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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.



Table of Contents

LIST OF FIQUIES ...ttt bttt et se e st e et ne et e e beeneenreeeeenee e vii
LISE OF TADIES ...ttt ettt et esreebenreesreenee s X
LiSt OF ADDIEVIALIONS .....ocvieiiiiese bbb bbb Xi
ACKNOWIBAGEMENTS ...ttt et e st et e e e s ae e e e reesbeeaesneesreeneanee e Xii
=T [ o= U1 o] o ISR xiii
Chapter 1 - INTFOUCTION .......c.eeiiieieii et b bt 1
Y o] {72 [0 o SRRSO 1
1.2 Problem STALEMENT........cueieieieiecc ettt bbb reanes 2
IR IS - LN ) A o PSS RR 2
IR @0 11 1o 1F 1 X o PSR 4
1.5 OULIINE OF TRESIS...ecuviiiieitieie ettt et r et e et sne e teeneeeneenbeeneeeneenes 5
Chapter 2 - LItErature STUAY ........cccveiuiiieieeie sttt et te e sre e nne e 6
2.1 BasSiC ReCHTIEr PArAMELEIS ........oiiieieiie ettt sraereenee e 7
2. 1.1 FOrM FACON (FF): oottt 7
2.1.2 Rectification RALIO (RR): ...c.eiiiiiieiiiie e 7
2.1.3 RIPPIE FACLOr (RF): oottt et e te e nas 8
2.1.4 Transformer Utilization Factor (TUF): ..o 8

2.2 Classification Of RECUTIEIS........cciueiiiie et 8
2.2.1UNCONtrolled RECHTIEIS: ....c.eeeee e 10
2.2.1.1 Single-phase Half-wave Diode ReCtifier: .........ccccovveviiiiiiciice e 10
2.2.1.2 Single-phase full-wave diode rectifier:..........ccccoiiieiiic i 11
2.2.1.3 Variations in single-phase rectifier CIrCUITIY: .........cccoeiiiiiiniiiceese s 15
2.2.1.4 Poly-phase rectifier SYSIEMS: ......c.oiiiiiiiiieee e 16
2.2.1.5 Three - phase diode bridge rectifier ... 20
2.2.1.6 Six - phase diode series bridge rectifier.........cccocvovveieiiciiccce e 23
2.2.1.7 Six - phase diode parallel bridge reCtifier ... 24

2.2.2 FUlly Controlled RECHITIEIS .......cciiiiieieie st 26
2.2.2.1 Single-phase Half-wave ReCtIfier: .........cccoviiiiiie e 26
2.2.2.2 Single-phase Thyristor Bridge ReCtTier: ... 28



2.2.2.3 Three-phase controlled reCtifier: ... 30

2.2.3 Half- Controlled RECHITIEIS ......cciiiiie et 33
2.2.2.1 Single-phase half-controlled rectifier SYStemMS...........cocoviiiiiiiicic e 33
2.2.2.2 Three-phase half-controlled rectifier SYStemS. ..........ccocviviiiiiniinicicee e 35
2.2.4 Popular rectifier topologies for PFC: Vienna Rectifier .........c.ccocvvveiiievicic e 36
2.3 Commutation and Harmonics DIStOrION ..........cccvierieierieienic e 40
2.3. 1 HarmoniCS AN PF: ...t ettt sre e 41
2.3.2 Power factor and displacement power factor ... 43
2.3.3 Harmonics MITIGAtION .........cocuviieiicieee ettt nre e 44
2.4 CoNCIUSION aN0 FEMATKS. ......cuiiiiiiieieieie ettt a et b b sneeneas 46
Chapter 3 - SWitching and CONIOL ..o 47
3.1 SWILCNING SCREME......e bbb 48
3.1.1 Sinusoidal Pulse Width Modulation (SPWM) .......cccoieiiiiiieieece e 48
3.1.1.1 Modulation INeX (IM): ..c..eceeieee e 52
3.1.2 Third Harmonic SPWM (THIPWM) ......cociiiiiiiiie e 53
TN G I @ 1Y = 1T T (1] A o] o PSR 56

IR I o0 (o] I8 (=To! a1 0T (UL OSSR 58

3.3 L PID CONIOIIET .....eeiiiieeiieee e bbbttt eb e 58
3.3.1.1 Proportional CONtrol 8CHION: ........ccuoiviiiiiiiiieeeieee e 59
3.3.1.2 Integral Control ACLION: ........cuiiiiiiiieie e 60
3.3.1.3 Proportional-Integral Control ACtiON:..........cccoviieiieie e 61

3.3.2 Controller of the SYSIEM .......cci i 61

3.3.3 Precharge MeChaniSm ..o 62

N @0 0 Tod 1§ LY o] g = To I =1 0 =V S 65

Chapter 4 - Laboratory SEIUP.......coveii ettt et nre e s e anas 66

4.1 SIMUlation reSults OF SYSTEM .......c.uiiiiiiiii e 66

4.2 SYSEEM AITANGEMENT. .....eiitiiiieiti ettt b ettt e e bt e nneenes 69
4.2.1 SIC MOSFET Qate OIVET......ccuieiieieieiieiiesie sttt sttt st 71
A.2.2 FIIEEI BOAIM ...ttt sttt neesbe e e 74

4.3 CoNCIUSION AN FEMATKS. .....cueiiieiece et et 77

Chapter 5 - FINdiNgS @nd ANAIYSIS..........oiiiiiiiieieiese e 78



5.1 30 Hz input supply vOItage OPEration ..........cccccueieerieiiieiieie et 78

5.2 40 Hz input supply vOItage OPEration ..........cccccueieereiiieii et 82
5.3 50 Hz input supply VOItage OPeAration .............ccovieeieieriiiieiciesie e 88
5.4 CoNnCluSION and reMATKS.........cuiiiiiiee e et sre e s 93
Chapter 6 - Conclusion and FULUIE WOIK ..........cccueiiiiiiiieie e 94
5.1 SUMMIAIY ...ttt ettt ettt ekt e bt e s Rt e e eab e e nnb e e e nbb e e e nbb e e e nbneeenreas 94
6.2 FULUIE WOTK ...ttt sttt et n e be e be e e nreeeas 94
RETEIBINCES ... ettt r et e bt e s e s Re e bt e r e e e b e e be e e e ere e beenteeneenre et 96
Appendix A - Mathematical ANAIYSIS.........c.coiveiiiieiece e 99
Appendix B - Desired hardware SChEMALICS............coueiieiiiiieiicie e 102

Vi



Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.

List of Figures

1.1: Energy bandgap inN MALerialS ...........cooiiiiiiiiiiiieeee e 2
1.2: Band gap of semiconductors Materials.............coiriiieieieiiic e 3
2.1: BaSIC reCHTIEr CIFCUIIY .eouviiie ettt nre e 6
2.2: Rectifier ClassifiCation [B] ......cccoveiiiiieeiiiie it 9
2.3: 1 - ¢ unidirectional half-wave rectifier ... 10
2.4: Voltage and current waveform of 1 - ¢ half-wave rectifier...........cccocovvveviviiciicnnenen, 10
2.5: 1 - ¢ Full-wave rectifier using CT transformer [8].......ccccevviiiiiviviiicieece e 12
2.6: 1 - ¢ full-wave diode-bridge and diode-bridge rectifier ............ccccooviivieiieiiciiccec, 13
2.7: Voltage and current waveform of 1 - ¢ full-wave rectifier...........cccoocevveiiiiiiiicnnenen, 14
2.8: 1 - ¢ Full-wave Doubling CIFCUIL .........ccoveiiiiie e 15
2.9: m-phase Single Way FeCHTIr..........cccviiiiiee e e 16
2.10: single way rectifier waveform (M = 3) ... 17
2.11: Three-phase Star rECHTIEN .........ccuiiiieiee e 18
2.12 : Three-phase inter-star or zig - zag reCtifier ..........ccoovveieieiiiee e 19
2.13 : Six-phase star-connected rectifier recreated from [6] ..........cccocvevviieiiiccieiic e 20
2.14: Three-phase diode Bridge reCtifier.........cccoveiiiiiiic i 21
2.15: Voltage and current waveform of the three-phase bridge rectifier..............ccccooeneenn. 22
2.16: Three-phase transformer CONNECLIONS............ooiiiriiieieie et 23
2.17: Six-phase series bridge connection [6]..........cccevieiiiiiiicic e 24
2.18: Six-phase parallel bridge connection [6].........cccccveviiiiiiiciece e 25
2.19: Single-phase thyristor rectifier with resistive 10ad.............ccocoiiiiiniiiii 27
2.20: Single-phase thyristor rectifier with resistive 10ad [6] ..........ccoovvvriiriiiiiiiie 27
2.21: single-phase thyristor bridge with resistive 10ad ..............cccooevieiiiicicc e, 28
2.22: Waveform of single-phase thyristor bridge with resistive load [6].............ccccovevurnnene. 29
2.23: Three-phase thyristor rectifier with resistive 10ad............c.ccocooiinininiiii 30
2.24: Waveform for 3-¢ thyristor rectifier resistive load (simulated at @ = 60°)............... 31
2.25: Waveform for three-phase thyristor rectifier for different firing angles....................... 32
2.26: Single-phase half-controlled rectifier Configuration 1............ccccoeoviiiiiiinincinenne, 33
2.27: Single-phase half-controlled rectifier Configuration 2...........cccccceevveiieiiiecie e, 34

vii



Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.

2.28: Single-phase half-controlled reCtifier..........ccooeviiiiiieiice e 34
2.29: Three-phase half-controlled reCtifier..........ccoveii i 35
2.30: 3-¢ half-controlled rectifier for wind turbine system recreated from [12]................... 36
2.31: Unidirectional SWitCh repreSentation............coocvoeiieieieiene e 37
2.32: Three-phase three level Vienna Rectifier [16] .......c.ccccevveieiieiveiecicseee e 37
2.33: Recreated Vienna rectifier PLECS model [21] .....covovveiieieiieieee e 38
2.34: Waveform of Vienna rectifier PLECS MOdel ........cccoceviriiiiiiiieeee e 39
2.35: Basis Hysteresis control for three-phase active rectifier [21] ..o 39
2.36: Commutation repreSENTAtiON ..........cccveieeiieiiie et 40
2.37: Effect of overlap angle x on voltages and currents [14].......cccoovvvvineienenenesencenenns 41
2.38: Typical poor power factor voltage and current waveform [7] ......cccccoovvevviiniiiennnnnnnn 42
2.39: Power factor representation in non-linear 10ad [14].........ccocoiiiiiinieienenenc e 43
2.40: Structure Of PasSIVe TN .........covci e e 45
3.1: Proposed aCtiVe FECHITIEN .........ccvc i e 47
3.2: Standard Pulse-Width modulation Waveform ...........ccccveiiiinnieie e 49
3.3: Typical grid CONNECIE VS .......oiiiiiiieieee e 50
3.4: Three-phase sinusoidal PWM switching pattern............cccooveveiieiecicseecc e 51
3.5: Three-phase sinusoidal PWM with injected third harmonic [18] ........ccccceoviiiiievieenee 56
3.6: Overmodulation in fundamental and carrier [18].......ccccoveiiiiiirininieee e 57
3.7: Control system representation with automatic controller [18].........cccccoovviieiiiniininnnn 59
3.8: P/1 control for desired voltage COrreCtion...........ccvevveieeiicie i 59
3.9: PI control for desired voltage COrreCtioN ...........c.coveeeiieii e 60
3.10: Controller TOr the SYSTEIM .........oii i 61
3.11: BaSIC PreCarge CINCUIT .........eiviiuieieeiieiee ettt 63
3.12: Precharge FIOWCNhAIt..........c.ooiiiiee e e 64
4.1: SYSEM SIMUIALION ....c.iiiiiiciiie et e e e s e e e ree s 66
4.2: System simulation: Line to Line Voltages, Line currents and VAC..........cccocevvreriennne 67
4.3: Measured real power from the Simulation.............ccccooeiiiiinii 68
4.4: Measured reactive power from SIMUIAION .........c.coveiiiiiiiiiiic e 68
4.5: Power factor for the system from simulation ..............cccooveiiiiie e 69
4.6: EXPErIMENTAL SEIUD ....veviiiiieiiieieeee ettt bbb 70

viii



Fig. 4.7: Experimental ENVIFONMENT.........ccoiiiiiiiie it ae e e e 70

Fig. 4.7: Experimental ENVIFONMENT..........coiiiiiiiiie it e e 71
Fig. 4.8: CREE 1200 V SiC 6 pack MOSFET MOUIE ........ccocoieiiiiiiiiiiieeeeee e 72
Fig. 4.9: CREE 1200 V SiC 6 pack MOSFET Module [23] ......coooiiiiiiiiiiiieeeeee e 73
Fig. 4.10: AC side and DC Side FIlTer.........cceiieii e 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. ............c.ccoeevrvreiiinencnnnne 76
Fig. 5.1: Input: Vin = 45 VLI, T =30 HZ oo 78
Fig. 5.2: Line currents (Nonfiltered and Filtered)..........cccoo e 79
Fig. 5.3: Line currents in @ SiNGIE CYCIE ........oiueeii i 80
Fig. 5.4: THD INTINE CUMTENT La.uicviiicieieiecie ettt esneene s 80
Fig. 5.5: power factor for 30 Hz supply VOITAgE .........cccoiiiiiiiiccec e 81
Fig. 5.6: Input: Vin = 60 VLL, T T A0 HZ ..o 82
Fig. 5.7: Line currents (Nonfiltered and filtered) ..........cocooiiiiiiiiiii e 83
Fig. 5.8: Line currents in SiNGIE CYCIE ..o 84
Fig. 5.9: THD in Ia for 40 Hz SUpply VOItAQE.........ccoveiuiec e 85
Fig. 5.10: Power factor for 40 HZ SUPPIY......coveiiiie et 85
Fig. 5.11: Output DC voltage, DC current and calculated output POWET..........ccccccvevvevieiieiieenens 86
Fig. 5.12: Input: Vin = 75 VL, T =50 HZ oo 88
Fig. 5.13: line currents (Non-filtered and filtered) at 50 Hz supply .......ccccovviiiiiiniiie, 89
Fig. 5.14: Line currents in @ SINGIE CYCIE .......ooviiiie e 90
Fig. 5.15: THD in lINE CUITENE 18 ..c.veiiiiiecic ettt re e 90
Fig. 5.16: Power factor for 50 HZ SUPPIY......coveiieiieiicceec et 91
Fig. 5.17: Rectified DC voltage, DC current and calculated output pOWer ..........ccccceoeveieniennnne 92
Fig. A.1: Three-phase fully controlled bridge rectifier...........ccccooiiiiiiiniic 99



List of Tables

Table 1-1: Key properties for semiconductor materials [4].......cccoovrieiieienieiiee e 4
Table 2-1: Parameters for single-phase diode rectifiers ... 14
Table 2-2: Parameters for six-phase diode reCtifiers .........cccvovvieeieeie i 25
Table 4-1 SIMUIAtION PArAMELETS ... .ccviiieiiecie et re e e areesreereanee e 67
Table 4-2: Hardware parameters [23] .......ooooiiiieeesese e 72
Table 4-3: Pinout table for X1 CONNECION ........cvviiiiiie e 73
Table 4-4 Filter DOArd PAramMELErS.........ccueiieiieieieeiteeie st ste e e et e s e e e e steesae e sreenneanee e 74



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

Xi



Acknowledgements

| am grateful for the support of Dr. Behrooz Mirafzal who is just not my major advisor but
also a mentor. | 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. | 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.

xii



Dedication

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

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

Xiii



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.



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 —phase 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 — 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.

overlap
/ conduction

Electron energy

valence

band

metal semiconductor insulator

Fig. 1.1: Energy bandgap in materials



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 n; 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.

Si=1.1leV
SiC=3.3eV
GaN = 3.4eV

Diamond = 5.5eV

Fig. 1.2: Band gap of semiconductors materials

The leakage currents are proportional to n; or n;2 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.



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

Parameter Si 4H-SiC GaN Diamond
Energy bandgap E, (eV) 1.1 3.3 3.4 55
Critical electric field E. (MV/cm) 0.25 2.2 3 10

Electron drift velocity Vi, (cm/s) | 1x 107 | 2x 107 | 2.2 x 107 | 2.7 x 107

Thermal conductivity 2 (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 di/dt and dv/dt 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.



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.



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.

Vs(1)

_H_ V.(t) LoAD

Fig. 2.1: Basic rectifier circuitry

Fig. 2.1 shows a basic rectifier circuitry. Where, Vs(t) is the instantaneous input voltage
and V; (t) 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 — 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:

Voe =32 J, V(D) (2-1) [6]

Where V. is the average DC voltage.



The root-mean-square (rms) value of the load voltage can be expressed as:

V= |z f, VA (@®)adt (2-2)
Where V}, is the load voltage.
The currents can be written as,
AOEE= (2-3)
Ipc = VR_DLC (2-4)
L= (2-5)

Where Ip is average value of load current and [; 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.

FF = 2L (2-6)

Vbc

2.1.2 Rectification Ratio (RR):

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

N = 25 = ()2 (2-7)

Pr+Pp

Where



Ppe = Vpe - Ipc (2'8)
PL: VL 'IL (2'9)

Pp=Rp - I 2 (2-10)
Here, Pp is the power losses in the rectifier. Rp is the equivalent resistance of rectifier. In
case of ideal switches R, = 0.
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.

/V 2-vpc?
RF = Yac _ NPT 7P (2-11)

Vbpc Vbc
Where V. = / V> — Vpc? is the rms value of the ac component of the load voltage V.

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].

P P
TUF = V_ch = TQE,AS (2-12)
2

Where, VA, and VA 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



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].
[ -] [
— —{ Half-wave —  Diode bridge
ﬂ' Single phase - =
— L Using CT
Full wave transformer |
—
[ — Voltage doubler
—‘ Uncontrolled  — [ g
— Half-wave —
—  Three-phase - — Bridge
- Fullwave — — —
» — Multiphase —  Star rectifier
[ ———————— |
= | Half controlled —
g || L ——— Half S
& - alf-wave —
—  Single phase — Bridge circuit
Full wave
— <|:h Using CT
— ] transformer
—‘ Fully Controlled — — — '
Half controlled
[ - ] [ [
' | Fully controlled
j Three-phase Full wave bridge
M
PFC

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



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:

()

oY

A %o |

Fig. 2.3: 1 - ¢ unidirectional half-wave rectifier
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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 Vy,qox = V;, . The inverse
voltage seen by the diode in its blocking state is the negative half cycle of the AC voltage V(t).

Using the equation 2-1,
1 T
VDC = _f VL(t)dt
T 0

= — [V, sin(wt)dt = = (2-13)

Similarly,

1 (7 2
T 0

1 (T . Vs
= \/E Jy V% sin?(wt) dt = - (2-14)
—Ypc _ Vs -
Ipc = R.  m Ry (2-15)
_n_ _
IL - Rj, - 2*Rj, (2 16)
FF=2==L (2-17)
Vbc 2
RR = (-)? = 0.405 (2-18)
/V 2-vpc?
RF = Yo =N " 7° _ 421 (2-19)
Vbc Vbc

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

11



cycle. The center tap provides the return path for current to flow. The load current I, 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.

N
-1
D1
Vs(®)
Vi
Ve(t) —__ i
R -
Vs(®)
D2
N
1

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

Using the equation 2-1,

1 T
VDC = —f VL(t)dt
T 0

=~ [ Vy sin(wt)dt = 2 "? (2-20)
V= |3 [ VAt

= \/%IOT V.2 sin?(wt) dt = \‘//—% (2-21)
Ipe = VRLf = zn‘:—;L (2-22)
I = =g (2-23)
FF = VV—DLC = = =111 (2-24)
RR = (-)? = 0.81 (2-25)
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/V 2-vpcd)
RF = Yee _ N1 7PC° _ g 4g3 (2-26)

Vbpc Vpc
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.

D1 )S D2 /\

) V: 120
. 6 w: 2*pi*60 H R1

17T

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

Single-phase 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 V.. During the
negative half cycle, diodes D2 and D3 conduct, providing V,,:. 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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AC Input Voltage
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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 1.57 111 1.11
Rectification Ratio 0.405 0.81 0.81
Ripple Factor 121 0.482 0.482
Peak Repetitive reverse voltage (Vgra ) 3.14 Vpc 3.14 Vpc 1.57 Ve
rms Input voltage per transformer leg Vs 2.22 Vpc 1.11 Vpc 1.11 Ve
Output ripple frequency f 6fi 121 12 f;
Diode Average Current 1.00 Ipc 0.50 Ipc 0.50 Ipc
Transformer rating primary VA 2.69 Ppc 1.23 Ppc 1.23 Ppc
Transformer rating secondary VA 3.49 Ppc 1.75 Ppc 1.23 Ppc

The values in the table are in terms of V..
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2.2.1.3 Variations in single-phase rectifier circuitry:
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 V,, to
direct voltage output 2 - 1, 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].

Rs1

[+

/\D1 =

Cl1

Full-wave Doubling Ciruit

Rload |:| 2Vm

! Vm Sin wt

@ VAN - ™

I+

Rs2

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, C1 = C2 and Rg; = Rs,.

2.2.1.4 Poly-phase rectifier systems:

In the single—way 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.

Vo () DI

™~
L1
V52 (t)
D2
I LA
L1
Vg3 (O .
D3 1
I AL N O,
1 l/l 1
VO i

Vioad (t) Ry

(T Do

[

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 2n/m rad between the voltages. Each diode conducts for 2n/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.
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Fig. 2.10: single way rectifier waveform (m = 3)

The rectified voltage V- can be written by,

T

Vpe = _@ cos(wt)dt

Vs
21/m

. Vs
sm(;)

= Vs [—=*1]

m

2m/m

2
v, =\/L "z cos?(wt)dt
m
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From the definition of Form Factor (FF),

in(2T
L [reTe
FF=-tft=3 " (2-29)
Vbc sin() ]
Itis seen from eq. 2-29 thatm — o0 => FF = VV—L - 1 =>RF -0 (2-30)
DC

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.

D,
~J
11
B
Ve Vry b
h
| | R ™~
Vin
—_— R
D, -
~J
Y L1

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 it’s not preferable to have star-connected

primary windings [6].

Vo

Ry

Vo

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

Connection with conventional three-phase mains and using m = 6 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 /3 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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Dy
Ds
D¢

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. p = 2m. 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 2rr/3. 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.
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Fig. 2.14: Three-phase diode Bridge rectifier

Using the equation 2-1,

1 (T 6 (%3
Vie = T,I; v, (t)dt = %fg V3V, sin(wt)dt

= 2m _ 1654-1,

s
VL = ’%IOT VLZ(t)dt

- jg Jo* Vi sin2(wt) dt = 1.655- Vg
3

The rms current from each winding can be given by,

V3 2 V3
lie = Tz (5T D)
V3vs |1 V3
L= 30 zGH D

FF = VV—L = 1.009

DC

/V 2-vpc®
RF = 22e =12 == 0042
DC

Vbc
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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: delta —
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delta,delta —Y, Y — delta and Y - Y as shown in Fig. 2.17. Star and delta connected
secondary have natural phase shift of /6 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 v/3 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 | Six-phase series | Six-phase parallel
star bridge rectifier controlled bridge
rectifier 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 (Vgruy ) 2.09 V. 0.524 V. 1.05 Vg,
rms Input voltage per transformer leg Vs 0.74 V4, 0.37 V4 0.715 V4,
Diode Average Current 0.167 I, 0.333 I, 0.167 I,
Output ripple frequency f; 6 f; 12 f; 12 f;
Transformer rating primary VA 1.28 P,, 1.01 Py, 1.01 Py,
Transformer rating secondary VA 1.81 Py, 1.05 Py, 1.05 Py,
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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 V- is +ve and a trigger pulse or gate pulse i is applied to the gate

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

The control of the load voltage is done by delaying the firing angle a. The Firing angle «
is measured from the position when a diode naturally conducts. More information on firing angle
or delay is in later sections. For the rectifier shown in Fig. 2.19, a is measured from a zero crossing

of the supply voltage V5. For a purely resistive load, Fig. 2.20 shows the voltage and current

relationship.
_vd
‘ I 4V
O&d dd ~—t » Wi
o% T 21y
! :
! |
|
I Vs :
"/iG |
C)Ak k » i

Fig. 2.20: Single-phase thyristor rectifier with resistive load [6]
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The thyristor is in non-conducting condition when the voltage across load reaches negative
value. Fig. 2.20 shows that the amount of power transferred depends on firing angle a. The average

load voltage is given by,

1 T
Vic(a) = > J Vinax Sin(wt) d(wt)
a

= %% (1 + cosa) (2-33) [6]

21T

Where V.. is peak supply voltage, a is firing angle or delay angle.

2.2.2.2 Single-phase Thyristor Bridge Rectifier:

A single-phase thyristor bridge rectifier with restive load using four thyristors to control
load voltage is in Fig. 2.21. Thyristors T1 & T2 receive gate pulses simultaneously making the
load voltage during the positive half cycle of source voltage. Thyristors T3 & T4 receive gate
pulses simultaneously making load voltage during negative half cycle. Single-phase thyristor
bridge rectifiers are line commutated as two gate pulses are applied simultaneously keeping the

other two thyristors in OFF state.

N Thyt X Thy3

>_2S Thy4 FZ‘S Thy?2

Fig. 2.21: single-phase thyristor bridge with resistive load
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The mean value of load voltage with resistive load is determined by,

Vee @ = = | Vi sin(wt) d(wt)

= [max (1 + cosa) (2-34)

T

Fig. 2.22 shows voltage and current relationship for single-phase thyristor bridge. The currents iy,

v lg2 ) Ig3 and Ig4 are gate pulse currents.
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Fig. 2.22: Waveform of single-phase thyristor bridge with resistive load [6]
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2.2.2.3 Three-phase controlled rectifier:

Three-phase controlled rectifiers can be half-wave or full-wave (bridge or six pulse)
rectifiers. The construction of these rectifiers is similar to that of diode rectifiers discussed in
previous chapters. This section will provide information on three-phase fully controlled rectifiers.
A fully controlled thyristor rectifier, replacing diodes with thyristors, is in Fig. 2.24.

iy

—

TS Thyt IS Thys | ON Thys

(RF— 1

V_3pht

>_2E Thya /N Thys N Thy2

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

Like the single-phase full-wave thyristor rectifiers, two sets of thyristors receive gate pulses
at the same time making a path for current to flow through load and go back to source. It is
important to provide gate pulses with appropriate delay. This delay is essentially the firing angle
in degrees or radians. The firing angle o as shown in the waveform of the three-phase controlled
rectifier Fig. 2.25, is comprised between the time instant when the thyristor will naturally conduct
as of diode and the time instant when the gate pulse is applied. Load voltage is represented as

function of the firing angle by,

T

6
Vdc(a)=%f3

a

+a

V3 Vs sin (wt + %) d(wt)



For0 <sa< (2-35)
3
Ve (@) = - V3 Vs cos(a)
= 1.65V; cos(a) 2-36)
Ve (@) = % J.7 \3Vs sin (wt + g)d(a)t)
For S<a< 2 (2-37)
Ve (@) = % V3 Vs [1+ cos (a + g)] (2-38)

PN =

2

Fig. 2.24: Waveform for 3-¢ thyristor rectifier resistive load (simulated at « = 60°)

More results of the different simulated waveforms with different firing angles are in Fig.

2.26. Equations of V,. are valid only when the thyristors are operating in continuous condition

mode. A continuous conduction mode of thyristor rectifier is the duration when DC voltage at the
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load is always positive. This is correct in case of the resistive loads. However, in practical
situations, the load is not always purely resistive. A discontinuous conduction mode of thyristor
rectifier is the duration of time when the DC voltage attains negative value due to the inductive

load. Mathematical analysis of both the operations is in Appendix A.

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

Until now, the assumption is that the commutation of these thyristors in the circuit is
instant. However, the thyristors are not ideal in practical applications. More information on the

commutation is presented in later parts of this chapter.
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2.2.3 Half- Controlled Rectifiers

Half-controlled or semi-controlled rectifier topologies, as the name suggests have limited
control on the output voltage. All or only some diodes are replaced with thyristors depending upon
applications.

2.2.2.1 Single-phase half-controlled rectifier systems

A semi-controlled full-wave bridge rectifier can be configured in multiple ways as shown
in Fig. 2.27 to Fig. 2.30. Operation of these topologies are simple. During positive half cycle, i.e.
positive V; , Thyristor 1 receives trigger pulse and the current flows through load and returns via
diode D3. During negative half cycle, Thy 2 receives trigger-pulse and the current flows through
load and returns via diode D4. Thyristor Thy 1 and D3 conducts during a < wt < m. Thyristor

Thy 2 and D4 conducts duringm < wt < 2.

iy (1)

—

TN Thy K Thy2

V(1)

\D, 7N D.

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

Operation of other configurations shown in Fig. 2.28 is like the one in shown Fig. 2.27.

The average voltage can be given by,
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Vdc (@) = = [ Viax sin(wt) d(wt)

= ZV% cos a (2-39)
i (1)
F%X Thy1
/\ Ds
o] [
/S Ty S b,

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

iy (1)

)_ZS Thyl
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&) JAN R

N Thy4 K Thy3

Fig. 2.28: Single-phase half-controlled rectifier

In configuration 3, thyristors Thyl and Thy3 receive gate pulses whena < wt < m.

During @ < wt < (mr + «a), the diode conducts and output of the bridge circuit is clamped to

zero. During (r + @) < wt < 2m, Thy2 and Thy4 conducts.
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2.2.2.2 Three-phase half-controlled rectifier systems

D1 /\ D2 /\ D3 /\

= [
s A2 K

Fig. 2.29: Three-phase half-controlled rectifier

The three-phase half-controlled rectifier is combination of diode-bridge and three-phase
thyristor bridge. Three-phase fully controlled converter can work as both rectifier and inverter
depending upon the firing angle a. When a < 90° the operation is considered as rectifying and
when a > 90° the operation is inverting or the inverter mode operation. If the application is just
for rectifying operation than upper or lower switches can be replaced with the diode.

Replacing the switches with diode make the rectifier to operate only in continuous
conduction mode i.e. voltage will be positive at all the times. The advantage of half-controlled
rectifier is that diode are used instead of all thyristors making the cost lower as in general switching
devices are more expensive than the diodes.

The average dc voltage can be given as,

3V2 Vinax
21

Vic(a) = (1+ cosa) (2-40) [6]

This half-controlled bridge is mostly used to make rectified dc to feed another VSl in series.

One such application of this circuit is shown in Fig. 2.30.
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Fig. 2.30: 3-¢ half-controlled rectifier for wind turbine system recreated from [12]

2.2.4 Popular rectifier topologies for PFC: Vienna Rectifier

Thyristor rectifiers are line commutated as previously stated, other transistor devices such
as IGBTs, MOSFETs and GTOs are commonly used with power factor corrector rectifiers. This
section will provide some information on one popular rectifier topology of Power Factor
Correctors (PFC) rectifiers: The Vienna rectifier.

As shown in Fig. 2.31 a Vienna rectifier uses unidirectional switches, which consist of
multiple diodes surrounding the switch. A six-switch active PWM rectifier and Vienna rectifier
have similar advantages in power factor correction. Both have sinusoidal input currents and
controlled dc voltage. However, the AC-DC controlled rectifiers shown in the previous section are
two level and six switches whereas the Vienna rectifier is a three level and three switch. The
disadvantages of Vienna type rectifiers are that they are unidirectional due to inherent nature of
the circuit; it takes four diodes to realize a bi-directional switch for each leg.

This rectifier is one type of three-switch boost converter making it vulnerable to inrush
currents. Input stage creates a DC voltage across two switches connected to voltage source

responsible for load voltage. Four diodes around the switches allow bidirectional current flow so
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the rectifier can be operated in similar fashion to the three-phase bridge but with the single switch
in each leg. Construction of this type of rectifier is complex and requires specific type of current
control techniques. The advantage of Vienna rectifier is that it is made using only three power

switches making it less expensive compared to conventional controlled rectifiers.

N

jﬁ

Fig. 2.31: Unidirectional switch representation

As shown in Fig. 2.32, Vienna rectifier features a split DC-rail. As previously mentioned,
these are three switch rectifiers and the control is only required for three switches. This rectifier
essentially works as a two-switch boost rectifier with one of the switches switched at the line

frequency and the other two switches switched at very high frequency [16].

D, |D, |D;

Fig. 2.32: Three-phase three level Vienna Rectifier [16]
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Having one switch always at input frequency, the Vienna rectifier is seen as two separate
boost rectifiers each for boosting C1 and C2 respectively. This makes another disadvantage of this
type of rectifier, as they require higher output voltage for higher boost ratio. Fig. 2.33 shows
simulated Vienna rectifier circuit and Fig. 2.34 shows the output waveform from the simulated

circuit.

1]
11+
LT
(<)
~

1+

oLy e

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

Vienna rectifier operates on hysteresis control technique. However, the generation of
switching schemes can be SPWM or any other. Fig. 2.35 shows a basic concept of hysteresis
control. The controller fixes the two current bands. The switching of the switches is within the
boundaries set up by these bands. Switching frequency is controlled by the current control bands.
It requires second control loop to balance the output of the two capacitors. One major advantage
of this control technique is that harmonics are distributed over a wide range of frequencies [16].
Another control scheme is fixed frequency control where frequency remains constant only the

pulse width is varied. Discussion on fixed frequency type control will be discussed in Chapter 3.
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2.3 Commutation and Harmonics Distortion

As previously stated the commutation of the thyristor is not instant. In practical application,
it is not possible, as current transfer between two phases will take some finite amount of time. It
is sometimes referred as overlap time depending upon the phase-to-phase voltage between the
acting thyristors and line inductance [6]. During this overlap time, the phase-to-phase voltage
drops on the inductors Lg. It should be noted that during commutation time two switches are in
short circuit condition for a small amount of time reducing the output DC voltage and average

voltage.

_JKTSC\ ylo | Lp
A Lg T1 T2 K T3
VB Vis ? Lg
_<: ‘ )—.-( WD ® ! Vp Vo
Vei Ls g :
2 T4 4L T5 Te

Fig. 2.36: Commutation representation

From the Fig.2.38 before commutation, the current I, was passing through thy T1. During
the commutation period, current I, remains constant, short circuit current ig. returns to mains
through thy T1. Thy T1 is OFF when I, = i,.. Similarly, current I, passes through thy T2. This
ultimately affects the output DC voltage as the phase with bigger instantaneous voltage value

suffers a voltage drop and low instantaneous phase suffers sudden surge in voltage.
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Fig. 2.37: Effect of overlap angle x on voltages and currents [14]

2.3.1 Harmonics and PF:

When a sinusoidal voltage is applied to certain type of load, the current drawn by the load
is proportional to the voltage applied and impedance. This current follows the voltage waveform.
The loads are called linear loads if the voltage and current follow one and another without any
distortion in their sinusoidal waveform shape. Some linear loads are resistive heaters, synchronous
motors, constant speed induction motors etc. The loads are called nonlinear loads if the loads cause
the current to vary disproportionally with respect to voltage. Some examples of nonlinear loads
are variable frequency drives, typical diode bridge rectifier, switch mode power supply etc. Non-
linear loads produce a significant number of harmonics in the system. Harmonics produced by
linear loads are smaller than non-linear loads. Major sources of harmonics are thyristors or

switching devices, rotating machines, and transformers.
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The harmonics in line currents do not deliver real power in load making a drop-in power
factor and ultimately dropping the efficiency of the system. High peak harmonics can trigger
circuit breakers in the system for protection. Each component in the power system exhibits the
effects of harmonics in one way or another and is subject to the damage and inefficient
performance.

Power factor gives an estimate of how effectively the real power is utilized in the system.
The Total Harmonic Distortion (THD) shows the degree of distortion in line voltages and line
currents Fig. 2.38 shows typical poor power factor voltage and current waveform representation
in the presence of harmonics. Where, V;(t) is line voltage, i;(t) is line current and V_.(t) is the

rectified DC voltage for a rectifier system.
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Fig. 2.38: Typical poor power factor voltage and current waveform [7]

Calculation of power factor is the resultant relationship between active, reactive, and
apparent power. Power Factor Correction (PFC) concept reduces the reactive component Q,

apparently reducing apparent power. The basic way of correcting PF is to add a capacitor in parallel
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with the load, which provides reactive for the system instead of supply. This section will provide
basic information on power factor and THD mitigation.
2.3.2 Power factor and displacement power factor
When the loads are non linear or the system is non linear, the power factor should not be
calculated using traditional method.
cos ¢ #+ g (2-41)
Nonlinear load systems have two power factors: true power factor and Displacement
power factor. True power factor is measure between power factor of both fundamental and
harmonic component in power system whereas displacement power factor is the factor of the
fundamental component in the system only. Fig. 2.39 shows the change in the power triangle due
to harmonics. Where, P, Q and S are active, reactive and apparent powers respectively. D is

distortion power caused by the harmonics.

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

Total Power factor,

1

pf = cos ¢q J

1+ THD} \/ 1+ THD}
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= COS Pgisp COS Paist (2-42)
Where, cos ¢ =P/S;

Distortion Power factor,

1 1

J1+ THD? \/1+ THD?
= Virms Lirms | Vems Irms = $1/S (2-43)
Distortion Power D,
D= /ST_PE_¢? (2-44)
The term cos ¢, is displacement power factor as it relies on the phase angle between the

fundamental components of the voltage and the current similar to the power factor with linear

1

loads. The term ( ) is distortion power factor as it relies on the harmonic

J1+ THD} \/1+ THD?

distortion of current and voltage. The calculated power factor is called true power factor, which is

multiplication of distortion pf, and displacement power factor.

2.3.3 Harmonics Mitigation

It is clear from the previous section that the true power factor will improve if the distortion
power factor reduces. In the case of a 3-phase 6-pulse rectifier, as mentioned in previous sections,
the power factor will change with the varying conduction angle of the rectifier and with changes
in the fundamental frequency of the input voltage i.e. change in motor speed. A specific type of
L-C (passive) filter tuned at specific harmonic frequencies, like 5, 7%, 11", etc., is used to mitigate
the harmonics. This filter not only improves the harmonic distortion but also improves power

factor as it contains capacitors.
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Resonant frequency,
fo = Frippte[Vritcer (2-45)
Where, frippie = ripple frequency of the harmonics, vy, = attenuation
Cut-off frequency,
: (2-46)

fcut—off = 2m JL;C;

Where, fout-or5 = typical cut-off frequency of filter

L = selected inductor value, Cr = selected capacitor value

o 2800 o
Lg
+
C + —_ C2
| ==
£
[P s () ) (T o

Fig. 2.40: Structure of passive filter

Fig. 2.41 shows typical LC passive filter. To limit the overvoltage at cut-off frequency a

damping resistor is used. There are several other ways of mitigating harmonics found in the

literature [13] [14].
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2.4 Conclusion and remarks

In this chapter, basic rectifier classification based on control, a popular rectifier for PFC
(Power factor correction) Vienna rectifier, and brief information on power factor and harmonic
distortion were discussed. The simulation of these rectifiers was done in the PLECS Block set.
Although there are several controlled rectifiers proposed by researchers the three-phase fully
controlled rectifier is widely used, as it is relatively easy to construct and modules are available in
the market at reasonable rates. Vienna rectifier is nowadays a popular choice in the PFC
applications, as it offers very high frequency and unity power factor. The comparison of three-
phase active rectifier and Vienna rectifier can be done keeping many factors in consideration.
However, depending upon the application of the system the three-phase active is selected. In this
thesis, a SiC-based Active front-end rectifier was used. In Chapter 3, a basic switching technique

for the controlled rectifier and basic control scheme is illustrated.
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Chapter 3 - Switching and Control

In modern power electronics applications, it is very important to have low harmonic
distortion with minimum electromagnetic interference. This chapter will provide discussion on
two most common switching techniques: The Sine PWM (SPWM), Third Harmonic injection Sine
PWM (THIPWM). This chapter also provides discussion on control technique for the 3 — ¢
AC/DC converter/rectifier. The switching scheme and control technique are modified for attaining

unity power factor for experimental setup of the rectifier.

W

y ue
_..| t} _l_ | LOAD

Y Y A _l_l_

‘ abc/dq0

The proposed active rectifier shown in Fig. 3.1 uses the SPWM with third harmonic

\ A

Precharge

F 3

Controller

F

Fig. 3.1: Proposed active rectifier

injection with constantly modified switching pulses generated using the controller. The following
section will give a discussion on SPWM and THIPWM. Explanatory information on the controller
and the Pre-charge procedure of the proposed active rectifier is presented in the final section of
this chapter. Although the six switch MOSFET gate driver used here operates as a rectifier

operation, the switching pattern for VVoltage Source Inverter (VSI) is relatively similar.
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3.1 Switching Scheme

Switching methods are the most important way of achieving the appropriate goal through
the switches. Whether it is the AC-DC converter, DC-AC or DC-DC Buck, Boost or Buck-Boost
converter, the switching method determines the size of magnetic components required and Total
Harmonic Distortion (THD) and Efficiency, which are important aspects for a converter or rectifier
design and operation. Over the course of time, researchers have explored several switching
methods. Using Pulse Width Modulation (PWM) technique, Space Vector PWM, Sinusoidal
PWM, Selective Harmonic Elimination PWM and Hysteresis PWM are the most common methods
of switching of power electronics devices.

3.1.1 Sinusoidal Pulse Width Modulation (SPWM)

The basic SPWM technique compares a triangle carrier with a reference waveform. A low
frequency modulating signal is compared with a very high frequency carrier signal. The desired
output voltage is achieved by changing the amplitude and frequency of the reference or the
modulating voltage. These variations change the patterns of the output voltage. The sinusoidal
waveforms are generated by filtering an output pulse waveform with varying width. The switching
state is modified when the modulating waveform intersects with the carrier waveform, typically
triangular waveform.

Fig. 3.2 shows simulated PWM pattern by comparing three sinusoidal waveforms and

triangular carrier waveform. Carrier wave amplitude is A. and the modulating waveform

. . . . %4 %4
amplitude is A4,,. The pulses generated are two-level; i.e. pulse values are either +ve 7‘1 or —ve 7‘1

Multi-level inverters have different values of these pulses. +ve V?d is achieved when the

. . . . . vd .
amplitudes of modulating waveform is greater than carrier waveform i.e. 4,, > Ac. -ve — IS
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achieved when A, > A,,. The resulting square waveform comprises of the desired waveform in
its low frequency components and high frequency components are near the carrier wave frequency

[17].
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Fig. 3.2: Standard Pulse-Width modulation waveform
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When the sinusoidal waveform is greater than the triangular waveform, the switch in the
upper leg is turned on and lower switch is turned off. Similarly, when the sinusoidal waveform is
less than the triangular carrier waveform the lower switch is on.

In three-phase SPWM, a triangular waveform V,,; is compared with three sinusoidal
references by 120° out of phase with each other. A two level six-pulse rectifier composed of six
switches S1 through S6 was discussed in the previous chapter. Two switches in each phase make
one leg, opening, and closing in the corresponding manner. When one switch is open, the other is
closed and vice-versa. For the simplicity of explanation, the technique explained here is for a VSl

as shown in Fig. 3.3.

Low-Pass Filter

PCC T

Load

SIS
5
Lot

ap S, bp

BT
B
Cd
r
g T

Sa h Sbn

Fig. 3.3: Typical grid connected VSI
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Depending upon the state of switching either +ve or - ve voltage is applied in each phase.

Switches are operated in pairs. Upper leg operates in complimentary manner to the lower leg. Fig.

3.4 shows the simulated SPWM waveform for all the switches.

Fig. 3.4: Three-phase sinusoidal PWM switching pattern

Three-reference voltages are given as [17]:

Vo = Vocos wot = M V4. cos w,t(3-1)
Vyn = V, cos (wot - 2?11)

= M Vg cos (wot - =) (3-2)
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21
Vo, = V, cos (a)ot + ?>

= MV, cos (w,t + Z?H) (3-3)
Where, V, = output voltage peak magnitude, M = modulation index and V,,, V, and V,, are

reference voltages with respect to a neutral point.

3.1.1.1 Modulation Index (m):

The modulation index is defined as the ratio of the magnitude of reference to carrier signal
magnitude. It is used to regulate the magnitude of the output voltage. The value of modulation
index lies generally between 0 and 1. In the case of SPWM technique the modulation index =~
78.55% [17]. Thus, the general SPWM technique does not utilize the full DC bus voltage. To
utilize the maximum DC bus voltage the third harmonic is injected with the fundamental following
section will provide more information on third harmonic injection.

The line to line volatages are given by the differences between the phase leg voltages as follows,

Vab = Van= Vbn
= M3V, cos (wot + 1/6) (3-4)
Vbe = Von = Ven
= M3V, cos (wyt — m/2) (3-5)
Vea = Ven = Van
= M3V, cos (wyt + 51/6) (3-6)

Detailed methamatical analysis of these voltages can be found in the liturature[17][18].
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3.1.2 Third Harmonic SPWM (THIPWM)

The SPWM technique is simplest switching technique but it is unable to fully utilize the
available DC bus supply voltage. Due to this limitation THIPWM technique was developed. It is
recognized that maximum modulation index of a 3 — ¢ PWM inverter system increases by
including a third harmonic term into the target reference waveform of each phase [17]. There is no
effect of the third harmonic component on the line-to-line fundamental output voltage as the
common mode voltage is canceled between the phase legs but it does reduce the size of peak
envelope of each phase leg voltage.

Following reference [17] equations (3-4), (3-5) and (3-6) are shown below to define appropriate
sinusoidal target reference waveforms,
Vap = Vge [M cos (wot) + M3 cos 3(wyt)] (3-7)
Ve = Vae [M cos (wogt — 21m/3) + M3 cos 3(wyt)] (3-8)
Vea = Vg [M cos (wot + 2m/3) + M3 cos 3(wyt)] (3-9)
& dividing through M * Vdc, these equations can be written in per unit form [17] as
v = cos O + Acos 36 (3-10)

Where A = M5 /M represents a parameter to be optimized while keeping the maximum

amplitude v(t) under unity. The maximum value of Eq. (3-10) is found by setting its derivative

with respect to 6 equal to zero.

S = sin@ + 345in36 = 0 (3-11)
This function has maximum/minimum at & = 90° , while depending upon the polarity of
A. If it is maximum, the value would be greater than unity and if it is minimum, it is not a matter

of concern.

As we know that,
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sin 30 = sin 20 cos 6 + cos 20 sin 6
= 2c0s?%0 sin® + (2cos?6 —1)sin0
= (4cos?0 —1)sin 06 (3-12)
Substituting this expression in (3-11) gives
0= 1+ 34 (4cos?0 —1)
Which rearranges as
1- i = 4cos 2?6
And finally

cos20 = |22 (3-13)

124
Similarly
cos 360 = cos 20 cos 6 — sin 20 sin O
= (2c0s2%0 — 1)cos O — 2sin?6 cos O
= (4cos?0 — 3)cos O (3-14)
Equation (3-13) can becomes

6A+1 34-1

cos 30 = — - (3-15)
6A 34
Equations (3-13), (3-14) and (3-15) yields v, as,
__1 _ 34-1
== 3 (34-1) »
1 1
=--064-1) [1-24 (3-16)

The equation (3-16) v,,,, the maximum value of a function of parameter A.
The maximum possible value of v,,,, is calculated by making the derivative with respect to A

equal to zero.
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Ymax _ / _q_ 1, 1, 3471 1 _ -
= =-Jl1-1-34 6(,/1—1/3A)3A2_0 (3-17)

0= —([1-24)(1 + =) (3-18)

For this expression to equal to zero, its numerator must be zero, which gives

A=1and-2 (3-19)
3 6
From (3-17), the value A = % produces v,,4, = 0, which is minimum as the square root term cannot

be smaller than zero without becoming imaginary. The value A = — % produces a maximum of

Umax = 2= 0.866.

From the expression v,, = Mv,. ,

V3
Van max = - M vy, (3-20)

Hence, the modulation index can now increase to 2/4/3 = 1.15.

°|&

. M . . .
Since, A = T M, increases in proportional to M and reaches to value of M; = = 0.192,

3

where, M = j—g = 1.15. Fig. 3.5(a) shows the fundamental waveform. Fig. 3.5(b) shows the 1/6

of third harmonic and peak value. Fig. 3.5(c) shows the addition of this third harmonic produces
15.5% increase in the amplitude of the fundamental of the phase voltages.

Injecting the third harmonic component to fundamental component gives the following modulating

waveforms,
2 1
Von = N (cos wot + Z cos wot) (3-21)
2 T
Vpn = N (cos (wot— 2;) + 1/6 cos (Bwy t)) (3-22)
2 s
Ven = = (cos (wot + 25)+ 1/6 cos (wy ) (3-23)
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Fig. 3.5: Three-phase sinusoidal PWM with injected third harmonic [18]

3.1.3 Overmodulation:
SPWM works well, form < 1. Form > 1, some portion of the triangular carrier miss
the modulating waveform i.e. there is no intersection between the carrier wave and the modulating

wave. Fig. 3.6 shows the overmodulation. Often overmodulation is allowed to some degree to

achieve larger AC voltage but rendered voltages are of poor quality.
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Fig. 3.6: Overmodulation in fundamental and carrier [18]
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3.3 Control technique

Control of the system is important to achieve desired response from the system. Feedback
control maintains a relationship between the desired or reference input to the output by comparing
and using the difference to achieve the desired goal.

In open loop control systems, the output does not have any effect on the control action. In
other words, the output is not fed back to the controller for the calculation of difference in error
measurement. In the case of closed control systems, a stimulating error signal, which is the
difference between the input signal and the feedback signal, is fed to the controller. The feedback
single can or cannot be dependent on the input of the system. In the systems when the inputs are
known prior and with no disturbances, generally open loop systems are used. Whereas when
unprecedented disturbances are expected from the system and constant correction of the error is
needed, the closed loop systems are used.

Many of the industrial systems, which are used today, have one or other form of PID
(Proportional Integral and Derivative) control. This section will provide brief info on these

controllers.

3.3.1 PID Controller

The typical control system can be representated as shown below. The controller compares
the real value of plant output or system output with reference input as mentioned earlier.
Ultimately, determining the deviation and producing control for system which will decrease the

deviation to desired value or zero in many cases.
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Fig. 3.7: Control system representation with automatic controller [18]
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.
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The amplifier in the system increases the error signal level to the higher value. This

sufficient higher-level error signal is fed to the actuator, which produces the input signal for plant

or system so that output signal will approach to reference input. The sensor converts the output

variable to other suitable variable appropriate for the controller. The sensor also provides the

feedback path of the closed loop system. Fig. 3.8 shows desired voltage correction in a typical

controller.

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

3.3.1.1 Proportional control action:

In the case for the controller with proportional control action or proportional gain, the error

signal e(t) and the output of the controller relationship u(t) is
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u(t) = K e(t) (3-24)
Laplace transform gives

O] i
Kp = 7o (3 - 25)

Where, K, = proportional gain
The proportional gain gives the amplified error making it an amplifier with variable gain.
3.3.1.2 Integral Control Action:
In the case for the controller with integral control action or integral gain, the error signal

e(t) and the output of the controller relationship u (t) is

du(t)

==K e(t) (3-26)
Taking integration with respect to time,

u(®) = K; [ e(t)dt (3-27)
Transfer function is

U _ Ki ]

o) s (3-28)

Where, K; = variable integral gain

Fig. 3.9: PI control for desired voltage correction
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3.3.1.3 Proportional-Integral Control Action:
Similarly, the system with both the actions represented in Fig. 3.9, the output of the

controller u(t)
u(t) =Kye(t)+ 2 [e()dt  (3-29)[20]

Transfer function gives

ues) _ 1 _
o = K U+ (3-30)

Where, T; = integral time.

There are several other Pl and PID (proportional integration and derivation) control designs
in the literature [20]. The specifications of the PID controllers are different for different system
environments to achieve appropriate transient response and the specifications for transient

response in steady state requirements.

3.3.2 Controller of the system

PCC W W
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Vabe Jlabc
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dqo Yd_inv |
Vq Iy Save mt\
Va4 iq

Fig. 3.10: Controller for the system
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A controller was designed to regulate the output DC voltage and reactive power from the
system. Fig. 3.10 shows the block diagram of the controller. The line to line voltage from the three-

phase supply at the point of common coupling (PCC) and line currents from the supply to the

system was measured and converted to dq0-reference frame to obtain v, and v;. The controller

then generates the three reference sinusoidal waveforms to generate switching pattern. P and Q

were calculated from the obtained v;, vy, i; and i; using,

P o= ((vg+ iy + (Va*ia)) (3-31)

1

Q=7 ((vg* gy — (va *iq)) (3-32)
3.3.3 Precharge mechanism

Precharge mechanisms are important for the protection of the entire system. The
mechanism or circuitry provide protection against inrush currents. Inrush currents or surge
currents are maximum instantaneous input current drawn from the supply by the system when
initially turned ON. Rectifiers often have these currents due to initial charging of the DC bus
capacitor.

System protection elements such as circuit breakers or fuses must be incorporated into the
system such that system does not go in faulty condition when there are inrush currents present.
Usually, these currents appear for a very short amount of time. Protection against these currents
becomes vital as sometimes these currents are higher than the surge current limit of semiconductor

devices and other components. Transformers and motors also exhibit these currents when the

system starts initially.
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Fig. 3.11: Basic precharge circuit

A precharge mechanism is nothing but a resistor connected in series with the DC side
capacitor. Fig. 3.11 shows a basic precharge circuit. The switch is tripped when there is desired
charge on the capacitor, in other words, when the capacitor is sufficiently charged. The purpose of
the precharge resistor is to reduce the peak of the surge currents. There are several other surge
current protection devices, Negative temperature thermistor and circuits available in market, but a
series high wattage resistor with a switch (A switch can be a transistor, relay etc.) is most
commonly used. The flowchart shown in Fig. 3.12 explains the precharge pulse generation using

Hysteresis type method for the IGBT used in the proposed system.
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Fig. 3.12: Precharge flowchart
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3. 4 Conclusion and remarks

Sine PWM technique with injected third harmonic is used to generate switching for the
system. It is certainly possible to use other the switching methods, however, the SPWM technique
is relatively easy to design in the hardware. Third harmonic injected PWM utilizes the same level
of modulation index as the SVPWM technique. Basic information on the PID controller was
presented to provide a general idea of designing a PID controller for beginners. Some extent of the
actual controller used in the system and its operation was described. Finally, a basic precharge
circuit and the steps to develop the gate pulse the switch used in the precharge mechanism have

presented.
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Chapter 4 - Laboratory Setup

This Chapter will provide details of Laboratory setup consisting FPGA, dSpace,

Measurement Board, Filter.
4.1 Simulation results of system

The simulation uses switching generator inbuilt block from the MATLAB/SIMULINK.
The controller and PLCES model were designed by Dr. Behrooz Mirafzal for an aircraft system
for variable frequency 300-800 Hz with a constant line to line input voltage of 200 V and desired
output voltage of 270 V.. The controller consists of PI controller with feedback information from
the circuit setup. Line currents and line voltages are measured prior to the point of common

coupling and fed to the controller.

s =
Virtial LL Currents »{Sap
iabc »<[labc
slesi i »{iabe]
abclL i
' Vabe_grid A »Sbp pLECS
Sabc Signal(s) Pulses Circuit Vabc [VabcLL]
» Sbn
labcLL labc
PWM Generator Scp E
Controller »lsen Vdc Vde

Circuit

Q PF

vdc D 4 0.999

o |

Fig. 4.1: System Simulation
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Table 4-1 Simulation parameters

Parameter Value
Vitrms 200V @ 800 Hz
L1 150 uH

L2 330 uH

C (delta connected) 3 x 27uF
Cpc 2 % 200uF
Rioaa 300
fswitching 47 * 800 Hz

400

200

-200

-400
100

-100
300
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100
| | 1 | | | I |
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 x le-

Fig. 4.2: System simulation: Line to Line Voltages, Line currents and Vdc
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Fig. 4.3: Measured real power from the simulation
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Fig. 4.4: Measured reactive power from simulation

As can be seen from the Fig. 4.5 power factor of the simulated system is almost unity.
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Fig. 4.5: Power factor for the system from simulation

4.2 System arrangement

The experimental setup in Fig. 4.6 shows three boards. The proposed rectifier is a sandwiched
rectifier to shrink the overall system size. Here Board-1(measurement board) and Board -2 (CREE
SiC MOSFET Gate driver board) are sand-witched with an unoptimized size of heatsink. Board —
3 is filter and pre-charge Board. The built experimental environment is shown in Fig. 4.3. Setup
uses the motor drive from Rockwell automation donated to Dr. Mirafzal. Motor drive was run at

different input frequencies for the experimental setup. Experimental analysis of the output is

discussed in Chapter-5.
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Fig. 4.7: Experimental Environment
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Fig. 4.8 shows the final stage of designed active rectifier yet to be tested.

B\

Fig. 4.8: Designed Active rectifier

4.2.1 SiC MOSFET gate driver
Since the required switching frequency in the simulation is very high, conventional power
switches cannot be used. Fig. 4.8 shows the SiC MOSFET module used in the experiments and

Table 4.2 summarizes the parameters for the module.
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Table 4-2: Hardware parameters [23]

Parameter Value

VS 16V

V_IH 5V

V_IL oV
Max. switching freg. 150 kHz
V_DS 1200 V
Max. Turn on delay 280 nS
Max. Turn off delay 290 nS

Fig. 4.9: CREE 1200 V SiC 6 pack MOSFET Module

The SiC module has inbuilt over current and desaturation fault protection. By default, the
voltage level at the X1 connector shown in Fig. 4.9 for fault signal needs to be kept at LOW.
Keeping them floating has a negative effect on the module operation. Similarly, RST and RDY

pins must be kept HIGH to have proper operation for the module. Table 4.3 shows the Pinout of

the X1 connector.
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Fig. 4.10: CREE 1200 V SiC 6 pack MOSFET Module [23]

Table 4-3: Pinout table for X1 connector

1 PWM_Upper_A (5V Logic)

3 PWM_Lower_A (5V Logic)

5 PWM_Upper_B (5V Logic)

7 PWM_Lower B (5V Logic)

9 PWM_Upper_C (5V Logic)

11 PWM_Lower_C (5V Logic)

13 /RST (normally hi)

15 RDY (normally hi)

17 DESAT FAULT (normally low)

19 OVER_TEMP_FLT (normally low)
21,23,25 Vs
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4.2.2 Filter Board

Fig. 4.10 show the fabricated PCB board consisting of AC side filter and DC side filter.
AC side filter has MOV (Metal — Oxide Varistor) for circuit protection in the case of the
overvoltage condition. DC side filter consists of precharge circuitry. The precharge IGBT is
triggered after the DC bus voltage reaches a certain level otherwise bypassing through the
precharge resistor. Circuit board receives same DC voltage as the measurement board as shown in

Fig. 4.11. Table 4.4 summarizes the components used in the filter board and their values.

Table 4-4 Filter board parameters

Parameter Value
L1 150 uH
L2 330 uH
C (delta connected) 3* 27uF
5-watt damping resistor (Rzamp) 330
MOV (Varistor) 910V, 10kA
Cpc 200 uF
PreCharge Resistor (25 watts) 10 2
Ceoupling 220 nF
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R1

R4
R

Fig. 4.13: Voltage divider circuit used in the measurement board.

Switching signals are generated using Altera FPGA EP3c16484F. It is required to minimize
the distance between gate driver’s switching port and FPGA, so the distance for high frequency
switching signals to cover is a bare minimum. Thus, reducing the signal noise to as minimum as
possible. Asshown in Fig. 4.4 Board 1 is a fabricated measurement board designed in the lab. The
board consists of current sensors, differential amplifiers, and voltage divider circuit. The
measurement is done simply using voltage divider rule. Fig. 4.9 shows a simple schematic for the
voltage divider used in the measurement board. The measured quantity is than fed to the
instrumentation amplifier. From the specific output values from the instrumentation amplifier, the
line voltages, DC voltage and line currents are measured and sent to the dSpace. DSpace converts

these quantities to digital form using ADC (Analog to Digital converters).
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4.3 Conclusion and remarks

A detailed simulation result was presented in this chapter. From the results, we can see that
active rectifier attains near unity power factor eventually. It should be noted that the reactive power
is not completely zero even though the power factor is near unity. The reactive power is negligible
compared to the active power, which leads to near unity pf. Entire experimental-setup was
described briefly in this chapter. Designed circuit layouts are attached in Appendix B. Chapter 5

will provide the summary on experimental results.
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Chapter 5 - Findings and Analysis

This chapter will display the experimental results from the setup. Experiments were done
for different input frequency AC voltages. The results show the controller with proper control on
the reactive power of the system. The AC voltages were given using programmable motor drive
with a permanent magnet generator. In this chapter, analysis of three different magnitude input
supply voltages at different frequencies 30 Hz, 40 Hz, and 50 Hz is presented.

5.1 30 Hz input supply voltage operation
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Fig. 5.1: Input: Vin =~ 45V, f=30 Hz

Fig. 5.1 shows the 30 Hz input voltage at magnitude of nearly equal to 45 V line-

to-line r.m.s. The permanent magnet generator was run at 450 rpm to generate this supply.
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Fig. 5.2: Line currents (Nonfiltered and Filtered)
Fig. 5.2 shows measured line currents in line a, line b and line ¢ respectively. Both

the line-to-line voltages and line currents have some low-frequency noise. This low- frequency
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noise is then filtered using a simple Butterworth filter and presented as shown in Fig. 5.1 and Fig.

5.2. The single cycle of line currents are shown in Fig. 5.3.

Line currents(A)

165 170 175 180 185 190 195 200 205
Time(ms)

Fig. 5.3: Line currents in a single cycle
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Fig. 5.4: THD in line current I,
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In most rectifiers, the effect of the system is examined based on several factors but the most
important one is the distortion present in the mains currents. Fig. 5.3 shows a single cycle of line
currents I, I, and I.. From this single cycle, the calculated THD in line current I, has been
plotted. Apart from the very low magnitude low frequency noise, the THD in current is about

2.9%. THD in other line currents is under 3%.
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Fig. 5.5: power factor for 30 Hz supply voltage

The purpose of the rectifier was to achieve UPF operation. As can be seen from Fig. 5.5,
the pf is near unity with the mean of the pf is about 0.99. To calculate the pf, the measured line-to-
line voltage and line-to-line currents are converted in the dgO frame of reference with g axis being
the reference. It should be noted that the inrush current and initial system transients are not present

in the presented data analysis as the experimental data was recorded in steady state condition.
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5.2 40 Hz input supply voltage operation

As described from in the previous result, the generator was run at 600 rpm to generate
nearly 60 V line-to-line r.m.s voltage. The system setup is built to run for fixed magnitude and
variable frequency input supply voltage. However, due to the limitation of the generator, it is not
possible to go to a higher magnitude supply voltage than 85 V (i.e. 850 rpm). Fig. 5.6 shows the
40 Hz input voltage. As can be seen clearly, the symmetry in line-to-line voltages is decent. The
low-frequency noise was filtered digitally using a simple Butterworth filter. Fig. 5.7 shows two

waveforms of line currents: nonfiltered and filtered.

100 -
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Vb

i

-80

2

Line to line voltages(v)

| | 1 | | 1 | | | 1
0 20 40 60 80 100 120 140 160 180 200
Time(ms)

-100

Fig. 5.6: Input: Vin ~ 60 V, f =40 Hz
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Fig. 5.7: Line currents (Nonfiltered and filtered)
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As mentioned in the last analysis, the total harmonic distortion in currents is calculated for a

single cycle. In this result, for the final cycle. It is presented in Fig. 5.8.

Line Currenta(A)

.4 1 1 1 1 |
175 180 185 180 195 200 205

Time(ms)

Fig. 5.8: Line currents in single cycle

The calculated THD for the line current I, shown in Fig. 5.8 is presented in Fig. 5.9. The
THD is about 3.04% for the line current I,. The THD plot shows the distortion until the 60™
Harmonic for a single cycle. It is clearly visible that the effect of the low order harmonics is
negligible. Fig. 5.10 shows the calculated pf for the supply voltage at input frequency 40 Hz. The
mean of the calculated pf is about 0.99 for recorded data of 200mS. The near unity power factor
shows that the controller is able to maximize the difference between real power and reactive power

for the system.. The controller is indeed compensating the required reactive power.
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Fig. 5.10: Power factor for 40 Hz supply.

85



A o e e e e e e e ™
80
2 B0
[5]
=
=
40
20 -
a 1 1 1 1 1 1 1 1 1 1
0 20 40 &0 80 100 120 140 160 180 200
Time(ms)
25
e e g gl b BT o i ot =N, T | O e T e BT g
2+
—~15F
<
(%]
=
- 4L
0.5
0 1 1 1 1 ] 1 1 ] 1 ]
] 20 40 &80 80 100 120 140 160 180 200
Time(ms)
260 -
W’WW‘MWW
g‘ 200
o
=
Q 150 |-
:
E— 100 -
=]
=
=
o 50
0 1 1 1 1 1 1 1 1 1 1
0 20 40 &0 80 100 120 140 160 180 200

Time(ms)

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

Output summary: Vdc = 100V, P,,,; = 220 watts
Fig. 5.11 shows the rectified DC output by the system. The rectified DC voltage ~ 1.65 X

ViLrms = 99V as discussed in the previous chapter - 2.
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A limitation for the experimental setup is that the variable frequency AC voltage generated
from the generator also changes the magnitude of the input AC voltage making the stable DC
voltage operation difficult. As a contrast to the proposed simulation, the input frequency is varying

but the input voltage from the generator is fixed at 200 V,; rms.
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5.3 50 Hz input supply voltage opearation

To generate input supply voltage at 50 Hz input supply, the generator was run at 750 rpm.
It can be seen from Fig. 5.12 the generated voltage from the generator is about 75 V line-to-line
r.m.s. A slight unbalance in the magnitude of the voltages is visible. This causes an unbalance in
line currents. The unbalance can be due to many factors, one known reason for the unbalance is
the PLL (Phase Locked Loop). Which causes unbalance in the line currents. The effect can also

be present due to difference line impedance and several other factors.

Line to line voltages(V)

0 20 40 60 80 100 120 140 160 180 200
Time(ms)

Fig. 5.12: Input: V;,, = 75 V1, f =50 Hz

Fig. 5.13 shows the AC main currents from the generator. Similar to prior results, the
recorded supply current is filtered using a simple Butterworth filter to get rid of the low-frequency

noise.
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Fig. 5.13: line currents (Non-filtered and filtered) at 50 Hz supply
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Fig. 5.15: THD in line current la
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Fig. 5.14 shows a single cycle of line currents. The calculated THD for line current la is
shown in Fig. 5.15. There is a slight increase in the THD for line current la. There is a similar
effect on the other line currents. Although the THD for all the line currents is well under 3.5%.

For line current la THD is about 3.2%.
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Fig. 5.16: Power factor for 50 Hz supply

Fig. 5.16 shows the calculated power factor for the entire recorded data. The mean pf is
about 0.992. Comparing the pf plots of other results, it is visible that pf for the 50 Hz has more

periodic deeps although the mean is almost unity.

Fig. 5.17 shows the rectified voltage and current from the system. The mean of the rectified
DC voltage is = 115 V. The instantaneous output power is also presented in Fig. 5.17. The mean

of calculated output power is about 235 watts.

91



uu;1/1“\4/rA\\/f\xufwrhx,/ﬁ“\q/ﬁ\\u/f\\_//\\L/f~#x4/ﬁ\\
100 -
< B0
]
= 60
40 -
20 -
0 | | | | 1 1 | | | |
0 20 40 60 80 100 120 140 160 180 200
Time(ms)
25
2\/fﬁH\f/m%\/f\\Hr’““\//w\\//ﬂ\\/rh\k//M\H;f“’\V//H\
—~ 15
<
(]
=
s
0.5
0 | | | 1 | | | | | |
0 20 40 60 80 100 120 140 160 180 200
Time(ms)
300

RYAVAVANSEVAVA \

W)
ra
=

Output power (
g

100 -
50 [
0 | | | 1 | | | | 1 |
0 20 40 &0 80 100 120 140 160 180 200
Time(ms)

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

Output summary: pf =0.99, Vdc = 120V, P,,,; = 240 watts
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5.4 Conclusion and remarks

Until now, all the measurements were done with the generator. Due to the limitation of the
DC current for the generator, it was not possible to go on the higher power than 250 watts. The
slight unbalance in term of magnitude of currents is inherent due to generator’s operation. The
recorded analysis shows that the controller is constantly minimizing the error between desired
reactive power and measured reactive power. Hence, the operation of near unity power factor is

achieved.
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Chapter 6 - Conclusion and Future Work

This chapter presents a summary of work done in this thesis. This chapter also includes
suggestions for the future utilization of the experimental setup. Section 6.1 presents a summary of

the thesis and 6.2 presents future work suggestions.

6.1 Summary

The major contribution made by this thesis is the development of an active rectifier using
a SiC power module with reduced magnetics. The input to the active rectifier is a three-phase
variable voltage/frequency supply, while the output is a regulated fixed DC voltage. Both the
simulation and experimental results demonstrate the following:

e Simulations shows the proper control of the reactive power in the system leading to a UPF
operation.

e The converter performed as expected as shown in Chapter 5, where it is seen that active
rectifier operates at different input supply frequency voltages. The obtained power factor
from the system is near unity showing the proper control on the reactive power.

e The THD of the line currents for all the experimental tested scenarios is under 3.3%.

e Due to the SiC module, it was possible to go beyond switching a frequency of 40 kHz.

6.2 Future Work
Although the experimental results obtained in this thesis represent a fully functional active
rectifier, the following improvements and possible uses of the rectifier are suggested:
« The designed setup can be implemented for the design of a voltage source inverter for

optimum performance due to the presence of Wide Bang Gap MOSFETSs.
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With the optimized size of the heatsink, the power conversion per weight (power density
per weight and volume) can be investigated.

With the optimized size of heatsink, proper calculation of the efficiency of this rectifier can
also be achieved.

Furthermore, the reduction in the filter size is possible by going to even higher switching
frequencies.

Investigation of a wild frequency power supply is possible.

In addition to investigating the possibilities of solving the existing problems, the designed

setup can be improved as follows:

Making a better performance three-layer PCB board for the filter board.

Optimize the size of the heatsink can reduce the weight of the system.
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Appendix A - Mathematical Analysis

Mathematical analysis of three-phase controlled bridge rectifier circuit in CCM and DCM

ig

—_—

% Thyl % Thy3 % Thy5
= I
il

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

Similar to prior assumptions in chapter 2, assuming the switches are ideal and connected
with a purely resistive load. The calculated parameters are extracted from [13]

The rectifier is in CCM (Continuous conduction mode) when

0<as? (A-1)
s
6 §+a ) T
VDc(a)=E ; \/§-V5-sm(wt+§)dt
= % *V/3- Vg - cos(a) = Vp - cos(a) (A-2)
T
6 §+(X T
S .12 . qin2 —
V() = \/ZEL 3- V¢ - sin (wt + 3) dt
=43 VS.\/l + ;ijcos(Za) (A-3)

FF(a) = Y@ L-\/l + gcos(Za) (A-4)

Vpc(a) " 3cosa
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Vpe(a) _ E
R; T

Ipc(a) = ﬁ'z—i-cos(a)

= Ipco - cos(a) (A-5)

I(a) = v;f(;) =+/3- Z—i- 1+ gcos(Za) (A-6)
RF(a) =+ FF?(a) — 1

= \/”—2 [1 + gcos(a)] -1 (A-8)

9 cos2(a)

The rectifier is in DCM (Discontinuous conduction mode) when

2'm

T
§<QST (A-9)
6 2m
3 /. @
Vpe(a) =%L V3 - Vs - sin (wt+§) dt
3 T
=;-\/§-V5-[1+cos(a+§)] (A-10)

2T
.
VL(a)=\/§f3 \/§-V5-sin(6t+g)dt

a

:ﬁ.vs_Jg.[z_gﬁ.smz(%a)] (A-11)

o _ o ffEnaEa)

FF(a) = VI;Lc((a) = 3va{trcos(atl)] (A-12)
Ioe(a) = 222

=2.v3-2 [1+cos(a+3)| (A-13)

I (a) = VLR(ZX)
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:%-\/%-E—%+i-sin2(g+a)] (A-14)

1@ = ()’ (A-15)
RF(a) = FF?(a) — 1 (A-16)
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Appendix B - Desired hardware schematics
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Fig. B-0.1: AC side and DC side filter design schematic in OrCAD
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ig. B-0.2: Circuit layout of the designed the filter board




