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ABSTRACT

THEORETICAL ANALYSIS AND REDUCTION TECHNIQUES
OF DC CAPACITOR RIPPLES AND REQUIREMENTS IN INVERTERS

By
Xi Lu

DC link capacitor is an important component for many conventional topologies, such as
three-phase voltage source inverter (VSI), H-bridge VSI and etc. However, it is usually very
large, heavy and expensive. Therefore, minimization of the dc capacitor is an essential step
towards developing and manufacturing compact low-cost inverter systems for high temperature
operation, long life and high reliability. Traditionally, the dc capacitance has been determined
according to empirical equations and computer simulations, which provides little insights into
how to minimize the dc capacitor. In order to achieve an optimum minimization of the dc
capacitor, an accurate theory to calculate the dc capacitor voltage ripple and current ripples must
be developed first, then pulse-width modulation (PWM) and control techniques or topological
improvements can be further developed to minimize both dc voltage and current ripples. This
dissertation is mainly divided into two parts. First half is minimizing the capacitor ripple and
requirements for three-phase VSI; while second half is for H-bridge VSI.

In the first half of the dissertation, it proposes an accurate theory of calculating the dc link
capacitor voltage ripples and current ripples for inverters and PWM rectifiers. The results are
analyzed and summarized into graphs according to the theory, which helps find the right
capacitance value for a given voltage ripple tolerance and the rms ripple current that the
capacitor has to absorb.

In hybrid electric vehicle (HEV) applications, the high voltage battery pack is connected to

the dc link bus through a dc-dc converter. Based on the above-proposed theory, a PWM



modulation method for the dc-dc converter is developed to further reduce the dc capacitor
current ripples and requirements. To verify the proposed theory and PWM method, a 150 kW
inverter prototype has been built. The comparison between the calculation result and
experimental result shows that they are in close agreement.

For the second half of the dissertation, contributions for H-bridge inverters are made for
photovoltaic and FACTs systems.

As the demand of the renewable energy increases every year, the photovoltaic (PV) systems
have been playing an important part in supplying energy for the global consumption. In order to
connect PV modules to the grid without inserting any bulky low frequency step-up transformers,
the cascaded H-bridge multilevel inverters are utilized to increase the output voltage level up to
the grid voltage (e.g. 13.8 kV). The 2w harmonic component on the dc link side of the H-bridge
inverters has long been a thorny problem, which requires a huge dc link capacitor bank to absorb
this 2w low frequency current ripple in order to maintain the dc link voltage ripple under a
tolerable value. This dissertation presents a simple 3 harmonic injection method for the
cascaded H-bridge multilevel inverters for photovoltaic systems at unity power factor. This
approach achieves a 40% to 50% reduction of the dc link capacitance, without adding any extra
components or increasing the control complexity.

Same 2w harmonic problem exists in FACTs devices, which is typically implemented by an
H-bridge inverter. A new topology and control method are proposed to significantly reduce the
dc capacitance to minimum by only adding a phase leg and an ac capacitor with the value of 1/10

of the original dc capacitance.



Dedicated to my Father and Mother:
Jiming Lu and Xuri Shen

v



ACKNOWLEDGEMENTS

First of all, I would like to give my heartfelt thanks to my dear advisor, Dr. Fang Z. Peng.
Thank you very much for having me as one of your students. I really appreciate everything that
you have done for me, your clear directions, your precious advices, and all your patient helps
during the past years. I would not be able to achieve what I become today and finish all these
works without you. I am so grateful and honorable of being your student.

Meanwhile, I am also very thankful to my committee members, Dr. Bingsen Wang, Dr. Mitra,
and Dr. Guoming Zhu. Thank you for giving me all the impressive lectures from which I built up
my knowledge base.

Many thanks go to my colleagues in PEMD lab, for valuable discussions, suggestions and
selfless help, as well as priceless friendships. Special thanks go to Dr. Honnyong Cha for
offering me great helps during my first 2 years of graduate study, thanks for helping me with the
derivation of the dc capacitance theoretical calculation, and teaching me how to debug and built
inverters. Many thanks go to Dr. Wei Qian, Dr. Dong Cao, Dr. Qin Lei, Dr. Shuitao Yang, Dr.
Dan Wang, Dr. Julio Cesar Rosas-Caro and Dr. Craig Rogers for delightful technical discussions,
research hints on the battery equalizer and experimental method of carrier-based modulation, and
proofreading of my papers and thesis. Thanks to Dr. Shuai Jiang, Dr. Baoming Ge, and Dr. Shao
Zhang for a lot of valuable discussions in all areas throughout my graduate study. Indeed thanks
to Mr. Xianhao Yu, Dr. Zhenguo Gu, Mr. Yang Liu, Mr. Sisheng Liang, and Mr. Runruo Chen
for the collaboration in the MW inverter project and the SSVC project during my last a couple of

years in PElab. Finally, thanks to Dr. Lihua Chen, Dr. Yi Huang, Dr. Jianfeng Liu, Dr. Yuan Li,



Dr. Maosong Zhang, Dr. Junming Zhang, Dr. Jorge G. Cintron-Rivera, Mr. Joel Anderson, Dr.
Uthane Supatti, Mr. Matthew Gebben, Mr. Sangmin Han, and Dr. Irvin Balaguer.
Finally, thanks from my deep heart go to my parents. Thank you for raising me up and

teaching me everything. The love that I got from you is beyond expression.

vi



TABLE OF CONTENTS

LIST OF TABLES ...ucouiiiiiiiiitinsnisicssiessissesssecsssssscssissssssesssssssssssssssssssssassssssssssassssssassssssssssesss X
LIST OF FIGURES ....cuuitiiiiintinsnnsensnissensnsssisssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssss xi
CHAPTER 1 DC LinK Capacitors ...ccccccccseeccssancsssascssssessssscssasssssasesssasssssassssssssssssssssssssssasssssassss 1
1.1 Types of DC Link CapacCitOrs.......ccccueeeeueeeriuierniieeiieeenieeesereeesseeesseeesseeesseeessseesssseesssneens 2
I.1.1  EleCtrOlYtiC CAPACILOT .. ..eeeeuiiieeiiieeeiteeeite ettt ettt ettt st sbe e e st e e s e e 2
1.1.2  FAlM CAPACILOT .uetieeiiieeiiie ettt ettt ettt e et ee e aa e e et e e esaaeeennaeesnsneesnnneennnes 4
L.2 COMIPATISOMS ..ceuitiiiuiiieeiteeeitee ettt e ettt e st e et eeesabeesabeesateeeabbeeeabaeesabaeesabeeenaseeensbeesnaeesanneens 5
1.3 Applications Using DC Link Capacitors and Outline of Dissertation ..............cccccveeeueeenn. 6
1.3.1  Three-Phase INVEITErS ......ccc.coviiriiiiiiniieieeniece ettt 6
1.3.2  Single-Phase INVEITEIS .......cceeeiiiieiiieeiieeeiieecite ettt e ve e e e eaae e eaae e e nee e 7
CHAPTER 2 Introduction of HEV Applications and Their DC Capacitors .........ccccceecereunces 9
2.1  The Advantage of HEV in the Automotive Market..........c.cccoceeviiniiiniiniinniiniceeenee 9
2.2 Types Of HEV SYSIEMS ...cccuuiiiiiiiiiiiiiie ettt et e 10
2.3  Power Electronics Challenge in HEV SYStemS ........ccooviiiiiiiiiiiiieiiiecciieciee e 11
2.4 Inverter Operation Modes in HEV ..ot 12
24.1  Sinusoidal Pulsewidth Modulation Mode...........ccccceviiriiiniiiniiniiiieciceeeeeee, 12
242 SIX-SEP MOAE ..ot 14
243  Diode Rectifier MOE .........cooiiiiiiiiiiiiiiiieeieee et 15
2.4.4  Synchronization between DC-DC Converter and SPWM Inverter ............cc.......... 16
2.5  Summary of Previous WOrK.........oociiiiiiiiiiiiciiceiee et e 17
2.5.1  Complicated AC-DC-AC PWM Converter Control Strategies ..........c.ccceeeeruennnee. 17
2.5.2  Theoretical Analysis of Current Ripples and Harmonics of DC Capacitor............ 18
2.5.3  Simple Synchronization between DC-DC converter and SPWM Inverter to
MiINIMIZE CAPACILANICE ......eeurieniieeiiieiie ettt ettt ettt et et e bt e s bt e sbb e e bt e sabeebeesaneebeenae 19
2.6 Goal and MethOdOLOZY .....cc.uuiiriiiiiiiiiiie ettt ettt et e s e e 20

CHAPTER 3 DC Capacitance and Current Ripple Requirement of the Three-Phase

SPWM Inverter/PWIM ReCtfier......ccccveiriirensecsuissensensanssenssecssnsncssnsssnssnsssecsssssessssssssssssssssssens 23
3.1  Basic Idea of Calculating DC Link Capacitance............cccccueereuvreriireeniieenieeesreeevee e 24
3.2 TheoretiCal BaSIS .......civiuiiiiiiiiiiiiiiie ettt ettt ettt e et 26

3.2.1  SWItChing FUNCHONS. ......iiiiiiieciieeciee ettt ettt e aae e et e e s aae e saeeeeaeee e 26
3.2.2  Relationship between Vdc and Vac............cccooovuiiiiiiiiiiiiiniiiiiiiiiiiieeeeeeeeeeeee 28
3.2.3  AVEIAZE CUITENL...eiiiiiiiiiieieiitieeeeitee ettt e ettt e e et e e e st e e e sstbteeeesasteeeesnbeaeesnnnsees 28
3.3  Calculation of Required DC Link CapacitancCe............ccceevuveerieeeriieeniieenieeeieeeieee e 30
3.3.1  Maximum A -sec during 60° with the Same Power Factor and Modulation Index . 34
3.3.2  Maximum A-sec versus POwer Factor...........coccoeviiiiiiiiiiiiiiniiiieeeieeseeeeeee 39

vii



3.4  Calculation of RMS Value of DC Current Ripple .........coooiiiiiiiiiniiiiiiiiiiieiiceeieeee, 42

CHAPTER 4 DC Capacitance Requirement of the Three-Phase Diode Rectifier .............. 44
A1 INEEOAUCTION ...ttt ettt et e st e e st e e it e e s sabeeebbeessbeesaeeesnbaeenane 45
4.2  Calculation of the Critical IndUuCtancCe.............ccccueeriiieriiieiiiiecie e 45
4.3  Calculation of Required DC Link Capacitance...........ccceeevveeenieeenieeenieeeniieesieesieeenane 49

4.3.1  With No Line INAUCIANCE........cccueeiiiiieiiieeieeceeecie ettt 49
432  With 0%~1.46% Line IndUucCtance.............cccueeriuiieriiiieniieeiieeieeeeee e 51
4.3.3  With Line Inductance Greater Than 1.46% ..........cccceeevuveerciieeniieeniieeiee e 52

CHAPTER 5 DC Capacitance Requirement of the Six-Step Inverter .........cccccceeeercnrccuncnnne 57
5.1  Simplified Configuration and System Parameters ...........cccceeevuveerciieenciieenieeeiee e 57
5.2 Calculation of Required DC Link CapacitancCe............ccceevuveerieeeniieeniieenieeeieeseee e 59

CHAPTER 6 Prototype and Testing Results of SHEV Power Electronics Module............ 63
6.1 PIOLOLYPE oottt et ettt e s bt e et e et e et e s aaeeeaees 63
6.2  Test Results of Voltage RIPPIE ...cccveieiiiiiiiiiiiieeeeeee e 66
6.3  Test Results of Current RIpple.........cooiiiiiiiiiiiiiiiieeee e 71

CHAPTER 7 Minimizing the DC Capacitance between the DC-DC Converter and SPWM

inverter—A Carrier Modulation Method ..........cecoeiecviinsensecsnissensecssinsenssecssccsssssecssssscssessaee 74
7.1 INEEOAUCHION c.eiiiiitec ettt ettt sttt s bt e bt e st e e beesaneebeenas 74
7.2 The Conditions Under Consideration...........c.ccceeverieerienieenienieeieenreesreeseeeseeeseeesneenes 78

7.2.1  Unity Modulation Index of the INVerter...........ccceeevieriiieniieeiieeee e 78
7.2.2  Unity Power Factor of the Load...........cccooiiiiiiiiiiiiiieeccececeeeeee 78
7.2.3  Constant Duty Cycle for the Boost CONVEIter ..........ccccvieriieeriieeerieeeieeeieeeieeenns 78
7.2.4  Sinusoidal Inverter OUtput CUITENLS .......ceevueeeriiiieriiieriieeriee e eieee e e siee e 79
7.2.5  Analyze One of SiX 60° SECLOTS ....cccueiriiiiiiiiiiiiiienieeeee ettt 79
7.3 The Analysis of the Ideal SPWM Inverter Input Current Waveform ...........cccceecveenenne 80
7.4  The Proposed Carrier Modulation Method for the Boost Converter ............cccccveeeeueenne. 85
7.4.1  Sine Carrier Modulation Method........c...cocieviiiiiiniiiiiiieeceeeee e 85
7.4.2  Linear Carrier Modulation Method.............cooiiiiiiniiiiiiniiiieiceeee e 87
7.5  Theoretical Analysis of DC Link Current Ripple for Sine Carrier Modulation Method 91
7.5.1  Basic EQUAIONS....c...coiuiiiiiiiiiiieete ettt 92
7.5.2  Current RIpple ANalYSiS....cccueiiiiiiiiiiiiiiieeiieeeiteese ettt 95
7.5.3  Calculation RESUILS ......cccuiiiiiiiiiiiiiieiee et 97
7.6 Experimental RESULLS........ccoiiiiiiiiiiiieiieeeteee et 100
TT CONCIUSION. ...ttt ettt ettt et e sab e st esaeeebeesaeeenee 111

CHAPTER 8 Minimizing DC Capacitance Requirement of Cascaded H-Bridge Multilevel

Inverters for Photovoltaic Systems by 3™ Harmonic INJEction ............eeueereescssessessecsesssessens 112
8.1 INIrOAUCTION ...c.uiiniiieiiieiie ettt ettt st e s e e esaneenee e 112
8.2  Theoretical Analysis of the DC Capacitance Reduction...........cccceeeiveeniieenieennneeeenee. 113

viii



8.2.1  System ConfiGUIation .........coooeeiriiieiriiieeniieeniee ettt et et e et e s e e sbeeesbee e 113

8.2.2  DC link current ripple without 3rd harmonic injection ...........ccccceeeeveeecuveennnens 115
8.2.3  DC link current ripple with 3rd harmonic Injection.........c..cccecueevueerierneeneeenneenne 116
8.2.4  Current ripple and voltage ripple reduction ............ccccuveerieeerieeeriieeieeeiree e 118
8.3  Simulation RESUILS......ccouiiiiiiiiiiiiieeee ettt 119
B4 CONCIUSIONS ...ttt ettt et ettt et sab e e bt e st e e bt e sabeebeesaneebeenas 132

CHAPTER 9 Solid State Variable Inductor-Capacitor for Reactive Power Compensation

with Minimum DC CapacitanCe .........ceeeveeccsercssnicsssnecssanessssssssssssssssssssssssssssssssssssssssssssssssssnssss 133
0.1 INITOAUCTION ...eniiiiiiiieeiiee ettt et et e et e e st e e e it e e sabeesbbeesnaaeesane 133
0.2 PASE WOTKS. .ttt ettt ettt et 138
9.3  The Proposed Solid State Variable Inductor—Capacitor (SSVLC) .......cccccvvvvviieniieennne 152
9.4 Experimental RESUILS.........cooouiiiiiiiiiiiiiieee e 155
0.5 CONCIUSIONS ...eoniiiiiiiiieeite ettt ettt e ettt e et e e st e e s bt eesabeeesabeesabeesbbeesnsneenans 158

CHAPTER 10 Contribution and FUuture Work .......c..cceeicnnnicnsnccssnncssssscssssssssssssssssssssscses 159
TO.1T  CONUIIDULIONS ..utieeiitieeiiee ettt ettt e ettt e ettt e st e e s abeeesabeeessbeeesabeesaaeesaeeenane 159
1O.2  FULUIE WOTK ..eiiiiiieiiieeece ettt ettt et e e et e et e e s sae e e nbee e sbaeesaeeennneennns 160

APPENDIX ciiiiiniiinnisnnncnnissssssssnsssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssss 163

BIBLIOGRAPHY ...cuuuiuiiuiiniienseinsnissnssssssisssssssssisssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssss 165

X



LIST OF TABLES

Table 1.1 DC Link Capacitor Comparison between Film and Electrolytic [4] .......c.c.cocerviernnnne 5
Table 3.1 EXpressions 0f A-SeC (Vg > Ve > Vh ) oo 33
Table 3.2 Simplified Expressions of A-sec (Vg > Ve > Vp ) oo 34
Table 3.3 The M at the maximum A-sec for €ach pf........ccoeeiiiiiiiiiiiiieeeeeeee e 40
Table 5.1 The list of Inductance and Resistance Changing Base ............ccccoeveerviieniiieniieenieenne 58

Table 5.2 The list of Inserted Voltage source Amplitude and Phase Angle Based on Different

Power Factor and Load Impedance............coocueieriiiiiiiiiniieiiieeiceeeeeeeeee e 59
Table 6.1 The Configuration in the ProtOtYPe ........ccecvieiiiiiiiiieeiieeeieeeeiee et 64
Table 6.2 Expreimental Result of Voltage ripple .......c.eevveeeiiiiiiiiiiiiiiiieeeeeeeeee e 66
Table 6.3 Experimental Results of rms current of The Capacitor ..........ccceevveeerieeerieeniieeeieeens 71
Table 7.1 Circuit Parameters and Experimental Conditions...........ccccueeerieeenieeinieeniieeniiieenieeenne 99
Table 7.2 SIMUIAtion Data ......ccc.ooiiiiiiiiiiie ettt 99

Table 7.3 Saber Simulation Result of The rms Value of The DC Link Capacitor’s Ripple Current
.................................................................................................................................... 101

Table 9.1 Expressions for ripple power on auxiliary inductor and capacitor for SSVL and SSVC
.................................................................................................................................... 154



LIST OF FIGURES

Figure 1.1 Commercial electrolytiC CAPACILOTS .......ccevuveerruiiirriieeiiieeeieeesieeertee et e et ee s e e 3
Figure 1.2 Commercial film CAPACILOTS .......ccccveiiiiieeiiieeiiie ettt e eree e e e esaaeeenaee e 4
Figure 1.3 Typical three-phase inverter with dc link capacitor ........cc..cceceeveervieeiiencienneenieeneene 7
Figure 1.4 Typical single-phase inverter with dc link capacitor...........ccccceevciieeriieeenieeeiieeeieeeee, 8

Figure 2.1 The power electronics function blocks of the series hybrid electric vehicle (SHEV)
SYSEEILS ..tteeeuitteeeeiiteeeeeitteeeesuttteeeeatteeeeaaaateeesaabaeeesensbbeeeennnbeeeeannsbaeesansbaeesensbeeeennnaeeenn 11

Figure 2.2 The schematic of a three-phase inverter/PWM rectifier using SPWM with three-phase
current SoUrces as 10ad .........ocuevieiiiiiiiiiiniiiiiicieee e 13

Figure 2.3 The simplified equivalent circuit of the inverter under six-step operation ................. 14

Figure 2.4 The schematic of a three-phase uncontrolled diode rectifier with line impedance on
the ac side, and with dc link capacitor and resistive load on the dc side...................... 15

Figure 2.5 The schematic of a bidirectional dc-dc converter connected with a three-phase inverter
with three-phase current sources as 10ad............ccceeviiiiiiiiiiiiiiiiieeeeeeeee 16

Figure 2.6 The schematic of a typical AC-DC-AC PWM converter SyStemM..........ccccveerruveerurene 18

Figure 3.1 The schematic of a three-phase inverter/PWM rectifier using SPWM with three-phase
CUITent SOUrces as 10Ad .....c..ccouiiiiiiiiiiiiiiiiiiiiceeee e 24

Figure 3.2 Detailed PWM waveforms in two switching periods (a) sinusoidal reference and
triangle carrier waveforms; (b) switching function of phase A; (c) switching function
of phase B; (d) switching function of phase C; (e) ideal inverter input current i;;,,,

with 7 avg showing in the same graph. .........ccceeviiieiiieeiiieeee e 31

X1



Figure 3.3 Six sectors for voltage references of phase A, Band C ..........ccoooeiiiiiiniiiiniiinniiens 32

Figure 3.4 The flowchart of calculating the maximum Asec during 60° at a certain value of MI

Figure 3.6 The relationship between per unit value of desired capacitance (C p_u') and DC link

o) LE T o w10 o) (S =) USSP 41

Figure 3.7 The relationship between the p.u. value of I, versus MI with different power
factors for SPWM and 6-Step OPETAtiONS ........eeevuveeeriiierniiieiiiieeiieeeieeeeiee e 43

Figure 4.1 Simplified diode rectifier circuit with no line inductance or small line inductance... 46
Figure 4.2 Simplified diode rectifier circuit with large line inductance..........c.cccccceevveeveennennnen. 46

Figure 4.3 Critical inductance calculation of the diode rectifier (a definition) and Asec

calculation of the diode rectifier with a small inductance............c.cccoceevierniiniennnennnn. 47
Figure 4.4 Asec calculation of the diode rectifier without line inductance .............cccceeeuveernnnne 50
Figure 4.5 Asec calculation of the diode rectifier with a large inductance.............ccoceeveennennee. 55
Figure 4.6 Cp.u. versus ¢ for rectifier operation compared with SPWM operation. ................... 56
Figure 5.1 The simplified equivalent circuit of the inverter under six-step operation ................ 58
Figure 5.2 Cp.u. VErsuS AV fOI O-SIED ..eeevviieriiieiiieeiiieeiiee ettt e eieeesieeesreeensaeeessreeeaaeessneesseeens 61
Figure 5.3 The aggregate of all figures above: Cp.u. versus AV for all operations..................... 62
Figure 5.4 Alrms versus MI for SPWM and 6-Step Operation ..........cccceccveeerveeenieeenveessneeessneeenns 62

Xii



Figure 6.1 Inverter module assembly photos (including DC link capacitors, IGBT module, Gate
Drive board and Gate drive power SUpply 0N tOP) ......ceevveeerieeeriieeiieeeieeeiieeevee e 65

Figure 6.2 The experimental waveforms of three phase currents and DC link voltage ripple with
DC link voltage at 200 V. ...ccuiieeiieeieeeeeeie ettt et s aae e s aae e eaee e 67

Figure 6.3 The experimental waveforms of three phase currents and DC link voltage ripple with
DC link voltage at 400 V ....cc.uiieiiieeieeeee ettt e e et e e eaae e e aee e 68

Figure 6.4 The experimental waveforms of three phase currents and DC link voltage ripple with
DC link voltage at 650 V ..c...oiiiiiie e 69

Figure 6.5 The simulation waveforms of three phase currents and DC link voltage ripple with DC
IinK vOItage at 650 V ....ooiiiiieiieeeeeee ettt et e e e 70

Figure 6.6 The experimental waveforms of the capacitor current with DC link voltage at 200 V,
PI=0 and MIZ0.9 ..ot e et 72

Figure 7.1 The schematic of the bidirectional DC-DC converter and the inverter....................... 75

Figure 7.2 (a) One sample switching period of the inverter input current with average current
drawn in the same figure; (b) The converter output current ( f.,,, = finy); (¢) The

converter output currents for unsynchronized case and synchronized case
(S0 =2 Jinp ) eeeeeeeeeeeeeiee ettt 77

Figure 7.3 Three sinusoidal references va*, Vb* , and vc* of the SPWM inverter with one of the
six sectors shown in pink shaded block, which will be discussed in this paper. ......... 80

Figure 7.4 (a) Common sinusoidal PWM method for the inverter; (b) Simulation waveform of
the INVerter INPUL CUITENT fj;7), «vevvriviieiiiiiiiiiiicii s 81

Figure 7.5 Detailed waveforms of SPWM in one switching period. (a) Sinusoidal reference and
triangle carrier waveforms; (b) Switching functions S,, S;, and S, of phase A, B and

C; (c) Ideal inverter input current i;,,, ; (d) Non-zero (active state) and zero (zero state)
current POrtions iN BIOCKS. .....c.uiviiiiiiiiiecieecie e e 82

Xiii



Figure 7.6 The trend of the Spy, 257, and S +287 V.S. .o, 84

Figure 7.7 Sine carrier modulation Method ............cocieriiiiiiniiiiiiiceececce e 86

Figure 7.8 (a) The desired converter output current of the dc-dc converter; (b) Two references
compared with the triangle carrier for the dc-dc converter; (¢) Generated switching

function of v, ; (d) Generated switching function of v, ; (e) Generate Sy, using
Sx DSy s 88

Figure 7.9 The comparison of Ipps¢ between the regular PWM strategy and modified linear
carrier modulation MEthOd .........cocueiiiiiiiiiiiii e 89

Figure 7.10 The comparison of A-sec between the regular PWM strategy and modified linear
carrier modulation MEthOd .........cc.eiiiiiiiiiiiiii e 90

Figure 7.11 (a) The desired dc-dc converter output; (b) The realization approach of the carrier
modulation method: two references, instead of only one, compared with the traditional

triangle carrier; (c) Generated switching function of vy from (b);(d) Generated

switching function of vy from (b); (e) Generate S¢yy, by Sy @Sy oo 94

Figure 7.12 Calculation result and simulation result of the capacitor current ripple per unit value
v.s. duty cycle under test CONAILION ......cccueiiriiiiriiieiiie e 97

Figure 7.13 The comparison of the capacitor current ripple per unit value between the regular
PWM strategy (dash line) and modified carrier modulation method (solid line) ........ 98

Figure 7.14 The experimental result of the rms ripple current is 15.651 A at 300 V dc link
voltage (Analyzed from the saved data by WVF Viewer from Yokogawa).............. 102

Figure 7.15 Synchronized the inverter phase A reference signal (yellow) with the converter V

and V), low frequency triangle reference signal (V) is green and V), is Purple)...... 103

Figure 7.16 The experimental result of the proposed carrier modulation signal for dc-dc boost
COMVETTRT ...ttt eteesite et e ettt et e sttt et e sttt eteesaeeeneesbeeeabeesuteesbeesaneeabeesateenneesaneeneenaneeas 104

Xiv



Figure 7.17 The experimental results of the inductor current, the converter output current and the
switching signal of the dc-dc bOOSt CONVETLET .........ceeevuiieeiieeeiieeiieeiee e 105

Figure 7.18 The experimental results of the inverter output currents, the switching functions, and
the input current of the SPWM inverter (Redraw the waveforms from the saved data
by WVF Viewer from YOKOZawWa)........coovuiiiiiiiiiiiiiiiieiiieeeeeeteeeee e 106

Figure 7.19 Zoom in view Of FIUre 7.18 ......cccooiiiiiiiiiiiceeeee e 107

Figure 7.20 Experimental results of the inverter input current, the converter output current, and
the DC link capacitor current (Redraw the waveforms from the saved data by WVF
Viewer from YOKOZAWA).....cccuuiiiiiiiiiiiieiiieeiieeite ettt sttt 108

Figure 7.21 Zoom in of FIGUIe 7.20......ccccoiiiiiiiiiiiieieeeteeeee et 109

Figure 7.22 The SABER simulation results of the dc link capacitor current (comparison for
FIGUIE 7.21) ettt ettt ettt ettt et e neenneeneas 110

FIigUIe 7.23 PrOtOLYPE SELUP .eeeuvvieriieeeiiieeiiieeeite ettt ettt e ettt e et e st e e st e e it e e et e e sateesnbbeesbeeesabeeas 111

Figure 8.1 The system schematic of the 2.1 MVA three-phase cascaded H-bridge multilevel
inverter with separate photovOItaiC SOUICES. .....cc.ueeerviiiriieiiiieiieeeeieeeee et 114

Figure 8.2 The schematic of one H-bridge module with notations.............cccceeevveeerieennieennnen. 115

Figure 8.3 The maximum magnitude of the 3rd harmonic injection that can be selected under a
certain fundamental modulation INAEX.......c..cecuevierieiiiniiininiiinicccce e 119

Figure 8.4 The phase-shifted carrier-based PWM method: (a) two fundamental references with a
triangle carrier; (b) zoom-in view of (a), showing the seven phase-shifted triangle

carrier for the seven modules in one phase leg. ..........ccovveiiviiiiiieiiiiiiiiieieeeee 121
Figure 8.5 SABER Simulation — CITCUIL PATT .....cccveeeiiieeiiieeiieeeieeeeieeeereeesveeesiveeeiaeesaneesaeees 122
Figure 8.6 SABER Simulation — PWM generating part...........ccoceeerieeeniieenieeenieeeiieeeieeeseeenn 123

XV



Figure 8.7 Simulation results of the traditional pulsewidth modulation method without 3rd
harmonic injection: M0=0.9, f0=60 Hz, Cdc=3.8 mF. ........cc.cceovvirrriiriieeieeeieene 125

Figure 8.8 Simulation results of the proposed 3rd harmonic injection pulsewidth modulation
method: M0=0.9, f0=60 Hz, M3=0.4865, f3=180 Hz, Cdc=3.8 mF. ............cc........ 127

Figure 8.9 Simulation results of the proposed 3rd harmonic injection pulsewidth modulation
method: M0=0.9, f0=60 Hz, M3=0.4865, f3=180 Hz, Cdc=2.2 mF. ............cc........ 128

Figure 8.10 Simulation results of the traditional pulsewidth modulation method without 3rd
harmonic injection: M0=0.6459, f0=60 Hz, Cdc=1.6 mF. .........c.cccoverrrrirrirrerrrnn. 130

Figure 8.11 Simulation results of the proposed 3rd harmonic injection pulsewidth modulation

method: M0=0.6459, f0=60 Hz, M3=0.6459, f3=180 Hz, Cdc=800 uF.................... 131
Figure 9.1 An ideal variable CapacCitor.........covuiiiiiiiiiiiiiiee ettt 135
Figure 9.2 A variable capacitor implemented by an H-bridge inverter............ccccceevveerenveennnenn. 135
Figure 9.3 The proposed solid state variable inductor-capacitor:...........ccueeevveerrieerniieensieeenneen. 137
Figure 9.4 Traditional H-brid@e INVETLeT ........c.ccccvuiiiiiiieiiieeieecieeeciee et 138
Figure 9.5 Traditional H-bridge topology with a bidirectional buck/boost converter................ 142

Figure 9.6 Traditional H-bridge topology with another bidirectional buck-boost converter ..... 145

Figure 9.7 Traditional H-bridge topology with another H-bridge inverter on the ac side.......... 147

Figure 9.8 Traditional H-bridge topology with another H-bridge inverter in series on the dc side
.................................................................................................................................... 149

Figure 9.9 Traditional H-bridge topology with another H-bridge inverter in parallel on the dc
SIAE ettt ettt et et b e et ae e et eneenaee 150

XVvi



Figure 9.10 Traditional H-bridge topology with an active filter: (a) use a capacitor as the

auxiliary energy storage; (b) use an inductor as the auxiliary energy storage. ......... 151
Figure 9.11 Phasor diagram of (a) SSVL and (b) SSVC. ... 155
Figure 9.12 Traditional H-bridge inverter with 820 uF dc capacitor..........cccceeevveeerieencnveennnenn. 156

Figure 9.13 The proposed SSVC with 150 uF dc capacitor and 300 uF ac auxiliary capacitor. 157

Figure 9.14 The proposed SSVC with 150 uF dc capacitor and 300 uF ac auxiliary capacitor. 158

Xvil



CHAPTER 1 DC Link Capacitors

DC link capacitors are used in intermediate circuit applications in power electronics e.g.
power conversion technique, where different kinds of converters couples to one dc voltage level.
Therefore, this kind of capacitors usually has to sustain high dc voltage which exists permanently
and which is always accompanied by high frequency ripple voltages. The capacitors that can
satisfy these requirements usually occupy a large space in the inverter, and they are also heavy
and expensive. However, they commonly exist and play a very important role in most
conventional topologies of power electronics, such as the three-phase voltage source inverter
(VSI) and the single-phase VSI (or H-bridge VSI). These topologies are so matured in nowadays
industry, and traditionally they cannot live without the dc link capacitors.

Therefore, minimization of the dc capacitor is an essential step towards developing and
manufacturing compact low-cost inverter systems for high temperature operation, long life and
high reliability.

Traditionally, the dc capacitance has been determined according to empirical equations and
computer simulations, which provides little insights into how to minimize the dc capacitor. In
order to achieve an optimum minimization of the dc capacitor, an accurate theory to calculate the
dc capacitor voltage ripple and current ripples must be developed first, then pulse-width
modulation (PWM) and control techniques or topological improvements can be further
developed to minimize both dc voltage and current ripples.

This dissertation is mainly divided into two parts. First half is minimizing the capacitor ripple

and requirements for three-phase VSI; while second half is for single-phase (H-bridge) VSIL



1.1 Types of DC Link Capacitors

Before going into details about how to minimize the dc link capacitors, let’s take a look at
those most common types of dc link capacitors.
In general, there are two types of capacitors are commonly used in the dc link. One is the

electrolytic capacitor, and the other one is the film capacitor.

1.1.1 Electrolytic capacitor

Electrolytic capacitor for dc link usually looks similar to what are shown in Figure 1.1. It
uses an electrolyte as one of its plates to achieve a larger capacitance per unit volume than other
types. Due to this large capacitance, it makes it a very good candidate for low frequency filter
and large energy storage. [1]

However, it also gets a lot of problems. It tends to have larger leakage current than other dry
types of capacitors. In addition, the limitation on the operating temperatures keeps it away from
high temperature applications. With the large parasitic resistance and inductance, it further limits
its ripple current handle capability. Therefore, in some applications with high temperature and

ripple currents, the electrolytic capacitors tend to have shorter life and less reliability.



(a) (b)

Figure 1.1 Commercial electrolytic capacitors

Pictures are obtained from the below websites:

(a) http://theelectrostore.com/shopsite _sc/store/html/high-voltage-electrolytic-capacitors-400v-

3900uf.html

(b) http://www.royalrrs.com/products/Capacitors/




1.1.2 Film capacitor

Film capacitors are made with an insulating plastic film as the dielectric, and combined with
metallized aluminum or zinc as the electrodes. They are usually wound into cylindrical shape,
with terminals attached on the sides, and then encapsulated. Some of them are look similar to
what shown in Figure 1.2. [2, 3]

They are known of high current ripple handle ability, high operating temperature, very small
equivalent series resistance and inductance. All these features make it a very good candidate for
high switching frequency inverter/converters. However, the capacitance value tends to be smaller
than the electrolytic capacitors. Additionally, the energy density is not as high as the electrolytic

ones either.

(a) (b)

Figure 1.2 Commercial film capacitors

Pictures are obtained from the below websites:

(a) https://encrypted-tbn3.gstatic.com/images?q=tbn: ANd9GcQs8-

81P1VhCh90QQCjeuK1HM-SgDLoc87 Hs OZYvo4ZoWwaX

(b) http://www.sbelectronics.com/wp-content/uploads/2011/04/700D349 300_200.jpg




1.2 Comparisons

It is more straightforward to compare these two kinds of capacitors in a table shown in Table
1.1.

In conclusion, as the switching frequency goes higher, operating temperature goes higher,
and the requirement of reliability goes up, it is more preferred to choose film capacitor rather

than aluminum electrolytic capacitor.

Table 1.1 DC Link Capacitor Comparison between Film and Electrolytic [4]

Parameter Film Aluminum Electrolytic
Capacitance Low High
ESR Low High
Max operating temp 105 °C 85 °C
Max voltage Larger than 1000 Vdc 600 Vdc
Ripple Current High Low
Life Long Short
Energy Density Low High
Failure mode Fail open rupture
Construction Dry Liquid electrolyte
Polarity Non polar Have polarity




1.3 Applications Using DC Link Capacitors and Outline
of Dissertation

As mentioned previously, the dc link capacitors are needed in quite a lot of topologies,
including those extremely matured ones, for example, the three-phase inverter and the single-

phase inverter. These two topologies are going to be the focus of this dissertation.

1.3.1 Three-Phase Inverters

Figure 1.3 shows a typical three-phase inverter with a dc link capacitor shaded in the dashed
box. This three-phase inverter has been widely used in the industry, for example, the hybrid
electric vehicles (HEV), electric vehicles (EV) and so on.

In the first half of this dissertation, minimizing the dc link capacitance is focused on this
three-phase inverter in HEV application, which is quite a hot topic in recent years.

Chapter 2 gives a general introduction and motivation of the first a few chapters (Chapter 3
to Chapter 7) on HEV applications, and introduces the limited work done in the past, which
indicates more room for this dissertation to contribute.

Chapter 3 to Chapter 5 introduces the theoretical calculation of dc capacitance requirement
and dc current ripple requirement for 3-phase inverter under SPWM, diode rectifier and 6-step
operation method. This indicates the theoretical minimum value of dc capacitance. Chapter 6

shows the simulation, prototype and experimental results of a HEV system.



Chapter 7 proposes a new carrier modulation method to synchronize the dc-dc converter and
SPWM inverter in the HEV systems to further minimize the dc link capacitor. It is cross checked

with simulation and experimental results.
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Figure 1.3 Typical three-phase inverter with dc link capacitor

1.3.2 Single-Phase Inverters

Figure 1.4 shows a typical single-phase (H-bridge) inverter with a dc link capacitor shaded in
the dashed box. This single-phase inverter is also widely used in the industry for its matured
technology and simple configuration and control.

There are quite a lot of applications. However, in this dissertation, the photovoltaic and the
reactive power compensation is the focused application.

Chapter 8 proposes a 3™ harmonic injection for the photovoltaic system to reduce the dc link

capacitor down to around 50%.



Chapter 9 proposes a new topology by adding an additional phase leg and a passive

component to transfer the ripple energy to the auxiliary passive component, so as to reduce the

dc link capacitor down to minimum.

And finally Chapter 10 is the contribution and future work.

Wk KR
K& K &

Figure 1.4 Typical single-phase inverter with dc link capacitor



CHAPTER 2 Introduction of HEV

Applications and Their DC Capacitors

2.1 The Advantage of HEV in the Automotive Market

Emissions of CO, by human activities are currently amounting to about 27 billion tons per
year [5]. The considerably high amount of CO, emission forces people to make every effort to

minimize these emissions from the aspect of the human activities. Many excellent thoughts are
considered, compared, analyzed, developed and finally built, tested and realized. One of these
outstanding ideas, which protecting our mother earth from global warming and pollutions, is the
development of hybrid electric vehicles (HEV), plug-in hybrid electric vehicles, and pure-
electric vehicles. There are many worth reading websites and reviewed papers discussing the
configurations of each kind and the comparison among them [6-8].

Nowadays, compared to the plug-in HEV and pure-electric vehicle, the HEV is the most
popular and commercial type in the current automotive market. Similar to the ordinary vehicles,

HEV possesses the power of fast acceleration and longer driving distance without the limitation
of charging requirements.

The HEV system utilizes two different and independent energy sources, and hence, achieves
a much higher fuel economy than the traditional vehicle with solely operated by the low-

efficiency energy source—the internal combustion engine (ICE). Therefore, utilizing the HEV



can reduce the emissions of CO, and help clean the cities, at the same time save the limited

energy resources for the world due to its higher efficiency (mile per gallon).

However, speaking to individuals, the cost of a HEV is still higher than the gas price that can
be saved from it. Therefore, in order to impel more and more people to buy HEVs, the price
needs to be further lowered down. That is why engineers have been doing researches on
minimizing the cost, weight and size of the motors, generators, power electronics devices, and
passive components in HEV systems during the past decades.

The work in this dissertation is mainly focusing on minimizing one of the biggest passive
components in the HEV systems—the dc link capacitor, which leads to the ultimate goal of

minimizing the cost, weight and size of the whole HEV systems.

2.2 Types of HEV Systems

Focus on HEVs, there are many different ways to classify HEV systems, and the general
classification is to classify HEVs according to the way in which power is supplied to the
drivetrain. Hence, there are three categories: series hybrid electric vehicles (SHEV), parallel
hybrid electric vehicles (PHEV), and series-parallel hybrid electric vehicles (SPHEV). Generally
speaking, the SHEV is used on heavy duty vehicles (buses, trucks etc.), while the PHEV is
usually applied to light duty vehicles (family sedan etc.).

In order to illustrate the power electronics modules that located in the HEV, take the SHEV
system as an example. The general power electronics function blocks in the commercial SHEV
systems can be demonstrated similarly as Figure 2.1, which consists of an internal combustion

engine (ICE), a generator/motor, a bidirectional pulse-width modulation (PWM) rectifier, a dc
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link capacitor bank, a bidirectional inverter and a motor/generator. Additionally, instead of a
high voltage battery, a low voltage battery with a smaller size is usually preferred and connected
to the dc link through a dc-dc boost converter. For the sake of having the PWM rectifier, the
inverter, and the dc-dc converter each at the same power rating, the system can have two smaller
inverters controlling two traction motors respectively (shown in Figure 2.1) instead of only one

inverter, whose power rating is the summation of the PWM rectifier’s and the dc-dc converter’s.

i Motor/
/ DC link Generator
: Generator Capacitor Bank
Engine Motor Inverter
0000 o [ —
Rectifier T
Inverter
2
Low
Voltage DC-DC
Converter
Battery

Figure 2.1 The power electronics function blocks of the series hybrid electric vehicle (SHEV)
systems

2.3 Power Electronics Challenge in HEV systems

As shown in Figure 2.1, in a SHEV converter/inverter system, the dc link capacitor bank,
shown in the shaded block, is usually bulky, heavy and expensive. The reason for this is that, this
dc link capacitor bank needs to absorb all the current ripples generated by two inverters, the
PWM rectifier, as well as the dc-dc converter. However, traditionally, this dc capacitance has
been determined according to empirical equations and computer simulations, which provide little
insight into how to minimize the dc link capacitance. Therefore, they are usually much bigger

than needed, so that they occupy an unnecessarily large space. It is the biggest component in an
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inverter box. As a result, minimization of the dc capacitance is an essential step towards
developing and manufacturing compact, light, low-cost HEV converter/inverter systems for high
temperature operation, long life and high reliability.

Therefore, in order to achieve an optimum minimization of the dc capacitor, an accurate
theory to calculate the dc capacitor voltage and current ripple must be developed first, then PWM

and control techniques can be further developed to minimize both dc voltage and current ripples.

2.4 Inverter Operation Modes in HEV

2.4.1 Sinusoidal Pulsewidth Modulation Mode

In the HEV converter/inverter systems, when the vehicle is at a relatively low speed, such as
accelerating from a stop, battery is often chosen as the power supply, instead of the inefficient
ICE. Plus, dc-dc converter is operated as a boost converter, to boost the low battery voltage to
relatively high dc link voltage. Afterwards, the three-phase inverter used to drive the traction
motor usually use sinusoidal pulse-width modulation (SPWM) mode. The SPWM mode can
supply a smoothly increasing ac voltage to cooperate with the increasing speed, in order to
ensure the maximum current and maximum torque. That comes from the V/f control. In this
motoring situation, Figure 2.2 is the equivalent circuit.

Another important situation is when the generator/ICE started. In order to save the trouble of
building another lower power rating starter and adding an additional 12-V battery, just utilizing
the existed battery and the PWM rectifier instead could be a good choice. This requires the PWM
rectifier works as an inverter at this time, which again Figure 2.2 is the equivalent circuit.

How about the regenerative modes? Regenerative mode happens at when the driver pushes
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the brake pedal. At this time, the motor acts as a generator. The generated power is transferred
through a three-phase PWM inverter (PWM rectifier mode in this case) and a dc-dc converter,
and stored this power in the battery. By doing so, instead of wasting the energy to heat up the
brakes or bleeding resistors, the energy is stored and can be reused later on. This results in
energy saving, and high efficiency. Since the motor/generator is operating as a generator, the
three-phase PWM inverter should operate as a PWM rectifier accordingly to convert the power
from ac to dc. Although it sounds so different, the PWM rectifier is actually the same as the
SPWM inverter. Therefore, in the regenerative mode, as the brake pedal is being pushed and the
speed is decreasing, the PWM rectifier is operated by SPWM, which again Figure 2.2 is
considered.

And of course, when the energy comes from ICE/generator side to the dc link side, the PWM

rectifier is working as a PWM rectifier. Therefore, it is again Figure 2.2.
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Figure 2.2 The schematic of a three-phase inverter/PWM rectifier using SPWM with
three-phase current sources as load
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2.4.2 Six-Step Mode

After the acceleration, the vehicle reaches at a much higher speed. This requires the inverter
to output a higher voltage. In this case, six-step operation is often used, due to its higher dc
voltage utilization. This is demonstrated in Figure 2.3. The only difference from the SPWM
operation mode is that, for six-step operation, when the vehicle goes to higher speed, the back
electromotive force (EMF) can no longer be ignored, that is what happened with those added

voltage sources at the load side in Figure 2.3.

lavg liny
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Figure 2.3 The simplified equivalent circuit of the inverter under six-step operation
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2.4.3 Diode Rectifier Mode

The last mode is diode rectifier mode. For the PWM rectifier, if all the power switches switch

off, and only the freewheeling diodes forced on and off the input voltages, the PWM rectifier

becomes an uncontrolled diode rectifier, as shown in Figure 2.4.

If considered PHEV, there is no PWM rectifier connecting the generator/motor to the dc link.

However, if considered SHEV, there is a PWM rectifier connecting the generator/motor to the dc

link, which at most time rectifies the three-phase ac voltages generated by the generator/motor to

dc voltage. As you may notice, this PWM rectifier can work as an uncontrolled diode rectifier,

like Figure 2.4.
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Figure 2.4 The schematic of a three-phase uncontrolled diode rectifier with line
impedance on the ac side, and with dc link capacitor and resistive load on the dc side
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2.4.4 Synchronization between DC-DC Converter and SPWM Inverter

One last converter that have not been mentioned above is the dc-dc converter that connects
the battery—the energy storage system—to the dc link. Therefore, this dc-dc converter
contributes a certain amount of current harmonics to the dc link capacitor as well, which results
in voltage ripples on the dc link. Consequently, in order to minimize the dc capacitance of the

HEV systems, this part should be considered as well, which shows in Figure 2.5.
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Figure 2.5 The schematic of a bidirectional dc-dc converter connected with a three-phase
inverter with three-phase current sources as load

In conclusion, rectifiers and inverters, operated by SPWM and six-step mode, as well as the
uncontrolled diode rectifier and dc-dc converter, are discussed in this thesis. Graphs, which show
the right capacitance value for a given voltage ripple tolerance, are summarized at the end of

each chapter.
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2.5 Summary of Previous Work

2.5.1 Complicated AC-DC-AC PWM Converter Control Strategies

One of the typical AC-DC-AC PWM converters (sometimes called AC-AC converter) is
shown in Figure 2.6. There are many papers discussing control strategies to reduce ripple current
going through the dc link capacitor C by making the converter side dc link current the same as
the inverter side dc link current, which theoretically needs no capacitance at all. For instance,
direct capacitor current control [9], direct instantaneous input/output power balancing [10, 11],
four-step commutation strategy [12], space vector modulation strategy [13], output current
linearization feedback control (input/output current tracking) [14, 15], nonlinear control [16-18],
and some other methods utilizing the current information. Also, there are a large number of
papers discussing the matric converter or indirect matrix converter without dc link capacitor [19-
21]. Similarly, they are all proposed with complicated close-loop control. However, there are few
papers which discuss accurately obtaining the theoretical minimum capacitance for HEV systems
by calculating the current ripple going through the dc link capacitor and voltage ripple across the

dc link capacitor under open loop condition.
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Figure 2.6 The schematic of a typical AC-DC-AC PWM converter system

2.5.2 Theoretical Analysis of Current Ripples and Harmonics of DC
Capacitor

Some studies have been done on current ripple and harmonics of the dc link capacitor. For
example, [22] is a very good paper about the rms current stress on the dc link capacitor for
voltage source inverter (VSI) systems. In addition, [23, 24] are both on the topic of dc link
current harmonics analysis. [25] is closer to the designer’s viewpoint, but no closed-form
equations of current ripple and capacitance value is derived. [26] did not give a theoretical
calculation either. These papers provide a theoretical basis of the current ripple and harmonics.
However, there are few papers talking about the voltage ripple and harmonics of the dc link
capacitor. Also, there are few papers analyzed the current and voltage ripples through the

Ampere-Second point of view, which is actually the source of the voltage ripple.
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2.5.3 Simple Synchronization between DC-DC converter and SPWM
Inverter to Minimize Capacitance

In the HEV converter/inverter system, inverters are always connected to dc-dc converters, for
the sake of boosting the battery’s low dc voltage to high dc voltage, and then converting into ac
voltage to drive the traction motors, as shown in Figure 2.5. However, the dc link capacitor bank
between the dc-dc converter and the inverter is usually bulky, heavy and expensive. Yet the
bottleneck of the capacitor’s size is determined by the current ripple requirement rather than the
voltage ripple requirement. Hence, a better way to minimize the dc capacitance is narrowed
down to minimize the current ripple through the capacitor by synchronizing the dc-dc converter
and the SPWM inverter. The PWM and control techniques are fairly important. A good way will
help minimizing the capacitance, whereas an unsuccessful one may need more capacitance than
the normal operation.

Similar to the condition described in [9], in order to minimize the dc link capacitance
between the dc-dc converter and SPWM inverter, making the converter side dc link current

icony €quals to the inverter side dc link current i, in a pulsewidth modulation (PWM)

converter-inverter system is the final destination, so that ideally no current will flow through the
dc link capacitor and no voltage fluctuation will be across the capacitor, meaning no capacitor
needed at all. Till now, most papers that discussed the current ripple reduction and the dc link
capacitance minimization are based on the AC-DC-AC PWM converter-inverter systems with
relatively complicated close-loop control methods [9-11, 14, 27-29]. The best result that they can
achieve is almost without any dc link capacitors. Besides, there are papers discussing innovating
PWM strategies only on inverter side allowing reduction of the dc input current ripples [30-32].

Furthermore, for DC-DC-AC PWM converter [33]. However, very few papers have been written
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focusing on the current ripple reduction by synchronizing between the DC-DC converter and the
SPWM inverter, the so-called DC-DC-AC PWM converters, which is also commonly existed in
the HEV systems. [34] was a good start for the synchronization by making the DC-DC
converter’s switching frequency twice as much as the inverter’s switching frequency and
optimizing the phase difference of the carrier waveforms between the inverter carrier and DC-
DC carrier. This method does decrease the current ripple quite a lot. In spite of this, more

improvement can be done.

2.6 Goal and Methodology

When designing a voltage source inverter, the dc link capacitor is an important parameter to
the designer. It is always preferred to know the capacitance’s per unit value if given a percentage
of the tolerable dc link voltage ripple. As a result, once we get a curve showing the relationship
between the per unit value of the dc link capacitor and the desired voltage ripple percentage of
the dc link, as well as taking consideration of a certain value of power factor, we can easily find
out the capacitance by only checking the curve and then multiplying the capacitance base value.
This makes life much easier. In conclusion, our task is to find the curve mentioned above, which
shows the relationship between the per unit value of the capacitance and the dc link voltage
ripple percentage.

For the sake of calculating the capacitance, (2.1) is the basic equation that comes up to one’s

mind, which express the current going through a capacitor, leap » is equal to the capacitance, C,

times the derivative of the voltage across this capacitor, v,g, -
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dv

cap

feap =C— 2.1)
Extract the capacitance C out of (2.1), one can get (2.2).
i -dt
c="49 (2.2)
dvcap

Let’s take a closer look at (2.2), the numerator is Ieap -dt, which is a current times a time

interval. From now on, it will be called “Ampere-Second”, short as A-sec, in this thesis.

Moreover, the denominator chap ,

is actually the dc link voltage ripple, due to the assumption
that this thesis is only dealing with dc link capacitance calculation.
For the sake of deriving the dc link capacitance, according to (2.2) obtaining an accurate

expression, for the iy, -

dr —Ampere-Second (A-sec)—of the ac ripple current i.,, that is

flowing in and out of the dc link capacitor during one switching cycle, is the key point to get the
required dc capacitance per unit (p.u.) value, of a given tolerable voltage ripple value, such as
10%.

Based on the previous discussion about the necessity and importance of finding the minimum
dc capacitance for the HEV system, and the previous work that have done by others, here comes
the outline of thesis.

Picking a dc link capacitor is decided by two constrains: one is the capacitance which is
determined by the voltage ripple; the other one is the rms current ripple across the capacitor for
the worst case, which will cause the capacitor internal temperature rise and has to be under a
certain value to ensure the proper operation of the ordinary capacitors. Therefore, each chapter
will be divided into basically two parts:

1. Calculation of the capacitance with a certain requirement of the voltage ripple endurance;
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2. Calculation of the rms current ripple.

Voltage ripple is more directly related to the capacitance, as one can see from (2.3).

Therefore, in order to get the minimum capacitance for the system, Icap -dt (Ampere-Second)

should be obtained first.

Cggpdt gy dt

C (2.3)

dvcap &V

These calculations have to be done for 3 different topologies that exists in the HEV systems:
SPWM inverter (motoring low speed), 6-step inverter (motoring high speed), and diode rectifier
(the PWM rectifier without controlling the switches).

In the following a few chapters, an accurate theory of calculating the voltage ripples and
current ripples of the inverters and converters in HEV systems is presented, respectively. The
topologies shown in Figure 2.2 (a) three-phase inverter/PWM rectifier, Figure 2.4 a three-phase
uncontrolled diode rectifier, and Figure 2.5 a dc-dc converter, are mainly discussed in these
chapters, which are the basic modules for a hybrid electric vehicle, both SHEV and PHEV. The
voltage and current ripples of these cases are analyzed and summarized into graphs, which helps
one to find the right capacitance value for a given voltage ripple tolerance and the rms ripple
current that the capacitor has to absorb. Experiments are demonstrated with 510 pF of dc link

capacitance for a 150 kV A inverter, and the results verify the derived expressions.

22



CHAPTER 3 DC Capacitance and Current
Ripple Requirement of the Three-Phase

SPWM Inverter/PWM Rectifier

Chapter 2 gives a general idea of why we need to minimize the dc link capacitor for HEV
converter/inverter systems, and four topologies that are going to be discussed in this thesis. In
this chapter, the objective is to find the requirement of the dc link capacitance and the current
ripple for a three-phase SPWM inverter or a three-phase PWM rectifier. In fact, in terms of
influence to the dc link capacitor voltage and current ripple, these two topologies are inherently
the same. Therefore, only one needs to be analyzed, and the detailed analysis in this chapter is
based on SPWM inverter [35].

In order to make the conclusions more general and convenient for other designers to apply to
their own applications, the results of the dc link capacitance requirement are analyzed and
summarized into graphs at the end of this chapter according to the proposed accurate theory. The
conclusive graphs can help to find the right capacitance value for a given voltage ripple tolerance
and the rms current ripple that the capacitor has to absorb for different power factors.

Finally, this chapter ends up with the experimental results from a 150 kVA inverter prototype,
which proves the calculation result and experimental result are in close agreement.

First of all, let’s start from the first topology in Figure 2.2—the three-phase SPWM

inverter/rectifier. (For convenience, Figure 2.2 is redrawn here as Figure 3.1 on the next page.)
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Figure 3.1 The schematic of a three-phase inverter/PWM rectifier using SPWM with
three-phase current sources as load

3.1 Basic Idea of Calculating DC Link Capacitance

As mentioned in Chapter 2, for the sake of calculating the capacitance, (3.1) is the basic

equation that comes up to one’s mind, which express the current going through a capacitor, Icap »

is equal to the capacitance, C, times the derivative of the voltage across this capacitor, v, .

dv

cap

icap :CT (31)

Extract the capacitance C out of (3.1), one can get (3.2).
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Cc=21 (3.2)

In (3.2), the denominator, voltage ripple across the capacitor, chap’ is usually known for a

design. In general, the smaller the capacitance is, the bigger the voltage ripple is. As a result, the
bigger the voltage ripple on the dc link, the more harmonics goes to the ac side load. However,
we want both small capacitor and low harmonics to the load. Obviously, there is a tradeoff
between the two. This tradeoff is determined by the designer’s target. Hence, this voltage ripple
factor is considered a constant in the followed calculation.

Therefore, according to (3.2) and explanation in the above paragraph, the required dc

capacitance C is proportional to the numerator, icap -dt , which is called Ampere-Second (A -sec)

in the later paragraphs.
In conclusion, an accurate expression for the minimum required dc link capacitance can be

obtained by finding an accurate A-sec expression of the ac ripple current i where |

cap > cap
represents the current going in and out of the dc link capacitor.
As explained above, the most challenging part of this calculation is to find an expression for

A-sec. This is achieved by integrating the positive/negative part of icap in one switching period.
Obviously, if icap is integrated during one switching cycle, the result is zero because the dc link

capacitor does not have a dc current offset, otherwise the dc link voltage will keep increasing and
finally blow up the capacitor. That is why integrating the whole switching cycle does not help.

Therefore, integrating either positive or negative part is the target.
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3.2 Theoretical Basis

Figure 3.1 shows the schematic of a three-phase SPWM inverter/PWM rectifier with dc link
capacitor and three-phase load/current source. Let’s take a close look at this figure. First of all, it

is desired to decompose the ideal inverter input current i;,, into two parts.
® A constant dc current /,,, is assumed to be supplied by a dc current source, which

does not introduce any other current ripples. It can be imagined as a diode rectifier in
series with a huge inductor. Although this does not really exist in the HEV system
nowadays, the purpose of this assumption is eliminating all current ripples that
coming from other sources, but only focusing on the current ripples that come from
the SPWM inverter side, as shown in Figure 3.1.

® As one may already know, the other part of the ideal inverter input current i;,, is the

ac ripple current icap » which flows in and out of the dc link capacitor bank, whose

average is zero in every switching cycle and of course every fundamental cycle as
well.

Therefore, I,,, is equal to the average of i, .

3.2.1 Switching Functions

First of all, assume the rms value of the inverter output line-to-line voltage is V., the 3rd

ac >

harmonic injection is v3,, (the same to all three phases), the fundamental frequency in radian is
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@, the rms value of the inverter output line current is /., the modulation index is M, and the
power factor angle is ¢@.
The inverter three-phase output voltages v, , vp,, and_v., in Figure 3.1 can be expressed as

shown in (3.3). Understand that the inverter three-phase output voltages are PWM waveforms.
Equation (3.3) only shows their fundamental components. That is why they are sinusoidal

expressions, without the summation of any higher order of sine terms.

2 .
Van = ﬁvac sin(@r) + v,

2 . 2
Vpn =$Vac s1n(a)t—§7£)+v3a, (3.3)
Ve = TiVac sin(ar +§7r) +V30

Secondly, the inverter three-phase output currents i, , i, and i. are all perfect sinusoidal

currents. For one thing, it is relatively reasonable because the traction motors are usually
equivalent to huge inductors, which are enough to smooth out most of the ripples. For another
thing, similar as previous explanation, it is desired to eliminate all the other ripples influence,
and only focus on the ripples that generated by the SPWM operation method.

Similarly, the inverter output three phase currents i, i, and i. can be expressed as shown in
(3.4), where they are assumed to be perfect sinusoidal currents.
iy, =21, sin(ar — @)
=2 . 2
ip =21, sm(a)t—qb—gn') (3.4)

i =21, sin(@r — ¢+§7;)
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From Figure 3.2 and the proof in the Appendix, the switching functions of the three upper

switches S, S, and S, are obtained in (3.5).

Sa=l+lMsina)t+v3—w
2 2 Ve

S, Ly sin(a)t—27r)+v3—w (3.5)
2 2 377 Vg,

S, _Lily Sin(a)t+zﬂ')+v3—a)
22 377y,

3.2.2 Relationship between Vdc and Vac

Please note that the dc link voltage has a relationship with the ac output line-to-line voltage
as shown in (3.6), under both normal modulation and over modulation, which means

M €[0,1.15].

M X2y (3.6)

3.2.3 Average Current

The input real power of the inverter on the dc side can be expressed as (3.7).
Fae = Vdclavg (3.7)
The output real power of the inverter on the ac side can be expressed as (3.8).

Py =3V, o140 cos ¢ (3.8)

The efficiency of the inverter is usually above 90%. This means the power loss is relatively
small comparing to the total power. Therefore, if the power loss in the inverter is ignored, the

input real power is equal to the output real power, as shown in (3.10).
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Vdclavg = \/gvaclac cos ¢ (3.9

Put /,,, on one side of the equation, and others on the other side. Equation (3.10) can be

obtained.

v,
Ipye =~3 %Iac cos @ (3.10)

dc

Hence, substituting (3.6) into (3.10), the average current (3.11) is obtained.

32Mm

Im,g=Tlaccos¢ (3.11)

Similarly, the average current expression (3.11) can be achieved by substituting (3.4) and
(3.5) into (3.12) as well, which means the switching functions shown in (3.5) are actually

indicating the average duty cycle in each switching cycle.

Lavg = Saiq +Spip + Scic (3.12)

29



3.3 Calculation of Required DC Link Capacitance

Figure 3.2 shows the PWM switching details during two switching cycles. Figure 3.2 (b) (c)
(d) shows the switching functions of three phases determined by the traditional SPWM strategy,
whose duty cycle in each switching period can be calculated from (3.5). In addition, Figure 3.2 (e)

is the ideal inverter input current i;,,, . As it is assumed the inverter is fed by a constant current

source of /,,, , it can be understood that the current waveform that is flowing in and out of the

dc link capacitor bank, i.,, , is the waveform in (e), but with 7, as the x-axis instead of 0.

Instead of looking at the whole 360°, it is the same to analyze only 60°, for the reason that
the waveforms are repeated in a low frequency at 6w due to the three-phase system. Therefore,

the following analysis will only focus on the range of 30° to 90° (take v, as a reference), where

v, >V, >V, drawed in pink (or shaded area) in Figure 3.3.
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\ VdC/AZ -V, V.
Tl 2/5 1+ N Val2 )
T./4 ,
Vb
Sq
TwS/2 . TeSd2
Ty,(1-S,)
Sh
TSWSb/2 Tsw b/2
Tsw(] 'Sb)
Se
TeS/2 T:S/2
Ty, (1-S,)
Iavg* ******** ;*””” ************** B ] =ttt bttt et -
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T (Si~Se)/2  Teo(Sa~Se)/2

Tsw (Sc'Sb) /2

Tsw (SC-S b) /2

Figure 3.2 Detailed PWM waveforms in two switching periods
(a) sinusoidal reference and triangle carrier waveforms;

(b) switching function of phase A;

(c) switching function of phase B;

(d) switching function of phase C;

(e) ideal inverter input current i, with /;,, showing in the same graph.
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n/6 n/2 5n/6 7n/6 3m/2 11mn/6

Figure 3.3 Six sectors for voltage references of phase A, B and C

From Figure 3.2(e), it is obvious to calculate A -sec by integrating the positive/negative half

of Ieap during one switching period. If using the positive half, the expression for the area of the

shaded blocks will be

A'secszw(SC—Sb)(ia+ic—1avg) (3.13)
By substituting (3.4), (3.5) and (3.11) into (3.13), we can get (3.14).

A-sec = %IQCTSWM cos(ar) [sin(a)t -9 +§) —%M cos 4 (3.14)

As one can tell from (3.11), 1 avg is related to power factor (pf) and modulation index (M).

Therefore, if either of the two decreases, [ will decrease, which leads to the equation

avg

expressing the A -sec to be different, due to different blocks are involved into (3.13).
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Here is the conclusion: during this 60°, A -sec is actually a piecewise function related to M, pf,
rms line current, switching frequency and instantaneous time. For example, if it is assumed M=1
when pf=1, there are three expressions for A-sec listed in Table 3.1. The expression of A-sec is

basically changing with the / avg value level, depending on whether it is bigger or smaller than
Iq OF iy +i.. As mentioned before, pf can change the /,,, value, therefore the expression of

Asec changes with pf. As pf decreases from unity to zero, the number of Asec expressions
decreases from three to one as well, such as:

e pf=l, it has all three Asec expressions;

e pf=0.866, it has the first two Asec expressions;

e pf=0, it only has the first Asec expression;

Similarly, as M can modify the 7 avg value as well, the expression of A-sec changes with M

as expected. However, no matter what the condition is, the expression of A -sec will not come out
from these three expressions.

Table 3.1 Expressions of A-sec (v, >v,. >vp)

Range A-sec No.

Ig <lgyg <ig+ic T, (Se = Spiy +i, —Iavg) Expression 1

I Expression 2

<y <ig+i C .
avg -~ ma e Tsw[(Sc_Sb)(la+lc_1avg)+(Sa_Sc)(la_lavg)]

layg <ig+ic<ig =Ty (1=Sq +Sp) gyg

Ig +ie <lgye <lg T (Sq =Sc)ig = Igye) Expression 3
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In conclusion, expression 1 will be effective for any pf and M. Expression 2 and expression 3
are only valid for pf=1 with any M. Table 3.2 shows the simplified expressions of A-sec by

substituting (3.4) and (3.5) into Table 3.1.

Table 3.2 Simplified Expressions of A-sec (v, >v,. >vp)

Range A-sec No.

J6 Expression 1

. . ) 3
Ig <lgyg <ig+ic TlacTstI cos(a)t){s1n(a)t—¢+§) _ZMI cos 4

1,,, <i, <i,+i Expression 2
avg Sta >ta T e \/8 {\/3

MO 1 MIcos§| -2 Misin(ar + )
L i o 2 2 4 6
avg <ia +ic <ig

J6 Expression 3

Ig tic <lgye <ig - 1T, MI cos(ax + %) [%M[ cos @ —sin(@r — ¢)}

3.3.1 Maximum A-sec during 60° with the Same Power Factor and
Modulation Index

When pf=0, expression 1 becomes (3.15).

J6

A-sec =7 14 Ty, M cos(an)sin(ax —%) (3.15)

The maximum Asec during 60°, with the same pf and M, can be found by taking the partial
derivative of (3.15) with respect to wt.

Assume (3.16) to make things easier.
k=~21,.Ty, (3.16)

The derivative can be expressed as (3.17).
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4 A seec = kM cosar -5 (3.17)
dor 6

Therefore, within the appropriate range of wt, equation (3.18) can be derived. m=1 and wt=n/3

will give A -sec maximum value, where m is an integer in (3.18).

a=mZ F_7 (3.18)
2 6 3
Put (3.18) back into (3.15),
Asec=l£kM (3.19)
4 2

Equation (3.19) is drawn as the red line in Figure 3.5 by varying M from O to 1. If it is

assumed that the base A-sec is (3.20), A -sec max can be derived in a per unit form as (3.21).

A-secpase =N213eTeyy (3.20)

1\/§M

A'S@Cmaxp.u‘ :ZT (321)

Since Table 3.2 expression 2 is valid for pf=1, it is easier than Table 3.2 expression 1 to
manipulate. In expression 2, please note that the term, that has wt, has a negative sign in front,
which will yield the minimum instead.

In this case, observation is necessary. For the expression 2, finding the minimum of sine will
give a maximum value. wt=n/6 or n/2 will give the maximum Asec value.

The expression becomes (3.22).
V6 { V3 3
2

Aseenay =3 LocTyyM cos | ==~ M sin(g)} (3.22)

With (3.20), A-sec p.u. is obtained in (3.23).
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(3.23)

A-seciax p.u.ngC {i_%MS n(— )}
In conclusion, the maximum Asec, standing for voltage ripple, can be expressed in (3.21)
when pf=0 and in (3.23) when pf=1.
Similarly, the other power factors can be analyzed in the same way. However, it is a little bit
harder to find the roots than the two shown here, since they will become a 4™ order polynomials.
Nevertheless, MATLAB can be used to achieve these solutions. Figure 3.4 shows the

flowchart of calculating one point on Figure 3.5, such as on the pf=u line with M=x.
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MI =x

\ 4
Initial:
Asecf =0
i=0
v

Calculate (8)

Y

N
Plot one point
(MI,Asecf) Calculate 3) (4)
v

Asec =T, (Se = Splig +ic —1gyg)

Asec =T, (1-8,+Sp)1

Asec =T, (Sq =S )ig = 1gyg)

avg

Y

Asecf > Asec

N

\ 4

Asecf = Asec

Figure 3.4 The flowchart of calculating the maximum Asec during 60° at a certain value
of MI and pf
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In the flowchart, n is the number of the switching cycles in 60° of the fundamental cycle,

shown in (3.24).

n= fs_w (3.24)
fref

fsw 1s the switching frequency and f. is the fundamental frequency.

0.25

=
- o
n N

<
—

Ampere Second p.u.

% 02 04 06 08 1 115

Modulation Index

Figure 3.5 The relationship between Modulation Index (M) and Ampere Second (A -sec)

Therefore, by varying M and pf, Figure 3.5 is obtained, which shows the relationship

between the A -sec and modulation index by varying the pf from O to 1.
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Please note that the three expressions shown in Table 3.1 possess a “S; =S ; ” term, s0 v3, in

(3.5) disappears in the A -sec expression, meaning the voltage ripple will not be influenced by the

3" harmonic injection. This happens to the current ripple as well, as one can see from section 2.4.

3.3.2 Maximum A-sec versus Power Factor

The maximum Asec at different power factor points must be determined, since it is necessary
to consider the worst case when selecting capacitance values. For instance, this can be achieved
by taking the partial derivative of (3.21) and (3.23) with respect to M for pf=0 and pf=1
respectively. Therefore, when pf=0 and M=1.15, A-sec reaches its maximum, while when pf=1,

(3.25) is achieved.

cos¢—%M cos@p=0 (3.25)

If pf=cos ¢ =1, M=2/3 will give the maximum A-sec, which can be noticed in Figure 3.5 as
well.
Finally, in order to get the per unit value of the desired capacitance, it is necessary to define

the capacitance base formula. For the sake of eliminating the power rating of the inverter, Cp,,
can be defined as (3.26).

V31 ac

b =
ase 27L'fVaC

(3.26)

Considering V. is always constant, while V. is varied with frequency by changing the MI,

Cpase can be expressed using V. instead by substituting (3.6) into (3.26). Eq.(3.27) is obtained.
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Var ac

— (3.27)
7 fVacM

Chase =

In order to calculate (3.27), one has to find the maximum point for each pf on Figure 3.5 and

record the specific M for that maximum point, as Table 3.3 shows.

Table 3.3 The M at the maximum A-sec for each pf

pf M
1.000 0.667
0.866 0.744
0.707 0.816
0.500 1.150
0.000 1.150

Assume is Av,. the tolerable voltage ripple that the system requires, and ¢ is the voltage

ripple percentage. The capacitance can be calculated through (3.28).

_ AseCmax  ASeCmax

C = (3.28)
Avg,. EVye
Therefore, the per unit value of the capacitance can be expressed as (3.29).
Asec
Cpu _ fref max TM (3.29)
u. \/Elac €

Figure 3.6 shows the relationship between the per unit value of the desired capacitance C pat.

and a given DC link voltage ripple requirement .
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Please note that Figure 3.6 is under the condition of switching at 5 kHz and having a
fundamental frequency at 200 Hz because the experiment is under this condition and will be

easier to compare later on.

1.4

1.2

X: 0.0365
Y:0.9858 |

0.2

002 004 006 008 0.1
DC-link voltage ripple

Figure 3.6 The relationship between per unit value of desired capacitance (C pa.) and DC

link voltage ripple (¢)
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3.4 Calculation of RMS Value of DC Current Ripple

Most dc ripple current has to be absorbed by the dc capacitor, which is also one of the most
important factors for capacitor design and selection. For SPWM inverters, it is clear that

calculating the rms current will be very similar to Asec. Eq.(3.30) can be obtained from Figure

3.2(e).
. 2
. (SC_Sb)(la+lc_Iavg)
2_312 , 2
Lims :_.[7% +(Sa_Sc)(la_Iavg) dax (3.30)

6 2
+(1-5, +Sb)1avg

By combining with (3.4), (3.5) and (3.11), eq. (3.31) is achieved.

—%M 1,7 {—4 cos(2) + 3337M cos? ¢—27f70052 oM - 6}
27 3
Is == 5 (3.31)
T
+(—3\/§ I, cos¢Mj (Z—QMJ
4 3 2

It can be simplified to (3.32), which has been proved in [22] by Dr. Kolar. The agreement

further proved both equations correctness.

Lys? =41,.°M {£+ cos? ¢(£—2Mﬂ (3.32)

V3 does not appear in (3.31), which is the same as the three expressions in Table 3.2. This
means the I, is not influenced by the 3™ harmonic injection, but varies with MI and power
factor. Please note that during over modulation operation, the expression of /,,,; remains the

same, as A -sec does. The only difference is that the MI is extend from 1 to 1.15.
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The p.u. value of I,,,¢ versus MI is summarized in Figure 3.7 for SPWM, and for the sake of

comparison, simulation results of several six-step operation points are also shown.

t
o
©

—pf=1 (SPWM)
--pf=0.866 (SPWM)
-==pf=0.5 (SPWM)
—--pf=0 (SPWM)

O pf=1, L=3% (6-step)
O pf=0.5, L=3% (6-step)
O pf=0, L=3% (6-step)
+ pf=1, L=1% (6-step)
+ pf=0.5, L=1% (6-step)
+ pf=0, L=1% (6-step)

RMS per unit value of ripple curren

0 0.3 0.6 0.9 1.2 14
Modulation Index

Figure 3.7 The relationship between the p.u. value of /,,,,; versus MI with different
power factors for SPWM and 6-step operations
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CHAPTER 4 DC Capacitance Requirement

of the Three-Phase Diode Rectifier

The previous chapter is about the SPWM inverter/PWM rectifier. In this chapter, the dc
capacitance and current ripple will be calculated for the traditional diode rectifier.

The three-phase diode rectifier is not specially built in a HEV system. However, every IGBT
has a freewheeling diode paralleled with it. Therefore, when the traction motor is doing
regenerative breaking, the energy from the motor will have to be sent back to the dc link side and
intended to store in the battery or any other energy storage system connected on the other side of
the dc-dc converter. When the firing angle is O, that is to say, there is no control for the switches,
but only the diodes, the converter is an uncontrolled diode rectifier as shown in Figure 2.4. Also,
when the generator on the engine side is generating power, the PWM rectifier can work as a
diode rectifier if there are no switching signals sent to the IGBTs.

In conclusion, in the HEV system, even if there is no diode rectifier purely consisted with

diodes, the diode rectifier is still existed because of the freewheeling diode of the IGBT.
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4.1 Introduction

Generally speaking, based on if there is current commutation when the phase current shifts,
the diode rectifier can be divided into three cases:

a) Without line inductance;

b) With a small line inductance;

¢) With a big line inductance.

How to determine this critical point between small and big inductance is the first question.

4.2 Calculation of the Critical Inductance

At this critical point, the output current iy is between discontinuous current mode (DCM)

and continuous current mode (CCM), where no phase current commutation happens. Therefore,

there are always two diodes on at the same time, as shown in Figure 4.1. Therefore, (3.1) can be

obtained from Figure 4.1.

di
Vap —2L jf = Ve (4.1)

Assume «a is the angle when the line current starts to rise from 0, as shown in Figure 4.3.

Since current begins to flow only when the line-to-line voltage v,;, becomes equal to the dc link

voltage, (3.2) is true.

cosa = i 4.2)

V2V,

Hence, by doing integration from O to ¢ of (3.1), iy can be expressed as (3.3).
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2L

ign = L{\EZ‘ZC [sin(@t — &) —sin(-a)] —Vdcl}
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ﬁ@_q%

.
i i
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(4.3)

]avg

R

Figure 4.1 Simplified diode rectifier circuit with no line inductance or small line

inductance
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Figure 4.2 Simplified diode rectifier circuit with large line inductance
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Figure 4.3 Critical inductance calculation of the diode rectifier (o definition) and Asec
calculation of the diode rectifier with a small inductance

Since this case is the critical point of iy, the initial condition is (3.4).
.. ) T
ig=ig2(0)=iyn (gj =0 (4.4)

Assume the fundamental frequency is 60 Hz, so that t=7/6=1/360, and w=2760. Solving
(3.2), (3.3) and (3.4) gives (3.5).

o =0.34767=19.92° (4.5)

Assume the real power consumed by the load P remains the same. /,,,, is the same as the
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average value of i, during 60°.

1
» 1
——=1,,, =360(300; ,dr (4.6)
Vdc avg _[0

Then, putting (3.2) and (3.3) into (3.6), the real value of the inductance is expressed as (3.7).
By assuming the base value of the inductance is (3.8), the per unit value of critical inductance

L, .. 1s achieved to be 1.4639%.

14
30y Va0 @ g cosay - Vae Sy, (113607,
b= P “4.7)
V2V, cosar
2
\%
Lpase = 2}; (4.8)
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4.3 Calculation of Required DC Link Capacitance

4.3.1 With No Line Inductance

The voltage waveform of the diode rectifier when there is no line inductance is shown in
Figure 4.4. The blue, green, magenta and red waveforms are v, , Vpe, Voqgand vy, respectively.
Assume the time interval is #; when the dc link capacitor is being charged through the diodes by
the ac sources, and the time interval is #p when the capacitor is discharging to the load. During
t, the dc link voltage is decreasing exponentially to be exact, like shown in (3.9).

t
Viop) =V2Vae =2Wgee RC (4.9)

where R is the load resistance, C is the dc link capacitance and V. is the three-phase input line-

to-line rms voltage. However, for the sake of convenience, the exponential function can be

simplified to a linear function (3.10) without much error involved.

\/Evath

Vr(pp) = RC (4.10)
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/ \

Figure 4.4 Asec calculation of the diode rectifier without line inductance

An approximated assumption is made here, in order to get the simple expression of the A-sec,

which is #, =T/6. Therefore,

\/Evac

Vr(pp) = 6fRC

(4.11)

Hence, since a linearly decreasing voltage is assumed already, the average of the dc link

voltage (4.12) is at the middle point of the peak to peak ripple voltage.

v
Ve =2V, — r(é’p ) (4.12)

Again, assume the voltage ripple ¢ in (4.13) is the peak to peak ripple voltage divided by the

average dc voltage.

v,
) 2 (4.13)
Vie 12fRC-1

&
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One of the known conditions is (4.14).

R=Yd (4.14)
P

Consequently, substituting (4.13) into (4.14), will yield (4.15).

2
2,2 (2 2 j
R= +é (4.15)
P
Substituting (4.15) into (4.13) will give the final capacitance expression as (4.16).
chL(zw)z(gﬂj (4.16)
9 f Vac2 £

The per unit value of the DC link capacitance (4.17) is only related the dc link voltage ripple

factor &, by assuming the base value in the form of (4.18).

Cpu. = ¢ =i(2+e)2(3+1j27r (4.17)
Chase 96 E
P
Chase =~ (4.18)
27 Ve

4.3.2 With 0%~1.46% Line Inductance

The primary method for this case is to first get the expression of the desired current i, and
secondly to integrate over a period to get A-sec. Matlab is used to get the initial value.

The equations for this case are almost the same as in the critical point calculation method. In
Figure 4.3, a’s assumption is the same as in the previous case. Therefore, (3.2) is again valid.
The same (3.1) is obtained from the simplified circuit in Figure 4.1. The solution (3.3) of (3.1) is

the phase current. When? =1pk> ig2 =0. (3.9) is obtained. The real power expression (3.6) is
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valid as well.

Vet
ﬁ[gin(a)zpk ) —sin(~a)]—2<Pk _ g (4.19)

2L 2L,
Fortunately, only !pk and a are unknowns in the system of equations (3.19) and (3.6),
indicating that there exists a unique pair of solutions. Using Matlab, ¢ Pk and a can be obtained.

Finally, integrating the positive half of i. will give the expression of Asec. The upper and
lower limit of the integration #; and #, are determined by (3.20) using Matlab. From all of these,

(3.21) can be drawn in Figure 4.6 as the blue dashed line, of course by assuming the base value

of the capacitance as (3.18).

i = VVae i) sint-ay Vet~ P _ (4.20)
20L, 2Ly Ve
Vot
c=1 | % %[Sin((w — @) —sin(-a)]—2dct_ P (4.21)
£l | 2oL, 2Ly Vg,

4.3.3 With Line Inductance Greater Than 1.46%

The primary method of this case is the same as the previous one with a small line inductance.
However, this case includes two conditions: one is that three diodes are on at the same time as
shown in Figure 4.2, and the other is that two diodes are on at the same time as shown in Figure
4.1, because of the phase current commutation.

For the first condition, derive (3.22) and (3.23) from the simplified diode rectifier circuit as

shown in Figure 4.2.
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Vab =2V, cos(ot — o) = o did1 Ldiwdc (4.22)
dedt
27 di dig
Vpe = N2V, cos(or —or— =) = 2L =% — =41 4.23
be ac ¢ 3 dt dt (+:23)

By combining (3.22) and (3.23), iy;q and i, are obtained.

iq1 = 2\E#[sin(wt—oz) - sin(—a)]—%
- oL (4.24)
+——4€ [sin(@t — ot ———) — sin(~a ———) ] +i 41 (0
3oL oM 3~ sin-a=—9)]+ig1(0)
where i;1(0) is the initial condition.
+ % [sin(at — &) — sin(—)] — M

To calculate ij1(0), (3.26) is used, and (3.27) is achieved, where #; and the origin are

demonstrated in Figure 4.5.

iy (1) =ig1(17) (4.26)
. _\/Evac . on., . 0n 7. Vit
ia10)= "4 2\3)sin( T Dsin( Sl —ar =7 4L 4.27)

For the second condition, (3.28) is derived from the simplified circuit, and please note that

the time delay of /3 is due to the reference voltage is vy, .

e =By costor—a-) = zﬁ’%wdc (4.28)

where ijo is shown in Figure 4.1.

Therefore, i;, is obtained from (3.28).
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\/Evac V.4 T Vi
19 = in(wt —a—=)—sin(wt) — & —=)| -2 (t —t;)+i - (¢t 4.29
id2 Sl [sin( 3) sin(wr 3)] 2L( ) +iga(t) (4.29)

where ij- (t)1s the initial condition.

Since the condition is known:

iga(t)) =i, () (4.30)

Substituting (3.30) into (3.25) yields (3.31).

d2\"1 30l 1 3 3
(4.31)
%[sin(a)tl —a)—sin(-a)] - Vach

3wL 3L
Finally, by utilizing (3.32) and (3.33), #; (the critical point from commutation to normal

status) and V. can be achieved with Matlab. Using the same method as before, after getting the

expression of Asec, the per unit value of capacitance can be obtained.

. 1 .
142 (—3 60) =ig1(0) (4.32)
1
1 t1 P
— | Tiqdt+ 300 Har |=— 4.33
17360 Io Id1 Ll Id2 Vo (4.33)

In conclusion, three curves, that show the relationship between the per unit capacitance value
and the given tolerable voltage ripple percentage ¢, for no line inductance, small inductance, and
large inductance respectively, are drawn in the same graph in Figure 4.6, with comparison to the

SPWM operation.
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_ Vdc

Vab

Figure 4.5 Asec calculation of the diode rectifier with a large inductance
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= | -0 (Diode rectifier)
| mmm=| =1% (Diode rectifier)
==ur| =10% (Diode rectifier)

0 0.02 0.04 0.06 0.08 0.1
DC-link voltage ripple

Figure 4.6 Cp.u. versus ¢ for rectifier operation compared with SPWM operation.
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CHAPTER 5 DC Capacitance Requirement

of the Six-Step Inverter

Six-step operation is used at a higher speed, when higher output voltage is required. It is

because that six-step operation has higher dc utilization than the traditional SPWM operation.

5.1 Simplified Configuration and System Parameters

As the traction motors run to a higher speed, the back electromotive force (EMF) should be
considered. In this case, the equivalent circuit of the inverter under six-step operation is shown in

Figure 5.1. Assume that there are three more voltage sources v, , v, and v, inserted in each

phase leg at the load side, representing the three-phase back EMFs of the traction motors. Since
the load is a traction motor, inductors and resistors should be added as well. In order to have
unity power factor, the inserted voltage source will have a leading power factor,
v, =V;sin(a@x+@) (V; and ¢ are the amplitude and angle of the inserted voltage source—the
back EMF, which are calculated by assuming a power factor and an inductance).

Assume the inductance L ranging from 0.3%, 1% and 3% of the per unit (p.u.) value, the
resistance R is 1% p.u., the base system is as (5.1), the base speed of the traction motor is 1200

rpm, and the maximum speed is 5000 rpm. Therefore, the inductance of the system base would

be as shown in Table 5.1.

{leSOkW
(5.1)

V) =480V
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Figure 5.1 The simplified equivalent circuit of the inverter under six-step operation

Table 5.1 The list of Inductance and Resistance Changing Base

Per unit Per unit
Lyeqp Lnew,base
(base speed) (max speed)
0.3% 18.335 uH 1.466772 mH 1.25%
L 1% 61.115 uH 1.466772 mH 4.17%
3% 183.346 uH 1.466772 mH 12.5%
R 1% 0.01536 Q 1%
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By knowing the inductance and assuming a power factor, the amplitude and angle of the

inserted voltage source, V; and ¢, are obtained in Table 5.2.

Table 5.2 The list of Inserted Voltage source Amplitude and Phase Angle Based on Different
Power Factor and Load Impedance

L
of. 3% 1% 0.3%
Vitpeak) !V o/ Vitpeak) 'V o/ Vitpeak) 'V o/
1.0 391.08 7.19624 388.34 2.41002 388.03 0.72339
0.5 433.28 3.69049 404.27 1.63847 394.24 0.84928
0.0 440.93 0.50928 408.27 0.55002 396.84 0.56587

5.2 Calculation of Required DC Link Capacitance

From a simplified schematic of Figure 5.1, which is very similar to Figure 4.2, (4.2) is

obtained.

di
Vdc:Ria+L%+va+R(—ib)+L +(=vp)
t

d(—ip)
dt

ig+ip+i.=0 (5.2)
Ri, +L%+va = Ri, +L%+vc
By combining them together, (4.3) is achieved.
dig R, _Vie Va (5.3)
dt L 3L L

Therefore, the solution of (5.3) should be in the general form of: iy =iy(p) +ig(g). Where
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la( p) stands for the particular solution and iq(g) represent general solution. The particular

solution ia( ») is (4.4).

ia(p) =a+ Ccos(wt— @)+ Dsin(wx — @) 5.4)
where azh,Dz—L,Cz—%.
3R R? + 0*1? R

and the general solution ia( ) is (4.5).

_R
ia(g):k'e L (55)

For i, , the only unknown coefficient is k, the initial coefficient. To get this, Matlab can be
utilized to calculate k, integrate i, , and draw Figure 5.2 showing the relationship between the per

unit value of the desired capacitance and a given dc link voltage ripple requirement.
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0.04 0.06 0.08 0.1

DC-link voltage ripple

0.02

Figure 5.2 Cp.u. versus AV for 6-step

In conclusion, all figures above are aggregated and compared, in Figure 5.3 and Figure 5.4
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----- SPWM inverter (pf=0~1)
---Diode rectifier (L>=6%)
---Diode rectifier (L=1%)

---Diode rectifier (L=0)
—6-step inverter (pf=1, L=3%)
—6-step inverter (pf=0.5, L=3%)
—6-step inverter (pf=0, L=3%)
---6-step inverter (pf=1, L=1%)
---6-step inverter (pf=0.5, L=1%)
--6-step inverter (pf=0, L=1%)

0 0.62 0.04 0.06 0.08 0.1
DC-link voltage ripple

Figure 5.3 The aggregate of all figures above: Cp.u. versus AV for all operations

O
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-pf=0.5 (SPWM)
=-pf=0 (SPWM)

O pf=1, L=3% (6-step)
O pf=0.5, L=3% (6-step)
O pf=0, L=3% (6-step)
+ pf=1, L=1% (6-step)
+ pf=0.5, L=1% (6-step)
+ pf=0, L=1% (6-step)
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Figure 5.4 Alrms versus MI for SPWM and 6-step operation
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CHAPTER 6 Prototype and Testing Results

of SHEY Power Electronics Module

6.1 Prototype

The inverter module in Figure 6.1 was developed to achieve 100 kW continuous output
power (150 kW peak power) for use in a series hybrid electric bus. The rated output line-to-line

voltage is 480 V, and the rated line current is 180 A. Therefore, according to (3.29) and Table

3.3, Cpyse is 516.95 uF.

This paper shows calculations of the minimum capacitance that one system needs without
any close-loop control strategy. Therefore, the experiments were done under open loop
circumstances.

The experiment is done at the condition when the dc link voltages are 200 V, 300 V, 400 V,
500 V, 600V and 650 V, the switching frequency is 5 kHz, the fundamental frequency is 200 Hz,
and the power factor is almost O with a purely inductive load—1 mH in each phase connected in
wye. The inverter is operated under the SPWM normal modulation method. In this prototype, the
parameters of the setup are listed in Table 6.1. In the system in Figure 6.1, the total dc link
capacitance is 510 uF with six 85 uF 1000 V film capacitors in parallel.

The per unit value of dc capacitance can be obtained.

_ 10uF 0.9866 (6.1)

PH- " 516.95uF
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Table 6.1 The Configuration in the Prototype

Parameters Value
Load inductor 1 mH
Power factor (pf) 0
DC link capacitance 510 uF
DC link voltage 650V
AC current 180 A
Switching frequency 5 kHz
Fundamental frequency 200 Hz
Modulation index (MI) 0.9

From Figure 3.6, the nearest point of the per unit value of dc capacitance is 0.9858, whose y-
coordinate indicates that the voltage ripples on the dc link would be 3.65%. This is verified by

the following experiment results.
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Figure 6.1 Inverter module assembly photos (including DC link capacitors, IGBT module,
Gate Drive board and Gate drive power supply on top)
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6.2 Test Results of Voltage Ripple

The experimental results are shown in Table 6.2.

Table 6.2 Expreimental Result of Voltage ripple

vVdc/V Iac/A | Vdcripple/V &/ %
200 58 7.8 3.9
300 87 10.8 3.6
400 116 13.7 34
500 145 16.6 33
600 173 20.9 3.5
650 180 21.7 33

As mentioned before, the maximum voltage ripple on the dc link during one switching cycle
should be around 3.6% of the dc voltage by the theoretical calcuation, which is in close
agreement with the test result shown in Table 6.2. The purple, blue and yellow nearly sinusoidal
waveforms in Figure 6.2, Figure 6.3, and Figure 6.4 are the load phase currents, and the green
waveform is the dc link voltage ripple. The 6w ripple component in the dc link voltage comes

from the almost pure inductive load.
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Flgure 6.2 The experimental Waveforms of three phase currents and DC link Voltage
ripple with DC link voltage at 200 V.
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Figure 6.3 The experimental waveforms of three phase currents and DC link voltage
ripple with DC link voltage at 400 V
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Figure 6.4 The experimental waveforms of three phase currents and DC link voltage
ripple with DC link voltage at 650 V
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Figure 6.5 The simulation waveforms of three phase currents and DC link voltage ripple
with DC link voltage at 650 V
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6.3 Test Results of Current Ripple

From Figure 5.4, when pf=0 and MI=1, the rms current per unit value is 0.52; when M1=0.75,
the p.u. is 0.46; when MI1=0.5, the p.u. is 0.38; when MI=0.25, the p.u. is 0.27. The experimental
results are shown in Table 6.3, which is in close agreement with the theoretical value.

ig =Sgig +Spip +Scic (6.2)

Table 6.3 Experimental Results of rms current of The Capacitor

MI=1 MI=0.75
Vdce/V
Iac/A Irms/A & Iac/A Irms/A &
200 30.2 15.15 0.50 22.7 10.40 0.46
300 453 23.80 0.53 339 15.57 0.46
400 60.4 33.28 0.55 45.2 21.50 0.48
500 75.3 40.10 0.53 56.7 26.60 0.47
600 90.6 48.00 0.53 67.8 31.53 0.47
MI=0.5 MI=0.25
Vdc¢/V
Iac/A Irms/A & Iac/A Irms/A &
200 15.1 5.73 0.38 7.22 1.93 0.27
300 22.5 8.83 0.39 10.9 3.02 0.28
400 30.0 114 0.38 14.3 3.88 0.27
500 37.6 15.0 0.40 18.1 4.80 0.27
600 44 .9 17.7 0.39 21.6 5.65 0.26
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The yellow and green waveforms in Figure 6.6 are V., waveforms of the lower switches of

phase A and B. The red and orange sine waveforms are the phase currents of phase A and C. The
middle PWM red waveform is the inverter input current and since pf=0, it is the capacitor current

ic as well due to /,,,, =0. Since layout of the dc link is of the busbar design type, the capacitor

current was measured by math function in oscilloscope by (6.2).

v, [500 1% /dlv]

L
[500V / dlv]

1L LUH,.ITTI—I_FHL‘T ..nr rwrm

CHI  HIGH CH5 Rms
19750V~ 28024 mV"

Figure 6.6 The experimental waveforms of the capacitor current with DC link voltage at
200 V, pf=0 and MI=0.9
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Theoretical equations to express capacitance versus voltage ripple and rms ripple current
versus modulation index have been developed for SPWM. These equations improve the
design/calculation of the required dc capacitance and enhance insight into the limits and
optimum operation of the HEV converter/inverter system as compared to the traditional
empirical equations and simulations. The validity of the theory was verified by the experimental

results of a three-phase SPWM inverter system.
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CHAPTER 7 Minimizing the DC
Capacitance between the DC-DC Converter
and SPWM inverter—A Carrier Modulation

Method

7.1 Introduction

In the HEV converter/inverter system, for the sake of boosting the battery’s low dc voltage to
high dc voltage, and then converting it into ac voltage to drive the traction motors, the inverters
are always connected in series to the dc-dc converters, as shown in Figure 7.1. However, the dc
link capacitor bank between the dc-dc converter and the inverter is usually bulky, heavy and
expensive, due to the fact that it must absorb all the current ripples from every converter
connected to it. Therefore, minimization of the dc capacitor is an essential step towards

developing and manufacturing compact low-cost HEV converter/inverter systems for high

temperature operation, long life and high reliability [36].
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Figure 7.1 The schematic of the bidirectional DC-DC converter and the inverter

Yet the bottleneck of the capacitor’s size is determined by the current ripple requirement
rather than the voltage ripple requirement due to the existing capacitors-making technology.
Similar to the condition described in [9], in order to minimize the dc link capacitance between
the dc-dc converter and the SPWM inverter, making the converter side dc link current i.,,, equal
to the inverter side dc link current i;,, in a PWM converter-inverter system is the final destination.
Ideally, no current will flow through the dc link capacitor and no voltage fluctuation will be
across the capacitor, meaning no capacitor is needed at all. Till now, most papers that discussed
the current ripple reduction and the dc link capacitance minimization are based on the AC-DC-
AC PWM converter-inverter systems with relatively complicated close-loop control methods [9-
11, 14, 24, 27-29]. The best result that they can achieve is almost without any dc link capacitors.
Besides, there are papers discussing innovative PWM strategies only on the inverter side,
allowing reduction of the dc input current ripples [30-32, 37], which is the same as reducing the

capacitance. Still, there are a few papers related to DC-DC-AC PWM converters [33, 38]. [33]
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used bang-bang control for the dc-dc converter to minimize the dc link capacitance, however it is
a complicated close-loop control. Additionally, [38] developed a single-phase PWM method for
the inverter to reduce 2/3 of the switching loss and achieve high efficiency; this kind of PWM
method requires the system to have bigger ripple on the dc link so that only a tiny dc link
capacitor is needed. These are either complicated close-loop control for the dc-dc converter, or
the PWM strategy for the inverter. However, very few papers have been written focusing on the
current ripple reduction by synchronizing between the dc-dc converter and the SPWM inverter.
Shown in Figure 7.2 (c), the black solid line shows the converter output current when
synchronized, while the blue dashed line shows the one that is unsynchronized. Therefore, in
order to cancel the current ripple with the inverter input current shown in Figure 7.2 (a), the solid
line one will definitely do a better job than the dashed line one. In conclusion, a synchronized
PWM method will help minimize the capacitance, whereas an unsynchronized PWM may double
the requirement of the capacitance. Hence, a better way to minimize the dc capacitance is to
reduce the current ripple through the capacitor by synchronizing the dc-dc converter and the
SPWM inverter. [34] made a good start for the synchronization by making the dc-dc converter’s
switching frequency twice as much as the inverter’s switching frequency and optimizing the
phase difference of the carrier waveforms between the inverter carrier and dc-dc carrier. This
method does decrease the current ripple quite a lot, which is shown in Figure 7.2. In spite of this,
more improvement can be made.

In this chapter, a simple carrier modulation method is proposed to reduce the current ripple
going through the dc link capacitor. This paper proposes two different kinds of new carrier
modulation methods for the dc-dc converter, and concludes to one that is easy to implement, in

order to match with the inverter input current so as to minimize the current ripple that going
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through the dc link capacitor. Comparing with the conventional triangle carrier, the proposed
simple carrier modulation is able to help minimize the current ripple going through the dc link
capacitor at unity power factor by a simple and easy implementation without complex close-loop

control. The simulation and experimental results are provided to validate the effectiveness of the

proposed method.
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Figure 7.2 (a) One sample switching period of the inverter input current with average
current drawn in the same figure; (b) The converter output current ( f.,;, = finy); (¢) The

converter output currents for unsynchronized case and synchronized case ( f.,,, =2 finy )-
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7.2 The Conditions Under Consideration

7.2.1 Unity Modulation Index of the Inverter

Assume the dc-dc converter is working at boost mode; therefore the SPWM inverter operates
at unity modulation index to maximize the output voltage. This assumption is made, because
common sense states that lowering the voltage by decreasing the modulation index of the
inverter is counter-productive, when dc-dc converter is doing boost. However, the method
proposed in this paper is still applicable to modulation index other than unity, since different

modulation index does not change the positions of the inverter current pulses.

7.2.2 Unity Power Factor of the Load

Depending on motor types and motor operation conditions, the motor power factor can range
from 0.6 to unity. In this chapter, it is assumed that the load is at unity power factor, due to the
reason that low power factor will result in low dc current, so that benefit of the proposed carrier

modulation method will not be significant.

7.2.3 Constant Duty Cycle for the Boost Converter

The duty cycle of the dc-dc converter in every switching cycle is constant in steady state, and
assume the dc-dc converter’s duty cycle under 2/3, when doing boost. The reasons are as follows.
First of all, the constant output voltage of the battery and the desired value of the dc link voltage
determines the duty cycle of the dc-dc converter. Secondly, if one keeps the average duty cycle

constant, but periodically changes it from cycle to cycle, the inductor current will end up with
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much higher low frequency harmonic components, which is absolutely undesired. Therefore, it is

better to keep the duty cycle constant in every switching cycle.

7.2.4 Sinusoidal Inverter Output Currents

Since the motors in HEV systems usually behave as huge inductors plus resistors, it is safe to

assume that the output current is almost sinusoidal.

7.2.5 Analyze One of Six 60° Sectors

Instead of looking at the whole fundamental period of 360°, it is the same to analyze only 60°,

for the reason that the waveforms are repeated at a frequency of 6w due to the three phases.

Therefore, the following analysis will only focus on the range of 30° to 90° (take va* as a

reference), where va* > vc* > Vb* , shown in pink shaded block in Figure 7.3.
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Figure 7.3 Three sinusoidal references va*, Vb* , and vc* of the SPWM inverter with one of

the six sectors shown in pink shaded block, which will be discussed in this paper.

7.3 The Analysis of the Ideal SPWM Inverter Input

Current Waveform

Figure 7.4 (a) shows the common sinusoidal PWM method for the inverter during the 60°

sector (va* > vc* > vb*) that specified in section II. Figure 7.4 (b) demonstrates the trend of the

inverter input current’s pulse positions within this sector. Each triangle indicates a switching
cycle; therefore there are 6 switching cycles in Figure 7.4. From switching cycle No. 1 to No. 6, it

can be seen that the two pulses in each switching cycle are shifting from the side to the middle.
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Figure 7.4 (a) Common sinusoidal PWM method for the inverter; (b) Simulation
waveform of the inverter input current i,
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(d)

50

Figure 7.5 Detailed waveforms of SPWM in one switching period. (a) Sinusoidal
reference and triangle carrier waveforms; (b) Switching functions S, Sp and S, of

phase A, B and C; (c) Ideal inverter input currenti;;,, ; (d) Non-zero (active state) and
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Figure 7.5 shows the detailed SPWM inverter input current waveform in one switching

period during this 60° sector of v, >v. >v, . Therefore, v, actually refers to the maximum

phase voltage, v, indicating the middle one and v, represents the minimum phase voltage

within this sector. It can be seen from Figure 7.5 (d) that the ideal SPWM inverter input current

iy Waveform is composed of two parts: the blue blocks indicating the non-zero current portion

and the pink blocks stands for the zero current part. The analytical equations respect of the time

for each portion can be obtained as shown in (7.1).

So=1-S,

$4.=(S4=50)

$5=5(Se=5}) 7D
S7 Z%Sb

where S, S, and S, are the switching functions expressed as in (7.2) [39].

Sa=l+lMI-sina)t

2 2

1 1 2
Sy, =—+—MI -sin(wt —— 7 7.2
b=515 ( 3) (7.2)

Sc=l+lMI-sin(a)t+zﬂ')
2 2 3

MI stands for the modulation index and wt represents the instantaneous time. From Figure 7.5
(c), it can be easily understood that the ideal SPWM inverter input side dc link current waveform
ijny » Which is ideally expected to be cancelled as much as possible in order to minimize the dc
capacitance, is composed of two almost symmetrical pulses. That is why the extended summary
[34] made a big step towards minimizing the current ripple of the dc link capacitor by making the

converter’s switching frequency double that of the inverter switching frequency.
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From (1), (2) and Figure 7.4, it is obvious that the zero current portions Sy and S7, as shown

in the pink blocks in Figure 7.5 (d), are changing with w?, while the duty cycle of the boost
converter is fixed, determined by the battery’s current voltage and the required dc link voltage.
This conflict cannot be satisfied unless we shift the output converter current pulses left or right to
fit the position of the inverter input current pulses. Figure 7.6 shows the trend of the Sy and 2.7
v.s. the degrees. If 1-D is between 0.134 and 0.25, where D is the duty cycle of the dc-dc

converter, the ripple cancellation will achieve a better result.

0.25 ( ( ( | (
2N S
| 25,18y | 1
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Figure 7.6 The trend of the Spy, 257, and Sy +2S57 v.s. wt
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7.4 The Proposed Carrier Modulation Method for the

Boost Converter

Considering pulse width modulation, there are usually two things that can be modified, the
carrier and the reference. As discussed in section 6.2, the duty cycle of the boost converter is
fixed. Hence, it is better to keep the reference as a straight horizontal line, and change the carrier
to ensure the fixed duty cycle in each cycle, but at the same time shift the output current pulses of
the dc-dc converter left or right to match with the inverter’s input current.

In order to match the dc-dc converter output current pulses in Figure 7.2 (c), with the above
described inverter input current pulses, there are several ways to generate this modulated carrier.
Two of them are listed below as A and B. Please note that they are different, so that the resulted
rms values of the dc link capacitor ripple current are different as well. However, since A—the

linear method—involves in fewer harmonics, it has lower rms current ripples than the others.

7.4.1 Sine Carrier Modulation Method

If we just consider the middle point X of the left one pulse of the two shown as in Figure 7.7,

the function of this shifting actually can be expressed as the length in (7.3).

Ss+S
AT:(S7+ 5; 4JTSW (7.3)

where T, is the inverter switching period and AT is defined to be the time length from the

starting point of the switching cycle to the above mentioned middle point X. Substitute (7.1) and

(7.2) into (7.3) will achieve (7.4).
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1 1 T
AT =—(S,, + ST, ==Y\ 1+—MI sin| ax +=
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3
latle
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(7.4)

l inv

Ss 1S: |5

S5 +S4S5 +S4
2 ' 2
X

Figure 7.7 Sine carrier modulation method
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7.4.2 Linear Carrier Modulation Method

A balanced system indicates that S, +S,+S. =0, therefore, S, +S;, =-S.. It can be
noticed that AT in (7.4) is proportional to S., where again S, is the maximum phase voltage, Sp,
is the minimum phase voltage, and S, is the middle phase voltage.

As we all know, sine function is approaching linear around zero crossing point. Review Figure
7.3 or Figure 7.4 (a), the middle phase voltage can actually be simplified to a straight line crossing
zero. This is the B method—Ilinear carrier modulation method. The mathematical expression is

written in (7.5).

T:Ts_w(fs_w_n} n=1,2,...,fs—w (7.5)
2 {6/ 6. /0

where AT is the same meaning as previous one, f( is the fundamental frequency, and n is the

index number of each switching cycle.

It is quite simple and easy to realize both of them. Taking the sine carrier modulation method
as an example, AT in (7.4) is actually a part of the sine function for each sector, but is very close
to the AT in (7.5)—a triangle function. Based on the triangle theory and assuming the amplitude
of the triangle carrier is 1, (7.6) and (7.7) are easy to get from observing Figure 7.8, where D is
the boost converter’s duty cycle. Please note that (7.4) has a minimum and maximum value of
[1/4, 3/4], when wt is between 30° and 90°, which means D in (7.6) and (7.7) can only be

between [1/2, 1] to make sure V. and Vy are between 0 and 1. With the assumption that the

boost converter’s duty cycle is usually under 2/3, in this case D is limited in the range of [1/2,

2/3]. Finally, the way to get S, is simply S, ® Sy as shown in Figure 7.8 .
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The way to generate the sine carrier modulation is quite similar to [40].

(@)
lconv } }

AT T, (1-D)/4

®)
o, A

© 8§ ——— -
d S - N
(e) Sconv - —

(7.6)

(7.7)

Figure 7.8 (a) The desired converter output current of the dc-dc converter; (b) Two
references compared with the triangle carrier for the dc-dc converter; (c) Generated
switching function of v, ; (d) Generated switching function of v, ; (e) Generate S,

using S, @S,
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Figure 7.9 The comparison of Ippsq between the regular PWM strategy and modified
linear carrier modulation method
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Figure 7.10 The comparison of A-sec between the regular PWM strategy and modified
linear carrier modulation method
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7.5 Theoretical Analysis of DC Link Current Ripple for

Sine Carrier Modulation Method

More theoretical analysis is highly desired to prove the effectiveness for many other different
conditions.

This section presents the theoretical analysis and experimental verification of the dc link
capacitor current ripple reduction using this proposed carrier modulation method, in the HEV dc-
dc converter and inverter systems. Detailed analysis and equations are shown for both the dc-dc
converter output current waveforms and the SPWM inverter input current waveforms. By
subtracting one from the other, the dc link capacitor current waveform is obtained. Thereafter,
MATLAB is used to calculate the rms value of this dc link capacitor current waveform. The
conclusions are summarized into graphs to show the variation of the rms current ripple changing
with the dc-dc converter duty cycle for different load power factors.

In this section, the final goal is to get the expression of the dc link current ripple (icap) for
both the traditional method and carrier modulation method. In order to achieve this goal, it is
necessary to get the expressions of the dc-dc converter output current i.,,, and the SPWM
inverter input current i;,,,, respectively. Please note that the carrier modulation method referred in

this section is the sine carrier modulation method as explained in the last section.
In Figure 7.4 (a), each triangle indicates a switching cycle. Obviously, there are 6 switching
cycles in Figure 7.4. From switching cycle No. 1 to No. 6, it can be seen that the two inverter

input current pulses in each switching cycle are shifting from the sides to the middle. Therefore,
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in order to cancel out the inverter input current pulses, the desired converter output current should

have the similar pattern as shown in Figure 7.4.

7.5.1 Basic Equations

Figure 7.11 shows the details of the realization approach for the carrier modulation method. In
order to get the desired dc-dc converter output current shown in Figure 7.11 (a), the switches
control signal is generated by two references comparing with the traditional triangle carrier,
shown in Figure 7.11 (b), instead of generating a modulated triangle carrier, which requires a lot
from a DSP. The final switch control signal is shown in Figure 7.11 (e).

Obviously, there are five time intervals shown in Figure 7.11 (e): T1, T2, T3, T4, and T5.
Because of the symmetry and assume the carrier’s frequency is much higher than the reference’s
fundamental frequency, it can be concluded that T1=T5, and T2=T4. Therefore, we can get T1,

T2, and T3 as shown in (7.8), (7.9) and (7.10) respectively.

=T, = AT—%TSW (7.8)
1-D

Ty =——Tqw (7.9)

3 =TSW—2AT—%TSW (7.10)

SS +S4

where AT = (57 + jTSW. Please note that the sine modulation method tries to align the

middle of the inverter input current pulses with the middle of the converter output pulses.
Figure 7.5 (c) shows the detailed SPWM inverter input current in one switching period which

is in the 60° sector of v, >v. >vp,. Therefore, v, refers to the maximum phase voltage, v,
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indicates the medium one and v, represents the minimum phase voltage. The analytical equations

respect of the time for each portion can be obtained as (7.11).

1
TS0 = ETstb

1
TS5 = ETSW(SC —Sp)

1
TS4 ZETSW(SCZ =S¢)

TS7 =T (1=584)

(7.11)

where T, is the switching period of the inverter, and S,, S, and S, are switching functions

expressed as in (7.2).
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Figure 7.11 (a) The desired dc-dc converter output; (b) The realization approach of
the carrier modulation method: two references, instead of only one, compared with
the traditional triangle carrier; (c) Generated switching function of vy from (b);(d)

Generated switching function of v, from (b); (¢) Generate S, by S, ®S,,.
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7.5.2 Current Ripple Analysis

First of all, obtain the dc-dc converter output current expression, which is a piecewise function

as you can see from Figure 7.11 (a). Known that the average of the inductor current /. is

related with the average of the dc-dc converter output current /6 opy, by the duty cycle D, as

shown in (7.12).

1

avg _cony
l,,, =—>—— (7.12)
avg 1_ D

Due to the conservation of energy, the average of the dc-dc converter output current

Lavg conv 18 equal to the inverter input current 1y, , Whose expression is shown in (7.13).

=—3\/§MI I, cos¢ (7.13)

Iavg _inv

Hence, the inductor average current can be expressed as shown in.

32w

@8 = 30" p) I,ccosp (7.14)

Understand that, for every steady-state switching cycle, the inductor current starts with this

14y, and ends with this ;. as well. Therefore, the inductor current expression for the five time

intervals are shown below from a to e.

1. During time interval T1
The inductor current has a positive slope, because that the switch is turned on, and the

converter input voltage is charging the inductor. The inductor current can be express as shown in

(7.15).

95



: Vi
lL_lelavg +%t (7.15)

where 1 =[0,77].

1. During time interval T2
V; DV,
i = 1,,, +- 2T |- (-7 7.16
L_T2 (avg I lj (1—D)L( 1) ( )
where t=[1],71 +17].
11i. During time interval T3
V; DV, V;
i = I, +— 2T —2T,, |+ L(t-T1 -T 7.17
L T3 (avg LY swj L( i-T>) (7.17)
where t =[15,T3].
1v. During time interval T4
v, DV, v DV,
i =| Iy +— T —— T +- LTy |- (T, ~T, —T 7.18
L T4 (avg I 1 2L sSW I3 3} (1—D)L( 17142 3) ( )
where 1t =[13,T4].
V. During time interval T5
v DV, v, DV, v,
i =\ I+ 2T —2LT, + 2T ——2T, |+ (-1 -T, -T5 -Ty4 ) (7.19
L _T5 (avg I 1 2L sW I 3 2L swj L( 1742 =143 4)( )

where t =[13,T5]
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7.5.3 Calculation Results

Figure 7.12 shows calculation result (the solid line) and simulation result (six red dots,
simulation data are in Table 7.2) of the current ripple per unit value vs. duty cycle under test
condition but varies the duty ratio. Figure 7.13 shows the comparison of the capacitor current
ripple per unit value between the regular PWM strategy (dash line) and modified carrier
modulation method (solid line) (black: p.f.=1, blue: 0.866; green: 0.707; magenta: 0.5; red:

p.£.=0.)

0'6.2 0.3 0.4 0.5 0.6 0.7
Duty Cycle

Figure 7.12 Calculation result and simulation result of the capacitor current ripple
per unit value v.s. duty cycle under test condition
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Figure 7.13 The comparison of the capacitor current ripple per unit value between
the regular PWM strategy (dash line) and modified carrier modulation method (solid

line)
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Table 7.1 Circuit Parameters and Experimental Conditions

DC-DC converter input voltage Vi 200V
DC-DC converter duty cycle D 1/3
DC link voltage Vie 300 V
DC-DC converter inductance L 180 uH
DC link capacitor C 510 uF
Inverter switching frequency fow 10.8 kHz
Equivalent converter switching frequency Sfsw_conv 21.6 kHz
Fundamental frequency f 60 Hz
Load power factor cosQ 0.884
Load zZ 25Q+3.5mH
Modulation index MI 0.92

Table 7.2 Simulation Data

D Vin (V) Icap_rms (A) Iac (A) p.u.=Irms/lac
0.25 225 12.1273079 34.40646281 0.352471801
0.333 200 15.63728678 34.3981922 0.45459618
0.425 172.5 20.67948663 34.38478368 0.601413893

0.5 150 25.21480867 34.36809767 0.733669024

0.6 120 32.3776283 34.32988761 0.943132371
0.667 100 38.33122442 34.28333922 1.118071498
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7.6 Experimental Results

The experiment was conducted under the following conditions: the dc-dc input voltage is 200
V generated by a three-phase diode rectifier with a large electrolytic capacitor bank, dc-dc
converter duty cycle is 1/3, the dc link voltage is 300 V, the inverter switching frequency is 10.8
kHz, the equivalent dc-dc converter switching frequency is 21.6 kHz, the fundamental frequency
is 60 Hz, and the p.f. is around 0.884 with a 3.5 mH inductor and a 2.5 Q resistor in series
connected in wye. The inverter is operated under the SPWM normal modulation method with a
modulation index of 0.92.

One thing has to be mentioned here: since the inverter’s dc link capacitor banks are connected
to the IGBT pack through busbars, which preventing direct measurement of the inverter input
current, the same thing on the converter side. Therefore, the inverter current is obtained by (7.20)
based on measurement of the output currents and switching signals from the DSP, while the

converter output current is obtained by (7.21).

liny = Sqig +Spip — S (ig +ip) (7.20)

icony = SconviL (7.21)

This requires at least 2 current sensors and 3 voltage sensors for the inverter input current
measurement and 1 current sensor and 1 voltage sensor for the converter output current
measurement. The available oscilloscopes have 4 analog channels with enough digital inputs,
however, the math function (7.22) cannot apply to the already calculated i, and i.,,, -
Therefore, the experimental results that have more than 3 waveforms on the same graph are done

by saving “waveform”—data file .wvf—on the oscilloscope and redrawn on the computer by

WVF Viewer software from Yokogawa.
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(7.22)

icap = lcony ~liny

Table 7.3 shows the saber simulation of the four different modulation methods. First one is
the original method with the same switching frequency for both the converter and inverter.
Second is that the converter switching frequency is twice as much as the inverter switching
frequency. Third method is, based on second one, shift the converter output current pulses using
linear carrier modulation method proposed in this paper. The last one is the sine carrier
modulation method. It can be seen that the linear carrier modulation method achieves the best

result, and around 17%~20% reduction of the current ripple based on the second method is made.

Table 7.3 Saber Simulation Result of The rms Value of The DC Link Capacitor’s Ripple

Current
Condition Leap _rms
feonv = finv 26.531 A
feonv =2 finy 19.271 A
Seonv = 2 finy With linear carrier modulation 15.656 A
feonv =2 finy With sine carrier modulation 15.704 A

Figure 7.14 Shows the experimental results of the rms ripple current of the dc link capacitor is
15.651 A at 300 V dc link voltage, and it is highly agreed with the SABER simulation in table I
row 3. Figure 7.15 shows the synchronized the inverter phase A reference signal (yellow) with the

converter V. and Vy, low frequency triangle reference signal (Vy is green and V, is Purple). The

ripples on these signals are due to the reason that they are got from the PWM signals after a low

pass RC filter. Figure 7.16 shows the S, , §, and S,.,,, for the proposed linear carrier

y
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modulation method. It can be seen that the switching signal of S.,,,, achieved by S, @S, is

shifting its pulses in one inverter switching cycle left and right. Figure 7.17 shows how the
converter output current is gotten from (7.21). Digital and analog signals are separated by the
oscilloscope automatically. Figure 7.18 and Figure 7.19 show the how the inverter input current is
gotten from (7.20). Figure 7.20 and Figure 7.21 show the capacitor current got from (7.22) with
the converter output current and the inverter input current, for comparison. Finally, Figure 7.22
gives the SABER simulation for a comparison with Figure 7.21. The simulation result and the
experimental result are very similar, and the only difference is the experimental result has a 6w

component involved in the converter output current due to the diode rectifier at the input side.

Groupl Trigger Time: 10/07/22 Z22:14:43 Number of Data: 10020

I inv I conwv Iicap
254E+00 55.560641E+00 79 _47754E+00
Z2656E+00 0_000000E+00 —43_ F3535E+00
High 43_37704E+00 54.41340E+00 53.88007E+00
Low =7 .081005E-03 0_000000E+00 =7 .2233532E+00
B-P -.07910E+00 55.56041E+00 123_2129E+00
Ampl -38411E+00 54_41340E+00 -11360E+00
Avg -0e004E+00 Z26.11510E+00 .382Z23E-03
BEms 1.00015E+00 32 .65733E+00 .65157E+00
Middle -812988E+00 27 .- 783Z20E+00 -87109E400
StdDev 16.78% 15.808 15.651
Cshoot 1.10 2.2 41 _85 %
Ushoot 74 .27 0.00 % 59.73 %
Hise O_ 0000 0.0000 = 24 _5995%us
Fall 0_.0000 = 24 _999us=s 19_5593us
Freqg 11.111kH= 2B .571kH= 10.5Z26kH=
Period 20.000us 35.000us 95.000us
+huty 77.78 % 85_-71 % 5.26 %
—Duty 2222 % 14_.29 % 94_.74 %
+Hidzch T0_000us 29 _95%9us 4_95%935%us
-Width 15.5%395%us 4.995%us 50.000us

S

[ <
e b i - e B i - o

Figure 7.14 The experimental result of the rms ripple current is 15.651 A at 300 V dc
link voltage (Analyzed from the saved data by WVF Viewer from Yokogawa)
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Figure 7.15 Synchronized the inverter phase A reference signal (yellow) with the
converter V,. and vy low frequency triangle reference signal (V) is green and V, is

Purple)
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Figure 7.16 The experimental result of the proposed carrier modulation signal for dc-dc
boost converter
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Figure 7.17 The experimental results of the inductor current, the converter output current
and the switching signal of the dc-dc boost converter
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Figure 7.18 The experimental results of the inverter output currents, the switching
functions, and the input current of the SPWM inverter (Redraw the waveforms from the
saved data by WVF Viewer from Yokogawa)
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Figure 7.20 Experimental results of the inverter input current, the converter outpu
current, and the DC link capacitor current (Redraw the waveforms from the saved data by
WVF Viewer from Yokogawa)
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Figure 7.23 Prototype setup

7.7 Conclusion

Around 17%~20% reduction of the current ripple based on the already reduced current ripple
in [34] is realized by using the proposed carrier modulation method, which leads to the
minimization of the dc capacitance. Due to the reduced current ripple, the voltage ripple of the dc
link is reduced as well. The proposed method has the merits of simple and easy realization. There
is no requirement of any fast feedback and complicated close-loop control blocks, but gives

significant dc link ripple reduction and dc link capacitance minimization.
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CHAPTER 8 Minimizing DC Capacitance
Requirement of Cascaded H-Bridge
Multilevel Inverters for Photovoltaic Systems

by 3" Harmonic Injection

8.1 Introduction

As the demand of the renewable energy increases every year, the photovoltaic (PV) systems
have been playing an important part in supplying energy for the global consumption. In order to
connect those PV modules to supply power to the grid without inserting any bulky low frequency
step-up transformers, the cascaded H-bridge multilevel inverters are utilized to increase the

output voltage up to the grid voltage, which is tens of kilovolts. Therefore, no bulky low
frequency transformer is needed.

The cascaded H-bridge multilevel inverters have been introduced for more than 20 years, and
are widely used in the high voltage and high power applications. Various studies have been done
for this special category, such as topology research and development [41-51], power flow
management [52], and performance-improving control methods [53-66]. However, none of them
has ever focused on the reduction of the dc link capacitor—one of the biggest components in the

whole system. The reason for this inevitable huge dc link capacitor is that it has to absorb a low
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frequency current ripple that is twice as much as the fundamental frequency (noted as 2w), in
order to maintain the dc link voltage ripple under a certain value. Due to this huge low frequency
current ripple, the dc link capacitor bank is accordingly bulky, heavy and expensive. Hence,
minimizing this dc link capacitor becomes an essential step towards developing and
manufacturing compact, light and low cost cascaded H-bridge multilevel inverters with long life
and high reliability.

This chapter proposes a 3rd harmonic injection method that achieves a 40% to 50% reduction
of the dc link capacitance, meaning a great reduction to the capacitor size, weight and cost. This
3rd harmonic injection will not cause any problem for the 3-phase cascaded H-bridge multilevel
inverter, because the 3rd harmonic currents cannot flow. On the other hand, by injecting this 3rd
harmonic, it is able to generate a negative 2@ component, which is able to cancel fully or part of
the 20 component that generated by the traditional SPWM method. The percentage of the
capacitance reduction depends on the fundamental modulation index. Theoretical analysis and

simulation results are demonstrated to prove the effectiveness of the proposed method.

8.2 Theoretical Analysis of the DC Capacitance
Reduction

8.2.1 System Configuration

Figure 8.1 shows the schematic of the cascaded H-bridge multilevel inverter with separate
photovoltaic sources, which needs a huge dc link capacitor banks for each module. This dc link
capacitor is supposed to absorb the current ripple from both the photovoltaic source side and the

H-bridge inverter side.
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Figure 8.1 The system schematic of the 2.1 MVA three-phase cascaded H-bridge
multilevel inverter with separate photovoltaic sources.

Considering photovoltaic sources usually have a quite smooth output current, the majority of
the current ripples for the dc link capacitor to absorb come from the inverter side. This current

ripple i; can be expressed as:
ig=(S,—-Sp)ia 8.1)
where S, and §j, are the switching functions of the top switches for each phase leg within one

module operated by the traditional SPWM method, and i4 is the line current of phase A, as

shown in Figure 8.2.

114



PV id l iA

% iK & X

Figure 8.2 The schematic of one H-bridge module with notations

\|
/1

Due to the cascaded multilevel structure, the output voltage with many voltage levels has
fewer harmonics, which leads to an almost sinusoidal output current without any filtering.

Therefore, it is reasonable to assume iy to be sine shaped, with a power factor angle of ¢ as

shown in (8.2).

iy =~21 4 sin (apt + @) (8.2)

8.2.2 DC link current ripple without 3rd harmonic injection

According to [67, 68], without 3rd harmonic injection, the switching functions S, and S

of phase A and phase B can be written as below.

For phase A,
1 1 )
S0 :E+5MO sin (@) (8.3)

and for phase B,
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SbO :%+%M0sin(a)ot—7r) (8.4)
Substitute (8.2), (8.3) and (8.4) into (8.1), it is able to obtain (8.5).
ig =~21 4 sin (@ + QJ){MO cos(a)ot —%ﬂ

(8.5)
= \/EIA %{sin(%@t+¢—%)+sin(¢+%ﬂ

Obviously, without injecting the 3rd harmonic component, i; contains a 2o component with

an amplitude of ~2M ola /2, as the first term shows in (8.5).

8.2.3 DC link current ripple with 3rd harmonic injection

If the 3rd harmonic component is injected into the system with amplitude of Mj, the

switching functions for the two phase-legs are changed into (8.6)
1 1 .
Su3 :§+5M3 sin (3ayt) (8.6)
And (8.7)
I 1 .
Sp3 :E+5M3 Sln(3a)0t—7[) (8.7)

respectively.

Therefore, the H-bridge dc side input current i; can be expressed as
ig =(Saq0 +Sa3=Sp0 — Sp3)ia (8.8)

which can be calculated by substitute (8.2), (8.3), (8.4), (8.6) and (8.7) into (8.8).
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ig :{MO cos(a)ot—%j+M3 cos(3a)0t—§ﬂ><\/§IA sin (ayt + @)

lMO sin(2a)0t—z+¢j+lM0 sin(z+¢j (8.9)
2 2 2 2
:\/EIA 1 1
T T
+—M3sin| 4apyt ——+ @ |——M3sin| 2apyt ———
2 3 Sll’l( 2 ¢j 2 3 sm( 2 ¢j

The first term showing in (8.9) indicates that the 2o component can be completely cancelled
out, as long as the 3rd harmonic injection’s magnitude M3 is made to be the same as the
fundamental’s magnitude M. Plus, the phase angle of the output current has to be in phase with
the voltage, meaning unity power factor. Assume the 2w component is completely cancelled, the
amplitude of the 4 component is going to be J2m 3572,

However, there is a maximum modulation index for the inserted 31 harmonics, since the sum
f of the fundamental and the 3rd harmonic has to be within the range of [-1, +1].

f =Mqsin ayt + M3 sin 3apt (8.10)
Hence, two unknowns, wt and M (or M3), can be calculated, based on two independent

equations shown below in (8.11).
a_4a

dt  dt
MO =M3

(Mosina)ot+M3sin3a)ot)=O &.11)

The solutions are as follows.

COS = \/g
U
sin @yt = \E (8.12)

33

Mo=Ms==
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Eq. (8.12) means that in order to completely cancel out the 2o harmonic component in iy,
the maximum fundamental modulation index can go up to 3.3 /8, which is about 0.6495, by
injecting the same amplitude of the 3™ harmonic component. At the same time, the total
waveform after combining the 1** and 3" component reaches 1 at ay = arccos+/2/3. and the

lowest harmonic component in the dc current ripple increases from 2w to 4w. This frequency

increase is the key factor of reducing the dc capacitor size.

8.2.4 Current ripple and voltage ripple reduction

According to the expression of the required capacitance shown in (8.13).

B igAt
Av

C (8.13)

When M;=M3=0.6495, the reduction of the dc capacitance reaches maximum, and can be

calculated based on the relationship shown in (8.14), comparing to without the 3™ harmonic

injection:

! lM3 73\/5

M _2 ~__ 8

1 1

CREES VA (8.14)
2

Al

At 2

Assume keeping the voltage ripple as before, the requirement of the dc capacitance can be
1/2 of the original requirement, which is a 50% reduction. As the fundamental modulation index
goes up, higher than 0.6495, the magnitude of the 3" harmonic injection is reduced accordingly

to ensure the combined waveform is no greater than 1. When the modulation index reaches 0.9,
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the dc link capacitor still can achieve a 42% reduction by injecting a magnitude of 0.486 of the
3" harmonic to the fundamental.
The maximum 3rd harmonic injection is shown in Figure 8.3 for fundamental modulation

index ranging from O to 1.15.

= [ . (0.6495, 0.6495)
RS ) —— S L /NG S SR
Q | |
= i i
o 05 —_—_— NG
g= i i
S o4l S / N
: -/
T i i
o 0.3F--—-—-—-—-—---- SRRy bk e e e bl ot
o | |
s / S
é o2 - Completely i
g 01t ~ Cancel 2w IT Cancel 2w
> 3 : . i i
0 ; ; L ;
0 0.2 0.4 0.6 0.8 1

Fundamental Modulation Index

Figure 8.3 The maximum magnitude of the 3rd harmonic injection that can be
selected under a certain fundamental modulation index.

8.3 Simulation Results

The simulated cascaded H-bridge multilevel inverter for PV system is rated as follows.
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This is a three-phase system with 7 cascaded H-bridge modules in each phase leg, totally 21

modules. Each module is rated at P =100 kW . Therefore, the whole system is rated at 2.1 MVA.
The line-to-line voltage is Vj; =13.8kV .

Based on the given power and voltage, it can be derived that the base value of the

capacitance C, as shown in.

C=L=205 UF (8.15)
wZ

Generally speaking, there are three modulation methods to simulate this cascaded multilevel
inverter: programmed modulation, carrier based PWM and space vector PWM. Although they
are not mathematically equal and with different implementation method, the main idea is the
same—to generate a sine-shaped output voltage. If one wants to insert a 3rd harmonic into the
originally perfect sinusoidal voltage, for carrier-based PWM, it is obvious that the goal can be
achieved by simply adding a 3rd harmonic sine wave to the fundamental sine reference. For
space vector PWM, it originally contains a 3rd harmonic component, which means modify this
3rd harmonic is possible. For programmed modulation, simply change the 3rd harmonic
component equation from 0 to the desired amplitude, and one will get those off-line switching
angles.

Therefore, the conclusion is that the proposed 3rd harmonic injection method can achieve
similar results, no matter which modulation methods one is working with.

Hence, the phase-shifted carrier-based PWM method is chosen in this experiment. Figure 8.4
shows the phase-shifted carrier-based PWM method: (a) two fundamental references with a
triangle carrier; (b) zoom-in view of (a), showing the seven phase-shifted triangle carriers for the

seven modules in one phase leg.
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Figure 8.5 SABER Simulation — circuit part
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Figure 8.6 SABER Simulation —- PWM generating part

As known from Figure 8.3, if the fundamental modulation index is high, there is only limited

quantity of 3" harmonics can be injected. For example, M(=0.9, maximum M5 can only be

0.4865.
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On the other hand, if the fundamental modulation index is less than 0.6459, it can be
completely cancelled out by inserting the same amplitude of the 3" harmonic component. For

example, M(=0.6459, maximum M5 can also be 0.6459.

Figure 8.7 shows the simulation results when traditional pulsewidth modulation method is
used, and the fundamental modulation index is 0.9, which is at the higher end. The top 3
waveforms show the line-to-line voltage, measured to be at 12.7 kV. The 2" 3 waveforms are
the capacitor currents in the top modules of each phase. Numerical simulation shows the rms
value of this ripple current that the dc link capacitor has to absorb is 47.2 A. The 3rd 3
waveforms demonstrate the phase voltage of the multilevel inverter, and the rms value is
measured to be 7.3 kV. And the 4™ 3 waveforms show the 3 phase inverter output current. The
last waveform shows the dc link voltage for the top module in Phase A, which indicates the

voltage ripple peak-to-peak versus the dc link average voltage is around 2%.

V.
ripple(pp) _ 34329V _ 5 0%

=2, (8.16)
Vic(avg) 16482V

This percentage is consistent for other modules as well.

From this simulation result, it is concluded that to maintain the dc link voltage ripple under
2% at this situation, the dc link capacitor for each H-bridge module has to be at least 3.8 mF.
Accordingly, in per unit value, this capacitance is

3.8 mF
205 uF

=18.5 p.u. (8.17)
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Figure 8.7 Simulation results of the traditional pulsewidth modulation method without 3rd

harmonic injection: M0=0.9, f0=60 Hz, Cdc=3.8 mF.
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Figure 8.8 shows the simulation results of the proposed 3rd harmonic injection method with
the same dc capacitor of 3.8 mF. Waveforms are the similar as Figure 8.7, except in the 31
waveforms, 3" harmonic injection can be noticed easily. Without changing the line-to-line

voltage, the dc voltage ripple is reduced to

Vripple(pp) _ 21.696V

=1.3% (8.18)
Vie(avg) 16482V

Therefore, by using a smaller dc capacitance, one can still achieve the 2% voltage ripple
requirement. Figure 8.9 shows the simulation results of the proposed 3rd harmonic injection
method with a smaller dc capacitor.

In this simulation, the dc link capacitance is reduced to 2.2 mF, and still keeping a 2%
voltage ripple. The per unit value is

22 mF
205 uF

=10.7 pu. (8.19)

This is a 42% reduction, compared to the traditional PWM method.
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Figure 8.9 Simulation results of the proposed 3rd harmonic injection pulsewidth modulation
method: M0=0.9, f0=60 Hz, M3=0.4865, f3=180 Hz, Cdc=2.2 mF.
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Again, the above case is at the higher end of the fundamental modulation index, which has
limited reduction on the 2o ripple. Whereas at the lower end, when the fundamental modulation
index is smaller than 0.6459, the reduction can be even more. Figure 8.10 and Figure 8.11 is a
good example for this situation.

Figure 8.10 shows an example of M0=0.6459, where Cdc is 1.6 mF to achieve a 2% voltage
ripple at the dc link side. And Figure 8.11 shows an example of M0=0.6459 with an additional
3" harmonic injection of the same amplitude 0.6459. In this case, Cdc is reduced to 800 uF, and
still achieving a 2% voltage ripple. The total dc capacitance reduction is reached to 50%, and this

is completely contributed by the frequency increases from 2® to 4.
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Figure 8.10 Simulation results of the traditional pulsewidth modulation method without 3rd

harmonic injection: M0=0.6459, f0=60 Hz, Cdc=1.6 mF.
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8.4 Conclusions

This chapter presents a simple 3rd harmonic injection method for the cascaded H-bridge
multilevel inverters for photovoltaic systems. Without adding any extra components or
increasing too much of the control complexity, this approach achieves a 40% to 50% reduction
of the dc link capacitor. Theoretical analysis and simulation results are demonstrated to prove the

effectiveness.
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CHAPTER 9 Solid State Variable Inductor-
Capacitor for Reactive Power Compensation

with Minimum DC Capacitance

Last chapter talks about that the H-bridge inverter has an inherent problem of the 2® ripple
that requires a huge dc capacitor on the dc link side to absorb this low frequency ripple and
smooth out the dc bus voltage. By 3™ harmonic injection, which is simply playing with the PWM
strategy with minimum effort, the dc capacitance can be reduced to half. However, the method is
based on the pre-requirement of unity output power factor. Otherwise, the 20 component cannot
be cancelled because of mis-phase. In this chapter, the application that will be focused on is the
reactive power compensation, whose output factor is zero. Therefore, 3" harmonic injection will
not be able to work in this situation. This dc capacitance reduction is realized by a proposed

modified H-bridge topology with suitable closed-loop control.

9.1 Introduction

As the power demands go up, the power system becomes more complicated. Traditionally,
the real and reactive power flow through a transmission line in the power grid is determined by
its line impedance, voltage magnitudes, and voltage angle differences of the two ends [69].
Sometimes, without adequate control, excessive reactive power flow and unwanted loss can

happen, which result in thermal and stability issues [70]. To solve these problems and increase
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the transmittable power in the grid, reactive power compensation is used. The basic idea of the

reactive power compensation is to insert ideal variable inductors or capacitors that can absorb or

supply reactive power to the grid.
Figure 9.1 shows an ideal variable capacitor. At the rated line voltage Vg, as the current
changes from 0 to the rated current /¢, the variable capacitance changes from 0 to C,. as well. In

this case, the ac capacitor needed for this circuit is 1 per unit (pu). However, in the real life, a
large value variable inductor or capacitor can hardly be found, especially for utility grid
applications. Therefore, flexible AC transmission system (FACTS) has been introduced since
1990 to implement a real-world variable inductor or capacitor based on semiconductors. Some
FACTS such as thyristor switched reactor (TSR) and thyristor switched capacitor (TSC) are
simply inductors and capacitors that can vary in a stepwise manner with utilizing thyristors,
while some other FACTS devices such as static synchronous compensator (STATCOM) and
unified power flow controller (UPFC) could realize continuous variation based on converter
topologies with PWM schemes. For example, a variable inductor or capacitor can be
implemented by an H-bridge as shown in Figure 9.2. The principle of this H-bridge working as a
variable capacitor is controlling the phase angle of ac current /¢ to lead the phase angle of ac
voltage Vs by 90°, and controlling the amplitude of /- to achieve the desired equivalent

capacitance C,.. The principle of this H-bridge acting as a variable inductor is controlling the

- V,=1pu

IC
7

+ 0

[.=0~1pu
~ Coc C,.=1pu

< /N

N
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Figure 9.1 An ideal variable capacitor

phase angle of ac current /¢ to lag the phase angle of ac voltage Vs by 90°, and controlling the
amplitude of /¢ to achieve the desired equivalent capacitance C,.. However, this traditional H-
bridge implementation has a well-known problem of a large dc link capacitor Cg., due to the low
frequency harmonic (2 ripple) inherent with the H-bridge topology [71]. This dc capacitor is 10
times (assuming the dc voltage ripple peak-to-peak is 5%) as big as the ac capacitance shown in
Figure 9.1 in order to maintain the dc voltage ripple low. In addition, increasing the switching
frequency is not an option here. Although increasing the switching frequency can reduce the

inductance, unfortunately it does not reduce this dc capacitance.

K & 2 -

Figure 9.2 A variable capacitor implemented by an H-bridge inverter

Therefore, this chapter proposes a solid state variable inductor-capacitor (SSVLC), as shown
in Figure 9.3. Figure 9.3 (a) shows the proposed solid state variable inductor (SSVL) and Figure

9.3 (b) shows the proposed solid state variable capacitor (SSVC). The proposed SSVLC can
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reduce the dc link capacitance to minimum by adding a phase leg to the H-bridge and a small
auxiliary ac capacitor/inductor. The main idea is to completely transfer the 2o low frequency
ripple from the dc link capacitor to this auxiliary ac component through the added phase leg. The
advantages of this topology are many. First of all, the dc link capacitor can reduce to minimum,
subject to only switching frequency ripples. This improvement eliminates the electrolytic
capacitor, and enables the use of film capacitor. Film capacitors are typically come with smaller
capacitance but larger rms current ripple handling capability, and this kind of capacitors has self-
healing capability and small ESR. Therefore they are usually considered to have longer lifetime
and higher reliability [72, 73]. On the other hand, the auxiliary ac capacitor is reduced to only
1/10 of the original dc capacitance. Therefore, the combined volume of the dc capacitor and the
auxiliary ac capacitor is still smaller than the original huge dc capacitor.

In this chapter, theoretical analysis of the SSVC is provided. Regarding to SSVL, similar
derivation method can be applied. Simulation and experimental results are shown to prove the

effectiveness of the proposed SSVC with minimum dc capacitance.
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Figure 9.3 The proposed solid state variable inductor-capacitor:

(a) solid state variable inductor (SSVL); (b) solid state variable capacitor (SSVC).
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9.2 Past Works

The purpose of this section is to identify all the topologies that been proposed in the past with
their theoretical dc and ac capacitance requirements.
A. Traditional H-Bridge Inverter
The simplest way to implement a variable inductor-capacitor is to use a traditional H-bridge
inverter. As mentioned earlier, this topology suffers a huge dc link capacitor Cj,., due to the fact
that it has to absorb the 2w ripple. In addition, electrolytic capacitor is commonly preferred for
this circuit because of its high power density, which can reduce the size of the converter, but at

the same time makes this converter less lifetime and less reliability.

Ldc
® >
lac )%,

Vac Vb Cdc — Vdc

K & 2

Figure 9.4 Traditional H-bridge inverter
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The dc current ripple iy, for this traditional H-bridge inverter can be calculated as shown in
O.1),

lde :(Sa_Sb)iac ©.1)
where i,. is the ac side current, and S, and S, are the switching functions of phase leg a and b

as shown in (9.2).
1 .
S, =—=MIsin ax
2
Sy :%MI sin (@ — 1) (9.2)
ige =21, sin(@r +9)
¢ is the phase angle between ac side voltage and current, v,. and i .. If 9=90°, it means i,
is leading v,. 90°. If ¢=-90°, it means i, is lagging v,. 90°.

Substitute (9.2) into (9.1), one can achieve (9.3).
i = glacMI{sin(Za)t —§+ qoj +sin (§+ goﬂ 9.3)

It is not hard to notice that the first term in (9.3) represents the ripple current part, while the
second term in (9.3) represents the dc current portion. As this H-bridge inverter is focused on the
application of reactive power compensation, it does not have a dc current. That is to say, for the
reactive power compensation, it is equivalent to substitute p=290° into (9.3), and the second
term goes to zero, meaning no dc current. In conclusion, the capacitor ripple current is the first

term in (9.3) and is rewritten below in (9.4).

leap =

%IMMI sin (mz —%+ qu 9.4)
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By integrating the capacitor ripple current icap » it gives the voltage ripple across the dc

capacitor as shown in (9.5).

1, 142 1 n
Ve :Ejlcapdl’—ETIaCMI(—%jCOS(za)t—E‘FQJ (95)
whose peak-to-peak voltage is shown in (9.6).
12
Vepp = = LacMI (9.6)

C2w

By moving the capacitance C to the left side of the equation, one can obtain the capacitance

as shown in (9.7).

NG

2wVCPI7

C=

1,.MI ©.7)

From (9.7), the variables are explained here. w is the ac side fundamental frequency, and in

this grid application case, it will be either 50 Hz or 60 Hz. Vepp is the capacitor’s peak-to-peak

voltage ripple in volts. /. is the rms value of the ac side current, and MI is the modulation

ac
index of the H-bridge inverter.

It looks like the capacitance can be varied with the modulation index of the inverter, however,
this is not the case in reality, since one will not change the actual capacitor for each operating
points. Once the capacitor is installed, it will be there for all operating conditions within the
specification. This is equivalent to say the dc capacitor is chosen based on the worse case shown
in the specification. Therefore, the dc capacitance should be determined at the largest modulation
index, MI=1, and (9.7) is simplified to be (9.8). Ref [74] also has detailed derivations on this

capacitor requirement in section III and the expression is concluded in its own paper equation (9).
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C — \/EICIC

- (9.8)
2wVCPI7

Same thing for the ac side current, the dc capacitance is determined by the maximum ac side
current’s amplitude, therefore the unit value. It is simple for the fundamental frequency and
voltage ripple, since they are both constant for a certain design. So far, the capacitance

requirement of the traditional H-bridge inverter has been obtained as shown in (9.8). In fact, only

the constant +/2 /2 is what one really wants to keep in mind for further comparison.

In the next a couple of pages, a few different topologies will be discussed, analyzed and
theoretically calculated to compare the dc capacitance value to (9.8). Therefore, per unit system
is a good way to help comparing and determining the best choice among all. In order to get the
per unit value of the capacitance, the base value of this case should be calculated first, as shown
in (9.9).

1 1
Cbase = = (9'9)

waase wVac

Therefore, it is straightforward to get the per unit value of the dc capacitance of this

traditional H-bridge inverter as shown in (9.10).

\/Elac

— C — Zwvcpp — \/EVCIC — VdC (910)
Chase Iaic 2VCpp vapp
0%

ac

Cp.u.

Obviously, from (9.10), in order to calculate the per unit value of the dc capacitance,
assumption on the peak-to-peak voltage ripple is needed, and it is usually determined by the
specification of the circuit. Let’s assume it to be 5% for calculation and comparison purpose,

which is most likely the case in the reality as well. Therefore, the per unit value of the dc link
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capacitor for the traditional H-bridge inverter is about 10 as shown in (9.11). 10 pu is a very
large number for electrolytic capacitors, and the root cause of this huge capacitor is the 2w ripple
that the capacitor has to absorb.

1%
Cpu. = € _Vae _y (9.11)
Cbase vapp

B. Traditional H-Bridge Inverter with a Bidirectional Buck/Boost Converter

One proposed topology to minimize this dc link capacitor is shown in Figure 9.5 [75]. This
topology utilizes a bidirectional buck/boost converter as an auxiliary ripple energy storage circuit,
and achieves a 50% reduction of the whole system size. This is a very good topology in terms of

his specific application. However because the auxiliary capacitor C; has a dc offset, resulting in

its ripple power handling capability not maximized, this method still hasn’t reached the

maximum reduction in the reactive power compensation application.

ldc
-

 KEKE K

+ > LS
Vac Vb — 00— C =< Vi

k33 hFCT

Figure 9.5 Traditional H-bridge topology with a bidirectional buck/boost converter
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In order to compare with the proposed SSVLC, it is desired to calculate the auxiliary

capacitance here. Firstly, the input power P, on the ac side is calculated as shown in (9.12).
P, =V, (9.12)
where

Ve =2V, sin(ar) (9.13)
Substitute (9.13) and (9.2) into (9.12), P,, can be simplified to (9.14).

P, =V, 1,.cos@-V,.I,.cos(2axt+ @) (9.14)

ac-ac ac-ac

Again, due to different application from [75], the SSVLC is focused on reactive power only.
Therefore, p=+90°, and the first term in (9.14) goes to zero, leaving only the second term as

shown in (9.15).

Bripple = Vaclac €08 (20t +9) (9.15)

Similarly, the ripple energy stores on the auxiliary capacitor can be expressed as (9.16).

1 2 Pripple_ peak
5 Cch_ peak = Eripple_ peak = T (9.16)
Therefore, the auxiliary capacitance C; can be calculated as shown in (9.17).
C, = 2Pripple_ pe;k 9.17)
v, _ peak
where
Pripple_ peak = Vaclac
1 (9.18)
Vc_ peak = Evdc
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Substitute (9.18) into (9.17), (9.19) is achieved.

C, = Yaclac (9.19)

a)VdCZ

Therefore, the per unit value of the dc link capacitor for the traditional H-bridge inverter with

a bidirectional buck-boost converter is about 4, as shown in (9.20).

8VClCIClC
c o> 8v,?
c,, = = € =—_dc 4 (9.20)
p.u. C Ji 2
base _~ac Vie
av,

ac

Please note that, ideally, the auxiliary circuit can completely transfer the 2w ripple energy
from the dc link capacitor to the auxiliary capacitor. That is to say, the dc link capacitance can be
ignored (very small) for ideal case, and that’s why only the auxiliary capacitance is calculated

here in order to compare with the traditional H-bridge inverter’s main dc link capacitance.

C. Traditional H-Bridge Inverter with Another Bidirectional Buck/Boost Converter

This topology [76] is similar to the previous one [75], in the sense that both of them are
adding a complete buck/boost converter to the dc bus, performing as an active filter. Similarly,
the auxiliary capacitor has a dc offset. Therefore, the utilization of its energy storage is not fully.
In addition, due to the different configuration comparing with the previous topology, this
topology’s auxiliary capacitor has a voltage that is higher than the dc bus voltage, while the
previous one has a voltage that is smaller than the dc bus voltage. The high capacitor voltage
forms a killing factor for grid applications, since the grid voltage has already been really high. It
will be really challenging if the capacitor voltage is twice as much as the grid voltage. In spite of

these disadvantages under our special application, this is still a valid topology. Therefore,
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theoretical calculation for dc capacitance is carried out to compare with the traditional H-bridge

inverter case.

lde
—e
e Ry 3 IK &
+
Ve V. g 0 Y0 ::C
- dc S
J K} J J K}

Figure 9.6 Traditional H-bridge topology with another bidirectional buck-boost converter

According to the paper, in order to completely eliminate the 2w ripple in C, C, 1is calculated

as shown in (9.21).

2FE,.
C _ _“Tripple (9.21)

where Vj and V, are the upper and lower limit of the C voltage ripple respectively, and E,;,,,

is ripple energy of the 2w harmonics.
Different from the previous topology, as pointed out earlier, Vy and V, here are both higher
than the dc bus voltage. According to (9.21), the larger the difference between Vy and Vi, the

smaller the C; is. Therefore, let’s see how much different can these two values be: the lowest

value that V; can go is the dc bus voltage, while theoretically there is no maxim for the highest
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value that Vy can achieve. However, in reality, Vy cannot be as high as possible. One reason lies
in that the boost converter cannot boost up to more than 4 or 5 times due to the parasitic
resistance, such as internal resistance of the power inductor. Another reason is that, with the
increase of the Vg, the voltage rating of both the auxiliary capacitor and the auxiliary IGBTs
need to be increased accordingly. Based on the two reasons explained above, although (9.21) is
adequate for calculating the capacitance, it is hard to decide a reasonable Vy and V; to compare
with those previous topologies.

In order to put a number here, it is assumed that Vy is 1.5 times of the dc bus voltage, while

V1 is the dc bus voltage. Therefore, it can achieve(9.22).

2Vaclac
1.25V7 2
Cpp = =2 g Yae__35 9.22)
base _~ac de
wV

ac
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D. Traditional H-Bridge Inverter with another Auxiliary H-Bridge Inverter on the ac side
An example of this topology is similar to [77] as shown in Figure 9.7.
According to [77], the auxiliary capacitance Cs can be calculated using the equation (23) in
the paper. It is rewritten as below in (9.23).

Vaclac (923)

C.=
2 2
a)(VCs_pk _Vdc )

N

i 1K & IK

\|

JK} J)%} :CS

Figure 9.7 Traditional H-bridge topology with another H-bridge inverter on the ac side
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where V. and [,. are the rms values of the ac side voltage and current (the so-called reactive

and harmonic component of the load current is in fact all the ac side current here for the reactive

power compensation application), and V¢, and V. are the peak voltage and average voltage

of the auxiliary capacitor respectively.

It can be easily noticed that the auxiliary capacitor is essentially still a dc capacitor, which
needs to maintain a smooth dc bus voltage for the normal operation of the auxiliary inverter.
Since the ac side 2w power ripple flows to the auxiliary inverter instead of the main inverter, the
main dc capacitor can be kept small. Instead, the auxiliary capacitor is huge, and has to take all
the reactive ripples. Essentially, it uses a big auxiliary dc capacitor to substitute the big main dc
capacitor. Theoretically, there is no change in the total dc capacitor size [71]. This can be double
checked from (9.23), because the peak and the average is always kept small for the safe
operation of the auxiliary inverter, for example 5%. Therefore, the denominator is very small,

leading to a relatively big capacitance.

Vaelac
2 2
oV, -V, ) 2
Cp.u.: Cs _ (Cs_pk dc _ Vac 2:40 (924)
Cbase IL O.OSVdC
0%

ac
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E. Traditional H-Bridge Inverter with another Auxiliary H-Bridge Inverter on the dc side
Instead of putting the H-bridge on the ac side as the reference [77] shows, it is also possible
to put this H-bridge a couple of ways on the dc side as well as shown in Figure 9.8. For example,
[78, 79] show the H-bridge can be added on the dc side, acting as a series voltage compensator.
Similarly to the [77], both of them do not work, since the whole system is used for the reactive

power compensation, and additional H-bridge inverter is going to be big.

| (
A

Veomp

C—<Vdc Load

Figure 9.8 Traditional H-bridge topology with another H-bridge inverter in series on the dc side

Another way to add the H-bridge inverter on the dc side is to add in parallel with the main
inverter, such as shown below in Figure 9.9. This is a good starting point; however, there is some

redundancy in this circuit by using 2 phase legs to compensate the 2w ripple.
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Figure 9.9 Traditional H-bridge topology with another H-bridge inverter in parallel on the dc
side

F. Traditional H-Bridge Inverter with one additional phase added

Figure 9.10 shows the active filter way of reducing the dc capacitance. The topology is
adding only one phase leg to transfer the 2o ripple to the added passive energy storage
component (the inductor or the capacitor). Accordingly, specific control strategy is needed to
realize the functionality. However, the author of this paper utilizes this nice topology for power
factor correction in [80], whereas this topology could perform the best if used in the reactive

power compensation with appropriate control strategy.
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Figure 9.10 Traditional H-bridge topology with an active filter:
(a) use a capacitor as the auxiliary energy storage;
(b) use an inductor as the auxiliary energy storage.
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9.3 The Proposed Solid State Variable Inductor—
Capacitor (SSVLC)

In the previous section, a few past works have been discussed and analyzed. From the
original H-bridge inverter, who needs a 10 pu dc capacitor, to the H-bridge with a bidirectional
buck-boost converter, who needs a 4 pu dc capacitor, more improvements can be achieved.

Most of the previous methods are the same characteristic in terms of treating the auxiliary
capacitor as a dc capacitor, since the voltages on these auxiliary capacitors are all having a dc
offset with an ac ripple. By modifying the circuit topology to those shown in Figure 9.4 to Figure
9.8, the C,. becomes a pure ac capacitor, making it handle more ripple power, as shown in
Figure 9.9 and Figure 9.10.

Now, let’s take SSVC as an example of calculating the auxiliary capacitance C,.. Again,

power balance is used. Assuming that input voltage v, and input current i are shown as (9.25).

Vg = \/EVS sin ot

(9.25)
i, =~/21sin (or + @)

Since (9.25) represents an ideal capacitor, ¢ should equals to 90°, meaning the current is

leading the voltage. Hence, (9.25) is simplified to be (9.26).

Vg = \/EVS sin @t

(9.26)
i, =21, sin(a)t +%)
Therefore, the input ripple power can be calculated as (9.27).
Pripple = Vsis ==Vl cos (20t + ¢) ==V,I sin (Za)t + (p+§j (9.27)
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The auxiliary capacitor’s voltage v, and current i. are shown as in (9.28).

i, =~/2Isin(@r +6)
(9.28)
V. = %[—cos (wr+6)]

ac

Therefore, the ripple power stores in the auxiliary capacitor can be expressed as in (9.29).

212 12
Pe = Vel =———<—sin (@t +8)cos (@t +8) = —— —sin (2wr +26) (9.29)

C, o w

ac

Again, the whole purpose of adding this auxiliary capacitor is letting it store the entire 2w
ripple power that generated by the input source, so that the dc link capacitor does not have to
handle this 2w ripple power and keeps its own capacitance minimum.

Therefore, by making

pripple = Pc (9'30)

one can find the relationship between the amplitudes and phase angles as shown in (9.31).

2
I
VI, =——C
Cac® (9.31)
T
+—=26
P73

There are two pairs of solutions shown in (9.32) that can satisfy (9.31):

:>6’:7[

SSVC: ¢= 5

SRR

(9.32)
SSVL: ¢:—% = 6=0

153



The auxiliary inductor or capacitor’s ripple power is concluded in Table 9.1

Table 9.1 Expressions for ripple power on auxiliary inductor and capacitor for SSVL and SSVC

SSvVC SSVL

v = \/EVS sin wt Vg = \/EVS sin wt
Input voltage and

current i :\/EIS Sin(wt—i_%j i :\/EIS sin(a)t—%j

. T
I. = \/EIC sm(a)t+—j
Auxiliary C/L’s voltage 2

and current
_ 21 c .
V.= sin a¢
ac

il = \/EI[ Sil'l wt
v = a)Lacx/EIl cos wr

Ripple energy generated

by input source Pripple = Vsis = Vsl sin 20 Pripple =Vsis ==Vl sin 2ot
. . 2
Ripple energy stored in . 1. . . 2 .
auxiliary C/L Pe=Vele = sin2ar pr =viip = WL ;" sin 20t

According to Table 9.1 and (9.31), C pu can be calculated pretty straightforwardly.

1.2
2
C Viw 1
Cpu === —="5 9.33)
Chase s I
%4

s
Equation (9.33) means that in order to completely transfer the 2o ripple that generated by the
input source, for SSVC, the auxiliary capacitance has to satisfy (9.33).
Figure 9.11 shows the phase diagram of the source and auxiliary inductor/capacitor’s voltage
and current relationships. Again, taking the SSVC as an example, the phase b current shown in

Figure 9.3 is equal to the arithmetic difference between i and i., since both vectors are in phase.
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Therefore, if ig and i. have the same amplitude, the phase b current can reduce down to 0. At

this situation, according to (9.33), the auxiliary capacitance is chosen to be 1 pu.

P Il VS

I
I >
| ICA
Vl * : Xs

VIS ——?/C

(a) (b)

Figure 9.11 Phasor diagram of (a) SSVL and (b) SSVC.

9.4 Experimental Results

A 1 kVar solid state variable capacitor prototype is built for validation purpose with 100 V dc
voltage.

Figure 9.12 shows the ac source voltage and current with the dc voltage ripple, if the auxiliary
phase leg, capacitor and smoothing inductor are not connected at all. The dc capacitance in this
case was 820 uF, with a voltage ripple of 13%. In order to maintain a 5% voltage ripple

requirement, the dc capacitance is needed to be 3 mF.
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Figure 9.12 Traditional H-bridge inverter with 820 uF dc capacitor
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Figure 9.13 and Figure 9.14 shows the experimental result of the proposed SSVC with the
same condition as Figure 9.12, but with reduced dc link capacitor of 150 uF. However, this can

hold the dc link voltage ripple under 5%.

2013-08-11 1B:50:52 [ pioe MHormal

Stopped 418 T 200kS/S  SNMSAliv
. : : e I"Io.in_:llilk i . : :

CAZ 16:1  CH3 1:1 CHa 1:1 Edge 12+

19.6 Ursdiv 2.08 Usdiv 0.200 Ursdiv puto
DC56 Full oDC  Full nC  Full 3.2V

Figure 9.13 The proposed SSVC with 150 uF dc capacitor and 300 uF ac auxiliary capacitor.
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Figure 9.14 The proposed SSVC with 150 uF dc capacitor and 300 uF ac auxiliary capacitor.

9.5 Conclusions

A new solid state variable capacitor (SSVC) with minimum dc capacitance is proposed. The
proposed SSVC consists of an H-bridge and an additional phase leg connected to an ac capacitor
with fixed capacitance, Cac and can reduce the dc capacitance to the minimum just for absorbing
switching ripples. The fixed ac capacitor controlled by the additional phase leg absorbs the 2w
component and theoretically can eliminate 2 ripples in the dc capacitor completely. Therefore,
no electrolytic capacitors would be needed. Simulation and experimental results are shown to

prove the effectiveness of the proposed SSVC with minimum dc capacitance.
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CHAPTER 10 Contribution and Future

Work

10.1Contributions

The contributions presented in this dissertation are listed in short conclusions below:

Theoretical equations to express capacitance versus voltage ripple and rms ripple
current versus modulation index have been developed for SPWM, 6-step operation, as
well as for diode rectifier, which provides better design/calculation of the required dc
capacitance and better insights into the limits and optimum operation of the
converter/inverter system, than the traditional empirical equations and simulations.
From the theory developed above, a carrier modulation method for the dc-dc
converter, which synchronizes the dc-dc converter with the SPWM inverter in the
HEV system, is further proposed. This is also able to minimize the dc capacitance and
dc current ripples through the improved PWM methods.

The 3-phase cascaded multilevel H-bridge inverters for photovoltaic application are
usually suffers a big dc capacitor due to the 2w ripples. A 3™ harmonic injection
method is proposed to reduce this dc capacitor to 50% or less depending on the
modulation index used. The 3™ harmonic components do not affect the output voltage
due to the 3-phase configuration, and it is quite easy to implement by simply insert an
additional harmonics in the PWM references, where no complicated closed-loop

control is required.
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A new solid state variable capacitor (SSVC) with minimum dc capacitance is
proposed. The proposed SSVC consists of an H-bridge and an additional phase leg
connected to an ac capacitor with fixed capacitance, Cac and can reduce the dc
capacitance to the minimum just for absorbing switching ripples. The fixed ac
capacitor controlled by the additional phase leg absorbs the 2w component and
theoretically can eliminate 2o ripples in the dc capacitor completely. Therefore, no

electrolytic capacitors would be needed.

10.2Future Work

Although this dissertation has basically covered all the topologies and operation
methods that exists in the HEV system nowadays, all the analysis are assumed to be
ideal, for example, the motor currents. However, in the real system, the situation
would not be even closed to ideal at all times. Any oscillation or saturation happened
would push the circuit condition into a non-ideal case, which needs to be researched
more in details.

The proposed theory and PWM methods are all based on open loop control, which is
the very first step of minimizing the dc link capacitance. The next step would be, on
this basis by knowing the minimum value under open loop, further minimizing the dc
capacitance would be realized by utilizing close-loop control.

3rd harmonic injection method for the multilevel H-bridge inverter needs
experimental confirmation to approve the effectiveness. Additionally, this method is
limited to unity power factor applications, such as the photovoltaic application

proposed in the dissertation. However, many other applications with non-unity power
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factor still suffer from the big dc capacitor. Topology modification may be a good
way to go to reduce the capacitance in non-unity power factor cases.

SSVLC definitely needs more work, both in theoretical and experimental ways.
Utilizing wide-band gap devices to further increase the switching frequency and
shrink the auxiliary inductor size is one direction, and my labmates are working on

this right now.
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APPENDIX

Proof of Switching Functions:

Fig. 3(a) shows the three sinusoidal references and the triangle carrier waveform for two
switching periods. Assume the switching period is Tj,, the turn off time during a switching cycle
of the phase A upper switch is T, and the DC link voltage is Vy..

As one may notice, the blue right angle triangle is similar to the red right angle triangle.

Therefore, a relationship (A. 1) is obtained.

Ve _ Ve
p lan T,
= (A.2)
Toffa Tsw
2 4

By substituting (2.1) and (2.4), (A. 3) is achieved.

Tk, =T, | ———MI-sin ot ——= A. 4
offa sw(2 5 Vdcj ( )

Therefore, the expression of S, is obvious:

T, ffa

S,=01- ) (A.5)

N4

Substituting (A. 6) into (A. 7) will give the expression of switching functions as (2.3).
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