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Abstract

Medium-voltage (MV)motor drives have found widespread applications in varioesvy
industries, such as in the oil and gas sectors, production plants, and process industries.
Conventional cascaded Hbridge (CHB) multilevelinverters dominate themediumvoltage
industrial drivesdomain due to their modularity, scalability, and reliabilifjhe most prevalent
CHB topology in the drive industry is based on the diddast-end (DFE) rectifier which
greatly limits the industrial application of the conventional CHB drives where thigyabf
handling regeneration required The main objectivef thisthesisis to develop a lovcost, high
performance, reliable regenerative CHB drivVle thesisis concentrating on reducing tlyeid-
tied filter size, shrinking the Ddink capacitors,improvingthesy st emd6s pedr f or ma

reliability through advanced control techniques

First, © reduce the number of passive filter components, assband harmonic active
filtering strategy based dhe carriershifting methods proposed for regenerative CHB drives.
This proposed approadtxtends the carrier shifted PWM method for regenerative CHB drives to
further reduce the required passive filter size significantly and thus improves the overall size
cost, and efficiency while complying with IEE&td 5192014 grid standardSecond,a novel
voltage ripple controller is proposed to reduce thdirdc capacitance in thehreephase

regenerative CHB drive without adding extra measurem@&hisd, to achieve a faster dynamic

iv



response and the mutibjective performance during the control of CHB driva@sjovel high
performance predictive control with long prediction horizanproposedo improve the control
performance of th€HB multilevd inverters. The formulation of the proposed hgrformance

finite control set model predictive contrdk@SMPC) is explained in detail and analyzed to
reduce the regime computation burden. Last, when a fault is detected in the regenerative CHB
drive system, the reliability and fadiblerant ability are considered as the main issudo
improve the drive system reliability norsymmetricalselective harmoniclienination (SHE)
formulationis proposedo extend the output voltage range with a goodmioaic profile under

postfault conditions.

Experimental validation of the proposethorithmsis presented fothe operation of a
scaleddown severievel regenerative CHB driveystem.These proposed techniques make the
regenerative CHB drive @romising solution for future mediuwbltage regenerative drive

applicatiors in terms of cost, performancand reliability.



Acknowledgments

First and foremostl would like to express my sincere gratitude to my supervisor, Dr.
Mehdi Narimani, forhis generous supports during my whole Rlt@reer. He teaches me how
to become a good researcher and how to deal with diffdilenimasin my life. This would be a

pricelesdreasurefor me

Many thanksalsoto my colleagues in HiPELespecially Ahmed Hisham, Sarah Badawi
andShaoyi Yuanfor their generous help in my research and common efforts in builditigeup
experimentalprototype and discussing the new idelasannot forget the days and nights we

worked together in HIPEL.

| would also like to thank Dr. Navid Zgari andDr. George Cheng fronRockwell
Automation Canada for their guidance and supfdrey generouslgharewith ustheir opinions
from an industrial perspective Their discussionsnotivate me toviden my knowledge taleal

with realworld challenges.

Great thanks go to myapents Mr. Youlin Ni and Mrs. Guiying He.But for them, it is

impossible to complete my Ph. D degedwoad

Vi



Contents

(@ =T 0] (=1 USRI 1
pTigoTe [FTol1[o] o NPT PPPPPPPPR 1
00 S Y/ (o111 VZ 1 (o o B PSP PPPPP P TP PPRTUPPPPPPN 1
1.2. Research Obgives and ContribUtiONS............ccuuviiiiiiiiiceciiiiiieeeeceeeceeee 6.
1.3, PUDBIICAIONS. ...ttt e 8
1.4, ThesSiS OULIINES........uuiiiiiiiiie it eneas 11
(@ T 0] (=] PP PPPPUPPPPRPRN 14
Introduction to Regenerative CHB MOTOr DIVES...........uuuiiiiiiiiiiieeeiiiiiieeieeeee e 14
/22 R [ 11 (oo [§ o1 1 o] o A PP P PP PP PP PRSP 14
2.2. Grid-Tied Filter Design Challenges...........cccoovviiiiiiiieeee e 21
2.2.1. Optimal LCL Filter Design Challenge for CHB AFES............c.cccevvvnnnnee 21
2.2.2. Optimal Filter Design Challenge for CHB AFES..........cccccooiiiiiiiiccee. 24

2.3. DC-Link Capacitor Size Reduction Challenge..........ccccccceviiiieanieinnnnnnnnn. 26
2.4. High-Performance Controllers for CHB drives.........ccccoooiivviiiiiiiie e, 30
2.5. FaultTolerant Techniques for CHB drives............ccoovviiiiiceeii e, 34

vii



(@ =T 0] (=] TP PPPPUPPRN 39

Optimal Filter Design for Regenerative CHB DIiVES............cooevvvvvvvieemeeeeceeeeiiiiiiinnns 39
3.1, INEFOTUCTION. ...t eeeea bbbt e et e e e e e e eeemne e e 39
3.2. L Filter Design for a Sevetevel Regenerative CHB Drive..............cccccceuu.s 43

3.2.1. Conventional L Filter Design Procedure..............ccccevvvviieeneeeeeeenevennnnnn 45
3.2.2. L Filter Design with 1980 Hz Switching Frequency.............cc.c.vvvvvvieeee.. 48
3.2.3. L Filter Design with 3000 Hz Switching Frequency.............cccvvvvvvvieenes 51
3.2.4. L Filter Design SUMMAIY........cooiiiiiiiiiiiiiieees s e e eeeneeeeeeeeees 53
3.3.  Optimal LCL Filter Design of Regenerative CHB Drives.......................... 54

3.3.1. Proposed Optimal LCL Filter Design for Regenerative CHB Inverter...55

3.3.2. Simulation Result and DiSCUSSION.............uuuuuuriiiiimemiiieiereeieeeeeeeeeeeeeeaas 61
3.4. Proposed Active Filter Design (Method.1)..........cuuviiiiiiiiiiicesiiiiiiieeeeeeeeennn 65
3.4.1. Carrier Shifted Control Scheme to Eliminaté'®rder Harmonics...........! 66
3.4.2. Trap Filter Design for 350rder HarmoniCS..........cvcoveeeeeieeceeeee e 68
3.4.3. Simulation Result for the Proposed Filter (Method.1)..................ovvveeee 70
3.5. Proposed Active Filter Design (Metl 2).............ccccuveeiiiiiiiieeniiiiiiiiiiieeeeeen e 2
3.6. Proposed Active Filter Design (Method.3)...........cuvviiiiiiiiiieeciiiiiiiiiiieeeeeen D
3.6.1. Simulation Result for the Proposed Filter Methad.3..................ovvvneeee. 79
3.7. Filter Design Summary for Regenerative CHB Drives.............cccccvvvvueeee... 82
3.8, EXPEeriment RESUI........ccooiiiiiiiiii e eee e e e e e 82
3.8.1. Prototype DeSCriPLiON.......ccoiiiiiiiiiiiitieeee bbb eeeneee bbb 83
3.8.2. Experiment Results under 1980Hz Switching Frequency..................... 86
3.8.3. Experiment Results under 900 Hz Switching Frequency...................... 38
3.9, CONCIUSION. ... .ttt err ettt e e e e e e e e e e e s s mmne e 92

viii



(@ =T o] (=] PPN Q4

A New DC-Link Ripple Voltage Controller for Regenerative CHB Drives to Reduce the

DC-IINK CapaCItANCE........cooi it eeee e eeeeas bbb e e e e e e e e e e e emereeeeees 94
4.1, INFOAUCTION....ciiiiiieeee et e e e e e e e eeemee e e 94
4.2. Instantaneous Power FIoOW ANalySiS...........ooovvviiiiiiiieeieeceeeeiieee e 96

4.2.1. Root Cause of Large dink CapacitanCe..........cccoeeeeeeeeeiiiiieeeiiiieeeeeeeeeen 96
4.2.2. Constant Average Power Delivered through AEE...............cccooiiieen. 98
4.2.3. Pulsating Power Ripple Delivered through AEE..............ccccciiimeennnnnd 99
4.2.4. Ripple Current Component Cancellation..................iceeeeeeeeeeennnnnns 100
4.3. Proposed Voltage Ripple Controller...............ouuviiiiiicccriiieeeeiceee e 101
4.3.1. Structure of the Proposed Voltage Ripple Contraller...............ccco...... 101
4.3.2. Stability Problem HUStration................eeeiviiiiiieeeiiiiiieeeeeeceeee e 103
4.3.3. Signal Detection with Adaptive Filter............cccooo i 104
4.3.4. Proposed Voltage Ripple Control............oovvvviiiiiiiccee s 108
4.4, SIMUIALION STUIES.......eiiiiieiiiiiie e e 109
4.5.  EXPeriment RESUIL. ... eeer et 114
4.6.  DISCUSSION......ciiiiiiiiiiiiitteeeieeeaiitee bbbttt et e e e e e e e eeemr ittt e et e e e e e e e e e e e e e e s s s aammmeeeeas 118
4.7, CONCIUSION.....ciiiiitiiiiiie et eeet et e e e e e e e e e e ammme e 119

(@ gF=T o] (=] g YU PPPRRPPPRRRRN 121

A Novel High-Performance Predictive Control Formulation for CHB Drives.......... 121
5.1, INITOTUCTION.....ccoe it eeee e e e e e e e e e e e eeme e 121
5.2. Cost Function Based FA@8PC for a Sevetievel CHB Inverter.................. 123

5.2.1. Discrete Model of a Sevelavel CHB InVerter..........cccocceeviiiiiiiiicceeeeen. 124
5.2.2. Cost Function Based FABPC Formulations............ccccuvvvviiieeieeniinnnnnee. 126



5.3. Proposed Fast Higherformance FC3PC Formulation....................cc...... 129

5.3.1. Reference Current PrediCtion..............cooooiiiiimemiiieiie e eeieeee 129
5.3.2. Proposed formulation for singlep prediction MPC..................cceveeee. 130
5.3.3. Proposed Formulation fon-step Prediction MPC..............ccccvviiiiieennne 133
5.4.  SIMUIAtioN RESUIS.........cooiiiiiiiiiiii e 137
5.5. Experimental Results and DiSCUSSIONS.............covvvviviimemreeeeeeeeeeeeeeniiininnns 144
5.5.1. Single Step Prediction MPC COMPAriSOn.......cccoveeeeeeeiiiieeniieaeeeeeeeeeen 145
5.5.2. DyNamicC PerfOrmManCe..........uuuuiiiiiiiiiiiiieeeieiiieee ettt 148
5.5.3. Long Prediction Horizon MPC Performance..............ccccoiceeeevvnnnnns 150
5.5.4. Sensitivity Analysis of the proposed MPC formulation........................ 151
5.5.5. DISCUSSION......uuuiiiiiiiiiiiiiiieetieeetttteee et ettt e e e e e e e e s emer e ettt e e e e e e e e e e e e e e e s s s s amnnas 152
5.6, CONCIUSION.......uiiiiiiiiiiiiii ittt e e e mmne e 154
(O 0= T 1 (=] S G F PP P PP PPPTPPPPPPRPN 155

A New FaultTolerant Technique based on NSgmmetrical Selective Harmonic

Elimination (SHE) for CHB MOtOr DIiVES........coooiiiiiiiiiieeee e 155
6.1, INTrOTUCTION.. ...ttt e e e e e e e e e ammne s 155
6.2. Proposed Fault Tolerant Design FrameworkK...........ccccccvviiieeciiiiiennnnnnnn. 157

6.2.1. Fundamental Frequency Ph&leifted Compensation........................... 157
6.2.2. Third-HarmoniC INJECHION...........ccoiiiiiiiiiiiieeee e e 159

6.2.3. Proposed Automated Fault Tolerant Design Optimization Frameword 62
6.3.  SIMUIAtION RESUILS.........uuiiiiiiiiiiiiiii e 167
6.3.1. Maximum Lineto-line voltages without DC Component...................... 168
6.3.2. Maximum Lineto-line Voltages with DGComponent Control for Brakinij/1

6.4. Experimental Results and DiSCUSSION............ccevvvvivviimmmeeeieeeeeeeiiinnnnnns 174



6.4.1. Maximum Output voltages without DC component Injection............... 175
6.4.2. Maximum Lineto-line voltages with DC component Control under faulBO
6.4.3. Dynamic Performance with the Induction Motor................ccooovviiamnnnn. 183
6.4.4. DISCUSSION.....uuiiiiiiiiiiiiiiei ettt mmne e eneeas 186

B.5.  CONCIUSION.... ittt e e s e e e 189
(@4 =T 0] =] AU PPPUPRSPRR 191
Summary and FULUIE WIOT........oooiiiiiiieeteee e e e e e e e e e e e e e 191
7L, SUMIMIATY ..ttt e e e e s e 191
7.1.1. Optimal Filter DeSIQN........uuuuuiiiiiiei e e reeer e e 191
7.1.2. DC-Link Capacitance ReducCtion................coeuvviiiimmmeeeeeccceeeiicee e 193
7.1.3. High-performance FCBAPC..........cccoiiiiiiiiieeieeee e 194
7.1.4. Improving the Faultolerant ADIlity ... 195

7.2 FULUIE WOTK ...ttt e e e e e e e e e e e e nnne e 196
REIEIENCES ... et eeer e e e e e as 198

Xi



List of Tables

Table 3.1Current Distortion Limits for General Distribution Systems (120V through 69kV)

Table 3. 2 Sevehevel Regeneratey CHB Drive Filter Design Requirement............. 42
Table 3. 3 L Per unit value for 1980 Hz under 1100V DC voltage.........................49

Table 3. 4 Harmonics Exceed the IEEE std 519 2014 Standards under 1980.Hz 49
Table 3. 5 L Per Unit Value for 3000 Hz under 1100V DC voltage......................... 51
Table 3. 6 Harmonics exceed the IEEE std 519 2014 standards under 3000.Hz...52

Table 3. 7 Filter Compaiis under Different Switching Frequency with 1100 V DC Bus
[V 0] = To [T TSP PP PP PPUPPPPPPPPPPPPIS 53

Table 3. 8 LCL Filter Design for a sewvvel regenerative CHBrive for 1980 Hz....62
Table 3. 9 Trap Filter for 1980 Hz under 1100V DC Voltage.............occeeeeevieeeennnl 69

Table 3. 10 Comparison among the designed filters under 1980 Hz (pu) 1100V DC Bus
AY£0] 1= Vo L= { 01U ) PP PP PP PPUUPPPPPP 81

Table 3. 11 Sevehevel Regenerative CHB Inverter Prototype Parameters............. 85

Table 3. 12 Performance of the Proposed Filtering Strategy at 900Hz Switching Frequency

.......................................................................................................................................... 91
Table 4. 1Sevenlevel CHB Inverter Main Parameters for Simulation................... 109
Table 4. 2Sevenlevel CHB Prototype Parameters............ccccuvvvviieemnniiiiiiiiiiinnene. 114

Xii


file:///D:/Writing_Presentation/My_Thesis_Dissertation/Submission/Submit_Committees/Full_Dissertation%20-%20Final.docx%23_Toc65004537

Table 5. 1Sevenlevel CHB Prototype Parameters for Experiment........................ 137
Table 5. 2Sevenlevel CHB Drive System Simulation Main Parameters................ 140
Table 5. 3Sevenlevel CHB Inverter Prototype Parameters.........ccccccvveveeiiieeennnnn. 144

Table 5. 4AMPC Performance Summary based on a Sésesl CHB Inverter Prototype

Table 6. 1Sevenlevel CHB inverter Prototype parameters.............cccccvvvvimeennnnnnns 175

Table 6. 2laximum Balanced Output Voltage Amplitude without DC Injection under One
Cell DYPASSEA. ... ———————— 179

Table 6. 3 Maximum Balanced Output Voltage Amplitude without DC Injection under

DIfferent FAUIL CASES......uuiiiiiiiiiii e e e eereer e e e e e e e e e e e e eeeeeesansnnmeeeeees 180
Table 6. 4«Comparison of Different Fault Tolerant Methods under One Cell Failur&89
AppendixTable 6. 5O0ptimized Gate Switching Angles with no DC Injection......... 190

AppendixTable 6. 6 Optimized Gate Switching Angles with DC Injection............... 190

Xiii



List of Figures

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

Fig.

.1 Seven Level CHB DriVe [L]....cooooiiiiiiiiiiieeee e 3
. 2 DOWNhill CoNVEYOI [L3].....iiiiiiiiiiiiiieee et e e e e emreeeeeeeeeeeee e B
G IV T U= 4101V Z= I 1 U 5
. 4 Thregohase AFE POWET Cell..........uuuiiiiiiie e eeeee e 6
.1 Seven Level CHB DIVE.......ooooiiiiiiieeee e e ee e 15
. 2 Singlephase Horidge AFE Regenerative Power Cell.............oooevvviviieeenn.n. 17
. 3 Control Scheme of Full bridge AFE [16].......cccovviiiiiiiiiiieeeiciiiiee e 18
. 4 Haltbridge AFE Regenerative Power Cell.............coovvviiieee i, 18
. 5 Thregphase AFE Regenerative Power Cell.............ooooieeniici 19
. 6 Thregohase AFE Control Scheme.............coooi e 20
. 7 Thregophase AFE Regenerative Power Cell..........cccccceeiiiiiiecciiccceeeeee 20
. 8 Filters for the Thre@hase AFE...........ooouuiiiii i eeee s 21
. 9 LCL Filter with Passive Damping Resistor for ARE...............cccoooieeniinns 22
.1 Ltype gridConNNECted AFE........oovviiiiiiiiiiii e 44
. 2 Simplified SinglPhase Equivalent CirCUiL..............eeviiiiiiieemneieiiie e, 46
. 3 Relation Between the Inductance and Minimum Required DC voltage.....47

. 4 Individual Harmonic Contents at 1980 . HzZ.......couoeviiii e, 49

Xiv


file:///D:/Writing_Presentation/My_Thesis_Dissertation/Submission/Full_DissertationV4.docx%23_Toc62239618

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

Fig.

. 5 Simulation Result under 1980HZ............ccovvviiiiiicce e 50
. 6 Individual Harmonic Contents at 3000.HzZ............cccceeeiiiimmiiiiiieee e 52
. 7 Simulation Result under 3000 Hz Switching Frequency................cccccceeee. 53
. 8 Phase Equivalent Circuit and Control Scheme...........cccccoiiiiieeviiiiiiinnnn. 56
. 9 Current Control Transfer FUNCLONGIAXIS............uvvvvruiiiiieisieeeiiiiieeeennns 57
. 10 Proposed Design Procedure of the LCL filter with.GA................ovvvvieee. 60
.11 Cas 1 LCL Filter Designed WitK=1...........cccouiiiiiiiiiiiiieeee 63
.12 Case 2 LCL Filter Designed WKES.............ccccooiiiiiiiiinnd 63
. 13 Proposed Filter Structure (Method.1)...........coovviiiiiiicceeiiiiciee e 66
. 14 Phase Angle Relation between Voltage and Current...............ccvveeeeeeee. 67
. 15 Trap Filter for 35order Hamonic (singlephase diagram)......................... 69
. 16 Impedance Bode Figure for Trap Filter...........ccuuiiiiiiieeeiiiiiiieeeceeeeeeeee 69
. 17 Current Harmonic Content at PCC (Method.1)............coeviiiiiicccniinninnn, 70
. 18 Current and Voltage Waveforms for Filter Design (Methad.1)................ 71
. 19 Filter Design System Structure (Method.2)..............eeeveevvieeeiiviiiiieiieeeenn 2
. 20 Current Harmonic Content &® (Method 2)..........coooiiiiiiiiiiieeen s 74
. 21 Current and Voltage Waveforms for Filter Design (Methad.2)................ 75
. 22 Current Harmonic Profile at the PCC with the Proposed Methad 2........ 76
. 23 Proposed Filter Structure (Method.3)..........ouiiiiiiiiiiiieeeie e 77
. 24 @rrent Harmonic Content at PCC (Method.3)............cccooviiiiimenniis 79
. 25 Current and Voltage Waveforms for Filter Design (Methad.3)................ 80
. 26 Prototype of the Sevivel Regenerative CHB Drive System.................. 83
. 27 Prototype of the Seviavel CHB Inverter.............cccoovviviiiiieeeniiiiviie 83

. 280ne Regenerative POWEr Cell........coooviieiiieiiii e e 34

XV


file:///D:/Writing_Presentation/My_Thesis_Dissertation/Submission/Full_DissertationV4.docx%23_Toc62239623

Fig. 3. 29CIoud DSP System fOr AFES..........ouuuuiiiiiiiiiieeeieiene s e e e e s smenenne s 85

Fig. 3. 30 AFE Threghase Current at 1980 HZ.............coooeeeiiiiiceeiiii e 86
Fig. 3. 31 Power Cells Input Currents in the Same Rhase.............ccccooieeeiiiiiiie 87
Fig. 3. 32 Power Cell Input Current among ABC Phases...........ccccvvvvvieeeneeieee e, 87
[T T B B O U (= | = L = PP 88

Fig. 3. 34 Experimental Waveforms of the Proposed Optimal Filtering Strategy (Method 3)

.......................................................................................................................................... 90
Fig. 3. 35 Current Harmonic Adopting the Proposed Method 2 at 900.Hz............. 92
Fig. 4. 1 Instantaneous Power Flow during Regeneration................cccooeeeeeeeeeeeeen, 96
Fig. 4. 2 Seenlevel CHB Drive lllustration for Capacitor Reduction...................... 101
Fig. 4. 3 Proposed DC Bus Voltage Control Scheme.............ooooviicceee e 102
Fig. 4. 4 Potential Operation ConditiQn.............ccccuuuriimmmnnisiiiiieee e eeeeeeeeeeee 103
Fig. 4. 5 Signal Detection with Adaptive FilterS..............cooooiiiiiieeeii e, 105
Fig. 4. 6Frequency Response of Adaptiviter H(s) T1=0.1,wm=60*2" ...................... 107
Fig. 4. 7 DC Voltage Ripple Phase Angle Estimatian..............ccccooeiveeeivvviieneennn. 108
Fig. 4. 8 Proposed Voltage Ripple Controller............ccuuuuviiiieeeiiiiiiiiiiiieieeeeeeee e 108
Fig. 4. 9 Performance of the Proposed Capacitor ReduController....................... 111
Fig. 4. 10 Simulation Result with Frequency Variatian................ccoovvveeeeeeeeeeeeneee, 113
Fig. 4. 11 Prototype of the sevivel CHB SyStem........ccccooeeeeiiiiiiiiiieeeiieee e 114
Fig. 4. 12 Experiments &0 Hz l0ad..............cccouiiiiiiiimemiiiiie e 116
Fig. 4. 13 Experiments at 40 Hz load...........cccouuiiiiiiimeeiiiiiee e 118
Fig. 4. 14 Performance Under Conventional Pl Controller............ccccooivieeeennnnnn. 119
Fig. 5. 1 DiodeFrontEnd SeverlLevel CHB INVerter...........cooovviiiiiiiivieemeecice e 123
Fig. 5. 2 Performance under Current Amplitude Change............ccccoovvieeeeiiiieninnnnn, 138

XVi


file:///D:/Writing_Presentation/My_Thesis_Dissertation/Submission/Full_DissertationV4.docx%23_Toc62239659

Fig. 5. 3Performance under Current Frequency Change.............ccccccvveceevevvveennnns 138
Fig. 5. 4 FCSVIPC Controller Structure based on IPM.............ccooiiiivvieeen e, 142
Fig. 5. SMotor Acceleration RESPONSE.........coiiiiiiiiiiiiireee e eeeeeeeee e 143
Fig. 5. 6 Prototype Sevdavel CHB INVEerter...........ouviiiiiiieee 144
Fig. 5. 7 Conventional Singistep prediction MPC PerformancelgtlO0ps............... 146
Fig. 5. 8 Proposed singkep prediction MPC PerformancelgtlO0UsS............c......... 147
Fig. 5. 9Proposed Singi&tep Prediction MPC PerformanaEls 50 ps.............c.c....... 148
Fig. 5. 10 Current Tracking Dynamic Performance.............ccccuuvvrimemnnnevivnnnnnenenee. 149
Fig. 5. 11 CMV and Phase Output Voltage.............coovvriiiiieeee e 150
Fig. 5. 12 Proposed MPC Performance with Prediction Length to.be.3................ 151
Fig. 5. 13 Effect of the Modeling Error for the proposed MPC Formulation........... 152
Fig. 6. 1 A Sevetievel CHB drive Illustration for Fault Tolerant................cc.cevvveene. 157
Fig. 6. 2 FPSC Method Voltage Vector lllustration...............cccceeiiicceeeevevvnnnnnnnnnn. 158
Fig. 6. 3 Unbalanced Thirdrder Harmonic under FPSC Methad...................oeveee 159
Fig. 6. 4 Norsymmetrical SHE for CHB DIIVE.........ccouiiiiiiiiiiiiiiceeeeeeees 163
Fig. 6. 5 Automated Optimization Framework for the FPSC-Blanmetrical SHE Method
UNAEE FAULL ... emme e e e e e e e e 165
Fig. 6. 6 CHB Output Voltage in case of One Cell Failure............cccooeiivieecvivnnnnn. 169
Fig. 6. 7 Load Current Supplied by CHB with Fault Cell.................cccooiien s 170
Fig. 6. 8 CHB Voltage in case of One Cell Failure with DC Braking Situatian......172
Fig. 6. 9 Load Current with DC Circulating Current...........ccccoeeveeivieeeeeeiiiiiin e, 173
Fig. 6. 10 Maximum Output Line Voltages COmMPpParns...........ccccvvvvvvvvviimmmneeeeeeeennnns 174
Fig. 6. 11 Prototype Sevdavel CHB Inverter for Fault Tolerant.............cccccccveeeneee 175
Fig. 6. 12 Switching Angle Map under Different Output Line Voltages................. 176

Xvil



Fig. 6. 13 Faultolerant Noasymmetrical SHE Method without DC Component Injection

Fig. 6. 14 DC Componemjection between Healthy Phase B and.C...................... 180

Fig. 6. 15Switching Angle under different DC Injection while Output Voltage is 4.76pu

Fig. 6. 16 Faultolerant Noasymmetrical SHE method with DC Component Injectib8?2
Fig. 6. 17 Fault Tolerant Controller with the Proposed Modulation Schemes....... 184
Fig. 6. 18Dynamic performance of the Proposed Motor Control Scheme.............. 185

Fig. 6. 19Line Voltage Harmoit Profile Comparison under the Same Fault Case.188

Xvili



Chapter 1

Introduction

1.1. Motivation

Mediumvoltage (MV) motor drives have found widespread applications in varioigh

power industries, such as in the oil and gas sectors, production plants, and process industries.
The design of controlledigh powerMV drives is faced with a number of dlemges that relate

to the topologies and control gfid-sideand motorside convertergl]. Onthe one hand, high

quality of voltage and current waveforms both at the input and output terminals is important,
particularly with MV drives. Many different control schemes are appliethéoconverter to
operate at low switching frequency with good performafjef4]. On the dber hand, to
overcome theoltage and curredimitation of powersemiconductodevices numerous different

converter topologies ka been developed for MV application in recent ydats

Unlike the low voltage range application, where the-tewel voltage source inverter has

become the dominant solution, different MV converter topologies are available in the market.
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The circuit topologies used MV industrial converters are divided into three categories: voltage
source inverters (VSIs), current source inverters (CSdsfl cycloconverters (CCs). The
insulated gatevipolar transistor (IGBTand insulated gateommutated transistor (IGCT) are
usualy adopted in the VSIs. In CSls and CCs, gaimmutated transister(GCTs) and

symmetrical blocking thystors are employed.

With the rapid development of power semiconductor devicedltilevel voltagesource
converters have gained more interest dudeda improvement in overall performangdg. Some
of the features of multilevel converters are a reductidherotal harmonic distortion of the AC
output waveforms, less switching losses, less switching stresbédt)( an increase in the
operating voltage of the converter, aadeduction in the size of interface transformers and
output filters [6][7]. Neutral point clamped (NPC) convertanodular multilevel converter
(MMC) and Cascaded -Hridge (CHB) converter are the welstablishednultilevel converters,

which arealreadycommerdalized by manufactureiis MV drive applications

Siemens,ABB, and RockwellAutomation are the market leaders in medium voltage
multilevel votage sourcedrives In Siemens, the NPC topologpased drivesGM150 are
equipped with the high voltage IGBT/IGCTheoutputvoltagerangeof GM150drivesis from
2.3 kV to 4.16 kM 8]. There are two main issues for NPC topology operating at a higineloer
of levels: delink capacitor voltage balancing issue and a significant increase in the number of
clamping diodesAt the same time, dth the MMC drives GH150 and CHB drives GH180 can
reach 11kV with low voltage IGBTs due toheir modular structure The modular structure,
which conned more devices in series and clastpe voltages between respective devices, are
highly attractive due to their scalability in terms of voltagageand power levels. Modular

technology is capable of reaching mediuntpat voltage levels using only standard {eoltage
2
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mature technology components. This characteristic allows one to achievquiigl output
voltages, input currentddowever, the MMC converter hasvoltage balancing issue for the
motor operating at bower speedWh a t 6 § thenABB eleasethe counterparts CHB drives
ACS580MV drives[9]. The converteroutput voltage rangef ABB is the sameas those at
SiemensMeanwhile,Rockwell Automationproduce the PowerFlex 6000 CHB MV drives for
the motor ated from 2.3 kV to 11 kV up to 11 M\\LQ]. From the industry perspectivEHB

multilevel invertes arethe mostpopularsolutionin the high-power MV drive industry.

CHB inverter is composed of a number obkidge power cells, whichre cascaded in the
motor side to achieve the full medium voltage range with low harmonic distortion as shown in
Fig. 1(a). AnisolatedDC suppy is required tdeedeachH-bridge cell. The most prevalent CHB
topology in the drive industry is based on the diefdest-end (DFE) H bridge cell, shown in

Fig. 1(b)[11].

T
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(a) CHB Diagram
Fig. 1.1 Seven Level CHB Drive [1]
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The isolatedDC supplies are obtainetthrough a phaseshifting transformer and three
phase diode rectifiers. The phasggfting transformer can produce a thygease set of secondary
voltages shifted by a certain andtbepends on the number of secondanesh respect to the
primary voltage. The teephase rectifiers are fed by secondary windings with phase angle
shifted. The angles of the phastfting transformer help to eliminate low order harmonics on
the primary currents. With a high number of secondaries (typically higher thaa ajiditioral

passive filter or active filter is needed to satisfy the harmonics starjd2ids

Due to the DFE, the most prevalent CHB medmitage drive illustrated can bn
operate in two quadrant modes. This limits the industrial application of the conventional CHB
drives where the ability of handling regeneration is desired, such as downhill belt corj&8yors
and high power shovel applicatiofis4]. The downhill conveyor is shown in Fig. 1\&hich

transpors the mineral from the mine to the concentrator.

Fig. 1.2 Downhill Conveyoi{13]

During the downhill moving, the motavill regenerate d&argeamount of electrical energy

to the DCIink capacitors through the-Bridges.To protect the system, this regenerative energy
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is wasted on tha&lampingresistorin the DGIlink of the CHB drives, whichleads to the low
efficiency whereregeneratiorhappendor a long periodWhen the amount of ore to be handled
is in the range of 100,000 tons/day, the power generated by the conveyor may exceed several

megawatts andre wasted13] [15].

Another example is the industry shovel as is shown in Fig. 1.3, which is a piectcaf
high power equipment in every nmg industry and their operational availability has an
important impact on productiofithe regenerated energy is wastienling shovel cycle operation

when the conventional CHB drives are adopted.

Fig. 1.3 Mine Shovel[14]

The powerregenerated by the load may exceed several megawatts and thus must be
delivered to the electrical utility for saving ener@fe drive system must be able to transmit the
energy ofthe load back to the thrgdase sourcelherefore, the next generation of medium
voltage CHB drives is preferred to be equipped with the regeneration ability to meet the diverse

requirements from the industrial markets.
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1.2.Research Objectives andContributions

Regeneration capability can be achieved by adding an active front end (AFE) rectifier at
the input side instead of the DFE in each power cell of the CHB drives as shown in Fig. 1.4.
With the existing phaseshifting transformer,hite IGBT antidiodes carstill work as the three
phase rectifiers to provide the isolated DC supplies for the power cells during motoring

operation

Power Cell
4@ 4@ 4@ 4@ M}
o i—n 1¢C, °

[,

¢——o

Eﬂi} 45} 45} 1F #F

Fig. 1.4 Threephase AFEPower I

The IGBT basedAFE also allows a power flowfrom the load to the sourcéuring
regenerationoperation With this regenerativeCHB topology, however, there are several

emerging challengegquiredto be tackld:

1. Inregeneration operation, AFE introduces the switching harmonics that may deteriorate
the grid current quality to the extent that violates the IEEEZRI9 harmonic standard.
Therefore, a filter bank is required between the AFE and the grid, to atteomaet
harmonics. Reducing the required filter bank is the crucial point to the CHB drive
system cost, volume, and thermal dissipation. However, it has been observed that there
is very little information available describing the design of a filter bamk the

6
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regenerative CHB drivesherefore, designing and optimizing the filter bank for the

CHB regenerative drive is a challenge.

2. During regeneration operatioa,DC-link voltage controller is required tstabilize the
DC-bus voltage anévoid overvoltagalamage However, \ith the conventionaDC-
link voltage controller,He instantaneous power in each power cell between the three
phase AFE and the singidase H bridge is not balanced. This unbalanced popme
leads taa largedesignedDC-link capacitance whi ch i ncreases the
cost and reduce the system reliability DC-link capacitance reductiofor the CHB

regenerative drives another challenge considering tlyggtem cost antife expectancy.

3. To achieve a faster dynamic response and the -miljkictive performance during the
control ofthe regenerative CHB drivethe finite control set model predictive control
(FCSMPC) method has been considered one of the most promisingasles.
However, theMPC method requires a high number of computations especially for
higherlevel power converter topologiedue to the existence of a huge amount of
switching combinations and redundancidleattime searching for the optimal
switching state at a high sampling rate is sometimes impossible with the standard
commercial processorsThus, asigning a higiperformance predictive current

controller for the regenerative CHB drive is a challenge

4. The CHB converters have been widely used fogh-power mediumvoltage motor
drives due to their reliability featureé significant indicator of the reliability is the
maximum balanced lino-line voltage amplitude under fault conditionslt is

challenging toimprove the faulttolerant ability for the CHB drivesvith a good

7
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harmonic profileunder different fault situationafter the fault is detected in the CHB

drives

1.3.Publications

This thesisresearches the feasibility of the regenerative CHB drive for future medium
voltage regenerative industrial drive domaifihe author contributes to several original

developments, which are presented in the dissertation and briefly summarized as follows:

1. New sideband hanonic active filtering strategies aproposed for regenerative
CHB drivesto reduce the number of passive filter componeamnsd thus improves
the overall size, cost, and efficiency while complying with IESEE5192014 grid
standard.

2. A novel voltage ripple controller is proposed to reduce th&n#ticcapacitance in
the threephase AFE basedegenerative CHB drive without adding extra

measurements.

3. A novel hidh-performance finite control set modetedictive contro(FCSMPC)
with long prediction horizons is proposed to improve the control performance of the

CHB multilevel inverters.

4. In extremely high power applicatiomgherereliability and switching power loss are
critical, the ®lective harmonic elimination (SHEgchnique is more #able for
CHB drives which careliminate a higher number of harmonics wahlower
switching numberTo improve the system reliability under high power applications,

a nonsymmetrical SHE formulation is proposéor CHB drivesto extend the
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output voltage range with a good harmonic profile undiferent postfault

conditions

5. An experimentalsetup is developed twalidae the feasibility of the proposed

algorithms.

During the time spent working on the thesis, | was also involved in other research
projects. Below is a list of all the journal papers and conferences as a result of my work during

the PhD.:

Journal Papers:

[J1] Z. Ni, A. Abuelnaga,and M. Nar i man i i A-PeNoomarmcé Pradictige hControl

For mul ation for Mul til evel | nv ervol8s 80011, | EEE

pp. 11533 11543,202Q

[J2] Z. Ni, A. Abuelnaga and M. Narimanii A N e w-Toleranti Tethnique based on Non

Symmetry Selective Harmonic Elimination for Cascade Hi dge Mot or Drive

Transactions on Industrial  Electronics, April 2020 (Early Access, DOI:
10.1109/T1A.2020.3000712), 11 pages

[J3] Z. Ni, A. Abudnaga, S. Yuan, S. Badawi, M. Narimani, Z. Cheng, and N. ZargaNew
Approach to Input Filter Design for Regenerative Cascati@&tidge (CHB) Drives'

accepted InEEE Transactions on Industrial Electronics.

[J4] Z. Ni, A. Abuelnaga and MNar i mani , DC:link Xatagg Ripple ,Confiiol of

Regenerative CHB Drives for Capacitance Redualiancepted inEEE Transactions on

Industrial Electronics
[J5] S. Yuan,Z. Ni, A. AbuelnagaB. SarahM. Narimanj and N. Zargari;A New Method o

Reduce Current Harmonics of BE@k Capacitors in Gridied Cascaded 4{8ridge

Converters; submitted to IEEE Transaction on Industry Applicatmder review
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[J6] S. Badawi A. AbuelnagaZ. Ni, S. Yuan, M. Narimani, Z. Cheng, N. ZargafiReduced

Switch-Count Topology for Regenerative CascadedBritige (CHB) MediumVoltage
Drives,' submitted to IEEE Transaction on Power Electrgnicsler review

[J7] M. NorambuenaF. Carnielutti, A. Mokhtar, M. Narimank. Ni, andA. Abuelnaga, Finite

[C1]

[C2]

[C3]

Control Set Model Predictive Control for Multilevel Converters with Reduced Switching

Frequency' submitted to IEEE Transaction émdustrialElectronicsunder review

ConferencdPapers:

Z. Ni and M. Narimani"A New Fast Formulation of Modd’redictive Control for CHB
STATCOM," IECON 2019- 45th Annual Conference of the IEEE Industrial Electronics
Society Lisbon, Portugalpp. 34933498,2019.

Z. Ni, M. Narimaniand N. R. Zargari, "Optimal LCL Filter Design for a Regenerative
Cascaded HBridge (CHB) Motor Drive," 2020 IEEE Energy Conversion Congress and
Exposition (ECCE), Detroit, Ml, USA, pp. 303943 2020

Z. Ni, and M. Narimani, "A New Model Predictiv€ontrol Formulation for CHB
Inverters," 2020 IEEE Applied Power Electronics Conference and Exposition (APEC),
New Orleas, LA, USA, pp. 2462466, 2020

[C4] Z. Ni, M. Narimani, J. Rodriguez. "A New Model Predictive Control to Reduce Common

[1]

[2]

Mode Voltage (V) of a FourLevel T-NNPC Inverter ",acceptedn Applied Power
Electronics ConferencPEC),2021

The following project is under development and will be published soon:

Z. Ni, M. Narimani, and. Rodriguez A Novel Fast MPC FormulatioB@onsidering Line
to-Line Redundancy based on 5LNNPC', to be submitted to IEEE Transaction on
Power Electronics

Z. Ni, M. Narimani " A Filterless Control ofRegenerative CHB Drives with Maximum
DC Voltage Utilization", Under developing, to be submittedIEEE Transactions on
Industrial Electronics.
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1.4. Thesis Outlines

This thesiswill be concentrated on thedvanced control techniques to tackle the illustrated
four challenges of the thrgghase AFE based regenerative CHB drives. The thes@niprised
of the following six chapters to targeting the mentioned issues one by one. Following is a brief of

each chapter:

Chapter 1 provides the motivatiamd challenges regarding regenerative CHB MV drives

and outlines the contributions.

Chapter 2 coducts a review of the conventional CHB drives and analysis the requirements
for grid-tied filter size, challenges of the size of the-lxk capacitors, and reliability issue of

the CHB drives.

In Chapter 3first of all, an optimal LCL filter design predure for a regenerative CHB
motor drive is proposed tatisfy the grid harmonic requirement of IEEte $192014 To take
system performance (such as grid impedance, PLL performance, controller saturation) into
consideration while minimizing the LCL fét, an optimization frameworkased on the genetic
algorithm (GA) is proposed directly based on the Simulink nonlinear model instead of the
tedious mathematical modebimulation validates the performance of the designed LCL filter
using asevenlevel regenerative CHB motor drivMoreover, to further reduce the number of
passive fiter componentsiewsideband harmonic active Biting strategiebased orthe carrier
shifting methodare proposed for regenerative CHB drives. Thisposed gproachextends the
carrier shifted PWM method for regenerative CHB drivetuttherreduce the required passive

filter size significantly and thus improves the overall size, cost, and efficiency while complying

11
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with IEEE Std 5192014 grid standard. The pposedoptimal active filtering strategy method is

validated experimentally using a seMemel regenerative CHB driweith only small L filters

In Chapter4, the relation between tHeC-link capacitance and the instantaneous power
flow is researched irdetail for the regenerative CHB drives. Thannovel voltage ripple
controller is proposed to reduce the-lahk capacitance in thehreephase AFE based
regenerative CHB drive without adding extra measurements. Agaghbrmance adaptive filter
is propogd to accurately detect the-das voltage ripple amplitude and phase angle, which are
later employed to determine the reference current of the AFE. Moreover, the potential instability
issue is pointed out and discussed. The proposed voltage ripple leortesl avoid unstable
operation points, which is ignored by the existing control strategjies.effectiveness of the
proposed controller is validatezh aregenerativesevenlevel CHB driveto reduce thalc-link

capacitance and dmk voltageripple.

In Chapter5, to achieve a faster dynamic response and the -ohjitictive performance
during the control of CHB drivesa novel highperformance predictive control with long
prediction horizondgs proposedto improve the control performance of tikHB multilevel
inverters. First of all,lte conventionalcost function based FCGEPC for the sevenlevel CHB
drive is illustrated. Then the formulation of the proposed 4dpgHormance FCBIPC is
explained in detail and analyzed to reduce the-treed camputation burden. Experimental
results obtained from a prototype are represented to confirm the effectiveness and feasibility of
the proposed FGSIPC formulation.The proposed FGSIPC controller inChapter5 for the
CHB drives is targeting at improving tlsgstem dynamic performance and the moittiective

performance. However, in some applications, reliability is the main objective for the controller,

12
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especially when operating wittxtremelyhigh powerapplicatiors. This leads to theeliability

research bchapter6é whenthe faults are detected in the CHB drives.

When a fault is detected in the regenerative CHB drive system, the reliability and fault
tolerant abilityareconsidered as the main issu€o improve the drive system reliability high
power applicationsChaptei6 proposeda nonsymmetrical SHE formulation to extend the output
voltage range with a good harmonic profile undestfault conditions.The conventional fauit
tolerant methodundamental frequency phashifted compesation methodHPSQ is extended
with the thirdorder harmonic injection technique to improve the output voltage rarige.
mathematical formulation of the proposed FPSC-symmetrical SHE method unddifferent
fault situations is introduced and analyzaadietail. Theeffectiveness of the proposed methed

validatedthrough experiments based on a selexel CHB driveunder fault situations

Different modulation schersesuch as SPWM, MPC and SHite adopted at the motor
side in this thesis tosatisfy different industrialrequiremerd. For extremely high poweMV
CHB drives,it is preferrable to operate at a low switching frequency where SHE is a better
solutioncompared with SPWM and MP@Vhen high dynamic performancedssiredthe MPC
is a better solutiomt a higher switching frequencyt is noted that, in a real MV CHB drive
product, different modulation schemes can be adoptedliffarent applicationpurposs. In
Chapter7, the contents of the thesis are sumpgat and the comasions that haveeen reached
as a result of the worlare presented.he maincontributions of the thesis aidustrated The
chapteralso concludes by suggesting potentiature research that can be done based on the

thesis work

13



Chapter 2

Introduction to Regenerative CHB

Motor Drives

2.1. Introduction

The general structure block diagram of dmaventionalCHB MV drive is shown in Fig.
2.1 It is comprisé of a phaseshifting transformer and number of Foridge power cellsThe
output of the Hboridge power cellss seriesconnected dascadedtogetheron the motor side to
achieve the full medium voltage range with low harmonic distorfitve. output voltage step for
each power cell is relatively small andpaaseshifted pulse width mdulation PSPWM)
switching pattern is usedo output harmaos and torque pulsations at the motor are minimal,
even at lower speeds. This technology allows standard motors to be used for new applications

without the requirement for output filterinfhe number of the cascadpdwer cells is mainly

14
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determined byhe desired output voltagdarmonic content, and cosh commercial CHBdrive
producs [10], the number of powerells range from 9 cellsat2.3 kV 1 24 cells atl1 kV up to

11 MW.
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(a) CHB Diagram
Fig. 2.1 Seven Level CHB Drive

AnisolatedDC supp} is required tdeedeachH-bridge cell As it is shown in Fig. 2.1 (b),
the most prevalent CHB topology in the drive industry is based otiithephasediodesfront-
end (DFE) H bridggowercell. TheisolatedDC supplies are obtaingtirougha phaseshifting
transformer and tieephase diode rectifiers. The phasgfting transformer can produce a three
phase set o$teppim-down secondary voltages shifted by a certain angle with respect to the
primary voltage. The threghasedioderectifiers are fed by secondary windings wjghase
angle shifted. The angles of the phabkéting transformer help to eliminate low order hamnits
on the primary current$n the case of CHB MV drives, the phashifting transformer is feeding
6-pulsediode rectifiers in each cell. Typically, thecondary winding groups are designed to

be shifted from each other by (@), where m is the number of cells in each phégénh a high

15
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number of secondaries (typically higher than ), additional passive filter or active filter is

needed to satisfy tHEEE std 5192014 harmonic standard

Due to the DFE, the most prevalent CHB medium voltage drive illustnateédy 2.1 can
only operate in two quadrant modes. This limits the industrial application of the conventional
CHB drives where the ability of handling regeneration is desired, such as downhill belt
conveyors and high power shovel applications. The power generatt byad may exceed
several megawatts and thus must be delivered to the eleaindsl Therefore, the next
generation of medium voltage CHB drives is preferred to be equipped with the regeneration

ability to meet the diverse requirements from the imilsharkets.

Regeneration capabilitin conventional CHB drivegan be achieved byeplacing the
dioderidge frort end (DFE) witheither a singleohase or threphase active front end (AFE)
rectifier at the input of each power cell of the CHB drives AFE rectifier allows a
bidirectional power flow between load and sourtlee drive systencantransmit the energy of
the motor back to the threphasepower sourceDifferent topologies for the regenerative CHB

drives are proposed in the existing literature

As is shown in Fig2.2, a regenerative power cell for CHB drives is proposefd.@h. In
this structurejnstead of a threphase DFEn Fig. 2.1(b), a single Hbridge rectifier is adopted
in the AFE.The singlephase transformers, instead of thptase transformers, arelizied for

the isolation.

16
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Fig. 2.2 Singlephase Horidge AFERegenerative Powerel}

As is shown in Fig. 2. 3ny amount of theegenerative powey, thatcomes from the load
motor has to be delivered by the singlease AFEs immediatelyif not, the reversal of
regenerative power flow will accumulate at the -Idik and consequently raise the DC link
voltage abovéhe systemsafety range, whicls very dangerous for the drivgstem. Therefore
a DC-link voltage controller is required tbe designedor the AFEsto stabilizethe DGbus
voltage and avoiavervoltage damage during regeneratibhe main objective of the D{nk
voltage controller is t@ontrol the DGlink voltage within the system safety rangedsfivering

the fisuitabledo amount of power to the grid.

The block diagram of the control system for the sipilase AFE is shown in ¢i 2.3,
where M is the dc voltage measurement and Vs is the grid voltage.i$?adopted to control
the dc capacitor voltage pgttinga suitable currentreferenceo be injected tahe grid. P12 is
employed to track the reference current generbtethe Pil through modulation waveform
The modulator generates the gating signals for the Bdded on the modulation wavefarirhe
control strategy of the PWM singfghase rectifier is well known and is explained with more

details in[16].

17
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Fig. 2.3 Control Scheme of Full bridge AHE6]

Beyond the fulbridge AFE topology,in [17] and[18], the singlephase hatbridge PWM
rectifiers shown in Fig2. 4 are utilized as the front drof cascaded H#ridge modules. Only two
power semiconductors are needed in each of the rectifibessinglephase transformerare
utilized for isolation. An extradc offset compensation control loop is required to tackle the

voltage imbalancessuebetveenthe capacitorsC: and C.

. 1
G“doS'dEEe -”33 Cr . '”J} Motor Side

D_E‘E} CZT . ‘|K_}L_o

Fig. 2.4 Half-bridge AFE Regenerative PoweelC

However, the CHB inverters comprised of sinaglese fronend power cells are
vulnerable to grid disturband&9], which increases the concerns related to harmuouliation
[20]. On the other hand, CHB drives with a thfgegase PWM rectifier front end had gained a lot

of attention fomthe manufacturers.

In [21]-[23], the threephasetwo-level PWM rectifiers are utilized as theofit end of
cascaded Hbridge modules shown in Fig@. 5 During the motoring operation, the IGBTs are

kept offstateto avoid switching lossThe IGBT antidiodes work as the thrg#hase rectifiers to

18



Ph.D.Thesisi Zhituo Ni McMasteri Electrical and Computer Engineering

provide the isolated DC suppliésr the power cellswhich is equivalent to the conventional
DFE CHB drives. Meanwhilejuring the regeneration modége AFEsstart to operate to deliver
the energy from the motor side to the giithe bidirectiomal power flow between the motor and
the gridis achievedvith the minimum changed to the conventioGdB drives which isa big

advantage tonanufacturers.
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Fig. 2.5 Threephase AFERegenerative Powerell

As mentioned, @C-link voltage controller is required to be designed for the AFEs to
stabilize the D@bus voltage and avoid overvoltage damage during regenertitisrshown in
Fig. 2.6, the DC voltage controller igmplemented with the help of thdg rotating framewhere
the measuredrid voltage and currenére denoted as/s and lsecrx, Wherex=(a, b, c). The
voltage controller is adopted to control the dc capacitor voltage by injecting a suitable amount of
la. The current controller does nothing more than tracking the reference current by generating
the modulation waveform. The reference currents aresepted irdq axis asl¢ andlq*. The
reference current i axis Iq* is set to zero to avoid reactive power injection. Eheusoidal
pulse width modulation§PWM) modulation is adopted to generate the IGBTs gating of the
AFEs. The ddink voltage is cotrolled both in regeneration modehich allows a bidirectional

power flow between load and source.
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Fig. 2.6 Threephase AFE Control Scheme

The main focus of the research for this thesis has femersedon the threephase AFE
based regenerative CHB drives shown in Bigl. This is because this power cell configuration
can provide fowquadrant operation with minimal changes to the congratiDFE CHB drives
with the same transformetructure Meanwhile, he IGBT antidiodes work as the thrgehase
rectifiers to provide the isolated DC supplies for the power cells during motaitg. the
phaseshifting transformerthe merits of the conventional DFE CHB drives are kept in the

regenerative drives, which desirable from the engineering perspecfR4.

Power Cell Po
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Fig. 2.7 Threephase AFERegenerative Powerell
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2.2.Grid -Tied Filter Design Challenges

Although the egeneration capability can be achievedhms threephase AFE regenerative
CHB drives. Howeverin regeneration modéFE introduces the switching harmonit&t may
not be canceled by the phassfting transformer. The resulting harmonics may deteriorate the
grid current quality to the extent that violates the IEEE-BA®4 harmonic standarf®5].
Therefore, a filter bank igequired betweethe AFE and the gridfo attenuate curreritarmonics
[26], which is shown in Fig2.8. Reducing the required filter bk is the crucial point to the CHB
drive system cost, volume, and thermal dissipatitmwever, it has beeabserved that there is
very little information availabledescribing the design @f filter bank for the regenerative CHB

drives

13 K343 | 415 43

o
—o0

o— Filter Bank 1

o— —O

KF 3 KF | KF G

Fig. 2.8 Filters for theThreephase AFE

2.2.1. Optimal LCL Filter Design Challenge for CHB AFEs

An L filter is simple, but it is relatively bulky to achieve a good filtering performanie.
alternative solution is the LCL filtgi26], which achieves a good filtering performance with a
smaller size due to its thiokrder transfer function. LCL filter suffers from resonance problem

and active or passive damping methods st adopted to stabilize the resonance area of the
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LCL filter. In practice,as is shown in Fig2. 9, the damping resistor in series with a filter
capacitor has been widely adopted to suppress the resonance since the power loss in the damping
resistor islow [27]. There are other high order filters such as LTCL and LLCL f[&&][29].

The higheyorder filters usually possessed a relatively better frequency aftempatformance,

which is suitable for the power inverters. However, it involved more passive components that
increase the cost and complexity of the system. Thus, in general, the LCL filter is the most

adopted solution since it provides the best tiaifie between the different features.

= Lﬁgjﬂg}-l | . | 1KF
o— . - ::Cd )
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CT 43}45}4 : 45}
R S —
Fig. 2.9 LCL Filter with Passive Damping Resistor #aFE

In terms of designing the passive damping LCL filters, thersewveralcriteria and design
methods discussed in the previous literature. The majority of these proposed n26hd8i3]
are based on the harmonic current amplitude and resonance frequency. It can be summarized as

the following step$26] [30]:

1. Select the converter side inductancedased on the desired maximum current
ripple in the inductor.

2. Select the filter capacitance © be no more than 5 % of the base capacitance.
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3. Select grid side inductance; lbased on harmonic current suppression at the
switching frequency.

4. Select passiveaimping resistor Fbased on the resonance frequency.

These LCL filter designing procedures are easy to follow. It is worth mentioning that
following these design procedures only based on maximum current ripple suppression may result
i n a Afbadot sddbesmodin meédaessarily me et t he S
applications. First of all, the designed LCL filter is not necessarily satisfy the IEEE sgD%42
standard since only the current ripple magnitude is considered in the designing process.
Mor eover, t his desi gn -lnk whkagescapabiity ansl pawer aklilisgyk e t h
limitation [31] into consideration. It may sometimes leacekzess inductance which requires a
higher DCIlink voltage to deliver the full power. This point has to be taken into consideration
since the Ddink voltage is limited by the IGBT rating. Another critical point is that the
calculated LCL filter through these procedures is not optimized since minimizes the total

inductance and the total capacitance is the ultimate goal.

The LCL filter design proatures applied to the regenerative CHB drives are seldom
mentioned. The existing LCL design and optimization methods can be applied to a voltage
source inverter. But they cannot be directly applied to the regenerative CHB drives LCL filter

design due to thimllowing reasons:

1. To assure théoint of Common CouplingPCQ, the point the power converter
connects to the gridsatisfies the grid harmonic requirement of IEEE STD 519
2014 It is required to obtain the current harmonic content at the PCC point (the

primary side of the phasghifting transformer). The existing LCL filter design
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methods only consider the current profile at the transformer secondary. The phase
shifting transformer for a sevdavel CHB inverter can eliminate the low order
harmonics undel7th order harmonid4d]. Moreover, the leakage inductance of the
transformer can be considered as an extra filtering inductor;

2. With the phaseshifting transformeras is shown in Fig..21, the equivalent grid
inductance leak exists between the ideabywer grid and the inverter which cannot
be neglected. This inductance can deteriorate the harmonic performance, PLL
performance, or even the system stab[Bg].

3. The DClink voltage capability and power ability should be taken into
consideratior{31] to assure that the maximum power can be delivered to the grid

with the determined DC voltage.

All in all, to design an optimal LCL filter for a giveregenerativeCHB inverter, beyond
the harnonic performance and filter size, it is necessary to take system performance (such as grid
impedance, PLL performance, controller saturation) into consideration due to the existence of the
transformer. Toconsider all these factomshile minimizing the LCLfilter, a new LCL filter

designframework isrequired tdbe investigated

2.2.2. Optimal Filter Design Challenge for CHB AFEs

Increasing the switching frequency can effectively reduce the output current ripple and,
thus decrease the filter bank size. However,high-power applicationsa high switching
frequency increases the switching loss of the power switches, which |dadsefiiciency and

the increasedheat sinksize Switching frequencies higher thdnkHz is not desirable in high
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power applicationg33]. Therefore, designing and tmizing the filter bank for the CHB

regenerative drive operating at a low switching frequency is a challenge.

Second, an extensive amount of literature is available describing filter design for the grid

tied AFE rectifier to satisfy the grid harmonic sdand[26],[34]-[36]. Generally speaking, a high

order filter is better since it can achieve a better filtering pedoce with a smaller size such as

LCL [26] [34] and LTCL filters[35]. A high-order filter is often adopted to interconnect to the
utility grid to suppress the harmonic currents. However, the inherent resonance of the high order
filter may trigger the potential instability problem of the sys{86]. Moreover, considering the
number of power cells in a CHB drive, a large number of passive components increase the
overall cost and size of the drive system. Although, with a good filtgreréprmance, these

high-order filters are not desirable for the regenerative CHB drives.

All in all, there is a demand for the new filtering strategy for the regenerative CHB drives
that tackle the previous challenges. It should allow the system to op¢ratéow switching
frequency with a good grid current quality satisfying the IEEE stdZBll9l. More important is
that the number and the size of the passive filter components are required to be reduced at the

same time.

Researchers have attempted to almbte the PWM sideband harmonic using the active
filtering strategies for parallehterleaved rectifier/inverter87]-[39]. With n identical parallel
AFEs, wheren is the cell number per phase, switching current harmonics can be effectively
attenuated when carriers are evenly prsistted 366/n [40]. Carrier interleaving is an effective
strategy to improve the input waveform quality of the paraieinected convertefgl]. [41]

minimizes the grid current distortion in interleaved egmhnected converters with unequal
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terminal \oltages. An enhanced carrier interleaved strategy is propogéd]ito improve both
the current THD and lingo-line voltage quality[43] [44] propose to optimize the harmonic

profile by reaftime calculatig the phasehifting carrier angles.

It is important to recognize that, iparallel rectifiers carrier sideband harmonic
cancellation isdone with the invertersupplied from theequaltransformersecondary terminal
voltages But the phaseshifting transformersn the regenerative CHB drive caiffect the phase
of current sideband harmonics in an unfavorabéaner Although intensive work hebeen done
on the carrier shifting strategies, not enough work has been done on carriag SP\i{M

methods with filter reduction for regenerative CHB driirethe existing literature.

2.3.DC-Link Capacitor SizeReduction Challenge

As is shown in Fig. 28, during regeneratiorthe reversal of regenerative power fl@y
from the load motor has tbe delivered by the thrgghase AFEs to the grid immediately.
Otherwisethis revesal energy can accumulate at the-b@sand consequently raise the DC link
voltage above the system safety rangkich is very dangerous for the drive systeferefore
a DC-link voltage controller is required to be designed for the AFEstdblize the DCbus
voltage and avoid overvoltage damage during regeneration. The main objective of-limk DC
voltage controller is to control the DIk voltage within the systemagety range by delivering

the Asuitabledo amount of power to the grid.

With the conventionaDC-Link voltage controllef45], only a constant power is delivered
by the thregphase AFE. He instantaneous power in each power cell between thephese
AFE and the singlphase Horidge is not balanced. This unbalathgeower ripple has to be

absorbed bydesigninga largeDC-link electrolytic capacitor to maintain a stable dc voltage,
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which increases t he [46]) Mbreowed shepulsating poeer appled c o st
flowing through theDC-link electrolytic capacitors raises thHeC-link voltage fluctuation with

twice the output frequency. The temperature rise caused by voltage ripple accelerates the
evaporation of the electrolyte, thus reducin

reliability as well[47],[48].

To reduce the size of thHeC-link electrolytic capacitor rad to suppres®C-link voltage
fluctuation, it is desirable to deliver both the average power and pulsating ripple power through
the threephase AFE in each power c@6]. In this way, the ripple power is prevented from
flowing across theDC-link capacitors, which reduces the requiredlidk capacitance to
maintains a stable dc voltage. Beyond that, it is worth mentioning that the pulsating ripple power
from all the secondary power cells cancels out with each other at the primary side of the
trarsformer in the regenerative CHB9]. This superb merit allows for injecting the pulsating
ripple power to reduce the capacitance in each powewitbthut deteriorating the grid harmonic

profile at the transformer primary side.

Although different control algorithms have been proposed to reduce tHmkdc
capacitance of regenerative CHB drives, however, the theory beneath these control algorithms is
identical: deliver the instantaneous ripple power through the-giirase AFE instead of flowing

across the dc capacitors. The control procethwaves the following two stages

1. The reference input current waveforms of the tiplease AFE is determined$ed on the
instantaneous powef46][49][50][51] or DC-link voltage [52] assuring that the

instantaneous power is provided by the AFE instead of thaklcapacitors;
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2. The current controller tracks the determined reference current to suppreR€-ink
voltage ripple. It is noted that the reference current may contain different frequency
components such asg , 2um-wg and m+ug [49], where s is the Hbridge output

frequency andy is the grid frequency.

[46][51] propose to direct inject the instantaneous power of theiddje into thed-axis of
the current controllen §) of the thregphase AFE. But the capacitance reduction is not as good as
expectedsince the proportionahtegral (PI) based current controller can not track fast enough
the generated referenf6]. [51] improves the performance by adopting the higérformance
model predictive current controller. The-liltk voltage ripple is reduced significantly49]
propose to opettloop inject the instantaneous power using a proportional (P) based current
controller. However, in these controllers, it is assumed that the motor side instantaneous power is
known. The current and power angle of the motor is required to bsunee€ato determine the
reference currents. But these measurements are rarely available in a typical induction motor

control system such a8F control.

Recently, to avoid adding extra sensors while reducingDiidink capacitance[52]
proposed to determine the reference current for the -fliirase AFE based on tH2C-link
voltage measurement directly. This concept is developed[B8mwhere one more control loop
is established for the voltage rippldowever, a resnant controller with a leadompensated
phase is required to be tuned to gain enough stability mggjnThis is notaneasy task due to

the load frequency variation.

Design a higkperformance current tracking controller is an important stage for capacitor

reduction. The higiperformance current controllers have been extensively researched, which is
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not consider as the nmachallenge so faA multitude of solutions have been developed includes:
hysteresis contro[54][55], deadbeat control[56], model predictive contro[57], resonant
control [58], multiple rotating frames contrdb9]. These control algorithms can bé&edtly

implemented to improve current tracking performance.

To shrink theDC-link capacitance, determining the reference currents for the-piaese
AFE directly based on theC-link voltage ripple is a promising solution when the instantaneous
power at the motor side is not measufgd]. A voltage ripple controller can be designed to
deliver the instantaneous ripple power through the AFE. However, this voltage ripple controller
should be carefully designed since it may impact system stability.pbtential instability issue
hasnot been given enough attention. Two mai n

controller to reduce thBC-link capacitance are:

1. The DC-link voltage ripple frequency varies with the motor speed, which makes it
difficult to reattime detect the voltage ripple amplitude and phase angle with
accuracy. But these parameters are critical for the -fhnese AFE to deliver

Asuitabled instantaneous ripple power.

2. A more critical issue is the fact that the voltaigple control system may lose stability

in some operation range when excess pulsating power ripple is injected by the AFE.

To tackle theahead mentioned problems, a novel voltage ripple controller to reduce the dc
link capacitance in the regenerative CHB drizveleveloped which is explained in Chapter 4 in

detail
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2.4. High-Performance Controllers for CHB drives

Besides the filter and capémi design challenges for tigeid-sideAFEs in the regenerative
CHB drives,there are other challenges for the metigle cascaded H bridgeultilevel inverters
in terms of highperformancecontrol The commercial multilevel inverters are available for
decades, however, there is still undergoing research mainly on the new control strategies and
modulation techniques to improve the performd6€g-[62] and to achieve mukbbjective such
as suppressing commamode voltage (CMV)[63], increasing faultolerant ability [64], and

balancing floating capacitof65].

To achieve a faster dynamic response and robjgctive performance during the control
of power converters, the finite control set model predictive control {MEE) method has been
corsidered one of the most promising alternatives in recent y@afsFCSMPC predicts the
future behavior o f the power conv edek e base
switching states of the power converters are determined through a cost function, which
represents the system performance. fMIBC actually searches the best switching state with
minimal cost function among all the available switching statesdit gampling step. Compared
with classical linear control strategies and modulation techniques based on the average small
signal model and rotating framg6][67], FCSMPC combines the current control and
modulation into a single computational problem, providing a powerful alternative to
conventional proportionahtegral (P1) andoroportionalintegratresonant (PIR) controllers with

a very fast dynamic response.

The implementation challenge in multilevel inverters has motivated the researchers to

study different fast computationally efficient MPC formulations. Several model predic
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control schemes are proposed to reduce the computational load by only estimating a reduced
subset of redundant switching statesa@ubset of redundant voltage vectors[@8][69], Petri

nets are introduced to accomplish both current tracking and voltage balancing objectives by
estimating only a subset of the switching ¢amations. However, it requires to calculate the best
output voltage level for current regulation in the design process. Instead of estimating the subset
of the switching stateq,70] proposed to estimate the output voltage vectors to reduce the
calculation load. Furthermorg1] proposed to use the neadundant voltage vectors instead of

all the voltage vectors to shrink the candidate pool of the MPC formulation. For example, a
sevenlevel CHB inverter, all the avaible switching combinations reach 49 (around 0.26
million). And the available voltage vectors reach 73 (343), 127 of which areedondant
voltage vectorg71]. With the increase of the output voltage levels, searching for the optimal
output voltage vector still remains an issue. To tackle this issue, recently, an online sphere
decoding algorithm (SDA) is discussed to speed up the process of searching the opginial out
voltage vector[72][73]. The MPC problem is reformulated as an integeasisquare
optimization problem and then solve by SDA, which is more efficient than exhaustive
enumeration methods. But this algorithm requires significant storage of the prof&fsor
Beyond that,[75] proposed to replace the optimization problem by solving Diophantine
eguations over a large set of output voltage vectoratéloe er , t hi s met hod hasr
into long horizon prediction MPC situations. In the existing MPC formulations, a considerable
reattime computation burden is required and the determination of the weighting factors may

affect the MPC performance.

It has been recently shown that power converters with long prediction horizon MPC can

improve the system steadyate performance, by either reducing the switching frequency or the
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total harmonic distortion of output currents when compared to the basie-siaglMPC{76].
However, using long prediction horizons F@®Cs in multilevel inverters increases the
computation burden for the already exhausted processolg.liited literature and reference

are available on lonborizon prediction FCS1PC on multilevel inverters due to its huge
computation burden. One existing long horizon prediction method is nhamed simplified model
predictive direct current control (MPDC(Y7]-[80]. The switch positions are frozen and
switching is not allowed wdn the output currents are within the designed bounds. The number
of switching sequences to be evaluated is greatly reduced as g#8kuknother known long
prediction horizon length FCBIPC adopts enhanced SDA for accelerating the voltage vector
optimization proces§r’2]-[74]. The existing algorithm has been demonstrated on a-léwek

NPC inverter.

Besides the feature of high dynamic performance, -MP& can also achieve multi
objective capability. Especigllin the mediurvoltage drive application, a large comramode
voltage (CMV) can result in large leakage currents which may cause electromagnetic
interference (EMI) problems and bearing faily@3]. In recent years, MP8ased CMV
reduction strategies have been studied in different multilevel topologif&l][82], a separate
cost function is added and designed to suppress CMV. The theory has been tested on a dASPACE
based on a matrix converter. The execution time under this case is 80 gisglestep FCS
MPC. At the same time, to reduce the complexity while reducing the (BBJ,and [83]
proposed to select only part of the adjacent voltage vectors and zero vectors during the MPC
optimization. But this means an extra estimation process is still required for the adjacent voltage
vectors, which will hinder the afication of this method when the inverter output voltage levels

increase.
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To obtain multiobjective with the long prediction horizon length MPC, a modified long
prediction horizon SDAMPC formulation is explored with reduced CMV ii84]. The
experimental validation of the proposed method has been implemented on a dSPACE system. By
adopting the SDA optimization in the MPC formulatii@4], the execution time of a fivievel
CHB inverter is 92.2 us when the prediction length to be 38%h the SDAMPC formulation
is implemented on a thrdevel converter with dSPACE system, the minimum sampling interval
was set to 125 pus in order to ré@he find the optimal voltage vector solution when the
prediction time step is 4. However, it has to rhentioned that an extra weighting factor is
required in the modified SDA optimization process. The chosen of the weight factor for the cost
function directly affects the systemds stabil
or experiments areequired to be done to design the suitable weight factors in order to achieve

expected objectivd84][86].

A CHB drive is composed of a number of modulatbHdge power cells and isolated DC
voltage sources. The-bridge cells are cascaded on the load side to achieve meditage
with low harmonic distortion. Due to its strucg, the CHB inverter is known to have a huge
number of switching combinations and voltage vectors. For a 2C+1 level CHB inverter, the
number of nofredundancy voltage vec®will boost up to12C+6C+1 [71], which poses a

challenge for implementing the online FGAC algorithm at a high performarice

In summary, to implement higherformance FC8IPC on CHB drives, there are several
challenges to be improved: 1) redoctiof the computational loads on microcontrollers, 2) the
extension to long prediction horizons, 3) satisfaction of rulljective simultaneously such as

output current control, CMV suppression, and 4) design of weighting factors and cost function.
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To addess the aforementioned problems, a novel -pigitiormance MPC formulation is

proposed and explained in detail in Chapter 5

2.5. Fault-Tolerant Techniquesfor CHB drives

As previouslyexplained the FCSMPC controller can bring a better control performance
for regenerativeCHB drives. However,ni extremely high power applicatiomgherereliability
and switching power loss araore critical for the regenerative CHB drivesompared with
predictivecontrollers andcconventionalphaseshift PWM (PSPWM), the SHEEPWM technique
can eliminate a much higher number of harmomiis a low switchingfrequencyand higher
reliability. This advantagenakes the SHE technique more suitable f@HB drivesfor extremely
high-power applicatioa This section discussed improving the reliabildf the regenerative

CHB drivesunderfaults for extremelyhigh-power applicatios

The cascaded Hbridge (CHB) converters have been widely used for medialtage
motor drives due to their scalability and reliability featurBlse modular configuration offers
more possibilities for the medium voltage drive system to operate during fanltitions[87].
A significant indicator of the reliability is the maximum balanced-timdine voltage amplitude
under fault conditionsin the case of an internal fault in power cells, the cascaded-celllti
converter will shut down the output currents, meanwhile, the faulty cells will be bypassed and
then isolated from the system through external switches. The converter will suplplgdtegain
if the converter can provide enough balancedtiakne voltages required by the load under the

fault. This faulttolerant property increases the reliability of the CHB drives.

A sevenlevel CHB drive system is shown in Fi®.1 (a) as an exapke. In normal

operation, the amplitude of the phase voltage generated is equal #o(teéfefred to as 3 p.u
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hereinafter), where ¥ is the dc bus voltage of each power cell. In the case of one cell failure,
the achievable voltage levels by the faultyagh are reduced from sevienel (3 p.u) to five

levels (2 p.u). As a result, the asymmetrical inverter will provide unbalanced voltages to the load
under the fault event. To keep feeding symmetricattirkne voltages to the load even under
fault condtions, as is discussed jB8], one simplest solution is to bypass an equal number of
healthy cells per phase. The symmetry output voltages are achieved with ang8ktide
reduction, which limits the operation range under fault. To overcome this limitation, alternatives
have been presented in the literature under fault (89¢$91]. These methods can achieve
balanced lindo-line voltages through the renowned fundamental frequency {shdfsed
compensation method (FPS{®R2]. Different PWM modulation schemg93]-[95] have been
developed based on the FPSC method. But, in the FPSC method, a set of FPSC nonlinear
equations has to be solved. It is worth mentioning that these equations may have multiple
solutions, which dmot result in the maximum possible value of the outputtiiféne voltages

with a good harmonic profile. More critical is the fact that, under some fault conditions, the set
of nonlinear equations may have no solution by direct assigning the phaggeydtaplitude

[88] [96].

To overcome the first problem, one alternativluon is to revise the PWM modulation
scheme, a new PWM modulation scheme named-pahlction SPWM modulation is proposed
in [91][97]. Compared FPSGPWM method87][88], the peakeduction method can extend the
convertero6s output voltage region range. An a
reference phase voltages are injected intothe commord e v ol tages to exteni

maximum output region. However, this method may introduce a significant output harmonic
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distortion since it may force the converter to work in the overmodulatianrrdyy injecting

excess commaemode voltagg38].

To solve the illustrated overmodulation problem under f488] and [98] proposed an
enhanced FPSC SPWM modulation approach under fault conditions to reduce the
overmodulation region as unh as possible while achieving the maximum amplitude by
restricting the injected commanode voltage. However, small overmodulation may appear in
some casefB8]. Another technique maximizing the linear modulation operation region is to
inject a common mode component into SPWM refererji@8f The injected commoemode
componentsare required to be retime suppressed to avoid overmodulation operation and
unexpected harmonics. Similar methods are found in the FPSC SVM njejd0], which
can get similar output line voltages within the linear operation region under fault. These
improved faultolerant methods based on FPSC SPWM and FPSC SVM techniques are very
powerful © suppress the low harmonic content if the switching frequency is at least around 1
kHz or higher[101]. Injecting commofmode harmonics at low switching frequencyings

SPWM or SVM modulation can lead to an unacceptable harmonic distortion.

SHEPWM offers a considerably lower equivalent switching frequency compared to
carrierbased PWM techniques, resulting in lower switching power loss and good harmonic
performance[102]. In [103], the SHEPWM technique and conventional phasgft PWM
(PSRNVM) technique were compared in detail in CHB inverter applications. It has been proved
that the SHEPWM technique can eliminate a much higher number of harmonics than the
conventional PSPWM technique with the same switching number. To further minimize the
output current THD, a current referedeased SHE PWM technique is proposedlf4] to

eliminate the current THD influenced by grid voltage harmonic§105%], a new SHMPWM
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control strategy is capable of meeting the harmonic requirement even under nonequal DC link

voltages with optimized THD performance.

To expand the symmetr$HE application under the fault conditiofi,06] and [107]
combine the halfvave symmetry SHE method with FPSC method to achieve maximum
balanced inverter output line voltage under the fault condition with a good harmonic profile. But
the method if106][107] needs to solve FPSC nonlinear equation to obtain the shited
angle. This angle may not be the optimal angle for extending the maximum output line voltages.
Moreover, it is known that the FPSC nonlinear equation may result in no solution under certai

fault conditiond88][96], which may hinder the application of this method

To overcome the problem when solving the FPSC equations, an extension of the FPSC
method has been mathematically propose€@@j, the angle between the shorterarner output
voltages is fixed to 180° and the magnitude of the largest vector is adjusted to avoid no solution
problem. However, this extension can only be applied to the cases when the converter neutral
point is located outside the triangle of the outing-to-line voltage[88]. [88][96] proposed a
carrierbased enhanced FPSPWM approach suitable for all fault conditions meanwhile
extending the inverter output voltage range and avoid no solution problem. But these methods
are not suitale for the medium voltage drives operating at the low switching frequency. There is
a need for an implementation technique that can maximize the output line voltages at the low
switching frequency operation with a good harmonic profile and achievableffenedt fault

situations.

A nonsymmetrical SHE method is adopted for a 4ewel voltage source inverter in

[108]. With the extra degree of freedom from the 1synmetrical SHE, this method is reported
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to offer a better harmonic profile compared to the other two symmetrical methods-lievelo
voltage source invertergl09]. Under the fault situation the CHB drive is not capable of
regeneratingrated full power to the grid during braking. The reversal of power flow will
consequently raise the DC link voltage above its safety range. Alternatively, DC braking is
adopted in comnreial drives[110][112]. A DC current is superimposed on the output current.
Partof the regenerate@nergy is dissipated on the electrical machine instead of coming to the
DC link [113]. However, the existing symmetrical SHE PWM methods cannot pravid€

component due to the symmetry constraints.

To avoid ahead mentioned problenas,new advanced fadblerant techniquefor the
regenerative CHB drives proposed in Chapter IBased orthe nonsymmetrical SHE methdd

improve the CHB drive system relidiby .
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Chapter 3

Optimal Filter Design for

Regenerative CHB Drives

3.1.Introduction

To obtain the regeneration ability, an IGB&sed active front end (AffEhas been
developed to replace the dmbased rectifier irnthe conventionalCHB drive. When an AFE
power cell is used to regenerate the energy back to the grid, to meet the stringent harmonic
requirement from IEEBtd 5192014, & externalfilter is required to attenuate the switching
harmonics generated from pusgdth modulation (PWM)Reducing the required filter bank is
the crucial point to the CHB drive system cost, volume, and thermal dissigdtiarever, it has
beenobserved that there is nyelittle information availablelescribing the design af filter bank

for the regenerative CHB drives
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The IEEE 5192014 standard of current harmonic limitatiorsi®wnin Table 3.1, where
total demand distortio(DD) is the harmonic curremistortionagainst the full loademandof
the electrical systemEEE std 512014 set 5% TDD limit for the harmonics below 50th order,
which is not difficult to satisfy. However, more critical is the fact that the standard also sets the
limit for the individual current harmonic component at fh@nt of common couplindPCC
point. The limit for the individual current harmonic component depends on the component
harmonic order. Generally speaking, a more stringent harmonic limit is set for-bigleer
harmonics below 50th order. Meanwhile, the even harmonics are linoit@8% of the odd
harmonic limits. For example, the limitation for the odd and even harmonics between 35th and
50th order becomes as low as 0.3% and 0.075% rtgglgc This limit for individual harmonics
is difficult to achieve for the medium voltage higbwer converters which usually operating at a
low switching frequency. The designed filter should meet the limit of each harmonic component

subscribed by the IEEE std 52914.

Table 31Current Distortion Limits for General Diibution S/stems (120V through 69kV) IEEE std 519
2014

Maximum Harmonics Current Distortion in Percentof |

Individual Harmonics Order (Odd Harmonics)

IsdlL pp pp Q px| PX Q ¢o| 0o Q oguv ouv Q TDD

qm 4.0 2.0 15 0.6 0.3 5.0

TDD: Total demandlistortion, harmonic current distortion % of maximum demand load current.

Is¢ maximum short current at the point of common coupling (PCC) anehaximum demand load
current

Even harmonics are limited to 25% of the odd harmonics limits above
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To reduce the cost and volumbete is a demand fanewoptimalfiltering strategybased
on the regenerative CHB drives. It should allow the system to operate at a low switching
frequency with a good grid current quality satisfying the IEEE stdZBll9l. More important is
that the number and the size of the passive filter components are requiredettubed at the
same timeTo achieve these objectives, five types of filters are studies and investigated for a

regenerative CHB drive in thiShapter

1. An L filter is designed for eachower cell on the secondary of the phadefting
transformey its performance is studied to investigate whether the L filter can meet the

IEEE std 5192014requirement

2. An optimizedLCL filter is designed for each regeneratival ©n the secondary of the
phaseshifting transformerA new design process combinitiggenetic algorithm (GA)

optimization algorithm iproposedo shrink the size of the designed LCL filter.

3. A newfilter design calledMethod 1, is proposedwith the L filter on the secondary of
the phaseshifting transformer. Meanwhile, a trap filter is adopted on the primary side of
the transformer andh carriershifting technique is proposed to eliminate certain

harmonic content.

4. Another filter design, calledMethod 2, is proposedwith only the L filter on the
transformer secondary sid@ novel carrierphase shifted technique @oposedto
eliminate the dominant switching sideband contents injected into tharmgtidneet the

IEEE std 5192014

5. Finally, the optimal filter design, calleddethod 3, is proposed withraL filter on the

transformer secondary side. A nearrierphase shiftedtrategyis proposed not only to
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satisfy the IEEEstd 5192014 standards but extend the harmonics eliminatora t

higherorder harmonic profile as well.

In this chapter, thedifferent optimal filters are designed based on asevenlevel
regenerative CHB drive system. It should be noted that the proposed filter design strategies can
be extended to any levef regenerative CHB drives without losing generalithe proposed
optimal filter design strategies can be easily extendednylevel regenerative CHB drive
system with different system parametdrs.further quantify the analysis, some key parameters
of the seveflevel regenerative CHB drive are specifteete The main parameters tietypical
sevenlevel regenerative CHHBrive system are summarized in Table 3These parameters are

directly obtained fron the mainindustrialsponsoffor this project

Table 3.2 SevenLevel Regenerative CHB Drive Filter Design Requirement

Converter parameter Value
Cell DC bus voltage (V) 1100
Transformer secondary side voltage(V) 650
Transformer primary side voltage (V) 3000
Rated primary side current (A) 135
Switching Frequency(Hz) 1980
Motor Power Rating (MW) 0.7
Modulation Scheme Sinusoidal Pulse Width Modulation(SPWM)
Inductance (mH) Less than 5
Primary CurrenHarmonics Requirement IEEE std 512014

The line-to-line voltage of the primary sidphaseshifting transformer is3000V (RMS),
and its secondarygide lineto-line voltage is 650VRMS). The motor power rating is 0.7 MW.
Motor rated voltage is 3000 VRMS). The primary leakage inductance is 0.048. of the

transformer primary base amlde secondary leakage inductance is 0.082of its transformer
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secondary basdhe perunit basebased on the primary transformer is shown in equation-(3.1)

(3.3)
U2 _ 3000
=P = B.85 31
e S 07*10 e
I—pri_mb :Zpri_mb/Wb -_34]!T1H (3-2)
Coi mo =1/ (Z s ;) 0.206MF 3.3

3.2.L Filter Design for a Sevenlevel Regenerative CHB Drive

In this section, to satisfy the IEEE std 52@14,anL filter is designed for eaghowercell
between thesecondary of the phashifting transformeiand the AFE. The regenerative power
cell AFE side is illustrated in Fig. 3.1 (a). The grid thpdmse voltages aMa, Ven, andVen
respectively. Meanwhile, the output phase voltages of the-fiiv@ge AFE are denoted ¥so,

Vo, andVeo. The AFE outptivoltages can be determined by the switching states. For example,
when the upper leg of the-phase IGBT iON, then the output phase voltage of the AR V
=Uqd2. Otherwise, Yo =-Udd2 when the bottom leg of the-phase IGBT is onlhe L typegrid-
connectedAFE equivalent model is shown in Fi§.1 (b) The designed.; filters suffer the
voltage difference between the grid and thpbase AFE. Moreover, to satisfy the IEEE std-519
2014, the designed filters should be large enough to suppresgtet erarmonics flowing into

the grid.
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oy}

(b) Equivalent Circuit

Fig. 3.1 L-typegrid-connectedAFE

As is shown in Fig. 3.10f the thregphase twedevel AFE in the regenerative celissume
the AFE output phase voltagé/ao, Vho, and Vo are generated througkhe natural sampled

SPWM modulationprocess. The voltage harmonics profile through the modulation process can

be expressed in equation (3[&7].

n = VacMcosit +q k ) +

N 1jsm{m+ n]p)J (m— M) O 9
—a a-

|

|

P m=in=- 07 k2p i (34)
Icos(m[wt+ q] +n8 W +q 3 gl

mi N"{ni Z|mod(n3) ,$ k 9,1,

whereM is the modulation index/qc is the DC voltagem andn are index integer number3,
denotes the Bessel function. The frequency and phase angle of the modulation waveform and
carrier arego, o and g, ne respectively. The triplen sideband harmonics around each carrier
multiple are canceled whem is the multple of 3. From equation (3.4), it is noted thhe

significant harmonicsexist at theswitching sidebandrequencies such ag° 2f,,2f; °f,
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3f,° 2f,,..mf, °nf;, wherefsis switching frequency ral fo is output frequenc For instance,

when the AFE operates t= 1980 = (33*60) Hz, the voltage sideband harmonics generated by
the AFE can be estimated through equation (3.4). There is one significant sideband voltage
harmonic group (31and 3% located below the ¥Dorder, which contributes to a major part of

the grid harmonicsWith the determined voltage harmonics profile, the desidnddter should

suppress the resulting current harmonicsétthe stringent IEEE standards.

3.2.1. ConventionalL Filter Design Procedure

In the full power regeneration situation, the power rating of eatifequals. In this case,
the power rating for each cell is 77.8 kW (=0.7MW/9). The secondary line current can be

calculated under the full regeneration situation:

_T7.&W

I =
sec b \/é % 6 5 0

69.1A (3.5)

Assume no extra filter is attached for the inverter, during the SPWM scheme without third

order harmonic injection, the minimum DC voltage for each cell is calculated:

dc_min = 650 4062\/ (36)
- 0.612

When L; filter is designed andhttached between the power inverter and the grid, the
minimum required ddink voltage needs to increase since a portion of the voltage will drop on

the designed filter.
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Ly )Isec_b

AFE

sec b Ug
(b) phase vector
Fig. 3.2 Simplified Single Phase EquivalentifCuit

The singlephase equivalent circuit of the AFE is shown in Fig. 3.2 (a). The phase vector
diagram is shown in Fig. 3.2 (b) whereth uni t power factor i s achie

law, the output phase voltage of the invetdeunder the rated current situation is
Ui :Ug +-|M4)I sec_bL] (37)

where theUq is the grid phase voltagésec nis the current flows into the grid. Whe&&PWM
modulationis adopted with no thirdrder harmonic injection, the minimum required DC voltage
Udc_reqWith the designed.; filter can be calculated through equation (3.8). It should be noted
that, if the DGlink voltage is less thaddc reqthe rated power cannot be regenerated to the grid.

This should be taken into consideration in the filter design procedure.

Ud<:7 req = 2\/5\/U z +(Wb| secﬁd— ])2

3.8
:2\/5\/(%))2 +377%69.1%, ¥ 59)
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The relation between the minimum required DC voltdgereqand the designed filtdr is
shownin Fig. 3.3. With the increas of the designed inductdrn, therequiredDC bus voltages
supposed tincreaselo compensate fothe voltage drop on the indiac. However, in practical
applications, it is not desirable to increase the-llDK voltage. A higher DC voltage usually
means more voltage stress on the IGBTsahigherinsulation levelrequirementor the power
converters This critical point has tobe taken into consideration sindeetdelink voltage is
usuallylimited by the IGBT ratingand DC capacitor voltage ratinpcreasing the IGBT rating
or the DC bus capacitorsdéd voltage rating wil/
this chapter, the maximum allowed Bi@k voltage is considered as a critical design constraint

when designing the optimal L filte

1160

1150

1140

Minimum DC bus voltage
T
= = B B B
o (=3 [y [S w
=) =} =) =} =}

1080 -

1070

1060 ‘ : : ‘ :
0 1 2 3 4 5 6
External Inductor %1073

Fig. 3.3 Relation Between the_; Inductance aninimum Required DC voltage

For the regenerative CHB system, the IGBT ratingssumed to b&700 V. Then the
maximum allowed DC link voltage is limited up to 11@Cconsidering enough voltage margin

From Fig. 3.3, the maximum allowed inductance under 1100 MilkCvoltage is 3.8 mH.
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Considering the transformer leakage inductatice maximum allowedesignednductance.1

is 9.9% p.u(3.4 mH) As the maximum allowed inductance is limited, it should be noted that
theremight beno L filter solution for the regenerative CHB drive that satisfies the IEEE std 519
2014 at different switching frequencies. This is understandable since the ddsignddctor
may exceed the maximum allowed inductor if the switching frequency is low. roerfu
investigate this problem, the optimial filters are designed at different switching frequencies

including the desired switching frequeneitich is1980 Hz(=33x60Hz)

3.2.2. L Filter Design with 1980 Hz Switching Frequency

The desirable switching frequgnéor a medium voltage high power regenerative CHB
drive system is no more than 1980, lttas is due to the reduction in power losses at high power
applications When the switching frequency is fixed at 1980Hz, the optlmdilter is designed
for the given CHB regenerative system. The simulation result is shown in TéblsitB. the
maximum allowed_ filter (3.4 mH).The current TID at the transformeprimaryside s 3.37%
meanwhile the current TID on thesecondaryside of the transformer is 9.%, which satisfies
the total TID requirement of the IEEE std 5P®14. However, as is shown in Fig. 3.4, 8i&
and 3% order harmonics (switching frequensjdebandwhere m=1 and n=2) exceed the
limitation prescribed byEEE std 5192014 at the PCC. The 8%nd 3% order harmonics are
2.24% and 1.97% with respect to the fundamental component. However, they are required to be
suppressed to 0.6% and 0.3% respectively. As is shown in Tahl¢h8. individual current
harmaic component at the PCC cannot meet the IEEE std2819 with only 1980 Hz

switching frequency.
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Table 3.3 L1 Per unit value for 1980 Hz under 1100V DC voltage

Frequency L1i(p.u.) TDD_pri TDD_sec
1980 9.9% 3.37% 5.01%

0.04

I IEEE STD 519 |
Il Simulation

0.035 |

0.03 -
0.025 |
0.02
0.015 |
0.01 -

Ratio to Fundamental

0.005 |

0 10 20 30 40 50
Harmonic Order

Fig. 3.4 Individual Harmonic @ntentsat 1980 Hz

Table 3.4 Harmonics Eceed the IEEE std 519 208tandardunder1980 Hz

Harmonics 31t order 35h order
Limitation 0.6% 0.3%
Simulation 2.24% 1.97%

The voltage and current simulation waveforms with the maximum allaweaductance

under 1980 Hz switching frequency are shown in Fig.3.5.

49



Ph.D.Thesisi Zhituo Ni McMasteri Electrical and Computer Engineering

3000

Voltage Fundamental (60Hz) = 1930, THD= 3.37%

Current*10

al

[
>
>
>

—
S
S
S
N
T

—_
>
=3
=)

Mag @6 of Fundamentdl)
5 —

[
>
=3
=)

Primary voltage and current
\ \
>

=
T

-3000

it “ I

10 20 30 40 50
Harmonic order

(b)Primary current THD contents

0.02 0.04 0.06 0.08 0.1 0.12
Time(s)

o
o

(a)Primary voltage and current waveform

Fundamental (60Hz) = 1.021, THD = 5.01%
1.5 T T T T

5
~ = 4
2 5
= =)
: z
g g?
S g
@ S 15
OM e L L
1.5 : . . . ‘ : : :
0 001 002 003 004 0.05 0.06 007 0.08 0 10 20 30 40 50
Time(s) Harmonic order
(c)Secondary currentaveforms (d)Secondary current THD contents

Fig. 3.5 Simulation Result unded980Hz

Compared with the phashifting transformer primary side current and secondary side
currentshown in Fig. 3.5the phaseshifting transformer can improve the harmonic pradfiheler
17" order harmonicsHowever the 31" and 3% order switching frequency sidebarekcee the
limit of the IEEE std 512014 standarddVith a fixed 1980Hz switching frequency, thefilter
cannot satisfy the IEEE std 52914 harmonic standards witbxceeding31" order and 3%
order harmonic component§o meet the IEEE std 512014 with an L filter, a higher switching

frequency should be adopted endhe same operating condition.
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3.2.3. L Filter Design with 3000 Hz Switching Frequency

In this section, the switching frequency is increased from 1980 Hz to 300heinptimal
L1 filter is designed for the same CHB regenerative system illustrated before twadd€ bus
voltage remains to be 1100 V. However, there is stilLridter candidate satisfying the current
harmonics limits prescribed by IEEE std 52@14. The simulation under maximum inductor
9.9% p.u. is performed with a 3000 Hz switchinggfrency As is shown in Table 3,5y
increasing the switching frequency, the current THD onpthenary side of the transformer
reduces to 2.27% meanwhile the current THD ors#endaryside of the transformer decreases

to 3.63%.

Table 3.5 L1 PerUnit Value for 3000 Hz under 1100V DC voltage

Frequency La(p.u.) TDD_pri TDD_sec
3000 9.9% 2.27% 3.63%

However, the individual curreitarmoniccomponents at the transformer primary side are
shown in Fig. 3.6 and Table 3.8l other harmonic contents except™8rder arewithin the
limit of the requirement. The $8order harmonics (switching frequensiddbandwherem=1,
n=2) is 1.44% of the rated current which exceeds the limit of the IEEE std@KR As a result,
the maximum allowed inductors could not satisfy thguneement with a 3000 Hz switching

frequency.
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Fig. 3.6 Individual Harmonic ©ntens at 3000 Hz

Table 3.6 Harmonics exceed the IEEE std 519 2014 standarder 3000 Hz

Harmonics 48" order
Limitation 0.075%
Simulation 1.44%

The simulation voltage and current waveforms with the maximum alldwefilter are
shown in Fig3.7. Compare the phasshifting transformer primary side current withe
secondary side currenthe harmonic components below™@rder frequency are suppressed
with the existence of the phashifting transformer However, the 48th order switching
frequency sideband (around 1.44%) exsetted limit of the IEEE std 512014 standardshis
denotes thatwith a 3000Hz switching fregency, only the L filter cannot satisfy the IEEE
standardslue to the largewitching sideband harmonicBo satisfy the IEEE std 512014, the
switching frequency is required to be increasedr 3 kHz even witlthe maximum allowed L

filter.

52



Ph.D.Thesisi Zhituo Ni McMasteri Electrical and Computer Engineering

Fundamental (60Hz) = 1915, THD=2.27%

[$2)

3000

Voltage
Current*10

ey

2000 [

1000 {f

N

-1000 -

Meg 0% d Furcamerta)

=

-2000

Primary voltage and current
=3

0.12 0
0 10 20 30 40 50 60 70 80
Harmonic order

(b)Primary current THD contents

Fundamental (60Hz) =1.013, THD= 3.63%

-3000
0

0.06 0.08 0.1
Time(s)

(a)Primary voltage and current waveform

0.02 0.04

1.5 T T T T T T T T 5

-
T
S

e e
wn (=) wn
Mag b of Fundamental)
N w

-

Secondary current(pu)
'

(=

0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0 10 20 30 40 50 60 70 80

Time(s) Harmonic order

(c)Secondary current waveform (d)Secondary current THD contents

Fig. 3.7 Simulation Resultnder3000 Hz Switching Fequency
3.2.4. L Filter Design Summary
To satisfy the IEEE std 512014 with the conventional L filtethe switching frequency is
required to increase to over 3000 fdz the severevel regenerative CHB drive. In this section,
the optimal L filter is designed under different switching frequencies sué@2fsand 9900 Hz
The design criteria are based on the IEEE stdZil13! and the DC bus voltage limitation. The

simulation results are sunarized in Table 3.

Table 3.7 Filter Comparison unddbifferent Switching Frequency with 1100 V D®us \oltage

Switching Ly TDD_P TDD_S 31th 35" 48" Satisfy
frequency(Hz) Max=5% | Max=20% harmonic harmonic | harmonic
1980 9.9% 3.37% 5.01% 2.24% 1.97% - No
3000 9.9% 2.27% 3.63% - - 1.44% No
4020 3.08% 4.98% 7.24% - - - Yes
9900 2.6% 2.25% 3.8% - - - Yes

The numbers in the red font show that the harmonic content is larger than the limit mentioned in the standard.
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As is shown in Table 3,70 satisfy the IEEE standardhetrequiredinductorL: sizecould
shrink to 3.08%p.u with 4020Hz switching frequegcand 2.6%p.u. when the switching
frequency increaseto 9900Hz.When the switching frequency mver 3000 Hz, the carrier
frequency sidebantalls out of the scopef the 5¢" order harmonicsvhich isnot prescribed by
the IEEE std 5192014. As a result, the IEEE std 52014 can be met when the switching

frequency is over 3000 Hz.

In summary, for the regenerative CHB systeme, 18 pulse phasshifting transformer can
suppress the baseband harmonics undérhErmonics.When the switching frequency is less
than 3000 Hz, the carrier frequency sideband harmonics fall into the domain b&l@nds® It
is difficult to satisfy the IEEE st$19-2014 standards with onlg maximum allowed.; filter.
Increasing the switching dguency over 3000 Hz can meet the IEEE standard with the same
design constraints. However, it is desirable to operate thepogler mediurrvoltage CHB
drive at a low switching frequencylhe conventional L filter design strategy cannot meet this
requiremat since it requires the AFE IGBTs to operate at over 3000 Hz. This lead to the

investigation of a new filtering strategy.

3.3.Optimal LCL Filter Design of Regenerative CHB Drives

To satsfy grid harmonic code IEEE std 5P914, a suitable filter is require be
designedAs investigated before, the conventional L filter solution cannot meet the requirement
when the switching frequenadg below 3000 Hz. An alternative filtering solution is the LCL
filter. In this section, & optimal passive damping LCL filtes desigred for regenerative CHB

motor drivesHowever, with the existence of the phashifting transformer in CHB drives, the
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existing LCL filter design methods cannot be applied directly.tdckle this problema new

LCL filter designframeworkusing geneticalgorithm (GA) optimization is proposed based on
the Simulink model.Unlike the conventional design procedures based on the mathematical
model, he CHB Simulink modetan takeDC voltage constraint, PLL performance, transformer
factors and harmonics profile into consideration while designing the LCL filtérgh the
proposed filter design frameworkhet designed LCL filter can guarantee both the harmonic
performance and the system performance with minimum passive component &hecavimot

be achieved througtie existing methoddrinally, the proposed method is validated on a seven

level CHB invertewith simulation

3.3.1. Proposed Optimal LCL Filter Design for Regenerative CHB Inverter

As shown in Fig3.8 an LCL filter isdesigned and attached between the power inverter
and the secondary side of the transformmereach phaseThe leakage inductance of the
transformer is modeled &sa«. The measured phase voltage andent aralenoted a¥Jm xand
Isec_x Wherex=(a, b, c). The passive resistdt is introduced in the system to avoid the potential

resonance problem in the LCL filter.

The current control scheme of the AFE is illustrated in Big§. Thecurrent control does
nothing more than tracking the reference curréhe reference currents arentrolledin dq axis
aslq ref and lq_ret. The reference current ig axis lq ref iS Set to zero to avoid reactive power
injectionto the grid The reference current shaxis lq_reqiS Set based on the regeneration power

to the grid.
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There are many possible combinations for the LCL filter that can satisfy the harmonic
requiement. However, one LCL combination with high inductance and less capacitance will
impose an inappropriate voltage drop in the designed filter, which forces to increase the DC bus
voltage to compensate for the filter voltage drop to provide the ratedht[8t¢ To tackle this
issue, some constraints on the LCL filter inductance based on the DC voltage is required to be
derived based on rated out pthdinvertaroutpatrcarreht, Bas ed
and the output phase voltage of the invertércan be estimateth equation (3.9) and (3.10)

under the rated current situatiath the unity power factor.

[ =M, (L el e o (3.9
- . 17 jwCi +R;
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L]i :Ug ﬂM/b(LZ I:i-leak)rsec_r J-VH; [i_r (310

wherelsec_randli r arethe rated output curreat the inverterside and grid sideespectivelyUq
is the transformer secondary phase voltageis the grid frequencyThe SPWM scheme is
adopted without thirebrder harmonic injection, the following inequalityr the DC bus gltage

should be satisfied if rated powaan bedelivered

Uge ma- 242|020 (3.11)

where theUgdc maxis the maximum allowed DC bus voltage of the system, which is usually
limited by the power switch rating. The selection of the passive damping LCL filter should
satisfy the DC bus constraints equation(3.11) to assure that rated power cae deliverd

through the AFEs.

The selection of the LCL filter and damping resistor influences the s\gstéahility and
performanceTo take the system stability and performance into consideration, as is shown in Fig.
3.9, the inverter control system with Pl curteontroller indg axis is modeled mathematically
in the frequency domain. In the lefrequency region, the LCL filter behaves approximately as

an equivalent tilter neglecting the capacitor branchlfl]. The optimal Pl parameter of the

i u i i
ﬁi?_y Current Pl Controller &) — pPWM Gain Gum —> Hicl(® lg o

Fig. 3.9 Current Control Transfer Function dq axis
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current controllercan be designed through refereri@@] [115] if the filter parameters are

determined. The designed PI controlBy is:

G(9=k & (312

With the following proportional gain and integration time

k - (L1+ L2 +L1eak) fsw
P 3

(3.13

ki - (L1+L2 -ILleak)
(R+R +R,) (319

wherefsw is the switching frequency arféh, R, Reak is the resistance on the inductdrs Lo,
Lieak respectively.

The transfer function iH.ci=ig/ui can be calculated with an ideal voltage source
assumption capable of dumping all the harmonics. The transfer fultiiorof LCL filter with
damping resistor is
[ 1 C/R;s+1
HLCL(S) — *

4 S+WGRsHf WL 4G (319

where

- L:L+(L2 +L|eak)
A J Co (LA (L* L)) (319

According to Fig.3.9, the system opeloop transfer function in the frequgndomain is

shown in equation (3.}7

Gy, = Gie(9 He (9 Gunl 3 (3.19
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U, . . .
whereG,, () = 7" To assure the system stability and dynamic performance, the phase margi

(PM) and gain margin constraints (GM) of the op@op transfer functionGoep should be
estimated in the filter design process. Reasonable constraints of the PM and GM of #lt®ppen

transfer function & are shown irequation (3.18[116].

PM(G,,(9)>45

(3.19
GM(G,,(3) >3dB

A smaller damping resistor usually with better filter performance, however, may not
enough to damp the system at the resonance frequency. The choice of the damping resistor is
weighing between sgem stabilityat the resonance frequency and filter performance at high
frequency. The passive damping resistor is at leastthorte of the impedance of the filter
capacitorCs at the resonance frequenf36]. A reasonable searching domain of the damping
resistorRs constraint is shown iequation (3.19

2 1
R 2 (3.19
W *C, 3 * C,

n

The design procedure of the LCL filter with GA optimization is demonstrated irBRiQ.
First of all, the searching domain of the design filter is defined according to the system
specification based on allowed-lilck voltage, switching frequency, rated voltage, and current.
Second, different nonlinear constraints such as the DC bus vottagstraint, system
performance phase margin and gain margin constraints, and damping resistor constraints are
considered to further narrow down the searching domain. Third, the Simulink model comprised
of a severevel CHB inverter, and a phashifting tansformer is called by the GA. The

synchronization with the grid voltage is obtained by means of moving average filter based PLL
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[117]. The simulation result at the PCC point is examined according to the $EEE192014

standards. GA will automate firmut the minimum objective value in the entire narrowed down
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The objective function for th€A optimization is shown in equatio8.20.
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When the current in the PCC point satisfies the IEEE standard, the objective value equals
the stored energy in the inductors and capacitor. Otherwise, the objective value is infinity to
abandon the candidate. The paramétas introduced to add weight eten inductance and
capacitance. The GA automdtsearcles the minimum objective value among all possible

combinations for inductors and capacitors in the available searching domain

To further accelerate the optimization process, the chosen of induapacitor and
resistor are integer numbers discretized with 0.1 mH, 0.1uF and 0.1ohm step. It is meaningless to
go with further accuracy from the engineering perspective. This function can be easily achieved
with an integer programming GA toolbox in MATLABJoreover, the proposed optimization
framework is wellsuited for the use of parallel computation with multiple computing cores in

MATLAB. This is effective to reduce the computation time.

3.3.2. Simulation Result and Discussion

This section highlights the efféee¢ness of the proposed LCL filter design optimization
framework based on a sevivel regenerative CHB multilevel invertéfo compare with the
conventional LCL filter design process, an LCL filter is designed from the existing mi@ijod
for the same evenlevel regenerative CHB drives at tl®80 Hz frequencyThe designed

passive damping LCL filters are summarized in T@&bBaunder different design strategies.

As is shown in Tabl&.8, the designed filter throud26] violates the DC bus limit and a
power constraint. The rated current cannot be regenerated to the grid by each power cell due to
the oversize of the designed inductor and lack of enough DC voltage. This is easy to understand

sincetheDC bus voltage constraint is not taken into consittmran the LCL design process.
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Table 3.8 LCL Filter Design for a sevelevel regenerative CHB Drive for 1980 Hz

LCL Type Liy(mH) | L2(mH) | Ci(uF) | Re(B ) | TDD_pri | TDD_sec Standard Satisfied

LCL [26] 9.5 1.6 24.4 2.5 - - NO, theDC bus constraints cannot be
LCL (Case 1) 2.2 0.8 79 1.6 3.5% 7.4% Yes
LCL (Case 2) 21 21 38.8 1.8 1.3% 2.2% Yes

Unlike the conventional filter design strategy based on the mathematic model, the proposed
optimization framework directly usabe Simulink model for the LCL filter design. Different
constraints including the DC bus voltage constraint can be considered in the filter design process,

which cannot be achieved with the conventional filter design process.

Two LCL filter candidates areptimized through the proposed optimization framework
with differentK parameters in the objective function shown in equao2d. Case 1 LCL filter
is optimized withK=1 in the objective function which results in a large capacitance. The

designed_y, Lo, Rr andCs are 2.2mH, 0.8mH, 79 pF and 136 respectively. From the Simulink

simulation result, the TDD at the primary and secondary side of the transformer are 3.5% and

7.5% respectively. The simulation waveforms with designeddiétex shown in Fig3.11

As is shown in Fig8.11(a), the designe@asellLCL filter can satisfy the stringent IEEE
std 5192014 for each order harmonics. Meanwhile, the phase margin is 51.6 degrees at 3430
rad/s. The gain margin is 4.7 dB at 4560 rad/s LEL filter resonance frequency is around
545Hz. The system dynamic performance is guaranteed according t8.Figb) with the
designed filter. The current and voltage waveforms at the PCC point is shown $11Ri¢c).
Rated power can be delivered the AFE with the designed LCL filter operating at 1100V dc
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link voltage. The DC voltage limitation, current harmonic profile constraints, and the system

dynamic constraints are all satisfied by adopting the proposed LCL filter design strategy.
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Fig. 3.12Case 2 LCL Filter Bsigned with
K=8

Case? filter candidate is designed wi#=8 to add more weight to reduce the capacitor

size. The designdd;, L2, RrandCr are 2.1mH, 2.1mH, 38.8 uF and R8respectively. From the
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Simulink simulation result, the TDD at the primary and secondar sidthe transformer are
1.3% and 2.2% respectively. The simulation waveforms with a designed filter are shown in
Fig.3.12. The designed case2 LCL filter can satisfy the stringent IEEE st®®149 for each
order harmonics. Meanwhile, the phase margin id4 88grees at 1320 rad/s. The gain margin is
3.32 dB at 5020 rad/s. The current and voltage waveforms at the PCC point is showR.ib2Fig.
(c). Rated power can be delivered by the AFE with the designed LCL filter operating at 1100V

dc-link voltage.

To design an optimal LCL filter for a regenerative CHB inverter, beyond the harmonic
performance and filter size, it is necessary to take system performance (such as grid impedance,
PLL performance, controller saturation) into consideration due to the existEndbe
transformer. To consider all these factors while minimizing the LCL filter, an optimization
framework is proposed directly based on the Simulink nonlinear model instead of the tedious
mathematical model. Simulation validates the performance oflesgned LCL filter using a

sevenlevel regenerative CHB motor drive.

The designedLCL can meet the IEEE std 52®14 filtering harmonics requirements
operating with 1980 Hz switching frequency and 1100 V DC voltage, which cannot be achieved
with the convational L filter strategyHowever, onsidering the number of power cells in a
CHB drive, a large number of passive componamnsrequired for the system, whigitreass
the overall cost and size of tidHB regenerativelrive systemAlthough, with a god filtering
performance, these LCL filters are not best suitable for the regenerative CHB drives in terms of

cost, weight, and heat issue.
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To achieve a better filtering performance, a highreler filter can be designed for the
AFEs to satisfy the IEEE &t5192014. This would further increase the number of passive
filtering components, which is not a desirable strategy for the regenerative CHB system. In the
following section, the new filter design strategies are proposedavgiimplified filter structue

and minimum filter size.

3.4. ProposedActive Filter Design (Method 1)

As discussed earlier, when the L filters or LCL filters are designed for the regenerative
CHB drive system, the low order baseband harmonics are mitigated with thespliasg
transfamer, however, switching sideband harmonics are difficult to filter out using the
traditional passive filters to satisfy the IEEE std 204.4. This may result in filter oversize for
the regenerative CHB drive system. To solved this probkemew active fltering strateg

(namedMethodl) is proposed for the regenerative CHB drive.

In Method1, to filter out the switching sideband harmonics, when the switching frequency
is 1980Hz (=33x60), the carrishift active filtering technique is applied to mitigate B
order harmonicsMeanwhile the 33" order harmonic component is mitigated wéth extra trap

filter on the primary side of the transformer. The proposed filter structure is shown in Fig. 3.13.
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Fig. 3.13 Proposed Filter tBucture (Method 1)

3.4.1. Carrier Shifted Control Schemeto Eliminate 315t Order Harmonics

Consider three regenerative cells in phase A, as shown in Fig. 3.B3%'tbeler harmonic
components inik l2a and ka are coming from the SPWM modulation process. The output
voltage Ua Uzs, and Wa contain the31% order harmonic, which leads to current harmonics on

the secondary side of the transformer.
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During the natural sampled SPWM scheme, the harmonics of the voltage PWM waveform
can be calculated through the equations (3(213). The sideband voltage harmonics are

related to the carrier phase angle(x=1, 2, 3 for different cells) and modulation waveform.

v, :%cos(wot -20) %J_z gl\/l Jeos(Bt g4 A (3.21)
MV 2V

= costrt) £ @2 M)cos(But g (3.22)

v, = MZ‘“ cosyt +20) 3% J, g M)cos(Blyt g A (3.23)

whereM is the modulation indeX/qc is the DC voltage) denotes the Bessel function. With an
arbitrary designed 4 filter, the phase angle between thaltageand current waveform at the

fundamental frequency ar3d® order harmonics can be illustrated in Fig.3.14.

U2a@1 U2a@31
a b
IZa@l |2a@31
(a) Fundamental component (b) 31storder harmonic

Fig. 3.14 Phase Angle Relation between Voltage andréht

The corresponding current on the secondary of the transformer is calculated as:

l,=l,costvt -20 a) |4 cos(3ly .4 40 (3.24)
l,, =1,costyt -a) 5, cos(Blyy 39 - (3.25)
l,, =1,cosfyp +20 a) | 4cos(Blyy .4 40 (3.26)
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Due to the phasshifting transformer, the current on the secondary side can be reflected to
the primary side of the phasaifting transformer with20-degreephase shifting. The total

reflected current on the primary side of the transforimer calculagd as:

|, =3, co80f -a) I, (cosBly g 60 ) cos(3} w, ¢ ) kos( . 60

(3.27)

Therefore, the31% order harmonic of the primary side of the phabiting transformer

will be canceledut if and only if:

cos(But+ g +60 -§ eos(3Ltw ,+q Yybcos(3F ¥, B0 - ) (3.28)

To eliminate the switching sideband harmonic8Ht order, the following angles will be

used to shift the angles of the carriers between the three cells in the same phase:

G =60
g, =0 (3.29)

G = 60

3.4.2. Trap Filter Design for 35" Order Harmonics

Once the 31 order harmonic is eliminated by the proposed active filtering strategy, the
trap filter is then further designed to remove th# 8&er harmonics coming from the SPWM
modulation. The typical trap filter for $5rder harmonic islustrated inFig. 3.15 The inductor
and capacitor will be designed at the resonant frequency "ofofer harmonic (2100 Hz),
which provides a low impedance current flow for th& 88der harmonic. In this way, the '35
order harmonics could be mitigat with the minimum passive components and will not show up

at the PCC point.
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Lp

Co

Ro

Fig. 3.15 Trap Fiter for 38" order Harmonic (singlgphase diagram)

The equivalent impedance for the trap filter is calculated in equiaf),

Zeg= 1A, 41(j ) R, (3.30)
The trap filter parameters designed fol"3@rmonicare shown in Table3.9. The bode
diagramfor the equivalent impedance is shown in Fig.63The equivalent impedance is 0.

R at the 3% harmonics. The grid impedantgis 0.68mHfor the simulation.

Table 3.9 TrapFilter for 1980 Hz under 1100V D&oltage

Frequency Lp(mH) Co(uF) Ro( q)
1980 0.97 5.8 0.64

Bode Diagram

[y
&2l

Zeq=0.64
Resonant at35"
Harmonic (210
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=
o

= =T
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Fig. 3.16 Impedance Bode Figure for Traptér
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3.4.3. Simulation Result for the ProposedFilter (Method 1)

To satisfy the IEEE standard 52914, the carrier phashifting strategy and the trap
filter are proposed iMethod1 to reduce the mimum required filter of the regenerative CHB
drive system. The minimum requirdd between the transformer secondary and the AFE is
reduced to 2 mH (5.87%.u.) with proposed method 1. The harmonic content at the PCC point
with a minimumL; filter (2 mH) is shown in Fig. 3.17. Thg1" and 3% order harmonics are

suppressed below the limits given in the IEEE stdZ0®4 standard.

I IEEE STD 519 | |
I Simulation
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Fig. 3.17 Current Harmonic @ntent at PC@Method 1)

With the designed filter, the current and voltage waveforms are shown in Fig. 3.18.
Comparing Fig. 3.18 (b) with (d), tf84 order harmonic component ratio reduces from 4.64%
to 0.08% with the carrier phase angle shifting strategy. Comparing Fig.33ti{t33(f), the35"
order harmonic component ratio reduces from 3.85% to 0.30% with the help of the designed trap
filter. What 6 s mor eshiftingganglds, as dhavn ip Fig. B3¢d} thelseqorida s e
group sideband harmonics {6&nd 67" order harmonics) are also eliminated at the transformer

primary side. This could benefit the harmonic profile at the PCC point.
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Although the filter designed through the proposed filter design method 1 can satisfy the
IEEE standard 532014 with a small L inductance (5.87%vu). However, the required trap

filter on the primary side transformer is costly and bulky due to the high voltage, which is not

desirable.
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Fig. 3.18 Current and Voltage Waveforms for Filtee§ign (Method 1)
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3.5. ProposedActive Filter Design (Method 2)

As illustrated previously, in the proposbktethodl1 strategy, a trap filter is required at the
transformer primary side to remove thé"@Bder harmonics which can be costly and budice
it has to be located @he medium volege side To avoid this problem, another carrier phase
shifted strategy calledlethod 2 is proposed for the regenerative CHB drive system. In the
proposedMethod?2, the carrier angles are shifted among the cells in different phases to eliminate
both the31%tand ¥ order harmonics simultaneously. In this way, compared Mithod1, the
bulky and costly trap filter can be removed. Only a small inductads required to be added
between the transformer secondary side and the AFE.

The proposed filter design meth@ds illustrated in Fig. 3.19.
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| <l P2 P |
<13 / YY"\ — - —
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lagging Cell Inverter g H bridge _UI
L aiith =
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Fig. 3.19Filter Design Systemt&icture Method 2
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According to the natural sampled SPWM scheme, the harmonics of the voltage PWM
waveform can bealculated. This is related to the carrier phase angles and modulation waveform

phase angle as described in equations (338).

w, =T Ecosyt -20) £23, EM)cos(ut g 40) ey, fM Jeos@Ew g+ 4 (33)

v, =M;/d° cost - 20) 4&\] gM ycos(3t g 49) J {M Jeos(33w g+ ¢ (3.32)

a

v, :M;/dc cosyt -20) F=c 2Vch gl\/l )cos(But g 40) J {M ycos(35w . g+ ¢ (3.33)

The 31t and 3% order harmonic of the primary side of the phakiting transformer will
becanceledut if the following angels are chosen the phaseanglesof the carriers.
G =0

g, =120 (3.34)
g, =240

To satisfy the IEEE standard 52914, by adopting the proposbtéthod2, the minimum
requiredL; between the transformer secondary and the inverter is 0.5mH (p.4}%-ig. 3.20
shows the harmonic content at PCC in the simulation where the minimanidikmployed. As
can be seen, both 1343 and 3% order harmonics are suppressed under the limits given in the

IEEE std 5192014 standard with the proposed control technique.
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Fig. 3.20 Current Harmonic @ntent at PC@Method 2)

With the designed minimum filter (0.5mH), the current and voltage waveforms are shown
in Fig. 3.21. The secondary side current TDD directly fromARE& is 14.19% due to a large
amoun of 31" and 3%' order harmonic components, which can be validated from the current
waveform in Fig. 3.21 (a) and (b). These current harmonics are coming from the modulation
process. However, when the proposed carrier shifting angles are used, b81f tved 3%’
order harmonics are mitigated. The TDD at the transformer primary side is only 1.86% with the
proposed method 2. In rated power conditions, the unit power factor could be achieved as is
shown in Fig 3.21 (c). Beyond that, the second grougbaiu harmonics (85and 67" order
harmonics) are also eliminated in the transformer primary side current. This could benefit the

harmonic profile at the PCC point.
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Fig. 3.21 Current and Voltage Waveforms for Filteefign(Method 2)

3.6. ProposedActive Filter Design (Method 3)

As is illustrated, two carrieshifted methods for filter designing are introduced for the

regenerative CHB drive system. The propostathod 1 adopts the carrier shifted method and

meanwhile requires an extra trap filter on the transformer primary sidatisfy the IEEE

standard.The proposedVethod 2 further removes the extra trap filter by adopting the new

carrier shifting angles. Only a smal filter 0.5mH (1.47%p.u.) is required for each power cell

to satisfy the same IEEE standard.
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In this sectim, an optimal filter design strategy for the regenerative CHB drive is
introduced(namedMethod 3. Only a smallet filter is required between the transformer and
the power cell. Moreoven new phasshifting method is proposed to eliminate all the harmonic
sideband below 1¢0order harmonics at the PCC point. Compared Widthod?2, the proposed

method 3 further impves the harmonic profile at the PCC point.

The proposedethod2 and its design strategy for the regenerative CHB drive system is
illustrated inthe last sectionWith the same designed parameter illustrated, the simulation is
repeated with the currenatmonic contenextendedo 100" order of the grid frequencst the
PCC point FromFig. 3.22 the switching sideband harmonics arount! 8&der frequencyill
appearat the primary side of the phashifting transformerAlthough, Method2 cansatisfy the
IEEE std 519 2014tandard with a smaller L filteHowever,Method 2 also gives rise to the

extra switching harmonics around 99 order which is not desired.

- Fundamental (60Hz) =1870, THD= 1.86%

N

w

Sideband Harmonicyg

Mag (% of Fundamental)
N

1

o . . ‘I.I‘
Oow.L . I20 20 60 80 \1o/ 120

Harmonic order

Fig. 3.22 Current Harmonic Prdé at he PCC with the Proposeddthod 2

To avoid this problem,Method3 is proposed by adopting timew phaseshifting angles

As is shown in Fig. 3.23, the carrier phase angle within the same phase and between different
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phases are all interleaved. Through this configuration, compared with method 2, a similar
harmonic profile can be obtained below"sfrder harmonics to satisfy the |IEEE std £1814.
Moreover, the switching sideband harmonics df #®quency can be further eliminated as a

result. This can further improve the harmonic profile at the PCC point.
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Fig. 3.23 Proposed Filter tBucture (Method 3)

Considering the natural sampled SPWM scheme, the harmonics of the voltage PWM

waveform is calculated in equation (3.88)38). A similar analysis procedure can be employed.
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v, = MZ"C cosft -20) ?F/\%J,z %M ycos(Omt 3y 40)2—\;")%\]2 3’DM ycos(10jw 3¢ < (3.35)

V,, = M\Z/dc cost) %J_z % M)cos(Omyt +3q ) E\-% J, %’DM ycos(101w 3¢ (3.36)

V,, = MZ‘“ cosfyt +20) %J_z %M ycos(Omt 3 40)%%\]2 3P p )cos(1Ojw 3¢ <+ (3.37)

The corresponding current on the secondary of the transformer is calculated as:
|, =1,cosfwf -20 a) |4 cos(97pw 3g 46, H ,, eos(10f w 3 &40, (3.38)
l,, =1, cosut -a) H, cos(97p 3,9 ,-Pl,,+cos(10F w 3 +q, (3.39)
l,, =1, cosfwt +20 a) I &4 cos(97fv 3yg 46 | O, eos(10f w 3 & 40, (3.40)
Due to the phasshifting transformer, the current on the secondary side can be reflected to
the primary side of the phasaifting transformer with20-degreephase shifting. The total

reflected current at 97and 101th order harmonics on the primary side of the transfopmer |

calculated as

I, =3 co80rf -a) I4,,(cos(97fy 3g 60 P cox(9F w 3 4 ) &os(y B 80

3.41
+1,5,4(Cos(10kt +3g. 60 - cos(l0lfw 3+g )bcosflOfl w,3 4960 +)) & ( )

For later simulation, one solution pair is used. To eliminate the switching sideband
harmonics a®@7" and 101th order frequency, the following angles will be used to shift the angles

of the carriers.

78



Ph.D.Thesisi Zhituo Ni McMasteri Electrical and Computer Engineering

g, =60
G =0 (3.42)
G, = 60

The carrier shiftingangle between the power cells in different phases is the 120 degree,

which is the same with that in the proposed method 2.

3.6.1. Simulation Result for the ProposedFilter Method 3

By adopting the proposedethod3, the inductoLis designed to meet the IEEE standard.
Fig. 3.24 shows the harmonic content at PCC where designed to be 0.5mH (1.47841.). As
can be seen, thmurrentharmonics are under the limits given in the IEEE stdZ184 standard

with the proposed contraéthniqueMethod3.
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Fig. 3.24 CurrentHarmonicContent at PC@Method 3)

The current and voltage waveforms are shown in Fig.3.25. As is shown, the secondary side
current TDD is 14.19% due to the small filler. However, the primary side TDD reduces to
1.17% with the proposed method 3. T3#'and 3% order harmonics are migated with the new
carrier shifted angl es. What B8edemjoang 97 abdi@l s wi t
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order) current harmonics are also eliminated with the extra carrier shifted angles, which matches

the analysis illustrated before.
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Fig. 3.25 Current and Voltage Waveforms for Filteefign(Method?3)

Compared with the proposé&diethod2, more carrier shifting angles are introduced into the
regenerative CHB drives in proposktthod 3. The emerging sideband harmonics arouriti 99
order arefurther eliminated. As a result, with the same amount of the filtecompared with
method 2, the TDD at the PCC point in method 3 is reduced from 1.86% to 1.17%. This further
improves the TDD harmonic profile of the regenerative CHB drives, whichnisideered as the
optimal filter design for the regenerative CHB drive system.
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Table 3.10 Comparison among the designed filters under 1980 Hz (pu) 1100V DC Bus voltage (pu)

Filter Type

L1

R

Cs

Lo

Lp

Cp

Rp

Lg

TDD_P
Max=5%

TDD_S
Max=20%

31th
harmonic

35h
harmonic

Satisfy

L

9.9%

3.37%

5.01%

2.24%

1.97%

No

LCL

(case 1) Large
Cap.

6.69%

12.86%

38.4%

2.42%

3.48%

7.41%

0.39%

0.29%

Yes

LCL
(case 2) Smaller
Cap.

6.2%

14.24%

18.8%

6.07%

1.4%

2.2%

0.3%

Yes

Proposed Method
1
(L+ PS controller
+Trap Filter)

5.87%

2.84%

2.82%

4.95%

2%

1.2%

6.85%

0.3%

Yes

Proposed Method
2

(L with PS
Controller)

1.47%

1.86%

14.17%

Yes

Proposed Method
3

(L with PS
Controller)

1.47%

1.17%

14.17%

Yes

Note:- =Not needed
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3.7. Filter Design Summary for Regenerative CHB Drives

In this chaptey to design an optimal filter for sevenlevel regenerative CHB drive, five
types of filters have been studied including L Filter, LCL Filter, propdgethodsl1, 2, and3.
As is summarized in Table 3.10ue to the low filtering performance, the conventional L filters
cannot meet the IEEEd 5192014 standard with the low switching frequency. The LCL filter
can satisfy the IEEE standard with a large number of passive components, which is not desirable
for the high power medium voltage regenerative CHB drives. The propdsead 1 removes
the sideband harmonics through the active filtering strategy by interleaving the carrier shifting
angles. But it requires a trap filter at the primary side of the transformer, which is not desirable.
The proposedviethod 2 can satisfy the IEEE standard wahsmall L filter by interleaving the
carrier angle between different phases. However, it also gives rise up to-didgbeharmonics
around 99 order frequency. To solve the emerging high order sideband harmonics, method 3 is
proposed which is considereéhe optimal design. The IEEE standards can be satisfied with a
small L filter (1.47% p.u) and meanwhile, the higider sideband harmonics around"agre

removed as well with the switching frequency to be 1980 Hz.

3.8. Experiment Result

This section highligts the effectiveness of the proposed filtering meshal a scaled
down 10 kVA sewenlevel CHB multilevel prototype. As is illustrated in Fig. 3.26, the
regenerative CHB system consists of nine regenerative power cells, an 18 pulsshghiage

transforner, a Ti DSP cloud control system, and a dSPACE control system.
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Fig. 3.26 Prototype of the Sevelevel Regenerave CHB Drive §stem
3.8.1. Prototype Description
As is shown in Fig. 3.27 (a), there are nine regenerative power cells for theleeslen
regenerative CHB drive. Each phase is cascaded by three regenerative power cells, which

generate muklievel output voltages on the motor side to achieve mediumgeolta

(a) Regenerative power cells layout (b)Phaseshifting Transformer

Fig. 3.27 Prototype of th&sevenlevel CHBInverter
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The 18 pulsehaseshifting transformer is shown in Fig. 3.26 (b), the pbstséting angle
between the power cells in the same phase is 20 degrees. The low order harmonics helow 17
order harmonics can be removed by this pissiing angle. The transformer primasige input

voltage is 240 V, the secondary side output voltage is 80 V.

i H-bridge s
Inverter
\ -
i\

(a)Hardware Layout (b) AFE Gatings

Fig. 3.28 OneRegenerativé’ower Cell

The hardware layout in one generative power cell is shown in Fig(&.2A line inductor
is designed for the thrgghase AFE. The D@nk capacitance can be set to different values by
setting different capacitor configurations. THebridge inverter consists of two IGBT modules,
which are controlled by two IGBT drivers.aBh IGBT module is parallel connected with a
snubber capacitor in case of voltage spikes currents. The AFE gatings are positioned at the back

of the power cell, which is shown in Fig. 8.@).

The motor side H bridge inverters are controlled through 8feACE controller and its
signal conditioning boardlhe proposedctive filtering strategies of the AFEs aehieved by
building a cloud DSPcontrol system.The PWM carrier synchronization among the different

power cells is achieved through the EPWM medulThe cloud DSP control system is shown in
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Fig. 3.8D. The cloud DSP system can communicate with the user interface and the dSPACE

through serial communication, which is critical for system protection and advanced control.

Fig. 3.29 Cloud DSP $stem for AFEs

The prototype parametefsr the experimenare shown in Tabl8.11 The DGlink voltage

is selected to be 165 V. Different IGBT switching frequencies are tested in the prototype to
validate the propsed filtering strategies.

Table 3.11 SevenLevel Regenerative CHB Inverter Prototype Parameters

Converter parameter Value
Regenerative Power Cell DC bus voltage ( 165
DC Capacitance (mF) 2.3
Inductor (mH) 4
Transformer primary side voltage (V) 240
Transformer secondary side voltage(V) 80
Modulation Strategy SPWM
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3.8.2. Experiment Results under 1980Hz Switching Fequency
The AFE switching frequendy s fixed to be1980Hz. The experimental validation of the
proposedoptimal filtering strategies Method 3) is performed with a cloud DSP system.

Experiments are carried out on a scadesvn 10 kVA sevetievel CHB inverter

As shown in Fig. 30, the AFE input current is highly distorted due to the low switching
frequency and small inductance. From the FFT diagram in R3@, the significant sideband
harmonics under 3Dorder are 3% and 3% order components, which violate the |IEEE std-519

2014 if not adopting the proposed optimal filtering strategy.

1 RBDAS 2 ROA/ 3 BODA/ 67002 5 0002/ Stop
= v

Sideband Harmonics

/ B] ow 50" order

fit] = FFTIChT) [Seale: 100mA/ [Offset: 344, 30mb |FFT Resc
Function Operator Source 1 4D Span Center
flt] FFT 1 10.0kHz 2.00kH:

— s & A . & o 4

e I

Fig. 3.30 AFE Threephase @rrent at 1980 Hz

The proposed active filtering strategyancels outthe significant sideband current
harmonics for the regenerative CHB drives. To extend the proposed sfi@tegy givenCHB
drive with N cascaded H cell per phagdke carrier phase shifting angles among the cells in the
same phase is 180l. Meanwhile the carrier interleaved angle between different phases s 120

The AFE input currents of Al, A2, and A3 regenerative cells are shown in Fig.Tha 20
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degrees difference is from the phatdfting transformer. The carrier phase shifting angles

among hese cells are 60 degrees for selesel regenerative CHB drives.

Tsow 2 sow 3 sooe 4 17.98: (50007 ] Stop

Al Cell
A2 Cell

p (A
TN N
R L
W M

=

b

Fig. 3.31Power llIs InputCurrents in the&SamePhase

PERENS
5.0A7 2 50A/ 3 500AF 4 MW M\A Stop
Ad.Cel— B3 Cel il
W Ty
AN AN AN
i

Wm i W
oo
Wi St | N L

i
= |
=5y

(@)

Fig. 3.32 PowerCell Input Qurrent among ABC Rases

The power cell input current among Al, B1 and C1 cells are illustrated in Fglt3s3noted

that thecarrier interleaved anglegetween different phases is 120 degrees, which can be validated

from Fig. 3.2.
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20,04/ 2 20087 5 200A7 4 0.0s G.000%/ Stop

(a)PCC input current

1oznar 2 3 0.0s 10.008/ Stop

v

1(fft) = FFTICh2) [Scale: 5008/ [Dffset: 15.1324 [FFT Rese
| 43 Function Operator Source 1 Span Center
flt] FFT 2 5.00kHz 2.43kH:

(b) FFT diagram of PCC current
Fig. 3.33 Current at PCC

According to Fig. 3.3, the sevestevel regenerative CHB drives can satisfy the IEEE std
519 2014 when operating at 1980 Hz with a 4 mH seconddilger. This cannot be achieved
through the conventional filtering method without the proposed carriere anggrleaving
strategy. To further demonstrate the effectiveness of the proposed optimal filtering strategy, the

regenerative CHB will operate at an even lower switching frequency.

3.8.3. Experiment Results under 900 Hz Switching Fequency
To further demonstratl the effectiveness of the proposed optimal filtering strategy, the
switching frequency of the AFEs is fixed at 900 Hz for the same devehregenerative CHB

drive. The AFE current waveform from a CHB regenerative power cell is highly distorted due to
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the low switching frequency, which is illustrated in Fig8(a). The FFT of the AFE current
waveform is shown in Fig.343(b). It should be noted that the first three switching sideband
harmonics reside und&f" order frequency. To meet the requiremeiithe IEEE steb19 2014,

all the first three switching sideband harmonics are required to be attenuated dramatically

without increasing the inductance.

By adopting the proposed optimal filtering strategy, th#wsee significantsideband
harmonics groujare all eliminatedt the primary side of the transform@&his is verified by the
transformer primary side current waveform shown in g4 (c). Furthermore, the FFT
analysis is performed on the transformer's primary side current. According to HigdB.the
sevenlevel regenerative CHB drives can satisfy the IEEE54t@ 2014 when operating at a low
switching frequency of 900Hz with amMH secondary.i filter. This cannot be achieved through

other filtering methods
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(a) Cell threephase currents
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Fig. 3.34 ExperimentaWaveforms of théroposed Optimal Filteringtfategy (Method 3)
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In summary,as shown inTable3.12 to meet the requirement of the IEEE std 519, by
adopting the proposed optimal filtering strategy, the indukctatesigned for the regenerative
power cell is as low as 4 mH operating at 900Hz switching frequency. The current THD at the

PCC point is 0.9%.

Table 3.12 Performance of th€roposedriltering Strategy at 900H&Bwitching Frequency

; THD_P Satisfy
Filter T L L |
R ! Max=5% Standard
Proposed Method 3 4mH 0.9% YES
Proposed Method 2 4mH 1.3% NO

The carrier shiftingstrategy(method 2) carrier shifting strategy is adopted for the same
regenerative CHB drives operating at 900 Hz switching frequency. Compared with the proposed
optimal filtering strategyNlethod 3), as is shown in Table 21the proposed optimal shify
strategy improves slightly the current THD at the PCC point from 1.3% to 0.9%. More critical is
that the current harmonic at the PCC point does not meet the requirement of the IEEA 419
standard by adopting the proposed method 2 at 900 Hz swititbopgency. This is because the
third sideband harmonics cannot be canceled out at the PCC point with the proposed method 2
carrier shifting method, which is further validated in Fig.53.3he remaining thirgbrder
sideband harmonics at the PCC point \iggathe IEEE standards, which requires further to
increase the designed filter size. Therefore piltposedoptimalfiltering strategy(method 3)is
moreefficientto improve the grid current quality aeatends the harmonic elimination to satisfy

the IEEE std 5192014 standard.
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Fig. 3.35 Current Harmoni@dopting the Proposed &thod 2at 900 Hz

3.9. Conclusion

To meet the IEEE std8192014 requirement, a filter bank is required to be designed for the
regenerative CHB regenerative power cell to suppress the current harmonics. The reduction of
the required filter bank is crucial pointfor the drive system in terms of cost, volumada
thermal This chapter proposed a comprehensive study on the filtering strategies for regenerative

CHB, thus decreasing the filter size and cost significantly.
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Five types of filters have been studied including L Filter, LCL Filter, propbsttiodsl, 2,
and 3 in this chapter. It is demonstrated that the propbtetiod 3 is an optimal filtering
solution for the regenerative CHB driveSompared with the other filtering strategieke
proposedoptimal filtering strategy (Method 3) is more efficient and extends the harmonic
elimination further to the third significant sideband harmonics group. It further improves the grid
current quality and makes it possible for the regenerative drive system to oaeilats

switching frequencyvith a reduced filtewhile complying with the IEEE standard.
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Chapter 4

A New DC-Link Ripple Voltage
Controller for Regenerative CHB
Drives to Reduce the DGEink

Capacitance

4.1. Introduction

As is illustrated previously, the regeneration capability of the CHB drives can be achieved
by replacing the threphase diode rectifier ithh the PWM rectifiers at the input side in the power
cell. This regenerative CHB topology with active front ends (AFEs) attracts a lot of attention
from manufacturers. Howevewith the conventional dc bus voltage control[éb], only a
constant power is delivered through the thpbase AFE. e instantaneous powen each

power cell betweernhe threephase AFE and the singphase Horidge is not balanced. This
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unbalancegbowerripple has to be absorbed by a largdidk electrolytic capacitor to maintain a

stable dc voltagewh i c h i ncr e a yaume andh aosf46].yWworeoven dhspulsating

power ripple flowing through the dink electrolytic capacitors raises up the-tick voltage

fluctuation with twice the output frequency. The temperatise caused by voltage ripple
accelerates evaporation of the electrolyte, t

system reliability as well.

To shrink the ddink capacitance, direct determining the reference currents for the three
phase AFbBbased on the voltage ripple is a promising solution especially when the instantaneous
power at the motor side is not measured. However, the voltage ripple controller should be
carefully designed since it may impact the system's staffilitye pot ent i al i nstabi
been given enough attentimefore Two main challenges for implementing the dc bus voltage

ripple controller are summarized:

1. The delink voltage ripple frequency varies with the motor speed, which maki@§idtlt
to reattime detect the voltage ripple amplitude and phase angle.

2. More critical issue is the fact théihe voltage ripple control system may lose stability in
some operation range when excess pulsating power ripple is injected by the AFE. This

large-signal instability issue cannot be found in sksadinal stability analysis tools.

To avoidaforementioned problems, this chapter proposes a novel voltage ripple controller
to reduce the diink capacitance in the regenerative CHB drive without exteasurements. A
high-performance adaptive filter is proposed to accurately detect thmisdwoltage ripple
amplitude and phase angle, which are later employed to determine the reference current of the

AFE. Moreover, the potential instability issue is pedthbut and discussed. The proposed voltage
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ripple controller can avoid unstable operation points, which is ignored by the existing control

strategies.

4.2.Instantaneous Power Flow Analysis

In this section, the root cause of a largdidk capacitor in the resnerative power cell is
studies based on the instantaneous power flow analysis. Then the relation between the current

and instantaneous power is derivmsed on the instantaneous power theory.

4.2.1. Root Cause of Large ddink Capacitance
As is shown in Fig4.1, in regeneration mode, the instantaneous p@a#eomes from the

motor through the Hbridge.

L, —IH} —IKT}L . f_| 4@ i
o <k

SecondaFY_IKi} 45} ﬁ} KF %

Fig. 4.1 InstantaneouBower Fow duringRegeneration

The output voltage and current of thebHdge arevo andio at the output frequencym.

The instantaneous power coming from the H bridge is:
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p, =V,i, V. sinw. t ) sin( w H ,)f

oo

:%V I, cos(, ) —;VOIO cos(2yt 2 ;. (4.1)

0

=R

wheref1 is the initial phase angle of the output voltagess the motor power factor anglas is
shown in equatior4(l), the instantaneous power coming from theridge contains an average

componenP, and a large secorutder pulsating power rippl@, . Meanwhile, the AFE allows

for regenerating the power into the gnehich is denoted gsn. As is shown in Figt.1, the DG
link capacitorCq is the only energy storage element between the AFE and H bridhge.
capacitor has the responsibility to absorb all the instantaneous power differences between the

AFE and H bridge. This indicates:

P. = P - P (42)

wherepc is the instantaneous power that flows into the dc capavitben an average powEp

is delivered to the grid by the AFE in steagtate, which indicateBin=P,, the pulsating power

ripple p, has to be absorbed by the dc capacer Equation (4.2) becomes

V,l,cos(w,t 2 A (4.3)

NI

pC: po =

The pulsating power ripple interacts with the Ik capacitor,raising up the second

order harmonic voltage ripple on the capacitdfse dc voltage rippldi,. is calculated in steaey

State as:
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q. = VI sin(wt+ 2f - .5 w
@ 4w C U, (4-4)

whereUqc is the delink voltageaverage D@&omponentTo maintaina stable dc bus voltagie
design of the ddéink capacitorshould provide storage for the pulsating power ripplecording
to equation4.4), an oversized designed capacfiiaiis required to suppress the dc voltage ripple

d,., especially when the drive operates at lower frequencies bleéomominal value.

To reduce the dc capacitance and voltage ripple, instead of delivering only the average
constant power into the grid, tiéternative soltion is to deliver both the average power and the
pulsatingpower ripple to the grid as wethroughthe AFE In this way, the pulsating power
ripple pc that flows across the capacitors is redudéuis, the required dc capacitance is reduced

significantly to achieve a stable dc voltage.
4.2.2. Constant Average Power Deliveredhrough AFE

Assume the transformer secondary ac voltages in the power cell is ideal. As is shown in the
equation (4.5), the thregghasegrid voltage vectofor xi cell is denoted aw}, and Vy. presents

an orthogonal vector o’f/;i , Wherexi presents the location of the power cell in the regenerative

CHB drive k denote the phase index andienotes the cascaded cell index).

Y

e
€ Vcost+
é,vaxi g é @Vs qz)lj
+ A U éa
Vi = gvai gg\/COS(WSt +q ?) (4.5)
@/cxi H é p

, 2
&/ cosimt+ +—
g t+ q 3)
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According to instantaneous power theory, if an average active gyaming from the
H-bridgeis delivered by the threghase AFEthe injected curreriio_Xi at grid frequencyy is
derived in equation (4.6). An arbitrary amount of reactive pdetan be injected to the grid
simultaneously without influencing the instantaneous power flow across ilek dgince the
summation of the threghase reactive power is zero

R) V+- +QO V+

2 X 2 Y xin
\'

| .=
r0 _xi .

Xi

+
Xi

\

e cospyt+q) @ esin( g +.,9 (4.6)
:M?cos(%t +q 120) 3 +V2 sﬁw(&tv .0 120 )
2|V R +qg ¥20)

2 €
\' Vi

gosfyt+ q +120 ) Y

4.2.3. Pulsating Power Ripple Deliveredhrough AFE

To reduce the dtink capacitance, an extra pulsating power rippleshown in equation
(4.3)is required to be delivered through the AFE as wllis illustrated in equation (4.7), the
pulsating ripple poweip,is compensated by injecting an extra current compoirhgntat 2Wn-
wy. It is noted that @ arbitrary amount of instantaneous reactive poggcan be injected
together with ripple powegp, without impacting the power flow across the dc biuss is due to

the fact thathe summation of the thrgghase instantaneous reactive power is ZEne.injected
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instantaneous reactive powgyis 90 interleaved with the instantaneous active poygerin

equation (4.7) to minimize thagrease of the modulation index.

i = po +_ } qo Vv +
rl_xi + 2 "X
\

xin
42

Xi Xi

L1 cos@ant +2f fye cosfrt+ q) 2 Ly sin@ w2+ £, ¥f eSIﬂ(gﬂH 9
=2 N ecos(Wt +q 120) 2 5 sg1(gi/ .0 120 )
v Eosfy,t+ q +120 ) sy +g 20°)0

4
xi

Vv

xi

e cos(t+2f -, f -jw ;)g @

VIV é u

= ﬁéCOS(Z/th '2{ Z-f gt'W a qfl.Z@-l)u
2Val gos(ayt+ 2f - f - ; g120 )

Xi

4.7)

4.2.4. Ripple Current Component Cancellation

To eliminate the dc bus voltage ripple in the regenerative CHB power cells, both the

average poweP, and pulsating power rippl@, are delivered to the grid by injectitgo current
componentsito_Xi at ng and i:l_xi at 2um-1g frequency at the transformer secondary sites

important to note that thiﬁl_Xi current component from the power cells in different phases

cancel out witreach other at the transformer primary side. This is:

-k

é. Irl_xi :O (4-8)

x=a,b,c

where x denotes the phase index andlenotes the cascaded cell index. For a séxesl

regenerative CHB shown in Fig. 4.2, three power cell$, (2, or 3) are cascaded in each phase

(x=a, b, or c phase). As a result, only the current compdrqugt at wyfrequency igeflected in
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the transformer's primary side in each power cell. This superb merit allows the AFEs to deliver
the pulsating ripple power to reduce thelid& capacitance without deteriorating the grid

harmonic profile at the transformer primary side.

d =2 0 Ysaigg
Ial,b J N
Usc1 cl
| ci[~,
<+«— |/
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| a1,l a2,] A3 | ol 7
Ig1,lB20B3 <“— |V
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Usc3c3
IC3/\J '_'
<« [/
Phase Shifting B C

Transformer

Fig. 4.2 Sevenlevel CHB Drive lllustrationfor Capacitor Reuction

4.3. Proposed Voltage Ripple Controller

4.3.1. Structure of the Proposed Voltage Ripple Controller

The delink voltage ripple at 2, can be completely eliminated by injecting an extra

current componeny, . However, as is shown in equation (4.7), the measurements of the motor

power factor anglegzand the motor side current RMS vallseare required to determinde
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injected current component. Bwoid addingextra measurementtis paper proposesnoveldc

capacitance reductiasirategybased on the adaptive filter.

As is shown in Fig. 4.3, the phase angle of the injected current compbp_qiris
estimated from the dc voltage ripple phase angle and grid voltage phase angle according to
equation (4.7). Meanwhile, the amplitude of the current corapo 1_x can be determined by

the proposed voltage ripple controller based on the detected voltage ripple amplitude. The
voltage controllers provide the current reference for the current controller based on the dc

average voltagei,_ or its rippled,, . The current controller does nothing more than tracking the

current reference\ multitude of solutions has been developed for current tracking cantrol
the existing literature. Hysteresis current tracking controller is adopted in this tper.

current controllers will not be discussed since it is not the main challenge

<« F+D
-IK} L, "B signal Detect T rU1d°
dc Ignal betecton =
l Wy, | With Adaptive Filter 39]( Uhe)
-}Argl ﬂdC:Z Wit+271- >
AFE
Gati . Wyt + T
amgsr i + ot #Ga U,
lapc ) ¢ Taq abe Gow _ Uge Average Powe
Current Smemeesemeccccccccccccoccoccooooocococececcncccoooaens
Controller || Proposed . Ripple Power
11 X
€ T e | Voltage Ripple‘_Mag(udc)

. Controller [€Mag(Ty)
Wl #Ga 3 Argl 0,

Fig. 4.3 Proposed DC Bus Voltage Control Scheme
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4.3.2. Stability Problem lllustration
There are two main challenges for implementing the controller to reduce ek dc

capacitance. First of allas is shown in Fig. 4.3, the voltage ripglmplitude mag(y,) and
voltage ripple phase angleArgl G, are required to be extracted from the dc bus voltage

measurementiowever, the dc bus voltage ripple varies with the motor speed, which makes it
difficult to detect the phase angle from the dc bus voltage measurement without phase delay. A
high-performance agdive signal detection strategy should be designed to take the frequency
variation into consideration in the controller. A more critical issue is that the voltage ripple
contr ol system may even | ose stabilitgh in so

attention.

>

Mag(d,.)

—>
|

ri_xi

Fig. 4.4 Potential Operation Condition

As is shown in Fig. 4.4, the power cell first operates at point A with a substantial voltage
ripple. As the injectedrl_Xi increases, the dink voltageripple starts to decrease. When the

operation point comes to C, as is shown in Fig. 4.4, the sewaded harmonic of the voltage

ripple is eliminated. This optimal operation point, however, unfortunately, is not stable. Because
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the voltage ripple phase @gle Argi 0, cannot be extracted from the voltage measurement

anymore as the dc voltage ripple is completely eliminated at point C. The phase angle

information of the injected current component, cannot be calculated out, which leads to

controller corruption. To avoid this potential issue, the proposed voltage ripple controller set the
power cell operation point at B such that the voltage ripple is reduced to a reasonable value still

allowing forphase angle detection @fgi G,..

Moreover, duringransientdynamics of the current tracking controller, an extra amount of
the currentl,, ,, may be injected by AFE. As is shown in Fig. 4.4, the transient operation point

may be moved from B point to D point when an overshot excess pulsating ripple power is
delivered by the AFE. This transient state has to be avoided since dc voltage ripplanghase

Argl 0, is shifted 180 degrees when the excess power ripple is delivered. Withgpliftese

angle flipped, the current c:omponeinlt_Xi will inversely tend to increase the voltage ripple. The

power cell powepperating point is moved from D to E as the power ripple delivered by the AFE
flipped over. The system loses stability and a new voltage ripple controller should tackle this

potential stability issue by preventing excess power ripple injection in a tnaetaée.

4.3.3. Signal Detection with Adaptive Filter

As is shown in Fig. 4.3, the voltage rippdnplitudemag(,) and voltage ripplephase
angle Argl 0, are required to be extracted from the dc bus voltagasurementiowever, the

dc bus voltage ripple varies with the motor speed, which makes it difficdiétext the phase
angle from the dc bus voltage measurement without phase delagpckle this challenge, an

adaptive filter shown in Fig. 4.5 is progex.
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Signal Detection with Adaptive Filter
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Fig. 4.5 Signal Detection with Adaptive Filters

The voltage ripple contains a larges? component in steady operation. The average dc

voltage componeit, can be calculated by integral the dc voltage measuremeonter a period

of 1/Zm, Themean value at the variable frequency is shown in equation (4.9).

t
=21, N Ugdt

t-1/2f,,

U (4.9)

Cc

The debus voltage signain(t), illustrated in Fig. 4.5, is a continuous periodic signal

without the dc component. The significant component:@j signal shown in equation (4.4) can

be further rewritten on an arbitrary rotating fraéwn+ g as

o (20) [0, s 27 -] 410
=Asin(wt +g B cos(2 + a0

The phase angleust +2f1- f2 of the dc voltage ripple componeni(t) should be

estimated accurately to control the injected current component. As is shown in Fithe4.5,
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voltageripple ui(t) is projected to a rotating frame rotating 2ats+ g. The proposed method
estimates the projected coefficiets and B1 on the arbitrary rotating frame rotatir@ymt+q.
Once the projected coefficientsl andB1 are estimated through the adaptive filter, the phase

angle2unt +2f1- f2is determinedased on equation (4.10).

If a 2um frequency component exists in the residual signalas is shown in Fig. 4.5,
multiplying the signali with the cos(2umt+¢g) or sin(umt+g) results in a dc constant component
value and a ém high-order frequency signal rippl@he 4un» component is eliminated byé
designed low pass filter. The dc component is obtained to further estimate the projected

coefficientsA; andB:. A simple firstorder filter can be designed:

G

H(s) = o1

= (4.11)

1

WhereG is the gain parameter afd is the filter parameter. The transfer functid(s)

betweeru; andu: can be calculated:

=R - S+ s4aT)

u(9 (S+a2)TS RTs 4T 1y (4.12)

The frequency response atlaptive filterH(s) in the stationary frame is representedrig.

4 .60n linearscales for two selected valuEsand um to be 0.5 and 60%2
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Fig. 4.6 Frequency Response of Adaptive Filter H{s}0.1, wn=60*2
As is shown in the bode figure, the transfer functitis) between signals; andu; is a
notch filter at sm. The 2, frequency component im is removed by the adaptive filter. This

indicates, in steadgtate, the estimates @f1 and B: are Uqc_ g and Uqc_ g respectively. The

equation (4.10) can be rewritten as

u (2nt) =U Sinut +9 U jcos(2 v+
. B (4.13)
= \Zlugc_q U (zjc_ d Sln(ZM/nIT- ﬂ }

Where

U
j =arctan(—"

)

dc_q

Compared with equation (4.10) and (4.1Bg dc voltage ripple amplitude and phase angle

at 2um can be estimated in Fig. 4.7. It should be noted that the signal detection of the voltage

ripple amplitude and phase angle is adaptive based amthe
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Fig. 4.7 DC Voltage Ripple Phase Angle Estimation
4.3.4. Proposed Voltage Ripple Control
Determining the amplitude of the ripple current is challenging due to the potential
instability. To avoid the ahead mentioned stability problem, the proposed voltage ripple control

strategy is shown in Fig. 4.8.

- Madi ., ..)
Mag(T;,) rixi/
i 1 Mag( &)

Mag(,) K
’f—/ O v: v, Mag(ty,)

Fig. 4.8 Proposed Voltage Ripple Controller

First of all, the voltage ripple magnitude referemtsgy({j, ) cannot be set to near zero. This
is because the voltage ripple phase angigi 0, cannot be extracted from the voltage
measurement once the dc voltage ripple is near zero. The phase angle of the injected current

component,, , to reduce the dbus voltage ripple cannot be determirexia resultTo avoid

108



Ph.D.Thesisi Zhituo Ni McMasteri Electrical and Computdfngineering

the instability operation regionp ithe proposed controlleMag(.)is chosen as 3%~5% of the

dc bus average voltage depends on the measurement accuracy.

Seond, duringtransientdynamics, the system may lose stability when an extra amount of
the currenti,, , may be injected by AFE. Excess power ripple injection in the transient state

should be avoided as much as possible. To tackle this, as is shown in Fig. 4.8, if the measured

voltage ripple is reduced to a low value beldyy a parametek selected between [0, 1] is
introduced to restrict the output current amplitude,of based no the designed slope. This

forces the operation point away from the unstable region.

4.4. Simulation Studies

To validate the proposed method a set of simulation studies have been cotmlastets
the extent of the capacitor ripple reton and capacitor size reduction at different load

frequencies. System parameters are presentbabie 4.1.

Table 4.1 Sevenlevel CHB InverteMain Parameterfor Simulation

Converter parameter Value

Cell Dc-link voltage (V) 1600
Transformer secondary side voltage(V 650

Transformer Leakage Inductance (mH 0.3mH
Grid-Tied Inductance L(mH) 4 mH
Grid Side Rated Current Per Cell 70A

DC-Link Capacitance 240nF

A simulation model with the parameters listed in Tablel was built in
MATLAB/Simulink. A constant series RL load withh 0.9 power factor was used in this model.
The H bridge output frequency is 60 Hz. As is shown in Fig. 4.9 (a)jgpke power injection

control loop is not activated, the dc voltage ripple achieves more than 0.4 p.u. After 1 second, the
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proposed voltage ripple controller takes over and suppresses the dc voltage ripple under 3% with
the same capacitandeis noted bhat, instead of 246F, more thar000n+ capacitance iseeded
in each cell to restrict the steadtate dc voltage ripplender3% without the proposed voltage

ripple controller
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Fig. 4.9 Performance of the Proposed Capacitor Reduction Controller

The dynamics of the voltage ripple controller is shown in Fig. 4.9(b). After it is activated at

1 second, the voltage ripple controller starts to inject the current compangiot suppress the

dc-link voltage ripple With more current component ,; injected, the voltage ripple reduces

accordingly. Howeverduring the critical dynamics, the excess current is injected which prompts

the voltage ripple to be less than 3%. To avoid excess ripplerpoyeetion, the proposed
voltage controller reducdle output current amplitude thrfl_xi forcing the operation point away

from the unstable region if the dc voltage ripple goes to thezezarregion. This is verified in

curves showin Fig.4.9 (b).

The phase angle of the injected current compoﬁam is derived from the dc voltage

phase angle. The proposed adaptive filter can accurately extract the phase angle -tihkhe dc
voltage ripple even under noise, which is shown in Fig. 4.9 (c) in sttats/The simulation

results for the cell secondaryreent and primary current waveforms are also shown in Fig. 4.9

(d) and (e) respectively. There are two current compori@rﬁ;sand irl_xi in the secondary

current waveform in each cell. The injectbg_ixi IS a negative sequence current at 60Hz. The
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I, x current component in different cells cancels out at the primary side of the transformer,
which is validated in Fig. 4.9 (e) that only the current compoh@_rxxt remains.

Moreover, as is illustrated before, the proposed voltage ripple control strategy can consider
the frequency variationThe same regenerative CHB inverter is then tested on an induction
motor operating with V/F controller. The tiok voltage and secondary currents waveforms

during the motor deceleration period are shown in Fig.4.10 (a) and (b). Before 1 s, the motor side
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Fig. 4.10 Simulation Result with Frequency Variation
output frequency is operating at 60 With a rated negative torquead without voltage ripple

suppression. After that, the proposed voltage ripple controller is activated and then stpats to

the current componeﬁm_xi to suppress the dink voltage ripple to 5%From 3 seconds to 10

seconds,ite motor side output frequency changes from 60 Hz to 10 Hz. As shown in Fig. 4.10

(a), the dc ripple is restricted to 5% during the whole deceleration period with the injected
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secondary currents shown in Fig. 4.10 (b). It is evidenttheaproposed voltge ripple control

strategy is adaptive to the frequency variation.

As is shown in Fig. 4.10, the proposed voltage ripple controller is stabilized between 10 s
to 11 s where the output frequency remains 10 Hz. After that, the proposed controller is
deactivaed at 11 s where a large-das voltage ripple starts to appear. This matches the analysis

as the dwoltage ripple becomes larger in the casthefvery low outputrequency

4.5. Experiment Result
The proposedvoltage ripple control strategys further validated on a sewdevel
regenerative CHB prototype system witltloud DSPcontroller, which is shown in Fig. 4.11.

Theprototype parametefer the experimerdire shown in Tablé.2.

Fig. 4.11 Prototype of the sevelevel CHB system

Table 4.2 Sevenlevel CHBPrototype Parameters

Converter parameter Value
Cell Average ddink voltage 160V
Transformer secondary side voltage 80V
Grid-Tied Inductance 4 mH
Transformer primary side voltage 240V
Transformer secondary side voltage 80V
dc-Link Capacitance 500nF
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As it is shown in Fig. 4.12 (a), with a 5@ dclink capacitor, the power cell cannot
maintain a low ripple dbus with the existence of a 28 V peak to peak voltage ripple due to
instantaneous power unbalanced. After activating the proposed voltage ripple conttelley; at
the voltage ripple is qokly decreased to 8V (5% referred to the average dc voltage 160 V) by
injecting an extra current component. The AFE current waveforms are shown in Fig. 4.12 (a) and
(b). There are two current components in the AFE input current: a 60 Hz positive sequence
component to balance averagelid& voltage and a 60 Hz negative sequence current component
to balance the instantaneous power across tHaldecapacitors. These experimental current
waveforms match tharaulation result shown in Fig. 4.10he extra ifectedcurrent component
cancel out with each other between cells at the transformer primary side. This is understandable
since the instantaneous power cancel with each other between cells in different phases of a
regenerative CHB system. This is validatgdthe transformer primary side current waveforms

shown in Fig. 4.12 (c) in a steadate.
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Fig. 4.12 Experiments at 60 Hz load
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The adaptive filter strategy can extract the phase angle and amplitude fromtlithie dc
voltage at different operating conditions. As is shown in Fig. 4.13, when the CHB output
frequency is 40 Hz, the ripple reaches 30 V with a reduced load. After aajithé proposed
voltage ripple controller, the dc voltage ripple is reduced to under 5%. Hinikdwmltage ripple
and AFE currents are shown in Fig. 4.13 (b). The dc voltage ripple frequency is8@et20
Hz output frequency. There are two currenmponents in the AFE input currerd: 60 Hz
positive sequence component to balance averagjaldeoltage and a 20 Hz negative sequence
current component to balance the instantaneous power acrosslithie @ipacitors. As is shown
in Fig. 4.13 (c), the 2Bz negative sequence current components cancel out between different
cells at the transformer primary side. The proposed control scheme is adaptive to the change of

output frequency variation.
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(a) Cell DGlink Voltage Ripple Dynamics
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Fig. 4.13 Experiments at 40 Hz load

4.6. Discussion

A critical issue for the voltage ripple controller is that the system may even lose stability

whenanexcess p@ating power ripple is injectedhe simulation result with the conventional Pl

voltage ripple controller instead of the proposed voltage controller under 60 Hz load frequency is

shown in Fig. 4.14. The system loses stability in the transient state due to excess pulsating ripple

power njection such that the measured dc voltage ripple phase angldi,. is shifted 180

degrees. With the new measured pkstséied angle flipped, the calculated current component
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irl_xi will inversely tend to increagée voltage rip@. This can be seen in Fig. 4 iere the dc
voltage ripple is even larger than the case without a voltage ripple controller. The system loses

stability with the conventional Pl voltage controller.
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Fig. 4.14 Performance Under Conventional Pl Controller

4.7.Conclusion

Due to the unbalanced instantaneous power flovovarsizeddc-link capacitor is required
in each power cell to achieve a stabldid& voltagein the regenerative CHB drive§o reduce
the delink capacitance, this paper proposes a nolededloop ripple voltagecontroler for the
regenerative CHB drive without adding extra sensbh& dc-bus voltage ripple amplitude and
phaseangle are accurately detected with a hpginformance adaptive filter. Moreover, a latent

instability issue is pointed out and is ade in the proposed controller.

The proposectapacitance reductiostrategy is validated on a seviewel regenerative
CHB drive with good steady and dynamic performartevas verified that the dc capacitance

can be reduced to lefisan 25% of its original desigrnwhile a 5% dc voltage ripple is allowed.
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This value further decreases to 15% when a 3% voltage ripple is allowdte system.

Therefore, the size and cost of the cell camtsatly reduced, while the lifetime and reliability

of the motordrive areimproved.
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Chapter 5

A Novel High-Performance Predictive

Control Formulation for CHB Drives

5.1. Introduction

Multilevel inverters are the preferred choice for mednwitage (MV) applications due to
the advantages of high power quality waveforms, low electromagnetic compatibility concerns,
and highvoltage capability To achieve a faster dynamic response and ntldti-objective
performance during the control of power converters, the finite control set model predictive
control (FCSMPC) method has been considered one of the most promising alternatives in recent

years.

However,to implement FCSMPC on CHB drives there are several challenges to be
improved such as 1) reduction of the computational loads on microcontrollers, 2) the extension

to long prediction horizons, 3) satisfaction of mulbijective simultaneously such as auitp
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current controlcommar-mode voltage MV) suppression, and 4) design of weighting factors
and cost function. To address the aforementioned problemghtgi$erproposes a novel high
performance MPC formulation with a long horizon prediction lengteresion.In the proposed
method, the FC®IPC is reformulated mathematically to Bmorm optimization problem and is

then solved through matrix theoryhe contribution of thischapteris summarized by
substantiating the following statements. First, th€SMPC problem is solved in a
computationally efficient way by adopting the proposed novel MPC matrix formulation.
Performance can be assured through the proposed MPC formulation with less computation
burden. Second, CMV can be reduced without the neea@rfprcost functions or weighting
factors. This can result in a simplified MPC design process without tuning the weighting factors

which is essential for the cefstnction-based MPC formulation.

In this chaptey the proposed algorithm is implemented on wesdevel CHB inverter as
shown in Fig.5.1. A CHB inverter is composed of a number of moduldsridge power cells
and isolated DC voltage sources. Thebiitige cells are cascaded on the load side to achieve
mediumvoltage with low harmonic distortion. Buo its structure, the CHB inverter is known to
have a huge number of switching combinations and voltage vectors. For a 2C+1 level CHB
inverter, the number of nemdundancy voltage vec®will boost up t012C+6C+1. which
poses a challenge for implemint the online FCSMPC algorithm at a high performaricia
this chapter the performance of the proposed method is evaluated experimentally on a seven

level CHB inverter.

The remainder of thi€hapteris organized as follows. Sectidh2 describes the cost
function based FGMPC for a sevethevel CHB inverter. Sectiob.3 presents a new fast high

performance FCMPC scheme for multilevel inverters to reduce the-tiead computational
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burden with suppressed CMV without cost functions. In sedidnthe poposed FCSPC
formulation is validated experimentally on a selerel CHB inverterConclusions are provided

in Sectionb.5.

5.2.Cost Function Based=CS-MPC for a Sevenlevel CHB Inverter

Fig. 5.1 shows the schematic of a thgease staconnected sevelevel CHB inverter

system.
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In each power cell, there are four switching devices and onBrRCapacitor. The output
voltage of each cell can be denoted as an integer variapjg-oM pitp , where-1, 0, 1
represents thresutput voltages positive DC voltage, zero and negative DC votegpectively.

The subscript indicates the order of the cascadetitige cells, i.€Q phcho for a severevel

CHB inverter.
5.2.1. Discrete Model of a Sevetlevel CHB Inverter

In a CHB inveter, output phase voltageith respect to neutral poit,0 y , is the
summation of the output voltage of all the cells located in that phase and can be expressed as

equation(5.1):

n
Viabon = A Sano iV
i=1

(5.2
where

Vuc is the delink voltage of each cell. The output phase;;, , is an integer value and

bounded within{nVac, NV based on the applicable switching states.

Using Kirchhoffds voltage IteVwwadaurrenthodelio ut put

thecontinuoustimedomain is given as

diabc :
Lf dt +Rf|a,b,c -eabcn v:(a,b,c)N VN-F (5'2)
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whereLs andRr represent the phase indaste and resistance of the loadd the current

and output phase voltage vectors are:
. . . . 1T
Ia,b,c:[la Ib Ic]
_ T
V(a,b,c)N - [VaN VbN VcN]

eaben iS the back electromotive for¢EMF) of the motor, which can be estimated from the

motor obserer:

eabcn = [ean %n Qn]T

andb is the commommode voltageand denoted as the voltage between the inverter

neutral pointN, and load neutral poimt Equation $.2) can be rewritten as:

L e R, @
edi, oe — U
Cat Ué L U .
Cai Yé R fa ‘?1 Vg € ﬁ
€ Ug - 8 Yr vE o Hy 53
edt l\Jé Lf b l(lLf be bn Lu Nn ()
?d| Ue g H ch_ €en Q
¢ Ug R u
edt o¢ Lu
e fu

The CMV is given by %.4), which holds for a balanced thrpkase lireewire system

wherei_ +i, +, 6

Cc

Vin = _(VaN VBN Vékl) (5-4)
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Substitute equatiorb@) in (6.3), the statespace model for the CHB converter is further

simplified as (55):

edl gé._
edt gé L
ed|b - € R,
€dt Ué L,
Cdi, ¢

édt

@elﬁ
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The essence of MP€ontroller is to predict the behavior of the system for each possible
output voltage vector. The prediction of the load current vector depends on the discrete
mathematical model of the converterom the Euler approximatiomthe continuous statgpace

model (5.5) of the CHB converter, can be expressed irdiberetetime domain and results in:

(k+1) Al

a b,c (k) Bv (ab,gN (k) Ce’ abcr( k) (56)

a,b,c

whereTsis the sampling period and

¢ TR, TR . 1R
e f Lf L
- e2 -1 -1
B=—1s€3 2 1 c= L
3L, ¢ L,
1 4 2

5.2.2. Cost Function Based FCSMPC Formulations
The cost functiorbased FCSIPC strategy is formulated to consider moltijective over

singlestep prediction horizon based on the sysuistretetime model. If the load current
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tracking performance is considered, then the control target is to minin@zerror between the
predicted load currenispc(k+1)and their referencéfg, Q p atk+1l time step. In this case,

the current tracking cost function is shown in equatton){

J, =

ino(K ) ik DF (5.7)

The cost function can be extended for an arbitrary prediction hamzas shown in4.8).
The selection of the output voltage vectok ditme interval should consider the current tracking
trajectory of future time steps frok+1 to k+m. Thus, the long izon prediction length MPC

cost function becomes:

m

J=a

p=1

ook +D) vl kB, (5.8)

The CMV can be suppressed by formulating the multiobjective control problem a¢he
framework. The importance of the CMV suppression can be substantiated together with the main
objective of load current track by the weighting fadt@rThe multiobjective MPC cost function

with m prediction step length is described %9).

3= etk 4D Tk B, /o baCle DD (5.9)

The first part of the cost function is related to the current tracking performance. The second

part is involved with the CMV suppression.

From equation §6) and b.9), the multiobjective long prediction horizon FGEC is
mathematically formulated to aptimization problem that reéime finds out the optimal output

voltage vector at each time step that assures the minimum cost function value. However, since the
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multilevel inverters have a huge amount of voltage levels and redundancies, a huge number of
calculations need to be done to find the best output voltage vector that minimizes the cost
function. For example, a sewsvel CHB inverter ¥(343) output voltage vectors, and 127
nonredundancy voltage vectors fonly one singlestep prediction It requires lots of
computations to find out the optimal output voltage vector at each sampling step. Therefore, when
it comes to implementation, it requires a very powerful microcontroller to take care of all these
calculations in realime. K the number of levels or the number of voltage level increase, this
might be impossible to implement in a rate controller. Beyond that, if the long prediction
horizon FCSMPC (prediction lengthm>1) is required to achieve a balanced sinusoidal curren
with a reduced CMV by minimizingequation (5.9), the number of calculations increases

significantly compared with a singiep prediction horizon FCERPC.

To overcome the illustrated shortcomings of the cost function basedIRCSalgorithm,
some exishg methods have been studied, sashmodified SDA MPC formulatigeMPDCC and
hierarchy MPC formulation. The modified SDA MPC formulation and MPDCC formulation can
alleviate the realime computation burden efficiently. But choosing the weighting factors
influences the system performance, which decreases the system reliability. On the other hand,
hierarchy MPC formulation can eliminate weighting factors while achieving -olhjkictives.
However, the computational load is still high with long horizon ptegtidength MPC. In this
chaptey a new MPC formulation is proposed to further reduce thetireal computation load
without the need for the weighting factors or cost functions, which further simplifies the MPC

control implementation.
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5.3. Proposed Fast Highperformance FCSMPC Formulation

Instead of estimating all the possible voltage vectors at each sampling step, the essence of
the proposed FCHIPC method is to directly calculate the optimal output voltage vector that
best tracks the reference currents wtieeping CMV minimum. By doing so, even though a
huge number of the voltage vectors exist with the increasing of the inverter voltage levels, the
optimization process and computation burden of the proposed MPC method will not increase.
This features therpposed method especially suitable for multilevel inverters with high voltage

levels.

5.3.1. Reference Current Prediction

To start with the MPC scheme, the future current reference vgctas required to be

predicted at different time steps. The future current references can be obtained through the linear
prediction (extrapolation) method or rotating prediction method. The current reference vector

(k+m at any k+rm time-step can be predicted based on thek) with the following

abc

equation:
é,i;(k+|) g gcosumT )  sin(umT) i (k) 2
E* u g
étj(k+|) l:fRababCQ Sm(me) COS(Mm'Lj) &abc ab! b@) u
g.k+1) 4 & U
610 4 (5.10)
: Y e 1 1 . .
° y F! k
:Zg_l NE gcos(wm'l's) sin(wm'g)@,1 > T3 gagk;
32 2 2 &sinwmT) cos(wm‘g)gO BB d (k)
el A3 &5 2§
€2 28
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whereTs is the sampling stepyis the reference current frequency ands the prediction

length.

5.3.2. Proposedformulation for single-step prediction MPC

With a singlestep MPC method, the current veatgy (k +1)is required to be repetitively

estimated through equation (5.6) among all possible voltage vectors. The essence of the proposed
MPC controller is to achieve the reference current tracking by directly calculating the optimal

output voltage vector as follow:

First, Eq. (5.6) can be written as:

e T.R 2
él- a
S.k+1) oS 1.6) o 2 el 1v,kde_ e
§ (c+1) U8 1 LR 3 T 16 14 (@el ou G
éb( ) i L ub@) e " VbNQﬂ'f) eL_f eong
g.k+1) Hé g.€) B 1 8F 2 vul)é el
é Tst u
2 1-
g Lo b
(5.11) can be rewritten as:
e TR 2
él- u
: é L Ol
e2 -1 41 Wa@(k) Q(k élﬁ é 9 []Ia (k) e €nd
12 alfl dudy ey 1T 0,6 § e (5.12)
3L, ¢ e e e U L, U, g
g-l 1 2 Wcl@(k) H(k gﬂ) é H Cl'c(k) @ €.
¢ 1- TR o
& L, U
e f u
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Assume the output current ktl is equal to the reference current, which indicates that

(k+1) #,,.(k B. The optimal output voltage vectef,, .., atk time step should be

abc a,b,c

calculated as the following equation:

e TR 2

él- U
&2 -1 1@/*(k)mr@<:u)% . &) o e

T, é & o U g TR Q%) W (613

el 2 Adhtk gk & 1 U)o e
fg-l 1 2 alcN(k)H Zg( 3!) éH f Ulcg) la €n

€ 1 LR

g L U

If the inverter optimal output voltage vecta, (k) at time stepk satisfies equation

(5.13), the load currents kt1 step will be exacthgqual to the reference currenkatl sampling

time interval (,,.(k+1) #,,.(k ¥). However, as is shown in equatidal@), the rank of the
e2 -1 -1

matrix -1 2 -1 is 2, which means that only two out of three equations5ih3] are
@ 1 4 2

independent. Since only two equations contain valid information, the last row equation is

removed and the equatiod.13) can be simplified as:

%- TR @
T, 82 -1 41 gvaNE; } |¢k+1) L, éa() T, ek (514)
e bN Vire
gl 2 g ge &k+1) 4 : L TsLRf Eb() il &8

Another objective is to find the optimal output voltage vector to make CMV zero, which

means:

Vin() = 22000 %R W(H 0 (5.15)
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To integrate CMV control in the MPC formulation, the equati®mfa4) can be extended to

(5.16) by adding equatiorb(5) inthe last row, which becomes:

e TR [}
el |_f u
22 -1 ¢/ i s
R LA S
ik 180 6 g3k D &y 1=
B1 1800 g0 G f
é 00
g H
(5.16) can be rewritten as:
e2 -1 de, ke &k H g i, &)
é q/* u I:f * bf . 8
sel 2 1d 0 o bk o G R
61 1 1@,k Y g0 i e
or
&V, (K) o
T &in(K) gb,
& (k) Y
where
1é2 -1 41
alé
T_f_Sé-l 2 -
g1 1 1
8, (k+1) o §.K) g e

A €« u .
bt d kD) gl RO y af
§ 0 €0 o @

132

U &)
Eibgq
t. &)

g s (5.16)
] .
o e (kg

H 0E€

e (kp
lé(k)g (5.17)
HO g

(5.18)



Ph.D.Thesisi Zhituo Ni McMasteri Electrical and Computer Engineering

It can be seen that the rank of constant mafriss 3. If optimal output voltage vector

Vipgn (K) IS calculated to satisfgquation(5.18), therefore the current ktl step exactly will be

equal to the reference current while the CM¢es to equal to zero.
As the current reference vectr, (k +1)at k+1 can be calculated through equatiériQ)

andi,, (k) is the measured load currentkatime step,back EMF can be estimator out in the

motor control b1 is a known vector.

Finally, the optimal voltage vectox,,,,,(k), can be directly calculated out through

equation $.18) for singlestep prediction.

5.3.3. Proposed Formulation for m-step Prediction MPC
A similar process can be applied for a long prediction time step. For any predictien time
stepm, the reference current vector at any time s&em (m is the prediction length ) can be

acquired through equatiob.{0).

Eq. (5.17) can be revised to consider the current tracking problem which is

i..(k+m ., (k mand considering CMV to zero. This results in E519) to calculate the

optimal voltage vector,,,, ,, (k) at timek.

82 1 gL e ikm e i) ek
612 1d0 s ik om oGt Rr B 6w
L1 18008 - g0 f 6 HO0é

Eg. 6.19) can be rewritten as:
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vy (k) 2
e* u
TéVbN(k) ﬁb|
& (k) 4
Where (5.20)
82 14 2;(k+m) g e, (k) o etk
_Lié a —f G+ U, =i e; u
T=3ei 2 1 bEodkom gl R)GK y efd
61 1 1 "¢ 0 | eEo g €

In order to calculate the optimal voltage vectorrfestep horizon, the following equations

should be solved:

&y (K) (5.21)

forp=1,2,3,,....m

For long prediction horizon MPC, it is not possible to find an optimal voltaggtor to

satisfy 6£.21). This is because there are more constraint equations than the state variables.

To obtain the optimal voltage vector for Iehgrizon prediction, the matrix solution can be
converted to d2 norm optimization problem whickinds the desired optimal output voltage

vector’ I’ in L° 0° 0"  to minimizes thd? norm of the tracking errors. This is shown

in equation %.22).
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(522)

To solve the optimization problefarmulated in $.22) for the proposed reformulatéahg
prediction horizon FCS/IPC with suppressed CMMhe leassquare solutiortan be obtained

through equation5(23). The details of the leastuare solutin could be found in reference

[118]
R T T <
el gTe & &b, @ Dbe
v (k) 2 & Uré 3 @ o é
0 g€ v § 2 0 % (5.23)
g’vbN(k) o€ u 0. &. 0 .8
c u e u e
" d gT aTé ﬁ %| u bé
Where
o oaTeqd (524)
q:(e u 21
é.u.€ u.
U é
gT alé EL

The matrixq is a constant matrix and can be calculatedio& and stored in the memory
to alleviate the redime computation burden. For example, for the proposed MPC formulation
with the prediction lengtim, the g is only a 3x8 matrix. The optimal voltage vector can be
directly obtained through equatiof.Z3). Both the current tracking performance and the CMV

reduction is guaranteed with the calculated optimal voltage vector.
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Even though the optimal voltage vector is naalculated through equatiorb.23),
however, it is not necessary that the calculated desired optimal voltage vector is an integer within

the inverter déds mdheinonualizationuptopesstshoarbim2b) iistrgquired

when the calculated optirhaector is a non nt eger or out of the i nve
voltage.

&y (K) gféfound(v;,b,cm /i) if[Viapon], ¢ NVac

Vo (K) B v, & o5

ey Sqround(n—ERO_ vy v o[> 0y (5.25)

B B o] sanl.

If the calculated optimal output voltage vector infinity norm is within the inverter output

ability nVue. Theround function is used to find the nearest voltage level of the optimal output

voltage vectorv,,, 4\ (k) as the output voltage vecter, , 4, (k) . On the other hand, when the

optimal output voltage vector infinity norm is higheaththe inverter output range. The optimal
output voltage needs to be normalizeah¥a. first and then use the round function to find out the

nearest output voltage levels.

As can be seen, instead of estimating all the possible voltage vectors at edotgsstem
the proposed FGSIPC method directly calculated the optimal output voltage vector to best
track the reference currents while keeping CMV minimum. Unlike the existing MPC methods,
the cost function and weighing factors are eliminated in the ation process. The MPC
designed process is thus simplified with more reliability. The computation efficiency is improved
greatly, which makes it possible for lehgrizon prediction in the multilevel inverter with high

voltage levels.
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5.4. Simulation Results

The feasibility of the proposed fast FG8C method is evaluated on a sevevel CHB
inverter through simulatianin this sectionTo begin with, he proposed FC31PC algorithm is
first implemented with the RL load to demgirate the dynamic performand&xeyond thatthe
proposed FCS3/PC isthenimplemented with an interior permanent magnet motor (IPM). The
speed controller sets the reference currents for the IPM. The proposedlARC Sontroller is
designed to track the reference currents prescribed éypthvious speed controller. The
effectiveness of the proposed FOC is validated on the IPM, which can be extended to other

types of motorsThe prediction lengthis selected to be 3 fohe simulations

The feasibility of the proposefdst FCSMPC mehod isevaluatedthrough the simulation
on a sevettevel CHB inverter. The DC voltage of each CHB cell remains 70 V during the
operation. The inverter output inductance and resistance is 5 mH avidrdspectively. The
sampling time of the MPC controllés 100 us. The prediction lengths selected to be 3. The

system main parameter are shown in Taldle 5.

Table 5.1 Sevenlevel CHB Prototypdarameterfor Experiment

Converter parameter Value
Cell DC-link voltage (V) 70
Load Inductance.s (mH) 5

Load ResistorY) 13

The MPC controller is designed through the previous matrix formulation. The current
tracking performance of the proposed FEBC is validated in this section by setting the
reference currents amplitude and frequency. Beyond that, the CMV performanceafibsed

multistep FCSMPC is also studied.
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Fig. 5.2 shows thedynamic performance of the proposed MPC formulatiomder the

reference load currents amplitude stepping kmiially, the inverter output peak current is

controlled at 8 AThe output freqgency is 60 HzAt 30 ms, the peak reference currestis step

up to 14 Awhile keeping the output frequency to be the same

Vab (V)

-400

0 0.01 0.02 0.03 0.04 0.05 0.06
Time(s)

(a)Line Voltage

(b)Three Phase Currents

(c)CMV
Fig. 5.2 Performance under Current
Amplitude Change

(a)Line Voltage

(b)Three Phase Currents

(c)CMV
Fig. 5.3 Performance under Current Frequer
Change
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