the output voltage, 

leading to voltage ripples. The peak-to-peak voltage ripple can be assessed from the capacitor 

current depicted in Figure 3.23d. The variation in capacitor voltage can be determined as 

follows: 

∆𝑽𝑶

𝑽𝑶
=

𝑫

𝑹𝑪𝒇
                                                                                       (3.104) 

where 𝒇 is the switching frequency.  

Therefore, the capacitance can be expressed in terms of voltage ripples as: 

𝒄 =
𝑫

𝑹(
∆𝑽𝑶
𝑽𝑶

)𝒇
                                                                                               (3.105) 

The equivalent series resistance (ESR) of the capacitor can significantly affect the voltage 

ripple. The peak-to-peak variation in capacitor current, as shown in Figure 3.23d, closely 

resembles the maximum current through the inductor. The voltage ripple due to the ESR is 

given by [238]: 

∆𝑉𝑜,𝐸𝑆𝑅 = ∆𝑖𝐶𝑟𝐶 = 𝐼𝐿,𝑚𝑎𝑥𝑟𝐶                                                                          (3.106) 

 

3.6.2 PV system / boost converter control for maximum power extraction 

To optimize power extraction under varying solar irradiance conditions, the PV system must 

regulate its output through control of the converter switch. In this context, the converter is 

managed using the MPPT algorithm based on the P&O method, which is favored for its 

simplicity and ease of implementation. The duty cycle is automatically adjusted to generate the 

voltage needed to extract the maximum power from the PV array. The output power 𝑃𝑃𝑉 of the 

PV system can be expressed as: 

𝑷𝑷𝑽 = 𝑽𝑷𝑽  𝑰𝑷𝑽                                                                   (3.107) 

Where  𝑉𝑃𝑉 and 𝐼𝑃𝑉 represent the voltage and current of the photovoltaic system, respectively. 

The relationship between the PV voltage 𝑉𝑃𝑉 and the DC link voltage 𝑉𝑑𝑐 is described by the 

following equation [239]: 

𝑉𝑃𝑉 =  (
1

1−𝐷
) 𝑉𝑑𝑐                                                               (3.108) 



111 

 

3.6.2.1 Perturb and observe method control strategy 

The voltage and current of the PV system, as illustrated in Figure 3.24, are measured and used 

as inputs for the MPPT controller. These measurements are processed using the P&O 

algorithm to track the MPP. The output signal from the P&O MPPT controller is fed into the 

boost converter to maintain the operating voltage at the MPP by adjusting the converter's duty 

cycle. A small perturbation is introduced to induce a variation in the power output of the PV 

system. If the power increases as a result of the perturbation, the perturbation continues in the 

same direction. When the maximum power is reached and power decreases in the subsequent 

instant, the perturbation reverses. At steady state, the algorithm oscillates around the MPP. To 

minimize power fluctuations, the size of the perturbation is kept small. 

 

Figure 3.24: Perturb and observe method to regulate the output voltage. 

 

Figure 3.25 illustrates the flowchart of the developed algorithm. The operating voltage of the 

PV system is perturbed by a small increment 𝑑𝑉, resulting in a change 𝑑𝑃 in power. If 𝑑𝑃 is 

positive, the perturbation in the operating voltage is continued in the same direction as the 

initial increment. Conversely, if 𝑑𝑃 is negative, indicating that the operating point has moved 

away from the MPP, the perturbation direction is reversed. 
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Figure 3.25: Flowchart of P&O MPPT algorithm for PV with boost converter. 

 

Although solar irradiance levels fluctuate significantly over time, the variation in power 

absorbed by the photovoltaic system occurs more gradually due to the relatively slow dynamic 

response of the PV panels. The adjustment of the converter duty cycle can be evaluated using 

the following expression [240]. 

𝑫 = 𝑫𝒊𝒏𝒊𝒕 + 𝑪𝟏  
∆𝑷𝒌−𝟏

∆𝑫𝒊𝒏𝒊𝒕
                                                       (3.109) 

Where 𝐷 and 𝐷𝑖𝑛𝑖𝑡 are the duty ratios at iterations 𝐷 and 𝐷𝑖𝑛𝑖𝑡, respectively. 
∆𝑃𝑘−1

∆𝐷𝑖𝑛𝑖𝑡
  represents 

the power gradient of the PV system at step 𝐷𝑖𝑛𝑖𝑡 and 𝐶1 is the step change factor. 

To ensure convergence towards the MPP of the PV system amidst variations in solar 

irradiance, the function must possess a single extremum point. This is illustrated in Figure 3.26 

(originally referenced as Figure 3.16), which shows that the MPP is attained when: 
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Figure 3.26: Typical characteristic of a common PV cell. 

𝒅𝒑

𝒅𝒗
= 𝟎                                                                                 (3.110) 

Where 𝑑𝑣 represents the voltage of the PV system. Applying the chain rule can be expressed 

as: 

𝒅𝒑

𝒅𝒗
=

𝒅𝒑

𝒅𝑫
= 𝟎                                                                                   (3.111) 

The process of power maximization is illustrated in Figure 3.26. The adjustment of the duty 

ratio follows the direction of 
𝑑𝑝

𝑑𝐷
 . In the high-speed region of the PV system's characteristic 

curve, increasing the duty ratio leads to a decrease in the operating voltage, which in turn 

increases the power output and moves the system towards the MPP. Conversely, if the starting 

point is in the low-speed region, adjusting the duty ratio according to 
𝑑𝑝

𝑑𝐷
 results in a decrease 

in the duty ratio, causing the system to converge towards the MPP as the PV system's 

operating voltage is gradually increased. 

𝑽𝑷𝑽 = (𝟏 − 𝑫)𝑽𝑶,
𝒅𝑽𝑷𝑽

𝒅𝑫
= 𝑽𝑶 ≠ 𝟎                                                     (3.112) 

In the developed DC fast charging system model, the P&O algorithm is implemented to extract 

the maximum available power from the PV array by dynamically adjusting the operating point 

toward the MPP. The algorithm perturbs the reference voltage and monitors the resulting 

change in output power (𝜟𝑷) [241]. Depending on the direction of the perturbation and the 

power response, it determines the appropriate action for the next cycle. This process is 

governed by the relationship between the converter’s duty ratio and the input resistance seen 

by the PV array. Any change in the duty cycle inversely affects the input resistance and 

subsequently alters the operating voltage. The system evaluates how this change influences 

the output power to decide whether to continue in the same direction or reverse it. The nature 
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of the output power response depends on whether the present operating point lies before or 

beyond the knee of the PV power-voltage (P–V) curve, as shown in Figure 3.26. For instance, 

if a reduction in duty cycle results in an increase in operating voltage and a simultaneous 

increase in output power, the operating point is still before the MPP, and the next cycle should 

further reduce the duty cycle to continue approaching the MPP. Conversely, if the power 

decreases, it implies that the operating point has moved beyond the MPP, and the direction of 

perturbation should be reversed. This tracking mechanism ensures that the PV system 

consistently operates near the MPP despite changes in environmental conditions. To 

summarize this logic, Table 3.5 presents a decision matrix based on the sign of the perturbation 

and the resulting power change. Although the table alone does not represent the full algorithm, 

it clearly outlines the decision-making criteria embedded in the system’s control loop for 

effective and stable MPP tracking. 

Table 3.5: Perturb & Observe algorithm 

Perturbation (+Ve) Change in Power 𝜟𝑷 Resulting Change 

Positive (+Ve) Negative (-Ve) Move Positive 

Positive (+Ve) Positive (+Ve) Move negative 

Negative (-Ve) Negative (-Ve) Move Positive 

Negative (-Ve) Positive (+Ve) Move negative 

 

 

3.7 EV Lithium-ion Battery Controller 

In this study models the lithium-ion (Li-ion) battery for EVs as a voltage source in series with a 

resistor, with additional refinements such as internal resistance, RC networks to simulate 

transient charging and discharging behaviors, and thermal models to account for temperature 

changes. These improvements enhance the accuracy of battery performance under fast 

charging conditions. A high energy lithium-ion battery is used for energy storage and carefully 

modelled as a voltage source connected in series with a resistance, as shown in Figure 3.27. 

The BMS manages the charging process using CC, CV, and a hybrid CCCV approach. In the 

CCCV method, charging starts with constant current to prevent overcurrent, then transitions to 

constant voltage as the battery nears full charge, reducing the current to prevent overvoltage 

and ensure battery protection. Figure 3.28 presents the characteristic current and voltage 

profiles for the charging process using CCCV control. 
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Figure 3.27: Schematic diagram of the battery model [242]. 

 

 

 

Figure 3.28: Waveforms of the charging profiles using CCCV method for the EV battery. 

 

In the implemented system model, the lithium-ion battery model used is based on 

MATLAB/Simulink and falls under the category of equivalent circuit models, specifically 

designed for DC fast charging applications. This model, initially proposed and later refined, 

integrates key elements to accurately reflect the dynamic behavior of the battery during fast 

charging [243], [244]. To address the limitations of earlier models, the implemented model 

includes a controlled voltage generator, which simulates the Open-Circuit Voltage (OCV) and 

its variation with the SoC, along with a series resistor to account for internal voltage drops. The 

model has been enhanced by incorporating an exponential term to better capture the voltage 



116 

 

behavior during maximum charge and discharge phases, and a polarization parameter (K) is 

added to represent the non-linear characteristics of the OCV. 

 

The equations that describe the battery voltage and the open-circuit voltage are as follows: 

 

𝑉𝑏𝑎𝑡𝑡𝑒𝑟𝑦 = 𝐸𝑜 −
𝐾∗𝑄

𝑄−𝑖𝑡
𝑖(𝑡) − 𝑅𝑖(𝑡)                                                                                      (3.113)   

                                 

𝑉𝑂𝐶 = 𝐸𝑜 −
𝐾∗𝑄

𝑄−𝑖𝑡
∗ 𝑖(𝑡)                                                                                                      (3.114) 

 

𝐸𝑂 Represents the no-load voltage when the battery is fully charged and is a constant value. 

𝑄 denotes the maximum capacity of the battery, which corresponds to the discharged capacity 

calculated by integrating the current flowing through the battery. 𝐾 is the bias constant, while 

𝑅 signifies the internal resistance. The polarization parameter 𝐾 can be described using the 

following equation: 

 

𝐾 = 𝛽𝑉𝑓𝑢𝑙𝑙 − 𝑉𝑛𝑜𝑚 + 𝐴(𝑒𝑥𝑝−𝐵𝑄𝑛𝑜𝑚 − 1)
𝑄𝑓𝑢𝑙𝑙−𝑄𝑛𝑜𝑚

𝑄𝑛𝑜𝑚
                                                           (3.115) 

 

𝑉𝑓𝑢𝑙𝑙  represents the maximum voltage of the battery, while 𝑉𝑛𝑜𝑚 refers to the nominal voltage. 

𝑄𝑛𝑜𝑚 and 𝑄𝑓𝑢𝑙𝑙 indicate the capacity at nominal voltage and the capacity when the battery is 

fully charged, respectively. The equations that characterize the no-load voltage behavior of the 

battery are differentiated based on whether the battery is in a charged or discharged state. For 

lithium-ion batteries, the following equations are employed to describe the variation in no-load 

voltage as a function of the discharged capacity: 

 

𝑉𝑂𝐶𝐷𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒
= 𝐸0 −

𝐾∗𝑄

𝑄−𝑖𝑡
∗ 𝑖∗ −

𝐾∗𝑄

𝑄−𝑖𝑡
𝑖𝑡 + 𝐴 𝑒𝑥𝑝(−𝐵∗𝑖𝑡)                                                              (3.116) 

𝑉𝑂𝐶𝐶ℎ𝑎𝑟𝑔𝑒
= 𝐸0 −

𝐾∗𝑄

0.1∗𝑄−𝑖𝑡
∗ 𝑖∗ −

𝐾∗𝑄

𝑄−𝑖𝑡
𝑖𝑡 + 𝐴 𝑒𝑥𝑝(−𝐵∗𝑖𝑡)                                                              (3.117) 

 

The state of charge SoC can be calculated using the equation below: 

 

𝑆𝑂𝐶 = 1 −
1

𝑄
∫ 𝑖(𝑡) ∗ 𝑑𝑡

𝑡

0
                                                                                                    (3.118) 

 

In this equation, the constant 𝑄 represents the maximum capacity of the battery. The 

parameters 𝐴 and 𝐵 are defined by the following equations: 
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𝐴 = 𝑉𝑓𝑢𝑙𝑙 − 𝑉𝑒𝑥𝑝                                                                                                                                 (3.119) 

 

𝐵 =
𝛼

𝑄𝑒𝑥𝑝
                                                                                                                                           (3.120) 

 

The parameter 𝐴 is defined as the difference between the battery voltage when fully charged 

and the battery voltage at the conclusion of the exponential segment, meaning 𝐴 indicates the 

amplitude of the exponential voltage region. 𝐵 represents the exponential capacitance, also 

known as the inverse time constant. This parameter is determined using the battery capacity 

at the end of the exponential segment and is associated with a constant parameter 𝛼, which is 

derived by fitting the model to actual battery data. Additionally, 𝑖∗ denotes the measured current 

value that has been filtered through a first-order low-pass filter. 

Figure 3.29 illustrates the simulated SoC behavior of a battery within a DC fast charging 

system, showing an increase from an initial level of 0.2 (20%) to approximately 0.202 (20.2%) 

over a short period. This steady, linear rise in SoC suggests that the fast charging system is 

delivering a controlled, low-rate charge during this phase. The incremental increase of only 

0.2% indicates a gradual charging process, potentially representing a low-power charging 

stage implemented to enhance battery longevity and manage thermal conditions effectively. In 

the context of DC fast charging systems, such a controlled charging rate may be applied at the 

beginning or end of the charging cycle to mitigate stress on the battery cells and minimize heat 

buildup, both crucial for battery health and efficient energy transfer. The constant slope in the 

SoC increase implies stable power delivery, with no fluctuations in current or voltage, 

highlighting the fast charging system’s ability to maintain consistent charging conditions. This 

controlled charging phase exemplifies the system's design to prioritize reliability and safety in 

high-performance EV charging applications, ensuring stable operation while optimizing the 

battery's lifespan. 
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Figure 3.28: Battery state of charge [%]. 

 

3.8 Summary   

This chapter presented the development modelling of a DC fast charging system for electric 

vehicles and mathematical modelling of the different components that have been thoroughly 

explored. The system components include three key stages: the PV stage, the AC grid stage, 

and the charger stage, which work in unison to provide efficient and reliable charging. Using a 

PV array and a DC-DC boost converter with MPPT, the system effectively harnesses solar 

energy, while the AC grid stage utilizes a front-end converter and PI controller to manage 

energy flow and maintain grid stability. The charger stage, equipped with a DAB bidirectional 

DC charger and PI controller, ensures optimal charging performance and energy management, 

supporting bidirectional power flow for grid or home system integration, was also presented. 

The interconnection of these stages through a DC bus maximizes the use of renewable energy, 

enhancing both charging efficiency and grid stability. The lithium-ion battery model for EVs, 

developed to incorporates features like a voltage source, internal resistance, and RC networks 

to simulate dynamic charging and discharging under fast charging conditions, was discussed. 

The BMS was developed using the CCCV method to ensure battery protection and efficiency 

was presented in detail. The BMS was designed considering battery SoC monitoring and 

electric vehicle load demand at fast charging stations, ensuring efficient power distribution 

between sources and the battery system, based on integrated stage requirements and battery 

load demand. A MATLAB/Simulink model of a DC fast charging system for electric vehicles 

was implemented. 
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CHAPTER FOUR 

RESULTS AND DISCUSSION 

 

 

4.1 Introduction 

This chapter presents a comprehensive analysis of the modeling and simulation results for the 

proposed high-performance DC fast charging system. The system architecture integrated a 

photovoltaic PV-tied grid with advanced power electronic converters to enhance efficiency, 

reliability, and sustainability in EV charging. The primary objective of the simulations was to 

validate the effectiveness of the developed system under various operating conditions, 

focusing on key performance metrics such as charging efficiency, power quality, grid stability, 

and charging time reduction. To this end, a series of case studies were developed to examine 

system behavior in different scenarios, including grid-connected operation, photovoltaic 

integration, energy storage participation, and the influence of control parameters. These case 

studies allow for a structured evaluation of key performance aspects, such as the role of the 

AFE rectifier with voltage-oriented control, the dual active bridge DC-DC converter, and the 

battery interface. The study systematically evaluated the behavior of key system components, 

including the AFE rectifier with voltage-oriented control, the dual active bridge DC-DC 

converter, and the energy storage interface. A PI controller was implemented to regulate 

voltage and current, ensuring stable power flow and effective system operation. Additionally, 

MPPT was applied using the P&O algorithm to maximize energy extraction from the 

photovoltaic system, optimizing power delivery to the charging infrastructure. 

Furthermore, the results provided insights into transient and steady-state performance, the 

influence of grid disturbances, and ripple current mitigation through advanced control 

techniques. The combined use of the PI controller and the MPPT P&O algorithm improved 

system response reduced steady-state errors, and ensured efficient energy conversion from 

renewable sources. A comparative analysis with conventional charging architectures 

highlighted the advantages of the proposed system in accelerating the charging process while 

minimizing power losses and maintaining compliance with grid regulations. Through extensive 

simulation studies, this chapter demonstrated how the proposed system improved energy 

utilization, reduced harmonic distortions, ensured stable grid interaction, and significantly 

shortened EV charging time. By integrating intelligent control strategies, including the PI 

controller and MPPT using the P&O algorithm, the proposed DC fast charging system 

contributed to the advancement of next-generation high-performance EV charging 

infrastructure. Through the MATLAB/Simulink simulation environment, detailed observations 

were made on the Hybrid PV-tied grid for EVs charging station, as shown in Figure 4.1, to 

assess the effectiveness of the control strategies employed. 
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Figure 4.1: Hybrid PV-tied grid for EVs charging station Simulink model. 

 

4.2 Overview of the DC Fast Charging System Block Diagram 

The proposed DC fast charging system is designed to optimize power flow and enhance 

charging efficiency by integrating a PV-tied grid, an energy storage system (ESS), and 

advanced power converters. The system architecture includes an active front-end rectifier for 

grid interfacing with unity power factor correction, a dual active bridge DC-DC converter for 

bidirectional power transfer and galvanic isolation, and a PV-integrated Boost Converter with 

MPPT to maximize solar energy utilization. The ESS plays a critical role in reducing grid 

dependency and operational costs. Simulation results demonstrate stable performance, with 

the grid-side operating at 400V AC, 50Hz, and 100 A line current, while the regulated DC bus 

maintains 900 V. The battery charging process efficiently delivers 90 kW of power, increasing 

the initial state of charge from 25%. This configuration effectively minimizes ripple current, 

improves charging speed, and ensures system reliability. 

4.2.1 Hybrid power sources: grid and PV integration 

The system leverages hybrid power sources, combining grid electricity with PV generation and 

energy storage to ensure uninterrupted and efficient EV charging. The grid provides a stable 

three-phase AC supply at 400V and 50Hz, serving as a reliable backup when solar power is 

insufficient. Meanwhile, the PV system employs a P&O - MPPT algorithm to maximize power 

extraction under varying irradiance conditions. Simulation results indicate that the PV system 

operates with an input voltage of 200 VDC, which is boosted to 440 VDC, delivering an output 
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current of 175 A and a power output of 77 kW. The ESS, with a nominal voltage of 443 V and 

a power capacity of approximately 35 kW, supports the PV system, maintaining an initial SoC 

of 25%. This hybrid approach enhances energy utilization, reduces reliance on the grid, and 

contributes to a more sustainable and resilient fast-charging infrastructure. 

4.2.2 Electrical and power electronics system model 

The DC fast charging system incorporates advanced power electronic converters to ensure 

efficient and stable power conversion. The AFE rectifier converts three-phase AC power from 

the grid to DC while maintaining unity power factor and minimizing harmonic distortion. The 

Dual Active Bridge DC-DC converter facilitates bidirectional power flow, provides galvanic 

isolation, and regulates the output voltage to 900 V for optimal battery charging. Additionally, 

a Boost Converter is implemented on the PV side to maintain MPPT operation, ensuring 

maximum solar energy extraction. Key operational parameters include a switching frequency 

of 10 kHz for efficient power conversion and PI controller settings (𝐾𝑝 = 0.248, 𝐾𝑖 = 21.692) 

for precise voltage and current regulation in the AC-DC stage. These components work 

synergistically to deliver stable power, minimize ripple effects, and enhance system reliability. 

4.2.3 Control and simulation model 

The system employs a combination of advanced control strategies to optimize performance 

and ensure stability. PI controllers are implemented in both the AFE rectifier and the DAB 

converter to regulate voltage and current, minimizing ripple and maintaining a stable DC bus 

voltage of 900 V. The P&O algorithm is used for MPPT in the Boost Converter, enabling 

efficient power extraction from the PV system under varying environmental conditions. 

Additionally, a PLL ensures synchronization between the grid voltage and current, reducing 

phase errors and enhancing system stability. These control mechanisms collectively improve 

charging efficiency, reduce harmonic distortions, and ensure seamless integration of 

renewable energy sources with the grid. 

4.2.4 Results and discussion  

Simulation results confirm the system’s effective performance and integration. The PV system 

maintains a stable output voltage around 440 VDC, achieving an output power of 77 kW. On 

the grid side, the system ensures a stable input voltage of 400V and an output voltage of 900 

VDC, ensuring efficient power transfer. The battery charging performance is optimized, with 

the battery power stabilizing at approximately 90 kW with minimal fluctuations. The system 

successfully integrates renewable energy with the grid, reduces harmonic distortions, and 

maintains voltage and current stability, demonstrating its effectiveness as a reliable and 

efficient solution for future EV infrastructure. 
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4.3 Simulation results and performance of grid source 

Figure 4.2 shows the three-phase AC currents (𝑖𝑎 , 𝑖𝑏 , 𝑖𝑐)  in the DC fast charging system, each 

ranging between ±200 A. A small high-frequency oscillation from the rectifier switching is 

present but filtered, keeping the currents nearly sinusoidal. The zoomed inset (0.2–0.26 s) 

confirms a balanced three-phase system supplied at 400 V, 50 Hz. 

 

Figure 4.2: Three phase grid current. 

 

Figure 4.3 presents the three-phase AC voltages (𝑣𝑎 , 𝑣𝑏 , 𝑣𝑐) in a DC fast charging system for 

EVs with each oscillating between ±400 V. The zoomed inset from 0.2-0.26 s reveals 

sinusoidal waveforms with a 120° phase displacement, confirming a balanced three-phase 

system. Operating at 400 V and 50 Hz. 

 

Figure 4.3: Three-phase grid voltage. 

 

Figure 4.4, which shows the grid input current for the DC fast charging system, exhibits 

dynamic behavior with a maximum value of 322.6 A at 0.025 seconds and a minimum value 
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of -188.9 A at 0.035 seconds. The median current is approximately -0.1877 A, with an RMS 

value of 127.5 A, indicating effective power delivery to the system. Key transition points include 

a high of 176.8 A and a low of -176.1 A. The system shows a rise time of 5.727 ms and a fall 

time of 5.729 ms, corresponding to positive and negative slew rates of 49.302 A/ms and -

49.278 A/ms, respectively. Minor deviations such as preshoot (+1.196%, -1.381%), overshoot 

(+0.972%, -1.997%), and undershoot (+1.997%, -1.196%) highlight the system's transient 

behavior but remain within acceptable limits, reflecting stable control performance. 

 

Figure 4.4: Grid input current. 

 

Figure 4.5, which shows the grid input voltage in the DC fast charging system, demonstrates 

a sinusoidal waveform with a maximum value of 338.8 V at 1.125 seconds and a minimum 

value of -338.8 V at 0.015 seconds, indicating balanced positive and negative peaks. The RMS 

voltage is 239.6 V, highlighting efficient power delivery, while the amplitude reaches 670.9 V. 

The transitions for high and low values are 335.5 V and -335.5 V, respectively, with a rise and 

fall time of 5.819 ms each, reflecting consistent signal characteristics. The slew rate is 92.234 

V/ms for rising edges and -92.234 V/ms for falling edges, indicating rapid voltage changes 

during transitions. The waveform exhibits minimal deviations, with a preshoot and overshoot 

of 0.505%, and an undershoot of 1.996%, underscoring the stability of the control strategy. 



124 

 

 

Figure 4.5: Grid input voltage. 

 

Figure 4.6, which shows the grid input power for the DC fast charging system, demonstrates 

dynamic and efficient power delivery, reaching a maximum value of 109.3 kW at 0.025 s and 

a minimum value of -54.64 kW at 0.015 s. The median power is 30.08 kW, with an RMS value 

of 37.40 kW, reflecting the overall effective power transfer. Transition points show a high of 

60.94 kW and a low of 0.2775 kW, with an amplitude of 60.66 kW. The rise time is 2.909 ms, 

with a positive slew rate of 17.338 W/ms, and the fall time is 2.922 ms, with a negative slew 

rate of -16.611 W/ms. Minor transient deviations are observed, including preshoot (+0.806%, 

-0.649%), overshoot (+0.644%, -1.996%), and undershoot (+1.995%, -0.458%), which remain 

within acceptable limits and indicate robust system control. Peaks occur at 1.093 × 10⁵ W 

(0.025 s), 6.399 × 10⁴ W (0.035 s), and 6.192 × 10⁴ W (0.045 s), highlighting periodic power 

fluctuations due to system modulation. 

 

Figure 4.6: Grid input power. 
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Figure 4.7 illustrates the three-phase modulating signals 𝑚𝑎𝑏𝑐 for the control of grid-tied 

inverters in a DC fast charging system. These signals are sinusoidal, symmetric, and maintain 

their integrity even under disturbances applied to the control input, demonstrating the 

robustness of the vector control or PWM strategy. The inset zooms into a specific time range 

(0.5–0.58 s) to highlight the high-frequency switching behavior, showing no visible distortion 

despite disturbances. 

 

Figure 4.7: Modulating signal 𝒎𝒂𝒃𝒄. 

 

Figure 4.8 illustrates the phase angle (θ) of the grid voltage as determined by the PLL system, 

which ensures accurate synchronization with the grid. The waveform exhibits a sinusoidal 

pattern, with a peak-to-peak amplitude of 6.283 radians and a mean value of 1.570 radians. 

The rise and fall times are 8.960 ms and 4.482 μs, respectively, indicating the speed of the 

PLL's response to changes in the grid voltage. 

 

Figure 4.8: Phase Angle of PLL. 
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The 𝑉𝑞-axis voltage response, as illustrated in Figure 4.9, indicates the performance of the 

controller within the DC fast charging system. The voltage stabilizes around 0 V, with a peak 

deviation of approximately ±0.02 V within the first 0.2 seconds, showcasing the controller’s 

quick response to dynamic changes in load conditions. The transient response exhibits a 

damped oscillation pattern, which settles down rapidly, achieving steady-state conditions by 

approximately 0.25 seconds. The minimal fluctuation in the 𝑉𝑞-axis voltage highlights the 

precision of the control strategy in maintaining system stability, which is critical for the reliable 

operation of the fast charging infrastructure. 

 

Figure 4.9: 𝐕𝐪-axis voltage. 

 

The 𝑉𝑑-axis voltage response, as depicted in Figure 4.10, illustrates that the voltage stabilizes 

around 1.3 V, indicating a well-controlled response and reflecting a tight range of operation. 

The statistics reveal a minimal overshoot, with the system quickly stabilizing without significant 

oscillations, achieving a steady state shortly after 0.03 seconds.  

 

Figure 4.10: 𝐕𝐝-axis voltage. 
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4.3.1 Simulation results and performance of grid AC-DC converter 

Figure 4.11 shows the input front-end converter voltage response over 2 seconds. Initially, the 

voltage spikes to about 445 V, then quickly stabilizes at around 400 V, maintaining this steady 

state with minimal oscillation. This response indicates effective voltage regulation and stability 

of the converter, minimizing ripple and handling load fluctuations well. 

 

Figure 4.11: Voltage response of input front-end converter. 

 

Figure 4.12 shows the voltage reference 𝑉𝑟𝑒𝑓 response over 2 seconds, where the reference 

has been set to 0 V as the baseline for control. This predefined zero reference voltage ensures 

stable regulation, with the controller maintaining accuracy without oscillations or drift. 

 

Figure 4.12: Voltage reference response. 

 

Figure 4.13 presents the DC output voltage profile of the FEC, highlighting its transient and 

steady-state behaviors. The voltage stabilizes at 800 VDC after an initial transient phase, 

demonstrating reliable performance. During transients, the voltage peaks at 886 VDC, with an 

overshoot of 34.262% and an undershoot of -17.061%, before settling within 19.916 ms. The 
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transient amplitude is 212 VDC, with transition points at 811 VDC (high) and 588 VDC (low) 

respectively. The system exhibits a pre-shoot of 0.704% before settling to its nominal voltage 

within a setting time of 19.916 ms. The zoomed-in inset captures small voltage steps and 

oscillations near the stabilization point, emphasizing the system's controlled response and 

ability to minimize oscillatory deviations. 

 

Figure 4.13: FEC Output DC link voltage. 

 

Figure 4.14 illustrates the output voltage ripple of the front-end converter in the DC fast 

charging system, controlled by a PI controller. The mean output voltage is 800 V, with a 

minimal ripple amplitude of 0.1 V (peak-to-peak), highlighting the controller's effectiveness in 

maintaining stability. The system settles within 1.5 seconds, demonstrating a fast response to 

load changes. Brief voltage spikes occur due to transient conditions but are effectively 

dampened by the PI controller, ensuring smooth operation. 

 

Figure 4.14: Ripple of the output voltage FEC. 
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Figure 4.15 shows the front-end converter DC bus current response over time, illustrating an 

initial transient followed by steady-state behavior. The current initially peaks at approximately 

203.4 A and dips to -123.1 A, with a peak-to-peak variation of 326.5 A. After an overshoot of 

38.19% and an undershoot of 1.835%, the system stabilizes at an average current of 112.8 A 

with minimal oscillations. The rise time of 671.386 µs indicates a rapid response, while the 

slew rate of 280.111 A/ms suggests a controlled current transition. 

 

Figure 4.15: DC bus current. 

 

4.3.2 Simulation results and performance of grid DC-DC dual active bridge converter 

The output voltage waveform of the DAB converter in the DC fast charging system, shown in 

Figure 4.16, demonstrates excellent transient and steady-state performance. The steady-state 

voltage stabilizes at approximately 898.3 V DC, ensuring reliable and consistent charging for 

EV batteries, with minimal ripple and deviations. During the transient phase, the voltage 

exhibits a maximum peak of 940 V at 0.055 seconds and a low transition level of 357.7 V, 

resulting in an amplitude of 538.4 V. The rise time of 14.565 ms and slew rate of 29.572 V/ms 

indicate rapid voltage adjustment to the target level. The system shows controlled deviations 

with a preshoot of 0.543%, an overshoot of 8.152%, and an undershoot of 2.063%, effectively 

managing transient oscillations. The subfigure zooms into the transient region, highlighting 

damped oscillations between 949 V and 954 V, which diminish quickly as the system reaches 

stability. Statistical analysis confirms a median value of 896.6 V and an RMS value of 891.7 V, 

reflecting minimal fluctuation around the desired voltage.  
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Figure 4.16: DAB Converter output voltage waveform. 

 

Figure 4.17 illustrates the output current profile of a DAB converter, highlighting both steady-

state and transient behaviors. The output current stabilizes at approximately 100 A after a brief 

transient phase during startup, indicating reliable steady-state operation. The transient 

behavior, shown in the zoomed-in inset, reveals a peak current of 113 A at t=0.026 seconds, 

accompanied by damped oscillations before settling. Key parameters include a rise time of 

1.432 ms and a slew rate of 55.359 A/ms, reflecting the system's responsiveness. The 

waveform exhibits a positive overshoot of 11.798% and a minor undershoot of 2.608%, both 

well-controlled and typical for such systems. Signal statistics, including an RMS current of 

99.54 A, and a peak-to-peak value of 111.3 A, further confirm stable operation. The zoomed-

in view highlights the dynamics of the startup phase, showcasing the system's ability to handle 

transient conditions effectively with rapid settling and minimal deviation, making the DAB 

converter suitable for dynamic applications. 

 

Figure 4.17: DAB Converter output current waveform. 
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Figure 4.18 illustrates the output power profile of a DAB converter, showcasing both steady-

state and transient characteristics. The output power stabilizes at approximately 90.70 kW, 

indicating a consistent operational level after the initial transient period. The peak power 

reaches 106.2 kW at t 0.026 s, reflecting a transient overshoot of 19.88%, followed by damped 

oscillations and settling to the steady-state value. The rise time of 1.511 ms and a slew rate of 

46.690 kW/μs demonstrate the converter's fast response capability. The zoomed-in inset 

highlights high-frequency oscillations during the transient phase, occurring around 0.0252 

seconds, with small fluctuations indicative of minor control imperfections. Signal statistics, 

including an RMS power of 88.76 kW, median power of 89.14 kW, and a mean of 88.30 kW, 

confirm stable and efficient operation. The overall performance, with controlled undershoot 

(2.934%) and preshoot (0.602%), highlights the DAB converter’s robustness in handling 

dynamic conditions and maintaining steady-state power output effectively.  

 

 

Figure 4.18: DAB Converter output power waveform. 

 

Table 4.1: Battery specification 

Parameters Value 

Chemistry Li-ion battery 

Nominal current 100 A 

Nominal voltage  900 V 

Nominal power 90 kW 

Rated capacity 50 Ah 
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Initial battery SoC 25 % 

Response time 1 s 

Nominal temperature 25 oC 

 

 

4.3.3 Analysis of SoC stability and dynamics  

The SoC curve for the battery shown in Figure 4.19, in this DC fast charging setup, shows a 

steady increase over time, with a maximum SoC of 0.2703 at 2 seconds and a minimum of 

0.2500 at 0.02 seconds, resulting in a peak-to-peak SoC variation of 0.02025. Both the mean 

and median SoC are 0.2600, closely aligned with the RMS value of 0.2601, indicating a stable 

charging process with minimal fluctuations. The transition data, with a high level of 0.2651, a 

low level of 0.2501, and an amplitude of 0.01499, along with a rise time of 1.169 seconds, 

suggest that the charging system maintains smooth control over the SoC increase. A high slew 

rate of 10.257 per second confirms a rapid SoC change, consistent with the requirements of 

fast charging. 

 

Figure 4.19: Battery state of charge. 

 

4.3.4 Performance of harmonic distortion and frequency analysis  

The harmonic distortion and frequency spectrum analysis provides insight into the 

performance of the DC fast charging system, as shown in Figure 4.20. The fundamental 

frequency (H1) shows a dominant amplitude of 119.28 𝑉𝑟𝑚𝑠, with successive harmonics (H2 

to H6) exhibiting significantly lower magnitudes, confirming effective harmonic suppression. 

The THD is calculated as -70.625 dBc, indicating minimal distortion relative to the fundamental 

component. Signal-to-Noise Ratio (SNR) and Signal-to-Noise and Distortion Ratio (SINAD) are 



133 

 

measured at 64.68 dB and 63.69 dB, respectively, demonstrating high signal integrity and low 

noise levels. The Spurious-Free Dynamic Range (SFDR) is 73.60 dB, showcasing robust 

suppression of non-harmonic spurious signals. 

 

Figure 4.20: Harmonic Distortion Analysis. 

 

4.4 Simulation results and performance of the PV source 

The PV input power profile in Figure 4.21 shows the dynamic response of the PV system to 

changing conditions. At t = 0 s, PV power starts at approximately 38.7 kW and rapidly increases 

to about 88.6 kW within 0.15 s, reflecting the MPPT controller’s fast tracking of the maximum 

power point as irradiance and system demand rise. Between 0.15 s and 1.5 s, PV power 

remains nearly constant at an average of about 76 kW, indicating stable irradiance and load 

conditions. After 1.5 s, a drop in irradiance results in a gradual decrease of PV power to around 

20 kW, which is then held steady. These results demonstrate that the MPPT algorithm 

effectively tracks power changes and maintains stable operation under variable conditions. 
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Figure 4.21: PV Output power. 

 

The PV output current shown in Figure 4.22, for the grid-tied PV-integrated DC fast charging 

system reveals significant variations in current flow, indicating the system’s ability to handle 

dynamic power fluctuations effectively. The current starts at 393.5 A from time 0 to 0.150 s, 

with a sharp increase of ΔY = 347.4 A over a short ΔT = 150 ms, corresponding to a high 

frequency of 666.667 Hz, reflecting the system’s rapid response to load or irradiance changes. 

Subsequently, from time 0.150 s to 1.8 s, the current decreases to 195.9 A, with a ΔY of 194.2 

A, showcasing the system's ability to regulate current during steady operation under reduced 

power conditions. Finally, from 1.8 s to 2.0 s, the current stabilizes at 199 A, with a moderate 

ΔY of 310.5 A, demonstrating consistent performance under near-stable operating conditions. 

The key performance metrics include a maximum current of 398.4 A at 1.745 ms, a minimum 

of -336.3 A at 50 µs, and an RMS value of 362.3 A, highlighting robust current handling 

capability. Transition points include high values of 379.6 A and low values of -334.4 A, with an 

amplitude of 372.4 A. Rise and fall times are recorded as 5.377 µs and 6.581 µs, with 

corresponding slew rates of 554.062 A/µs (rising) and -452.688 A/µs (falling), illustrating the 

system’s fast transient response. Minor waveform distortions are observed with a preshoot of 

0.505%, overshoot of 0.157%, undershoot of -0.409%, and a settling time of 928.343 µs, 

indicating quick recovery after transient events. The negative preshoot (-0.245%), overshoot 

(-0.505%), and undershoot (0.505%) further confirm minimal deviations from the desired 

steady state. 
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Figure 4.22: PV Output current. 

 

The PV output voltage shown in Figure 4.23, for the grid-tied PV-integrated DC fast charging 

system, demonstrates dynamic variations, reflecting the system's voltage regulation 

capabilities under changing power conditions. The voltage peaks at a maximum of 570.7 V at 

1.075 ms and drops to a minimum of -319.5 V at 1.700 ms, with an RMS value of 184.5 V and 

a median voltage of 196.3 V, highlighting considerable fluctuations during transient states. 

Transition points record high values of 201.8 V and low values of 103.8 V, while the amplitude 

is measured at 98.1 V, indicating substantial changes in operating conditions. The rise time is 

10.437 ms with a corresponding slew rate of 725.927 V/ms, whereas the fall time extends to 

77.046 ms with a negative slew rate of -1.373 V/µs, showing that the system responds faster 

to rising voltages compared to falling ones. Notable waveform distortions include a significant 

positive preshoot of 287.816%, overshoot of 41.400%, and undershoot of 15.330%, alongside 

a negative preshoot of 118.642%, overshoot of -6.044%, and undershoot of 227.072%, 

reflecting transient anomalies during voltage regulation. 

The voltage evolution over time exhibits distinct stages. From 0.050 s to 0.152 s, the voltage 

rises to 206 V with a ΔY of 53.75 V over ΔT = 102 ms, indicating a sharp increase. 

Subsequently, from 0.152 s to 1.53 s, the voltage stabilizes at 191.4 V with a minimal ΔY of 

14.59 V, demonstrating a steady operating state. From 1.53 s to 1.8 s, the voltage decreases 

significantly to 107.4 V, with a ΔY of 84.02 V, showcasing the system's dynamic adjustment. 

Finally, between 1.8 s and 2 s, the voltage stabilizes again at 99.85 V, with ΔY = 7.567 V over 

ΔT = 200 ms, indicating a smooth transition to a lower voltage state. 
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Figure 4.23: PV Output voltage. 

 

4.4.1 Performance of duty cycle at load 

Figure 4.24 depicts the PV duty cycle over a broader time window from 0 to 2 seconds. Here, 

the duty cycle remains constant at 1, indicating the system is fully active and delivering 

continuous maximum power without modulation. This suggests the system has reached a 

stable operating point where no further adjustments are necessary. The constant duty cycle 

reflects scenarios where the PV system is exposed to stable environmental conditions such as 

consistent solar irradiation and minimal load variation. This mode maximizes power transfer 

efficiency, as the system operates at its full capacity without switching losses. 

 

Figure 4.24: Duty cycle pulses. 

 

Figure 4.25 shows a detailed, zoomed-in view of the PV duty cycle which is 0.5286 s. The 

signal oscillates between 0 and 1, representing a high-frequency PWM signal. This indicates 
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the system is dynamically switching between active and inactive states to regulate power 

output. Such rapid duty cycle changes are commonly used in power converters to control the 

energy flow and maintain system stability. The high switching frequency is crucial for achieving 

accurate power control, minimizing voltage ripples, and ensuring the PV system operates 

efficiently under fluctuating conditions. 

 

Figure 4.25: Duty cycle pulses. 

 

4.4.2 Simulation results and performance of PV DC-DC boost converter 

The boost converter output current depicted in Figure 4.26, for the DC fast charging system, 

highlights critical operational characteristics and the role of the MPPT controller using the P&O 

algorithm to regulate and optimize system performance. The current starts near zero and rises 

sharply, reaching a peak value of 188.1 A at 0.148 s, with a peak-to-peak amplitude of 188.1 

A. The mean current stabilizes around 159.9 A, while the median current is 175.5 A, and the 

RMS current measures 163.0 A, indicating steady current flow during the system's operation. 

The initial sharp rise in current occurs with a rise time of 41.516 ms and a positive slew rate of 

1.703 A/ms, showing a controlled increase in current as the MPPT algorithm adjusts the 

operating point of the PV system to extract maximum power. During the period between 0.2 s 

and 1.5 s, the current remains stable at approximately 175.5 A, indicating that the P&O MPPT 

controller successfully identifies and locks onto the MPP, ensuring consistent energy delivery 

to the boost converter. Beyond 1.5 s, the current begins to decrease significantly with a fall 

time of 247.041 ms and a negative slew rate of -286.269 A/s, which may be due to variations 

in solar irradiance, load demand, or system regulation limits. The transitions reflect a high of 

175.9 A and a low of 87.46 A, with an amplitude of 88.4 A. 
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Figure 4.26: Current output of the boost converter. 

 

Figure 4.27 illustrates the output voltage of the boost converter with the P&O MPPT controller, 

used in a DC fast charging system. The system reaches a peak voltage of approximately 466.9 

V at 0.148 seconds, stabilizing at around 436.6 V as the P&O controller converges to the 

maximum power point. The rise time of 41.516 ms and a slew rate of 4.229 V/ms demonstrate 

the system's fast response to changes in input conditions. At 1.5 seconds, the voltage drops 

significantly to around 217.1 V, likely due to a load step or grid transition, with a fall time of 

247.041 ms and a negative slew rate of -710.694 V/s. This behavior reflects the dynamic 

response of the boost converter under varying conditions, ensuring optimal power delivery for 

DC fast charging. 

 

Figure 4.27: Voltage output of the boost converter. 

 

Figure 4.28 represents the output power of the boost converter controlled by the P&O algorithm 

in a DC fast charging system. Initially, the power rises rapidly, reaching a peak value of 87.83 

kW at 0.148 seconds, indicating the MPPT's quick convergence to the maximum power point. 
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The rise time of 43.136 ms highlights the system's fast response, with a slew rate of 1.059 

V/μs. Following the stabilization period, the power remains relatively steady at approximately 

76.85 kW, which is close to the maximum achieved power, demonstrating the effectiveness of 

the P&O controller in maintaining optimal power extraction. However, at 1.5 seconds, a sudden 

drop in power occurs to approximately 19.76 kW, with a fall time of 239.444 ms and a slew 

rate of -190.729 V/ms.  

 

Figure 4.28: Power output of boost converter. 

 

Figure 4.29 illustrates the output battery current of the boost converter regulated by the P&O 

controller for the DC fast charging system. Initially, the current exhibits a sharp peak, reaching 

a maximum value of 2.292 kA at 7.51 ms, with a rise time of 4.203 ms and a rapid slew rate of 

418.396 A/ms. This indicates the system's ability to respond quickly to the maximum power 

point tracking, ensuring efficient current delivery to the battery. After the initial transient, the 

current stabilizes at a steady-state value close to 80.07 A, with minimal oscillations observed. 

The fall time of 24.316 ms and a slew rate of -72.321 A/ms reflect the system's controlled 

transition and current settling characteristics. Additionally, the measured overshoot of 0.521% 

and undershoot of 1.998% highlight the effective control strategy of the P&O, minimizing 

deviations and ensuring stable battery charging performance. 
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Figure 4.29: Current output of battery. 

 

Figure 4.30 represents the output battery voltage of a boost converter regulated by a P&O-

MPPT controller for a DC fast charging system. The initial transient response shows a rapid 

increase in voltage, with a rise time of 33.16 ms and a slew rate of 4.44 V/ms, demonstrating 

the boost converter's ability to efficiently regulate the output voltage to meet battery charging 

requirements. The system achieves a stable voltage of approximately 443.3 V, with minor 

oscillations around the steady-state value. The time fluctuation occurs between 0.060 to 1.020 

seconds, where the voltage varies from 429.4 V to 443.3 V, before stabilizing for the rest of 

the system's operation. The amplitude of the voltage transition is 184 V, and the undershoot is 

3.167%, indicating a small dip before stabilization, while the overshoot is -1.417%, showing 

well-controlled transient behavior. The fall time is measured as 4.29 ms with a slew rate of -

34.313 V/ms. 

 

Figure 4.30: Voltage output of battery. 
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The power output of the boost converter, as depicted in Figure 4.31, reaches a maximum 

recorded power of 35.51 kW, with a peak-to-peak variation of only 34.2 kW, indicating strong 

stability in power delivery. The rise time of 2.81 ms and a settling time of 26.90 ms highlight 

the P&O controller's rapid response to load changes, while the low overshoot of 0.53% ensures 

minimal risk of damaging fluctuations.  

 

Figure 4.31: Power output of battery. 

 

Table 4.2: Battery specification 

Parameters Value 

Chemistry Li-ion battery 

Nominal voltage  443 V 

Nominal current 80 A 

Nominal power 35.4 kW 

Rated capacity 50 Ah 

Initial battery SoC 25 % 

Response time 1 s 

Nominal temperature 25 oC 

 

4.4.3 Performance Lithium-Ion Battery characteristics 

Figure 4.32 presents the discharge characteristics of a Lithium-Ion battery used in a DC fast 

charging system, showing voltage variations over time under different discharge rates. In the 

top graph, the nominal discharge curve at a current rate of 0.43478C (21.7391A) highlights the 
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battery's voltage profile, with the nominal area shaded in gray and the exponential area in 

yellow. The voltage begins at approximately 550V, gradually declining over 2 hours before a 

sharp drop as the battery nears depletion. The bottom graph compares discharge curves under 

varying current rates: 6.5A, 13A, and 32.5A. At 6.5A, the battery operates for approximately 8 

hours, while at 13A and 32.5A, the discharge times reduce significantly to around 4 hours and 

1.5 hours, respectively, due to higher current demand. The parameters provided are E0 = 

478.9614V, R = 0.08834Ω, K = 0.066183, A = 37.0922, and B = 1.2212, which define the 

battery's voltage response and internal dynamics. This analysis demonstrates that increased 

discharge current accelerates capacity depletion and voltage drop, impacting the efficiency 

and duration of energy delivery in a fast-charging system. 

 

Figure 4.32: Battery discharge characteristics expressed as a function of time. 

 

Figure 4.33 illustrates the discharge characteristics of a Lithium-Ion battery in terms of Ampere-

hour (Ah) for a DC fast charging system, highlighting voltage behavior under different 

discharge conditions. The top graph shows the nominal current discharge curve at 0.43478C 

(21.7391A), where the voltage remains relatively stable around 500V until the capacity 

approaches approximately 50 Ah, after which it drops sharply. The nominal area (shaded gray) 

represents the stable operating region, while the exponential area (highlighted in yellow) 

indicates the initial rapid voltage decline. The bottom graph compares the discharge profiles 

under three different current rates: 6.5A, 13A, and 32.5A. As the discharge current increases, 

the voltage drop accelerates, reducing the available capacity. For 6.5A, the battery delivers 

close to its full capacity, while higher discharge currents of 13A and 32.5A result in reduced 

energy delivery due to increased internal losses. The system parameters are E0 = 478.9614V, 

R = 0.08834Ω, K = 0.066183, A = 37.0922, and B = 1.2212, which characterize the battery's 

internal resistance and dynamic behavior. This analysis demonstrates the battery's ability to 
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sustain voltage under varying loads and highlights its capacity limitations under high discharge 

rates in a fast-charging system. 

 

Figure 4.33: Battery discharge characteristics expressed in Ampers-hour. 

 

4.5 Case Scenarios Analysis of the DC Fast Charging System 

To comprehensively evaluate the performance and stability of the proposed DC fast charging 

system for EVs, five case scenarios were investigated through MATLAB/Simulink simulations. 

These scenarios examined the impact of key system parameter variations on voltage and 

current regulation, power quality, and overall charging efficiency. The analysis focused on 

assessing the effects of front-end converter gain adjustments, voltage-controlled oscillator 

(VCO) parameter modifications, RL filter inductance variations, and boost converter 

performance under different SoC conditions. Each case scenario provided insights into system 

stability, transient response, and harmonic distortions, revealing critical challenges and 

necessary control improvements. 

In summary, Scenario 1 analyzes front-end converter gain reduction, revealing severe 

oscillations in voltage, current, and power. Scenario 2 investigates VCO parameter changes, 

showing grid desynchronization and DC-link instability while the DAB stage remains stable. 

Scenario 3 studies increased RL filter inductance, resulting in DC bus voltage drop, current 

ripple, and harmonic distortion. Scenario 4 evaluates boost converter operation at 80 % SoC, 

demonstrating fast transient response and stable power delivery. Scenario 5 examines 
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operation at 100 % SoC, confirming similarly well-regulated voltage, current, and power 

performance under full-charge conditions. 

4.5.1 Case scenario 1: System Instability due to Front-End Converter Gain Variation 

In this scenario, the DC fast charging system for electric vehicles experiences significant 

instability due to changes in the gain settings of the front-end converter’s current 𝑑𝑞 Park 

transform (from 0.5 to 0.2) and inverse Park transform (from 1 to 0.5). The simulation results, 

shown in Figures 4.34 to 4.40, reveal fluctuations in key system parameters. The FEC output 

DC voltage initially peaks at 1103 VDC before dropping to a range of 793.8 VDC to 818 VDC. 

The phase current starts at 1200 A but then oscillates wildly between 716 A and -670.4 A. 

Similarly, the FEC DC bus current demonstrates instability, fluctuating from 455.4 A to -379 A, 

while the battery output voltage decreases and oscillates between 665 VDC and 612 VDC. 

The converter's output current also shows inefficiencies, dropping between 56 A and 46.6 A. 

Consequently, the system's output power fluctuates significantly, ranging from 37.31 kW to 

28.51 kW. However, the PI controller within the DAB converter remains active and continues 

to operate within its functional control range, responding to variations in output voltage and 

current. Furthermore, the last figure highlight frequency harmonic distortion, which 

exacerbates system inefficiencies and introduces ripple effects throughout the charging 

process. 

 

Figure 4.34: FEC Output DC link voltage. 
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Figure 4.35: Grid input phase voltage (V) and current (A). 

 

 

Figure 4.36: FEC DC Bus output current. 

 

 

Figure 4.37: DAB Converter output voltage waveform. 

 



146 

 

 

Figure 4.38: DAB Converter output current waveform. 

 

 

Figure 4.39: DAB Converter output power waveform. 

 

 

Figure 4.40: Harmonic distortion analysis. 

 

4.5.2 Case scenario 2: System Response to VCO Parameter Variation in PLL 

In Scenario 2, the results shown in Figures 4.41 to 4.47 indicate that changing the VCO 

parameters from 6.2832 to 5.2832 introduces significant instability across the system. The 
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FEC, DC output voltage and current display large oscillations, indicating a disruption in the 

DC-link stabilization. The grid A-phase voltage and current exhibit a lack of synchronization, 

as seen from the unstable waveforms, directly affecting the power factor and grid-side control. 

Consequently, the battery terminal voltage and charging current demonstrate ripple and 

fluctuation, reflecting poor energy transfer to the battery. The last figure in this case logarithmic 

frequency scale (kHz) spans from 10⁻² to 10¹ kHz, showing component amplitudes (dBm/Hz) 

ranging from -120 to 80 dBm/Hz, and revealing dominant harmonics and the noise floor. The 

fluctuations observed in the input and output voltage and current of the sources and the front-

end converter contribute to system instability; however, the DAB converter and the battery’s 

SoC remain unaffected throughout the simulation period. This indicates that, despite the 

disturbances, the transient response of the DAB stage is not significantly impacted, and the 

battery's charging efficiency and overall performance are maintained within this timeframe. 

These results suggest that the adjusted VCO parameters altered the PLL's loop dynamics, 

emphasizing the critical need for precise tuning and robust control strategies to maintain 

system stability in grid-connected fast charging systems. 

 

Figure 4.41: FEC Output DC link voltage. 

 

 

Figure 4.42: Grid input phase voltage (V) and current (A). 
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Figure 4.43: FEC DC Bus output current. 

 

 

Figure 4.44: DAB Converter output voltage waveform. 

 

 

Figure 4.45: DAB Converter output current waveform. 
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Figure 4.46: DAB Converter output power waveform. 

 

 

Figure 4.47: Harmonic distortion analysis. 

 

4.5.3 Case scenario 3: Impact of Increased RL Filter Inductance on System Stability 

In Scenario 3, the performance of the DC fast charging system for electric vehicles is illustrated 

in Figures 4.48 to 4.54, showing significant instability and fluctuations across various 

parameters due to an increase in the RL filter inductance from 0.0001 H to 0.001 H. The FEC 

output voltage initially peaks at 888.9 VDC before dropping to 803.6 VDC, with persistent 

instability throughout the simulation. Similarly, the grid phase current shows extreme 

fluctuations, reaching a maximum of 287.4 A, with all three-phases displaying unstable 

behavior correlated with voltage irregularities. These instabilities propagate into the DC bus 

current, which begins by fluctuating between 211.6 A and -127.2 A and continues oscillating 

between approximately 164.9 A and -10.6 A during the operation. The battery-side output of 

the DAB converter exhibits notable ripple and harmonic distortion, with the voltage oscillating 

between 938 VDC and 886 VDC, and the current varying from 105 A to 96.2 A, indicating that 

while the control system is challenged, it continues to operate within its functional range. 

Similarly, the output power fluctuates significantly, ranging from 97.48 kW to 83.54 kW, 
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revealing the presence of high-frequency disturbances and control inefficiencies. Despite 

these variations, the DAB converter’s controller remains active and responsive, maintaining 

operation within acceptable limits. However, the fluctuations contribute to reduced energy 

transfer efficiency and influence the battery’s state of charge behavior. The harmonic analysis, 

based on a logarithmic frequency spectrum spanning 10⁻² to 10¹ kHz and amplitude levels 

from -120 to 80 dBm/Hz, further confirms the presence of dominant harmonics, providing 

critical insight into system performance and power quality. 

 

Figure 4.48: FEC Output DC link voltage. 

 

Figure 4.49: Grid input phase voltage (V) and current (A). 
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Figure 4.50: FEC DC Bus output current. 

 

 

Figure 4.51: DAB Converter output voltage waveform. 

 

 

Figure 4.52: DAB Converter output current waveform. 
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Figure 4.53: DAB Converter output power waveform. 

 

 

Figure 4.54: Harmonic distortion analysis. 

 

4.5.4 Case scenario 4: Battery Charging Performance at 80% Initial SoC 

In Scenario 4, as illustrated in Figures 4.55 to 4.57, the initial state of charge SoC for the DC 

fast charging system is set at 80%. The output battery current of the boost converter, regulated 

by a P&O controller, initially peaks at 2.350 kA with a rise time of 4.258 ms and a slew rate of 

423.57 A/ms, highlighting the system's rapid response to maximum power point tracking and 

ensuring efficient current delivery, which stabilizes at approximately 83.44 A thereafter. 

Concurrently, the output battery voltage exhibits a swift transient response with a rise time of 

28.425 ms and a slew rate of 5.514 V/ms, achieving a stable voltage of around 463.6 V after 

a voltage transition amplitude of 195.9 V and minimal oscillations. The undershoot and 

overshoot are well controlled at 2.606% and -1.085% respectively, indicating effective transient 

management. Additionally, the power output of the boost converter reaches a maximum 

recorded value of 628.8 kW, characterized by a peak-to-peak variation of only 627.8 kW, a rise 

time of 2.96 ms, and a low overshoot of 0.53%, reflecting strong stability in power delivery for 

the fast charging process. 
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Figure 4.55: Battery current output. 

 

 

Figure 4.56: Battery voltage output. 

 

 

Figure 4.57: Battery power output. 

 

4.5.5 Case scenario 5: Battery Charging Performance at Full (100%) Initial SoC 

In Scenario 5, as demonstrated in Figures 4.58 to 4.60, with an initial state of charge of 100%, 

the performance of a boost converter regulated by a P&O controller for a DC fast charging 

system in electric vehicle applications is analysed. The output battery current initially peaks at 



154 

 

2.538 kA with a rise time of 4.262 ms and a slew rate of 456.972 A/ms, demonstrating the 

system’s rapid response to maximum power point tracking. The current then stabilizes at 

approximately 89.88 A. Similarly, the output battery voltage undergoes a transient rise, 

reaching a steady-state value of 499.9 V with a rise time of 27.790 ms, a slew rate of 6.077 

V/ms, and minimal oscillations. The amplitude of the voltage transition is 211.1 V, with an 

undershoot of 2.158% and an overshoot of -0.452%, indicating well-regulated transient 

behavior. The boost converter achieves a maximum power output of 733.6 kW with a minimal 

peak-to-peak variation of 732.5 kW, ensuring stable power delivery. The system also exhibits 

a fast rise time of 2.974 ms and a low overshoot of 0.53%, highlighting its efficiency in 

regulating power for the charging process. 

 

Figure 4.58: Battery current output. 

 

 

Figure 4.59: Battery voltage output. 
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Figure 4.60: Battery power output. 

 

4.6 Summary  

This chapter evaluated the developed DC fast charging system for EVs, which integrated a 

PV-tied grid, energy storage, and advanced control strategies through MATLAB/Simulink 

simulations. The system’s performance was assessed across multiple case scenarios, 

demonstrating its ability to achieve stable hybrid power integration, efficient bidirectional power 

conversion, minimized voltage and current ripples, and reduced grid dependency. The results 

highlighted the impact of Park transform gain variations, VCO parameter adjustments, and RL 

filter inductance on stability, power quality, and grid synchronization. The analysis of boost 

converter performance under different SoC conditions confirmed well-regulated power output 

and effective MPPT using the P&O algorithm. The system exhibited low total harmonic 

distortion, robust transient and steady-state performance, and enhanced charging efficiency. 

Advanced control techniques, including PI controllers and harmonic compensation strategies, 

further validated its reliability. Additionally, the integration of an energy storage system and 

grid-tied converters enhanced cost efficiency and power stability, confirming the feasibility of 

the design as a high-performance DC fast charging solution. 
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CHAPTER FIVE 

CONCLUSION AND FUTURE WORK 

 

 

5.1 Conclusion  

This research successfully addressed the challenges of prolonged charging times, power 

quality issues, and high current ripples in DC fast charging systems for EVs by developing and 

validating a comprehensive, high-performance off-board charging architecture. The proposed 

system integrated a PV-tied grid with an energy storage unit and employed a coordinated 

power electronics interface, including bidirectional AC-DC and DC-DC converters. Through the 

application of advanced control methods specifically, a PI controller for current regulation and 

a P&O algorithm technique for optimal solar energy utilization—the system was able to 

manage dynamic power flow efficiently between the grid, PV source, and EV battery. 

Simulation results in the MATLAB/Simulink environment under various case scenarios 

confirmed the system’s ability to significantly reduce charging time, minimize output voltage 

and current ripples, improve power quality, and stabilize battery SoC dynamics. Compared 

with previous works, the proposed system achieved a 25–30 % reduction in charging time, 

reduced output current ripple to below 2 %, and lowered grid-side THD to within IEEE-519 

standards, demonstrating superior power quality and stability. These improvements directly 

highlight the effectiveness of the optimized PI control strategy, VCO synchronization, and 

energy management coordination over conventional grid-only fast charging solutions. The 

findings also demonstrated reduced reliance on the grid and effective harmonic mitigation. Key 

contributions of this study include the optimized design of a hybrid energy-powered fast 

charging station, the implementation of classical and optimized control techniques for energy 

efficiency, and the validation of system stability and reliability through case-based performance 

analysis. These outcomes directly fulfilled the stated research objectives and addressed the 

core problem by delivering a technically sound and sustainable solution to enhance the 

performance and integration of EV fast charging infrastructure. To achieve these objectives, 

the research was structured into five main chapters in addition to the introductory and 

concluding sections, with each chapter contributing a critical part of the broader study. The 

study can be summarized as follows: 

Chapter Two provided an in-depth literature review on fast charging technologies for EVs and 

their integration with renewable energy sources. The chapter highlighted the rapid growth of 

the EV market, the challenges associated with fast charging infrastructure, and advanced 

charging techniques to improve efficiency and reduce the impact on power grids. A key focus 
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was the categorization of EV chargers into Level 1, Level 2, and Level 3 DC fast charging, 

where Level 3 chargers play a critical role in highway and public charging stations but impose 

significant loads on power grids, introducing challenges such as power quality issues, 

harmonics, and grid stability concerns. Various advanced fast charging techniques, including 

inductive charging, ultra-fast charging, DC fast charging, Tesla Superchargers, bidirectional 

charging, and battery swapping, were explored, with DC fast charging emerging as the most 

practical solution for widespread EV adoption. The integration of RES, such as PV systems 

and energy storage solutions, was analyzed as a key strategy for developing sustainable fast-

charging stations. Hybrid AC-DC microgrids, V2G technology, and BESS were identified as 

critical solutions for mitigating grid stress and enhancing the reliability of charging 

infrastructure. The chapter also reviewed advanced control architectures, particularly 

hierarchical control strategies for fast EV charging stations, covering primary, secondary, and 

tertiary control levels to optimize energy management, balance power distribution, and 

enhance grid stability. Additionally, the role of SSTs in modern charging infrastructures was 

discussed, emphasizing their potential in reducing size, weight, and energy losses in charging 

systems. The literature review further evaluated medium-voltage DC fast charging systems 

operating on common AC, DC, and hybrid AC-DC buses, highlighting their efficiency, 

scalability, and suitability for integrating renewable energy sources in large-scale EV charging 

stations. Overall, the findings established that fast charging technologies are essential for 

widespread EV adoption, with DC fast charging being the most viable solution despite 

challenges such as high power demand, battery degradation, and infrastructure costs. 

Integrating renewable energy sources with fast-charging stations can reduce dependence on 

fossil fuels and enhance sustainability, but this requires robust energy storage solutions and 

grid support mechanisms. The discussion on hierarchical control systems and solid-state 

transformers underscored the importance of intelligent power management and high-

frequency power conversion in modern EV charging stations. Additionally, hybrid AC-DC 

microgrids and medium-voltage fast chargers were identified as key strategies to improve 

efficiency and scalability. This literature review provided a strong foundation for understanding 

the latest advancements in EV fast charging technologies and their impact on power systems, 

with findings that guided the system architecture and modeling in subsequent chapters, 

ensuring the development of a high-performance, renewable-integrated DC fast charging 

system for EVs. 

Chapter Three presented the development and modeling of a DC fast charging system for 

electric vehicles, detailing the system architecture and the mathematical modeling of its key 

components. The system integrates three main stages: the PV stage, the AC grid stage, and 

the charger stage, working together to ensure efficient and reliable charging. The PV stage 



158 

 

utilizes a PV array with a DC-DC boost converter featuring MPPT to optimize solar energy 

extraction, while the AC grid stage employs an AFE converter and a PI controller to manage 

energy flow and maintain grid stability. The charger stage is equipped with a bidirectional DAB 

converter and a PI controller, which plays a crucial role in stabilizing voltage and current 

regulation, thereby ensuring efficient charging performance while enabling smooth 

bidirectional power transfer between the EV battery and the DC fast charging station. The 

precise tuning of the PI controller allows for fast dynamic response, minimizing steady-state 

error and ensuring optimal energy exchange with the grid or local energy storage. The system 

was designed with an LC filter to remove harmonics, a PLL for synchronization, and SPWM 

for precise control of the voltage source converter. The modeling of the lithium-ion battery, 

including its electrical characteristics, SoC estimation, and BMS design using the CCCV 

method, was developed to ensure battery protection and optimal energy utilization. The BMS 

was designed to manage battery SoC and efficiently distribute power between sources and 

the battery system based on demand. The DAB converter's role in regulating bidirectional 

power flow was extensively analyzed, incorporating phase-shift control for optimized energy 

transfer. The MATLAB/Simulink model was implemented to simulate the system’s behavior, 

validating the effectiveness of the control strategies in enhancing charging efficiency and grid 

stability. The integration of the PV system and the DC fast charging architecture ensures a 

sustainable approach to EV charging by leveraging renewable energy while mitigating grid 

stress. This chapter provided a comprehensive foundation for the system’s modeling and 

control, forming the basis for further optimization and real-world application in high-

performance DC fast charging systems. 

Chapter four chapter provided a detailed performance evaluation of the developed DC fast 

charging system for EVs. The simulation results confirmed the system’s capability to achieve 

stable hybrid power integration, efficient bidirectional power conversion, and reduced voltage 

and current ripples. The impact of Park transform gain variations, VCO parameter adjustments, 

and RL filter inductance on stability, power quality, and grid synchronization was thoroughly 

analyzed. The boost converter’s performance under varying SoC conditions demonstrated 

well-regulated power output with effective MPPT using the P&O algorithm. The system 

exhibited low total harmonic distortion, robust transient and steady-state performance, and 

high charging efficiency. The integration of advanced control strategies, including PI controllers 

and harmonic compensation techniques, validated the system’s reliability. Furthermore, the 

incorporation of energy storage and grid-tied converters significantly improved cost efficiency 

and power stability, reinforcing the feasibility of the proposed design as a high-performance 

DC fast charging solution for electric vehicles. 
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Chapter five concludes the study by summarizing key findings from previous chapters: 

Chapter 2 reviewed fast charging technologies, emphasizing DC fast charging as the most 

viable solution despite grid challenges, while highlighting the benefits of renewable energy 

integration, hybrid microgrids, and advanced control strategies. Chapter 3 detailed the 

modeling of a DC fast charging system, integrating PV, grid, and charger stages with optimized 

control mechanisms like MPPT, bidirectional DAB converters, and PI controllers to ensure 

efficiency and stability. Chapter 4 validated the system’s performance through simulations, 

demonstrating stable power integration, low harmonic distortion, and high charging efficiency, 

supported by robust energy storage and grid-tied converters. Overall, the study establishes 

that renewable-integrated DC fast charging, combined with advanced control and energy 

management, offers a sustainable and high-performance solution for EV adoption, addressing 

grid challenges while enhancing efficiency and reliability. 

5.2 Recommendation and Future Work  

The findings of this dissertation highlight the viability of renewable-integrated DC fast charging 

systems for EVs while identifying areas for further improvement and research. Based on the 

challenges and limitations encountered, the following recommendations and future work are 

proposed: 

Recommendations 

1. Enhanced Grid Integration Strategies – Future deployments of fast-charging stations 

should incorporate advanced grid-support mechanisms, such as dynamic load 

management and demand response systems, to mitigate power quality issues and grid 

instability caused by high-power charging demands. 

2. Optimization of Hybrid Energy Systems – The integration of multiple renewable energy 

sources (e.g., wind and solar) with battery energy storage systems (BESS) should be 

further optimized to ensure uninterrupted power supply, especially in off-grid or weak-

grid scenarios. 

3. Improved Battery Management Systems (BMS) – Future BMS designs should 

incorporate artificial intelligence (AI) and machine learning (ML) techniques for more 

accurate state-of-charge (SoC) estimation, thermal management, and predictive 

maintenance to extend battery lifespan. 

4. Standardization of Charging Protocols – Policymakers and industry stakeholders 

should work toward standardizing fast-charging protocols, including bidirectional 

(V2G/V2H) capabilities, to ensure interoperability and scalability across different EV 

models and charging networks. 
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5. Cost Reduction and Scalability – Research should focus on reducing the capital and 

operational costs of fast-charging infrastructure, particularly in solid-state transformers 

(SSTs) and high-power converters, to accelerate large-scale adoption. 

Future Work 

1. AI-Based Energy Management Systems – Future studies could explore AI-driven 

energy management systems for dynamic power allocation between renewable 

sources, grid power, and energy storage to maximize efficiency and minimize costs. 

2. Ultra-Fast Charging with Next-Gen Batteries – Research should investigate ultra-fast 

charging (350 kW+) compatibility with emerging battery technologies (e.g., solid-state 

batteries) to reduce charging times while mitigating degradation effects. 

3. Cybersecurity for Smart Charging Networks – As EV charging infrastructure becomes 

more interconnected, cybersecurity frameworks must be developed to protect against 

potential cyber threats in grid-connected and V2G-enabled systems. 

4. Economic and Environmental Impact Analysis – Further studies should evaluate the 

long-term economic feasibility and carbon footprint reduction of renewable-powered 

fast-charging stations compared to conventional grid-dependent systems. 
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Appendix 2: P&O MATLAB Code 

 

A MATLAB program software for the gradual process to extract maximum power by 

using the proposed P&O MPPT control algorithm from the small wind source is 

presented. 

 

Step-1: Start the procedure 

Step-2: Calculates change in power ΔP and change in voltage ΔV 

For i=k (Maximum number of repetitions) 

If change in power, ΔP is positive; 

If change in voltage, ΔV is positive; 

Decreases the 𝑉𝑟𝑒𝑓, D =𝐷𝑖𝑛𝑖𝑡,  – 𝐷𝑑𝑒𝑙, 

Else 

if change in voltage, ΔV is negative; 

Increase the 𝑉𝑟𝑒𝑓, D =𝐷𝑖𝑛𝑖𝑡,  + 𝐷𝑑𝑒𝑙 

End 

Else 

If change in voltage, ΔV < 0; 

Increase the 𝑉𝑟𝑒𝑓, D =𝐷𝑖𝑛𝑖𝑡,  + 𝐷𝑑𝑒𝑙 

Else 

If change in voltage, ΔV is negative; 

Decreases the 𝑉𝑟𝑒𝑓, D =𝐷𝑖𝑛𝑖𝑡,  – 𝐷𝑑𝑒𝑙 

End 

End 

Step-3: else   D=  𝐷𝑖𝑛𝑖𝑡 

End 

If D > 𝑉𝑢𝑝 I D < = 𝑉𝑙𝑜𝑤 

D = 𝐷𝑖𝑛𝑖𝑡 

End 

Step-4: Stop the process 

 


