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Abstract 

Offshore wind farms have grown rapidly in number in recent years. Several large-

scale offshore wind farms are planned to be built at further than 100 km from the 

United Kingdom coast. While high-voltage high-power installations have 

addressed the technical issues associated with reactive power flow in AC 

transmission, reactive power can be avoided by using High-Voltage Direct 

Current transmission (HVDC). Reactive power causes problems when 

transmission distances are long, therefore, HVDC transmission is now being 

considered for wind farm grid connection. However, as wind farms constitute 

weak systems Line Commutated Converter (LCC) based HVDC is not viable and 

newer Modular Multilevel Converter (MMC) based Voltage Source Converters 

(VSC) are needed for the AC-DC conversion.  One of the key components in such 

systems is the DC-DC converter, which is required to act as the interface between 

the generation, transmission, and distribution voltage levels, and reduces the 

power conversion stages, avoiding transformers typically used in AC grid 

integration systems. 

In addition, there is no high-power Medium-Voltage MV DC-DC converter 

available for offshore wind farm energy systems at present. The specification 

requirements of high-power MV DC-DC converters can be set once the output 

characteristics of the wind turbine generators have been reviewed. An offshore 

wind farm with MVDC-grid collection does not exist today, but it is a promising 

alternative, although specification analysis of high power MV DC-DC converters 

is necessary. 

The work reported in this thesis aims to introduce two types of high power MV 

DC-DC converter topologies, for offshore wind farm energy systems, termed 

single-stage, and multi-stage converters. Ways of reducing losses by soft 

switching and reduction in the number of components are considered. Both 

topologies are based on the Marx principle where capacitors are charged in 

parallel and discharged in series to achieve the step-up voltage transformation. 

During doldrums, light and calm wind, and for maintenance work, it is necessary 

to supply the offshore wind farm with auxiliary power. This thesis proposes a 
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novel Bidirectional Modular DC-DC converter (BMDC) and evaluates its 

performance. The simulation results show that the proposed BMDC allows up to 

5% of the wind farm’s power rating to be drown from the onshore substation. 

This means that the proposed DC-DC converter is capable to provide bidirectional 

power flow.  

For offshore wind farm application, BMDC can be inserted between the offshore 

wind farm and onshore substation. The studies, in this thesis, are based on an 

input DC collection at 6 kV with the DC to DC converter stepping up the voltage to 

30 kV. The proposed system is integrated and simulated with the DC offshore 

wind farm and a Voltage Source Converter (VSC) in the onshore station.  

The steady-state simulation results, to transmit the power between two different 

voltage levels, and the dynamic performance of the proposed converter were 

investigated.  The advantages of the proposed converter include its simple design 

and that it does not require an AC transformer; hence can easily be implemented 

in an offshore wind farm since it requires less weight and size on the platform in 

the sea, which ultimately results in minimal cost. Furthermore, the proposed 

converter can ride through a fault which complies with the UK Grid code. 

However, in this case, it is necessary to provide protection systems such as a large 

chopper resistor for energy absorption or de-loading the wind turbine. Finally, 

the proposed integrated BMDC converter showed its suitability for offshore wind 

farms as well as improving their reliability. 

 

 

 

 

 

 

 

 

 



 

vi 
 

Table of Contents 
 

Declaration ........................................................................................................................... i 

Dedication ............................................................................................................................ ii 

Acknowledgments........................................................................................................... iii 

Abstract ............................................................................................................................... iv 

Table of Contents .............................................................................................................. vi 

List of Figures ...................................................................................................................xii 

List of Tables .................................................................................................................... xvi 

List of Acronyms ........................................................................................................... xvii 

List of Symbols ................................................................................................................ XIX 

 

Chapter 1 

Introduction ........................................................................................................................ 1 

1.1 Background ..................................................................................................................... 2 

1.1.1 Current and future developments in Europe wind farm ........................... 2 

1.1.2 Research motivation ................................................................................................ 3 

1.2 Research Aim and Objectives ................................................................................... 5 

1.3 Thesis structure and content .................................................................................... 6 

1.4        Author’s Publications based on this Work .......................................................... 7 

 

Chapter 2 

Review of Wind Farm Grid Integration Technologies ....................................... 10 

2.1 Introduction ................................................................................................................. 11 

2.2 Advent of offshore wind farms ............................................................................. 11 

2.3 Wind turbines .............................................................................................................. 14 

2.3.1 Variable Speed Turbine with Doubly Fed Induction Generator .......... 15 

2.3.2 Full Variable speed converter machines (Synchronous generator) .. 16 



 

vii 
 

2.3.3 Fixed speed wind turbine ................................................................................... 17 

2.4 Grid integration of offshore wind farms ........................................................... 18 

2.5 HVAC System................................................................................................................ 19 

2.5.1 High Voltage Alternating Current connection (HVAC) ............................ 19 

2.5.2 MVAC Collector Systems ..................................................................................... 20 

2.5.2.1 Radial collector system ............................................................................... 20 

2.5.2.2 Star connection .............................................................................................. 21 

2.5.2.3 Sided ring ......................................................................................................... 22 

2.6 HVDC Systems ............................................................................................................. 23 

2.6.1 HVDC connection ................................................................................................... 23 

2.6.2 DC collection system ............................................................................................. 25 

2.6.2.1 Configuration A .......................................................................................... 25 

2.6.2.2 Configuration B .......................................................................................... 26 

2.6.2.3 Configuration C .......................................................................................... 27 

2.6.2.4 Configuration D ......................................................................................... 28 

2.6.2.5 Configuration E .......................................................................................... 28 

2.6.3 Characteristic of DC Collection Grids ............................................................. 29 

2.7        Summary ....................................................................................................................... 30 

 

Chapter 3 

Overview of Existing DC-DC Converter Topologies ............................................ 31 

3.1 Introduction ................................................................................................................. 32 

3.2 DC-DC converter topologies ................................................................................... 32 

3.2.1 Non-isolated converters ...................................................................................... 33 

3.2.1.1 Boost converter ............................................................................................. 34 

3.2.1.1.1   Advantages and disadvantages ......................................................... 35 

3.2.1.2 Ćuk converter ................................................................................................. 36 

3.2.1.2.1   Advantages and disadvantages ......................................................... 37 

3.2.1.3 Buck-Boost converter .................................................................................. 38 

3.2.1.3.1   Advantages and disadvantages ......................................................... 40 

3.2.1.4 Multilevel converter ..................................................................................... 41 

3.2.1.4.1   Flying capacitor multilevel converter............................................. 42 



 

viii 
 

3.2.1.4.2 Diode-clamped multilevel converter .............................................. 43 

3.2.1.4.3 Hybrid- multilevel converter ............................................................. 44 

3.2.1.4.4   Modular Multilevel converter ............................................................ 44 

3.2.2 Isolated DC-DC converter ................................................................................... 47 

3.2.2.1 Half Bridge Converter (HBC) .................................................................... 47 

3.2.2.2 Full Bridge Converter (FBC) ..................................................................... 51 

3.2.2.3 Dual Active Bridge Converter (DAB) ..................................................... 53 

3.2.3 Switched capacitor DC-DC converter ............................................................. 54 

3.2.3.1 Ladder switch capacitor Converter ........................................................ 54 

3.2.3.2 Fibonacci switch capacitor Converter .................................................. 56 

3.2.3.3 The voltage doubler SC Converter .......................................................... 57 

3.2.3.4 A series-parallel DC-DC converter .......................................................... 58 

3.3 Summary ....................................................................................................................... 58 

 

Chapter 4 

Development of a Single Stage and Multi Stage Marx Converter ................... 60 

4.1 Introduction ................................................................................................................. 61 

4.2 System description .................................................................................................... 61 

4.3 Single stage DC-DC Marx converter .................................................................... 62 

4.3.1 Circuit arrangement .............................................................................................. 63 

4.3.2    Basic principles ...................................................................................................... 64 

4.3.3 Mathematical analysis of single-stage DC-DC Marx converter ............ 65 

4.3.4 Converter design .................................................................................................... 68 

4.3.5 Evaluation of steady-state operation ............................................................. 71 

4.3.6 Voltage and current stresses ............................................................................. 73 

4.3.7 Evaluation of dynamic operation .................................................................... 74 

4.3.7.1 Change the Load ............................................................................................ 74 

4.3.7.2 Device and component stresses .............................................................. 75 

4.3.8 Comparative Performance evaluation ........................................................... 77 

4.4 Cascaded DC-DC Marx Converter ...................................................................... 78 

4.4.1 Circuit arrangement .............................................................................................. 79 

4.4.2 Steady-State Operation ........................................................................................ 80 



 

ix 
 

4.4.3 Analysis and Design of the converter............................................................. 82 

4.4.3.1 Determination of stage 1 parameters ................................................... 83 

4.4.3.2 Determination of stage 2 parameters ................................................... 85 

4.4.3.3 Determination of stage 3 parameters ................................................... 86 

4.4.3.4 Determination of output stage parameters ........................................ 87 

4.4.4 Evaluation of steady-state operation ............................................................. 88 

4.4.5 Evaluation of dynamic operation .................................................................... 93 

4.4.5.1 Load step change ........................................................................................... 93 

4.4.5.2 Device and component stresses .............................................................. 94 

4.4.6 Semiconductor and component ratings ........................................................ 97 

4.4.6.1 IGBT .................................................................................................................... 98 

4.4.6.2 Diode .................................................................................................................. 98 

4.4.6.3 Capacitor .......................................................................................................... 99 

4.4.6.4 Inductor .......................................................................................................... 100 

4.4.7 Comparative performance evaluation ......................................................... 100 

4.4.8 Comparative between a single-stage and multi-stage converter ...... 102 

4.5           Summary ................................................................................................................... 105 

 

Chapter 5 

Analysis, Design and Evaluation of Steady-state Operation of the 

Bidirectional Modular Converter ........................................................................... 106 

5.1 Introduction ............................................................................................................... 107 

5.2 System description .................................................................................................. 107 

5.3 Bidirectional Marx DC-DC converter ................................................................ 108 

5.3.1 Circuit configuration ........................................................................................... 108 

5.3.2 The Steady-State Operation ............................................................................. 109 

5.3.2.1 Forward Mode .............................................................................................. 110 

5.3.2.2 Reverse Mode ............................................................................................... 111 

5.3.3 Analysis and Design converter ....................................................................... 112 

5.3.3.1 Forward mode (boost voltage) .............................................................. 112 

5.3.3.2 Reverse mode (buck voltage) ................................................................. 116 

5.3.3.3 Determination of capacitance values .................................................. 119 

5.3.3.4 Determination of inductance values .................................................... 120 



 

x 
 

5.3.4 Evaluation of steady-state operation ........................................................... 121 

5.3.5 Voltage and current stresses ........................................................................... 123 

5.3.5.1 Forward-mode: ............................................................................................ 123 

5.3.5.2 Reverse mode: .............................................................................................. 126 

5.4            Summary .................................................................................................................. 128 

 

Chapter 6 

Application of the Bidirectional Modular Converter to Windfarm Power 

Collection ........................................................................................................................ 129 

6.1 Introduction ............................................................................................................... 130 

6.2 Electrical system for the grid connection of the offshore windfarm ... 130 

6.3 Modelling the system .............................................................................................. 131 

6.3.1 Wind farm ............................................................................................................... 131 

6.3.2 Bidirectional modular converter ................................................................... 132 

6.3.3 Submarine DC cable ............................................................................................ 133 

6.3.4 Modelling of the VSC ........................................................................................... 134 

6.3.5 AC Grid ..................................................................................................................... 135 

6.3.6 System control circuit ........................................................................................ 136 

6.3.6.1 VSC control circuit ...................................................................................... 136 

6.3.6.2 DC-DC converter control circuit ............................................................ 138 

6.4 Evaluation of the steady-state operation ........................................................ 138 

6.5 Device and component stresses ......................................................................... 143 

6.5.1 Forward IGBT devices ........................................................................................ 143 

6.5.2 Reverse IGBT devices ......................................................................................... 145 

6.6 Evaluation of the Dynamic operation ............................................................... 146 

6.6.1 Fault ride-through event simulation ............................................................ 147 

6.6.2 Device and component stresses ..................................................................... 150 

6.7         Summary ..................................................................................................................... 152 

 

 

 



 

xi 
 

Chapter 7 

Conclusions and Future Work ................................................................................. 153 

7.1 Conclusions ................................................................................................................. 154 

7.2 Thesis Summary of Contributions ..................................................................... 155 

7.3 Recommendations for future work ................................................................... 156 

 

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

Appendix   A.................................................................................................................... 170 

A.1   A single stage and multi stage converter deriving equations ..................... 171 

A.2   Calculation of converter parameters .................................................................... 176 

Appendix   B.................................................................................................................... 178 

Appendix   C .................................................................................................................... 187 

Appendix   D ........................................................................................................................................... 199 

 

 

 

 

 

 

 

 

 

 

 



 

xii 
 

List of Figures 

Figure 1.1:  Europe shared of new wind energy capacity installed during 2017 .. 3 

Figure 1.2:  The European Offshore Super grid .................................................................. 3 

Figure 1.3:  Possible application areas of DC-DC converters in HVDC grid ............. 4 

Figure 2.1:  Global cumulative installed wind power capacity .................................. 11 

Figure 2.2:  A breakdown of potential growth in 2020 ................................................. 12 

Figure 2.3:  Evolution in the size of commercial wind turbines ................................ 15 

Figure 2.4:  Variable speed wind turbine with DFIG ...................................................... 16 

Figure 2.5:  Full Variable speed wind turbine an Induction ........................................ 17 

Figure 2.6:  Fixed speed turbine with an induction generator .................................. 17 

Figure 2.7:  The different components on OWF’s electrical system ........................ 18 

Figure 2.8:  The basic configuration of  the Horns Rev wind power plant ............ 20 

Figure 2.9:  AC radial system Collection ............................................................................. 21 

Figure 2.10:  AC Star system collection ............................................................................... 22 

Figure 2.11:  Sided ring System Collection ........................................................................ 22 

Figure 2.12:  A 500 MW wind power plant using one HVDC-VSC system ............. 24 

Figure 2.13:  Configuration A .................................................................................................. 26 

Figure 2.14:  Configuration B .................................................................................................. 27 

Figure 2.15:  Configuration C .................................................................................................. 27 

Figure 2.16:  Configuration D .................................................................................................. 28 

Figure 2.17:  Configuration E .................................................................................................. 29 

Figure 3.1:  DC-DC converter block diagram..................................................................... 33 

Figure 3.2:  Generic DC-DC converter .................................................................................. 33 

Figure 3.3:  Ideal boost converter ......................................................................................... 34 

Figure 3.4:  Switch current, voltage, Inductor current waveforms .......................... 35 

Figure 3.5:  Ćuk Converter configuration ........................................................................... 36 

Figure 3.6:  Capacitor waveforms in continuous conduction mode ........................ 37 

Figure 3.7:  Ćuk Converter- Switch voltage and current waveforms ...................... 38 

Figure 3.8:  Buck-boost Converter schematic ................................................................... 39 

Figure 3.9:  Steady-state inductor current and voltage waveform .......................... 39 

Figure 3.10:  Types of multilevel converters .................................................................... 41 

Figure 3.11:  Structure of flying capacitor multilevel converters ............................. 42 



 

xiii 
 

Figure 3.12:  One H-Bridge cell............................................................................................... 44 

Figure 3.13:  Schematic diagram of a modular multilevel converter ...................... 46 

Figure 3.14:  Schematic layout of Half Bridge converter. ............................................. 48 

Figure 3.15:  Timing diagram of switching (D= 0.20) ................................................... 49 

Figure 3.16:  Schematic layout of Full Bridge converter. ............................................. 51 

Figure 3.17:  Schematic layout of DAB converter. .......................................................... 53 

Figure 3.18:  Schematic layout of Basic DC-DC ladder converter ............................. 55 

Figure 3.19:  Fibonacci SC DC-DC converter ..................................................................... 56 

Figure 3.20:  Switched capacitor voltage doubler converter ...................................... 57 

Figure 3.21:  Series-parallel DC-DC converter ................................................................. 58 

Figure 4.1:  Electrical System for the grid connection of a wind farm .................... 62 

Figure 4.2:  Veilleux DC-DC Converter ................................................................................. 62 

Figure 4.3:  Single-stage DC-DC Marx converter block diagram ............................... 63 

Figure 4.4:  Connected the Capacitors in parallel during charging .......................... 64 

Figure 4.5: Connected the Capacitors in Series during discharging ........................ 65 

Figure 4.6:  Charging capacitors in Parallel ....................................................................... 66 

Figure 4.7:  Ideal steady-state waveforms ......................................................................... 67 

Figure 4.8:  Discharging capacitors in series .................................................................... 68 

Figure 4.9:  Inductor currents Simulation waveforms .................................................. 71 

Figure 4.10:  Output Simulation waveforms ..................................................................... 73 

Figure 4.11:  IGBT and diode switch simulation waveforms ...................................... 74 

Figure 4.12: Simulation results for output voltage and input inductor current . 75 

Figure 4.13: IGBT and diode switch simulation waveforms. ...................................... 76 

Figure 4.14: Power device count comparison .................................................................. 77 

Figure 4.15: Veilleux Cascaded Marx DC-DC converter ................................................ 79 

Figure 4.16: Model cascaded DC-DC Marx converter .................................................... 80 

Figure 4.17: The arrangement for switching time of cascaded converter ............ 81 

Figure 4.18: Charging capacitors in Parallel (stage 1) .................................................. 83 

Figure 4.19: Steady-state waveforms model cascaded DC-DC converter .............. 84 

Figure 4.20:  Stage two for the two half-cycle operations ........................................... 85 

Figure 4.21:  Stage three during two half-cycle operations ........................................ 86 

Figure 4.22:  Matlab / Simulink Simulation results........................................................ 89 

Figure 4.23:  Simulation waveforms of the model cascaded converter ................. 90 



 

xiv 
 

Figure 4.24:  Output power waveforms of the cascaded marx converter ............. 90 

Figure 4.25:  Simulation results Capacitor voltage waveforms ................................. 92 

Figure 4.26:  Transient operation waveforms .................................................................. 94 

Figure 4.27:  Current flows through IGBT Switch Svalve ................................................ 95 

Figure 4.28:  Voltage across and current flows through IGBT (SP1- SP4) ................ 95 

Figure 4.29:  Voltage across and current flows through IGBT SSi ............................. 96 

Figure 4.30:  Components count for DC-DC converter topologies ......................... 101 

Figure 4.31:  Load voltage comparisons ........................................................................... 102 

Figure 4.32:  Load voltage, Load current and load power waveforms ................. 103 

Figure 4.33:  Components count for DC-DC converter topologies ......................... 104 

Figure 5.1: DC collection topology system of a wind farm ........................................ 107 

Figure 5.2: Proposed converter between two DC supply .......................................... 108 

Figure 5.3: Bidirectional Marx DC-DC converter topology ........................................ 109 

Figure 5.4: Inductor current waveforms during both modes .................................. 110 

Figure 5.5: Switching and corresponding current flow directions ........................ 110 

Figure 5.6: Switching and corresponding current flow directions ........................ 111 

Figure 5.7: Switching and corresponding current flow in Reverse mode ........... 112 

Figure 5.8: Equivalent circuit of charging capacitors in parallel ............................ 113 

Figure 5.9: Ideal resonant waveforms for voltages and currents ........................... 114 

Figure 5.10: Equivalent circuit of discharging capacitors in series ....................... 115 

Figure 5.11: Equivalent circuit of charging capacitors in series ............................. 116 

Figure 5.12: Ideal resonant waveforms for voltages and currents ........................ 118 

Figure 5.13: Equivalent circuit of discharging capacitors in parallel .................... 119 

Figure 5.14: Simulation waveforms of the forward mode operating .................... 122 

Figure 5.15: Simulation waveforms of the reverse mode operating. .................... 123 

Figure 5.16: IGBT and diode switch simulation waveforms ..................................... 124 

Figure 5.17: Simulation waveforms of the forward mode operation. ................... 127 

Figure 6.1:  DC collection system for the Grid Connection of a Wind farm ......... 130 

Figure 6.2:  The model of the DC-DC converter connected to the AC system .... 131 

Figure 6.3:  Wind turbine converter ................................................................................... 132 

Figure 6.4:  Averaged model of the VSC ............................................................................ 134 

Figure 6.5:  Equivalent circuit of AC system .................................................................... 135 

Figure 6.6:  The main control circuit of VSC .................................................................... 137 



 

xv 
 

Figure 6.7:  Control circuit of the DC-DC converter ..................................................... 138 

Figure 6.8:  Inductor current waveforms during both mode operations ............ 139 

Figure 6.9:  DC power flows in both modes ..................................................................... 139 

Figure 6.10:  Power flows in forward and reverse modes ......................................... 140 

Figure 6.11:  AC voltage and current waveforms .......................................................... 141 

Figure 6.12:  DC Voltage waveform in both modes ...................................................... 142 

Figure 6.13:  DC Voltage waveform in both modes ...................................................... 142 

Figure 6.14:  Parallel charging current in forward mode operating...................... 143 

Figure 6.15:  Current and voltage stresses on forward IGBT ................................... 144 

Figure 6.16:  Current and voltage stresses on forward IGBT ................................... 145 

Figure 6.17:  Discharging current in Parallel through IGBT ..................................... 145 

Figure 6.18:  A single line diagram of DC-DC converter wind farm ....................... 147 

Figure 6.19:  Typical shape of Fault Ride Through Capability plot ........................ 147 

Figure 6.20:  Active and reactive power in AC side ...................................................... 148 

Figure 6.21:  Voltage waveforms at fault point .............................................................. 149 

Figure 6.22:  HVDC link voltage ........................................................................................... 150 

Figure 6.23:  IGBT withstand voltage during short circuit ........................................ 150 

Figure 6.24:  Current flows through IGBT Switch during short circuit ................ 151 

 

 

 

 

 

 

 

 

 

 

 



 

xvi 
 

List of Tables 

Table 2.1: Comparison of HVAC and HVDC ....................................................................... 25 

Table 3.1: DC-DC converter topologies ............................................................................... 32 

Table 3.2: Pattern switching of Four-level flying capacitor converter ................... 43 

Table 3.3: Pattern switching of Half Bridge converter .................................................. 48 

Table 3.4: Pattern switching of Four-level flying capacitor converter ................... 51 

Table 3.5: Pattern switching of Fibonacci switch capacitor converter ................... 56 

Table 4.1: System Parameters used for DCMC circuit simulation ............................ 70 

Table 4.2: IGBT switching logic for the improved converter...................................... 80 

Table 4.3: Diodes switching logic for the improved converter .................................. 80 

Table 4.4: Parameters used for cascaded DC-DC converter simulation ................. 88 

Table 4.5: Shows the peak inductor currents and voltage across capacitors ...... 91 

Table 4.6: Design value and simulation results of capacitor ripple voltage ......... 92 

Table 4.7: IGBTs rating .............................................................................................................. 98 

Table 4.8: Diodes rating ............................................................................................................ 99 

Table 4.9: Capacitor rating ....................................................................................................... 99 

Table 4.10: Inductor rating .................................................................................................... 100 

Table 5.1: Converter Parameters used for circuit simulation .................................. 121 

Table 5.2: Analytical and simulation results of current capacitors ......................... 124 

Table 5.3: Device and component rating of step-up mode ........................................ 126 

Table 5.4: Device and component rating of step-down mode .................................. 128 

Table 6.1: Parameters of the model used in simulations ........................................... 133 

Table 6.2: DC cable parameters ........................................................................................... 134 

 

 

 

 

 

 

 

 



 

xvii 
 

List of Acronyms 

AC Alternating Current 

BJT Bipolar Junction Transistor 

BMC Bidirectional Modular Converter 

CS Collector System 

DAB Dual Active Bridge 

DC Direct Current 

DFIG Doubly Fed Induction Generator 

EMI Electromagnetic Interference  

FBIC Full Bridge Insulated Converter 

FBR Full Resonant Converter 

FM Forward Mode  

FSWG Fixed Speed Wind Turbine  

GWEC Global Wind Energy Council 

GTO Gate Turn Off  

HVAC High Voltage Alternating Current 

HBIC Half Bridge Insulated Converter 

HVDC High Voltage Direct Current 

IGBT Insulated Gate Bipolar Transistor 

IG Induction Generator 

LCC Line Commutated Converter 

LSC Line Side Converter 

MC Marx Converter  

MI Mass Impregnated 

MV Medium Voltage 

MMC Modular Multilevel Converter 

MTDC Multiterminal HVDC 

MW Megawatt 

OWT Offshore Wind Turbine 

OWF Offshore Wind Farm 

PI Proportional-integral  



 

xviii 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

PMSG Permanent Magnet Synchronous Generator  

RM Reverse Mode 

PV Photovoltaics 

PWM Pulse with modulation 

RSC Rotor Side Converter 

SCFF Self-Contained Fluid Filled 

SM Sub Module 

TNO Transmission System Operators 

TSO Transmission System Operation 

VSC Voltage Source Converter 

XLPE Crossed Linked Polyethylene 

ZCS Zero Current Switching 



 

xix 
 

List of Symbols 

𝜑 The phase shift angle 

𝜔 The angular frequency 

ΔVC The desired peak-to-peak voltage ripple 

Cn Number of capacitors in the middle converter 

Ceq(p) Equivalent capacitance of parallel 

Ceq(S) Equivalent capacitance of series 

Ceq(FP) Forward equivalent capacitance of parallel 

Ceq(RP) Reverse equivalent capacitance of parallel 

Ceq(FS) Forward equivalent capacitance of Series 

Ceq(RS) Reverse equivalent capacitance of Series 

Cout Output capacitor 

d Duty cycle 

Dn Number of diodes  

Fs Switching Frequency 

i*
d The current references 

iL1 The current in the inductor L1 

Iin Input current  

Iout Output current 

Ki-pll Integral gain 

Kp-pll Proportional gain 

KHz Kilo Hertz 

𝐿𝜎 The total leakage inductance of the transformer 

Lin Input inductor 

N(boost-buck) The voltage conversion ratio 

NC The number of capacitor cells 

Ns Secondary winding 

Np Primary winding 

PDAB Transferred power 

Prate Rating power  

Rload Load resistance   



 

xx 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

SF IGBT switch connected in Forward 

SP IGBT switch connected in Parallel 

SR IGBT switch connected in Reverse 

Svalve IGBT switch valve  

ton Operating Time 

toff Turn-off Time 

Ts Switching Time  

Vcell Cell capacitor voltage  

Vdc Voltage between the positive and negative poles 

Vin Input voltage 

VH High Voltage 

VL Low Voltage 

Vout Output voltage  



 

1 
 

 

 

 

 

 

 

 

 

Chapter 1  

1.                      Introduction 

 

 

 

 

 
 



Introduction
 

2 
 

1.1   Background  

Harnessing of wind energy; in particular, offshore wind energy is a keystone in 

the policy of several European countries for the large-scale use of renewable 

energy. The realisation and the grid connection of offshore wind farms is 

receiving much attention, in countries such as in Denmark, United Kingdom, 

Germany, Sweden, and the Netherlands [1]. 

Seas and oceans make ideal locations for wind farm turbines since wind energy 

sources are much stronger and more constant compared to onshore locations. 

The ocean’s surface is not obstructed by hills, trees and houses, like the land, so 

winds over the water are faster because there is less friction to slow them down 

[2]. Thus, offshore wind farms offer more significant potential for renewable 

energy. The massive potential of the United Kingdom’s shoreline makes it one of 

the most attractive places in the world to invest in offshore wind farm technology 

[2].  

1.1.1 Current and Future Development in Europe Wind Farm 

European countries were harnessing wind energy a long time ago; Denmark 

installed the first offshore wind farm in 1991, which was rated at a few kilowatts 

[3]. Since then in Europe, offshore wind farms have grown rapidly in number and 

capacity. In 2015, 12,800 MW of wind power capacity was installed and grid-

connected in the European Union, 6.3% more than 2014. Figure 1.2 shows EU 

country market shares for new wind energy capacity installed during 2017. One 

can see that; the total wind energy capacity is 15.638 MW. 42% of all new Europe 

installation in 2017 took place in Germany, and the second largest percentage is 

the United Kingdom at 27.2% [3]. 

In the North Sea region, offshore wind generation is expected to reach about 70 

TWh by the year 2035, further increasing to a capacity of 309 TWh by 2050 [4]. 

However, there is a strong case for implementing a Multi-Terminal Direct Current 

(MTDC) grid in the North Sea to interconnect offshore wind farms and onshore 

substations and to form so-called “European offshore super DC grid” as displayed 

in Figure 1.2. 
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Figure 1.1: Europe shared new wind energy capacity installed during 2017 [3]  

 

 

 

 

 

 

 

 

 

Figure 1.2: The European offshore super grid [4] 

 

1.1.2 Research Motivation 

Several offshore wind farms with a capacity around 1000 MW are planned to be 

built in Europe with expected distances of more than 100 km to onshore station 

[1], [2]. With such transmission distances, AC transmission is impractical due to 

the problems associated with reactive power flow. With DC transmission, 

reactive power issues are eliminated and therefore, DC transmission is being 
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considered for harnessing offshore wind power for grid integration, despite the 

additional cost of converter stations [1], [2]. A DC grid will naturally grow out of 

the interconnection of existing point-to-point transmission corridors [5]. This 

would require the interconnection of sections operating at different DC voltage 

levels through DC-to-DC converters as illustrated in Figure 1.3.  

 
 

 

 

Figure 1.3: Possible application areas of DC-DC converters in the HVDC grid [5]  

Generally, a DC-DC converter can be described as the DC equivalent of an AC 

transformer in the HVAC system. This research project is focused on contributing 

to the HVDC concept by providing a new bidirectional DC-DC converter for 

offshore wind farms.  
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1.2 Research Aim and Objectives 
 

Considering the subject of “DC-DC converter for power collection in wind farms”. 

The aim of the research is to develop and investigate a bidirectional DC-DC 

converter for power collection in wind farms. To achieve this aim, the following 

objectives are addressed in this thesis: 

1. To carry out a comprehensive literature review and survey to gain a 

thorough understanding of state-of-the-art High Voltage Direct Current 

(HVDC). The topics include; 

i. Current offshore wind farm collection schemes. 

ii. Technologies used to implement high-power MV DC-DC 

converters for offshore wind farms and main challenges 

impeding their utilisation in high voltage and high-power 

applications.    

iii. Voltage source converter based HVDC transmission. 

 

2. To investigate and determine the specifications and ratings of DC-DC 

converters in the electrical system for grid integration of offshore wind 

farms. 

 

3. To propose, design and evaluate unidirectional DC-DC converter 

topologies to be applied for offshore wind farms, and to compare them 

steady-state performance of different converter topologies suitable for 

high-power MV. 

 

4. To propose and design a novel bidirectional DC-DC converter to operate 

between two different voltage levels. 

 

5. To validate and evaluate all the developed operating modes for the 

proposed DC-DC converter, control strategies, and topologies through the 

computer simulations in steady-state and dynamic-state operating 

conditions. 
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1.3 Thesis Structure and Content 

In particular, the outcomes of this work are presented in seven chapters as 

follows: 

Chapter 1: Introduces the thesis, includes a background on the development of 

current and future wind farms in Europe, research motivation and 

finally research aims and objectives.  

Chapter 2: Comprises a literature review of previous work with the development 

of HVDC technology in an offshore wind farm, then an evaluation for 

the HVDC transmission compared to the traditional HVAC 

transmission system. The state of wind farms and their challenges 

are also described. Further, the Grid integration of offshore wind 

farms is explained, and several possible layouts of the internal 

collection grid are explained and the components in the offshore 

wind farms are presented. Different wind turbine concepts are 

described.  

Chapter 3: Existing, and suitable DC-DC converter topologies used for high 

power collection are discussed and reviewed, followed by 

identifying the requirements for DC-DC converters that can realise 

such DC collection networks and the advantages and disadvantages 

of each of the converter topologies. 

Chapter 4: Two DC-DC converter topologies, a single-stage and multi-stage 

converters are improved and developed. The analysis, steady-state 

and dynamic performance, and comparison of the steady-state 

performance of these converter topologies through computer 

simulation. A comparison of both topologies in terms of device rating 

count is made at the end of the chapter. 

Chapter 5: Developed and designed of a new bidirectional DC-DC converter for 

offshore wind farm application. Full mathematical analysis leading 

to the design methodology to determine the component values and 

ratings including solid-state devices. In order to evaluate the 
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performance of the new bidirectional converter and control 

strategies in both power flow directions, simulation models are 

implemented. This chapter presents the results of this simulation 

and comments on the technical performance of each power flow 

direction.  

Chapter 6: The new bidirectional converter presented in Chapter Five, is 

Implemented and integrated into the wind farm power collection. 

This chapter presents, in more detail, the control mechanisms of the 

system, and presents and discusses both steady state and dynamic 

state operation. Finally, validation through computer simulation is 

presented.  

Chapter 7: Presents general conclusions, summary of contributions and 
recommendations for future research.  

References and appendices are displayed at the end of this research 

thesis. 

1.4 Author’s Publications based on this Work 

Journal Publication  

 Alagab, Samir Milad, Sarath Tennakoon, and Chris Gould. "Bidirectional 

Marx DC–DC converter for offshore wind farm application." The Journal of 

Engineering, vol. 17, pp.3848-3854, IET 2019. [Published] 
 

 Alagab, Samir Milad, Sarath Tennakoon, and Chris Gould. "A Compact DC-DC 

Converter for Offshore Wind Farm Application." Renew. Energy Power Qual. 

Journal, vol. 1, no. 15, pp. 529–533, 2017. [Published] 

 

Conference Publication  

 Alagab, Samir Milad, Sarath Tennakoon, and Chris Gould. "Review of wind 

farm power collection schemes." In Power Engineering Conference (UPEC), 

50th International Universities, pp. 1-5. IEEE, 2015. [Published] 
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 Alagab, Samir Milad, Sarath Tennakoon, and Chris Gould. "High voltage 

cascaded step-up DC-DC Marx converter for offshore wind energy systems". 

In Power Electronics and Applications (EPE'17 ECCE Europe), 19th 

European Conference on, pp. P-1. IEEE, 2017. [Published] 

 

 Alagab, Samir Milad, Sarath Tennakoon, and Chris Gould. "A novel 

bidirectional DC-DC converter for offshore DC collection grid". In Power 

Electronics and Applications (EPE'18 ECCE Europe), 20th European 

Conference on, pp. 1-10. IEEE, 2018. [Published] 

 

 Alagab, Samir Milad, Sarath Tennakoon, and Chris Gould. "Comparison of 

Single-stage and Multi-stage Marx DC-DC Converters for HVDC application". 

53rd International Universities Power Engineering Conference (UPEC 

2018), pp. 1-6. IEEE, 2018. [Published] 

 

Co-authored Conference Publication: 

 Hosseini, Ehsan, Samir Milad Alagab, and Sarath B. Tennakoon. "Voltage 

regulated interleaved Marx topology DC-DC converter" In Universities Power 

Engineering Conference (UPEC), 2017 52nd International, pp. 1-5. IEEE, 

2017. [Published] 

 

 Tennakoon, Sarath B., and Samir M. Alagab. "Converters for the grid 

integration of wind farms." In Industrial and Information Systems (ICIIS), 

2017 IEEE International Conference on, pp. 1-7. IEEE, 2017. [Published] 

Internal Conferences and Workshops: 

 Poster presentation in the second MEEPS workshop focusing on Future 

Trends & Applications in HVDC by the University of Manchester, 7th 

November 2014. Accessible online via: 

https://sites.google.com/site/ieeesbpeschapteruom/meeps 
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 Poster presentation at 8th Universities High Voltage Network Colloquium, 

jointly hosted by Staffordshire University and GE Grid Solutions, 

Staffordshire University, 14th–15th January 2015. Accessible online via 

http://www.uhvnet.org.uk/uhvnet2015.html 

 

 Poster Presentation at the 9th Universities High Voltage Network 

Colloquium, Cardiff University 14th–15th January 2016. Presentation 

accessible online via http://www.uhvnet.org.uk/uhvnet2016.html 
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2.1 Introduction  

This chapter presents a brief literature review about the advent of Offshore Wind 

Farms and the concepts of suitable AC and DC collection grids. At first, the state 

of the art AC technology is reviewed, and basic concepts are presented. 

Subsequently, the focus is on the DC collection grid, and description of several 

high voltage DC collections. Basic principles and kinds of wind turbines are 

illustrated. To conclude, the chapter ends with an overview of the characteristics 

of DC collection grids and the challenges that need to be addressed. 

2.2 Advent of Offshore Wind Farms 

Wind power has emerged as one of the most dominant renewable sources of 

energy with immense growth potential across the globe [6], [7]. In fact, global 

wind energy capacity has increased rapidly and has become the fastest 

developing renewable energy technology. With the rapid development of wind 

energy, wind energy conversion systems have been developed by researchers 

and manufacturers [6], [8]. Figure 2.1, illustrates the cumulative wind power 

capacity from 1999 to 2020. World wind farm energy in 2013 reached 318 .6 GW, 

and increased in 2014, to reach 369.8 GW. In 2016, global wind farm installation 

reached 486.7 GW. From this data, wind power has grown rapidly, as shown the 

capacity in 2012 was only 283 GW and this is expected to achieve 760 GW in 

2020. 

Figure 2.1:  Global cumulative installed wind power capacity [9] 
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The Global Wind Energy Council’s (GWEC) rolling five-year forecast sees almost 

60 GW of new wind installations in 2017, rising to an annual market of about 75 

GW by 2021, to bring the cumulative installed capacity of over 800 GW by the end 

of 2021 [10]. 

Offshore Wind Farms (OWF) exhibit many advantages over onshore wind farms. 

Some of those are; strong but less turbulent wind; the availability of large sea 

areas, and reduced visual and noise impact from offshore structures. These 

advantages lead to an increase in energy production and to a reduction of fatigue 

on the blades and structural components of the wind turbines.  

This growth is expected mainly from the UK market and a faster deployment in 

France and the Netherlands, against a background of still recovering regulatory 

and financial stability as illustrated in Figure. 2.2 [8],[11], [12].  The development 

of the industry in the coming years is expected to create major growth 

opportunities for Europe if long-term visibility and stable regulatory frameworks 

are in place. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.2:  A breakdown of potential growth in 2020 [12] 
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According to [8], the UK has done more than any other country to support the 

development of a sustainable and ambitious offshore wind industry. The first 

offshore wind farm in the UK started operating in 2000, it is called Blyth Offshore 

Wind Farm, and its capacity is 4 MW. In 2001, the first phase of development 

(Round 1) was launched involving 18 sites in England and Wales, with a potential 

capacity of 1.5GW. Further offshore wind farms “Round 2” and “Round 3” were 

installed in 2003 and 2010 respectively [13].  Furthermore, the world’s largest 

offshore wind farm, London Array, was opened in July 2013.  

During 2013, the Government has been working in partnership with industry to 

develop the UK’s offshore wind industry. It provides the tools necessary to 

support large-scale investment in the UK supply chain and raise awareness of the 

commercial opportunities in the UK and overseas. However,  to deliver the 

innovation and competition required, the cost  to consumers needed to be 

reduced  [14], [15].   

The UK transmission system for the 2030 Accelerated Growth Scenario is defined 

by the National Grid [15]. The Rounds 1 and 2 offshore wind projects mostly 

utilised High Voltage Alternating Current (HVAC) export cables which have a 

rated voltage of 132 – 150 kV. However, a few projects used 33 kV Medium 

Voltage Alternating Current (MVAC) export cables for transmission to shore. For 

Round 3 projects, at 150 km distance, wind farm arrays are aggregated using 500 

MW HVAC hubs, and the intra-zonal connection between offshore HVAC 

transformer substations is achieved using HVAC cables. Furthermore, the power 

aggregated by two HVAC hubs is transmitted to shore via 1 GW and ±320 kV 

offshore converter platforms with 1 GW, 320 kV bipole cable circuits [15].  

The offshore technology has a number of issues in terms of; modest efficiency, 

high weight and size of the offshore installation, cost of transportation, 

installation,  and maintenance [16].  Presently, there are two solutions to 

integrate offshore electrical power transmission: HVAC and HVDC, mostly using 

Voltage Source Converters (VSC) [6], [17].  HVAC has the advantage of a simpler 

system structure and lower cost. However, transmission distances are getting 

longer, and the capacities of offshore wind farms are increasing, leading to the 

following problems with AC distribution and transmission [6], [18]: 
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 The stability of the AC system decreases with the increase in transmission 

distance 

 Dynamic reactive power compensation must be provided, in particular 

under AC faults 

 Cost increases with the increase of transmission distance  

These problems can be overcome by using HVDC transmission with VSC for 

power conversion. Such a system has the following advantages: 

 Maximum capture of wind energy by frequency control 

 Black-start capability 

 Independent control of real and reactive power 

 No stability issues 

 No additional reactive power compensation equipment is needed 

There are several issues in offshore wind farms, which need resolving.  Those are; 

offshore wind turbines face greater potential for corrosion from exposure to 

seawater and should be designed more robustly with less maintenance required; 

in addition, the installation and maintenance of wind farms at sea are much more 

complex than on the land, and requires special equipment and good weather 

conditions [19], [20]. 

2.3 Wind Turbines 

The energy from the wind has been harnessed by mankind for millennia to carry 

ships across oceans and later to pump water and grind grain. The conversion of 

wind kinetic energy to electrical energy started during 1887 with an automated 

wind turbine equipped with a 12-kW DC generator. To generate electricity from 

wind turbines more efficiently and reliably, and to compete against fossil fuel-

based power plants, many improvements have been made in the design of wind 

turbine mechanical and electrical components. Wind turbine technology reached 

sufficient maturity by the 1980s, leading to the commissioning of the first 50-kW 

utility-scale wind turbines [20], [21], [22]. With large turbines, wind farms can 

capture higher wind power with lower installation and maintenance costs, when 

compared to a group of small turbines. Owing to this fact, the size of commercial 

wind turbines has exponentially increased over the past 30 years as 
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demonstrated in Figure 2.3. Turbine size has increased from 50 kW in 1980 to 7.5 

MW in 2010 and up to 10 MW in 2018 [23]. 

 

Figure 2.3:  Evolution in the size of commercial wind turbines [23] 

Types of wind turbine generator systems are described in more detail in [23], 

[24]. There are several different ways to convert the mechanical power from the 

rotor section of the wind farm to electrical energy. For offshore wind turbines 

connected to an AC grid, there are two basic types; a variable speed generator; 

and a fixed speed generator [24],[25],[26]. A gearbox is included in the generator 

assembly to increase the fairly slow speed of the wind turbine shaft to a higher 

speed suitable for the electrical generator. 

2.3.1 Variable Speed Turbine with Doubly Fed Induction Generator (DFIG) 

As shown in Figure 2.4, the stator of a DFIG is directly connected to the grid while the 

rotor winding is supplied through a power electronic converter. By varying the 

frequency and magnitude of the rotor voltage, the generated active and reactive power 

can be controlled independently of each other.  

The Rotor Side Converter (RSC) usually provides active and reactive power control 

of the machine while the line-side converter (LSC) keeps the voltage of the DC-link 

constant. The converter only has to handle 20-30% of the total power and the losses in 

the converter can be reduced compared to the converter that has to handle the full 

power [27]. This system has a sufficient speed range to also smooth out incoming wind 

power variations. In addition, the power rating of the rotor-side converter is determined 
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by the range of slip required and is approximately proportional to the product of stator 

power and slip [28]. 

 

 

 

 

 

 

 

 

Figure 2.4: Variable speed wind turbine with a doubly fed induction generator  
[28] 

 

2.3.2 Full Variable Speed Converter Machines (Synchronous Generator) 

The generator can be either an induction generator or a synchronous generator. 

The arrangement with a synchronous generator is shown in Figure 2.5. The 

rotational speed of the wind turbine is controlled by the full power converter. In 

fact, if the generator is designed with multiple poles, the gearbox can be 

eliminated.  In the full variable speed wind turbine, power fluctuations caused by 

varying wind speed can be absorbed by slightly changing the rotor side speed 

[24], [28]. 

The advantage of a synchronous generator is that it can be connected to a diode 

or thyristor rectifier. The low losses and the low price of the rectifier make the 

total cost much lower than that of the induction generator with a self-

commutated rectifier [24]. When using a diode rectifier, the fundamental of the 

armature current has almost unity power factor. The induction generator needs 

a higher current rating because of the magnetization current. The disadvantage 

is that it is not possible to use the main frequency converter for the motor start 

of the turbine. If the turbine cannot start by itself, it is necessary to use auxiliary 

start equipment. 
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Figure 2.5:  Full Variable speed wind turbine of an induction or synchronous 
generator [24] 

 

2.3.3 Fixed Speed Wind Turbine 

Fixed-speed wind turbine generator (FSWG) technology has an important 

presence in countries where wind energy started to be developed more than a 

decade ago. This kind of wind turbine generator consists of an Induction 

Generator (IG) which is connected directly to the grid as depicted in Figure 2.6. 

The speed of this turbine is fixed and determined by the grid frequency, gearbox 

and the pole-pair number of the generator. 

Fixed speed is mechanically basic, stable, reliable and well-demonstrated. They 

incur lower cost for maintenance and electrical parts. However, they  experience 

the ill effects of the inconvenience of mechanical stress, limited power quality 

control, and poor wind energy conversion efficiency [24], [28].  

 

Figure 2.6:  Fixed speed turbine with an induction generator [24] 
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2.4 Grid Integration of Offshore Wind Farms 

Wind farm developers and the transmission system operators are facing a 

number of technical, economic, and environmental challenges in transmitting the 

bulk power developed at these offshore wind farms over long distances (up to 

150 Km far from the coast) [29]. Some of these issues are explained in the 

following sections, emphasizing basic system requirements along with various 

options for transmission and grid integration. 

The key factors to consider in offshore wind farm connection design are the 

trade-offs between the initial capital investment, power losses, availability due to 

scheduled maintenance or wind turbine failure, and other system faults [6], [25], 

[30], [31]. The availability and reliability issue is particularly important as the 

repair process is very difficult in the marine environment. The electrical system 

of a wind farm can be considered as several distinct subsystems. As shown in 

Figure 2.7, the electrical system of OWF typically consists of five sub-systems [6], 

[30], [31].  

 Wind farm (generation)  

 Power collection  

 Voltage step up  

 Transmission system  

 AC grid  

The composition of each subsystem depends on whether an AC System, a DC 

system, or a combination of both are used in the grid integration. 

 

Figure 2.7:  The different components on OWF’s electrical system 
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2.5 HVAC System  

Since the development of transformers, which allow for high power and 

insulation level, low losses, relatively simple implementation, and low 

maintenance, HVAC systems have become the dominant technology for electricity 

transmission and distribution all over the world [32]. Moreover, as the electricity 

generated within a wind farm is in the form of AC, HVAC presents itself as a logical 

and rational technique to transfer the power generated offshore into the electric 

grid.  

2.5.1 High Voltage Alternating Current Connection (HVAC) 

The HVAC connection has been used so far in all offshore wind farms to transport 

electrical power from the wind farm to the onshore grid [14], [33], [34]. The 

HVAC solution is the most straightforward technical approach with ease of 

interconnection, installation and maintenance, operational reliability and cost-

effectiveness. However reactive power issues limit the maximum distance of 

transmission, which is approximately 50km [14], [34], [35]. It is a well-

established technology; the following are the main components: 

 AC collection system 

 Offshore substation with transformers and reactive power compensation 

equipment  

 Three-phase submarine cable  

 Onshore substation with transformers and reactive power compensation 

The electrical system depends on the distance and the wind farm capacity. For 

short distances, if the connection voltage is at the distribution level, high voltage 

transmission may not be necessary and hence the number of voltage 

transformations is reduced. If the transmission distance is long, the number of 

cables and the losses are too high and a rise in the transmission voltage is necessary. 

Horns Rev Wind Farm in Denmark, with a power of 160 MW and a transmission 

distance of 21 km, is the first offshore wind farm using HVAC, as shown in Figure 

2.8. An offshore AC collector platform is used to collect energy from the wind farm 

and step up the voltages for transmission to the onshore substation [34], [35]. 
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Figure 2.8:  The basic configuration of  the Horns Rev wind power plant with an 
HVAC transmission system solution  [35] 

 

The distributed capacitance in submarine cables is much higher than the 

capacitance in overhead lines [25], [35], [36]. Therefore, due to economic and 

technical reasons, the practical transmission length is short for marine 

applications. Reactive power increases with voltage and length of the cable and 

long transmission distances require large reactive compensation equipment at 

both ends of the line such as shunt reactors, STATCOM, and static var 

compensator SVC [25], [36]. Therefore, for longer transmission lengths HVDC is 

the only option. 

2.5.2 MVAC Collector Systems 

There are a number of possible turbine arrangements in wind farm MVAC 

collector systems, namely, radial layout, star connection, and double-sided ring 

collector systems [25], [35], [37]. 

2.5.2.1 Radial Collector Systems 

A radial collector system (CS), also known as a string, is that in which a number 

of offshore wind turbines (OWTs) are connected to a single cable feeder within a 

string as shown in Figure 2.9. Such a system is used in Barrow, Thorntonbank-1, 

and Belwind-1 [25]. 
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Figure 2.9:  AC radial system collection 

 

The number of wind turbines on each string feeder is determined by the capacity 

of the generators and the maximum rating of the MVAC submarine cable within 

the string. Its advantages are in the simplicity of control and the shorter total 

cable length. Its major drawback is poor reliability, as cable or switchgear faults 

at the hub end of the string can prevent all downstream turbines from exporting 

power [37]. 

2.5.2.2 Star Connection 

The main purpose of the star connection is to reduce cable ratings and to provide 

a high level of security for the entire wind farm as illustrated in Figure 2.10. 

Voltage regulation along the cables between wind turbines is also likely to be 

better in this design [36], [38], [39]. However, there are additional expenses due 

to the longer diagonal cable runs and some short sections of higher-rated cabling; 

but these expenses are not likely to be significant. The main advantages of star 

topology are better voltage regulation and reliability. 
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Figure 2.10:  AC star system collection 

2.5.2.3 Sided Ring 

Sided ring design as shown in Figure 2.11, is a way to lower losses through high 

voltage collection and provide greater security. However, this kind of connection 

requires much more expensive high voltage cables [14], [36], [38].  This layout 

has higher reliability compared to the radial layout. In the case of a fault, the 

radial connection (in normal operation) can be reconfigured and the energy 

produced is not lost. Because of larger cable sections, longer cable length 

(connections between collector groups) and, more complex systems (depending 

on location and number of reconfiguration switches), this solution implies higher 

investment costs [14], [38]. 

 

Figure 2.11:  Sided ring system collection 
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2.6 HVDC Systems  

HVDC is an established technology that has been in commercial use for 60 years. 

During the first 30 years, it was a niche technology, with a limited number of 

installations per year. With changes in demand due to evolving environmental 

needs, HVDC has become a common tool in the design of future global 

transmission grids [40], [41]. 

HVDC systems may be used to transmit large amounts of electrical power more 

economically over longer distances, than an equivalent alternating current (AC) 

transmission system. This means fewer transmission lines are needed. In 

addition to significantly lowering electrical losses over long distances, HVDC 

transmission is also very stable and easily controlled, and can stabilize and 

interconnect AC power networks that are otherwise incompatible [40]. 

2.6.1 HVDC Connection 

As offshore wind farms become larger and more distant from the shore, the 

argument for using HVDC to transmit the power to the onshore network is 

strengthened. In Figure 2.12, an example of an offshore wind farm with a DC 

transmission system is illustrated [42]. The costs of the converter stations, 

offshore and onshore, are significant in themselves, but when put in the context 

of the complete project cost, including the cables and the wind turbine 

generators, the DC system becomes economical. 

Two types of converters are available, the Line-Commutated Converter (LCC) and 

the more recently introduced Voltage-Source Converter (VSC). For offshore wind 

power, an LCC converter is not suitable, because it requires a strong network 

voltage to commutate, and wind farms usually have weaker grids that cannot 

supply such a strong voltage. In addition, the capability to energize the system 

from shore (black start) is a challenge [41]. These issues can be alleviated by 

combining the LCC-interface for an offshore wind farm with some auxiliary 

source of reactive power. The LCC produces considerable AC side current 

harmonics that require filter banks [41], [43].  
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Figure 2.12:  A 500 MW wind power plant using one HVDC-VSC system based on 
a converter station with a 500 MW rating [42] 

 

High power Insulated Gate Bipolar Transistor development has enabled the 

realization of VSCs which is a very good candidate for HVDC systems with much 

lower harmonic distortion than HVDC-LCC systems, although with higher power 

losses [38]. The VSC is able to control active and reactive power independently 

and generates a voltage on the AC side. It is therefore, able to operate in weak 

networks [36], [38]. The main drawback of the VSC is its lower current capability. 

Even for very short durations, over currents cause thermal stresses that degrade 

or cause permanent damage to the switching elements [38].  

During the last decade, there have been several studies focused on the 

comparison between HVAC and HVDC transmission systems for offshore wind 

farm [17], [31] [44], [45], [46]. In Table 2.1, a summary of the main features of 

both technologies when employed to connect offshore wind with the onshore 

main grid is presented [25], [30]. 
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Table 2.1: Comparison of HVAC and HVDC – VSC point-to-point links for (OWF). 

HVAC transmission system VSC-HVDC transmission system 

Reactive current increased losses 
reduce cable capacity and demand 
compensation devices 

No charging current and no limit on 
transmission distance beyond practical 
constraints. 

Considerable experience in project 
development and OWF operation 

Very little experience in VSC-HVDC 
links for OWFs 

Limited control capability on active 
and reactive power with STATCOMs 

Independent full control of active and 
reactive power at both ends. Black-
start capability feasible 

Lower cost and losses in substations 
Higher losses in electronic converters 
and higher cost of offshore substations. 

 

2.6.2 DC Collection System  

The control structure and the different possible configurations of DC collection 

systems are discussed in [26], [41].  Conceptually, MVDC collector systems are 

those linking turbines with DC output and an HVDC transmission link to shore. In 

a general sense, the arrangement of these Collector Systems (CSs) can be one of 

those previously commented on for MVAC collector systems.  

In general, DC collection systems consist of several clusters, which are connected 

either in parallel or in series [26], [47].  Since the difference between the output 

power of each turbine and the total power transferred to the shore is significant, 

several voltage steps are needed. Consequently, a DC-DC converter system is 

needed for stepping up the voltage in.  There are several DC collection schemes 

for offshore wind farms as discussed below [47]. 

The pure DC grid in the offshore wind farm is presented in [19], [35], [41] and 

consists of several clusters, where a number of wind turbines with DC output are 

connected in parallel in each cluster. These clusters are collected by an offshore 

DC-DC converter which increases the voltage to a transmission level for the HVDC 

link connecting to the AC grid onshore [19], [41]. 

2.6.2.1 Configuration A 

The structure of this configuration is depicted in Figure 2.13, and described in 

[41]. The first MV DC-DC converter is used to step up the voltage after each 
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turbine, up to the medium voltage level.  There is a short cable length between 

the wind turbine strings and the collection bus of about  5 km and the collection 

bus voltage is rated at 30 kV, afterward the power is collected and stepped up a 

second time by HV transmission converter [29], [37], [26].  After that, HV DC 

voltage is sent by submarine DC cable to an onshore substation. In addition, the 

platform DC converter is rated at 400 MW. 

The main advantage of this configuration is the direct step-up of the voltage after 

the turbine generator. This leads to reduce DC cable losses at the distribution 

panel. In addition, this kind of converter system can be controlled individually. 

One drawback of this converter system is the additional DC-DC converter, which 

means there are extra losses and a higher investment cost. 

 

Figure 2.13:  Configuration A 

2.6.2.2 Configuration B 

In this arrangement, the power is collected first in the MV network, then a DC-DC 

converter steps up the voltage to a level suitable for HVDC cable transmission as 

depicted in Figure 2.14. Since the number of converters is lower, the transformers 

are eliminated, and this design will lead to lower losses when compared with the 

arrangement shown in Figure 2.13. However, only two voltage levels with one 

DC-DC converter are used and consequently, the distribution level strongly 

depends on the generator voltage [25], [37]. 
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Figure 2.14:  Configuration B 

2.6.2.3   Configuration C  

The structure of this configuration is a single DC-DC converter, which is 

connected directly to each turbine as shown in Figure 2.15. Two voltage levels 

are used with reduced losses at the distribution level, because of the high voltage. 

Nevertheless, the output of the DC-DC converter needs to be designed for the 

transmission voltage with a high power level [37], [26], [47]. In addition, the 

design of these DC-DC converters is based on the capacity of each turbine 

generator, which then is reduced the cost of the second DC-DC converter when 

compared with configuration A.  

 
Figure 2.15:  Configuration C 
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2.6.2.4  Configuration D  

The structure of this configuration is similar to Figure 2.13, but the location of the 

DC-DC converter is not beside the turbine generator.  A group of wind turbines 

with DC output in strings is connected to HV DC-DC converters [41]. (Referred as 

MV DC converters). The MV DC-DC converters are placed closer to the turbine's 

generator. The collection bus voltage in each MV DC-DC converter is rated at 30 

kV.  The main advantage of this configuration is that the DC-DC converters located 

at each wind turbines are removed. This helps to reduce the number of power 

electronic converters in the wind turbines.  

 

Figure 2.16:  Configuration D 

2.6.2.5 Configuration E  

This configuration used to eliminate the DC-DC converter connecting the wind 

farm to the HVDC link is to connect the wind turbines in series as depicted in 

Figure 2.17. In this configuration, the HVDC transmission voltage is obtained by 

adding the output DC voltage of each turbine which are connected in series [41], 

[43]. The drawback of this configuration is that the output dc voltage for the 

turbine must be overrated in the case of the loss of a turbine, and the high 

potential present in the turbines. Nevertheless, the main advantage of using this 

configuration is reducing the DC-DC converter towards the HVDC link. 
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Figure 2.17:  Configuration E 

2.6.3 Characteristic of DC Collection Grids 

The purpose of this chapter is to highlight the factors that enable the DC collection 

grid to be superior to existing AC collection grids. The challenges that need to be 

addressed are listed as well. 

Advantages 

 Heavy AC transformer in the turbine is unnecessary. 

 No contribution from reactive power in the grid. 

 Two phases instead of three phases. 

 No skin and proximity effects - only resistive losses in the cables. 

 DC-DC converters can have a modular structure. 

 Pure DC-DC conversion decreases component size 

Challenges 

 Technology is untested in large-scale Megawatt (MW) application 

 No DC-standards - regulation essential 

 Challenges arise with a DC-DC converter  

 Fast DC-breakers to limit short-circuit currents are essential 
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2.7 Summary  

In this chapter, a review of the grid integration technologies of offshore wind 

farms is presented; the layout and components for a wind farm with an internal 

AC and DC grid are described. A comparison between DC and AC collection 

systems for offshore wind farms is made. DC collection systems have the 

advantages of reduced weight and size of the DC cables and DC cables are free 

from reactive power compensation. 

The heavy 50/60 Hz transformers in the offshore transmission platform of AC 

collection systems can be replaced with smaller size DC-DC converters in DC 

collection systems. However, the need for a high-power DC-DC converter with 

high voltage transformation ratios will remain a challenge for DC collection 

systems. As more large wind farms are planned for offshore locations, HVDC 

transmission will be a more common transmission solution for new wind farms. 

In addition, there are suggestions for having multi-terminal HVDC systems 

connecting several wind farms as in European countries in the North Sea. It was 

stated that the DC-DC converter, as well as the protection devices for the DC wind 

farm, are key components that require further development and are not 

commercially available.  

In the next chapter, a general overview of DC-DC converters is presented before 

particular attention is dedicated to two approaches to DC-DC converters. 
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Chapter 3  

3 Overview of Existing DC-DC Converter 

Topologies 

 

 

 

 

 

 



Overview of Existing DC-DC Converter Topologies
 

32 
 

3.1 Introduction  

DC-DC converters are key components in a wide variety of fields, such as motor 

control, switch mode DC power supply, wind farms and photovoltaic (PV) cells 

[48]. As discussed in Chapter 2 for DC power collection in a wind farm, a MW-

level DC-DC converter is required to step up the relatively low DC voltage from 

the integrated rectifier of the wind generator to a high DC voltage suitable for 

transmission to shore. Therefore, a DC-DC converter is a core component in a 

HVDC system for the grid integration of wind farms. 

In this chapter, several DC-DC converter topologies including, isolated DC-DC 

converter, non-isolated DC-DC converter are explained and their possibilities for 

HVDC application such as wind farms are explored. 

3.2 DC-DC Converter Topologies 

The DC-DC converter topologies can be classified into two types: isolated and 

non-isolated converter topologies. An isolating transformer is used in the isolated 

topologies. Table 3.1 shows some basic DC-DC converter topologies.  

 

Table 3.1: DC-DC converter topologies 

Isolated converters Non-isolated converter 

Half Bridge Converter Boost Converter 

Full Bridge Converter Ćuk Converter 

Dual Active Bridge converter Buck-Boost Converter 

Cascaded H-bridge Converter Multilevel Converter 

Modular Multilevel Converter Marx DC Converter 

 

The block diagram shown in Figure 3.1, represents a conceptual DC-DC converter; 

where the input current, the input voltage, the output current and the output 

voltage are denoted by Iin, Vin, Iout, and Vout respectively. 
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Figure 3.1:  DC-DC converter block diagram 

 

The technology of the DC-DC converter is well established for use as the interface 

between DC systems of different voltage levels. The basic DC-DC converter, in 

generic terms, contains two switching elements, one series connected, and the 

other shunt connected as shown in Figure 3.2. In the past force commutated 

thyristors, Gate Turn off Thyristors (GTO), diodes and bipolar junction transistor 

(BJT), have been used as the switching elements [49],[50]. However, with the 

advent of MOSFETs and IGBTs, those two devices are now exclusively used in new 

designs.  

 

Figure 3.2:  Generic DC-DC converter 

3.2.1 Non-Isolated Converters 

The non-isolated DC-DC converter topologies normally use the same reference 

for their inputs and outputs. A number of non-isolated converter topologies 

based on the concept described above have been successfully applied at low to 

medium applications such as switched mode power supplies, traction drives, 

electric vehicles, railways.  

Such converters use one active switch in the circuit and the choice of a single 

semiconductor switching device that can withstand high DC voltage stresses is 

limited.  Currently, there are two IGBT switches such as 4.5 kV, and the maximum 
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current is 2400 A, the second IGBT, the voltage rating of a single IGBT is limited 

to 6.5 kV with a maximum nominal current of 750 A, and the cost is high [51]. 

Therefore, the operating voltage level in many studies challenges most of the 

existing technologies since both the input and output of the DC-DC converter 

must operate above the voltage capability of existing power semiconductors. All 

such approaches are reviewed and discussed in the following sections. 

3.2.1.1 Boost Converter  

Boost converter is one of the non-isolated DC-DC converters as shown in Figure 

3.3, where its output voltage is always higher than the input voltage (Vout >Vin) 

[52]. This topology has a simple structure and a few components as depicted in 

Figure 3.3. The circuit is composed of one IGBT switch, inductor, capacitor, diode, 

and DC supply. Generally, the Pulse Width Modulation (PWM) is controlling the 

duty cycle on the boost converter. When the active switch SN is ‘ON’, and while 

the switch SN is ‘OFF’, both energies from the input and stored energy are dumped 

into the output load. The current will charge path from the input through the 

inductor L and to the negative of the circuit.   

If the switch SN is turned ‘ON’, the input voltage is applied across the inductor L, 

and then the current through the inductor is increased linearly. Meanwhile, the 

capacitor C feeds the load with energy while reducing the voltage across the 

capacitor. When the switch SN is turned ‘OFF’, the current flows through the 

inductor L and supplies the load via the diode ‘D’ as shown in Figure 3.3.  

 

Figure 3.3:  Ideal boost converter  
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In continuous conduction mode, as shown in Figure 3.4, the current through 

inductor L does not reach zero before the next switching time, but if the inductor 

current reaches zero before next switching time, then it is called discontinuous 

condition mode. The relationship between the output voltage Vout and input 

voltage Vin can be expressed as  

Vout

Vin

=
1

1- d
 (3-1) 

where d is the duty cycle ratio and is defined as  

d=
ton

TS

 (3-2) 

where TS is the switching time and ton is the conduction time of the switch SN. The 

output DC voltage in the converter is dependent on the duty cycle d (≤1) and can 

be calculated as 

 Vout=
Vin

1- d
 (3-3) 

 

Figure 3.4:  Switch current, voltage, inductor current, and voltage waveforms 

 

3.2.1.1.1 Advantages and Disadvantages  

There are two main advantages as follows: 

 Very simple converter, it comprises just two active components and two 

passive components. 

 Its continuous mode operation has low input ripple. 
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The main disadvantages of this converter are:  

 When the duty cycle is high, then the switch current becomes large. 

 Unidirectional converter due to the diode D. 

 High switching frequency. However, it is used in low power applications. 

3.2.1.2 Ćuk Converter  

This converter, named after Dr. Slobodan Ćuk, who invented it in the 1980’s [53], 

is similar to a boost converter. However, it has a simple structure and a few 

components as shown in Figure 3.5. This converter is used when a small current 

ripple is needed with voltage changes [54].    

 

Figure 3.5:  Ćuk converter configuration 

 

The Ćuk converter uses the capacitor C to transfer the energy instead of using the 

inductor in the boost converter. Therefore, this converter shifts the energy form the 

input voltage and the capacitor C to the load via inductors L1 and L2. The control 

switching of the switch is similar in the boost converter.  

As shown in Figure 3.6, in the first switching period, the switch SN is turned ‘ON’, 

the current flows through inductor L1. Therefore, the current in inductor L1 

increases linearly and the capacitor C discharges through inductor L2. In the 

second switching period, the switch SN is turned ‘OFF’, the inductor L1 charges the 

capacitor C via the diode D and the inductor L2 feeds the load as shown in Figure 

3.6, to achieve low input and output ripple currents the converter usually 

operates in continuous conduction mode.  
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Figure 3.6:  Capacitor and inductors waveforms in continuous conduction mode 

(d= 0.75)  

 

Figure 3.7 shows the waveform of switch SN current and voltage in continuous 

conduction mode. The output DC voltage in the converter is dependent on the 

duty cycle ‘d’ and can be expressed as; 

Vout

Vin

= -
d

1- d
 (3-4) 

3.2.1.2.1 Advantages and Disadvantages  

The main advantages of the Ćuk converter are  

 In continuous conduction mode, the input and output ripples are small i.e., 

Iout ≥ (Vout d
2)/ (2LFS), where FS is the switching frequency. 

 Simple construction, it has just two active components (IGBT switch SN 

and diode D). 
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 This converter is suitable for variable voltage and low current application 

due to its features of wide gain and high switch current stress. 

 

The main drawbacks of this converter are 

 The switch SN must handle the sum of the input and output currents. 

 The currents IL1 and IL2 both flow through the capacitor C to the ground 

line, therefore the current ripple for the capacitor is significant. 

 Unidirectional power flow converter. 

 Need to be switched at frequencies higher than the power frequency and 

the switching frequency can be as high as 50 kHz in some applications. 

 
Figure 3.7:  Ćuk converter- switch voltage and current waveforms continuous 

conduction mode (d = 0.75)  
 

3.2.1.3 Buck-Boost Converter  

This converter is a mix of buck and boost converter, which is used when the 

output voltage Vout is higher or lower than the input voltage Vin [55]. Its schematic 

is illustrated in Figure 3.8. In the first interval, when energizing switch SN is ‘ON’, 

the current through the inductor L rises linearly. At this time, the diode D is 

reverse biased and the capacitor Cout, supplies the load current, and the capacitor 

Cout is partially discharged. 
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Figure 3.8:  Buck-boost converter schematic 

During the second interval, when switch SN is turned ‘OFF’, the voltage across the 

inductor reverses. Therefore, the inductor L drains the current through the diode 

‘D’ (forward bias). This generates a negative output voltage -Vout and the energy 

stored in the inductor and recharges the capacitor will feed the load. The steady 

state of current, voltage switch SN and voltage, current inductor waveforms are 

shown in Figure 3.9.   

  

Figure 3.9:  Steady-state inductor current and voltage waveform  
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The relationship between the input voltage, output voltage and the switching 

time can be given as;  

offoutonin t Vt V   (3-5) 

Therefore, the ratio of the input and output current can be given as 

Iout

Iin

=
1- d

d
 (3-6) 

The voltage conversion ratio N (buck-boost) of the buck-boost converter can be expressed 

as; 

N(buck-boost)=
Vout

Vin

=
- ton

TS - ton

=
- d

1- d
 (3-7) 

where d is the duty cycle, ton is the conduction time and TS is the total switching time. 

The duty cycle d is varied, d = (0~1). Hence, the magnitude of the output voltage can 

be higher or lower than the input voltage and opposite in polarity. 

3.2.1.3.1 Advantages and Disadvantages  

The advantages of the buck-boost converter are 

 Buck-boost converter is able to step up or step-down input voltage. 

 This converter has been successfully applied at low power application 

[55]. 

The disadvantages are as follow:  

 Buck-boost converters require an input filter to reduce current ripple. 

 The polarity of the output voltage is the opposite of the input voltage.  

 The output current is discontinuous and hence a large output capacitor is 

required to reduce ripple voltage. 

 Unidirectional power flow.  

 Need to be switched at frequencies higher than the power frequency and 

the switching frequency can be as high as 50 kHz in some applications. 
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3.2.1.4 Multilevel Converter  

The first multilevel converter concept was developed in 1975 [56], then several 

multilevel DC-DC converter topologies have evolved for high voltage application. 

These converters comprise a large number of active semiconductor switches to 

perform the power conversion in small voltage steps. Generally, a multilevel 

converter uses a series of active switches and several DC capacitors as DC sources 

to generate and step up the voltage. 

Multilevel DC-DC converters can outperform conventional converters and have 

many advantages [56],[57]:  

 Low switching frequency and decrease switching losses. Hence, its 

efficiency is improved. 

 Low distortion for the input current. 

 Due to the high number of voltage levels, its output voltage quality is 

improved. 

 Provide ride-through capability under emergency conditions.  

The major drawbacks of the multilevel converter are, a higher number of 

semiconductor switches and the complex nature of the power circuit and control. 

As depicted in Figure 3.10, several types of DC-DC multilevel converters exists. 

 

 

Figure 3.10:  Types of multilevel converters 
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3.2.1.4.1 Flying Capacitor Multilevel Converter 

The first flying capacitor multilevel converter was introduced in 1992 [58]. This 

multi-level converter is similar in structure to the diode- clamped converter, only 

replaced the clamped diodes with the capacitors. Figure 3.11(a) and Figure 

3.11(b) show the structure of four and five-level flying capacitor multilevel 

converter [59],[60],[61]. 

 

                    

 

  

 

 

 

 

 

 

 

 

  

Figure 3.11:  Structure of flying capacitor multilevel converters 

As can be seen, a four-level flying-capacitor multilevel converter consists of three 

flying capacitors C1, C2, and C3 connected with six active switches (S1p-S3p) and 

(S1n-S3n). Table 3.2 lists the switching schemes of the converter. The output 

voltage, equals to 3Vin. The voltages across C1, C2, and C3 are 1Vin, 1Vin, and 2Vin 

respectively.  The total voltage gain of the configuration can be expressed as  

Vout

Vin

=(2n+1)
1

1- d
 (3-8) 

where ‘d’ is the duty cycle of the flying capacitor converter, and ‘n’ is the number 

of flying capacitors in a top and bottom cell.   

 

 

a) Four-level converter 

 

 

b) Five-level converter 
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Table 3.2: Pattern switching of four-level flying capacitor converter 

Switching state S1p S2p S3p S1n S2n S3n 

Sub-period 1 1 0 0 0 1 1 

Sub-period 2 0 1 0 1 0 1 

Sub-period 3 0 0 1 1 1 0 

 

 

 
The voltage stress on each switching device is tantamount to the voltage rating of 

each capacitor.  The output voltage gain can be further extended by increasing 

the level of the converter. However, the advantage of the flying capacitor 

converter is providing the converter with energy storage [62].  

Flying multi-level converters have several drawbacks: 

 Suffers from voltage imbalance due to capacitors act as DC voltage 

sources. 

 A high number of active switches and passive components are required. 

 At any greater than three level converter, the system reliability is 

degraded due to a large number of capacitors.  

However, in the DC-DC converter application, flying capacitor multilevel 

converter suffers from control complexity, increase the cost, and tends to reduce 

the overall reliability and efficiency of the converter. 

3.2.1.4.2 Diode-Clamped Multilevel Converter 

The first multi-level topology was invented in 1981[63] and called a neutral-point 

clamped multilevel converter. Most of this topology is used as inverter 

[64],[65][66]. However, the diode-clamped multilevel converter has some 

disadvantages: 

 A high number of clamping diodes are required when the number of levels 

gets high, which affects its reliability. 

 At high voltage levels, clamping diodes are stressed 
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Wherefore, diode-clamped multilevel converter topology is impractical in the DC-

DC converter, not suitable for DC-DC converter application and therefore, is not 

discussed further.  

3.2.1.4.3 Hybrid- Multilevel Converter 

The hybrid multilevel converter has several topologies, but the basic concept of 

them is employing two-level conversion stage because the 2-level hybrid 

converter offers a reduced number of passive semiconductors. However, the 

major drawback is that it can only produce a two-level output voltage, which 

means that it does require the use of PWM with the consequent large increase of 

switching losses [67], [68]. In addition, the complexity of balancing the 

capacitors’ voltages in the DC link is also one disadvantage of the hybrid 

multilevel converter [68]. 

Further, most Hybrid multilevel converters consists of cells (4 IGBTs and 1 

capacitor) as shown in Figure 3.12. These are called “full-bridge” cells, which 

permit DC faults to be suppressed but require double switches. The other is 

comprised of 2 IGBTs and 1 capacitor and is called a half-bridge. The idea of the 

half bridge has solved these shortcomings but requires a high capacitance value. 

 

Figure 3.12:  One H-bridge cell  

3.2.1.4.4   Modular Multilevel Converter  

The modular multilevel converter (MMC) was first presented in 2003 in [19-20]. 

It has been shown to be a suitable topology for high-voltage high-power 

applications such as high-voltage direct current transmission (HVDC) [21-22]. 

Therefore, the multilevel concept can be considered for DC-DC conversion [73]. 

Vdc

S2

S1 S3

S4

++

-- Va



Overview of Existing DC-DC Converter Topologies
 

45 
 

DC-DC conversion is becoming popular in renewable energy applications 

following the success of this type approach in DC-AC conversion [23-24]. 

The MMC is obtained by connecting a number of identical cells called “sub-

modules” (SM) in series as illustrated in Figure 3.13. It shows a typical half-bridge 

cell. In the normal operation mode, the two switches are complementary making 

the Vcell equal either to zero, when the cell is turned ‘OFF’, or equal to Vcap, when 

it is turned ‘ON’. One arm has two limbs, an upper-limb, and a lower-limb, with 

the same number of cells. 

A “full bridge cell” has four switches as shown in Figure 3.13. This cell can 

duplicate the operation of the basic commutation cell, and thus operate in all four 

quadrants where both positive and negative cell DC voltages can be obtained at 

the output terminal.  However, the number of switching devices is doubled 

compared to the HB commutation cell [25]-[26]. The advantage of a full bridge 

cell is being able to generate 3 different voltage levels at its terminals, +VC , 0 and 

–VC, as opposed to the two levels, 0 and +VC, that can be generated by the half-

bridge cell Vcap.  

The ability to reverse voltage allows rapid fault current limitation. In addition, 

Full-bridge cells have the evident drawback of requiring double the number of 

semiconductors switching, increasing both size and cost. Several solutions have 

been proposed to mitigate the uneven sharing of the voltage across the devices 

particularly during the switching operations [25]-[26]. The main solution for this 

is the rotation of the sequential switching of the devices to ensure that on average 

the submodule capacitors retain the same energy [75],[77]. 

As shown in Figure 3.13. The basic building block is the cell or “the submodule in 

any MMC configuration which can basically be a DC-DC power converter. Cells 

could be connected in series or in parallel in various topologies in order to meet 

the requirements for a specific application such as need the converter as step up 

or step down [78].  
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Figure 3.13:  Schematic diagram of a modular multilevel converter 

 

Each individual leg and arm of the MMC consists of a number of series connected 

converter cells, termed submodules. These submodules can, for example, be half- 

or full-bridges equipped with DC-capacitors. The number of cells turned ‘ON’ in 

the upper-limb is complementary to the number of cells turned ‘OFF’ in the 

lower-limb on average, making the total voltage stored in the capacitors of each 

limb equals to the pole-to-pole voltage.  

The average capacitor voltage of each cell is then given by 

n

V
V dc

cell   (3-9) 

where Vcell is the voltage of the cell, Vdc is the voltage between the positive and 

negative poles of the converter and ‘n’ is the number of cells in one limb or half 

the number of cells in one arm. The modular multilevel converter offers some 

advantages as follow  

 The voltage levels can easily be adjusted by changing the number of series 

submodules and failed units can be bridged out while keeping the 

converter operational. 

 The submodules need not be switched simultaneously making timing 

synchronization less critical compared to other multilevel topologies. 
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 The DC-DC MMC can be used either to control the power flow in HVDC 

grids, where the voltage difference between the input and the output 

terminals of the converter is small or to interconnect HVDC grids with a 

significant voltage difference. 

 The internal arms current are continuous.  

 No separate energy sources are required for sub-module capacitors.  

 No common DC link capacitor is required. 

 

However, the MMC converter suffers from three main drawbacks [77][78].   

 The required capacitance of the submodules for a given voltage ripple is 

inversely proportional to the output frequency of the converter. 

 Requires a large number of IGBT-diode devices compared to some other 

multilevel topologies. 

 Full bridge MMC converter switching losses more than any other single 

bridge converter. 

3.2.2 Isolated DC-DC Converter  

There are several available topologies, which isolate input DC voltage from the 

output DC voltage through a transformer. Since the transformer’s size and weight 

vary inversely with frequency. Each method has some relative advantages, as well 

as disadvantages, over another method. These are explained in the following 

subsections. 

3.2.2.1 Half Bridge Converter  

The Half-Bridge Converter (HBC) has two IGBT switches, working together with 

two capacitors, as shown in Figure 3.14, it uses a high-frequency transformer in 

the middle to provide isolation. The switch voltage is the same as the input 

voltage Vin, but the drive circuit is more complicated [79],[80][81].  
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Figure 3.14:  Schematic layout of the Half-Bridge converter. 

The switches S1 and S2 are switched ‘ON’ alternatively, thus, creating an 

alternating voltage and the energy is transferred via the transformer and the 

diode bridge to the load. When the switch S1 is on, half of the input voltage Vin is 

applied across the winding NP and a positive flux is induced in the winding NS. 

When the switch S1 is turned ‘OFF’, switch S2 is turned ‘ON’ and a negative flux is 

induced in the winding [80]. There are four modes of operation as summarised 

in Table 3.3. 

 

Table 3.3: Pattern switching of the Half-Bridge converter 

Switching state S1 S2 

Mode1 1 0 

Mode2 0 0 

Mode3 0 1 

Mode4 0 0 

Figure 3.15 shows the timing diagram for a half-bridge converter is split over one 

period because this topology has two switches. 
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Figure 3.15:  Timing diagram of switching (d= 0.20) 

The primary winding of the transformer must have a voltage-second balance to 

prevent the transformer core from saturation. This can be achieved by controlling 

the voltage over the capacitors C1 and C2.  The relation between the input voltage 

Vin and the output voltage Vout can be expressed as 

2

in

p

S
out

V

N

N
V   (3-10) 

where NS is the number of turns in the secondary winding of the transformer, NP  

is the number of turns in the primary winding of the transformer.  The Half-bridge 

converter requires an isolated High-frequency (HF) transformer isolated, HF 

switching DC-DC converters  25 kHz due to their small size, light weight and 

reduced cost [80][82]. Further, in a half bridge converter, the voltage stress 

imposed on the power semiconductor device (IGBT’s) is subject to only the input 

voltage.  

The power switches turn-off under hard switching, turn-off losses of the IGBTs 

are high at high frequency, and the efficiency of the converter decreases with 

increasing frequency. In addition, the parasitic oscillations between the parasitic 

capacitor and the leakage inductance cause electromagnetic interference noise 
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(EMI). To reduce parasitic oscillations an RC snubber circuit is connected across 

the primary windings of the transformer.  

The half bridge power losses of each switching operation for the current and 

voltage waveforms of the IGBT are divided into three sections. The leakage loss 

is only a small part of the total loss, so it has been neglected. The total energy 

losses during each operating cycle of the IGBT are the sum of the turn-on and 

turn-off losses, saturated conduction loss as well as the reverse-recovery loss of 

the integrated freewheeling diode [80][82]. 

The main advantages of the Half-Bridge Converter 

 The switches can be rated to the input voltage and the anti-parallel 

diodes clamp destructive switching transients. 

 Low voltage/current stress level, low conduction loss, and constant 

frequency control. 

 Good utilization of the transformer while working with both positive and 

negative currents.  

 

The main drawbacks of the Half-Bridge Converter  

 The DC gain ratio of the converter is nonlinear, thus higher duty cycle 

variation is needed for the same input voltage variation, which makes the 

converter operate further beyond the optimum operating point at high 

input voltage. 

 The primary must have a voltage-second balance to prevent the core 

from saturation. 

 Doubled switch current for the same output power in comparison with 

the Full Bridge Converter. 

 The control circuits must provide isolated drive signals to the switches. 
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3.2.2.2 Full Bridge Converter 

As illustrated in Figure 3.16. The Full Bridge Converter (FBC) has four IGBT’s 

working together, and the switch voltage is the same as the input voltage, but the 

drive circuitry is complicated in comparison with half bridge converters, since 

there are four switches and the drive circuits have to be separated from the 

ground [83][84]. The switches S1 to S4 are ‘ON’ alternatively, thus, creating 

alternating voltage, and the energy is transferred via the transformer and the 

diode bridge to the load. 

 

 

Figure 3.16:  Schematic layout of the Full-Bridge converter. 

Two modes of operation and switching stated of four IGBTs are summarised in 

Table 3.4. First, the switches S1 and S4 are ‘ON’, the supply voltage is applied 

across the primary winding Np and a positive flux is induced in the secondary 

winding Ns; then, the switches S1 and S4 are turned off and the switches S2 and S3 

are turned on and a negative flux is induced in the winding Ns. The primary must 

have a voltage-second balance to prevent the transformer core from saturation. 

Table 3.4: Pattern switching of four-level flying capacitor converter 

Switching state S1 S2 S3 S4 

Mode1 1 0 0 1 

Mode2 0 1 1 0 

The voltage conversion ratio of the full bridge converter can be derived by 

imposing the constant voltages across the output inductor (Ls). However, the 

voltage conversion ratio can be expressed as 
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in

p

S
out V

N

N
V   (3-11) 

In hard-switching duty cycle control, the ‘OFF’ state is achieved by turning all 

switches off. Thereby, the output current is freewheeling in the output bridge, 

and there is no current in the transformer nor in the input bridge  [83],[85], [86].  

The output power of the full-bridge converter is double that of the half-bridge 

converter, for the same input voltage and current. In addition, the full bridge 

converter has good transformer utilization.  

The main advantages of the Full Bridge converter are: 

3.1.2 Good utilization of the transformer by working with both positive and 

negative Fluxes. 

3.1.3 Double frequency in the output reduces the requirements for an output 

filter. 

3.1.4 The output power is doubled in comparison with the Half-Bridge 

Converter, since the input voltage, instead of half of the input voltage, is 

applied to the primary winding. 

The main drawbacks of the Full Bridge converter are: 

 Narrow zero voltage switching (ZVS) range of lagging-leg switches, 

high power losses by circulating current, and voltage ringing across 

rectifier diodes. Especially, with a requirement of the wide input range. 

 The control circuits must provide isolated drive signals to the 

switches. 

 The primary must have a voltage-second balance to prevent the 

transformer core from saturation. 

 Its efficiency at different loads is up to 95%, which is lower than other 

efficiency‘s converters that reach 99% in HVDC converter applications 

[84]. 
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3.2.2.3 Dual Active Bridge Converter 

A Dual Active Bridge Converter (DAB) is a high-power, high power density, and 

high-efficiency power converter with galvanic isolation as shown in Figure 3.17.  

Each switching bridge is made up of four high-frequency active controllable 

switching devices (MOSFETs or IGBTs) in H-bridge connection. Such connection 

is similar to the one used in full-bridge DC-DC converters [87],[88],[89],[90]. 

The DAB topology is attractive because it has zero-voltage switching (ZVS), 

bidirectional power flow, and lower component stresses. A DAB converter 

consists of two H-bridges and one high- frequency transformer. One H-bridge 

converts the input voltage to an intermediate High-frequency AC voltage, while 

another H-bridge converts the high-frequency square wave AC voltage back to 

the output voltage [41-42]. 

 

 

Figure 3.17:  Schematic layout of DAB converter. 

A high-frequency transformer is used along with high-frequency switching 

devices because it reduces the weight and volume of passive magnetic devices. 

Beside galvanic isolation, the high-frequency transformer also has some leakage 

inductance in its primary and secondary windings, which together act as an 

energy storage component. The leakage inductance also helps achieve soft 

switching. During switching transients, the transformer current resonates with 

the capacitors in parallel with switching devices, limiting the dv/dt and di/dt 

across the switches. Soft switching helps to reduce switching loss and achieve 

higher power efficiency. The relation between the transfer power PDAB and the 

transformer voltage VP, AC, rms are presented in [88], [90].  
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PDAB=
VP VS

ω L σ
d(1-d) (3-12) 

where PDAB is transferred power , 𝜔 the angular frequency, 𝐿𝜎  is the total leakage 

inductance of the transformer, and d is the duty cycle. 

A high-frequency transformer is required to reduce the weight and volume of the 

magnetic core. Compared to those converters using line-frequency transformers, 

DAB converters use more silicon devices (whose price is continuously going 

down) while using less copper and a smaller magnetic core (whose price is 

continuously going up) [41], [43]. DAB converters have become an interesting 

research topic during recent years. Some researchers focus on improvement of 

modulation methods. Dual phase-shift modulation has been proposed to reduce 

reactive power and loss for DAB converters [88]. Hybrid modulation methods 

have been developed to increase soft-switching range in [88],[89]. Phase shift 

modulation plus duty-ratio control has been applied to DAB converters to achieve 

a higher degree of control freedom [88],[89]. Different modulation methods are 

evaluated and compared in[89]. 

3.2.3 Switched Capacitor DC-DC Converter  

The key principle in switching capacitor SC converters is energy conservation. A 

power source firstly stores some energy in the capacitor in one phase, and then 

the same amount of energy will be transferred from those energy reservoir 

components to the output in the other phase, thus allowing for generating a 

different voltage from the power source. Switching capacitor DC-DC converters 

can be divided into four topologies as follow: 

3.2.3.1 Ladder Switch Capacitor Converter   

As demonstrated in Figure 3.18, the ladder converter is comprised of two 

capacitors and four active switches. The capacitors are charged from the DC 

supply and discharged into the load. The simplicity of this topology is that it 

requires a low number of capacitive components and fewer control signals [44]. 

In the first commutation, the switches S1 and S3 are turned ‘ON’ to allow the 

capacitor C1 to be charged form the input DC supply voltage. In the second 
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commutation, the switches S2 and S4 are turned on after the switches S1 and S3 are 

turned off, the capacitor C1 recharges the capacitor C2. Hence, the output voltage 

is double the input voltage (Vout = 2Vin) and the blocking voltages over non-

conducting switches are all equal to the input voltage Vin. 

 

 

Figure 3.18:  Schematic layout of basic DC-DC ladder converter 

Ladder topology needs two control signals and a fixed duty-cycle of 0.5, which 

means ideally, the voltage across each capacitor is the same as the input voltage 

Vin. Therefore, the output voltage depends on the number of cells NC. 

 1 Cinout NVV  (3-13) 

where 𝑁𝐶  is the number of capacitor cells. Further, the number of necessary 

switches NS and capacitors Ncap can be expressed by Equation (3-14) as: 

NCap = 2NC (3-14) 

NS=NC+2 (3-15) 

However, this topology suffers from two main drawbacks [93],[94]. 
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 Ladder converter requires a relatively large number of switches and this 

increases the losses. 

 The switching frequency has high restrictions. However, this topology is 

used in low power applications only 

  

3.2.3.2  Fibonacci Switch Capacitor Converter   

The topology of the Fibonacci switch capacitor SC converter is shown in Figure 

3.19. It consists of identical three sub-modules; every sub-module features a 

string of identical three-switches and one-capacitor cells [95], [96]. The total is 

ten active switches and four capacitors.  

 

Figure 3.19:  Fibonacci SC DC-DC converter 

The ideal DC conversion ratio, (N = Vout/Vin), when the converter is unloaded, can 

be obtained from the converter topology. The example in Figure 3.19 is used to 

illustrate the discussion. The two switched networks of this converter, 

corresponding to the two clock phases are listed in Table 3.5. 

Table 3.5: Pattern switching of Fibonacci switch capacitor converter 

Switching state S1 S2 S3 S4 S5 S6 S7 S8 S9 S10 

Mode1 1 0 1 0 1 0 1 0 1 0 

Mode2 0 1 0 1 0 1 0 1 0 1 

 

However, Fibonacci switch capacitor SC converter suffers from many drawbacks, 

such as the following: 

 The number of components in this converter is relatively high, which 

affects its reliability. 
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 The switching frequency is high, which that becomes impractical due to 

unacceptably high losses. 

3.2.3.3 The Voltage Doubler SC Converter   

Figure 3.20 illustrates the ideal switched capacitor voltage doubler. The switched 

capacitor voltage doubler is composed of four switches, two capacitors C1 and 

output capacitor Cout and load R. The basic voltage doubler is required for step-

up voltage conversion [94], [97]. It consists of two switching modes. During the 

first switching mode odd switches S1, S3 are ‘ON’. The capacitor C1 is charged to 

supply voltage through switches S1, S3. Then in the second mode, even switches 

S2, S4 are ‘ON’. In the second mode, the input voltage Vin across C1 in the previous 

phase is transferred to the output load. Thus, 2Vin voltage appears across the 

output capacitor Cout.  

 

  

Figure 3.20:  Switched capacitor voltage doubler converter 

 

The circuit is therefore called a voltage doubler, as the output voltage of the 

circuit is twice the input voltage. Thus, the conversion ratio for the voltage 

doubler is M = (Vout/Vin) = 2, whereas for ideal SC converter when unloaded has 

DC voltage conversion ratio M = (Vout/Vin). 

This type of converter has several drawbacks as follow [94]: 

 The gate drive signals of this topology must be higher than the input 

voltage Vin. While designing the switched capacitor converter area and 

efficiency of the converter is of prime importance. 

 It has high level switching frequency. 

 The output voltage conversion is just twice of the input voltage. 
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  Low efficiency and the high number of components are also major 

issues. 

3.2.3.4 A Series-Parallel DC-DC Converter 

As depicted in Figure 3.21, there are many topologies on series-parallel DC-DC 

converter [73], [97], [98], [99]. However, the series-parallel DC-DC converter is 

based on the Marx principle where the capacitors are charged in parallel 

connected to the LV side voltage and discharged in series to produce a high 

voltage on the HV side. Therefore, the output voltage is derived as:  

inout nVV   (3-16) 

where n is the number of capacitor cells.  

 

Figure 3.21:  Series-parallel DC-DC converter 

 

The drawback of this topology is the large number of switches needed to create a 

series-parallel converter. Therefore, in Chapter 4, the proposed solution of the 

Marx DC-DC converter is discussed and described.  

 

3.3 Summary 

This chapter has presented a review of DC-DC converter topologies used for DC-

DC conversion. Half Bridge Converter, Full Bridge Converter, Dual Active Bridge 

Converter, Modular Multilevel Converter, Boost Converter, Ćuk Converter, Buck-

Boost Converter, Multilevel Converter, and Switched Capacitor Converter. 

Furthermore, their various features have been discussed including; their 

structure; operation; and control concepts. Some of these non-isolated topologies 

such as Boost, Ćuk, and Buck-Boost Converters cannot be applied at HVDC and 
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power levels. However, these topologies are applied in low power DC 

applications such as DC motor drives, switched mode power supplies, railways 

etc. 

Isolated topologies use a high-frequency transformer, where energy is 

transmitted via a magnetic field rather than a direct current path.  A half-bridge 

converter is used when the current is low and full-bridge converter is used for 

higher currents. The dual active bridge is used for bidirectional transfer power, 

which is not possible with HB and FB configurations. A high-frequency 

transformer leads to a reduction of the transformer weight and soft switching is 

used to reduce the switching losses leading to efficiencies of the order of 95%. 

However, this is still lower than the efficiency of 99.6% achievable with HVDC 

converters. 

Several multilevel converter topologies were discussed in more detail; diode-

clamped, flying capacitor, cascaded H-bridge, and multilevel modular converter. 

Their structure, operation and the advantages and disadvantages of multilevel 

converter topologies and were presented. Generally, two major disadvantages of 

multilevel power conversion are the larger number of semiconductor switches 

required and that complex control is required to maintain the capacitor’s voltage 

balance. The switched capacitor converter is based on charging and discharging 

of module capacitors in a particular sequence. In some cases, soft switching is 

used in order to reduce the switching losses enabling a higher frequency 

operation. If hard switching is used, switching frequencies above the power 

frequency become impractical due to unacceptably high losses. Switched 

capacitor topologies are switched at high frequency and the literature does not 

indicate whether switching at low frequencies is feasible. Further, these 

topologies have a high number of switches. The purpose of this chapter was to 

provide both an introduction to existing DC-DC converter topologies as well as 

some background information regarding other research concerning the DC-DC 

converter. The next chapter presents a study of Marx DC-DC converter including; 

single-stage and multi-stage DC-DC converters.  
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Chapter 4  

4 A single-Stage and Cascaded DC-DC Marx 

Converters 
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4.1 Introduction 

In this chapter, the concept behind the Marx converter is explained. It shows how 

switching device count can be reduced for the same converter power rating.  Two 

types of DC-DC converter topologies are improved and modified based on the 

Marx converter. The first is called a single stage converter, while the other is 

called a cascaded stages converter. The performance of the two techniques is 

compared with Veilleux converter topologies which give better results in terms 

of power and voltage convergence and accuracy. Then, there is a description of 

how a reduced number of active switches are incorporated into the proposed 

technique. The design considerations of these techniques, including controlling 

both converters, is also discussed. Finally, simulation results for both converter 

case studies are presented to show the performance of the improved technique 

in the converters.  

4.2 System Description  

The configuration of an offshore wind farm which includes two DC-DC converters 

is shown in Figure 4.1, with unidirectional power generators. The arrangement 

shown in Figure 4.1 forms the basis for the simulation study. In this topology, the 

cluster is formed by two parallel lines of wind turbines, each containing 5 wind 

turbines in series. Hence, there is a total of 10 wind turbines, each rated at 5 MW, 

1.2 kV [41],[100]. Therefore, the total value of the wind turbine cluster bus 

voltage is 6 kV and 50 MW. Hence, the DC-DC converter input voltage is 6 kV. The 

first DC-DC Converter, which is labeled in the yellow square in Figure 4.1 is 

connected to the collection bus to step-up the voltage to 30 kV for MV 

transmission using the equations derived in the converter design section. A 

submarine cable is used to connect the MV converter platform to the main bus of 

the HV converter.  The second DC-DC Marx converter is connected at the end 

terminal of a DC cable to step up the voltage to 360 kV as illustrated in the blue 

square in Figure 4.1. Hence the DC-DC converter input voltage is 30 kV and 50 

MW.  
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Figure 4.1:  Electrical system for the grid connection of a wind farm 

4.3 Single Stage DC-DC Marx Converter 

The proposed converter is modified and improved from Veilleux converter [98]. 

A Veilleux converter with 5 submodule capacitors achieves a voltage ratio of 1:5.   

In addition, there are two capacitors at the two terminals to provide smoothing.  

As shown in Figure 4.2, the switching components are IGBTs and diodes. The 

capacitors Cn= (1, 5) are charged in parallel from the LV source by switching the 

IGBTs Spj (j=1-4). The IGBTs  SS (S =1- 4) are switched ‘OFF’ and hence the charging 

currents flow through Sin, Din, diodes Dn (n=1-5) and the IGBTs Spj (j=1- 4). In the 

second sub-period, IGBTs SS are switched ‘ON’ and IGBTs SPj (j =1- 4) are switched 

‘OFF’ to connect the capacitors in series to create a high voltage equal to 5 times 

the LV across the converter HV output.  

 

Figure 4.2:  Veilleux DC-DC converter 

 

A disadvantage of this topology is that the number of IGBT switches in the 

charging state SP is high and the increasing voltage stresses in the IGBTS in 

successive stages. The number of IGBTs can be reduced from 23 to 13 by 

+

-

Vin
SP1

SS3S in

L in L out

C1 C2 C3 C4 C out

R
 L

o
a

d

DC

D in D out

SS2SS1

SP2 SP3

D1 D2 D3

SS4 C5

SP4

D4



A single-Stage and Cascaded DC-DC Marx Converters
 

63 
 

combining the function of 4 IGBTs (SP1-SP4) to be performed by 4 diodes and 1 

IGBT (Svalve) as shown in the next subsection.  

4.3.1 Circuit Arrangement  

The structure of the converter, as depicted in Figure 4.3, can be broken down into 

three circuits; an input circuit, middle circuit and the output circuit [100]. The 

converter is aimed at application to a power collection system in an offshore wind 

farm grid connection system. A possible configuration showing the position of the 

DC-DC converter is shown in Figure 4.1 which is labeled in the yellow square, and  

the specifications are used in the design are indicated. Therefore, the input circuit 

consists of an input inductor Lin connected in series with an input diode Din. The 

input DC voltage source of magnitude Vin = 6 kV and input HV valve (Svalve) is 

represented as the DC system.  

 

Figure 4.3:  Single-stage DC-DC Marx converter block diagram 

Depending on the voltages in a particular application, and IGBT ratings, a number 

of IGBTs in series are needed to form the High voltage valve (Svalve). The middle 

circuit comprises a number of IGBT switches, capacitors, and diodes D(1-8). The 

circuit shown in Figure 4.3 is the generalised single-stage converter with “n” 

number of capacitors. In this converter topology, the number of capacitors 

denoted by “n” is set to 5 to create a voltage amplification of 5. The capacitances 

in the 5 sub-modules are indicated by Cn, where n= (1, 5). The switching 

components are IGBTs S (1-4), IGBT valve switches Svalve, and diodes D (1-8). The 

output circuit consists of an output diode Dout connected in series with the output 
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inductor Lout, and one output capacitor Cout. Based on the designed power rating 

of the converter, the load modeled by a pure resistor Rload, is connected in parallel.  

The switching time operation TS is divided into two half-cycle of duration TS/2.  

4.3.2 Basic Principles 

The operation can be explained in terms of two equal half cycles (TS/2). During 

the first half-cycle, all the cell capacitors Cn, (n =1, 5) in the middle circuit are 

connected in parallel across the input low voltage (LV). The total charging current 

flows through the valve Svalve, diode Din, input inductor Lin, and diodes Dn where 

(n=1, 8) and through the valve Svalve. Energy from the input low voltage Vin 

transfers to the cell capacitors as illustrated in Figure 4.4. 

 

Figure 4.4:  Connected the capacitors in parallel during charging 

In the second half-cycle, the cell capacitors are connected in series through IGBT 

switches (n= 1, 4) to produce the higher voltage as shown in Figure 4.5. Energy 

transfers from the cell capacitors to the output capacitor Cout. The inductor and 

capacitor combination must be designed so that the resonance frequency is less 

than the switching frequency FS. This is used to implement soft switching to 

reduce the switching losses. 
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Figure 4.5: Connected the capacitors in series during discharging 

The voltage on the capacitors increases by 6 kV from left to right reaching a 

maximum of 30 kV on the shunt IGBT switch at the HV side as shown in Figure 

4.5. With repetition of both of the half-cycles “charging in parallel and discharging 

in series”, the converter delivers the full power with the voltage rating as shown 

in Figure 4.3. 

4.3.3 Mathematical Analysis of Single-Stage DC-DC Marx Converter 

In this section, the steady-state analysis of the converter shown in Figure 4.1 is 

presented. The voltage transformation ratio is the same as the number of 

capacitors in the middle circuit ‘n’ and hence; 

in

out

V

V
n   (4-1) 

Therefore, the output voltage can be driven as; 

inout nVV   (4-2) 

In the first half -cycle, the IGBT switch Svalve is ‘ON’, the charging will be in parallel 

as shown in Figure 4.6.  Logically, the input voltage inV  is higher than the capacitor 

voltage and the diodes (D
1
-D8) are forward bias and conduct. The equivalent 

capacitance in parallel can be expressed as; 





n

i

iniP eq CCCCCCC
1

321)( ...  (4-3) 
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where
)(P eqC is the equivalent capacitance of parallel-connected capacitors, and  

iC is the capacitance. 

 

Figure 4.6:  Charging capacitors in parallel 

The inductor L1 and the equivalent capacitance Ceq(P)   forms an oscillatory L-C 

circuit and hence, the current in the inductor L1 is a positive half sine wave during 

the first half-cycle, as depicted in Figure 4.7(a) as 

)sin 01 tt(  
L

V

dt

dv
Ci

in

in
(P) eqL  


 (4-4) 

where Lin  is the inductor current, and ω is the resonant frequency. The angular 

resonant frequency is given by  

(P) eqinCL

1
  

(4-5) 

In order to achieve soft switching, the IGBTs must be switched at the resonant 

frequency of the inductor current waveform. Therefore, the switching frequency 

can be written as; 

(P) eqin

S
CL

F
2

1
  

(4-6) 

The sinusoidal charging current described by Equation (4-4) is sketched in the 

first-half cycle in Figure 4.7 (a) and Figure 4.7(b). During the first half-cycle, the 

output inductor current ILout is zero.  From the equivalent circuit shown in Figure 

4.6, applying the Kirchhoff’s voltage law during switching time (t0 ≤ t ≤ t2) is given 

as; 

CLinin VVV   (4-7) 
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As depicted in Figure 4.5(e), the voltage equation of capacitor Ceq(P) for (t0 ≤ t ≤ 

t1) is given as: 

VC=Vin-L
di

dt
[
1

2
Ceq (P) ω ΔVC sin  ω (t-t0)]  (4-8) 

VC=Vin [ 
1

2
ΔVC cos  ω (t-t0) ]  (4-9) 

 

Figure 4.7:  Ideal steady-state waveforms 

 

In the second half-cycle, discharging the capacitors in series to the output 

capacitor Cout as shown in Figure 4.8.  The inductor current reaches zero and the 

output inductor current ILout increases during TS/2. Meanwhile, the output voltage 

outV   is larger than CV5  as shown in Figure 4.7(d) and Figure 4.7(e).  
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Figure 4.8:  Discharging capacitors in series 

4.3.4 Converter Design 

Based on the designed power rating of the converter of 50 MW, the output load 

under steady-state DC conditions of the DC system can be represented by RLoad 

which can be calculated by 

rated

out
load

P

V
R

2

   (4-10) 

where Prated is the power rating of the converter, and RLoad is the load which that 

is modelled as a pure resistor, and depending on the power rating of the 

converter,  the load can be calculate. The charge transferred to the capacitors in 

the first-cycle can be expressed as; 

 SAVTIQ    (4-11) 

where IAV is the average current in the inductor Lin, TS is the switching period and 

Q is the amount of charge in the switching period and TS =(1/FS).  Assuming no 

losses within the converters, it can be shown that  

S

in

rated T
nV

P
Q    (4-12) 

The amount of charge can be calculated by the load that is used in the evaluation 

of the capacitor sizing as 

S

load

in T
R

nV
Q    (4-13) 

Hence;  
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Sin

rated

FnV

P
Q     (4-14) 

From Figure 4.7(e), the charge transferred to the output capacitor results in a 

voltage change of  CnV  . By using the amount of charge Q and the selected 

voltage ripple, the capacitance is calculated by using; 

Cn

(P) eq
V

Q
C


   (4-15) 

where CnV  is the desired peak-to-peak voltage ripple on the capacitor voltage. 

Substituting for Q from Equation (4-14) to Equation (4-15) and rearranging; 

 

Cn

Sinrated
(P) eq

V

T nVP
C




/
  (4-16) 

Hence,  

SCnin

rated
(P) eq

FVnV

P
C


   (4-17) 

Substituting for SF  from Equation (4-6) into Equation (4-14) and rearranging inL

can be expressed as; 
2

2

1










rated

in

(P) eq

in
P

nVQ

C
L


   (4-18) 

In order to ensure soft switching the resonant frequency in the second half-cycle 

must be made equal to ω. Hence, 

)(

1

)(

2

outs eqout CCL 
  

 (4-19) 

where ω2 is the resonant Frequency of the converter in the second half-cycle, Cout 

and Ceq(s) is the output capacitance and equivalent capacitance in series 

respectively, as depicted in Figure 4.8. To achieve soft switching, the IGBTs during 

second half-cycle must be switched at the resonant frequency of the output 

inductor current waveform. Therefore, the switching frequency can be written 

as; 

)(2

1

)( outs eqout

S
CCL

F





 
(4-20) 

Substituting for FS from Equation (4-14) into Equation (4-20) and rearranging 

Lout can be expressed as; 
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 

2

2

1












rated

in

out(S) eq

out
P

nVQ

CC
L


  (4-21) 

As shown in Figure 4.8, the total equivalent capacitance of both output capacitor 

and equivalent capacitance in series can be calculated as; 

  
)2/3(

)2/)(3(

)(

)(

outseq

outseq

out(S) eq
CC

CC
CC


    (4-22) 

The output voltage waveform is not similar to the other voltage capacitor 

waveforms in the charging state. Nevertheless, the value of the output capacitor 

depends on the relation between the amount of charge to the load at the half 

period of time TS/2 and the voltage ripple on the output capacitor. Furthermore, 

the output capacitor works as charge storage for continuous delivery to the load.  

Using Equations (4-12), (4-15) and (4-20), the output capacitor value can be 

calculated using the expression: 

  

Cout

Soutrated
out

V

T VP
C




2

2//
    (4-23) 

By using all the above procedures, the component values of the converter are 

listed in Table 4.1.  All calculations and derivations are detailed in Appendix A.  

Table 4.1: System parameters used for DCMC circuit simulation 

Parameter Symbol value 

Input Voltage inV 6 kV 

Output Voltage Vout 30 kV 

Load current  Iload 1.667 kA 

Rated power  Prate 50 MW 

Switching frequency  FS 2 kHz 

Number of sub-module capacitors  Cn 5 

Sub-module Capacitance C1-C5 694.5 µF 

Output capacitance Cout 115 µF 

Input inductance Lin 2.53 µH  

Output inductance Lout 110 µH  

Load resistance   Rload 18 Ω 

IGBT devices 5SNA 1200G450300 
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4.3.5 Evaluation of Steady-State Operation  

As shown in Figure 4.1, the main advantage of this topology is that the DC-DC 

converters located at each wind turbine are removed. This helps to reduce the 

number of power electronic converters in the electrical system. This converter 

has a rated voltage of 6 kV and rated power of 50 MW.  The converter was 

simulated using Matlab/Simulink software package. The configuration studied 

with 5 module capacitors is shown in Figure 4.3. The parameters of the DC-DC 

converter were calculated which are given in Table 4.1. 

It can be observed that the inductor current waveforms are similar to the ideal 

shape waveform in Figure 4.7(a). However, the waveforms of input and output 

inductor currents as depicted in Figure. 4.9, show that the resonating inductor 

current increases to a peak around 26 kA in 250 µs, which also flows through the 

IGBT. The current amplitude and the voltage are key parameters in the design of 

the converter since they define the current and voltage rating for all IGBT 

switches.  

 

 

Figure 4.9:  Inductor currents simulation waveforms 
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Therefore, the trade-off analysis for the converter is therefore performed 

considering peak current and voltage during the converter operation. The 

inspection of the characteristics of the IGBT ABB HiPak 5SNA 1200G450300, 4.5 

kV 1.2 kA High power density [101], shows that this is feasible and the datasheet 

of the IGBT is attached in Appendix B.   As the current begins to reverse in 

direction, the diode Dout blocks the current flow. 

As illustrated in Figure 4.10(a), for an input voltage of 6 kV the average output 

voltage is 29.93 kV, which is very close to the design specification of 30 kV.  Hence 

the DC gain is 4.98 compare well with the theoretical gain of 5.  The peak load 

current of 1.662 kA is very close to the design value of 1.667 kA as shown in 

Figure 4.10(b). 

The input power value is the same as output power with different voltage level 

and rating current. The output power waveform, shown in Figure 4.10(c), is 49.74 

MW. It is close to the designed power as listed in Table 4.1. The reason for that is 

the drop voltage which is caused by the switching losses.    
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Figure 4.10: Output simulation waveforms, a) Output voltage, b) load current, and c) 
output DC power  

 

4.3.6 Voltage and Current Stresses  

Figure 4.11(a), and Figure 4.11(b) show the average DC voltages across diodes 

(D1-D8) sequentially increase by 6 kV, and the charging current flows via these 

diodes (D1-D8) divided by the number of capacitors in the middle circuit, is 5.3 kA. 

The voltages across switches Svalve labelled as the yellow circuit shown in Figure 

4.3, reach a maximum of 24 kV as shown in Figure 11(c). Also, the IGBT switch 

Svalve and diode Din carry the full inductor current IL1 during the first half-cycle. 

The peak current is 26.6 kA at 250 μs as depicted in Figure 4.11(d).  The voltage 

stress on the switches (S1-S4) is 6 kV during charging of the capacitors in parallel 

is equal to the Vin as shown in Figure 4.11(e). The switching pattern of the 

converter is illustrated in Figure 4.11(f).  
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Figure 4.11:  IGBT and diode switch simulation waveforms 

   

4.3.7 Evaluation of Dynamic Operation 

The evaluation of the dynamic characteristics of the converter was carried out by 

simulation.  

4.3.7.1 Change the Load 

The change in the load is simulated by changing 50% in the value of the load Rload, 

from 18 Ω to 9 Ω at 0.02 ms as shown in Figure 4.12(c). The input inductor current 

ILin waveform and the voltage capacitor waveform of the output capacitor are 

shown in Figure 4.12(a) and Figure 4.12(b) respectively. The designed load 

voltage is 30 kV and the input voltage Vin is unchanged at 6 kV. The high drain in 

current form the output capacitor decreases the output voltage Vout from 29.93 

kV to 26.67 kV.  
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Figure 4.12: Simulation results for output voltage and input inductor current 

The transient current was not large in the input inductor as depicted in Figure 

4.12(a), and the transient occurred at 0.02 ms during the change of the load, with 

a settling time of about one cycle. Meanwhile, the ripple output voltage ∆VCout has 

increased from 6.19 kV to 7.02 kV and the percentage is 30%. This value is high 

because the step-change load is 50%. As the power rating of the converter is 50 

MW, at 0.02 ms and during the step change at 0.02 ms, the load current has a step 

increase from the steady-state value of 1662 A to the transient state value of 3118 

A as depicted in Figure 4.12(c).  

4.3.7.2 Device and Component Stresses 

During step-change of the load, the voltage across the diodes and IGBT switches 

is close to the design rating, but there is a bit of change in the ripple voltage across 

the diodes (D1-D8), output diode Dout, and IGBT switches (S1-S4) as shown in Figure 
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4.13(a), Figure 4.13(c), Figure 4.13(e), and Figure 4.13(g). This increasing of the 

ripple voltage affects the output ripple voltage by increasing more than the 

steady-state output voltage ripple as shown in Figure 4.12(a). The voltages across 

diodes (D1-D8) increase by 6 kV, reaching a maximum of 24 kV as shown in Figure 

4.13(a).  Furthermore, the charging current flows in parallel via diodes (D1-D8) in 

the first half-cycle is increased from 5 kA to 10 kA during change in the load as 

depicted in Figure 4.13(b) and Figure 4.13(d). During the discharge the 

capacitors in series, the voltage across the switch Svalve is the sum of the capacitor 

voltages in series, reaching 24 kV. Also, during the transient the ripple voltage has 

increased as shown in Figure 4.13(g). In addition, the current flowing through the 

switch Svalve has doubled as the load is decreased by 50%, and as illustrated in 

Figure 4.13(h), the current increased from 22.2 kA to 41.46 kA.    

 

 

 

 

   

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.13: IGBT and diode switch simulation waveforms during step change the 
load.  a) Voltage across diodes (D1-D8), b) Current flows diodes (D1-D8), c) Voltage 
across output diode Dout, d) Current flows through output diode Dout, e) Voltage cross 
IGBT switches (S1-S4), f) Current flows through IGBT switches (S1-S4), g) Voltage 
cross IGBT switch Svalve, and h) current flows through IGBT switch Svalve  
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4.3.8 Comparative Performance Evaluation 

A quantitative comparison was carried out using data from the output results by 

Matlab/ Simulink simulation, and the proposed configuration is evaluated and 

compared with Veilleux converters in terms of the power device count to 

highlight its advantages for high-voltage applications as mentioned in section 4.1.  

Although a Veilleux converter that avoids using a transformer and uses a Marx 

converter to transfer power from an offshore wind farm to an onshore substation, 

would use several of IGBT switches to control the power flow.  The improved 

proposed design has used a smaller number of IGBT switches. Both topologies 

are operating with the same DC-DC Marx converter principle; hence, the 

comparison is made for the same three gains, same input voltage, same power 

rating, same load, same soft switching technique, and same switching frequency 

[100]. 

The output voltage and current of both topologies should be 30 kV/ 1667 A as 

designed. However, the output voltage of the Veilleux topology is 29.59 kV, and 

the proposed topology is 29.93 kV. In addition, the load current of Veilleux 

topology is 1644 A, and the proposed topology is 1662 A. Both converter 

topologies are comprised of several power devices, IGBT switches and diodes 

connected in series to withstand the rated voltage. The number of IGBTs switches 

required for gain at 1:5 is only 11 in the proposed topology, but in a Veilleux 

topology 20 are required, as shown in Figure 4.14. 

 

Figure 4.14: Power device count comparison 
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The voltage level of the switches is an important issue because the devices built 

to sustain higher voltages are more expensive and achieve higher losses due to 

doping requirements.  In a Veilleux converter, the power device count is directly 

proportional to the voltage gain ratio and higher than in an improved converter. 

In 6/60 kV gain ratio, the improved converter device count for diode and IGBTs 

is 24, but in a Veilleux converter, the IGBT switches count is 81 and diodes 

number 11. In addition, for the gain ratio 6/90 kV, as shown in Figure 4.14, the 

count of IGBTs in a Veilleux converter is higher than in the improved converter, 

in which they number 38 and 171, respectively.  

A lower device count means lower losses, fewer failure points, smaller physical 

size, and lower cost. Based on these comparisons, the improved converter 

topology has clear advantages over a Veilleux converter in terms of the power 

device count, and voltage stresses of the switching device. On the other hand, the 

total number of diodes for the proposed converter is larger than that of the 

Veilleux converter, but it can be observed that the Veilleux converter requires a 

larger switch count compared to the improved converter. 

4.4 Cascaded DC-DC Marx Converter 

This topology also modifies and improves the Veilleux Cascaded topology [7], 

which uses the same method of a single-stage DC-DC converter, except the 

difference is in a cascaded converter composed of cascaded stages (J, K, L).  In 

order to derive the formula for this converter that will be generally useful in 

design, the next section will describe and present all the details of the Veilleux 

cascaded topology and improved cascaded converter. As depicted in Figure 4.15, 

Veilleux cascaded consists of multi-stages of the Marx modules connected in a 

cascade comprising three main sections of input, middle, and output section. The 

middle section consists of three stages, stage 1, stage 2, and stage 3. Stage 1 and 

stage 3 are identical but the size of the components is different, and every stage 

consists of two capacitors, three switches, two diodes, and an inductor.  Stage 2 

has three capacitors, four switches, and three diodes. The overall DC voltage gain 

is 2x3x2= 12, (1:12). In addition, there is an output capacitor at the output stage 

to smooth the load voltage. The operation can be divided into two cycles. A 
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disadvantage of this topology is the high number of IGBT switches in stage 2, and 

the increased voltage stress in the IGBTs in successive stages.  

 

 

Figure 4.15: Veilleux cascaded Marx DC-DC converter  

 

4.4.1 Circuit Arrangement   

The structure of the cascaded DC-DC converter is shown in Figure. 4.16. The 

advantage is that the number of components is reduced as shown later in the 

document and in the flexibility for increasing the number of stages in the middle 

section for increasing the gain.  The ratings and the component values used for 

this study are determined for application to the HV converter in a typical wind 

energy system as illustrated in Figure 4.16. The equivalent circuit is shown in 

Figure 4.16. The input section consists of an input DC voltage source Vin and HV 

valve Svalve comprising series connected IGBTs. The middle section is composed 

of ‘n’ stages; stage 1, stage 2, stage 3 and stage n, depending on the voltage gain 

ratio. Figure 4.16 shows the circuit, a generalised cascaded converter with ‘N’ 

number of stages, and has provided and fixed 3 stages J, K, and L.  The converter 

is comprised of three sections. The number of capacitors in converter stages 1, 2 

and 3, are set to 2, 3, and 2 respectively, to create a voltage amplification of 

2x3x2= 12. However, the number of capacitors can be J, K, and L respectively and 

hence; CJ, CK and CL indicate the capacitors in the stages 1, 2, and 3 respectively.  
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Figure 4.16: Model cascaded DC-DC Marx converter  

The switching components in the middle section denoted by SSi ( i =1~4) are used 

to connect the capacitors in series. The IGBT switches denoted by SPi ( i =1~3) are 

used to connect the capacitors in parallel.  The diodes are used to trap the charges 

in the capacitors and to ensure that they discharge in the correct direction. The 

output section consists of an output diode Dout connected in series with the output 

inductor Lout and output capacitor Cout. A pure resistive load was selected, RLoad. 

4.4.2 Steady-State Operation  

The steady-state operation can be explained in terms of two half-cycles. In simple 

terms, the IGBTs are switched so that the charges for capacitors are pumped from 

left to right sequentially resulting in a high voltage at the converter output. The 

switching of the IGBTs and diodes is summarised in Table 4.2 and Table 4.3 

respectively.  
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Table 4.3: Diodes switching logic for the improved converter 

Switches D
1
 

D
2
 

D
3
 

D
4
 

D
5
 

D
6
 

D
7
 

D
8
 

First half cycle 1 1 0 0 0 0 0 1 
Second half cycle 0 0 1 1 1 1 1 0 

SValve

+

-
Vin

L 1 L out

C1 C2

C out

R
 L

o
a

d

DC

D 1 D out

SS1

D2

C4

SS2

C3 C5

SS3

D3

L 2

D8

L 3

C6 C7

SS4

D5

30 KV

SP1 SP2 SP3

D6 D7

D4 D9

Input Section  Stage 1  Stage 2  Stage 3 Output Section

Middle Section

360 KV



A single-Stage and Cascaded DC-DC Marx Converters
 

81 
 

The corresponding sub-circuits are shown in Figure 4.17(a) and Figure 4.17(b), 

respectively where the ‘ON’ and ‘OFF’ devices are shown in green and light grey, 

respectively. During the first half-cycle, capacitors in stages 1 and 3 are connected 

in parallel and are being charged through the inductors L1 and L3. The capacitors 

in Stage 2, which have been charged in the previous cycle are in series and 

discharge into stage 3 capacitors. Diodes D1, D2, D8, and D9 are conducted.  

In the second half-cycle, the devices are switched so that the capacitors in stage 

1, 3 and stage 2 are in parallel and series respectively. Hence, capacitors in stages 

1, 3 and 2 are charged and discharged respectively.  

 

a) First half-cycle configuration 

 

 

b) Second half-cycle configuration 

Figure 4.17:  The arrangement for switching time of cascaded DC-DC converter 
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4.4.3 Analysis and Design of the Converter  

The analysis and design of this converter represents a different method if 

compared with a single-stage converter, because this converter has been 

connected in cascaded and contents of four determinations. Firstly, it is assumed 

that the cascaded DC-DC converter has already reached steady-state operation. 

The gain of the converter increases as by a geometric series which depends on 

the number of capacitance cells in stage 1 (J), stage 2 (K), and stage 3 (L).  The 

voltage transformation ratio VTR is given as;  

VTR =
Vout

Vin

 = NCJ NCK NCL (4-24) 

where Vout and Vin are the output and input voltages, respectively. The equivalent 

capacitance in stage 1 is similar to the Equation (4-3). During the first half-cycle, 

the inductor L1 and the equivalent capacitance Ceq (J) forms an oscillatory L-C 

circuit and hence the current in stage 1 is the same as in Equation (4-4). The 

angular resonant frequency in stage 1 is given by;  

)(1

1

1

JeqCL
  

(4-25) 

In order to achieve soft switching, the IGBTs must be switched at the resonant 

frequency of the inductor current waveform. Therefore, the switching frequency 

can be written as; 

)(12

1

Jeq

S
CL

F


  
(4-26) 

As mentioned, the converter’s structure includes stage 1, stage 2, stage 3, and 

output stage parameters, and the next sub-section presents the determination of 

parameters.  
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4.4.3.1 Determination of Stage 1 Parameters  

In this stage there are two capacitors which are charged in parallel in the first 

half-cycle as shown in Figure 4.18 

 

Figure 4.18:  Charging capacitors in parallel (stage 1)  

From Figure 4.18, in the first half-cycle, the inductor current iL1 is divided into 

two charge current capacitors iC1 and iC2. However, the charge transferred to the 

capacitors in stage 1 can be expressed as in the Equation (4-14). When the 

inductor current iL1 reach zero and becomes reversed, the diode Din blocks 

flowing back current to the input voltage Vin. 

Figure 4.19(a) shows the inductor current iL1 waveform and the switching time of 

the active switches, which is divided into two half-cycles as shown in Figure 

4.19(b). The two half-cycles are chosen to operate with equal duration, TS/2, 

where TS is the periodicity of the switching frequency FS. Furthermore, Figure 

4.19 shows the circuit topology for the time period t0 ≤ t1≤ t2, where (t0-t1) = (t1-

t2) = TS/2. The inductor current iL1 is a positive half-sine wave during the first 

period, charging the first stage capacitors in parallel at time TS/2. However, this 

current is divided into (J) to charge the capacitors through the capacitor current 

ICJ as depicted in Figure 4.19(c). 

 

DC Vin

GND1

Stage 1 (J)iL1

iC2iC1
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Figure 4.19:  Steady-state waveforms model cascaded DC-DC converter 

 

From Figure 4.19(d), the charge transferred to stage 1 capacitors results in a 

voltage change of ∆VCJ, which is given as in the Equation (4-17).  Substituting for 

Q from Equation (4-17) to Equation (4-27) and rearranging, then the equation for 

the equivalent capacitance in the first stage is:  

SC(J)in

rated
Jeq

F V NV

P
C


)(   (4-27) 

Hence, 

J

1
 

F V NV

P
C

SC(J)in

rated

JjJ



 ,1

  (4-28) 

Substituting for FS from Equation (4-30) into Equation (4-17) and rearranging L1 

can be expressed as; 
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2

in

eq(J)

1
 2

NV 

C

1










ratedP

Q
L


   (4-29) 

4.4.3.2 Determination of Stage 2 Parameters  

In this stage, in the first half-cycle, capacitors will discharge in series via inductor 

current L3 to charge the capacitors in stage 3 in parallel. In the second half-cycle 

will charge capacitors in parallel by inductor current L2 via discharge the 

capacitors in series in stage 1 as illustrated in Figure 4.20. 

 

a) Charging stage 2 in parallel                                                   b) Discharging stage 2 in series 

Figure 4.20:  Stage two for the two half-cycle operations  

 

In order to ensure soft switching, the resonant frequency in the second half-cycle 

must be made equal to ω2. Hence,  

)(

1

)()(2

2

KeqJeq CCL 
   (4-30) 

The capacitance of both stages CJ in series and CK in parallel. As shown in Figure 

4.20(a), the number of capacitors (K) in stage 2 are connected and charged by the 

number of series capacitors (J) in stage 1. Therefore, the equivalent capacitance 

of this state is given as; 

)3)(2/(

)3)(2/(
)(

KJ

KJ
KJeq

CC

CC
C     (4-31) 

Figures 4.19(a) and 4.19(c) show the waveform of the inductor current iL2 and 

the capacitor current iCJ.  In stage 2, from (t1-t2) the inductor current iL2 has the 

same value with opposite polarity current of capacitor current iCJ. However, this 
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current has been divided into a number of capacitors (K) in stage 2.  By combining 

Equation (4.30) and (4.31), inductor 𝐿2in stage two can be calculated as:  

2

)(

2

2























n

J

Keq

n

J

C

C

K
L   (4-32) 

However, the capacitance values in stage 1, 2 and 3 are chosen so that percentage 

of ripple on all the capacitors is the same. Therefore, the capacitance 𝐶𝐾 in the 

stage 2 can be expressed as; 

CK=
CJ

NCJ+NCK+NCL

  (4-33) 

4.4.3.3 Determination of Stage 3 Parameters  

Figure 4.19(a) shows the inductor current iL3 as a positive half-sine wave during 

charging the capacitors CL in the first half-cycle from (t0-t1). Therefore, the 

inductor current has been divided into a number of the capacitors in stage 3(L) 

as illustrated in Figure 4.21 and can be expressed as; 

76763 )( CCL ii
dt

dv
CCi    (4-34) 

          

   

  

 

 

 

a) Charging stage 3 in parallel                                            b) Discharge stage 3 in series 

Figure 4.21:  Stage three during two half-cycle operations  

 

In the second half-cycle (t1-t2), the sum of capacitor currents iCL is equal to the 

output inductor current iLout as shown in Figure 4.21(b) and can be expressed as; 
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)76 CCLout ii( i    (4-35) 

Using the same way, inductor L2 was derived, inductor L3 can be obtained as;  

2

)(

3

2























n

K

Leq

n

K

C

C

L
L   (4-36) 

In order to maintain the relative voltage ripple (∆VCL/VCL) the same as with 

(∆VCK/VCK) for capacitor K, it is necessary to make CL as; 

CL=
CK

NCJ+NCK+NCL

  (4-37) 

The relationship between ripple voltage and capacitor voltage in the first stage is 

the same in stages 2 and 3, and can be shown as: 

CL

CL

CK

CK

CJ

CJ

V

V

V

V

V

V 






  (4-38) 

4.4.3.4 Determination of Output Stage Parameters 

As illustrated in Figure 4.21(b), the output stage is charged from (t1-t2), and the 

electric charge in stage 3 is transferred in series to the output capacitor Cout 

through an output inductor Lout and an output diode Dout. The size of the output 

inductor depends on the output voltage and the amount of charges which needs 

to be transferred. The value of the output inductor depends on the peak-to-peak 

output current ∆ILout and can therefore be expressed as; 















Lout

sin
out

I

TNV
L

 
  (4-39) 

The output voltage waveform is not similar to the other voltage capacitor 

waveforms in the middle stage. Nevertheless, the value of the output capacitor 

depends on the relation between the amount of charge to the load at the half 

period of time TS/2, and the voltage ripple on the output capacitor. Furthermore, 

the output capacitor works as charge storage for continuous delivery to the load. 

The Equation can be written as: 
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Cout

Soutrated
out

V

TVP
C




 2

)2/)(/(


  (4-40) 

where ∆VCout is the desired peak-to-peak voltage ripple on the output capacitor. 

By using all the above stages procedures, the component values of the converter 

are listed in Table 4.4. Furthermore, overall the calculation is explained in 

Appendix A.  

 

Table 4.4: Parameters used for cascaded DC-DC converter simulation 

Parameter Value/ model 

Number of stages                                   n   3 

Number of capacitors in each stage       NCJ  NCK  NCL 2, 3, 2 

inInput Voltage                                         V 30     kV 

Output Voltage                                      Vout 360   kV 

Load Current                                          Lout 138.89 A 

Rated power                                           Prated 50   MW 

Switching Frequency                             FS 2     kHz 

Output Load Resistance                         RLoad 2592 Ω 

IGBT 5SNA 1200G450300 

Fast recovery diode 5SDF13H4501 

Capacitors Inductors 

CJ       694.5   µF L1       5.3    µH 

CK       99.21   µF L2       40     µH 

CL       14.17   µF L3       400   µH 

Cout    300      µF Lout    2.2    mH 

 

4.4.4 Evaluation of Steady-State Operation 

This topology is represented with DC voltage source 30 kV, rated power 50 MW 

as shown in Figure 4.15.  The HV converter, whose equivalent circuit is shown in 

Figure 4.15, was simulated by Matlab/Simulink software package.  The converter 

parameters are listed in Table 4.4 were calculated using the design equations 

derived in the design section. 

Current waveforms and switching pattern are shown in Figure 4.22(a) and Figure 

4.22(b). Figure 4.22(a) shows the resonant nature of the currents through 

inductors and IGBTs allowing soft switching at current zeros leading to a 

reduction in switching losses. Also, Figure 4.22(a) shows the switching signals 

clearly indicating soft switching at a frequency of 2 kHz. 
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a) Inductor current waveforms (ZCS)                         b) Switching pattern 

Figure 4.22:  Matlab / Simulink simulation results of the proposed converter  

 

Figure 4.23 shows the load voltage and current waveforms confirming that the 

design specifications are met. The DC amplification gain of the simulation is 

11.96, which is very close to the design value of 12. The resonating inductor 

current, which flows through the IGBT  increases to a peak IL1= 35 kA in 250 μs, 

which is within the capability of modern IGBTs and all the IGBTs that used in the 

cascaded converter is 4.5 kV 1200 A and has manufactured by ABB [101].   

As shown in Figure 4.22, at each successive stage, the peak currents of IL1, IL2, IL3, 

ILout are decreased by a factor of 1/N, and as the voltage stages are increased by 

‘N’. However, the peak inductor currents are decreased in multiples of ½, ⅓, and 

½. Which depends on the number of capacitors in each stage. Furthermore, the 

output power has an average of 48.005 MW as shown in Figure 4.24, it is closer 

to the design value of a power rating of 50 MW as listed in Table 4.4.   
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Figure 4.23:  Simulation waveforms of the cascaded DC-DC converter 
 
 

 

Figure 4.24:  Output power waveforms of the cascaded DC-DC converter model 
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As seen in Figure 4.22, the respective peak inductor currents in consequent 

stages decrease according to the number of capacitors in the previous stage. The 

effect can be generalised as shown in Table 4.5. The proposed cascaded 

configuration is evaluated and compared with a Veilleux converter in terms of the 

power device count to highlight its advantages in high-voltage applications.  

Table 4.5: Shows the peak inductor currents and voltage across capacitors 

Parameters Stage 1 Stage 2 Stage 3 Output section 

Number of capacitors 2 3 2 1 

Peak inductor 

currents relation 
IL1 IL2 = IL1/2 IL3 = IL2/3 ILout = IL3/2 

Number of stages J K L Lout 

Peak inductor 

currents 
P

LI 1
 JII P

L

P

L 12   KII P

L

P

L 23   LII P

L

P

out 3  

Voltage cross 

capacitors 
VC1=VC2=Vin 

VC3=VC4=VC5

= JVin 

VC6=VC7= 

JKVin 
Vout= JKLVin 

The IGBT considered for this study are 4.5 kV and 1200 A, and the datasheet of 

this IGBT switch is attached in Appendix B. The total number of IGBTs can be 

reduced from 52 to 38 by combining the function of 2 IGBT switches (SP2-SP3) to 

be performed by 2 diodes and 1 IGBT (Svalve) as illustrated in the yellow circle in 

Figure 4.16.  

As shown in Figure 4.25, the average DC voltages across capacitors increase and 

their values depend on the number of capacitors in each stage as depicted in 

Table 4.5. Capacitor voltages in stage 1, stage 2, and stage 3 are charging by 29.97 

kV, 59.69 kV, and 179.47 kV, respectively. The discrepancy between design 

charging voltage and simulation results is mainly due to small resistance of the 

IGBT switches and diodes, which have been omitted in the mathematical analysis 

equations, but it is included in the simulation.  
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Figure 4.25:  Simulation results capacitor voltage waveforms in the two half-cycle 

operations 

 

Table 4.6 lists the value computed from the simulation and theoretical value. As 

depicted, these values can show agreement to within 0.9% in accuracy and by 

having the same relative capacitor voltage ripple between three stages (J, K, L).  

Table 4.6: Design value and simulation results of capacitor ripple voltage in 3 stages 

Parameters 
Design 

Value (kV) 
Simulation 
Value (kV) 

∆VC 
(kV) VC

VC
 

VCJ 30 kV 29.97  3.4  0.1134 

VCK 60 kV 59.51  6.81 0.1144 

VCL 180 kV 179.474  20.9 0.1165 
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The percentage ripple voltage is in agreement with the designed Equation (4-38).  

The discrepancy is mainly due to small snubber resistance of active switches, 

which have been omitted in the analytical formulas, but it was included in the 

simulation. 

4.4.5 Evaluation of Dynamic Operation 

4.4.5.1 Load Step Change 

The transient response characteristics operation of a model cascaded converter 

has been evaluated and performed by step change on the load side. As in the 

single stage converter in section 4.3.7, the step change on the load side is 

decreased by 50% from 2.592 kΩ to 1.296 kΩ which represents an increase in power 

from 50 MW to 96.7MW, because the load step decreased by half. The disturbance 

of the converter is applied and its stability is evaluated.  

Firstly, in normal load 2592 Ω, the converter is working in steady-state operation 

and the output results as illustrated in Figure 4.26 are normal as designed. 

Nevertheless,  at time 0.05 ms, the load is a step decreased which represents a 

step increase in load current 137.7 A,  corresponding to a step decrease in the 

load 50%.   In addition, the output voltage Vout is decreased 2.8 kV, which is caused 

by the drain current from the output capacitor ICout. Meanwhile, the inductor 

current iL1 is also increased and delay corresponds to one cycle, as the converter 

has multi-stages in response.  
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Figure 4.26:  Transient operation waveforms 
 
 

4.4.5.2 Device and Component Stresses 

Through out steady-state operation, the voltage and current stress on the devices 

and components are at normal levels. But in the dynamic-state during  step 

change in the load of 50%, the load current and power transfer are increased. 

Meanwhile, the voltage has slightly decreased, and the load current has increased 

to double the steady-state load current. The IGBT switches Svalve carry the full 

inductor current iL1 as illustrated in Figure 4.27, where the peak current before 

step in load at 0.1 s was 35 kA and it has reached 36 kA at 0.15 s.  
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Figure 4.27:  Current flows through IGBT switch Svalve 

 
 

 

The voltages across IGBT switches (SP1-SP2) have increased by the number of 

capacitors in each stage from left to right in sequential 30, 120, 180 kV as shown 

in Figure 4.28.  IGBT switch SP2 in stage 2 has two capacitors charged by 60 kV 

from stage 1. Therefore, the voltage across this device is the sum of discharge 

voltage in series, which is 120 kV as depicted in Figure 4.28 (e). This means that 

the devices in each stage see different voltages causing manufacturing issues and 

requiring a series connection of devices.    

 

Figure 4.28:  Voltage across and current flows through IGBT (SP1- SP4) 
a) Current flows through switch SP1, b) Current flows through a switch (SP2)                 
c) Current flows through a switch SP3, d) Voltage across switch SP1,  e) Voltage across 
a switch  SP2, f) Voltage across a switch  SP3 
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In Figure 4.28(b) and Figure 4.28 (c), the current flows through the IGBT switches 

(SP1-SP3) at 0.1s are also very little changed almost negligible and have decreased 

sequentially and independent of the number of capacitors in each stage.  In 

steady-state, the current at switch SP1 is half of the inductor current L1 and the 

current is 17.5 kA. In addition, the current has increased to 18 kA during the step-

in load. 

The voltages across IGBT switches (SS1-SS4) have increased sequentially and 

depending on the number of capacitors in each stage. But when the load has step 

changed, the voltage across these switches does not change as shown in Figure 

4.29. On the contrary, currents flowing through these switches are decreased and 

depend on the discharge voltage levels. Otherwise, currents have increased a 

little during step change in the load, but this increase does not affect the current 

device rating. The value of the voltage across and the current flows through diode 

D1 is the same voltage and current as switch Svalve. From Kirchhoff’s current law, 

the current flows through diode D2 in stage 1, equals half the value of the inductor 

current L1 and current flows to switch SP1 as shown in Figure 4.28(a).  The voltage 

across diode D2 is the same voltage across switch SS1 as depicted in Figure 4.29(a).  

 

 

Figure 4.29:  Voltage across and current flows through IGBT SSi 

a) Voltage across switch SS1, b) Voltage across switch (SS2, SS3),                                    
c) Voltage across switch SS4, d) Current flows through switch SS1, e) Currents 
flow through switches  (SS2, SS3), f) Current flows through switch SS4 
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4.4.6 Semiconductor and Component Ratings 

This section presents the component and power semiconductor device ratings in 

the multistage converter. The analysis covers the configuration of capacitors and 

inductors for all multi-stages with different numbers of capacitors and evaluates 

the power at the peak current on the components and the maximum voltage 

withstood across the device and components as illustrated in Equation (4-24). 

The multi-stage Marx converter has different semiconductor devices and 

components depending on the number of stages and the number of components 

in each stage. The passive components in the converter are considered such as 

capacitors and inductors. Also power semiconductor devices as IGBTs and 

diodes.      

max VIP peak

rating    (4-41) 

The following assumptions are made: 

 Inductor losses are neglected. 

 The converter is assumed to operate in the steady-state. 

 When two components are connected in series, voltage sharing is not 

considered. It is assumed that each component should withstand the full 

voltage. 

 In a single stage, the relation between the voltage ripple of charging 

capacitors nVC  and the output voltage capacitor ripple can be expressed as: 

nout VCnVC    (4-42) 

 The load current ILoad evaluation is the current flow through the load. It is 

labeled as ILoad and it is calculated as; 

 












load

in
peak

R

V
nI  (4-43) 

In multi-stage cascaded converters the peak current depends on the number of 

stages J, K, L and can be expressed as 

Ipeak= (NCJ NCK NCL

Vin

Rload

) (4-44) 

The power electronic components in the circuit evaluated are IGBTs and diodes. 

For the passive components, capacitors and inductors are considered. 
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4.4.6.1 IGBT 

In a single-stage converter circuit, there are several IGBTs, which are divided in 

two sections. One of them has two IGBTs Svalve, connected on series directly with 

the input voltage as shown in Figure 4.3, and these IGBTs carry the complete 

inductor current of the circuit since it is connected to a fixed input voltage Vin, it 

has to withstand only half the voltage ripple of Cn. The current inductor Lin is 

divided among the parallel-connected capacitors. However, the voltage 

withstands fixed for the same value of input voltage Vin. Meanwhile, the inductor 

current Lin is distributed to diodes D1, D2, D3, and D4, but the voltage is 

independent of the capacity of the capacitor.  

The cascaded converter has two kinds of IGBTs. The first switch is composed of 

two switches Svave, (SP1-SPn), and (SS1-SSn) shown in Figure 4.16. The switch Svalve is 

carrying the total inductor current IL1 of stage 1, which is able to withstand half 

of the voltage ripple of the capacitor in the first stage CJ. The current of switch 

Svave is the same current of inductor L1. Meanwhile, the inductor current IL1 is 

divided into the two parallel connected capacitors as illustrated in Figure 4.17. 

Equations for the parameter ratings of IGBTs are validated with simulation 

results and given in Table 4.7. 

Table 4.7: IGBTs rating 

IGBT Voltage  Current 

SValve Vin (IP=IL1=ILin) 

S1 
S2, S3 

S4 

Vin+ (ΔVCJ/2), 

JVin+(ΔVCK/2), 

KVin+(ΔVCL/2), 

(ILin/n), [(IL1/J, (IL2/K), (IL3/L)] 

(SP1-SPn) 
(NCJ NCK NCL) Vin+ 

(ΔVCn/2) 
(IL1/J), (IL2/(K-1), (IL3/L) 

 

4.4.6.2 Diode  

As illustrated in Figure 4.3, and Figure 4.16, two sets of diodes need to be 

analyzed. The first is the series diode, which is connected in series with the 

inductor as shown in the single stage converter such as Din, and in a cascaded 

stage converter as D1. These diodes have to carry the inductor current and to 
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withstand the input voltage with a lower power rating which is smaller if 

compared with the other diode in the output voltage Dout. The largest voltage 

difference occurs at the end of the charging phase: the final capacitors C5 and CL 

in both converters are reaching their peak voltage ripple while the previous 

capacitor is at its lowest.  The general expression for the power rating of the 

series diode and output diode are expressed in Table 4.8. 

 

Table 4.8: Diodes rating 

Diode Voltage  Current 

Din Vin IP=ISvalve= ILin= IL1 

(D1-D9) nVin, [(NCJ NCK NCL) Vin] (ILin/n), [(IL1/J, (IL2/K), (IL3/L)] 

Dout 
nVin+ΔVCout, [(NCJ NCK NCL) Vin]+ 

ΔVCout 
(IP/n=ILout), (IP/[(NCJ NCK NCL) 

Vin]=ILout)   

4.4.6.3 Capacitor 

In both converters, there are only two kinds of capacitors (Cn, CJ, K, L), and Cout. The 

charging current requirement of these capacitors is the same current value as the 

diodes in each stage. Also, the current of the output capacitors Cout is evaluated as 

the peak inductor current from Lout minus the average current in the load ILoad. 

The voltage rating of these capacitors is based on the capacitor voltage ripple. 

Table 4.9 gives the equations for capacitor’s rating.  

 ΔVCJ,K,L=(NCJ NCK NCL) ΔVC  (4-45) 

 

Table 4.9: Capacitor rating 

Capacitor Voltage  Current 

Cn 

CJ, K, L 

nVin 

 (NCJ NCK NCL) Vin 

(Prate/Vout)/n 

(Prate/Vout)/ (NCJ NCK NCL) 

Cout (single stage) 

Cout (cascaded stage) 
Vout+ 0.5ΔVCout 

IP/n-(Vout/RLoad) 

IP/(NCJ NCK NCL) -

(Vout/RLoad) 
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The voltage ripple of the capacitor depends on the number of capacitors in the 

stage. However, the voltage ripple can be expressed as 

4.4.6.4 Inductor 

There are three inductors in the cascaded converter and two inductors in the 

single stage converter. The current requirement for both inductors Lin and Lout is 

the peak current caused from the charging and discharging of the capacitors in 

two half cycle operations. The current of inductors in stage 2 depends on the 

number of capacitors in this stage. The inductors have to withstand the maximum 

voltage. Table 4.10 lists the equations for parameter rating of the inductor in both 

converters.  

Table 4.10: Inductor rating 

Capacitor Voltage  Current 

Lin 
L1 

0.5ΔVCn 

0.5ΔVCJ, K, L 
IP=Vin/ω Lin sin ω(t-t0) 

LKJL ,,  [(NCJ NCK NCL) -1]Vin+0.5ΔVCJ, K, L IP/[(NCJ NCK NCL) -1] 

Lout  (single stage) 

Lout  (cascaded stage) 

nVin+0.5ΔVCn  

(NCJ NCK NCL) Vin+0.5ΔVCJ, K, L 

IP/n 
IP/(NCJ NCK NCL) 

4.4.7 Comparative Performance Evaluation 

As in section 4.3.8 a comparative performance evaluation of a single-stage 

converter, also in this sub-section a quantitative comparison was carried out 

using data from the output results by Matlab/Simulink simulation, and the 

proposed configuration is evaluated and compared with Veilleux cascaded 

converter terms of the power device count, to highlight its advantages for high-

voltage applications as mentioned in section 4.1.  

Both cascaded converter topologies are operating with the same DC-DC converter 

principle; hence, the comparison is made for the same three gains, same input 

voltage, same power rating, same load, same soft switching technique, and same 

switching frequency [2]. 
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Figure 4.28 and Figure 4.29 shows that the maximum voltage stress of the IGBT 

switches reaches 180 kV. However, for all the converters, each switch or diode is 

made up of several parallel-connected devices to withstand the rated voltage. The 

total number of devices for varying voltage gains are shown in Figure 4.30 that 

shows the device count comparison with different gains between the Veilleux 

Cascaded converter and the improved cascaded converter.  

 

 

Figure 4.30:  Components count for DC-DC converter topologies comparisons 
between Veilleux converter and improved converter 

 

Figure 4.30 illustrates a comparison of designs to give voltage gains of 1:12, 1:27, 

and 1:36. The number reduces by 27%, 30% and 37% as the gain increases by 12, 

27, and 36, respectively. However, the diode count increases by a small margin. 

However, diodes are cheaper and easy to connect in series. 

Furthermore, Figure 4.31 shows that the output voltage in the improved 

converter is a bit higher than that of Veilleux converter [103], but both topologies 

perform equally well. Several HV DC-DC topologies have a high gain ratio, but not 

always with a reduced number of semiconductor component as one of the major 

goals. Therefore, the process for improving topology concentrated on reducing 

the number of devices. 
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Figure 4.31: Load voltage comparisons between Veilleux converter and improved 
converter 

 

4.4.8 Comparative between a Single-Stage and Multi-Stage Converter  

A quantitative comparison was carried out for both model converter topologies 

at 50 MW, 6 kV/72 kV and were designed and simulated using Matlab/Simulink 

package software. Single-stage and multi-stage converters are evaluated and 

compared in terms of the power device count, to highlight the advantages for 

high-voltage applications. Both converter topologies operate under the same DC-

DC Marx converter principle; hence, the comparison is made for the same voltage 

gain (n=12), the same input voltage of 6 kV, the same power rating of 50 MW, the 

same load, the same soft switching technique, and the same switching frequency. 

Figure 4.32 shows the simulation results for a single stage and a multi-stage 

converter. The DC gains obtained from a single-stage and a multi-stage converter 

are 11.81 and 11.92 respectively, and have been compared with the theoretical 

gain of 12.  
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Figure 4.32:  Load voltage, load current and load power waveforms both of 

converters 

 

The output voltage, current, and power of the converter should be 72 kV/ 694.5 

A and 50 MW as designed. It can be seen that both circuit output voltages are 

70.91 kV and 71.46 kV respectively, which is very close to the design specification 

of 72 kV.  Figure 4.32 shows that the output voltage in the multi-stage converter 

is higher than that of the single-stage converter, but both topologies perform 

equally well. Compared with Veilleux cascaded topology that have a high gain 

ratio, he does not demonstrate a similar reduction in semiconductor components 

in the same application, perhaps because this has not been a focus area for the 

designers [6],[7]. Also, the peak load current of both converters is 684.75 A and 

689.3 A, which is very close to the design value of 694.5 A. 

In addition, the load power of both converters as shown in Figure 4.32 is 48.6 MW 

and 49.6 MW. For both configurations, IGBT switches are comprised of several 

series-connected power devices to withstand the rated voltage. Figure 4.33 

shows an active and passive component count comparison with a different gain 

voltages, between both of the converter topologies.  For both configurations, IGBT 

switches and diodes are comprised of several series-connected power switches 

to withstand the rated voltage. Currently, the high voltage has a maximum 

blocking voltage rated up to 6.5 kV 600 A, but the ratings of the IGBT considered 



A single-Stage and Cascaded DC-DC Marx Converters
 

104 
 

for this study are 4.5 kV and 1200 A.  The required number of IGBT switches and 

diodes is mainly determined by peak current and peak voltage. The number of 

capacitors is calculated based on the required voltage rating and capacitance. The 

input and output sections of both converter topologies require the same number 

of active switches. 

 

Figure 4.33:  Components count for DC-DC converter topologies comparisons 

between single-stage and multi-stage converters 

 

As shown in Figure 4.33, the comparison of designs includes three different 

voltage gains of 1:12, 1:24, and 1:36. The number of IGBT switches and capacitors 

in multi-stages is reduced when compared with a single-stage component, except 

for the inductor count which increases by a fixed small margin of only 2 which 

can be increased by the number of stages in the middle section of the multi-stage 

converter. In the multi-stage topology, the increase in the active switches 24% 

depends on the voltage gain, while in the single-stage topology there is a large 

increase in the active and passive components of 69%. The reduction in the 

component count in the multi-stage converter leads to a reduction in weight, cost, 

and complexity.  From these results, the multi-stage converter is small in size, and 

costs is 50% less than a single-stage converter if the voltage gain of the converter 

is large.  
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4.5  Summary 

In this chapter,  two converter topologies based on the DC-DC Marx converter are 

presented.  It is shown that they are capable of voltage conversion at high power 

and high voltage. These converters are modified and improved by reducing the 

number of switches for the same power rating. Both of them are stepping-up to 

HVDC following the general Marx concept, which is charging the capacitors in 

parallel and reconnection of the charged capacitors in series. 

In a single-stage converter, the transfer of electrical charge from the input voltage 

to the load is by diodes in series with inductors, capacitors, and L-C resonance.  

All diodes ensure that the charge transfer in each cycle is unidirectional and when 

the current reaches zero, diodes stop conducting and block. The design of the L-

C components in the converters are also presented. However, a good agreement 

is observed between the design and the simulation results.  

Both improved DC-DC converters can achieve gain with reduced components. 

The reduction increases with the increase in voltage gain. Soft switching can be 

implemented and a method for calculating the resonant component values and 

the switching frequency is presented. The operation for both converters has been 

validated by simulation using Matlab/Simulink software package. 

Both converters operate as unidirectional converters and transferred energy in 

one direction. During doldrums (a belt of calms and light winds) and for 

maintenance work, it is necessary to supply an offshore wind farm with an 

auxiliary power. Therefore, reverse power for offshore wind farm needs 

additional components. Hence, the bidirectional DC-DC converter is required for 

an offshore wind farm. In the next chapter,  a novel bidirectional Modular power 

DC-DC convert is introduced.   
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5.1 Introduction  

This chapter presents a novel bidirectional modular DC-DC converter based on 

the Marx generator principle of operating in both modes and the investigation is 

undertaken to show its operation in both directions. The concept and the 

operational principle of bidirectional converter are explained as well as design 

steps.  The topology is capable of achieving step-up and step-down voltage 

transformations at kV level and is able to handle MW level power transfers in 

both directions. The main features of this topology are the absence of a high-

frequency transformer, reduced weight, volume, and soft switching to reduce the 

switching losses. The performance of the converter is verified by extensive 

Matlab/Simulink software package. 

 

5.2 System Description  

The location of the novel converter discussed in this chapter is shown within the 

blue star in Figure 5.1. The wind farms cluster is formed of two parallel lines of 

wind turbines, each containing 5 wind turbines in series.  Hence, there is a total 

of 10 wind turbines; each rated at 5 MW, 1.2 kV [41], [100],[104].  The total power 

is 50 MW and the voltages are 6 kV and 30 kV. In this case, the power flow through 

the DC-DC converter needs to be in both directions.  

 

Figure 5.1:   DC collection topology system of a wind farm 
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During normal generation, the power flow is from the wind farm to the grid. 

However, when the wind farm is not generating, the auxiliaries in the wind farm 

require a small amount of power, which must be drawn from the grid. Therefore, 

the DC-DC converter needs to be bidirectional [105],[106]. The DC-DC Converter 

is required to transfer the power in both directions and is connected to the 

collection bus tie interconnect at the 6 kV side to the 30 kV side. The forward and 

reverse powers are 50 MW and 5 MW. As the emphasis is on converter operation, 

the system shown in Figure 5.1, was reduced to the circuit shown in Figure 5.2. 

The two systems on either side of the converter are represented by two DC 

voltage sources VL and VH behind equivalent resistances and inductances. In 

practice, the power flow is controlled by the VSC at the onshore substation. 

However, the power flow was controlled by varying the resistance values R1 and 

R2 on both sides. 

 

Figure 5.2: Proposed converter between two DC supply 

 

5.3 Bidirectional Modular DC-DC Converter 

5.3.1 Circuit Configuration  

The power circuit of the proposed converter is shown in Figure 5.2. This 

converter is comprised of three circuits. The first circuit consists of inductor L1 

connected in series with a capacitor CA and the DC system of the offshore wind 

farm is presented as a DC supply VL. The second circuit composed of ‘n’ modules, 

inside the modules are sets of anti-parallel IGBT switches connected in series 

with diodes (SF, DF), (SR, DR) and capacitors (C1-C5). Each capacitor has two anti-

parallel IGBT switches connected in series with diodes and one antiparallel 

switch without the diode. These switches are used to control the charge and 

VH VL 
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discharge of capacitors. The converter can be boost or buck the voltage by 

replacing the number of modules. This converter application has fixed with five 

modules (n=5). As depicted in Figure 5.3, each group of two anti-parallel switches 

with diodes, one capacitor, and one anti-parallel switch are called one module. 

The proposed converter has five of these identical modules as illustrated in 

Figure 5.3. The third circuit is a similar first circuit that consists of one inductor 

L2 and one capacitor CB. 

 

 

Figure 5.3: Bidirectional Marx DC-DC converter topology 

 

5.3.2 The Steady-State Operation  

The operation of the converter is based on the Marx generator concept. Five 

modules are identical and used to achieve a voltage ratio of 1:5. Further, this 

converter boosts the voltage from 6 kV/30 kV and vice versa. In this study, 

bidirectional DC-DC converters are considered which transfer energy between two DC 

sources, with a range of power levels up to 50 MW in the forward direction and 

up to 5 MW in the reverse direction. All the IGBTs are switched at zero current 

(ZCS) to reduce the switching losses.  

In addition, all the switches must be capable of bidirectional blocking and 

forward conducting. The converter operation can be divided into two modes of 

operation; Forward Mode (FM) and reverse mode (RM).  
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5.3.2.1 Forward Mode  

In this mode, the energy flows from the low voltage side to the high voltage side.  

Forward-mode can also be divided into two half-cycles. In the first half-cycle (t0-

t1) as shown in Figure 5.4(a), the ideal waveforms of the inductor currents of iL1 

and iL2. The switching cycle ends at t2, and the inductor current iL2 reaches zero. 

 

Figure 5.4: Inductor current waveforms during both modes 

 

The charging current flows through five capacitors (C1-C5) in parallel by switching 

‘ON’ switches (SF1-SF10) and (DF1-DF5), while all the other switches are turned 

‘OFF’, as shown in Figure 5.5. The diodes (DF1-DF5) block the reverse current flow.   

 

Figure 5.5: Switching and corresponding current flow directions of charging 

capacitors in parallel in forward mode 
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In the second half-cycle (t1-t2) the capacitors that were charged during the first 

half-cycle are discharged in series to create the high voltage on the HV side by 

switching ‘ON’ switches (SF11-SF16) and (DF6-DF11), while diodes (DF6-DF11) block 

the reverse current flow during capacitor discharge in series. The inductor 

waveforms are shown in Figure 5.4(b). In this case, as there are 5 modules the 

voltage gain is 5 and the electric charges is transferred from the five series-

connected capacitors C1, C2, C3, C4 and C5 to the capacitor CH as depicted in Figure 

5.6. 

 
Figure 5.6: Switching and corresponding current flow directions of discharging 

capacitors in series in forward mode  

5.3.2.2 Reverse Mode  

Figure 5.7(a) shows the current flows from high voltage VH to the low voltage VL. 

In the first half-cycle, inductor current iL2 charges the five capacitors (C1-C5) in 

series in time interval (t0-t1), by switching ‘ON’ switches (SR11-SR16) and diodes 

(DR6-DR11), are connected in series with switches (SR11-SR16) to ensure 

unidirectional transfer of charge from the voltage source VH, to series-connected 

capacitors and which are forward biased, while all the other switches are turned 

‘OFF’. In the second half-cycle, the switches (SR11-SR16) and diodes (DR6-DR11), are 

turned ‘ON’, and the capacitors are discharged in parallel in the time interval (t1-

t2) to the low voltage VL through inductor L1 as depicted in Figure 5.7(b). 
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(a) 

 
(b) 

Figure 5.7:  Switching and corresponding current flow in reverse mode  
a) Switching and corresponding current flow direction of charging capacitors in 

series, b) Switching and corresponding current flow direction of discharging 

capacitors in parallel  

 

5.3.3 Analysis and Design of the Proposed Converter  

For clarity in presentation, Figures are shown for charging and discharging in 

both mode operations have been drawn with n=5 capacitors in circuit 2. This 

section of this chapter goes through the analysis and design of the bidirectional 

converter assuming that periodic steady-state has already been reached.  Also, 

the switching time is TS=(1/FS), and it is divided into two half-cycles. By 

neglecting the losses and impact of the soft switching. 

5.3.3.1 Forward Mode (Boost Voltage) 

In this mode, the converter steps-up the voltage and the power flow is transferred 

from the low voltage source to the high voltage source.  The output voltage gain, 

in forward mode operation, depends on the number of capacitors in the second 
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circuit of the converter and is similar to Equation (4-1) in Chapter 4.  Therefore, 

the gain voltage can be given as  

   
L

H

V

V
n   (5-1) 

where VH is the high voltage, VL is the low voltage, and ‘n’ is the number of 

capacitors in circuit 2 as depicted in Figure 5.3. In the first half-cycle, by switching 

‘ON’ switches (SF1-SF10), and the diodes (DF1-DF5) are in forward bias and conduct. 

However, five capacitors are charged in parallel as illustrated in Figure 5.8. 

 

 

Figure 5.8: Equivalent circuit of charging capacitors in parallel  

 

The inductor current iL1 is divided into the five capacitors to charge in parallel 

through capacitor current (iC1 -iCn) as shown in Figure 5.8.  It is clear that the low 

input voltage VL is higher than the capacitor voltage VC as depicted in Figure 5.9 

(d). However, the equivalent capacitance in parallel is the same as in chapter 4 in 

Equation (4-3). The duty cycle is fixed and d=50% as shown in Figure 5.9(b).  It 

is divided into two half-cycles and to prevent the short circuit during charging 

and discharging the capacitors. When t0 ≤ t ≤ t2, the peak current of inductor L1 is 

given as;  

1

1
L

C
VI

(FP) eq

L

P

L   (5-2) 

where L1 is the inductor current, Ceq(FP) is the forward equivalent capacitance in 

parallel connection, and F  is the resonant frequency in forward mode operation. 

The resonant frequency Equation is similar to Equation (4-5) and can be 

calculated as;  

VL

iC1 iC2 iC3 iC4 iC5

iL1

iCn

SF2 SF3 SF4 SF5 SFn
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(FP)eq

F
CL1

1
  (5-3) 

 

 

Figure 5.9: Ideal resonant waveforms for voltages and currents in forward mode 
a) Inductor currents, b) Switching pattern, c) Output capacitor voltage ripple, 

d) charging capacitor voltage ripple in the circuit 2 

 

From Figure 5.8, the switching frequency 
SFF  also is similar to Equation (4-6) and 
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(5-4) 

In the second half-cycle, the capacitors are discharged in series. However, the 

equivalent capacitance in series is given as 
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









n

(FS) eq
CCCC

C
1

....
111

1
321

 (5-5) 

where Ceq(FS) is the forward equivalent capacitance in series, and C1 to Cn are the 

capacitance values of every individual capacitor in the series connection. In the 

second half-cycle, the capacitors discharge in series to the capacitor CB as shown 

in Figure 5.10. However, the Equation (5-5) can be generalised to;  

 


n

i
(FS)eq(FS)eq C

 
C 1

11
 

(5-6) 

 

Figure 5.10: Equivalent circuit of discharging capacitors in series  

 

As shown in Figure 5.10, when the switches (SF11-SFn) are ‘ON’, the voltage across 

the ‘n’ series connected (C1-Cn) is given as:  

 CnLSFn VV MTnVC  5.0)2(  (5-7) 

where  ΔVCFn is the ripple capacitor voltage in the forward mode. As illustrated in 

Figure 5.9(d), the inductor current iL1 has reached zero and the inductor current 

iL2 has increased during 0.5TFS. Whilst the voltage VH is larger than 5VCFn as 

shown in Figure 5. 9(c) and Figure 5. 9(d). The Equation of the capacitor voltage 

in the second circuit VCFn is similar to the Equation (4-9) in Chapter 4 and is given 

as;   


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dt

di
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5.3.3.2 Reverse Mode (Buck Voltage) 

In this mode of operation, the voltage is stepped-down, and the power is 

transferred from the high voltage side VH to the low voltage side VL. The voltage 

gain in the reverse mode is given as: 

  
V

V
n

L

H  
(5-9) 

This mode of operation is divided into two half cycles, the operation is the 

opposite of the forward mode operation. However, in the first half-cycle, five 

capacitors are charged in series as illustrated in Figure 5.9 by switching ‘ON’ 

switches (SR11-SR16).  

 

Figure 5.11: Equivalent circuit of charging capacitors in series mode 

 

The equivalent capacitance in series is illustrated in Equation (5-6). However, the 

high voltage side can be given as; 

    
C

Q

dt

di
LV

(RS) eq

H  2  (5-10) 

and could be as; 

    dtti
C

1

dt

di
LV

t

(RS) eq

H 
0

2 )(  (5-11) 

In the first half-cycle, the inductor L2 is limited by the charged current for the 

capacitors in series as shown in Figure 5.12(a), the duty-cycle in this mode is fixed 

d=0.5 as depicted in Figure 5.12(b). High voltage side 
HV is higher than the 

capacitor voltage CV  as depicted in Figure 5.10(d). However, the equivalent 

CB

VH
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capacitance in series is the same as in Equation (5-6). Therefore, the capacitor 

voltage VCeq(RS) is similar to Equation (4-8) and can be expressed as; 

  







 )sin

2

1
0)(2)( tt(  VC C

dt

di
LVVC RnRRSeqHRSeq   (5-12) 

where R is the resonant frequency in the reverse mode operating, wherein the 

voltage capacitor in circuit 2 can be given as;  

  







 )cos

2

1
0tt(  VCVVC RnHn   (5-13) 

It is clear that the inductor current is the same value as the charging current of all 

the capacitors as illustrated in Equation (5-12); 

CnCCL IIII .....  212   (5-14) 

From Kirchhoff’s Law and as depicted in Figure 5.11, the inductor current iL2 can 

be given as; 

)sin 0

2

2 tt(  
L

V
iCi H

(RS) nL  


 (5-15) 

and generalised as; 

2
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2
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C
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P
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Figure 5.12: Ideal resonant waveforms for voltages and currents in reverse mode 
a) Inductor currents  

b) Switching pattern 

c) Output capacitor voltage ripple 

d) Charging capacitor voltage ripple in the circuit 2 

 

In the second half-cycle, the capacitors are discharging in parallel, and the current 

flows from five capacitors to the inductor L1. The equivalent circuit is shown in 

Figure. 5.13, the equivalent capacitance in parallel Ceq(RP) can be expressed as 

 nn21RPeq nCCCC C  ....)(  (5-17) 

and generalised to; 
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Figure 5.13: Equivalent circuit of discharging capacitors in parallel  

 

However, the inductor current L1 is the sum of the current of the capacitors in 

parallel, therefore, the equation of inductor current IL1 can be expressed as; 

  )sin 0

1

1)( tt(  
L

V
IiC

R

H
LRPeq  


 (5-19) 

where iCeq(RP) is the total current of five capacitors connected in parallel. As 

shown in Figure 5.12(a), the resonating inductor current increases to a peak and 

then it decreases to a negative value, but the diode which is connected in series 

with the IGBT switch blocks the current flow in reverse. The capacitor voltage VCn 

in circuit 2 is the same value (Ohm’s law). 

The full design Equation derivation is explained in Appendix A.  By neglecting the 

losses of the converter and based on the designed rating of the converter. The 

Equations are similar to the Equations in chapter 4. Especially, in the forward 

mode (boost voltage), the only difference is integrating the reverse mode 

operation (buck voltage).  However, this converter has three kinds of capacitors 

Cn, CA, and CB and two inductors L1, and L2.  

5.3.3.3 Determination of Capacitance Values 

There are three different capacitances. Capacitor CA in circuit 1, five identical 

capacitors Cn in circuit 2, and one capacitor CB in circuit 3. The capacitor in the circuit 

2 depends on the charge transferred to the capacitor CB in voltage and the 

selected ripple voltage. However, the capacitor can be calculated as 

VL
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Cn

n
V

Q
C


   (5-20) 

where ΔVCn is the voltage ripple of capacitors in circuit 2. The capacitor CA in low 

voltage side serves as charge storage for continuous delivery during the step-

down mode. The value of the capacitor CA depends on the amount of charge as 

shown in Equation (4-14), and the voltage ripple on it. Hence, it can be shown 

that,   
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where ΔVCA is the ripple voltage on the low side voltage capacitor of CA. The Equation 

of the capacitor in the high voltage side CB is similar to the capacitor in low side CA 

and can be expressed as;  
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5.3.3.4 Determination of Inductance Values 

This converter has only two inductors (L1-L2). They serve to limit the charging 

currents in both directions and accrue a zero-current switching with capacitors 

(L-C circuit). In Chapter 4, Equation (4-15), the inductor current IL1 depends on 

the number of capacitors Cn in circuit 2. However, the inductor L1 has to be 

designed to carry the peak current and maximum power rating of the converter. 

Amalgamating Equation (4-6) into Equation (4-14) and rearranging;  

2
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
  (5-23) 

The size of the output inductor depends on the output voltage and the amount of 

charge that needs to be transferred. Also, the value of the output inductor 

depends on the peak-to-peak of output current ΔIL2 and can be expressed as;  


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2
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where Vl is the voltage across the inductor L2. The converter parameters in Table 

5.1 were calculated by using all the above design Equation procedures. 

 

Table 5.1: Converter parameters used for circuit simulation 

Parameters value 

Number of modules         5  
)LV(Low Voltage              6 kV 

High Voltage            (VH) 30 kV 
Inductor                    (L1) 2.53 µH 
Inductor                    (L2) 110 µH 

Capacitor                  (Cn) 694.5 µF 

Capacitor                  (CL) 83 µF 
Capacitor                  (CH) 116 µF 
Rated power            (Prate) +50, -5 MW 
Frequency                (FS) 2 kHz 

 

5.3.4 Evaluation of Steady-State Operation 

As shown in Figure 5.2, the bidirectional DC-DC Converter allows transferring of 

the power in both directions between two DC sources 6 kV/30 kV. The forward 

and reverse powers levels are 50 MW and 5 MW. Using the Equations derived in 

section 5.3.3, the parameters of this converter used for the simulation were 

calculated and are listed in Table 5.1.  

The switching frequency FS of the converter is determined by the L-C resonances 

in the circuit and has fixed in 2 kHz, and also the fixed duty cycle of d=50% was 

used. The converter is simulated in Matlab/Simulink, using the Sim Power 

System toolbox. The waveforms of the voltage, current, and power during 

forward mode are depicted in Figure 5.14.  

The DC gain obtained by the simulation is 4.9, which is very close to the design 

value of 5. The output voltage, current, and power of the converter in forward 

mode operation should be 30 kV/ 1667 A, 50 MW as designed. However, the 

output voltage of the proposed converter is 29.97 kV and the current is 1659 A. 

In addition, the load power is 49.7 MW as shown in Figure 5. 14(c). 
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Figure 5.14:  Simulation waveforms of the forward mode operating 

 

Reverse mode waveforms of voltage, current, and power are shown in Figure 

5.15. The voltage gain obtained by the simulation (0.201), is very close to the 

theoretical value of 0.2. Regarding the design of voltage gain converter, the 

output voltage as illustrated in Figure 5.15(a) is 5.9 kV, and it is close to the 

designed value to within 31 volts. The ripple voltage can be reduced by increasing 

the value of the capacitor in the high voltage side CB.  As well, the current is close 

to the design value within 11 A. During reverse power at 5 MW, the output power 

as depicted in Figure 15.5(c) is also close to the design value with different within 

0.1 MW.   
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Figure 5.15:  Simulation waveforms of the reverse mode operating. 

 

5.3.5 Voltage and Current Stresses 

5.3.5.1 Forward-Mode:  

As illustrated in Figure 5.16(a) and Figure 5.16(b), IGBT and Diode currents in 

modules 1,2,3,4 and 5 increase, peaking at 18.6 kA in 250 μs in the last module. 

IGBTs capable of this duty are commercially available [101].  

During discharging of the capacitors in series, the voltage across the IGBT 

switches SC is 6 kV as shown in Figure 5.16(c). However, the voltages across 

switches SB increases by 6 kV from left to right reaching a maximum of 24 kV on 

the shunt IGBT switch at the HV side as shown in Figure 5.16 (d). This means that 

the devices in each module receive different voltages causing manufacturing 

issues and requiring a series connection of devices. In addition, a reverse voltage 

of 6 kV appears across switches SA as illustrated in Figure 5.16 (e).  
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Figure 5.16:  IGBT and diode switch simulation waveforms of forward mode 

operation 
(a) Charging current through IGBTs, 
(b) Charging current through diodes, 
(c) The voltage across cells (SF11-SF16)  
(d) The voltage across cells (SF6-SF10)   
(e) The voltage across cells (SF1-SF5)   
(f) Switching pattern.    

Table 5.2 listed under the column labeled “Analytical” are the values computed 

from a mathematical solution of peak capacitor charging current, and the other 

column labeled “simulation” showing values computed from simulation result. 

The different values of the capacitor current in each capacitor is fixed and 

decreased from capacitor current IC1 to IC5 by the gain 5. Otherwise, the simulation 

value is close to the design value as shown in Table 5.2.  As shown in Figure 5.17, 

The IGBT switch SF1 carries the full inductor current during the forward mode. 
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Table 5.2: Analytical and simulation results of current capacitors 

Capacitor currents 

 Analytical value Simulation Value Difference  

IC1 (kA) 19.5 18.65 0.85 

IC2 (kA) 15.6 14.9 0.7 

IC3 (kA) 11.7 11.17 0.53 

IC4 (kA) 7.8 7.45 0.35 

IC5 (kA) 3.9 3.72 0.18 

   

Since it is connected to the fixed low DC voltage side VA, this switch has to 

withstand half of the voltage ripple of the capacitor ∆VCn in circuit 2. The current 

flows in sequence through switches (SF1 - SF5) during charging in parallel as 

shown in Figure 5.8. The switches in the bottom of the converter (SF6 - SF10) are 

connected in series with switches (SF1 - SF5) carrying the same current as switches 

(SF6 - SF10). The current switches in the circuit 2 of the converter (SF11 - SF16) are 

fixed to discharge the capacitors in series. But the voltage increases sequentially 

and independent of a number of modules ‘n’. Equations for the IGBT switches 

rating are given in Table 5.3.      

There are two sets of diodes that need to be analysed, the first set is the series 

diode which is connected in series with the IGBT switches in the top of the 

converter (DF1- DF5). These diodes have to carry the same current rating as IGBT 

switches (SF1- SF5) and withstand the same voltages as the switches. Diode DF1 

carried a complete inductor current as in the switch SF1 because it is connected in 

series and withstands a voltage which is half of the ripple capacitor voltage ∆VCn. 

The second set is series connected diodes (DF6- DF11) with IGBT switches (SF11- 

SF16).  

The current rating of the diodes is the same as for the IGBT switches because they 

are connected in series, but the large voltage they are each required to withstand 

is close to the high DC voltage side VB. There are two sets of capacitors in step-up 

mode, the first set is the capacitors in circuit 2 for which is identical value is 

designed. The current and voltage requirements for the capacitors (C1 – C5) are 

the same as for the IGBT switches (SF1- SF5). For the second set of capacitor CB in 
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circuit 3, voltage rating is based on the number of modules in circuit 2, the power 

rating of the converter, and on the capacitor voltage ripple. The current is 

evaluated as in the peak current of inductor L2 in a half-cycle. There is one 

inductor L1, and its current requirement is the peak current during charging of 

capacitors in parallel, while, it has the same voltage rating as the low DC voltage 

side. Table 5.3 lists the equations of parameters for rating of voltage and current. 

The general equations of peak current and ripple voltage capacitor are shown in 

Equation (5-16) and Equation (5-20), respectively. 

 

Table 5.3:  Device and component rating of step-up mode 

Parameter Current Voltage 

IGBT  1FS , Diode  1FD  PI  nVC 5.0  

IGBT  162 FF SS  , Diode  102 FF DD   nI P   nA VCnV  5.0  

Inductor (
1L ) PI  nVC 5.0  

Capacitor ( nC ) nI P   nA VCnV  5.0  

Capacitor (
BC ) 

Arate nVP   nA VCnV  5.0  

 

5.3.5.2 Reverse Mode  

The peak current in reverse mode operating is 2.6 kA as depicted in Figure 

5.17(a) during discharge of the capacitors in parallel. Figure 5.17(b) shows the 

voltage stress on the switch Sb is 6 kV during discharge in series is equal to the 

VH/5.  The charging current in series is the same as through the IGBT switches 

(ISR11- ISR15 = 536 A) as shown in Figure 5.17(c). One can see that the voltage 

across switches Sb sequentially decreases in 6 kV steps as illustrated in Figure 

5.15(d).  Similarly, in the forward mode, the switching pattern is illustrated in 

Figure 5.15(e). 
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 Figure 5.17:  Simulation waveforms of the forward mode operation.  

 

There are two sets of IGBT switches and diodes, and for the first set switches and 

diodes (SR11- SR16) and (DR6- DR11) the current rating is the same and fixed during 

charging of the capacitors in series and the same peak inductor current L2 as 

shown in Figure 5.12(a). However, the voltage decreases sequentially from (SR11–

SR16) and is dependent on the number of modules ‘n’ in circuit 2. For the second 

set of switches and diodes (SR1-SR10) and (DR1-DR5), its rating current is increased 

sequentially from high voltage to the low voltage side by the same value as the 

first module and dependent on the number of modules. However, the voltage it 

withstands is fixed and is only half voltage ripple of capacitors (C1–C5). 

The current rating of the capacitor CA in circuit 1 is the same as the switch SR1 and 

diode DR1, but the voltage rating is based on the capacitor voltage ripple. 



Analysis, Design, and Evaluation of the Steady-State Operation of the Bidirectional Modular 
Converter
 

128 
 

Furthermore, the inductor L2 is connected in series with high DC voltage side VB. 

As mentioned before, this inductor has to withstand the full voltage regardless of 

the IGBT switch SR16 and diode DR11 connected in series. Therefore, this inductor 

has the same voltage rating as these switches. Its rating current is the peak 

current from the charge transfer in both modes of operation.  Overall Equations 

for the parameters rating are summarised and listed in Table 5.4.  

 

Table 5.4:   Device and component rating of step-down mode 

Parameter  Current Voltage 

IGBT  1611 RR SS  , Diode  116 RR DD   nI P  nVCn 5.0  

IGBT  101 RR SS  , Diode  51 RR DD   PI   nA VCnV  5.0  

Inductor (
2L ) nI P  nVCn 5.0  

Capacitor (
AC ) PI   nA VCnV  5.0  

 

5.4 Summary 

A bidirectional DC-DC Marx converter is presented in this chapter and is shown 

to be capable of providing the flow of high power from low voltage side to the 

high voltage side consisting of ‘n’ modules and stepping up and down the voltage 

following the classic Marx concept of charging the capacitors in parallel and 

discharging in series and vice versa. The transfer of electric charge from input 

and output capacitors is by the resonant L-C circuit. The diode is connected in 

series with IGBT switches to block the reverse current. Mathematical analysis of 

the converter is presented, providing knowledge for the design methodology of 

the converter.  

The simulation demonstrates the ability of the converter to interface a 6 kV system 

with a 30 kV system leading to a gain of 5. The gain can be increased for application 

to higher voltages by increasing the number of modules. Therefore, the converter is 

easily scaled up or down. Resonance between the inductors and capacitors is used to 

determine the switching frequency enabling soft switching to reduce the losses. 
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Chapter 6  

6 Application of the Bidirectional Modular 

Converter to Wind farm Power Collection 
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6.1 Introduction  

In Chapter 5, the bidirectional modular converter (BMC) was presented, analysed 

and tested. Studies carried out on its application to an offshore wind farm are 

reported in this chapter. As explained in the literature review of the thesis 

(Chapter 2), by using a DC collector network in the offshore wind farm the use of 

heavy AC power transformers can be avoided and the number of power electronic 

conversion stages can be reduced. This leads to a reduction in the cost of 

structures in the offshore wind farms. 

A 50 MW 6 kV DC bidirectional modular converter is used for power collection in 

this study. The operation of the bidirectional power flow from the offshore wind 

farm to the AC system via a DC-DC converter and VSC is explained. Finally, steady-

state and dynamic-state performances are evaluated by simulation. 

6.2 Electrical System for the Grid Connection of the Offshore 

Wind Farm  

Recently there has been much interest in using HVDC for the grid integration of 

wind farms [37],[107],[108]. Therefore, it makes sense to use DC for the 

collection of power from individual wind generators leading to a reduction in the 

number of conversion stages thereby reducing cost. One possible DC collection 

and transmission system for the grid integration of wind farms is shown in Figure 

6.1.  

 

Figure 6.1: DC collection system for the grid connection of a windfarm 
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There are ten turbines in two parallel lines, each line comprising five series-

connected wind turbines, each rated at 5 MW and connected through a 

bidirectional DC-DC converter which interfaces 6 kV and 30 kV systems. 

Another DC-DC converter steps up the voltage to 150 kV for transmission via 

submarine cables to the onshore substation via a Voltage Source Converter (VSC). 

The studies reported in this chapter are focused on the power collection bi-

directional converter highlighted by a yellow star.  

6.3 Modelling the System 

The reduced configuration of the wind farm with a bidirectional modular 

converter for modelling purposes is shown in Figure 6.2.  In Figure 6.1 the 

connection of two wind farms is shown. For the study, only one wind farm is 

considered. The system to the right of the bus A is modelled by an equivalent 

cable, VSC and AC system. The 30 kV/150 kV DC to DC converter is simply 

considered as a voltage transformation device. 

 

 
Figure 6.2:  The model of the DC-DC converter connected to the AC system for 

simulation 

6.3.1 Wind Farm  

The wind farm considered in this study is explained in [41]. Each wind turbine 

consists of a Permanent Magnet Synchronous Generator (PMSG) rated at 690 V, 

and an AC-DC converter. The output DC voltage of the wind turbine is 1.2 kV.  As 

shown in Figure 6. 3, each wind turbine converter is composed of a diode rectifier 

to rectify the variable frequency AC generated power from the PMSG to DC. The 
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diode rectifier is robust and not expensive. Then the DC voltage steps-up and is 

regulated by the DC-DC boost converter. This small converter is installed inside 

the PMSG pole.  

 

Figure 6.3:  Wind turbine converter  

 

The duty cycle of the converter is available to regulate the voltage during variable 

wind. The gain of the DC-DC boost converter can be calculated as  

Nboost = 1/(1- d)    (6-1) 

where Nboost is the gain boost converter, and d is the duty cycle. By neglecting the 

voltage drop associated with the DC transmission line to the DC-DC converter, the 

output voltage Vout at the DC-DC converter is assumed to be 1.2 kV. During 

maintenance work and doldrums (light and calm winds), the auxiliaries in the 

wind farm require a small amount of power which must be drawn from the grid. 

Therefore, a model of the wind farm must be able to source and sink current.  The 

focus of the study is on the power collection DC to DC converter and therefore the 

behaviour of the wind farm itself is of secondary importance. Therefore, the wind 

farm is modelled by a DC source of 6 kV, 50 MW. 

6.3.2 Bidirectional Modular Converter 

The bidirectional DC-DC converter is not required to regulate the voltage. It acts 

as an interface between the two voltage levels. The full analysis is given in 

Chapter 5. The structure of a bidirectional converter is depicted in Figure 5.3. As 

one can see in Figure 6.1, the bus ‘A’ voltage is 30 kV and hence, the gain of the 

DC-DC converter is set to 5. Using the design Equations derived in chapter 5 the 
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converter parameters were calculated in Appendix A, and the parameters are 

listed in Table 6.1. 

Table 6.1:   Parameters of the model used in simulations 

Converter value 

Number of modules (n) 5  
Input Voltage (VA) 6 kV 
Output Voltage  (VB) 30 kV 
Inductor (L1) 2.53 µH 
Inductor (L2) 110 µH 
Capacitor  (Cn) 694.5 µF 
Capacitor (CA) 83 µF 
Capacitor (CB) 116 µF 
Rated power (Prate) +50, -5 MW 
Frequency (FS) 2 kHz 
AC voltage  (Vac) 18.6 kV 

 

6.3.3 Submarine DC Cable 

The long distance between an offshore platform and onshore substation require 

HVDC transmission, one of long transmission via submarine cables. However, DC 

cables have three main components uniformly distributed along the cable such 

as resistive, inductive and capacitive components, which are significant and need 

to be considered in the simulation of the HVDC transmission system.  

There are three cable technologies available for HVDC applications namely. Mass 

Impregnated (MI), Self-Contained Fluid-Filled (SCFF), and Crossed Linked 

Polyethylene (XLPE) [109].  XLPE cable technology has been in use for several 

years in HVDC applications and offshore HVDC interconnectors based on VSC 

converter technology used for DC cables with cross-linked polyethylene (XLPE) 

insulation. They are mainly used with VSC converters enabling power flow to 

reverse without polarity reversal [110], [111]. XLPE for a HVDC cable system is 

available with a rating of up to 1200 MW at DC voltage of up 320 kV. The data for 

XLPE is found in [111], [112]. However, ABB has recently developed a new XLPE 

HVDC cable system, which has a voltage capacity of 525 kV [111].  Overall the 

modeling of HVDC cables is based in on the data in [111], [113], and the data for 

DC cables used are listed in Table 6.2. 



Application of the Bidirectional Modular Converter to Wind farm Power Collection
 

134 
 

 

Table 6.2:   DC cable parameters 

DC cable value 

R       0.011  Ω/km 

L       2.615 mH/km 
C       0.1908 µF/km 

Length 116 km 

  8  

 

6.3.4 Modelling of the VSC  

For the VSC-HVDC system, this converter can act as either an inverter or a 

rectifier, as power flow through the converter can be controlled and can be 

directional. For steady-state studies, the DC-DC converter does not need to be 

represented by a full switching model and AC side harmonics are not considered. 

Instead, the simple 2-level averaged VSC model as depicted in Figure 6.4, based 

on direct quadrature (d-q) synchronous reference frame is used [107],[114]. 

Because an averaged model is sufficient and gives good results.   

 

 

Figure 6.4:  Averaged model of the VSC 

 

The AC side of the VSC has a three phase (abc) reference frame and comprises 

three voltage-controlled [115],[116] current sources.  By using the principle of 

power conservation and the principle of power balance between the DC side and 

the AC side, the calculation of the DC side of VSC neglecting its losses, the 

controlled current Idc on the DC side is given as the following Equation: 

Idc

C1

+

-

Vdc

Ia

Ib

Ic

DC current function AC voltage function

+  

Va

+  

Vb

+  
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𝑉𝑑𝑐 𝐼𝑑𝑐 = 𝑣𝑎𝑖𝑎 + 𝑣𝑏𝑖𝑏 + 𝑣𝑐𝑖𝑐  (6-2) 

 𝐼𝑑𝑐 =
𝑣𝑎𝑖𝑎 + 𝑣𝑏𝑖𝑏 + 𝑣𝑐𝑖𝑐

𝑉𝑑𝑐
  (6-3) 

The instantaneous active and reactive power at the grid connection point in dq 

coordinates are given by; 

𝑃 =
3

2
(𝑣𝑑𝑖𝑑 + 𝑣𝑞𝑖𝑞)  (6-4) 

𝑄 =
3

2
(𝑣𝑞𝑖𝑑 − 𝑣𝑑𝑖𝑞)  (6-5) 

6.3.5 AC Grid 

The AC grid is a part of the VSC-HVDC link and consists of an ideal step-up 

transformer represented with the inductance Xt which connects the VSC with the 

transformer to the AC grid. The phase reactor is important for calculation during 

steady-state operation and fault mode. The phase reactor is represented by Rr 

and Xr as shown in Figure 6.2. The AC system equivalent impedance circuit is 

shown in Figure 6.5. 

 

Figure 6.5:  Equivalent circuit of the AC system 

 

As can be seen, a general equation, the impedance of the reactor can be calculated 

as  

𝑍 = √𝑅𝑟2 + (𝑋𝑟2 + 𝑋𝑡
2)  (6-6) 

where Z is the impedance, and the inductive reactance Xr is given as 

Xr = 2πƒL = ωL  (6-7) 

VAC

Xr Rr Xt

P + jQ AC 
Grid
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The power of the system is 50 MVA. The short circuit of the system involves all 

three phases. The short circuit current ISC develops under transient conditions 

depending on the reactance X and the resistance R that make up short circuit 

impedance ZSC. So, the impedance of the AC power system and the lines during 

three-phase short circuit can be calculated as;  

𝑍𝑆𝐶 = √∑(𝑅𝑟)2 +∑(𝑋𝑟 + 𝑋𝑡)2  (6-8) 

where  ∑𝑅𝑟 is the sum of series resistances, and ∑(𝑋𝑟 + 𝑋𝑡) is the sum of the series 

reactance of the transformer and the line.  

6.3.6 System Control Circuit  

The system control circuit is composed of two main circuits, VSC control circuit, 

and a bidirectional DC-DC converter control circuit.  

6.3.6.1 VSC Control Circuit  

In the VSC two electrical variables, id and iq are controlled to vary the active and 

reactive power separately. One of the main control blocks of the VSC is inner 

current control, outer P, Q and Vdc control which include a Phase-Locked Loop 

(PLL) to adjust the grid angle. A classic scheme of a PLL is based on the d-axis 

voltage feedback by a PI controller to obtain the grid angular velocity and an extra 

integrator to obtain the angle. PI-controllers have the form; 

𝐾𝑆 = 𝐾𝑝 +
𝐾𝑖
𝑠

  (6-9) 

where Kp is the proportional gain, KS is the transfer function, and Ki is the integral 

gain. The PPL integrated into the VSC control can be described as follows: 

KPLL=
Kp-pll+ Ki-pll

s
  (6-10) 

where Ki-pll is the PLL integral gain, and Kp-pll is the PLL proportional gain. The 

inner control loop controls the d-q axis parameters of the VSC’s reference voltage. 

The current reference in the inner current control i*
d, i*q to get the desired 

reactive, and active power (Q*, P*) is as shown in Figure 6.6.  The current 

references i*
d and i*

q can be derived as: 
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q

*

q
v

P
 

3
i

2*    (6-11) 

d

*

d
v

Q
 

3
i

2*    (6-12) 

The response from 𝑖𝑑 to 𝑖𝑑
∗  is based on a first-order transfer function whose rise 

time is given by 𝜏𝑖𝑑, which can be freely chosen. It should be sufficiently small for 

a fast-current controller.  Therefore, the parameters for the PI-controller are; 

𝐾𝑝 =
𝑋𝑟

𝜔
                   ,                   𝐾𝑖 =

𝑅𝑟

𝜏𝑖𝑑
  (6-13) 

where 𝜏𝑖𝑑 is the closed loop time constant of the electrical system. This constant 

must be chosen considering the converter physical restriction. The calculated PI-

parameters for the current controller can be found in Appendix C. The DC side of 

the VSC is derived using the principle of power conservation, meaning the power 

on the AC side must be equal to the power on the DC side plus the converter 

losses.  

 

 

Figure 6.6:  The main control circuit of VSC 
 

Neglecting converter losses, The DC side can be also computed on the dq0 

reference frame and can be expressed as; 

Idc = 
3

2Vdc
(vd id+vq iq)    (6-14) 

 

  

a) VSC control circuit   b)  dq inner control circuit 
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6.3.6.2 DC-DC Converter Control Circuit  

A fixed frequency switching pattern is applied to the circuit cells. Meanwhile, the 

control circuit is controlled by the signal received from the VSC. There are two 

signals, one for boost (forward) converter switching, and the other for buck 

(reverse) converter switching as shown in Figure 6.7. In order to avoid high 

switching losses in the semiconductors, ZCS is implemented, making use of the 

two L-C resonant circuits established in the DC-DC Marx converter during the two 

main half-cycles subintervals (ton and toff) for both modes. Details of the control 

circuit of the bidirectional DC-DC converter is given in Appendix C. 

 

Figure 6.7: Control circuit of the DC-DC converter 

 

6.4 Evaluation of the Steady-State Operation  

In this section, the operation of the 50 MW bidirectional converter is investigated 

by using the Matlab/Simulink software package. The design of the converter 

including the parameters calculation and selection was based on the system 

explained in sub-section 6.3.1. The values used to the model the overall system 

are summarised in Table 6.1. As previously described, the study has two modes 

of operation forward and reverse. The inductor current waveforms during both 

modes of operation are shown in Figure 6.8 and illustrate resonance and that the 

current reaches zero before the end of each of the switching period in both 

modes. The maximum current occurred in the forward mode and is equal to 28 

kA. The minimum current occurred in the reverse mode and is equal to 0.5 kA. 

The reason for the high current in the inductor L1, is the delivery of MW at a 

relatively low voltage of 6 kV.   

u

y1

y2

Matlab Function 

In1

In2

Out 1

Out 2

Out 3

Out 4

Forward mode 
[t0-t1]

[t1-t2]

Reverse mode 

From VSC
[t0-t1]

[t1-t2]

Subsystem 
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Figure 6.8:  Inductor current waveforms during both mode operations 

 

After the unloaded system has reached steady-state as depicted in Figure 6.9, at 

time 0.1 s, the power demand for AC system through VSC and is ramped for 50 

MW, then the power demand is inverted to -5 MW at time 0.25 s, which the power 

flow is from the AC system to the converter through the DC link.  

 

 

Figure 6.9:  DC power flows in both modes 
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The forward and reverse powers of 49.7 MW and 4.9 MW, respectively are shown 

in Figure 6.9 and very close to the designed power rating of 50 MW and 5 MW.  

During both modes of operation, the reactive power demand of the VSC is kept at 

zero and the reference active power in the VSC is 50 MW and 5 MW as shown in 

Figure 6.10.   

 

Figure 6.10:  Power flows in forward and reverse modes  

 

 

The AC side of the VSC in the phase (a, b, c) reference frame is composed of three 

voltage-controlled sources as;  

Vj=0.5 Vdc mj ,      j=a,  b,  c    (6-15) 

 

where  mj corresponds to the modulation function and is obtained from the dq0-

abc transformation of the reference voltage V*abc. Figure 6.11(a) shows that the 

three-phase AC voltage of the system is constant in both modes of operation. The 

control system for VSC station has been implemented in the (d-q) synchronous 

reference frame, with control of the active power and DC voltage. The angle of the 

transformation is detected from the AC voltage side (Va, Vb, Vc). This angle is 

necessary to synchronize the system with the AC grid and calculate the park 

transformation, which is obtained by means of a PLL.  
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Figure 6.11:  AC voltage and current waveforms  
 a)  Three phase AC voltage waveforms 
 b) AC current waveforms 

 

 

The current source of the VSC Model determines the active power exchange 

between the AC side and DC side. Figure 6.11(b) shows the reference variable AC 

current side in the VSC.  At time 0.1s the VSC demands active power by injecting 

AC reference current until time 0.25 s. Then the VSC inverts the power to the DC 

link through bidirectional converter until time 0.4 s.  From the DC voltage 

waveform shown in Figure 6.12, it can be seen that the initial no-load voltage of 

33 kV drops to the rated voltage of 30 kV at 0.1 s when the VSC demands the rated 

power of 50 MW.  At time 0.25 s, the VSC sends a signal to the converter 

demanding a reverse power of 5 MW as shown in Figure 6.9. 
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The power flows from the AC system to the wind farm through the VSC, the DC 

link and the DC-DC converter. At 0.4s the bidirectional converter is turned off by 

a signal from the VSC whilst, the VSC still sends power through DC link towards 

the offshore wind farm which leads to the rise in the DC-DC converter terminal 

voltage. 

 
Figure 6.12:  DC voltage waveform in both modes 

 

During the simulation, the reactive power demand is kept at zero by keeping the 

quadrature axis current Iq at zero. The notch in the voltage waveform at 0.25s is 

due to the charge mismatch of the capacitor CH when the current flow reverses. 

The settling time is less than 5 ms.  The voltage ripple is 2.4 kV.  As shown in 

Figure 6.13, the forward and reverse currents are 1661.7 A and 165.3 A 

respectively.  

 

Figure 6.13:  DC voltage waveform in both modes 
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6.5 Device and Component Stresses 

6.5.1 Forward IGBT Devices  

As shown in Figure 6.14, the IGBT switch SF1 carries the full inductor current IL1 

during the step-up mode. The peak current is 27.8 kA at 250 μs in the module (SF1, 

SF10) and the charging current sequentially decreases by the number of the 

modules as illustrated in Figure 6.14. IGBTs capable of this duty are commercially 

available,  an example is the IGBT 5SNA 1200G450300 [101]. Since it is connected 

to the fixed low DC voltage side VA, this switch has to withstand half of the voltage 

ripple of the capacitor ∆VCn in stage 2. 

 

Figure 6.14:  Parallel charging current in forward mode operating  

 

The voltages across switches (SF6, SF10) increase by 6 kV from left to right, 

reaching a maximum of 24 kV on the shunt IGBT switch at the HV side as shown 

in Figure 6.15(a). This means that the devices in each module see different 

voltages causing manufacturing issues and requiring a series connection of 

devices. In addition, the current switches (SF11 - SF16) in circuit 2 of the converter 

are fixed during the discharge of the capacitors in series is 5.35 kA as shown in 

Figure 6.15(b), but the voltage increases sequentially and independent of the 

number of modules ‘n’. Furthermore, the voltages across switches (SF11, SF16) is 

fixed by 6 kV during both modes of operation as shown in Figure 6.15(c).   
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Figure 6.15:  Current and voltage stresses on IGBT during forward mode 

operation 
a) Voltages across IGBT switches during both modes operating, b) Discharging 
current in series through IGBT switches in FM, c) Voltages across IGBT 
switches during both modes operating 
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6.5.2 Reverse IGBT Devices  

During reverse mode, from time zero to 0.25 s, the reverse IGBT is in reverse bias 

with the current direction and the current would not be able to flow through 

these IGBT switches, the charging current in series is the same as through the 

IGBT switches (SR11 –SR15) = 537 A as depicted in Figure 6.16.  

 
Figure 6.16:  Current flows through IGBT during forward mode operation 

 

The parallel discharging current sequentially increases with a peak current of 2.6 

kA at 250 μs as shown in Figure 6.17. Its rating current is increased sequentially 

from the high voltage to the low voltage side by the same value of the first module.   

 
 
Figure 6.17:  Discharging current in parallel through IGBT during reverse 

mode operating 
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The voltage stress on the switches (SR11 –SR16) is 6 kV during discharge in series 

and is equal to the VH/5 and the same as in the switches (SF11 –SF16). One can see 

that the voltage on switches SR1 –SR10 sequentially decreases in 6 kV steps, the 

same as in switches SF2 –SF10 and as illustrated in Figure 6.15 (a).  The duty-cycle 

of both modes of operation is fixed d=0.5.  

As shown in Figure 6.15(a), the charging voltage of the converter is 6 kV and 

increases up to 30 kV. However, the switching stress of the devices needs to 

connect several switches in series to withstand high voltage. The number of IGBT 

in the cells connected in series is scaled by the nominal voltage rating of the 

switch. Currently, the high-voltage IGBT with maximum blocking voltage rated 

up to 6.5 kV/750 A, and the selected high voltage IGBTs and fast recovery diode 

are 5SNA 1200G450300 and 5SDF 10H6004. The rating of IGBT is 4.5 kV/1200A 

and diode is 6 kV/ 1100 A. This kind of IGBT and diode are designed by ABB for 

high power density because it has a high current. The number of strings of IGBTs 

is different from module to module in the converter because the voltage is not at 

the same level and as shown in Figure 6.15(a). From left to right in Figure 5.3, the 

first string consists of two forward IGBTs connected in series and two in reverse 

because the voltage withstand is 6 kV.  

6.6 Evaluation of the Dynamic Operation 

When offshore wind farms are connected onshore through an HVDC link, it 

provides increased flexibility for the system. In offshore wind farm applications, 

there are three main types of fault identified according to their location, such as 

offshore wind farm faults, DC faults and AC faults (onshore faults). Studies carried 

out to investigate AC side faults are reported in this section. Generally, a fault on 

the onshore side reduces the active power flow and increases the voltage on the 

DC link rapidly. To ensure stability and compliance with the grid code, several 

control actions, and protective circuits are usually in place and will act during a 

fault. UK grid codes require the wind farm to ride through an AC fault for 140 ms 

[117]. The system studied is shown in Figure 6.18. 
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Figure 6.18:  A single line diagram of DC-DC converter wind farm connected with 

the AC system during AC fault (3 Phase to ground) 

6.6.1 Fault Ride-Through Event Simulation 

The capability to ride through a fault in wind turbine generators is one of the most 

difficult issues.  In order to emulate an onshore grid fault, and to test the 

operation of the bidirectional DC-DC converter at two fixed power levels, the 

amplitude of the onshore substation AC supply is controlled to follow the voltage-

time profile.  Figure 6.19 shows a plot reflecting the general shape of voltage 

tolerance that most grid operators demand, including the variations in time and 

voltage levels for the grid codes of European countries with large wind energy 

penetration. 

 

Figure 6.19: The typical shape of Fault Ride-Through capability plot [118] 
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During and after a fault causing a voltage drop with a magnitude and duration 

above the shaded area, tripping is not allowed. As illustrated in the table in Figure 

6.19. United Kingdom tripping is not allowed even with a voltage collapse to 0% 

for up to 140 ms.  While in Denmark, a voltage drop below 25% of the nominal 

value allows the converter station to trip. To avoid a system trip due to a transient 

situation and exceeding the voltage operation range, some protection should be 

provided. A three-phase short circuit ground fault was applied for 200 ms at the 

AC side. With reference to the Equation (6-6) and Equation (6-7), the short circuit 

current level in the AC system can be calculated as 

𝐼𝑆𝐶 =
𝑉𝑎𝑐 √3⁄

𝑍𝑆𝐶
    (6-16) 

The simulation results were obtained in Matlab/Simulink Simulation software. 

The fault was applied at 0.15 ms from the start of the simulation.  During a fault 

in the onshore AC system, the HVDC link voltage increases rapidly. Because the 

active power of the wind farm has dropped to zero and the reactive power is 

increased as shown in Figure 6.20. 

 
Figure 6.20:  Active and reactive power in the AC side 
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The reason for the active power drop is the voltage drop on the AC side as shown 

in Figure 6.21. From time 0.1 s to 0.15 s the system is in steady-state and the 

active power transferred to from offshore wind farm to the AC system is 50 MW. 

During the fault at 0.15 s the active power is back to zero from time 0.15 s to 0.35 

s as illustrated in Figure 6.20. When the fault is cleared the active power returns 

to transfer with the same value, 50 MW. At time 0.4 s the reverse power 

transferred from the AC system to the offshore wind farm via HVDC link is 5 MW.  

  

 
Figure 6.21:  Voltage waveforms at fault point 

 

As depicted in Figure 6.21, the duration of the short circuit is 200 ms, in that time 

the three-phase AC voltage in the onshore substation is zero because the three-

phase short circuit has occurred. The wind farm continues to feed the VSC 

through the DC-DC converter. The HVDC link voltage increases through charging 

and discharging the capacitors of the DC-DC converter 30 kV to 47 kV in 200 ms 

as illustrated in Figure 6.22. Once the fault is cleared at 0.35 s, the HVDC link 

voltage returns to the steady-state level at 29.97 kV as illustrated in Figure 6.22.  

At time 0.4 s, the VSC sends a signal to the converter demanding a reverse power 

of 5 MW. Therefore, the voltage steps-down in less than one cycle then returns to 

the steady-state level of 30 kV as depicted in Figure 6.22.  At time 0.55 s, the DC-

DC converter is turned ‘OFF’, by VSC’s signal.  
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Figure 6.22:  HVDC link voltage 

6.6.2 Device and Component Stresses 

As shown in Figure 6.23, from time t = (0~0.1) s, the converter steps-up the 

voltage but the VSC did not demand the power from offshore wind farm yet. At 

(t= 0.1 s) VSC demands DC power from offshore wind farm through the converter 

and the maximum voltage on the switching devices and capacitors is constant and 

as designed is 24 kV.  

 

Figure 6.23:  IGBT withstand voltage during short circuit 
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Once the AC fault occurs at t= 0.15 s, the charging voltage in the converter 

increases rapidly and starts from 38 kV to the maximum voltage at time t=0.35 s 

is 48 kV. In such a case, if the system is not protected from the increasing high 

voltage, and not clear the fault, the IGBT will break down. 

At time 0.35 s, the AC fault has cleared and the voltage across IGBT switches 

immediately falls back from 48 kV to the normal voltage level 24 kV. Figure 6.24 

shows the currents flow through the IGBTs converter during the AC fault. During 

forward 50 MW power flows, a reference current step change occurs from steady-

state value 27.8 kA to the transient state of 55.3 kA at 0.15 s and it is observable 

that the current reaches the peak values of up to 79.8 kA at the end of the fault at 

0.35 s as shown in Figure 6.24. At this high-value current, and to protect the IGBT 

from breakdown and damage the IGBT modules should connect in parallel to 

divide the current through these IGBTs. After 200 ms the fault is cleared, then the 

current back to the steady-state level of 27.8 kA. 

 

 

Figure 6.24:  Current flows through IGBT Switch during short circuit 

 

In this case, the converter needs protection from the peak currents during the 

fault. However, the voltage and the power in the DC link back to normal level after 

the fault cleared as shown in Figure 6.20 and Figure 6.22.    
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6.7 Summary 

This chapter addresses DC collection grids for offshore wind farms. A new high-

power medium-voltage DC-DC converter provides integration between the 

offshore wind farm and the AC system. The mathematical analysis which led to 

the derivation of design equations, which are necessary for the design of such a 

converter are presented in Chapters 4 and 5. Using the design equations, the 

fundamental parameters of a 50 MW 6 kV/30 kV DC to DC converter were 

calculated followed by steady state performance evaluation by simulation. The 

simulation confirmed the mathematical predictions and operational objectives.  

The effect of the AC side was investigated which confirmed that the converter can 

ride through a fault. But in this case, it is necessary to rapidly reduce the upper 

limit voltage at the HVDC link by using one of the protection methods such as 

large chopper resistor or de-loading the wind turbine. In addition, the 

bidirectional modular DC-DC converter has demonstrated its capability to 

redirect the power flow inside an offshore wind farm scheme.  
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In this final chapter, the conclusions that are drawn from this research work are 

summarised and a concise description of the main contributions to knowledge 

are given. An outline of this research study is provided followed by an abridged 

discussion of potential research directions resulting from the research. 

7.1 Conclusions  

The challenge inherent in a DC collection system requires the development of a 

high-power DC-DC converter with high voltage transformation ratios, reduced 

weight, physical size, and DC cables. Different existing DC-DC converter 

topologies have been reviewed as well as background information regarding 

other research concerning DC-DC converters.  

This thesis are proposed and developed two unidirectional DC-DC converter 

topologies termed single-stage and multi-stage DC-DC Marx converters. Both are 

capable of boosting high voltage and transfer unidirectional high power with high 

rated current. These converters are improved and modified by reducing the 

number of IGBT switches while maintaining the same power rating as the 

Veilleux converters. The proposed converters use two IGBTs connected in series 

to form a high voltage valve. The simulation results show the operation of both 

proposed converters as expected. The converters’ gain is observed for different 

operating points. Further, variable amplification can be obtained by inserting a 

step-up converter at the input to have a continuous range of high voltage DC gain 

or by increasing the number of capacitors in the middle circuit.  The two proposed 

converters have proven successful in achieving gain voltage while naturally 

reducing the number of active switches, and therefore the cost is low. Both 

proposed converters’ topologies gave acceptable results only in unidirectional 

power flow. To overcome this drawback, an innovative converter, a bidirectional 

modular DC-DC converter (BMDC), is proposed and developed with a suitable 

controller and simulation models for bidirectional power flow. Design 

methodology and equations for the determination of circuit components and 

solid-state devices are presented. Its feasibility is assessed through 50MW in 

boost converter and 5MW in a buck converter simulation. This converter has 

demonstrated its ability to interface between two different voltages levels.  
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In addition, the proposed converter is adapted for offshore wind farm 

application. This converter transmits the power via DC link to the VSC and vice 

versa, which leads to the system being capable of delivering a good performance 

under normal conditions. Furthermore, the effect of the AC side was investigated 

and its behaviour was studied under fault conditions. But in this case, it is 

necessary to rapidly reduce the upper voltage limit at the HVDC link by using 

protection methods.  Finally, this system avoids the high civil engineering cost of 

an offshore wind farm capable of supporting heavy AC transformer or high-

frequency transformer, which are required for HVDC applications. The main part 

of the research in this thesis is concerned with the design of a new converter and 

integrating it into offshore wind farm applications. The overall system is 

simulated, and each part of this work performs as expected. 

7.2 Thesis Contributions  

The contributions to knowledge achieved by the research described in this thesis 

are listed below: 

 Proposed and developed two modified types of unidirectional DC-DC Marx 

converter for offshore wind farm, called “a single-stage and modular 

cascaded Marx converter”. The development includes a reduced count of 

IGBT, and diode switches compared to the Veilleux converter with the 

same power rating. The design equations for determining the inductor and 

capacitor sizes for the converter have been deviced. The two developed 

and modified types have been proven to be successful in achieving 

stepping-up to HVDC following the general Marx concept.  

 

 An innovative high power bi-directional modular DC-DC converter 

(BMDC) has been constructed and adapted for the Marx principle, which 

is capable of achieving step-up and step-down voltage transformations at 

kV level and is able to handle MW level power transfers in both directions. 

Theoretical analysis and simulation results confirmed that the 

bidirectional modular DC-DC converter is capable of transmitting the 
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power in both directions and operates between two different voltage 

levels. 

 

 Inclusion and implementation of the bidirectional Modular DC-DC 

converter into an offshore wind farm application, including the voltage 

source converter and the AC system. A power flow control circuit between 

both of the AC and DC systems is designed. DC transmission has been fully 

implemented and the transmission distances are greater than 100km. The 

main drawback with the proposed topology is an uneven voltage level 

rating of the modules cell which means that the devices in each module 

receive different voltages causing manufacturing issues and requiring 

series connection of devices. 

 

 The situation has been studied and investigated regarding electrical 

network stability during steady-state and dynamic-state operations. 

Finally, a bidirectional modular DC-DC converter has been proved for 

offshore wind farm applications. 

 

7.3 Recommendations for Future Work 

This thesis contributes to the design, development and modification DC-DC 

converters for offshore wind farms. Based on the results of this research, the 

author’s recommendations for the following research points could be 

investigated in future: 

 Increasing the distance between the DC-DC converter and the AC 

substation (up to 200 Km) and evaluating the proposed converter under 

different operating modes and with OWFs three main types of faults. 

 

 Conducting a detailed comparison of losses resulting from DC/DC 

converters performing similar tasks, and calculating the converter 

efficiency with different power levels, including quantitative evaluation of 

bidirectional converter operating losses under different operating modes. 
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 It is important to validate the obtained simulation results by building an 

experimental system in the laboratory. The system should involve the 

proposed converter, AC grid, and DC network of the offshore wind farm. 

However, the main challenge would be the availability of a high voltage 

laboratory. Therefore, further investigation of the validating the 

simulation results proposed converter would be the use of other 

simulation tools e.g. OPAL RT real-time digital simulator with a CPU that 

operates at time step of 10 µs.  

 

 Further research in the proposed converter should focus on the 

development of different control strategies for different types of fault 

protection as optimising the energy production in both sides is essential 

to maintain reliable operation and thus support the on shore substation 

with energy   
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A.1   A single Stage and Multi-Stage Converter Deriving Equations 

In the first half cycle [t0 ≤ t ≤ t1]  

 

 

Figure A. 1: Charging capacitors in parallel 

 

As shown in Figure A. 1, the charging capacitor in parallel, and the equivalent 

capacitance in parallel as: 

 nPeq CCCCCCC  ...54321)(
 (A.17) 

And  

 




n

i

iPeq CC
1

)(
 (A.18) 

 The general differential equation is  

 

Vin= [Lin

di

dt
+(

i

Ceq(P)

∫ i(t)di

t

0

)] (A.19) 

Then,  

 

)(

2

2 )(
0

P eq

in
C

ti

dt

id
L   (A.20) 

 

)(

2

2 )(
0

P eqinCL

ti

dt

id
  (A.21) 

The resonant frequency can be calculated as: 

 

)(

2 1

P eqinCL
  (A.22) 

Compensation equation (A-6) in (A-5)   

DC Vin

IC1 IC2 IC3 IC4 IC5

iLin

ICn
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)( 0 2

2

2

ti
dt

id
  (A.23) 

Solving i(t) can be obtained as: 

 
t

L

V
ti

in

in
Lin 


sin)(   (A.24) 

Hence;  

 
t

L

V
ti

in

C
Lin 


sin

5.0
)(


  (A.25) 

 
t

L

CL  V
i

in

inC

Lin 


sin
5.0 

  (A.26) 

The current equation of inductor L1 for (t0 ≤ t ≤ t1) is given as 

 t V  C i C(P) eqLin  sin5.0   (A.27) 

Substituting Lin by Ceq and 𝜔, and replacing Vin by 0.5∆𝑉𝑐, where ∆𝑉𝑐 is the peak 

to peak capacitor voltage. However, the inductor current can be expressed as: 

 
t

L

CL  V
i

in

(P) eqinC

Lin 


sin
5.0 

  (A.28) 

 t C Vti (P) eqCLin sin5.0)(   (A.29) 

 

The voltage crosses a capacitor can be expressed as: 

  

dt

di
LVV inC    (A-30) 

 

dt

diL
L VV inC   (A.31) 

Substituting for 𝑖𝐿𝑖𝑛 from equation (A.11) into equation (A.14) and rearranging 

CV can be expressed as; 

 









 )sin

2

1
0tt(  V C

dt

di
LVV C(P) eqinC   (A.32) 

And  
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  t cos V  C L    V CPeqin   )(5.0  (A.33) 

   t cos V L  C   V CPeqin   2

)(5.0  (A.34) 

Then, 

 t cos V  VV CinC  5.0  (A.35) 

In the second half cycle: [t0 ≤ t ≤ t2] 

 

As shown in Figure A.2, the discharging capacitor in series, and the equivalent 

capacitance in series as: 

 1

Ceq(S)

= 
1

C1

+
1

C2

+
1

C3

+
1

C4

+
1

C5

….+
1

Cn

 (A.36) 

 

 

Figure A. 2: Discharging capacitors in series 

 

 

 VCeq(s)=VLout+VCout (A.37) 

 

The amount of charge can be calculated as 

 
SAVTIQ  , C VCQ  , 

T

Q
I    (A.38) 

And, 

 
 )(

dt

dvc
C

dt

dq
ti  ,  (A.39) 

  

IL2C1 C2 C3 C4 C5

R
L

o
adCout

Lout

Ceq(S)

Discharge in Series 
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From Figure A.2, the inductor current can be given as 

  RloadCoutLout III   (A.40) 

 
  out

Load

R
Lout

R

V

dt

dv
CI   (A.41) 

And 

 
  out R

Lout
Ceq V

dt

di
LV   (A.42) 

Substituting Equation (A.24) into Equation (A.25), 

 
  outout R

Load

R
Ceq V

R

V

dt

dv
C

dt

d
LV 








  (A.43) 

 
)( )(  )( out

2

2

out vt
dt

d

R

L
vt

dt

d
CLtV

Load

outCeq   (A.44) 

 
)( 

)(1)(
  )(

2

2

out vt
dt

vtd

RCdt

tvd
CLtV

Loadout

outCeq   (A.45) 

Assuming no losses within the converters, it can be shown that  

 

Sin

rated

FnV

P
Q

 
  (A.46) 

By using the amount of charge Q and the selected voltage ripple, the capacitance 

is calculated by using; 

 

eq

C
C

Q
V   (A.47) 

Substituting for Q  from equation (29) to equation (30) and rearranging; 

 

SCin

rated
eq

FVnV

P
C

  
  (A.48) 

The resonant frequency can be calculated as; 

       

eqinCL

1
  (A.49) 

From Equation (29) and Equation (32), the inductor Lin can be expressed as  
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eqinin

rated

CLnVQ

P

2

1

 
  (A.50) 

and  

       2

2

1










rated

in

eq

in
P

nVQ

C
L


 (A.51) 

 

In order to ensure soft switching the resonant frequency in the second half-cycle 

must be made equal to . Hence, 

       

)(

1
2

outeqout CCL 
  (A.52) 

The switching frequency can be written as; 

       

eqout

S
CL

F
2

1
  (A.53) 

Substituting for FS from equation (31) into equation (35) and rearranging Lout can 

be expressed as; 

       

 

2

2

1












rated

in

outeq

out
P

nVQ

CC
L


 (A.54) 

As shown in Fig. 2, the total equivalent capacitance of both output capacitor and 

equivalent capacitance in series can be calculated as; 

       

)2/3(

)2/)(3(

outeq

outeq

eq
CC

CC
C


  (A.55) 

Using Equation (29), (30) and (36), the output capacitor value can be calculated 

using the expression: 

         

Cout

Soutrated
out

V

TVP
C




2

2//
 (A.56) 
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A.2   Calculation of Converter Parameters  

For the simulations, the load on the HV side of the DC-DC converter is modelled 

by the resistor Rload where 

 

Resistive load:                                                    RLoad =
Vout

2

Prate
                                                           

                                                                          = 
(30000)2

50∗106
 = 18 Ω 

 
Input voltage = 6 KV, then the output voltage: 

Vout = nVinput 

                                                                          = 5 *6= 30 KV 

 

The amount of charge                Qload = 
Vout

RLoad
∗ TS                                                

                                                                           = 
30000

18
∗ 0.005 = 8.334C 

 

The amount of charge (other equation)         

                                                                Qload = 
𝑃𝑟𝑎𝑡𝑒

MV𝑖𝑛𝑝𝑢𝑡
∗ 𝑇𝑆                                           

                                                                          = 
50∗106

30000
∗ 0.005 = 8.334C 

 

Capacitors Cn                                                  Ceq(P) =
QLoad

∆VCn
                                                        

                                                                          = (
8.334

12000
) 

                                                              Ceq(P) = 3472.5 µF     

                                                                                                       Cn =
3472.5 µF

5
= 694.5 µF     

Capacitors Cout          
  

Cout

Soutrated
out

V

T VP
C




2

2//
   

= 

(

 
 
(50*

106

30 *
(30*103)) (0.005)/2

2*3.14*4*103

)

 
 
= 115µF 
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Inductor Lin   is the same as L1 in the multi-stage converter                    

                                                                             

Lin=

1

Ceq(P)

(
Q

Load 
nVin

2π Prate

) 

 

=

1

3472.5/5
(
(30*10

3
)*8.334

2π(50*10
6
)
) 

 
= 2.53µH 

Inductor Lout                                         
 

2

2

1












rated

in

out(S) eq

out
P

nVQ

CC
L


 

= 110 µH 

Inductors L2, L3 of the multi-stage converter 

2

)(

2

2























n

J

Keq

n

J

C

C

K
L = 40 µH 

 

2

)(

3

2























n

K

Leq

n

K

C

C

L
L  =   400 µH 

Capacitors CJ, CK and CL as  

SC(J)in

rated
Jeq

F V NV

P
C


)( = 3492.5 µF 

LKJ

C
C J

K


 = 99.21 µF 

LK  


J

C
C K

L = 14.17 µF 
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 IGBT Data Sheet 

 Fast Recovery Diode 
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Appendix   C 

 

Details of Matlab/Simulink Simulation 
Models  

 A single-stage converter circuit 

 Multi-stage converter circuit 

 Bidirectional converter circuit 

 System parameters in Matlab functions 
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System model parameters in MATLAB functions 

%-------------------------------------- 

       AC PARAMETERS 

%--------------------------------------- 

F0=50; % Nominal system frequency (Hz) 

W0=F0*2*pi; 

VAC=25000; 

VDC=6000; 

LEQ=25e-4; 

REQ=150e-6; 

Pn=49e6; 

PN=4.5e6; 

%--------------------------------------- 

%       VSC PARAMETERS 

%--------------------------------------- 

Iq_ref=-Pn/1.5/(sqrt(2)/sqrt(3)*VAC); 

Rs=0.00123; 

Iq_ref1=PN/1.5/(sqrt(2)/sqrt(3)*VAC); 

Ls=0.0000001337e-9; 

psi_pll=0.7; 

Tpll=2*psi_pll/W0; 

Cs=0.0000001e-12; 

Kpll=2*psi_pll*W0/VAC/sqrt(2); 

Ti=0.001; 

KPI1=LEQ/Ti; 

KII1=REQ/Ti; 

  

%--------------------------------------- 

%       HV DC CABLE PARAMETERS 

%--------------------------------------- 

R=11e-3; 

L=2.615e-3; 

C=0.198e-6; 

Le=116; 

Ps=8; 

  

%--------------------------------------- 

%       DC-DC CONVERTER PARAMETERS 

%--------------------------------------- 

RL=0.01e-3; 

LL=2.53e-6; 

CL=83e-6; 

Cn=496.5e-6; 

LH=110e-6; 

CH=116e-6; 

Ts=5e-3; 

Fs=2e3; 

%--------------------------------------- 
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Function [y1,y2] = fcn(u) 
if (u>0 && u <=0.4) 
    y1=1; 
    y2=0; 
elseif (u>0.4 && u<=0.55) 
    y2=1; 
    y1=0; 
else 
    y1=0; 
    y2=0; 
end; 
end 

 

Function y1  = fcn(u) 
if (u>0.15 && u <=0.35) 
    y1=1; 
elseif (u>0.35 && u<=0.4) 
    y1=0; 
else 
    y1=0; 
end; 
end 
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