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Abstract 

The rise of Wide Band Gap (WBG) devices has brought excitement in the field of Power 

converters. The WBG based converter can operate at the very high frequency and 

temperature making them ideal to use in harsh environments. The commercialization of 

WBG devices such as SiC and GaN MOSFETs has made it interesting for power 

engineering professionals all over the world. The use of WBG devices capable of operating 

at high switching frequencies reduces the overall system size dramatically with added 

benefit of improved power quality at high temperature. The main goal of this thesis is to 

design and test an AC-DC converter based on a SiC power module. The designed rectifier 

can be considered an active rectifier equipped with a controller to constantly provide 

feedback for modification of switching signals to get the desired output voltage. The 

designed active rectifier converts the varying frequency input power supply into rectified 

DC voltage while keeping the power factor of the system to unity. This thesis covers 

elementary information on power supply design, switching schemes and design of the 

controller. System arrangement will provide more light on the use of Six Channel 

MOSFET Gate Driver from CREE with the overall experimental setup. The experimental 

analysis will summarize the behavior of the system where information on achieved 

rectification, effect on the line currents at the generator and concluding power factor 

representation is described. 



iv 

Table of Contents 

List of Figures ............................................................................................................................... vii  

List of Tables .................................................................................................................................. x 

List of Abbreviations ..................................................................................................................... xi 

Acknowledgements ....................................................................................................................... xii  

Dedication .................................................................................................................................... xiii  

Chapter 1 - Introduction .................................................................................................................. 1 

1.1 Motivation ............................................................................................................................. 1 

1.2 Problem Statement ................................................................................................................ 2 

1.3 State of Art ............................................................................................................................ 2 

1.4 Contribution .......................................................................................................................... 4 

1.5 Outline of Thesis ................................................................................................................... 5 

Chapter 2 - Literature Study ........................................................................................................... 6 

2.1 Basic Rectifier parameters .................................................................................................... 7 

2.1.1 Form Factor (FF): .......................................................................................................... 7 

2.1.2 Rectification Ratio (RR): ............................................................................................... 7 

2.1.3 Ripple Factor (RF): ........................................................................................................ 8 

2.1.4 Transformer Utilization Factor (TUF): .......................................................................... 8 

2.2 Classification of Rectifiers .................................................................................................... 8 

2.2.1 Uncontrolled Rectifiers: ............................................................................................... 10 

2.2.1.1 Single-phase Half-wave Diode Rectifier: ............................................................. 10 

2.2.1.2 Single-phase full-wave diode rectifier: ................................................................. 11 

2.2.1.3 Variations in single-phase rectifier circuitry: ....................................................... 15 

2.2.1.4 Poly-phase rectifier systems: ................................................................................ 16 

2.2.1.5 Three - phase diode bridge rectifier ...................................................................... 20 

2.2.1.6 Six - phase diode series bridge rectifier ................................................................ 23 

2.2.1.7 Six - phase diode parallel bridge rectifier ............................................................. 24 

2.2.2 Fully Controlled Rectifiers .............................................................................................. 26 

2.2.2.1 Single-phase Half-wave Rectifier: ............................................................................ 26 

2.2.2.2 Single-phase Thyristor Bridge Rectifier: .................................................................. 28 



v 

2.2.2.3 Three-phase controlled rectifier: ............................................................................... 30 

2.2.3 Half- Controlled Rectifiers .............................................................................................. 33 

2.2.2.1 Single-phase half-controlled rectifier systems .......................................................... 33 

2.2.2.2 Three-phase half-controlled rectifier systems ........................................................... 35 

2.2.4 Popular rectifier topologies for PFC: Vienna Rectifier ................................................... 36 

2.3 Commutation and Harmonics Distortion ............................................................................ 40 

2.3.1 Harmonics and PF: ....................................................................................................... 41 

2.3.2 Power factor and displacement power factor ............................................................... 43 

2.3.3 Harmonics Mitigation .................................................................................................. 44 

2.4 Conclusion and remarks ...................................................................................................... 46 

Chapter 3 - Switching and Control ............................................................................................... 47 

3.1 Switching Scheme ............................................................................................................... 48 

3.1.1 Sinusoidal Pulse Width Modulation (SPWM) ............................................................. 48 

3.1.1.1 Modulation Index (m): .......................................................................................... 52 

3.1.2 Third Harmonic SPWM (THIPWM) ........................................................................... 53 

3.1.3 Overmodulation: .......................................................................................................... 56 

3.3 Control technique ................................................................................................................ 58 

3.3.1 PID Controller .............................................................................................................. 58 

3.3.1.1 Proportional control action: .................................................................................. 59 

3.3.1.2 Integral Control Action: ........................................................................................ 60 

3.3.1.3 Proportional-Integral Control Action:................................................................... 61 

3.3.2 Controller of the system ............................................................................................... 61 

3.3.3 Precharge mechanism .................................................................................................. 62 

3. 4 Conclusion and remarks ..................................................................................................... 65 

Chapter 4 - Laboratory Setup ........................................................................................................ 66 

4.1 Simulation results of system ............................................................................................... 66 

4.2 System arrangement ............................................................................................................ 69 

4.2.1 SiC MOSFET gate driver ............................................................................................. 71 

4.2.2 Filter Board .................................................................................................................. 74 

4.3 Conclusion and remarks ...................................................................................................... 77 

Chapter 5 - Findings and Analysis ................................................................................................ 78 



vi 

5.1 30 Hz input supply voltage operation ................................................................................. 78 

5.2 40 Hz input supply voltage operation ................................................................................. 82 

5.3 50 Hz input supply voltage opearation ............................................................................... 88 

5.4 Conclusion and remarks ...................................................................................................... 93 

Chapter 6 - Conclusion and Future Work ..................................................................................... 94 

6.1 Summary ............................................................................................................................. 94 

6.2 Future Work ........................................................................................................................ 94 

References ..................................................................................................................................... 96 

Appendix A - Mathematical Analysis........................................................................................... 99 

Appendix B - Desired hardware schematics ............................................................................... 102 

  



vii  

List of Figures 

Fig. 1.1: Energy bandgap in materials ............................................................................................ 2 

Fig. 1.2: Band gap of semiconductors materials ............................................................................. 3 

Fig. 2.1: Basic rectifier circuitry ..................................................................................................... 6 

Fig. 2.2: Rectifier Classification [6] ............................................................................................... 9 

Fig. 2.3: 1 - ‰ unidirectional half-wave rectifier .......................................................................... 10 

Fig. 2.4: Voltage and current waveform of 1 - ‰ half-wave rectifier ........................................... 10 

Fig. 2.5: 1 - ‰ Full-wave rectifier using CT transformer [8] ........................................................ 12 

Fig. 2.6: 1 - ‰ full -wave diode-bridge and diode-bridge rectifier ................................................ 13 

Fig. 2.7: Voltage and current waveform of 1 - ‰ full -wave rectifier ............................................ 14 

Fig. 2.8: 1 - ‰ Full-wave Doubling circuit ................................................................................... 15 

Fig. 2.9: m-phase single way rectifier ........................................................................................... 16 

Fig. 2.10: single way rectifier waveform (m = 3) ......................................................................... 17 

Fig. 2.11: Three-phase star rectifier .............................................................................................. 18 

Fig. 2.12 : Three-phase inter-star or zig - zag rectifier ................................................................. 19 

Fig. 2.13 : Six-phase star-connected rectifier recreated from [6] ................................................. 20 

Fig. 2.14: Three-phase diode Bridge rectifier ............................................................................... 21 

Fig. 2.15: Voltage and current waveform of the three-phase bridge rectifier............................... 22 

Fig. 2.16: Three-phase transformer connections ........................................................................... 23 

Fig. 2.17: Six-phase series bridge connection [6] ......................................................................... 24 

Fig. 2.18: Six-phase parallel bridge connection [6] ...................................................................... 25 

Fig. 2.19: Single-phase thyristor rectifier with resistive load ....................................................... 27 

Fig. 2.20: Single-phase thyristor rectifier with resistive load [6] ................................................. 27 

Fig. 2.21: single-phase thyristor bridge with resistive load .......................................................... 28 

Fig. 2.22: Waveform of single-phase thyristor bridge with resistive load [6] .............................. 29 

Fig. 2.23: Three-phase thyristor rectifier with resistive load ........................................................ 30 

Fig. 2.24: Waveform for 3-  ʟthyristor rectifier resistive load (simulated at   φπЈ) ............... 31 

Fig. 2.25: Waveform for three-phase thyristor rectifier for different firing angles ...................... 32 

Fig. 2.26: Single-phase half-controlled rectifier Configuration 1 ................................................. 33 

Fig. 2.27: Single-phase half-controlled rectifier Configuration 2 ................................................. 34 



viii  

Fig. 2.28: Single-phase half-controlled rectifier ........................................................................... 34 

Fig. 2.29: Three-phase half-controlled rectifier ............................................................................ 35 

Fig. 2.30: 3-  ʟhalf-controlled rectifier for wind turbine system recreated from [12] ................... 36 

Fig. 2.31: Unidirectional switch representation ............................................................................ 37 

Fig. 2.32: Three-phase three level Vienna Rectifier [16] ............................................................. 37 

Fig. 2.33: Recreated Vienna rectifier PLECS model [21] ............................................................ 38 

Fig. 2.34: Waveform of Vienna rectifier PLECS model .............................................................. 39 

Fig. 2.35: Basis Hysteresis control for three-phase active rectifier [21] ...................................... 39 

Fig. 2.36: Commutation representation ........................................................................................ 40 

Fig. 2.37: Effect of overlap angle ɛ on voltages and currents [14] ............................................... 41 

Fig. 2.38: Typical poor power factor voltage and current waveform [7] ..................................... 42 

Fig. 2.39: Power factor representation in non-linear load [14] ..................................................... 43 

Fig. 2.40: Structure of passive filter .............................................................................................. 45 

Fig. 3.1: Proposed active rectifier ................................................................................................. 47 

Fig. 3.2: Standard Pulse-Width modulation waveform ................................................................ 49 

Fig. 3.3: Typical grid connected VSI ............................................................................................ 50 

Fig. 3.4: Three-phase sinusoidal PWM switching pattern ............................................................ 51 

Fig. 3.5: Three-phase sinusoidal PWM with injected third harmonic [18] .................................. 56 

Fig. 3.6: Overmodulation in fundamental and carrier [18] ........................................................... 57 

Fig. 3.7: Control system representation with automatic controller [18] ....................................... 59 

Fig. 3.8: P/I control for desired voltage correction ....................................................................... 59 

Fig. 3.9: PI control for desired voltage correction ........................................................................ 60 

Fig. 3.10: Controller for the system .............................................................................................. 61 

Fig. 3.11: Basic precharge circuit ................................................................................................. 63 

Fig. 3.12: Precharge flowchart ...................................................................................................... 64 

Fig. 4.1: System Simulation .......................................................................................................... 66 

Fig. 4.2: System simulation: Line to Line Voltages, Line currents and Vdc ................................ 67 

Fig. 4.3: Measured real power from the simulation ...................................................................... 68 

Fig. 4.4: Measured reactive power from simulation ..................................................................... 68 

Fig. 4.5: Power factor for the system from simulation ................................................................. 69 

Fig. 4.6: Experimental setup ......................................................................................................... 70 



ix 

Fig. 4.7: Experimental Environment ............................................................................................. 70 

Fig. 4.7: Experimental Environment ............................................................................................. 71 

Fig. 4.8: CREE 1200 V SiC 6 pack MOSFET Module ................................................................ 72 

Fig. 4.9: CREE 1200 V SiC 6 pack MOSFET Module [23] ........................................................ 73 

Fig. 4.10: AC side and DC side filter............................................................................................ 75 

Fig. 4.11: Designed sandwiched layer of FPGA, measurement board and gate driver ................ 75 

Fig. 4.12: Voltage divider circuit used in the measurement board. .............................................. 76 

Fig. 5.1: Input: ╥░▪  45 VLL, f = 30 Hz ..................................................................................... 78 

Fig. 5.2: Line currents (Nonfiltered and Filtered)......................................................................... 79 

Fig. 5.3: Line currents in a single cycle ........................................................................................ 80 

Fig. 5.4: THD in line current Ia ..................................................................................................... 80 

Fig. 5.5: power factor for 30 Hz supply voltage ........................................................................... 81 

Fig. 5.6: Input: ╥░▪  60 VLL, f = 40 Hz ..................................................................................... 82 

Fig. 5.7: Line currents (Nonfiltered and filtered) ......................................................................... 83 

Fig. 5.8: Line currents in single cycle ........................................................................................... 84 

Fig. 5.9: THD in ╘╪ for 40 Hz supply voltage .............................................................................. 85 

Fig. 5.10: Power factor for 40 Hz supply...................................................................................... 85 

Fig. 5.11: Output DC voltage, DC current and calculated output power...................................... 86 

Fig. 5.12: Input: ╥░▪  75 VLL, f = 50 Hz ................................................................................... 88 

Fig. 5.13: line currents (Non-filtered and filtered) at 50 Hz supply ............................................. 89 

Fig. 5.14: Line currents in a single cycle ...................................................................................... 90 

Fig. 5.15: THD in line current Ia .................................................................................................. 90 

Fig. 5.16: Power factor for 50 Hz supply...................................................................................... 91 

Fig. 5.17: Rectified DC voltage, DC current and calculated output power .................................. 92 

Fig. A.1: Three-phase fully controlled bridge rectifier ................................................................. 99 

 

  



x 

List of Tables 

Table 1-1: Key properties for semiconductor materials [4] ............................................................ 4 

Table 2-1: Parameters for single-phase diode rectifiers ............................................................... 14 

Table 2-2: Parameters for six-phase diode rectifiers .................................................................... 25 

Table 4-1 Simulation parameters .................................................................................................. 67 

Table 4-2: Hardware parameters [23] ........................................................................................... 72 

Table 4-3: Pinout table for X1 connector ..................................................................................... 73 

Table 4-4 Filter board parameters ................................................................................................. 74 

  



xi 

List  of Abbreviations 

AC Alternate Current 

DC Direct Current 

PWM Pulse Width Modulation 

WBG Wide Band Gap 

UPF Unity Power Factor 

RMS Root-Mean-Square 

FF Form Factor 

TUF Transformer Utilization Factor 

CT Center Tapped 

P Primary Windings of transformer 

S Secondary Windings of transformer 

PFC Power Factor Correction 

THD Total Harmonic Distortion 

CCM Continuous Conduction Mode 

DCM Discontinues Conduction Mode 

 

 



xii  

Acknowledgements 

I am grateful for the support of Dr. Behrooz Mirafzal who is just not my major advisor but 

also a mentor. I would like to express my gratitude to my lab-mates for their support, wisdom and 

for a very healthy lab environment. Thank you, K-State for having me first as an International 

Exchange Student and after that a full time graduate student. My sincere appreciation for the 

Department of Electrical & Computer Engineering for giving me opportunity to work as a 

Teaching Assistant with talented professors and the hardworking undergraduate students. I would 

like to extend my sincere gratitude to my committee members Dr. Anil Pahwa and  

Dr. Shelli Starrett for being part of my advisory committee.   

 

  



xiii  

Dedication 

I dedicate this work to my beloved belated parents Arun and Indira, my entire family and 

my friends. I would not have come this far away without your love and support! 

 

  



1 

Chapter 1 - Introduction 

 1.1 Motivation   

AC-DC converters or rectifiers find application in day-to-day life as a front end to DC-AC 

converters and DC-DC converters with buck, boost or buck boost capabilities. Most low power 

applications use diode bridge rectifiers. Bridge rectifiers naturally have effect on AC mains so in 

high power applications it becomes very important to design systems, which can have control on 

these sinusoidal currents. In on the move systems, it is important to have smaller system size. 

Many investigations have been reported in the literature to reduce the size and weight of their 

proposed systems with the use of wide band gap devices [1]-[5].  The research on Si devices is in 

such a state where limitations of physical properties of material are being encountered. 

Conventional power devices have limitations such as switching speed of the devices, efficiency 

etc. Therefore, the overall system is huge in size and weight. The recent advancement and 

commercialization in the field of wide band gap (WBG) power devices has allowed researchers to 

go on higher switching frequencies and harsher environment for the switching devices. Higher 

switching frequency has significant impact on reducing the size of the magnetic components, 

which are essential for power applications [1].  The reverse blocking capability of this material is 

remarkable that leads to the possibility of using very high DC bus voltage. Due to physical 

properties of wide band gap devices, it is possible to go on higher frequencies.  

A novel AC/DC converter or rectifier, which is essentially an active rectifier, is proposed 

in this thesis, focusing on operating at Unity Power Factor (UPF) and reduced the overall system 

size.  
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 1.2 Problem Statement 

The objective of this thesis is to design and test an active rectifier. The active rectifier, 

which is required to ensure a UPF operation with the use of smaller size of magnetic components 

required for the rectifier. A three ïphase AC generator operating at different speeds provides the 

AC supply voltage, which is varying in frequency and magnitude.  The operation of UPF implies 

that the input currents are sinusoidal and in phase with the input voltages assuming the input 

voltages are sinusoidal.  

 

 1.3 State of Art 

Wide Band Gap devices 

 Wide Band Gap (WBD) semiconductors are semiconductors made up of material, which 

has wider band gap ï energy gap between valence band and conduction band. The wider band gap 

implies that it will take more energy for electrons to move from valence band to conduction band. 

Wider band gap represents the strength of crystal bonds in material. Fig. 1.1 shows the difference 

of energy gap between different material classes.  

 

Fig. 1.1: Energy bandgap in materials 
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The term wide band gap semiconductors cover entire family of materials consisting of SiC 

(Silicon Carbide), GaN (Gallium nitride), Aluminum Nitride (AIN) and semiconductor diamond 

(C) etc.  Fig. 1.2 shows comparison of band-gap of different semiconductors materials. This 

property has numerous advantages. To name a few, WBD has low carrier concentration ὲ  and the 

energy required to cross the band gaps is high so that the concentration of electrons that cross the 

band gap is smaller than that of typical Si devices. 

 

Fig. 1.2: Band gap of semiconductors materials 

The leakage currents are proportional to ὲ or ὲ  so the devices can operate at much higher 

temperatures [1]. The dielectric breakdown field-strength of WBD is approximately 10 times that 

of Si devices. SiC devices can be made to have a thinner drift layer or in other words high doping 

concentration, so they have very high breakdown voltage and small resistance compared to Si 

devices [1].  Furthermore, WBD have reduced energy losses, higher-voltage operations, higher 

operating frequency, and improved power quality when compared to typical Si material 

semiconductors [3]. Table 1.1 extracted from [3] summarizes the key properties of different 

semiconductor materials.   
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Table 1-1: Key properties for semiconductor materials [3] 

 

Parameter Si 4H-SiC GaN Diamond 

Energy bandgap Ὁ (eV) 1.1 3.3 3.4 5.5 

Critical electric field Ὁ (MV/cm) 0.25 2.2 3 10 

Electron drift velocity ὠ  (cm/s) ρ ρπ ς ρπ ςȢς ρπ ςȢχ ρπ 

Thermal conductivity ‗ (W/cm-K) 1.5 4.9 1.3 22 

  

Apart from the advantages of WBG semiconductors, there are several challenges 

associated with these semiconductors such as increased EMI, high ὨὭȾὨὸ and ὨὺȾὨὸ and increased 

system cost [5]. In this thesis, the experimental results highlights the advantages explored from the 

SiC MOSFETs with reduced system size.  

 

 1.4 Contribution  

The key contribution of this research is the development of an active UPF rectifier based 

on SiC MOSFET gate driver module operable at high switching frequencies [> 50 kHz], receiving 

the supply voltage from variable speed three-phase generator and using smaller size of magnetic 

components as filter. This thesis also summarizes basic power supply design, popular switching 

schemes and elementary information on design of the controllers. The experimental analysis will 

highlight the behavior of the system at certain power rating while keeping the power factor of the 

system near unity as the AC supply voltage varies in both frequency and magnitude.  Furthermore, 

the research performed for this thesis assists the design of an active rectifier with inputs and outputs 

to the system given.  
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 1.5 Outline of Thesis 

This thesis is comprised of six chapters. Apart from this introductory chapter where 

overview is present, Chapter 2 will provide comprehensive summary on different rectifier 

topologies, power factor corrector rectifiers, brief information on importance of power factor 

correction and harmonic mitigation.  

Chapter 3 addresses sine pulse width modulation switching technique (SPWM) and third 

harmonic injection in spwm (THIPWM), basic discussion on controller design for the system to 

achieve Unity Power Factor and generation of precharge pulses for the system.  

Chapter 4 will shed light on the proposed experimental setup, simulation of system and 

details on the setup including SiC gate driver, use of dSpace and FPGA.  

Chapter 5 will highlight the result and analysis from the setup. Finally, conclusion and 

future use of the system is discussed in final chapter.  
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Chapter 2 - Literature Study 

Rectifiers are the devices used to convert AC voltages into DC. These converted voltages 

are then applied to different types of loads. Some of these loads require high voltage, some require 

high current and some require both. This rectification is in most cases unidirectional. An ideal 

rectifier is the one that produces a minimum ripple in DC voltage. Most rectifiers are supplied 

from a line transformer at the utility side; it is vital to minimize the use of these bulky transformers 

in modern power electronics. This chapter briefly provides discussion on the classification of 

rectifiers, their advantages, and limitations. Towards the end of the chapter, there is a brief 

discussion on prominent power factor corrector three-phase rectifier: Vienna rectifier.  To explain 

the classification some of the rectifier parameters are necessary to address.  

 

Fig. 2.1: Basic rectifier circuitry 

Fig. 2.1 shows a basic rectifier circuitry. Where, ὠ ὸ is the instantaneous input voltage 

and ὠ ὸ is the instantaneous rectified load voltage. For the ease of discussion in this chapter, the 

diodes and thyristors are considered as ideal i.e. there is no forward voltage drop, no reverse 

recovery time and they do not have turn on ï off delays. In addition, the load is purely resistive so 

voltage and load current have similar waveforms.  

The average DC voltage on load can be written as:  

ὠ  ᷿ὠ ὸὨὸ             (2-1) [6] 

Where ὠ  is the average DC voltage.   
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The root-mean-square (rms) value of the load voltage can be expressed as: 

ὠ ᷿ὠ ὸὨὸ     (2-2) 

Where ὠ is the load voltage. 

The currents can be written as,  

Ὥὸ      (2-3) 

Ὅ       (2-4) 

Ὅ        (2-5) 

Where Ὅ  is average value of load current and Ὅ is the rms value of load current. 

 

 2.1 Basic Rectifier parameters  

Rectifier parameters are useful in comparing the performance of different rectifier 

structures. Although there are many parameters, the parameters discussed in this section are mostly 

elementary.  

 2.1.1 Form Factor (FF): 

Form Factor (FF) of a rectifier is the ratio of the root-mean-square value to the mean value 

of voltages.  

&&      (2-6) 

 2.1.2 Rectification Ratio (RR): 

Rectification ratio (Rectification efficiency) can be expressed as the ratio as,  

       (2-7) 

Where  
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ὖ   ὠ ϽὍ      (2-8) 

ὖ  ὠ ϽὍ      (2-9) 

ὖ Ὑ Ͻ Ὅ       (2-10) 

Here, ὖ is the power losses in the rectifier. RD is the equivalent resistance of rectifier. In 

case of ideal switches Ὑ π.  

 2.1.3 Ripple Factor (RF): 

Ripple Factor is a measure of the ripple content. It denotes smoothness of voltage 

waveform in the output of the rectifier or the quality of rectification.  

ὙὊ
 

     (2-11) 

Where ὠ  ὠ  ὠ   is the rms value of the ac component of the load voltage ὠȢ 

 2.1.4 Transformer Utilization Factor (TUF): 

Transformers provide isolation between the input of the rectifier and grid. TUF is the ratio 

of the DC output power to the transformer volt-ampere (VA) rating required by the secondary 

winding [6]. 

ὝὟὊ 
 
 

ὖὈὅ
ὠὃὴ ὠὃί
ς

    (2-12) 

Where, ὠὃ and ὠὃ are power ratings at primary and secondary of the transformer. 

 

 2.2 Classification of Rectifiers 

Rectifiers have evolved to a mature state. There have been many rectifier topologies since 

the evolution of diodes and thyristors. Uncontrolled or line-commutated rectifiers usually consist 

of diodes. Most diode rectifiers have fixed frequency input AC voltages, fixed DC output voltage. 

Controlled rectifiers or Phase-control rectifiers have control on switching devices and usually 
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consist of thyristors where the thyristors act as a switch and have two states: ON state and OFF 

state (i.e. achieved by providing suitable gate trigger pulse). In the case of diode rectifiers, load 

current flows when diodes conduct and in the case of phase rectifiers, the load current flows when 

the thyristors conduct. Fig. 2.2 shows an attempt to classify the rectifiers based on their operational 

control [6]. 

 

Fig. 2.2: Rectifier Classification [6] 

Apart from these two categories shown Fig. 2.2, there are many hybrid rectifier constructions 

proposed by researchers, which are popular in the industry. Traditional rectifiers are usually constructed 

using diodes. These diode rectifiers are also vital in the home and in industrial equipment to feed in-

between DC link to electronic circuitry. To include all the constructions and the state of the art of these 
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constructions can be very prolonged. Another rectifier classification, based on the direction of power flow, 

regenerative rectifiers can be found in the literature [10] [11].  In the following sections, few of the most 

common rectifier constructions are discussed.  

 2.2.1 Uncontrolled Rectifiers: 

 2.2.1.1 Single-phase Half-wave Diode Rectifier:  

 

Fig. 2.3: 1 - ‰ unidirectional half-wave rectifier 

 

Fig. 2.4: Voltage and current waveform of 1 - ‰ half-wave rectifier 
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As shown in the Fig. 2.3, the 1 - ‰ half-wave diode rectifier with resistive load gives the 

fixed average output voltage. The diode conducts during the positive half of cycle (i.e. T/2). During 

the negative half cycle, the diode is reverse biased and acts as an open circuit. From observation 

of the voltage and current relationship of this circuitry, peak voltage ὠ   ὠ  . The inverse 

voltage seen by the diode in its blocking state is the negative half cycle of the AC voltage 6 ὸ. 

Using the equation 2-1,  

ὠ  
ρ

Ὕ
ὠ ὸὨὸ  

᷿ὠ ίὭὲὸὨὸ     (2-13) 

Similarly,  

ὠ  
ρ

Ὕ
ὠ ὸὨὸ  

᷿6   ÓÉÎʖÔ ÄÔ      (2-14) 

Ὅ
 Ͻ  

     (2-15) 

Ὅ  z      (2-16) 

ὊὊ        (2-17) 

ὙὙ  πȢτπυ      (2-18) 

ὙὊ    
 

 ρȢςρ    (2-19) 

 2.2.1.2 Single-phase full -wave diode rectifier:  

Full-wave rectifier using CT(Center Tapped) transformer uses both halves of secondary 

AC. Diode D1 conducts during the first half cycle and Diode D2 conducts during the other half 
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cycle. The center tap provides the return path for current to flow. The load current Ὅ flows through 

the common point of the diodes through the resistor. Combining the output of two of these half-

wave rectifiers, 1- ‰ full -wave rectification in load achieved. The full-wave diode rectifier using 

center-tapped transformer is showing Fig. 2.5.   

 

Fig. 2.5: 1 - ‰ Full-wave rectifier using CT transformer [8] 

Using the equation 2-1,  

6
ρ

4
6 ÔÄÔ  

᷿6 ÓÉÎʖÔÄÔ ς      (2-20) 

 ὠ ᷿ὠ ὸὨὸ  

᷿ὠ  ίὭὲὸ Ὠὸ  
Ѝ

    (2-21) 

Ὅ   ς
 z  

     (2-22) 

Ὅ  
Ѝᶻ

     (2-23) 

ὊὊ    
 Ѝ
 ρȢρρ    (2-24) 

ὙὙ    πȢψρ     (2-25) 
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ὙὊ     
 

  πȢτψσ   (2-26) 

Although this rectifier performs better than the half-wave, there are some drawbacks. When 

D1 conducts, D2 see the inverse voltage of both the secondary in the blocking state.  

Fig. 2.6 shows the most commonly used bridge rectifier.  

 

Fig. 2.6: 1 - ‰ full-wave diode-bridge and diode-bridge rectifier 

The bridge rectifier has the similar waveform that of CT rectifier but the construction of 

this rectifier is simple. Output waveform shown in the Fig. 2.7 displays the voltage and current 

relationship of the 1- ‰ full -wave diode rectifier using center-tapped transformer and the diode 

bridge. During the positive half cycle, diodes D1 and D4 conduct, providing ὠ . During the 

negative half cycle, diodes D2 and D3 conduct, providing ὠ . In each cycle, all the diodes 

conduct for the same amount of time.  

The following table adapted from [6] summarizes the rectifier parameters for single-phase 

rectifiers as discussed in the prior section.  
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Fig. 2.7: Voltage and current waveform of 1 - ‰ full -wave rectifier 

Table 2-1: Parameters for single-phase diode rectifiers 

 Half-wave Rectifier CT Rectifier Diode Bridge 

Form Factor 1.57 1.11 1.11 

Rectification Ratio 0.405 0.81 0.81 

Ripple Factor 1.21 0.482 0.482 

Peak Repetitive reverse voltage (ὠ  ) 3.14 VDC 3.14 VDC 1.57 VDC 

rms Input voltage per transformer leg Vs 2.22 VDC 1.11 VDC 1.11 VDC 

Output ripple frequency fr 6 fi 12 fi 12 fi 

Diode Average Current 1.00 IDC 0.50 IDC 0.50 IDC 

Transformer rating primary VA 2.69 PDC 1.23 PDC 1.23 PDC 

Transformer rating secondary VA 3.49 PDC 1.75 PDC 1.23 PDC 

The values in the table are in terms of ὠ .   
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 2.2.1.3 Variations in single-phase rectifier circuit ry :  

Voltage multiplier: 

Voltage multipliers are specified rectifier circuitry, which theoretically produces a voltage 

which is an integer multiple of the AC peak value. Voltage multipliers are usually employed when 

very high-voltage sources are required, the current demand is small and regulation is not important 

in the rectifier system [9]. The voltage doubler circuit converts the peak of AC input voltage ὠ to 

direct voltage output ςϽὠ  by transferring charge from one capacitor to another during the positive 

half cycle and recharging the first capacitor without discharging the other capacitor in the negative 

half cycle [9].  

 

Fig. 2.8: 1 - ‰ Full-wave Doubling circuit 

The operation of this circuit is as follows: Diode D1 operates in the positive half cycle 

and charges the capacitor C1, Diode D2 operates and charges C2 during the negative half cycle. 

Voltage Doubler circuit exhibits very high inrush currents with input capacitors. Resistors Rs1 
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and Rs2 restrict these inrush currents. Here, ὅρ  ὅς and Ὑ  Ὑ . 

 

 2.2.1.4 Poly-phase rectifier systems: 

In the singleïway structures i.e. one diode per phase, each diode conducts while, the other 

diodes are in a blocking state.  The operation of these structures becomes more suitable as the 

number of phases increases. Fig. 2.9 shows the representation of a single-way rectifier with m 

phases. Each phase has same voltage amplitude and same frequency. 

 

Fig. 2.9: m-phase single way rectifier 

Fig. 2.10 shows the waveform of the voltages (here m = 3) and of the current in the load. 

There is a phase shift of 2ˊ/m rad between the voltages. Each diode conducts for 2ˊ/m rad. It can 

be seen that in one period there are a specific number of peaks (pulses), depending upon the number 

of phases and rectifier structure. In single-way structures, the number of pules (p) equals to number 

of phases (m), i.e. m = p.  



17 

 

Fig. 2.10: single way rectifier waveform (m = 3)  

The rectified voltage ὠ  can be written by,  

ὠ   
 

Ⱦ  ᷿
ὧέίὸὨὸ   

ὠϽ 
 
             (2-27)[13] 

ὠ 
Ⱦ
᷿ ὧέίὸὨὸ   

ὠ  ρ      (2-28) 
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From the definition of Form Factor (FF),  

ὊὊ

 
  

 

  
 
 

     (2-29) 

It is seen from eq. 2-29 that ά O  Њ ὊὊ   O  ρ ὙὊ O π    (2-30) 

It means that by increasing the number of phases in a poly-phase single-way rectifier structures, 

the rectification can be improved i.e. smoother output voltage. It is possible to increase the number 

of pulses using a higher number of secondary coils in the secondary transformers. 

There is a significant amount of details and variations of these transformers and their 

interconnections found in the literature. (For more examples, see [[6] [13]) Few basic topologies 

shown below and are from [6]. 

A basic 3-◖ star-rectifier circuit is shown in Fig. 2.11. It is three single-phase half-wave 

rectifiers combined. The diode in each phase conducts during the period when the voltage on 

that phase is higher than that of the other two phases.  

 

Fig. 2.11: Three-phase star rectifier 
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The single-phase half-wave rectifier and the three-phase star rectifier shown in Fig. 2.11 

have direct currents in the secondary windings which cause transformer core saturation issues [6]. 

This core saturation can be avoided by having the zig-zag arrangement in secondary windings. The 

modified circuit is shown in Fig. 2.12. In a three-phase inter-star rectifier each secondary phase 

voltage is obtained from two equal-voltage secondary windings connected in series. The currents 

in the primary of the transformer do not sum to zero so itôs not preferable to have star-connected 

primary windings [6].  

 

Fig. 2.12 : Three-phase inter-star or zig - zag rectifier 

Connection with conventional three-phase mains and using m = φ six-phase star rectifier 

can be represented as shown in Fig. 2.14. The diode in each phase conducts when the voltage in 

that phase is higher than other phases. The diode conducts for “Ⱦσ conduction angle. The 

disadvantage of this rectifier is that only one rectifying element conducts at a time poorly utilizing 

secondary of the transformer.  
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Fig. 2.13 : Six-phase star-connected rectifier recreated from [6] 

 

 2.2.1.5 Three - phase diode bridge rectifier 

Instead of having a separate winding for a single pulse for each phase, it is possible to reduce 

the number of windings by having twice number of pulses than phases, i.e. ὴ  ςά. Three-phase 

diode bridge rectifier shown in Fig. 2.15 is most commonly used three-phase diode rectifier circuit 

for low power applications. The conduction angle of each diode is ς“Ⱦσ. Each diode conducts in 

a sequence. The conduction sequence for diodes is 12, 23, 34, 45, 56 and 61. The voltage and 

current waveforms of the three-phase diode bridge rectifier are shown in Fig. 2.16.  



21 

 

Fig. 2.14: Three-phase diode Bridge rectifier 

Using the equation 2-1,  

ὠ   
ρ

Ὕ
ὠ ὸὨὸ  

φ

ς“
Ѝσὠ ίὭὲὸὨὸ 
 

 

 

 
Ѝ
  ρȢφυτϽὠ      (2-27) 

ὠ  ᷿ὠ ὸὨὸ       

 ᷿ ὠ   ίὭὲὸ Ὠὸ 
 

  ρȢφυυϽὠ     (2-28) 

The rms current from each winding can be given by, 

Ὅ   
Ѝ 

  
   

Ѝ      (2-29) 

Ὅ   
Ѝ 

  
   

Ѝ      (2-30) 

ὊὊ ρȢππω       (2-31) 

ὙὊ    
 

 πȢπτς     (2-32) 
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Fig. 2.15: Voltage and current waveform of the three-phase bridge rectifier 

In Fig. 2.15, the secondary of the transformer is in Y configuration. It is possible to increase 

the number of pulses of a diode rectifier without having one phase per conducting element or even 

in the case of bridge connection. From the three-phase mains distribution, four combinations for 

the connections at primary and secondary are possible for a distribution transformer: ὨὩὰὸὥ
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ὨὩὰὸὥ, ὨὩὰὸὥὣ, ὣ  ὨὩὰὸὥ and ὣ ɀ ὣ as shown in Fig. 2.17. Star and delta connected 

secondary have natural phase shift of “Ⱦφ in output voltage. By connecting star connected and 

delta connected bridge rectifier together, it is possible to achieve rectification as if it is 12-pulse 

rectifier.  

 

Fig. 2.16: Three-phase transformer connections  

A delta primary has three main lines without neutral and avoids excitation unbalance. Each 

winding is tied to two lines. The delta primary avoids excitation unbalance as the non-sinusoidal 

exciting currents taken from the supply creates complete ampere-turn balance. As compared to 

delta secondary with the same turn ratio between primary and secondary, Y secondary has some 

advantages. Mainly the rectified voltage is Ѝσ times higher; the current in the windings is same as 

in the load and it has an easily accessible common zero-point [13]. In the case of three-phase diode 

bridge rectifier, any combination of star or delta connected primary and secondary are feasible as 

the currents in the secondary are symmetrical [6].   

 

 2.2.1.6 Six - phase diode series bridge rectifier 

Three-phase star connected and delta-connected rectifiers connected in series make the 

series bridge connection of these multi-pulse rectifiers. The combined output will have double 

ripple frequency on dc (in this case 12 times the input frequency). Fig. 2.17 shows six-phase series 

bridge rectifier. Other parameters of this series bridge rectifier are described in Table 2.2[6].    
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Fig. 2.17: Six-phase series bridge connection [6] 

 

 

2.2.1.7 Six - phase diode parallel bridge rectifier 

Another application by connecting these star and delta connected bridge rectifier is six 

phase parallel bridge. Fig. 2.18 shows a six-phase parallel bridge rectifier. Six-phase Series 

Bridge provides a higher voltage at the output; however, to have higher current output, the 

parallel bridge can be used. Similar to the six-phase series bridge, six-phase parallel bridge has 

higher ripple frequency (12 times the input frequency)  

The table 2.2 from [6] summarizes some important rectifier performance parameters for six-

phase rectifiers. 
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Fig. 2.18: Six-phase parallel bridge connection [6]  

 

Table 2-2: Parameters for six-phase diode rectifiers 

Parameter Six-phase 

star 

rectifier  

Six-phase series 

bridge rectifier  

Six-phase parallel 

controlled bridge 

rectifier (inter -phase 

transformer)  

Form Factor 1.0009 1.00005 1.00005 

Rectification Ratio 0.998 1 1 

Ripple Factor 0.042 0.01 0.01 

Peak Repetitive reverse voltage (ὠ  ) ςȢπω ὠ  πȢυςτ ὠ  ρȢπυ ὠ  

rms Input voltage per transformer leg VS πȢχτ ὠ  πȢσχ ὠ  πȢχρυ ὠ  

Diode Average Current πȢρφχ Ὅ  πȢσσσ Ὅ  πȢρφχ Ὅ  

Output ripple frequency Ὢ φ Ὢ ρς Ὢ ρς Ὢ 

Transformer rating primary VA ρȢςψ ὖ  ρȢπρ ὖ  ρȢπρ ὖ  

Transformer rating secondary VA ρȢψρ ὖ  ρȢπυ ὖ  ρȢπυ ὖ  
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With more pulses, rectifiers will have better utilization, less ripple, and higher ripple frequency. 

These high ripple frequency ripples are relatively easier to filter. The advantages of systems with 

the number of pulses higher than 12 has limitation of increased complexity of the rectifier system 

[11].  

It is important to vary the output of the rectifier to fit the demands. Diode rectifiers provide 

the output voltage with fixed ratio of input AC voltages. To match the demands, the diodes in the 

diode rectifiers are substituted with all or some thyristors. The following sections will provide 

more information on such topologies.   

 

 2.2.2 Fully Controlled Rectifiers 

Uncontrolled rectifiers do not have control on the voltage converted from AC to DC. This 

control on converted power is achieved with the use of devices like thyristors, transistors etc. Fully 

controlled rectifiers can be classified broadly, in terms of their control, as line commutated 

(thyristor rectifiers) and force commutated rectifiers (PWM rectifiers).  This section will provide 

information on the common commutated rectifier. 

 2.2.2.1 Single-phase Half-wave Rectifier:  

Single-phase half-wave thyristor rectifiers can be constructed as shown in Fig. 2.19. A 

single thyristor controls the load voltage. The only thyristor in the circuit conducts, when the 

voltage across thyristor ὠ is ὺὩ and a trigger pulse or gate pulse Ὥ is applied to the gate 

terminal.  


























































































































































