{

MULTILEVEL
CQNVERTERS
ror INDUSTRIAL
~APPLICATIONS

}Mlllmlli

|

Hlllm\|

W
I

R |
— Lac 8 E g
Ll - D RAc D Ra( D’
e | ‘
[— a b
== 7 vi yi
——— B }— —— B i 98 | }
= i} }EI K3 wi K3 ;’; 5 K{}
B —— LKF | LK% L3
=== Eait s I
== —.}} K& L Lﬁ
e " ities B ) S B % 2 e S
— KA K | &%
s G d ,;5 ’;E‘ ,}
e T

{I)WHIIIIW

Sergio Alberto Gonzalez
— = Santiago Andrés Verne
— Maria Inés Valla

)

& CRC Press
Taylor & Francis Group

|«”'H

il
il
'ﬂm




CRC Press

Taylor & Francis Group

6000 Broken Sound Parkway NW, Suite 300
Boca Raton, FL 33487-2742

© 2014 by Taylor & Francis Group, LLC
CRC Press is an imprint of Taylor & Francis Group, an Informa business

No claim to original U.S. Government works

Printed on acid-free paper
Version Date: 20130619

International Standard Book Number-13: 978-1-4398-9559-7 (Hardback)

This book contains information obtained from authentic and highly regarded sources. Reasonable efforts
have been made to publish reliable data and information, but the author and publisher cannot assume
responsibility for the validity of all materials or the consequences of their use. The authors and publishers
have attempted to trace the copyright holders of all material reproduced in this publication and apologize to
copyright holders if permission to publish in this form has not been obtained. If any copyright material has
not been acknowledged please write and let us know so we may rectify in any future reprint.

Except as permitted under U.S. Copyright Law, no part of this book may be reprinted, reproduced, transmit-
ted, or utilized in any form by any electronic, mechanical, or other means, now known or hereafter invented,
including photocopying, microfilming, and recording, or in any information storage or retrieval system,
without written permission from the publishers.

For permission to photocopy or use material electronically from this work, please access www.copyright.
com (http://www.copyright.com/) or contact the Copyright Clearance Center, Inc. (CCC}, 222 Rosewood
Drive, Danvers, MA 01923, 978-750-8400. CCC is a not-for-profit organization that provides licenses and
registration for a variety of users. For organizations that have been granted a photocopy license by the CCC,
a separate system of payment has been arranged.

Trademark Notice: Product or corporate names may be trademarks or registered trademarks, and are used
only for identification and explanation without intent to infringe.

Library of Congress Cataloging-in-Publication Data

Gonzalez, Sergio Alberto.

Multilevel converters for industrial applications / Sergio Alberto Gonzalez, Santiago
Andrés Verne, Maria Inés Valla.

pages cm. -- (Industrial electronics series)

includes bibliographical references and index.

ISBN 978-1-4398-9559-7 (hardback)

1. Electric current converters. . Verne, Santiago Andrés. 11. Valla, Maria Inés. 111.
Title.

TK7872.C8G65 2013
621.3815'322--dc23 2013018222

Visit the Taylor & Francis Web site at
http://www.taylorandfrancis.com

and the CRC Press Web site at
http://www.crcpress.com



Contents

PEETACE yusvuirviv s vos osovs grovsivevetessivssssnssnessasersvessunarssassems syoxssasssenve sunsosanens ix
AbOut thE AUNOTS ssvvsessessusssrosssmssssssviomsis s sy isimyagovsr rersrgisgsyssesreansssares xi
Chapter1 Introduction...... 1
1.1 InErOAUCHON. ..ot bbb 1
1.2 Medium-Voltage Power CONVETIters ...........couovimrmccenicnennninecneecnneens 2
1.3  Multilevel ConVerters: . s st s s 3
1.3.1  Symmetric TOPOlOgies......coviinirininiiiiiii e 3

1.3.2  Asymmetric Topologies......coiiiiirieiiiininincecne 7

14 APPHCAIONS wssevmssssmmsmssmmmsmomersmsmssasmmmsrsssrssins svesssayyspaserssssssasssos 8
14.1 Power Quality Improvement ............occcoeiininiinniiinncnne 8

14.2 Renewable Energy Interconnection ..o 9

1.4.3  Variable Speed Drives.......ccoiiiiiiininiinencnieicnineieees 10

1.5 AL OF HHE BOOIK: s ermnpgon sovsresssorinssssassasesiracvsasssronn 11
RETETOINCES wssus sus sovsvsssronssses ssssvsssvses soomis 85 ms 5 KoFe o aEHE3 00 50 S RSP SRS AR St 12
Chapter 2 Multilevel Topologies 17
2.1 ITOAUCHGT csumrmmssrssrosmsmmmmmmarpevsss svorssguissevsinsnsimrsneessssorsassns susssinasces 17
2.2 Generalized Topology with a Common DC Bus.......ccconiniinne. 18
221  Basic Celli s mnnmnmmannimmmmeaysmemmsmssmss o 19

222  Generalized Topology Characteristics .......c.covverovrincunaces 20

22.3 Three-Level Generalized Topology ......cccoorvevmriiininiiinnnns 22

2.3  Converters Derived from the Generalized Topology............ccevece. 23
23.1 Diode-Clamped TOpOIOZY ...csveurrrinrreeimrmicnnencininiseeininneacans 26
2.3.1.1 NPC Converter Topology ......c.ccocoverereviirnrineccencne 28

2.3.1.2 Four-Level Diode-Clamped Topology ................. 28

2.3.1.3 Five-Level Diode-Clamped Topology .........c.e.... 36

23.14 n-Level DCMC Topologies......ccccceummniniiianriccnnn. 36

2.3.2  Flying Capacitor Topology -....ccceverinmenininieieninnicniiciienenncs 40
2.3.21 Voltage on the Flying Capacitor..........ccccevvvennnee 41

2.3.22  Four-Level Flying Capacitor Topology ................ 42

2.3.2.3  Five-Level FCMC........ccicovivireniorninrenaninnsnnecnnne 42

0



vi Contents
2.4 Symmetric Topologies without a Common DC Link.......cccccconeeev... 45
241  Five-Level CCMC ... 47
2.5 Summary of Symmetric TOpolOgies ......coecvvimecevenicennicniccncnninnes 48
2.6 Asymmetric TOPOIOZI@S....couvemeirrmiasnsictrrsscsessscrensincestsnecssissisiasensans 50
2.6.1 Hybrid Asymmetric Topologies.........ccoernnnirercccrniencen. 50
2.6.1.1 CCMC with Different Values of Voltage Sources .. 50
2.,6.2 Combining Different Topologies.........ccocoorrviriiniamninnincnne. 54
2.6.3 Cascade Asymmetric Multilevel Converter ...........ccc.cce. 56
2T GLUMIYVATY 0 estsven 5555556865555 555554T50 5434405 KA1 38 BSnesusS 4SS0 0RE A4S e S eSS0 58
REFETEIIEES: . cvvecverecracnssnensnsacsnsosnenbonsbin sodfhondisd s ¥t FH433, £F38FSH0 403 TR E SRS SS90 59
Chapter 3 Diode-Clamped Multilevel Converter 61
81 INtrOAUCHON st ress e s isies iy sevsaersisssssonsasise 61
3.2 Converter Structure and Functional Description..........cocccovivrcn 61
3.2.1  Voltage Clamping .....ccccccemeeirninsiniinnninisns s nesesnies 62
322 Switching LOZIC «.ocueeiviviiiierieniiei e 63
3.3 Modulation of Multilevel Converters .......c.ooviericenrneninscineennnnes 80
3.3.1  Multilevel Space Vector Modulation..........c..covvrinicrcinn. 82
3.3.1.1 Hexagonal Coordinate System.........c.ccoueuivniccnne. 87
3.3.1.2 Nearest Three Vectors Identification.................... 91
3.3.1.3 Duty Cycle Calculation........cooeveieinicinienisnnenens 93
3.4 Voltage Balance Control.....cccue it 94
34.1 Capacitor Voltage Calculation........cccooevenmvcnviinninininnnncs 95
3.4.2 Voltage Balance Optimization ..o, 97
343  Flow Diagrami s s 99

3.5 Effectiveness Boundary of Voltage Balancing in DCMC
CONVETTETS ..ottt sttt sttt es e sr s arenesaanas 99
3:6¢ Performance RESHMS ..o ssmorssmsmsmmsinesossns 106
BT SUININVATY ooiesinssiss o505 e0assss s asssssssssssmss S4315 s ovss8s s s S5 SoR SRS s s s 108
REFETEIICES «.evvreceieretieriiceeee ettt sbe bbb et a et b e na b an s 111
Chapter4 Flying Capacitor Multilevel Converter 113
A1 IO rOAUCHION G ssususssssunmsrsnmssns ey o s ames s S A ST EE AR E55F 113
4.2 Flying Capacitor Topology ......ccccveurrrerincnnriniienicciiicicen, 114
421 Charge Balance on the Flying Capacitors ..........cccocvuevuenennes 114
4.3 Modulation Scheme for the FCMC ...t 117
431 Phase-Shifted Carrier Pulse Width Modulation................ 117
43.1.1 Charge Balance Using PSPWM ........ccoocevincrncs 118
44 Dynamic Voltage Balance of the FCMC ......c..oovnviiiiincninnin 121
441 Dynamic Model ... 121
44.2 Tuned Balancing Network .......ccccooieiiininninieenienn, 123
4421 Root Locus Analysis.......ccoenniniincncnennienee. 128
45 SUMIMATY ceooeiieiiiieeiriniriee e st sttt ettt sene e 131

REFEIEIICES e eeeeneeeeeeeeeeeeeveeeeeseeesersseeeenteeeesssssssensseananssaassssnneassssesassisusaeossaessones 132



Contents vii
Chapter 5 Cascade Asymmetric Multilevel Converter...........ccoeuencn. 135
5.1 INtroduction.......cccciiiviiiiininiiiiiiniesceirteseer e 135
5.2 General Characteristics of the CAMC ..o 136
521  Modulation Strategy.......cccoovirinmiiniiiieiniinens e 137
522  Averaged VOLage ....c.ccoooeiiiiiniiiicrnieen s 138
5.3 CAMC Three-Phase INVerter ........ccooviniviiniinniciieisrinnieneieas 140
53.1 Averaged Currents in the DC Bus.......ccoeeiiiiiiiincncnn 140
5:3.11 g CUFFeN e e 140
53.1.2 Common Mode and Differential
Mode Currents svsamasmssmmsmysmsssmasms e 145
5.3.2 Common Mode Current .........ccooeuevvmnreiniesinnneeiisncsineenns 146
5.3.3 Differential Mode Harmonic Currents..........ccoceevvisrirennnine 151
54 Comparison of the Five-Level Topologies.........ccccovnriieririarinnnnnns 156
541  DOCMC it 159
5.4.2  FCMC ittt bbb ne s 159
543  COMC .ttt e 159
544  CANC mmsmvsmsosmrasss i i s sy oo eseners 160
BB SUMMTPNATY xorssecsmmsrern e e s s i53 00 e e S F TR oA ey 161
ReLOTONECES ji.iusins rsromsisnsssssnssss corrvsssssessssons 53 4rssov mesovas sRass sermssi pisssse v se HeTs srsmnes 161
Chapter 6 Case Study 1: DSTATCOM Built with a Cascade
Asymmetric Multilevel Converter 163
6.1  INtroduCtion.... ..ottt e 163
6.2 Compensation Principles.......ooiniiic e 164
6:3  CAMOC MOAEL iiviosnmimnsmmsmmmms s pmss oo cisncaarsinss 166
6:3:1  Currenit CONIOl oo arpegsm e 171
6.4 Reactive Power and Harmonics Compensation..........ocoenveneenrne 175
641 System Model s 175
6.4.2  Reactive Power Compensation ........cocoeevivicrenecannnninincs 177
6.4.3 Harmonics Current Compensation..........ccccoeeeeiiiviniiinennn. 180
6.5 SUMIMATIY c.eoiriiiiiiiiiier ettt ettt ssa s en s sest e 185
RELETEICES ...ovvnierentiiiererce ettt e 185
Chapter 7 Case Study 2: Medium-Voltage Motor Drive Built
with DCMC 187
%5 [N U5 15 ci (03 TRUTuRN OO 187
7.2 Back-to-Back DCMC Converter .........c..ovvreinncnineenesesnnns 188
7.3 Unified Predictive Controller of the Back-to-Back DCMC
in an IM Drive Application ... 191
7.3.1  Control of the Back-to-Back DCMC Converter.................. 192
7.3.2  Load Converter: Predictive Torque Control...........c.......... 194
7.3.3 Line Converter: Predictive Power Control............c...coev.ee. 200
7.3.3.1  Current and Power Calculations ...........c........... 200
7.3.3.2 Dynamic Active Power Reference Design......... 202
7.34  Switching Transition Constraint ..o 203



il Contents
7.4  Performance Evaluation........oocimivciieiieieie e et eevsnaeeeeeeeseesasanees 205
741 Mechanical Load Variation .........ccevvvieiieecierinecienneennnennee 206
742 VOIAge Sag....cccceiemriniiieieiniesi et 208
743  ENErgy RECOVEIY ...ttt 208
744  Effectiveness of the DC Bus Balancing Algorithm........... 212
75 SUINLINATY 5555w resssssessmsssmisssmsssssrs aaissss cofsessisss s4srasasssvassysssaseararsssesess 215
ROFETEIICES: ..o vvneennonssnantiond on i56bs s i sEs HEES E RS F SN SR O B ST RS AR R 216
TIUAEX cveeeeeeeetieieeee e eeeetieeceeeasraareeeseessnrtreeeeearaaesasesassaraeasaee s s srsnnrteesaserenaeeeanras 219



