A Multi-level Multi-Modular Flying Capacitor Voltage Source
Converter for High Power Applications

Ikenna Bruce Efika

Submitted in accordance with the requirements for the degree of
Doctor of Philosophy

The University of Leeds
School of Electronic and Electrical Engineering

September 2015



The candidate confirms that the work submitted is his own, except where
work which has formed part of jointly-authored publications has been
included. The contribution of the candidate and the other authors to this
work has been explicitly indicated below. The candidate confirms that
appropriate credit has been given within the thesis where reference has
been made to the work of others.

Selected Publications:

1.1 . B. Efi ka, and L. Zhang: OilkvelCa s c a

Converter for HVDC and FACTS®O.

Winchester, United Kingdom.

2.1 . B. Ef i ka, An@wrlapping Hekagon §pace ¥ector
Modulation Scheme applied to a Cascaded Floating Capacitor
Modular Multilevel Convertero . P r B 2013 Carfference, Lille,
France.

3.1 . B. Efi ka, c.J. NCasrdded, Modular d-lyirg .

Capacitor ~ Converter  Using  Wavelet-Energy = Operator
Synchronisation for Unbalanced Grid Voltagesoé . Proc.
2013 Colloquim, Glasgow, United Kingdom.

4. 1.B. Efik a, and LReactwéd Bower .Compensation using

Pr oc

Z ha

UHV T

Modular Multilevel Flying Capacitor Converter with PSPWM®0 . Proc.

PEMD 2014 Conference, Manchester, United Kingdom.

5.1 . B. Efi ka, aJnipblar IPSPWM tscheng :for High
Voltage Applicationso . P rHVoet 2014 Colloquim, Surrey,
United Kingdom.

Chapters 3 and 4 of this thesis comprise work forming part of the 2nd, 4th,
and 5th publications respectively. All work in Chapters 1, 2, 3, and 4 are
attributable to the candidate under the supervision of Dr. Li Zhang. All work
in Chapter 5 are attributable to the candidate under the supervision of Dr. Li
Zhang with some advice from Dr. Alan Watson and Prof. Jon Clare.

This copy has been supplied on the understanding that it is copyright
material and that no quotation from the thesis may be published without
proper acknowledgement.



The right of Ikenna Bruce Efika to be identified as Author of this work has

been asserted by him in accordance with the Copyright, Designs and
Patents Act 1988.

© 2015 The University of Leeds and Ikenna Bruce Efika



Acknowledgements

| express my gratitude towards Dr. Li Zhang, for supervising and supporting
my research. Special thanks to Dr. Alan Watson and Prof. Jon Clare from
the PEMC group at the University of Nottingham, for lending me time and
access to their intellect during the hardware validation period of the research
work. Thanks to Dr. Mike Waite, as his technical advice was a vital
contribution; and to Edward Bray, for assisting me with project logistics.

| also recognize the patience and invaluable intellectual support provided to
me by the System Concepts HVDC research and technology team at Alstom
Grid, Stafford.

My brother Dr. Chidi and his wife Mrs. Uche Efika acted as friends and
guardians in my journey both academically and in general, my sisters Dr.
Chigozie Dera Efika and Barr. Olachi Jennifer Efika always provided me
motivation. | am eternally indebted to my parents Chief. (Sir) Emmanuel
Ifeanyi Efika and Barr. Mrs. Veronica Charity Efika for their continued and
unparalleled support both spiritually, morally and financially.

| commend the patience shown by all my friends during this phase of my life.

Most i mportantly €& To God
Chukwubu onye nUz%¥m di ka atur u:; - di ghi i h
N'ebe-ita-n r i nke ahihia ndu ka O nUme -ka m'r
i ke ka °~ nedum nwayo.

nUweghachibi mkpurwmUdum n'uz' nile nke
Ya.
"z, asi na ejem ije nawnmdaMaugegvalhivu ony
i’ ) bul a; n-gi hin g ar &b:naokphedka-Gi, ha

onwe-ha nUkasim obi

| nUdo table n'usoro n'irum n'anya ndi nCkpabum: | tewo isim manu; ikom bu
inwebiga-ihe-6ke.

N § n 2-nma da ebere glbasom ub chinlenke ndum: M gUbi k
Jehova rue ogologo ub ®hi nile. (ABU =~ M/



-V -

Abstract

Two vital and dynamically changing issues are arising in the electric grid - an
increase in electrical power demand, and subsequent reduction in power
quality. Power electronics based solutions such as the Static Synchronous
Compensator are increasingly deployed to mitigate power quality issues
while High Voltage DC Transmission converters are currently installed to
support the existing grid transmission capacity. Both applications require
high power and high voltage power converters using switching devices with
limited voltage ratings. The advent of Modular Multilevel Converters (MMC)
is one of the recent responses to this need. These use half or full H-bridge
circuits stacked up to form a chain, and hence can withstand high voltages
using lower-rated switching devices.

This thesis introduces a new member into the MMC family, i.e the Modular
Multi-level Flying Capacitor Converter (MMFCC). This uses a three-level
flying capacitor full-bridge circuit as a sub-module and offers features of
modularity, scalability and fault tolerance. The choice of FC topology in
place of the simple H-br i dge stems from the FCO6s ab
voltage levels in the sub-module output and hence more degrees of freedom
per module in controlling the voltage waveform. A three-level full-bridge FC
sub-module uses three capacitors - an outer one for supporting the sub-
module voltage, and two inner floating ones with half of the outer on e 6 s
capacitance and voltage rating. This use of slightly more complex FC sub-
modules gives the benefits of a modular structure but without using twice as
many sub-modules with their associated capacitors for the same total
voltage. The thesis presents the principles of this topology, switching states
redundancies and a method for capacitor voltage balancing.

Also discussed are: the configuration of MMCC including the MMFCC in
Single-Star Bridge-Cell (SSBC) or Single-Delta Bridge-Cell (SDBC) for
FACTS and Battery Energy Storage System (BESS) applications; and
Double-Star Chopper-Cell (DSCC) or Double-Star Bridge-Cell (DSBC) for
HVDC systems.

A novel overlapping hexagon pulse width modulation scheme is introduced
and discussed for switching control of the MMFCC. This uses multiple
hexagons all centred on one point, the same in number as the cascaded FC

iv



sub-modules, which are phase displaced relative to each other. The
approach simplifies the modulation algorithm and brings flexibility in shaping
the output voltage waveforms for different applications.

An MMFCC experimental rig was designed and built in-house to validate
some of the simulation results obtained for the modulation of this new
topology. Details of the rig as well as results captured are discussed.



-Vi-

Table of Contents

ACKNOWIEAGEMENTS ... i
Y 0 1= = T P v
Table Of CONTENTS ... Vi
LISt Of TADIES ..o X
LiST Of FIQUIES...oiiiiiiiiiiiiieeieeeeeeeeeee ettt Xii
A CTONYIMIS ittt e e e e ettt e e e e e e e e e e e a b e e e XVil
Chapter 1 INEFOTUCTION L. 1
1.1 Background Literature............eeeeeeiiiiiiiiiiiiiiiiiiiieeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeees 1
1.1.1 High Power Applications i The smart and super grid
concept 1
1.1.2 Power Electronics i The enabling technology................cc.oeoe. 4
1.2 Overview of Multilevel Converter TOpPOoIOQIES.........covvvveieieiiiiiiieiiiiiiiinnene 5
1.2.1 Neutral Point Clamped (NPC) Converter.........ccccccoeeeeeiiiennnnnnnnn. 5
1.2.2 Cascaded H-Bridge (CHB) Converter ........cccccceeeeivieeeeveeeiiinnnn. 9
1.2.3 Flying Capacitor Clamped (FCC) Converter...........cccvvvvvvvvnnnnnn. 13
1.3 Component requirements for conventional multilevel topologies......... 18
1.4 Modular Multilevel Cascaded Converter i the new concept............... 19
1.5 Research Aim, Objectives and Thesis Structure.............ccceeeeevvveennnns 20
Chapter 2 Modular Multilevel Converters .......ccccccvvveeeeeieeeeeeeeiinnn. 23
2.1 Modular Multilevel Converter (MMC) Configurations .............cccccvvvvunnn.. 24
2.1.1 Sub-Modules Using Half-Bridge Cells [54] .......ccovvviiiiiiieeiiiiinns 24
2.1.2 Sub-Modules Using H-Bridge Cells........ccccooeeviiiiiiiiiiiiieeeceeeiin, 25
2.1.3 Classification of Modular Multilevel Converters...........cccccccenneees 26
2.2.4 Single- Bridge Cells .......oovvviiiiiieiiiieee e, 27
2.1.3.1 Single- Star Bridge Cells (MMCC-SSBC) ........cccceeev...... 27
2.1.3.2 Single- Delta Bridge Cells............ccoeeiiiieiiiiiiiiiiiieeeeee, 29
2.1.3.3 Ratings for Single- Bridge Arrangements ...................... 31
2.1.4 Double- Bridge ArrangementsS ..........ccuuvvieeiieeeeieieiiiiiie e eeeeeeeeannns 31
2.1.4.1 Double- Star Bridge Cells ........coovvveiiiiieiiiiiiiiciieee e 32
2.1.4.2 Double- Delta Bridge Cells ..........ccoeeeviiiiiiiiiiiiicieeeeee 34
2.1.4.3 Voltage and Current Ratings for the Double- Star
AITaNgEeMENT....uu i 35



- Vil -

2.1.5 Emerging MMCC Configurations..................eeeeueemmmmmmnmnnnniiinnnnnnns 38
2.1.5.1 Hybrid MMCC with Parallel Connection (The
Alternate Arm Converter i AAC).......cceeeeieeeeiveeiiiiinnn. 39
2.1.5.2 MMCC Series-Hybrid Connection (The Series
Bridge Converter -SBC)..........uuuuuuiiiiiiiiiiiiiies 42
2.1.5.3 Voltage and Current Ratings for the AAC and SBC....... 43
2.2 Discussion and Comparison of MMCC Configurations ..............cccccee.. 45
2.3 SUMMEBY ettt e e e et e e e et e e e e e e e e e nnnn s 50
Chapter 3 MMFC Converter Sub-module Benchmarking ................ 52
3.1 Sub-module Benchmark ANalYSIS ...........cccoiiimmmiiiieees 52
3.1.1 Guidelines for Assessing Sub-module concepts ............cccccuneee 53
3.1.1.1 Sub-module Footprint ASSESSMENt........cccvvvrerrerreeereennee. 54
3.1.1.2 Sub-module Cost ASSESSMENt........ceevvveriiiiiiieeeeeeeeeeannns 56
3.1.1.3 Sub-module Redundancy Assessment..........cccccceeeeeeeee. 56
3.1.1.4 Sub-module Efficiency ASSessment..........ccccccevvvveeeeennen. 57
3.1.1.5 Sub-module Performance Assessment ............ccccceeuuees 61
3.1.2 Benchmark Analysis for the Half-bridge Sub-module.................. 62
3.1.3 Benchmark Analysis for the H-bridge Sub-module..................... 66
3.2 Analysis of Flying Capacitor Sub-Module Concepts ..........cccccceeeeeeennn. 71
3.2.1 Sub-modules Using Flying Capacitor Half-bridge Cells.............. 71
3.2.2 Sub-modules Using Flying Capacitor H-bridge Cells.................. 76
3.2.3 Sub-modules Using Flying Capacitor Hybrid H-bridge Cells ...... 82
3.2.4 Discussion and Comparison of Sub-module Configurations....... 87
3.3 SUMMEATY ettt ettt e e e e e e et e e et e e et e e et e e e aanneees 89
Chapter 4 MMFC Converter Control and Modulation Studies ........ 90
4.1 Converter Modulation TEChNIQUES ........coiiieeiiiiiiiiiiee e 91
4.1.1 Modulation using Selective Harmonic Elimination....................... 94
4.1.1.1 Angle Computation using Newton Raphson iterative
01=1 o o 1R 97
4.1.1.2 Switching signal generation (Sub-module switch
ACHIVALION) ..o 100
4.1.2 Modulation using Carrier Placement Strategies .............cccc...... 106
4.1.2.1 Phase-Shift PWM ........cccoiiiiiiiieeeiieee e 107
4.1.2.2 Phase-Disposition PWM........cccooeeiiviiiiiiiiiiee e, 113
4.1.2.3 Swapped carrier Phase-Disposition PWM with
natural balancing ............cccoooei i, 117



- Viii -

4.1.3 Overlapped Hexagon Space Vector Modulation Strategy ........ 120
4.1.3.1 OH-SVM PrinCiple.....ccueiiiiiiiiiiiiiieeeieeeeeeeeeeeeeeeeeeeeeeeee 121
4.1.3.2 OH-SVM Algorithm ........ccoovviiiiiiiei e, 123
4.1.3.3 Simulation Studies of OH-SVM.........cccccceeiiiiiiiiiiinnnnns 125
4.2 Summary and Comparison of Modulation Techniques ...................... 129
4.3 SUMIMATY oottt e e e et e e e e e e e e e e e e r b e e e e e e 130
Chapter 5 Experimental System ... 132
5.1 POWET HArdWArE ........ccoieeiiiiiiie ettt e e 134
5.1.1 FCC - Power Cell Card..........ccoevvvieeiiiiiiiee e eeeeeeaieens 136
A ©7o ] 11 o] I O 1 (o] U | P SUS 145
B2, Pl 145
5.2.2 Digital Signal Processor i TMS320C6713 .........ccccevevieeeveennnnnns 145
5.2.3 FPGA CaArdsS.....cooeiiiiiiieieiee ettt 147
5.3 SYSIEM LESTING ... 150
5.3.1 SYSIEM SEIUP ...uuiiieiiiieeei e 150
5.3.2 MMFCC TeSt RESUILS ......uvuiiiieiiieeiieiicee e 152
Chapter 6 Conclusion and Recommendations ...........cccceevvvvvvnnnnnn. 159
6.1 CONCIUSIONS ...uttiiiiiiiiiiiiiiiiititi bbb 159
6.2 Recommendations for FUture WOork ................eueeeemiiiiimiiiiiinns 161
RETEIEINCES .ottt eeeeees 159
AppendiX A INTrOAUCTION .....uiii i e e e e e e e e eaeeees I
A.1 Annual Electric Consumption FIQUIES .........cccovvvviiviiiiiieeeeeeeeiiiinnnn I
Appendix B Modular Multilevel Converters ........cccccceeeeiiieiiieeeiiiciee e, 1]
B.1 Circulating Currents in MMC with Double Star Bridge Cells ......... 1]
Appendix C MMFC Converter Module and Topology Analysis .............. IX
C.1 Devices used for Sub-module ASSesSSmMeNt .............eevveeveeeeeeeennnee. IX
Appendix D: MMFC Converter Control and Modulation Studies............ X
D.1 Simulation Setup for Modulation Studies..............cceeevvvvviiiieieeeeen. X
D.1.1 Plant Representation (AC Line, PCC, Load and
AUXITIAIES) ...t e e e e eeannans X
D.1.2 MMFCC Sub-Module Representation.............ccccceeeevvennnnns Xl
D.1.3 Control System in SImulink................cooovviiiiiiiiieeeeeeei, Xl
D.2 Newton-Raphson Algorithm..........ccccooeiiiiiiiiiiii e, XVII

viii



-iX -

D.2.1 main file (Newtonmain.m)...........eeeeiieeerieeeiiiiiinne e eeeeeeeeens XVII
D.2.2 Newton Raphson function (newtonm.m)..............ccceeeeeees XVII
D.2.3 Jacobian (JaCOb4X4.M)......cccvviiiiiiiiiiiiiiiiiiiiiiiieiiieeeeeeeeee XVIII
D.2.4 SHE functions (f4.m)........ccccoviiiiiiiiiiiiiiiiiieeeeeeeeeeeeee XVIII

D.3 Secant Algorithm ... XVIII
D.3.1 main file (secantmain.m)........cccccvvvviriiiiiiiiiiiiiiiiiieeieeeee XVIII
D.3.2 Secant function (Secantm.m) ........cccccevvveveieeieiiieeeeieeennnne. XIX
D.3.3 Finite Difference Jacobian (jacobFD.m)...........ccccvvvveeneee. XIX
D.3.4 SHE functions (f4.m)........covviiiiiiiiiiiiiiiiiiieeeeeeeeeeeee XX

D.4 Genetic Optimization fsolve Algorithm ..........ccccccvvvviiiiiiiiiiiiinnne. XX
D.4.1 main file (fsolvemain.m)........cccccccvviiiiiiiiiiiiiiiiiiiiiiiiieeeeee, XX
D.4.2 SHE function (f4.mM) ... XX

D.5 fsolve Algorithm 7 12 Firing angles..........coevvvvviiiiiiiiiiiiiiiiiiiiennne, XX
D.5.1 main file (fsolvel2main.m)......ccccccccoiiiiiiiiiiiiiiiiiiiiiininnne. XXI
D.5.2 SHE function (f12.mM) ......coovviiiiiiiiiiiiiiiiiiieeeeeeeeeeeeeeeeeeee XXI
Appendix E Fundamental Power System & Control Concepts .......... XX
E.1 Vector Current CONtrol..........couveeeiiiiiiiiiiiiiieee e XXII
E.2 Symmetrical COMPONENtS.........cccvvviiiiiieiiieiecie e XXIV



List of Tables

Table 1.1: Valid states for a three- level NPC converter .............cccevveeeee 8
Table 1.2: Power device requirements for NPC converter................ 9
Table 1.3: Valid switching states for a 3- level Cascaded H-
Pridge topologY ..oooeeeeeee 11
Table 1.4: Component requirements for a Cascaded H-bridge

topology 12

Table 1.5: Valid switching states for three- level FCC in H-
bridge arrangement. ... 16
Table 1.6: Component requirements for a Flying capacitor
clamped half-bridge topology .....covvvvviiiiiiiiiiiiiiiiiieieeeeeeeeeeeeeeeeeeee 18
Table 1.7: Power Component Requirements For Standard
Multilevel TOPOIOGIES ... 19
Table 2.1: Valid Half-Bridge Module Switching States. ................... 25
Table 2.2: Valid H-bridge Cell Switching States...........ccccccceiinnnnnns 26
Table 2.3: Ratings for Single- Star and Delta topologies. ............... 31
Table 2.4: | ¥ V Ratings for the Double Star Bridge Cell
L0 oo ] Lo To | 20 SRPPPURRRR 36
Table 2.5: T V Ratings forthe AACand SBC.......c.ccccceeeivieeivvennnnnns 43
Table 2.6: Converter topology ranking for a FACTS
APPHICALION. Leeei i 47
Table 2.7: Converter topology ranking for a HVDC application. .... 48
Table 2.8: Converter topology ranking for an offshore power
transmission application. .........cccooviiiii i 49
Table 3.1: Devices used for sub-module assessment
parameters based on hardware rg......cccceoeeeeevieeiiiiiiie e 53
Table 3.2: Per-unitised values for sub-module width..................... 56
Table 3.3: Guidelines for assessing sub-module cost. ................... 56
Table 3.4: Assessing sub-module performance. ..........cccoeeeeevieeenns 62
Table 3.5: Half-bridge Sub-module Operating and Transition
States. 63
Table 3.6: Per-unitised width for Half-bridge Sub-module.............. 63
Table 3.7: Half-bridge Sub-module Cost Assessment..................... 64
Table 3.8: Half-bridge sub-module efficiency using guideline. ...... 65
Table 3.9: Half-bridge sub-module performance. .........cccccecevvvnnnn.n.. 66

X



-Xi -

Table 3.10:  H-bridge Sub-module Operating and Transition
States. 67
Table 3.11:  Per-unitised width for H-bridge Sub-module................... 67
Table 3.12:  H-bridge Sub-module Cost Assessment...........cccceeeene.. 68
Table 3.13:  H-bridge sub-module efficiency using guideline. .......... 69
Table 3.14:  H-bridge sub-module performance. ...........ccccccoeeeiiin. 70
Table 3.15:  Flying Capacitor Half-bridge Sub-module States........... 72
Table 3.16:  Per-unitised width for FC Half-bridge Sub-module........ 72
Table 3.17:  FC Half-bridge Sub-module Cost Assessment............... 73
Table 3.18: FC Half-bridge sub-module efficiency using
QUITEIINEG. oot 74
Table 3.19:  Half-bridge sub-module performance. ............................ 75
Table 3.20:  Flying Capacitor H-bridge Sub-module State
Combinations and TranSitioNS.........ccccvvviiiiiiiiiiiiiiiiieeeeeeeeeeeeeeeeee 78
Table 3.21:  Per-unitised width for FC H-bridge Sub-module. ........... 79
Table 3.22:  FC H-bridge Sub-module Cost Assessment................... 79
Table 3.23:  FC H-bridge sub-module efficiency using guideline...... 81
Table 3.24: FC H-bridge sub-module performance............ccccceeeeeenn... 81
Table 3.25: Flying Capacitor Hybrid H-bridge Sub-module
State Combinations and TranSitioNS. ......ccccccvvvvvvviiiieiiiiieiiieiiiiiieeee, 83
Table 3.26:  Per-unitised width for FC Hybrid H-bridge Sub-
module. 84
Table 3.27:  FC H-bridge Sub-module Cost Assessment................... 84
Table 3.28:  FC H-bridge sub-module efficiency using guideline...... 86
Table 3.29: FC H-bridge sub-module performance.............ccccceeeee... 86
Table 3.30: Comparison of the different sub-module concepts
based on requirements for a 60 kV converter arm...........ccccccvuune.. 87
Table 4.1: Parameters for MMFCC Modulation Simulator ............... 93
Table 4.2: Firing angles computed for different modulation
indices. 100
Table 4.3: Criteria for region localisation ...........cccceevveeeeiiiieiiinnnnnnn. 124
Table 4.4: Vector combination chart showing voltage vector
selections for Sector 1 (Regions 1) .....ccovvvviiiiiiiiiieeiiieeecee e 124
Table 4.5: OH-SVM Vector Duty-Cycle Calculation........................ 125
Table 4.6: Assessment of Modulation techniques for the
MMFCC 130
Table 5.1: Experimental system parameters........cccoeeveeveviiiiieeeiiiineennnns 150

Xi



- Xii -

List of Figures

Figure 1.1:  Per-unit Change in annual electric consumption for

UK, Kenya, Nigeria and Ethiopia between 1970 and 2010. .............. 2
Figure 1.2: A three-level neutral point clamped (NPC) converter
in: (a) half; and (b) H-bridge configuration. ............ccccccoeeiin. 7

Figure 1.3:  Possible current paths for a three-level NPC
converter in H-bridge configuration. Current can flow in
EIther dir€CHION. ..o e 8

Figure 1.4: A single phase 3-level Cascaded H-bridge (CHB)
L{0] 6 T0] [ L 10

Figure 1.5: Current paths for a 3- level Cascaded H-bridge
L{0] 0 T0 [ T | 12

Figure 1.6: A three-level Flying Capacitor Clamped (FCC)
converter in: (a) half; and (b) H-bridge configuration. ................... 14

Figure 1.7: Current paths for a 3- level Flying Capacitor
Clamped toOpOol0gY. ....cooviiiiiiiiiiiiee e 17

Figure 1.8: Component requirements for FC, NPC and CHB
L0 oo ] Lo o T == SRR 18

Figure 2.1: (a) Half-Bridge Cells and (b) one converter phase
arm. 24

Figure 2.2: (a) H-Bridge Cells and (b) one converter phase arm...... 25

Figure 2.3: MMCC Single Star topology using H-bridge
modules.28

Figure 2.4: MMCC Single Delta topology using H-bridge
modules.30

Figure 2.5: MMCC Double Star Bridge Cell topology using half-
bridge ModuUles. ... 32

Figure 2.6: MMCC Double-Delta topology wusing H-bridge
modules.35

Figure 2.7: 1 phase of MMCC-DSBC showing basic operating
principle and peak ratings during (a) inversion; and (b)
FECHITICALION. .o, 37

Figure 2.8: Hybrid MMCC Classification based on DC
connection showing (a) parallel-hybrid; and (b) series-hybrid
CONFIQUIAtION. oo 39

Figure 2.9:  The Alternate Arm Converter showing (a) module;
and (b) Director switCh CIrCUit.........ccccoeiiiiiiiiiiiii e 40

Xii



- Xiii -

Figure 2.10: The Series Bridge Converter showing (a)
module; and (b) Director switch CIrCuUit.........cccoevvviiiiiiieeiiieiiin. 42
Figure 2.11: SBC basic operating principle to support
specification for peak ratings. .........ceveeeiiiiiiiiiiiiiiiiiiieieieeeeeeeeeeeeeeeee 44
Figure 2.12: Filled radar showing topology ranking for
FACTS appliCationS. ...ooooeeieeeeeeeeeeeeeeeeee 48
Figure 2.13: Filled radar showing topology ranking for a HVDC
=T o] 0] [ ToF= 1A [0 ] o RN PP P PP PPPPPPPPPPPPPP 49

Figure 2.14: Filled radar showing topology ranking for an
offshore power transmission application. ........cccccccvvvvveviiveeeeeeennnne. 50

Figure 3.1: Guideline for footprint assessment (a) sub-module
showing insulator with gap/clearance distance; (b) typical
phase arm laYOUL .......ooooiiiii 54

Figure 3.2:  Determination  of  current-dependent device
parameters (a) Vceo and Ron 1; and (b) Veg and Ron p- «eveeeervenennee. 58

Figure 3.3: (a) Converter arm and (b) time varying function of
arm current and VOItage. .........oeviviiiiiiiiiiiiiiiiiiiiieeeeeeeeeeeeee e 59

Figure 3.4: Half-bridge analysis showing sub-module (a)
configuration; (b) cascade arrangement for converter arm (c)
I-V Quadrant showing operation and transition states.................. 62

Figure 3.5: H-bridge analysis showing sub-module (a)
configuration; (b) cascade arrangement for converter arm (c)
I-V Quadrant showing operation and transition states.................. 66

Figure 3.6: Flying Capacitor Half-bridge analysis showing sub-
module (a) configuration; (b) cascade arrangement for
converter arm (c) |-V Quadrant showing operation and
traANSItION STALES. ..uuuuiiiiiiiiiiiiiiiii e 71

Figure 3.7: Flying Capacitor H-bridge analysis showing sub-
module (a) configuration; (b) cascade arrangement for
converter arm (c) |-V Quadrant showing operation and
traANSITION STALES. ..uvvuiiiiiiiiiiiiiiiiiii e 76

Figure 3.8: Flying Capacitor Hybrid H-bridge analysis showing
sub-module (a) configuration; (b) cascade arrangement for
converter arm (c) |-V Quadrant showing operation and

traANSITION STALES. ..uvvuiiiiiiiiiiiiiiiiiii e 82
Figure 4.1: MMFCC converter and sub-module setup for

modulation StUAIES. ....coooviiiii i 90
Figure 4.2: Capacitor Voltage Variation in one Module of MMFCC

with SHE modulation (no capacitor balancing)..........ccccceeeeviinennn. 93
Figure 4.3: Principle of Level-shifted Selective Harmonic

Suppression applied to the MMFCC phase arm ...........cccceevvvvnnnnn. 96
Figure 4.4: Activation of Switches from Firing Angles ................... 100

Xiii



- XV -

Figure 4.5: Flowchart for generating switching signals and
activating the MMFCC sub-modules using multilevel SHE-
PWM. 101

Figure 4.6: Converter Output using SHE-PWM Modulation (ma =
0.8). 102

Figure 4.7: THD for SHE modulation showing (a) Phase and (b)
Line VOItage. ....oooe e 103

Figure 4.8: Capacitor Voltage Variation in one Module of MMFCC
with SHE modulation (no capacitor balancing). .........cccccceeeennnns 104

Figure 4.9: Capacitor Voltage Variation in one Module of MMFCC
with SHE modulation (with capacitor voltage balancing)............ 105

Figure 4.10: Phase-Shift PWM applied to the MMFCC Phase leg.
(a) reference and carrier waves (b) Switching signals................. 109

Figure 4.11: Phase-Shift PWM applied to the MMFCC. (a) converter
phase voltage (b) Phase voltage spectral analysis...................... 110

Figure 4.12: PS-PWM Switching actions and the flying capacitor
voltage variation for one sub-module. .........ccccooooiiiiiiiiiii e, 111

Figure 4.13: Phase-Disposition PWM applied to the MMFCC Phase
leg. (a) reference and carrier waves (b) Switching signals.......... 113

Figure 4.14: Phase-Disposition PWM applied to the MMFCC. (a)
converter phase voltage (b) Phase voltage spectral analysis..... 114

Figure 4.15. PD-PWM Switching actions and the flying capacitor
voltage variation for one sub-module. .........ccccooooiiiiiiiiiii 115

Figure 4.16: Swapped Carrier PD-PWM for one MMFCC Phase-
leg. 117

Figure 4.17: Swapped Carrier PD-PWM Switching actions and the
flying capacitor voltage variation for one sub-module................ 118

Figure 4.18: ML-SVM for MMFCC showing (a) orthogonal hexagon
plane (b) 5-level triangular region........cccccceeiiieiiiiiiiiiiii e, 120

Figure 4.19: Principle of OH-SVM for MMFCC showing (a) 3D
mapping of hexagon plane (b) Top view mapping of hexagon

0] K= U L= PSSR 122
Figure 4.20: 3-level hexagon for OH-SVM showing (a) all sectors

(b) region detection in SECLOr L........ceeeiiieeiiiiiiiiieee e, 123
Figure 4.21: (a) Flow chart for the OH-SVM technique...................... 126
Figure 4.22: (a) Sector detection and region localisation for (a)

ML-SVM (D) OH-SVM ... ..ttt 127
Figure 4.23: OH-SVM applied to the MMFCC. (a) converter phase

voltage (b) Phase voltage spectral analysis. ........ccccoevvvviiieeeeeennn. 128

Xiv



Figure 5.1:

_XV_

Hardware rig outline showing (a) Power Hardware (b)

Control Hardware (c) PCC. Legend: Red i Power line, Green

T Digital line, Blue T Fibre optiCs .......ccoooiiiiii s 133
Figure 5.2: Rig Power Hardware showing (a) FCC Module (b)
Isolated DC Supplies (c) AC Line/Load connection. .................... 134
Figure 5.3: Power Cell Card (Red = Power line, Green = Signal
LN oo 136
Figure 5.4: Fibre OptiCS CirCUIt. ....ccvvviiiiiiiiiiiiiiiiiiieeeeeiieeeeeeeeeeeeeee e 137
Figure 5.5: Schematic for Fibre Optics Rx Circuit PCB. .......cccccccvvee... 137
Figure 5.6: Fibre Optics Rx Circuit showing (a) PCB design (b)
Populated CirCUIL. ...oooeeeeeeeeeeeeeeee 138
Figure 5.7: Power cell card T Gate drive CirCUit...........cevvvvveeeveeeieeeennnne. 139
Figure 5.8: Isolated power supply for gate driver........ccccccvvvveveeveeennnne. 140
Figure 5.9: Sub-system testing at reduced voltage performed on
power cell card to ensure functionality. Channel 1: Cell Card
Voltage; Channel 2: Cell Card current; Channel 3: Current
flowing through cell card capacitor..........ccccuuuviiiiiiiiiiiiiies 140
Figure 5.10: Power cell card(as-built).........ccccvvviiiiiiiiiiiiiiiiiiiiiiiiiiiiiee 141
Figure 5.11: FCC Power module. .........cooovviiiiiiiiiiii e 142
Figure 5.12: FCC Power modules. ........ccoovviiiiiiiiiiiiie e 143
Figure 5.13: 3-Phase MMFCC circuit (as-built). .......ccccvvviiiiiiiiieniinnnns 143
Figure 5.14: Schematic of FCC Power module setup........cc..ceeeevvvennnns 144
Figure 5.15: Block diagram for TMS320C6713........cccovvvvivviiiiieeeeneennnns 146
Figure 5.16: Board diagram for TMS320C6713. .......cccovvvvvviiiieeeeeeeennnns 147
Figure 5.17: Board diagram for FPGA Card. ...........cccevvvvivviiiiiieeeeieennnns 147
Figure 5.18: Carrier Based Signal generation on the FGPA Card. ...... 149
Figure 5.19: Discrete signal generation on the FGPA Card................. 150
Figure 5.20: Layout of Experimental Rig........ccccoevieiiiiiiiiiiiiiiieeeeeceeeinns 151
Figure 5.21: Photograph of Experiemental Rig...........cccvvviiiiiieeiiiinnnn, 151
Figure 5.22: MMFCC PSPWM - Phase (a) Module Voltage (b) Arm
LY 11 =T = SR 152
Figure 5.23: MMFCC PSPWM - Phase Current..........cccccccveeeiiiieeeeeeennnnns 153
Figure 5.24: MMFCC OH-SVM i Control Flowchart.....................oooen. 154
Figure 5.25: MMFCC OMH-SVM i Control Variable for (a) Sector
and (b) Region Selection. ..........ouuiiiiiiieiiieecee e 155
Figure 5.26: MMFCC OMH-SVM - Phase (a) Module Voltage (b) Arm
VOIAGE. it 156

XV



- XVi -

Figure 5.27: Measured vs Simulated MMFCC Flying Capacitor

Voltages () VL (D) VR cooooiii et 157
Figure D.1:  Plant Setup for MMFCC Modulation Studies. ................... X
Figure D.2: Representation for the MMFCC sub-module in

Simulink.XIl
Figure D.3: MMFCC System Control Concept......cccccvvvvvvivirrivieeeennnee. XMl

XVi



- XVii -

Acronyms

VSC Voltage Source Converter

STATCOM Static Synchronous Compensator

HVDC High Voltage Direct Current
FACTS Flexible AC Transmission Systems
FCC Flying Capacitor Converter

DCC Diode Clamped Converter

NPC Neutral Point Converter

CHB Cascaded H Bridge

MMC Modular Multilevel Converter

OHSVM Overlapping Hexagon Space Vector Modulation
PSPWM Phase Shifted Pulse Width Modulation
PDPWM Phase Disposition Pulse Width Modulation

SVM Space Vector Modulation
SHE Selective Harmonics Elimination
AAC Alternate Arm Converter

MMFCC Modular Multilevel Flying Capacitor Converter
FC-H Flying Capacitor Hybrid

SSFCC Single Star Flying Capacitor Circuit

DSFCC Double Star Flying Capacitor Circuit

BESS Battery Energy Storage System

PLL Phase Locked Loop

Xvili



Chapter 1
Introduction

1.1 Background Literature

Decades of development in semiconductor devices present opportunities for
many applications of power electronic converters. Advances in
semiconductor and device physics disciplines such as wide band-gap
materials steer towards the development of more robust and even higher-
power solid state switches to serve as building blocks in power electronic
converters for high power applications.

In electric grid applications, power capacity and quality are predominant

directives which also list as key specifications during the design of power

electronics converters. A notable power electronics based grid application is

the Static Synchronous Compensator (STATCOM) which is installed to

facilitate the realisation of stringent electric power quality requirements.

Academic imp a c t of the concept can befllobser
albeit that industrial implementation was not until thelat e 9006 s, both
Uni ted States (Sullivanés Static Synchr
t he fAimodul aro STATCOM [2].n t he United King

High Voltage Direct Current (HVDC) systems are another application which
use power electronics as the enabling technology [3]. Besides bulk power
transfer between two interconnected electric grids which increases the
capacity of both grids, a HVDC system provides other functions to support
power quality, such as AC fault blocking and reactive power support.

The realisation of STATCOM technology and other Flexible AC
Transmission Systems (FACTS) together with the HVDC installations across
the globe support the smart and super grid concepts which are gradually
becoming a reality.

1.1.1 High Power Applications T The smart and super grid
concept

The evolution of an electric grid is mainly driven directly by changes in
quality and quantity of power demand which is normally a result of
industrialisation and population growth. In developed countries such demand
growth is currently low or negligible. On the other hand, developing countries
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experience a noticeable and rapid annual increase in demand. These
regions are where noticeable changes in the electric grid are expected in the
near future.

In certain developing countries such as Nigeria, this impact has begun to
materialise. Figure 1.1 displays the percentage change in annual electric
consumption (base in kWh) for one developed country (United Kingdom) and
three developing countries: Kenya; Nigeria; and Ethiopia between 1971 and
2010 [4]. The consumption values! observed for the year 1971 are used as
base values for per-unitization (Refer to Appendix A.1 for data).

14.00
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e 12.00
£ 11.00
3 .
§ 10.00
o 9.00
-
s - 8.00
23 7.00 UK
E& ' -=-Kenya
6.0 o
3 Nigeria
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4
S 200
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0.00

1970 1975 1980 1985 1990 1995 2000 2005 2010

Year

Figure 1.1: Per-unit Change in annual electric consumption for UK,
Kenya, Nigeria and Ethiopia between 1970 and 2010.

A continual increase in annual electric consumption is reflected in Figure 1.1
especially for the developing countries, with Nigeria showing an increase of
almost 13 times between 1971 and 2010. The United Kingdom plot shows
an increase to only 1.5 times the base value (Note this is only an indication

of rate of change, UK6s consumpti on

order of hundreds). Clearly developing countries must strive to adopt similar

1 Annual electricity consumption values for year 1971 (used as base values
for per-unitisation): UK 7 237.8 TWh; Kenya i 0.9 TWh; Nigeria -
1.6TWh; and Ethopiai 0.5 TWh.
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infrastructural changes and philosophies for electric grid management to
reduce the alarming rate of rise in electricity consumption.

The smart-grid and super-grid philosophy proposes a generation of electrical
networks that tackle grid evolutionary requirements both on a local and
global scale.

The smart grid concept introduces systems which enable the utilisation of
conventional as well as renewable energy sources to realise a stable and
efficient network with minimal environmental impact. In the present
deregulated grid, power flow is still mainly unidirectional, from the generating
sector (power plants) to the transmission sector and the distribution sector.
The smart grid concept promotes a change to a real-time and bi-directional
flow of power and information. This introduces a multi-disciplinary field with
formidable challenges, most of which are well beyond the scope of this work.

A key aspect of the smart grid concept which is within the scope of this
research work is the deployment of several power electronic solutions, such
as:

- Battery Energy Storage Systems (BESS) which capture and store
electric energy in an electric grid, and supply such energy rapidly
(within milliseconds) of demand [5-7];

- Transmission and distribution level FACTS devices such as
STATCOMs t ha't dynamically alter an
ensure the transfer of high quality power [1, 2, 8];

- Distribution level power electronic converters for interfacing
renewable sources with the grid.

Many groups are actively researching the smart grid topic and much
literature is available [5-7, 9-18].

The super grid concept introduces a means of interconnecting several
electric grids with the main aim being the facilitation of electric power
exchange on a gl obal scal e. |t has
highlights HVDC as the main enabling system with power electronics as the
main enabling technology. Although the main technology required to realise
the super grid is available, full development is anticipated to be decades
away, partly because of geopolitical implications [19].

Smart-grid and super-grid systems present economic and technical benefits
and supplement or replace conventional applications of AC systems but
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create additional requirements for the introduction of power electronic
systems.

1.1.2 Power Electronics i The enabling technology

A power electronic converter is a circuit normally comprising a plurality of
power semiconductor devices and in certain arrangements an auxiliary
clamping component (capacitor, inductor, battery, etc.) [20]. While different
implementations show variations in device state control and converter
configuration based on specific requirements, the main aim of a converter
circuit is to interface two homogenous or heterogeneous power systems and
enable unidirectional or bi-directional power flow.

Advances in the semiconductor and device physics disciplines enabled the
transition away from mercury arc valves to solid-state devices such as the
thyristor. With a rugged nature and high current handling capacity, thyristor-
based power electronic devices were key, as their implementations in six-
pulse, twelve-pulse and twenty-four-pulse configurations provided a platform
for implementing diverse high power applications. However, the
commutation of a thyristor is quite slo
as well as limited in scope as the device can only be line-commutated and
conduct in one direction. As a result, the output of thyristor based systems
contain low order harmonics making the system reliant on complex and
expensive damping and filtering circuits.

Higher speed switching (typicall y around -states Yleviceso |l i d
(MOSFETSs, IGBTSs) are now available and supported the development of the

two-level voltage source converters (2L-VSC). In the 2L-VSC system, a

careful modulation technique is applied to such a switch. As a result the
systemb6s output wil/l contain harmonics whi
frequency, thus a high switching frequency produces higher-order harmonics

that are easier to filter. An inherent limitation in two-level VSCs is the need to

switch at high frequencies as this results in high switching losses that are
unacceptable at high power levels. For instance a 1% loss in a 700 MW

HVDC converter (i.e. 7 MW) results in a £21,000,0002 project cost.

2The bid price for a HVDC <converuper co
amount that reflects the converteroés |
The Awattso to fApriced conversion rat
typically within the range of £2 - £5/Watt. The value of £3/Watt was
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1.2 Overview of Multilevel Converter Topologies

Multilevel converters provide an alternative for realising high power
converters.

The concept of multiple voltage levels from a converter can be dated back to
1975 with the design of the three level converter [21, 22].

Multiple voltage levels are provided by stacking extra levels of switches in
the converter structure, either through clamping diodes, capacitors or by just
cascading electrically isolated cells together.

Consider an inverter with input voltage (Vpc) consisting of stacked cells.
Each cell synthesizes only a fraction of the input voltage and in most cases,
a resulting system with (n;) stacked cells, will have each level experiencing
only a n." portion of Vpc across it, significantly reducing the voltage stress
on the switches in each cell. Studies show that the staircase waveform
synthesized at the output contains lower harmonics and has a lower THD at
both high and low frequencies of operation. However the inclusion of extra
power components (switches, capacitors, and diodes) introduces control
complexities and system loss evaluation is more difficult to perform. A brief
outline of the established standards for multilevel converters is presented as
they have been widely reviewed [23-33].

1.2.1 Neutral Point Clamped (NPC) Converter

Initially proposed by Nabae et al in 1981 [34], the Neutral-Point Clamped
(NPC) converter is also known as the diode clamped converter. Diodes are
used as the voltage clamping devices to connect extra levels of cells and
facilitate synthesising the distinct voltage levels. The most basic form of this
converter is the three-level configuration which provides an output with three
distinct voltage levels: 0; Vpc/2; and Vpc. A three-level NPC converter is
shown in Figure 1.2 first in half bridge, then in H-bridge configuration.

The extra level of switches on each leg of the converter in both
configurations (i.e Sal, Sa4; Spl, Spd) is clamped to the neutral point via two
diode pairs (Dal, Da2; Dpl, Dp2) consequently preventing the voltage in one
level from surpassing that in the next level. The equipotential neutral point
(N) is provided by two capacitors in series C; and C, hence the voltage

adopted in this study such that a 7 MW loss results in a £21,000,000
mark-up.



across these capacitors must be balanced to ensure undistorted levels in the
converter output voltage waveform.

Consider the half-bridge arrangement shown in Figure 1.2a, the operating
principle is as follows:

- The switching states for S;1 and S,2 are co-ordinated in such manner
that the voltage that reflects across the AC output (Vac) is either O,
+0.5Vpc, or +Vpc.

- Valid operating states:

1. With the devices S;1 and S,2 both switched ON, the full DC
voltage (+Vpc) is reflected across the AC output.

2. With the device S,1 switched OFF; and S,2 ON, the voltage
across the capacitor C, (i.e. Vpc/2) reflects across the AC
output via the clamping diode (D,l). Diode D,l is forward-
biased or reverse-blocking depending on the direction of
current.

3. With the devices S;1 and S,;2 both switched OFF, the AC
output is electrically tied to ground i.e. Vac = 0.

- Invalid operating states:

1. With the device S,1 switched ON; and S,2 OFF, the diode D,l
goes into forward blocking mode, preventing current from the
DC source or the capacitor C; to the AC side. The diode D2
also blocks a current path from establishing between the
capacitor C, and the AC side.

- The switching state for S;3 is always a binary opposite of S,1 and S.4
a binary opposite of S;2. This prevents short-circuit conditions from
occurring across the DC rail and the capacitors (Cy, C,).

The same principle is applicable in the H-bridge configuration shown in
Figure 1.2b (i.e. to Spl, Sp2, Sp3, Sp4). Bothinhal f bri dgeso
H-bridge are controlled to produce the resulting multilevel voltage waveform.

Switching state redundancies are available as shown in Table 1.1 and this is
beneficial as switching stress can be shared among the devices and are also
required to balance DC link capacitors C; and C,.

Table 1.1 illustrates the possible operating states for the full-bridge neutral
point clamped multilevel inverter, while Figure 1.3 shows the current paths
that established by applying the different states.

t hat



(@)

(b)
Figure 1.2: A three-level neutral point clamped (NPC) converter in: (a)
half; and (b) H-bridge configuration.

Note that only the main current paths are shown albeit that in reality two
other current paths exist which provide:

- current sharing through anti-parallel and clamping diodes; or
- current continuity through anti-parallel diodes when the main current
path is suddenly interrupted due to a change in switching state.

The state 1001 is invalid as it results in an over voltage condition.



Table 1.1: Valid states for a three- level NPC converter

Leg A Switches Leg B Switches
Vac
Sl S.2 Sa3 S4 Spl Sp2 Sp3 Sp4
1 1 0 0 0 0 1 1 Vbc
1 1 0 0 0 1 1 0 +VDcl2
0 1 1 0 0 0 1 1 +Vpc/2
1 1 0 0 1 1 0 0 0
0 1 1 0 0 1 1 0 0
0 0 1 1 0 0 1 1 0
0 1 1 0 1 1 0 0 -Vpc/2
0 0 1 1 0 1 1 0 -Vpc/2
0 0 1 1 1 1 0 0 -Vpe
Leg B Switches
0011 0110 1100
[} 4
S [ T4 3 [4
= —.—
lafp s | aff 3a
3 I B 3
- — =
ti i 4 Y | g
23 I i oas | I i f TFpR P
5 Ll P Il i[5 3a
o A Y | E Y
E 3
T a G A A 3 A A
b= A & A A & L) A & Aa
£ E Y | ENRE

Figure 1.3: Possible current paths for a three-level NPC converter in

H-bridge configuration. Current can flow in either direction.
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Table 1.2 expresses the power devices requirement while extending the
diode clamped converter.

Table 1.2:  Power device requirements for NPC converter

Component Quantity

Levels (Positive to Zero) m

Switches and parallel diodes (per leg) | 2(m-1) X 2

Clamp diodes (m-1)(m-2)

Capacitors m-1

There is a complexity involved in deriving the rating of the clamping diodes,
since they, during certain switching instants, may experience higher than
expected voltage levels thus any further extension would result in an
expensive system.

A key challenge in controlling this converter is balancing the neutral-point
capacitors. The absence of adequate redundant switching states makes this
task difficult to achieve. Applications of this topology include a wide range of
variable speed drives [35, 36]. It is currently applied in some medium power
grid utility applications [37-41].

1.2.2 Cascaded H-Bridge (CHB) Converter

The cascaded H-Bridge (CHB) topology is based on the series connection of
multiple electrically isolated standard H-bridge modules and is well reviewed
[27, 31]. Each module is supplied by an isolated DC source (Vpc/n), where
fmorepresents the number of cascaded H-bridges per phase.

Figure 1.4 shows one leg of a three-level CHB converter topology. With each
module capable of generating (Vpc/n, 0, -Vpc/n), the final AC output is a
cascade of the separate AC outputs on each level and proper modulation
control of the converter ensures an output with low total harmonic distortion
value and harmonic content. In the CHB topology the absence of clamping
devices (capacitors, diodes) reduces the number of power components. In
practice the CHB topology is modular and less complex to control, however
the requirement of several isolated DC supplies results in an expensive
converter arrangement.



T Se1 | Sal|
Y
| Sp2 | Sa2 |

T Sa3 | Sp3 |
Y

| S« | Sp4 |

Figure 1.4: A single phase 3-level Cascaded H-bridge (CHB) topology.

The arrangement shown in Figure 1.4 is one phase of a 3-level CHB
converter topology formed from a cascade connection of two H-bridge
modules. The operating principle for each H-bridge is as follows (for instance
consider the H-bridge formed from S,1, Sa2, Spl and Sp2):

- The switching states for S;1 and Syl are toggled in such manner that
the voltage reflected across the H-bridge output is either 0, +Vpc/n, or
T Vpe/n.

- The switching states for S,2 and Sp2 are always operated in
complementary manner to S;1 and Spl. This prevents creating a
short circuit condition across the DC supply of the H-bridge.

The same principle is applicable to the second H-bridge (i.e. to S53, SA4,
Sp3, Sp4) but depending on the modulation technique implemented, the
switching operation of H, may be phase- displaced and/or disposed to
produce the resulting multilevel voltage waveform.

Table 1.3 illustrates the possible operating states for the 3-level CHB
topology, while Figure 1.5 shows the current paths for one phase of a CHB
inverter. There are four valid operating states (1001, 1010, 0101 and 0110)
for a CHB inverter with two H-Bridges per phase, thus a total of 16 (i.e 2%
switching states are available.

The converter can be configured to include extra levels by increasing the
number of H-bridges as shown in Table 1.4.
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Table 1.3: Valid switching states for a 3- level Cascaded H-bridge
topology

Sa1 [Saz |Sas |Sas | Sbr [ Sbz | Sz | Swa | Vac

1 0 0 1 1 0 0 1 + Vpc
1 0 0 1 1 0 1 0 +Vpc/2
1 0 0 1 0 1 0 1 +Vpc/2
1 0 1 0 1 0 0 1 +Vpc/2
0 1 0 1 1 0 0 1 +Vpc/2
1 0 0 1 0 1 1 0 0

1 0 1 0 1 0 1 0 0

1 0 1 0 0 1 0 1 0

0 1 0 1 1 0 1 0 0

0 1 0 1 0 1 0 1 0

0 1 1 0 1 0 0 1 0

0 1 1 0 0 1 0 1 -Vpc/2
0 1 1 0 0 1 0 1 -Vpc/2
1 0 1 0 0 1 1 0 -Vpc/2
0 1 0 1 0 1 1 0 -Vpc/2
0 1 1 0 0 1 1 0 - Vpe

Switching redundancies are present in this topology while producing the
voltage levels: Vpc/2; 0; and 1T Vpc/2 as shown in Table 1.3. This makes it
possible to control the converter such that the voltage stress is shared
amongst the switches on each level.

Benefits of this system include the absence of excessive power components
and a neutral point which reduces control complexities. However the
presence of isolated power supplies per level limits this topology to only
applications which do not rely on the presence of a single DC supply.
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Figure 1.5: Current paths for a 3- level Cascaded H-bridge topology.

Table 1.4: Component requirements for a Cascaded H-bridge

topology
Component per leg Quantity
Levels (Positive to Zero) m
Isolated Power Supplies (m-1)
Switches and parallel diodes (per leg) | 4(m-1)
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Recommended applications for this topology include interfacing renewable
energy sources to the grid, such as the voltage source converter in a grid-
connected wind turbine application and implementation of FACTS devices,
for instance in a distribution-level STATCOM device.

1.2.3 Flying Capacitor Clamped (FCC) Converter

The FCC was developed by Meynard and Foch [30]. capacitors set the
intermediate voltage levels of this topology. Each voltage level in the
converter AC output is formed as a result of the complementary switching
action of a pair of switches. The result is a current path formed that
bypasses or goes through the floating capacitor in that level.

The basic principle behind operating the FCC converter involves creating a
path for current to flow either from the DC link or clamping capacitors to the
load. As the clamping capacitors ideally have a known value (Vpc/nc) where
nc is the number of cells, different voltage levels are achieved by altering the
path of current flow, connecting or disconnecting the capacitors via the
switches.

Figure 1.6 shows the circuit for a three-level flying capacitor converter: first
in half bridge; then in full bridge configuration. The half-bridge FCC
arrangement is capable of synthesising three AC voltage levels: 0; Vpc/2;
and Vpc as this is a two-quadrant configuration. As the FCC H-bridge
arrangement is a four-quadrant arrangement, five voltage levels can be
produced: Vpc; Vpc/2; 0; -Vpc/2; and -Vpc.

Consider the half-bridge arrangement shown in Figure 1.6a, this
arrangement is controlled as described below:

- The switching states for S;1 and S,2 are chosen in such manner that
the current that flows to the Vac terminals is supplied: completely by
the DC source; by the capacitor C, (thus discharging occurs); or a
combination of both (thus charging occurs).

- Valid operating states:

1. With the devices S,1 and S,2 both switched ON, the full DC
voltage (+Vpc) is reflected across the AC output.

2. With the device S,1 switched OFF; and S,2 ON, the voltage
across the capacitor (ideally Vpc/2) reflects across the AC
output. During this switching instant, the capacitor discharges.

13



(@)

(b)

Figure 1.6: A three-level Flying Capacitor Clamped (FCC) converter in:
(a) half; and (b) H-bridge configuration.

3. With the device S,1 switched ON; and S,2 OFF, the difference
between Vpc and the capacitor voltage (i.e. ideally Vpc -Vpc/2)

reflects across the AC output. During this switching instant, the
capacitor charges.
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4. With the devices S,1 and S;2 both switched OFF, the AC
output is electrically tied to the negative Vpc terminal hence
Vac = 0.
- Invalid operating states:

Besides violation of the necessary complementary operation, there are no
invalid switching states for the FCC topology.

- For complementary switching operation: S,4 is always a binary
opposite of S;1; and S,3 a binary opposite of S;2. This prevents
short-circuit conditions from occurring across the DC rail and the
capacitor (C,).

The principle described above is applicable in the H-bridge configuration

shown in Figure 1.6b (i.e. to Spl, Sp2, Sp3,Spd) . The two fAhal f b
make up the H-bridge arrangement are controlled to produce the resulting

multilevel voltage AC waveform.

To realise the correct intermediate voltage levels at Vpc/2 (and -Vpc/2 in the
H-bridge arrangement) the voltage level in each flying capacitor (C, and Cy)
must be maintained at half the DC link voltage (Vpc). Redundant switching
states are available as shown in Table 1.5 with two main benefits:

- The switching stress can be shared among the devices in a bridge;
and

- Itis easier to balance the flying capacitors via an open loop rotation
algorithm or closed loop selection algorithm during modulation.

Table 1.5 illustrates the possible operating states for the three-level FCC
topology in H-bridge arrangement, while Figure 1.7 shows the current paths
for the different switching states. As all four switching states (1100, 1010,
0101 and 0011) are valid for the two half-bridge networks (i.e.: Sal, Sa2, Sa3,
Sa4; and Spl, Sp2, Sp3, Spd), there are a total of 16 (i.e 2%) operating states
for the three-level FCC H-bridge.

In a practical system, switching the flying capacitors in and out of the circuit
cause charging/discharging depending on the polarity of current. Thus
voltages across the clamping capacitors (C, and Cp) will vary during
operation. It is then necessary to maintain their required voltage level
otherwise voltage distortions will appear on the converter AC output
waveform. The redundancies present in the switching states which are
shown in Table 1.5 and the current paths established during switching

15



(Figure 1.7) make it possible for capacitor balancing to be achieved through
proper switching state selection while the converter output voltage is
synthesised.

Table 1.5: Valid switching states for three- level FCC in H-bridge
arrangement.3

Sat |Sa2 | Sa3 [ Sas | Sbr | Spb2 | Sbs | Swsa | Vac Ca |Gy
1 1 0 0 0 0 1 1 + Vpc NC

1 1 0 0 1 0 1 0 +Vpc/2 NC |Z

1 1 0 0 0 1 0 1 +Vpe/2 NC |y

1 0 1 0 0 0 1 1 +Vpe/2 % NC
0 1 0 1 0 0 1 1 +Vpc/2 z NC
1 1 0 0 1 1 0 0 0 NC

1 0 1 0 1 0 1 0 0 Ca=GCp

1 0 1 0 0 1 0 1 0 Ca=GCp

0 1 0 1 1 0 1 0 0 Ca=GCp

0 1 0 1 0 1 0 1 0 Ca=GCp

0 0 1 1 0 0 1 1 0 NC

1 0 1 0 1 1 0 0 -Vpe/2 Z NC
0 1 0 1 1 1 0 0 Vpc/2 % NC
0 0 1 1 1 0 1 0 Vpc/2 NC |V

0 0 1 1 0 1 0 1 -Vpc/2 NC |Z
0 0 1 1 1 1 0 0 - Ve NC

The presence of capacitors as the clamping devices makes the FCC
topology expensive to implement, especially in high power applications such
as transformer-less grid tied systems. In such applications, the clamping
capacitors need to be rated at a certain percentage of the total DC bus
voltage rating. This topology also has its benefits as the presence of
capacitors makes it suitable for use as a compensation device in certain

3NC i Notconnected; Z-Di s ¢ h a+Chage
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Amedi um HAGTS applications (around 11 kV, 1 kA) such as for active
power filtering.
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Figure 1.7: Current paths for a 3- level Flying Capacitor Clamped
topology.

Extending the FCC topology to include extra levels involves increasing the
number of clamping capacitors and complementary switch pairs as
expressed in Table 1.6.



Table 1.6: Component requirements for a Flying capacitor clamped
half-bridge topology

Component per leg Number
Voltage Levels m
Switches and parallel diodes 2(m-1)
DC Link Capacitors m-1
Clamp capacitors (m-3)/2

1.3 Component requirements for conventional multilevel
topologies

The plot in Figure 1.8 shows the power component requirements for a three-
phase configuration of the NPC, CHB and the FC. Note that all topology
structures considered produce the same number of voltage levels. Five
different groups of plots (DC bus, switches, capacitors, diodes and total) are
shown, with each group containing three bar-plots to represent number of
each component used for the three topologies as described in the legend
(green-NPC, blue-FC, red-CHB).

Power component chart for standard multileveltopologies

2500 H111

2000

1500

1000

Number of components

so0 ¥

Figure 1.8: Component requirements for FC, NPC and CHB
topologies.

18



The plots shown in Figure 1.8, were generated using the contents of Table
1.7. As well converter device requirements for an 11-level (O to positive
peak) output voltage are highlighted in black.

In Figure 1.8 is, all the capacitors and diodes (including anti-parallel diodes)
are considered to have the same rating. It is assumed that these devices are
series connected to achieve the required voltage level. This assumption is
made to ensure consistency in the analysis provided. In a practical
application, such devices can be distinctly selected to match required
voltage levels.

Table 1.7: Power Component Requirements For Standard Multilevel

Topologies*
NPC CHB FC
DC Bus 1 p(m- 1) 1
Capacitors p(m- 1) 0 P(m- 3)
2
Diodes p[2(m- 2)+(m- Ym- 2)] | 4p(m- 1) 2p(m- 1)
Switches 2p(m- 1) 4p(m- 1) 2p(m- 1)

The total number of devices required increases relatively with the number of
output levels as Figure 1.8 depicts. The NPC topology shows the highest
rate of rise in number of power components required as the output level
increases, while the CHB topology requires the least. This translates directly
to the power losses expended on each topology.

1.4 Modular Multilevel Cascaded Converter i the new
concept

It is clear from the above writing that conventional multilevel power
converters rely on clamping devices (capacitors, diodes or galvanic isolated
DC links) to stack up more voltage levels. Such a configuration is difficult to
extend further rendering the conventional circuits practically impossible to

4m 71 Number of output voltage levels; p = Number of phase legs.
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implement after certain voltage levels, especially if specifications for
interconnecting distributed resources (IEEE 1547) are adhered to. Hence
conventional multilevel topologies remain limited to medium level power
applications. Recent development has led to the implementation of modular
multilevel cascaded converters (MMCCSs), a new breed of power electronic
converter [42, 43]. In a MMCC topology, a power module is used as a basic
building block and multiple modules are stacked to meet an application6
power | evel requirements. Il n this
circuit configuration comprising semiconductor switches which are switched
in or out of circuit to provide access to an energy storage device. The
topology has no known extension limitations and commercial systems exist
with such configurations, however the control of this topology introduces
several challenges. By nature, the topology presents several current paths,
thus during operation, p h e n o mmay accut.
The mitigation of this phenomenon is an active area of research in several
institutes [21, 44-46]. Another key challenge involves maintaining balance in
the energy storage element in each module as this is difficult in practice and
requires sophisticated modulation algorithms, thus is also a subject of active
research [47-49].

Hitherto the basic building blocks in an MMCC as well as emerging parallel
and series variants, for example, the Alternate Arm Converter (AAC) [50],
employed either half or full-bridge circuits with a capacitor. The review of the
features of conventional multilevel converters, such as the diode clamped or
flying capacitor types, suggests that it is possible to use any one or both of
them as the building blocks for an MMCC, hence exploiting their advantages
and increasing their range of applications to include higher power. Several
investigations have produced significant publications, and industrial
applications are in existence which confirm the versatility of the MMC for
medium to ultra-high power applications [2, 51, 52], making the MMC circuit
architecture of primary interest in this research work.

1.5 Research Aim, Objectives and Thesis Structure

The topic of this project stems from the desire to seek an alternative
structure as the building block for an MMCC while exploiting attractive
features offered by the conventional multilevel converters. The overall aim is
to investigate the use of the 3-level flying-capacitor H-bridge circuit as the
structure to form a new MMCC, the Modular Multi-level Flying Capacitor
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Converter (MMFCC). This will involve developing suitable modulation
schemes and applications, exploiting MMFCC advantages as redundancy of
switching states is evaluated.

The specific objectives for achieving the research aim are defined as follows:

1 Exploiting this topology and evaluating how the FCC module fits into
the MMCC topology structure thereby forming the MMFCC.

1 Considering the switching states, corresponding current paths and
capacitor charging/discharging modes available,

1 Operational analysis of this topology in single- and double star
configurations, and single- and double delta configurations, for high-
power applications.

1 Investigating some adapted and novel multilevel modulation schemes
for the MMFCC, in terms of harmonic performance and switching
utilisation and losses.

1 Designing and building an experimental prototype MMFCC
demonstrator for practical validation of the converter model developed
in Matlab-Simulink. Developing control techniques for this converter to
function as a static synchronous compensator, and hence evaluating
its feasibility in high power applications using the validated converter
model,

The structure of the thesis is as follows:
Chapter 2:

In this chapter, the Modular Multilevel Converter concept is introduced and
the family classification is presented as well as emerging topologies. The
implementation of the 3-level FCC circuit at MMC module level, which
results in the Modular Multilevel Flying Capacitor Converter (MMFCC), is
then introduced and discussed.

Chapter 3:

Within this section, an assessment exercise performed, to qualify five basic
candidate sub-module concepts during the research work, is discussed.
Criteria used to assess each sub-module concept were footprint, cost,
redundancy, efficiency and performance. This helps to establish a rationale
behind the choice of the 3-level FC H-bridge sub-module concept for
extension and further evaluation during the rest of the research.
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Chapter 4:

Modulation control techniques are introduced in Chapter 4 to handle the
sophisticated co-ordination required by a single-star MMFCC topology. Also
within this section, the newly-developed overlapping multilevel hexagon
space vector modulation (OMHSVM) scheme is described.

Simulation results are presented to validate the presented modulation
concepts.

Chapter 5:

The experimental rig developed during the course of the research is
described in Chapter 6. Following detailed discussion of the power circuit,
the different subsystems (DSP, FPGA cards) which make up the control
hardware platform are discussed in detail. Experimental waveforms obtained
are used to validate the converter performance simulated in Chapter 4.

Chapter 6:

A summary of the findings revealed during the research work is provided in
Chapter 6, and recommendations to guide future advancement of this work
are also provided.
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Chapter 2

Modular Multilevel Converters

The cascaded H-bridge topology is formed by chaining a set of H-bridges
and i s therefore i +bidges.e kst first industriald u |l ar ¢
implementation by Robicon Corporation [53], was considered an impressive
advance in the field. The system involved a total cascade of nine H-bridges
(3 per phase) in the converter phase arms; however a complex
star-delta-star phase shifting transformer arrangement was required to
supply the isolated DC requirements of each H-bridge. The converter
configuration offered attractive benefits yet was costly to extend for high
power applications. Nonetheless this limitation experienced by Robicon
Corporation while implementing the CHB topology fostered research interest
in realising a more industry-friendly high power converter.

In response Leniscar and Marquardt presented the Modular Multi-Level
Converter (M2LC) [54, 55] initially introduced in [56]. The proposal detailed a
high power converter with significant technical and cost benefits. One of
these was its easy scalability achieved by simply cascading additional
modules in series within each converter phase arm.

This chapter presents detailed discussions of the developments in the area
of modular multilevel converters. A generalized family classification of
topologies is first discussed, based on its constituents, followed by some
emerging architectures. Afterwards, a different module concept, the 3-level
FCC module is introduced as a replacement for the H-bridge cell and a
guadrant system is described to show the control degrees of freedom
available to the 3-level FCC multilevel module. A hybrid version of the 3-
level FCC module, which has been termed within this chapter as the FC-H
module, is also described in brief to cover ideal modulation waveforms and
temporary circuits formed during its different switching instants.

The ter mmd Mmoeduldoed are used interchange
basic building block i.e. H-bridge, half-bridge or FCC circuit, for each MMC
topol ogy. The author i smoalwad reed tibsatal tshoe

other literature to express the same idea.
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2.1 Modular Multilevel Converter (MMC) Configurations

In an MMC topology, each converter phase comprises at leastan i a r mo
up from a stack of sub-modules. An inductor is normally inserted either at
the top or bottom of the stack and this depends on physical installation limits

such as the footprint avail abl e o
purpose of limiting the in-rush current to the converter arm as well as limiting
di / dt in the converterds <current
actions.

2.1.1 Sub-Modules Using Half-Bridge Cells [54]

A half-bridge cell comprises two switching devices, two diodes and a DC
energy storage element (i.e. capacitor, super-capacitor or battery) as
illustrated in Figure 2.1(a). Each cell is capable of producing a two state
output voltage: 0 or +V¢, where V¢ is the voltage of the associated DC
source (see Table 2.1). Thus each cell acts as a controllable unipolar
voltage source. The current flow through each cell can be bidirectional,
hence it gives two quadrant operation. For high voltage applications,
multiples of such cells are used as sub-modules and the terminals of these
are cascaded to form one phase arm with the inductor mentioned above
connected at one end as shown in Figure 2.1(b) .

15 Arm Inductor
(a) (b)

Figure 2.1: (a) Half-Bridge Cells and (b) one converter phase arm.
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Table 2.1:  Valid Half-Bridge Module Switching States.
Vo - cell output voltage; Io T cell current direction; and Vc - capacitor

voltage( Z = Di schar gi ngsNofhaage)lChar gi ng,
Vc
S S, Vo
+lo -lo
1 0 +Ve Y z
0 1 -Vc z ¥

The main benefit of realising the sub-modules by half-bridge cells is their
simplicity in comparison to using other topologies. However a limitation is the
inability to suppress, by converter action, fault currents arising from DC-side
short circuits. This is because each switching device, either MOSFET or
IGBT, is equipped with an integral inverse parallel diode, forming an
uncontrollable rectifier. Though the current technology has made DC-bus
faults rare and AC circuit breaker tripping is tolerable, such defect is still a
concern to be addressed.

2.1.2 Sub-Modules Using H-Bridge Cells

The use of a H-bridge cell as sub-module has also been investigated [3].
With four switch-diode combinations and one energy storage element of the
same type as its half-bridge counterpart above, this offers three-state output
voltage as listed in Table 2.2 and bidirectional current flow, hence giving
four-quadrant operation as shown in Figure 2.2(a).

Arm Inductor
(a) (b)

Figure 2.2: (a) H-Bridge Cells and (b) one converter phase arm.
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The phase arm is realised by chain connection of multiple cells as shown in
Figure 2.2(b). Clearly, compared with the half-bridge cells, using this module
within the topology doubles the number of semiconductor devices. However
it is capable of suppressing DC faults by converter action.

Table 2.2:  Valid H-bridge Cell Switching States.
Vo - cell output voltage; lo 1 cell current direction; and Vc - capacitor

voltage( Z = Di scharging, 9§ = Charging, N C
Vc
S1 S Ss3 Sy Vo
+lo -lo
1 0 0 1 +Ve Y z
0 1 1 0 -Vc z y
0 1 0 1 0 NC NC
1 0 1 0 0 NC NC

Notes for Table: The convention for the converter current is, +ve current is
one that flows into the converter; and negative current flows out of the
converter.

2.1.3 Classification of Modular Multilevel Converters

Since its inception, various hames have been given to the modular multilevel

topology, such as cascade multilevel converter, modular multilevel

converter, M2LC, M2C and chain-link converter. To establish consistency,

both in naming and understanding, a review and classification of this family

of converters was conducted in 2010 [43]. I n this review, the
Mul til evel Cascaded Converterso (MMCCQC)
converters. The following categories are specified within:

1 Single Star Bridge Cells (MMCC-SSBC)

1 Single Delta Bridge Cells (MMCC-SDBC)

91 Double Star Chopper Cells (MMCC-DSCC)
91 Double Star Bridge Cells (MMCC-DSBC)

Note that each of the converters in this category presents certain
characteristics that either increase or reduce suitability when applied in one
application or the other. To ensure consistency with existing literature, the

term Aarmo is used to refer to a casca
synthesise the same portion of an output (AC or DC) in an MMC. The author
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i s aware the other nomencl at urse sluicrhb 0a s
may be used in other literature. In the topologies described it is also
assumed that the storage element used is a capacitor.

In this thesis, the format adopted for discussing the MMCC family involves a
further categorisation into the following:

1 No DC link (Single- Bridge Cells: SSBC, SDBC)
1 Common DC link (Double Star- Cells: DSCC, DSBC)

The ANo DC |l inko cat e gSsBG and MMCC®OBEs t he
circuits, while the Common DC link category includes the MMCC-DSCC and
MMCC-DSBC circuits.

Although the MMCC-SSBC and MMCC-DSBC are more popular circuits,
especially for industrial implementation, all the categories are discussed in
this section including the double delta circuit which was not reviewed in [43].

2.2.4 Single- Bridge Cells

This type of MMCC is typically built from H-bridge modules. Several such
modules are series-connected to form each converter arm. It is not common
to implement half-bridge modules in the single-star arrangement due to the
limitation presented by the inability to reverse voltage polarity. Moreover
fewer redundancies are available for module capacitor energy exchange.

This topology can support applications which do not require a DC link. Such
requirement is common for certain applications: Flexible AC Transmission
systems (FACTS) devices such as Static Compensator (STATCOM); Battery
Energy Storage Systems (BESS) [22, 57-60]; and grid interface converters
for integrating distributed renewable energy sources [61].

Single- Star Bridge Cells (MMCC-SSBC)

The configuration of a three-phase MMCC in single-star arrangement and

built from H-bridge cells is illustrated in Figure 2.3. Each converter arm
comprises a number of H-bridge modules series connected to form two arm
terminals: an AC and a DC terminal. The AC terminal for each converter arm

(U, V, W) is connected to one phase of the AC line (A, B, C) typically via a
transformer and/or a line reactor of known value: Lca, Lcg, Lcc. The DC
terminals for each converter arm are connected to a common node, that
forms the converterés neutral point whi
depending on application requirements like transformer set-up.
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Module Circuit Converter Arms

N 4 3,
Transformer
(LSA, LSB, LSC) U

<

Figure 2.3: MMCC Single Star topology using H-bridge modules.

The connection between the converter and the AC line i.e. transformer
arrangement is chosen based on application requirements and typically
specified by the customer. Some points considered while making this choice

are:

Type of AC grid (three- or four- wire system).

Level of isolation required between the converter and AC grid.
Ratingsrequired f or the converterdés AC
in relation to the grid current and voltage.

Build, physical size and means of transporting the transformer.

Figure 2.3 shows a star-delta type transformer arrangement and the star-
neutral point is grounded at the grid side. This arrangement is suitable when
a four-wire AC system is present and sufficient grid-converter isolation is
required. The converterdés terminal
the transformer and t he neutr al poi nt is |
reduces certain project costs. For instance there is no longer a need for
grounding transformers and disconnector switches at the converter side.

Other common AC connection (transformer) arrangements include:

Star-Delta (with floating star);
Star-Star (with grounded or floating star); and
Delta-Star (with grounded or floating star).
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Assuming that the voltage level (V¢) is maintained across each module
capacitor, then each converter arm will synthesise an AC waveform with up
to (2n.V¢c + 1) voltage levels (where n is the number of H-bridge modules in
the converter arm). The different switching states available to a H-bridge
module and corresponding module capacitor voltage are as shown in Table
2.2.

Consider connecting this MMCC-SSBC to a balanced three-phase source,
each phase current flows into one phase arm through an equivalent series
impedance presented by the transformer and AC line (Lsa, Lsg, Lsc), the
converter arm inductor (Lca, Lcg, Lcc) and the chained modules. The energy
storage components are either charged or discharged depending on the
direction of phase current and individual module switching states. Clearly
there is only one current path in each phase arm. Hence circulating currents
do not exist in this topology. Based on this functionality, the MMCC-SSBC
topology will only interact with positive-sequence components in a power
system, making it attractive only for smart grid applications with stiff and
symmetrical AC supplies such as distribution-side STATCOM or BESS
applications.

Single- Delta Bridge Cells

The configuration of a single delta bridge cell-based MMCC is as illustrated
in Figure 2.4. Each converter arm (A-B; B-C;and C-A) compr i s e
connected modules and three such arms are connected in delta form. There
is neither a common neutral point nor common DC link hence the
transformer arrangement must either be in floating-star or delta configuration
at the converter side.
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Figure 2.4: MMCC Single Delta topology using H-bridge modules.

The switching states in Table 2.2 still govern the output voltages for each H-
bridge cell but the delta configuration introduces circulating phase currents,
making it possible for an inverter with this topology to interact with both
positive- and negative-sequence symmetrical components.

Consider an AC current flowing from Phase-A through at the converter-side
transfor mer t er nHigara2.4. Anldeal math tomthis current
would be to split at the converter connection point between converter arms:
A-B; and C-A. The portion of current that flows through both converter arms
is determined by the voltage across each arm at that instant. Multiple return
paths are available via terminals
voltage across the converter arm B-C. These extra paths allow for the
current to Aci rooverteaat each ingtant. A case far thig is
presented in [46], where an investigative study is presented for a 5 kVA
PWM controlled MMCC in single delta bridge cell configuration. This was
deployed with the aim of realising negative-sequence reactive power control
in a STATCOM application. As a result of this functionality, the MMCC-
SDBC is attractive for smart grid power applications that may involve
unsymmetrical AC systems. It is also suitable for Battery Energy Storage
System (BESS) applications as it also allows interaction active power
components in a grid.
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Ratings for Single- Bridge Arrangements

When rating the arms in a single star (Figure 2.3) or single-delta (Figure 2.4)
structure, it is important to note that voltage rating (thus number of modules)
and current rating (thus current rating for module switches) for the converter
arms are affected by the secondary-side transformer arrangement. This is
qualified in Table 2.3.

Table 2.3:  Ratings for Single- Star and Delta topologies.

Single Star Converter Single Delta Converter
Grounded Star V.. Vi = Not Applicable
rating \/§ ’ 'rating PH
Floating Star _ Vi, _ RV _ oy
Vrating - \/§ ’Irating - IPH Vrating _VL—L’ Irating _ﬁ
Vi . _ _ Vi, _
Delta Vrating = 21_/?_3 ’ Irating - IPH\/§ Vrating - \I/_é_ ’Irating - IPH

where
V.. is the line to line voltage value at converter side.

Ipy is the phase current at converter side

According to Table 2.3, the voltage rating for an MMCC-SDBC topology is

ARada30 times more than t hS&SBC topoblogpwheneagui v al
floating star converter-side transformer arrangement is used and 2 times

more when a delta converter-side transformer arrangement is used.

Also, the current rating foran MMCC-SDBCtopol ogy i s fna3o | es
an equivalent MMCC-SSBC topology regardless of the transformer
arrangement . This means that switches (
(which are cheaper) may be used within the H-bridge modules but more H-

bridge modules are required in series.

Main control objectives for a MMCC circuit application implementing single-
bridge modules/cells include ensuring equal and constant voltages module
capacitors as well as the control of symmetrical positive (single-star) and/or
negative (single-delta) sequence components on the AC terminals.

2.1.4 Double- Bridge Arrangements

This arrangement of MMCC allows the use of half- or H-bridge modules and
the choice of either depends primarily on the type of application and sort of
functionality provided by the converter. Several such modules are series-
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connected to form each converter arm and the arrangement is an extension
of the single- star or delta topology such that a double star or double delta
circuit may be realised. The double star bridge cell (MMCC-DSBC) supports
applications that require a common DC link and has become popular over
the past half-decade as the enabling technology for HVDC applications.

The arrangement realised by extending into a double delta bridge cell
topology (MMCC-DDBC) has neither been reviewed in any academic
publications nor received industrial interest. This is possibly because no
extra functionality has been identified by using such an arrangement.

The MMCC-DSBC and MMCC-DDBC topology structures are introduced in
the following text. For the case of the MMCC-DSBC topology some basic
analysis is provided to highlight some of the research interest and focus
placed on this topology at the moment. Typical converter ratings are also
provided.

Double- Star Bridge Cells

I\/Iodule Circuit
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Transformer
A (Lsa, Lsg, Lsc) U
B Vv Lcar Lcer Leer
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Figure 2.5: MMCC Double Star Bridge Cell topology using half-bridge
modules.
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Figure 2.5 shows the double star topology of a MMCC. A half-bridge
arrangement is shown as the module circuit and it is uncommon for H-bridge
modules to be applied in this topology. This is because each converter arm
Is required to operate in only two quadrants (i.e. bipolar current and unipolar
voltage) hence the half-bridge module is sufficient.

Unlike the single- star and delta arrangements the double star topology is
built from six converter arms connected as pairs to form each converter
phase i.e. as three top arms and three bottom arms. Essentially the topology
comprises two single-star circuits with phase-parallel connected AC
terminals. In each phase the top and the bottom arms are connected through
converter arm reactors Lcar, LCag, LCgT, LCgB, LCcT, LCcg to form common AC
phase terminals (U, V, W). The three top arms are connected to form a
common positive DC terminal (+Vpc) while the three bottom arms form the
negative DC terminal (i Vpc).

The ndphhasad | el 0o configuration of t he

several current paths available within this topology thus allowing the

Acinteuwmlgacurrento phenomenon to occur .

The half-bridge module circuit shown in Figure 2.5 comprises a capacitor
and two semiconductor power switches (Si; and S;). These are typically
IGBTs and can be controlled to synthesise two output voltage levels at Vo.
Assuming the voltage level (V¢c) is maintained across each module, then
each converter arm will synthesise an AC waveform with up to (n.Vc + 1)
voltage levels (where n is the number of half-bridge modules in the converter
arm). The different operating states available to a half-bridge module are
outlined in Table 2.1. The module output voltage (Vo) for each state and
resulting consequence to the module capacitor voltage (Vc¢) (i.e. charging or
discharging) is also specified.

Similar derivation may be applied to the single and double star circuits to
determine power demand levels. However a more sophisticated current
control strategy is required for the double star circuit due to the several
control variables namely: three AC currents; six arm currents; and DC
current. More so, the circulating currents must be controlled. An equivalent
circuit for the converter is shown in Appendix B.1 outlining several composite
and complex closed circuits formed by the double star topology during
operation. This is used to establish certain expressions that describe the
circulating currents within the double star topology.
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Circulating current is a dominant issue in the control of the double star
MMCC circuit and is a subject of research [21, 45]. It is often considered
during design of the control of the topology and mostly at the inner loop
current controller [48, 49, 62].

In Chapter 3 the different tiers of control required for proper management of
a Modular Multilevel converter are introduced and those essential for
managing the circulating currents within the converter are highlighted.

The MMCC-DSBC topology has attracted industrial interest due to its ease
of extension and application versatility. Many power electronics industries
have produced either a prototype or commercial-ready version of this
topology especially for application to HVDC schemes.

Double- Delta Bridge Cells

Following through from the classification in [43], it is then possible to
implement a double delta bridge or chopper cell (DDBC or DDCC). However
this circuit has neither been reviewed academically nor established
practically as the presence of a double delta circuit, even though more
expensive, presents no significant benefits. From an application perspective,
the Double Delta circuit is also limited as it does not provide a common DC
link.

However, the MMCC-DDBC topology presents the possibility of separately
controlling each delta converter and the circulating current through the delta
connected arms and facilitates active power exchange between the cells
capacitors in each arm.

Figure 2.6 presents a configuration with a double delta circuit connected to a
3-phase AC supply. Such a circuit will control both positive and negative
sequence symmetrical components and in practice it can be used as an
inverter for reactive power compensation as well as a harmonic filter.
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Figure 2.6: MMCC Double-Delta topology using H-bridge modules.

As shown in Figure 2.6, a double-delta topology is built up using

H-bridge cells and comprises two single-delta converters (top and bottom
delta converters) hence it presents siXx
of bridge cells in each arm. The AC supply terminals are tapped from the
connection points on each phase in the delta configuration.

There are no extra benefits from the complexity that is such an extension,
except possibly for increasing current capacity which may be achieved via
less complicated means (e.g. increasing module switch current rating,
choice of converter transformer, etc.). Further analysis is not conducted for
this topology.

2.1.4.1 Voltage and Current Ratings for the Double- Star Arrangement

It is important to know the voltage and current rating for the converter arms

in a double- star (Figure 2.5) structure as these ratings help in choosing the

number of modules as well as the current rating of module switches. The
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effect of converter transformer arrangement is already qualified in Table 2.3
thus Table 2.4 focuses on generalised converter arm ratings for an MMCC-
DSBC topology.

Table 2.4: |7 V Ratings for the Double Star Bridge Cell topology.
Arm Rating | Voltage (V) Current (A)
Inverter Rectifier
Vaem_1op = Voe = Vac | zlﬁ.klﬂ . =- Iﬁ_ Iﬁ
Operating P32 P32
VARM_BOTTOM =VAC - VDC
_ I DC I AC —_ I DC I AC
IBottom_?_T |Bonom—'?+7
| IA(: P

Peak VARM_Peak = [\/DC +VAC| I ARM _Peak — % +Tea

where
Vpc is a DC voltage portion, the total DC rail voltage is £Vpci.e. 2Vpc.

Vac is the AC voltage applied to the converter (this is either a phase
or line-line voltage depending on the transformer arrangement
chosen).

Varm Top IS the voltage applied across the top converter arm during
operation. See Figure 2.7.

Varm BoTTOM IS the voltage applied across the bottom converter arm
during operation.

Varm peak IS the maximum voltage value of the converter arm (top or
bottom). See Figure 2.7.

Ioc is a DC current absorbed or supplied by an inverter or rectifier.
Iac is an AC current absorbed or supplied by an inverter or rectifier.

ltop IS @ combination of AC and DC currents that flow through the top
converter arm. See Figure 2.7.

Isottom iS @ combination of AC and DC currents that flow through the
bottom converter arm.

larm_peak IS the peak current value experienced at the converter arm
(top or bottom). See Figure 2.7.
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Figure 2.7: 1 phase of MMCC-DSBC showing basic operating principle
and peak ratings during (a) inversion; and (b) rectification.

In Figure 2.7 the equivalent circuit for one phase of an MMCC-DSBC

topology is shown in order to outline the current paths via the top and bottom

converter arm in that phase. This allows the basic operating principle to be

discussed and the converter arm ratings established.

The equivalent circuit is shown as an AC voltage Vac connected to the DC
rail +Vpc via the top and bottom converter arms such that the top and bottom
arms experience the voltages (+Vpc-Vac) and (-Vpct+Vac) respectively.

Vac is either a line or phase voltage depending on the transformer
arrangement implemented. For instance Vac is a phase voltage if a star-delta
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transformer is used or a line voltage when a star-star transformer
arrangement is implemented. A neutral point N is shown as a reference for
the AC voltages while a ground point O is used a reference for the DC side
voltages. To simplify the circuit analysis/discussions N and O are assumed to
be at equipotential (this is the case only for an ideal system i.e. Symmetrical
AC voltages and stiff DC voltages).

As the AC voltage alternates between positive and negative peak values
during each cycle, the peak operating voltage (Varm peak) Observed in the top
and bottom converter arms is |VpctVac|. However, in the design of a
practical MMCC-DSBC system, each converter arm is rated up to [2Vp]
i nstead. This is done to accommodate ar
when all the cells in a complementary converter arm are completely
bypassed exposing the other arm to voltages up to 2Vpc. Such a scenario is
typically as a result of local protection trips reacting to a cascading fault
current local to one arm. Incidentally such voltage rating also provides each
converter arm with a certain percentage redundancy which helps guarantee
minimal converter downtime.

As an inverter (Figure 2.7a), a third of the total DC current flows into the top
and bottom converter arms while each arm contributes half the AC current.

As a rectifier (Figure 2.7b), half the AC current flows via the top and bottom
converter arms to contribute a third of the total DC current.

Thus in any case each converter arm experiences a combination of AC and

DC currents with peak values up to (

| I . , .
%+%‘°eﬁ1). This value is essential

when choosing the current rating for the components each module,
especially the switches.

2.1.5 Emerging MMCC Configurations

The emergence of new MMCC configurations is driven by a need for more
compact high voltage converters with extremely low converter losses to drive
applications for the smart and super-grid concepts. Academic and industrial
researchers are constantly investigating more MMCC configurations.

Current research focus is on MMCC topologies for HVDC applications.
Hence the realisation from such investigations are geared towards solutions
with common DC link. The hybrid converter reviewed in this work are
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classified as: series- and parallel-hybrid topologies. This classification
describes the method/configuration of connecting the converter arms
between the AC and DC sides. Figure 2.8 shows both configurations.

Vac *D'Ik Vagy — B

© 0 O
POL

' 00¢

(b)

Figure 2.8: Hybrid MMCC Classification based on DC connection
showing (a) parallel-hybrid; and (b) series-hybrid configuration.

Based on this classification the MMCC-DSBC topology is inherently of
parallel-type connection i.e. the converter arms are connected in parallel
between the AC and DC sides.

Hybrid MMCC with Parallel Connection (The Alternate Arm Converter i
AAC)

For parallel-hybrid topologies, the connection between the AC and DC side
is of parallel type but each converter arm is built from a cascade of different
cells or devices to establish Varu. Different topologies will aim to achieve
different objectives, but the main motive in a parallel-hybrid configuration is
to provide more control options in the transition of the current flowing in each
converter arm as it flows through the circuit. One such example is found in
the Alternate Arm Converter (AAC) which showcases the use of director
switches (also known as selector switches) to force a prescribed path for the
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current through in each phase [44], thus allowing the flow of circulating
currents to be governed. Extra functionality such as DC fault blocking is
possible depending on the cell type chosen to build up each converter arm.

The selector switches serve the function of choosing which converter arm is
activated as the current flows either from AC line to DC terminals or vice
versa. Incidentally, the position of the selector switches presents a means of
dividing the double star circuit into two single star circuits and three modes
of operation are presented. The AAC can function normally as a
rectifier/inverter or as two separate MMCC-SSBC circuits which can be
operated independently or simultaneously as inverters. During a DC-fault
ride-through scenario it is then possible to reconfigure the converter for utility
support purposes (STATCOMs, harmonics filters, etc.).
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Figure 2.9: The Alternate Arm Converter showing (a) module; and (b)
Director switch circuit.

Figure 2.9 shows one parallel hybrid arrangement, an alternate arm

converter. The AC line terminals (A, B, C) are connected to the converter AC

terminals (U, V, W) via a star-delta transformer connection. The top and
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bottom converter arm in each converter phase comprises a series
connection of:

- a converter limb reactor (Lcar, LCas, LCgT, LCgB, LCcT, LCcg) that limits
the rapid current transients can occur during switching. This reactor
value is also chosen typically smaller than that in the MMCC-DSBC
topologysuch t hat quick control of <€ircul
| ap periodo m@4); be achieved

- a director switch (DSar, DSas, DSgr, DSgs, DSct, DScg): a
semiconductor switching assembly (Figure 2.9b) used to connect or
disconnect each converter arm into or out of the circuit. This provides
extra degrees of control freedom that ensure that an optimal current is
transferred between the AC and DC system for a certain DC power
value; and

- a series connection of modules (Figure 2.9a) that when collectively
controlled provide a required converter arm voltage that governs the
flow of current between the AC and DC sides via that arm.

The number of modules required for the AAC is reduced as the director
switches are rated to provide voltage support. Switching loss reduction is
also suggested in [44], particularly if soft-switching (especially zero-current
switching) is adopted for the control of the selector switches.

The Alternate Arm Converter is an active research topic and a subject of
several publications. In [63-65] a system level analysis is provided for the
topology suggesting a 40% decrease in the number of modules per
converter arm compared against an MMCC-DSBC topology of the same
rating. Some of the enhanced converter control techniques developed for the
AAC are discussed in [50, 66], such as the application of an extended
overlap period for the control of the director switches to realise enhanced
energy management within the converter, as well as third-order harmonic
voltage injection to reduce converter losses. Power loss and thermal
analysis were performed for the AAC over a period of 200 seconds. This is
presented in [67], which suggests a reduction in switching losses when
compared against MMCC-DSBC topology.

One of the main benefits of the AAC is its ability to ride through AC faults
and block DC faults, these features are discussed in [68] and [44]
respectively.
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The choice and build of the semiconductor switching assembly for the
director switches (Figure 2.9b) is still an active research topic. Perhaps with
the current research into wide band-gap semiconductor devices, the near
future will present more sophisticated semiconductor devices to better serve
at such a capacity.

MMCC Series-Hybrid Connection (The Series Bridge Converter -SBC)

A series-hybrid MMCC still comprises of a series stack of cells on each
converter phase arm. However a series connection of the converter arms (U,
V, W) forms the DC rail. One such topology is the Series Bridge Converter
(SBC) presented in [69] as shown in Figure 2.10.
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Figure 2.10: The Series Bridge Converter showing (a) module; and (b)
Director switch circuit.

As shown in Figure 2.10, The SBC is built up using only three converter
arms (U, V, W). Each converter arm comprises an H-bridge circuit
connected in parallel with a series string of modules (chain-link). The three
arms are connected in series to provide or receive power from the DC link.
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For instance with the converter operating as an inverter, the 3-phase AC
waveforms are generated as follows:

In each arm:

- the Chain-link receives energy from the DC link and is controlled to
generate three quasi-sinusoidal but full-wave rectified waveforms
(with each waveform displaced 120° from the other);

- the H-Bri dge <circuit i s C onfied wavdfoend
provided by the Chain-link every 180° thus generating a quasi-
sinusoidal AC waveform; and

- the resulting AC waveform is coupled to the AC line via three single

phase transformers.

Investigations have shown a possible converter footprint reduction (from
sub-module count reduction) when compared with an MMCC-DSBC
topology of similar power rating. As well, the SBC is capable of advanced
functionality such as active DC filtering due to its configuration and control
[70]. The converter footprint is smaller than that of the MMCC-DSBC and
AAC making this topology attractive for offshore applications where footprint
is at a premium. As a result the SBC topology is a subject of active research
[69, 71].

Voltage and Current Ratings for the AAC and SBC

The ratings for the chainlinks and director switches for the AAC and SBC are
shown in Table 2.5. For the AAC these ratings are established from [50, 63],
however as ratings for the SBC chainlinks and director switches are unclear
in the relevant literature [69-71], Figure 2.11 is provided to support the
specifications.

Table 2.5: 17 V Ratings for the AAC and SBC.
Rating Voltage (V) Current (A)
] V, _al lac ©
AAC Varm =Voc; Vos =Vac - %c | arw -%’ff@
Q -
V, V, I
SBC VARM:%C;VDS:VAC-% laem =25+ loci Tps = lac
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where

Vpc is the total DC rail voltage.+Vpc for the AAC and Vpc for the SBC.

Vac is the AC voltage applied to the converter (this is either a phase
or line-line voltage depending on the transformer arrangement

chosen).

Varwm is the voltage rating of the chainlink.

Ioc is a DC current absorbed or supplied by an inverter or rectifier.
Iac is an AC current absorbed or supplied by an inverter or rectifier.

larm IS current rating of the chainlink.

Ips IS current rating of the Director Switch.
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Figure 2.11: SBC basic operating principle to support specification for

peak ratings.

In Figure 2.7 the circuit for a SBC is shown which outlines the current paths
as well as establishes peak voltage and current expectations within the

converter.

The circuit shows each phase of a three-phase AC line Vac_, 8, c) connected
to a H-bridge built using four director switches. The H-bridges are connected
in series via their DC terminals to form the DC rail (+Vpc, 0) and three
converter arms (one for each H-bridge) are connected to the DC terminals of
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the H-bridges such that a combination of AC and DC currents flows via the
converter arms while only AC currents flow via the director switches. This
arrangement supports ratings specified in Table 2.5 for the converter arms
(Varm) and director switches (Vps) in the SBC.

To summarise the findings in Table 2.5, the SBC is expected to offer further
size (hence cost) reduction than the AAC compared to a MMCC-DSBC
because:

- There is a lower requirement for peak voltage rating for each
converter arm; and

- In reality building such a converter while adhering to voltage
clearance requirements needs the erection of only two equipment
columns (i.e. one for the converter arms and one for the director
switches).

Table 2.5 also suggests that the peak current rating for the converter arms is
expected to increase and although this needs further clarification, it is
immediately evident that the SBC is an attractive topology for offshore
applications (wind farm power transmission) while the AAC is suitable for
interconnecting AC/DC system which are prone to faults.

2.2 Discussion and Comparison of MMCC Configurations

In this section a discussion is presented in order to compare the following
described topologies:

- MMCC-SSBC
- MMCC-SDBC
- MMCC-DSBC
- AAC
- SBC

These topologies were developed to tackle different applicationsdsuitability,
making them difficult to compare directly across common criteria. To tackle
this difficulty, the topologies are first compared using standard system
design criteria and against a range of applications (FACTS, HVDC, Offshore
Power Transmission).

A filled radar chart is used to graphically present comparison for each group
above and express the rank of each topology. This type of chart is a good
platform for comparing different systems which are normally not directly
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comparable. A table is also provided showing how the topology ranks are
determined.

System Design Criteria
Every system has to consider the five basic design parameters:

- Size (and Weight): Some applications place a high premium on cost,
weight or both. For instance in an offshore application a design with
smaller (footprint) is more attractive, while for an aerospace
application size and weight reduction are of equal and great
importance.

- Cost: This is the overall cost for choosing a certain design/technology
(not just the direct financial cost). For instance using a star-star
instead of astarrdel ta transfor mer Oi nolurtserans
grounding transformers.

- Efficiency: System efficiency is important in the choice of any design
but it becomes more stringent in applications that operate in high
orders of magnitude. For instance in a 600MW HVDC application, 1%
loss implies 6 million watts of heat to dissipate.

- Performance: This is often associated with how closely the system
output tracks a prescribed reference (or fundamental). For a converter
certain qualities are used to track performance such as: dynamic
response to step changes/faults, harmonic content, etc.

- Reliability: This is associated with the robustness of the system. In
summary it is a reflection of how much tolerance is exhibited by the
system before shut-down is required.

Each application accords more importance to some of the design
parameters than the others. For instance for a FACTS application, size and
performance may be of greatest importance while for a HVDC application
size, efficiency and reliability will often hold great importance.

To capture this variance, a ranking system is developed to capture the
suitability of each topology to the different applications. Basically the
topology rank is obtained by multiplying an importance value by a suitability
value. The importance values are in a range of 1 7 3 and allocated to each
system design parameter for each application where:

- 1. Low importance;
- 2: Medium importance; and
- 3: High importance.
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On the other hand, the suitability values range are allocated to each
topology and reflect how much the topology meets the system design
parameter. The suitability values are in a range of 1 i 5, where:

Final

0: Not Applicable;

1: Unsuitable;

2: Somewhat unsuitable;
3: Neutral;

4: Somewhat suitable; and
5: Very Suitable.

ranking is achieved by multiplying the suitability and importance

values.

Topology Ranking for a FACTS Application

Table 2.6:  Converter topology ranking for a FACTS application.

SSBC SDBC DSBC AAC SBC
Size 10 10 4 6 8
Cost 8 8 4 8 8
Efficiency 6 6 6 8 8
Performance | 3 12 15 15 9
Reliability 4 4 4 5 3
Total 31 40 33 42 36

Importance values: Size (2); Cost (2); Efficiency (2); Performance (3); Reliability (1).
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Figure 2.12: Filled radar showing topology ranking for FACTS
applications.

Topology Ranking for a HVYDC Application
Table 2.7:  Converter topology ranking for a HVDC application.

SSBC SDBC DSBC AAC SBC
Size 0 0 4 6 8
Cost 0 0 2 4 4
Efficiency 0 0 9 12 12
Performance | 0 0 15 15 9
Reliability 0 0 12 15 9
Total 0 0 42 52 42

Importance values: Size (2); Cost (1); Efficiency (3); Performance (3); Reliability (3).
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Figure 2.13: Filled radar showing topology ranking for a HVDC
application.

Topology Ranking for Offshore Power Transmission

Table 2.8:  Converter topology ranking for an offshore power transmission
application.

SSBC SDBC DSBC AAC SBC
Size 0 0 6 9 15
Cost 0 0 4 8 8
Efficiency 0 0 6 8 8
Performance | 0 0 6 8 8
Reliability 0 0 12 12 12
Total 0 0 34 45 51

Importance values: Size (3); Cost (2); Efficiency (2); Performance (2); Reliability (3).
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Figure 2.14: Filled radar showing topology ranking for an offshore
power transmission application.

2.3 Summary

The concept of Modular Multilevel Cascade Converters has been reviewed
as the fundamental background for describing the proposed topology based
on a different module structure.

The chapter presented the two converter topologies most commonly used as
sub-modules in MMCCs. The discussions highlighted their main features;
sub-modules using half-bridge cells, though using fewer semiconductor
devices, cannot suppress DC faults by converter operation; sub-modules
with a full-bridge cell can suppress DC faults by using the switching devices.

The chapter then gave a comprehensive review of four modular multilevel
converter topologies; MMCC-SSBC , MMCC-SDBC, MMCC-DSBC and
MMCC-DDBC. It was shown that the former two use H-bridge cells as
modules and are suitable only for STATCOM and BESS applications. In
contrast the latter two double arm configurations use half-bridge cells as
modules and are only for HVDC converters. An extensive analysis was given
of the phenomenon of circulating current occurring in MMCC-DSBC. The
chapter also reviewed the emerging forms of MMC, such as AAC and SBC.
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Comparisons of all the topologies according to five well-known criterion were
given.
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Chapter 3
MMFC Converter Sub-module Benchmarking

So far, previous discussions have focused on topologies with modifications
to the system-wide converter structure but all using the conventional half- or
H-bridge sub-modules within each converter phase arm. Other emerging
converter topologies such as flying capacitor or diode clamped converters
may also be used to form sub-modules for the MMCCs.

This chapter presents a new set of sub-modules for MMCC based on the
flying capacitor topology. These are:

- 3-level half-bridge flying capacitor cells;
- 3-level H-bridge flying capacitor cells; and
- 3-level Hybrid H-bridge flying capacitor cells.

Before exploring these topologies for specific applications, their features,
advantages and shortcomings as compared with their two well-known and
well-used counterparts need to be assessed and quantified against a set of
clearly defined criteria or metrics. Thus in this chapter a set of practically-
oriented metrics for evaluating sub-modules for modular multilevel
converters is established. These are first applied to evaluate the typical half-
and H-bridge sub-modules. They are then applied to the flying capacitor -
based sub-module concepts, and results are compared. Codifying these
metrics provides a potentially useful tool for practical designers of converter-
based equipment.

The 3-level H-bridge flying capacitor sub-module is chosen for further
investigation in this research, because it offers more degrees of control
freedom at the sub-module level.

3.1 Sub-module Benchmark Analysis

A set of guidelines and assumptions used while assessing the different sub-
module concepts are outlined. Assumptions are backed either by data from
amanufacturer 6s dat as h émrst The following ffive
metrics are established for assessing the sub-module concepts: footprint;
cost; redundancy; efficiency; and performance.
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3.1.1 Guidelines for Assessing Sub-module concepts

The main components that form the sub-module concepts investigated are a
combination of at least one of each item below: power semiconductor switch;
Capacitor; Heat Sink(s); and Gate Electronics Module (GEM).

Table 3.1 outlines the device options chosen and used to derive values for
the sub-module assessment metrics.

Table 3.1: Devices used for sub-module assessment parameters
based on hardware rig.

Device Manufacturer reference | Comments

Switch IKW30NG60T (Infineon) 600 V, 30 A Power IGBT

Module

Capacitor | EETED2G561EA 600 V, 560uF Capacitor
(Panasonic)

Heat Sink | SK105/105SA Chosen specifically  for its
(Fisher Elektronics) compensating thermal impedance

(Rt = 2 K/W) to match maximum
switch module operation.

Gate FPGA (ProASIC3) Only the key parts that vary across
Electronics Transducers (LEM) the different sub-module concepts
Module are considered.

(GEM)

Three points are worth noting:

In a power conversion application anti-parallel diodes are typically included
either as separate physical devices or parasitic/lbody diodes connected
across each power semiconductor switch. The declaration of a power
semiconductor switch S;; Sy; .. ; Sx by the author is inclusive of such a diode
i.e.D1;Dy;  éx. D

Certain power conversion applications e.g. Battery Energy Storage Systems
use batteries in place of capacitors. But such applications are not
investigated during this study.

A pair of switches is operated in a complementary manner to avoid short
circuit of a sub-module capacitor.
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In practice, devicesares el ected to match an applicat

may present a different voltage, current or capacitance rating. The devices
listed in Table 3.1 are selected mainly to support further investigations
including software and hardware evaluation conducted during the research.

3.1.1.1 Sub-module Footprint Assessment

To ensure consistency, the footprint assessment of each sub-module
concept is based on the requirements for a 60 kV converter arm, with the
geometry as shown in Figure 3.1.
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Figure 3.1: Guideline for footprint assessment (a) sub-module
showing insulator with gap/clearance distance; (b) typical phase
arm layout .

The sub-module hardware set-up used for the footprint assessment is shown
in Figure 3.1(a) while a typical converter phase arm layout is shown in
Figure 3.1(b). This arrangement outlines the capacitor, the Switch module;
and the GEM. It is assumed that the footprint for the heat sink is included in
that of the Switch module.

The total footprint value for a 60 kV converter arm is derived as a function of
the width (X) and height (Y) of the converter arm as expressed in (3.1) and
the following factors are taken into consideration:
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- the number of sub-modules tiers required to realise the 60 kV
converter arm.

- recommended gap/clearance distance between each sub-module tier
as specified in IEC60815%; and

- sub-module width as a function of component count i.e. number of
switch modules and capacitors required for each sub-module

concept.
Footprint = [n Yg,, + (0, +DY.]® Xgynsr 3.1
where nst IS the number of sub-modules per tier. The value of 10 is

chosen here for ease in analytical calculations.

nrt is the number of sub-module tiers required for a 60 kV arm.
The total number of sub-modules for a 60 kV arm is ny times
NsT.

Yswm is the sub-module height. A value of 20 cm is used (This is

based on the height specified for the SK105 heat sink in Table
3.1 plus 25%).

Xswm represents the per-unitised sub-module width. Values are chosen based
on Table 3.2.

Yc is the inter-tier clearance distance. The value is chosen
based on expression (3.2).

Y. =USCD? M 3.2
N,
where USCD = 36.5 mm/kV.

The values in Table 3.2 are chosen so that a half-bridge sub-module i.e. with
1 switch module; 1 capacitor and 1 GEM presents a per-unitised width of 1
p.u. This is a typical ratio experienced with a sub-module for high voltage
applications.

Also, the footprint values are presented in cm rather than cm? since the
width of the sub-module is per-unitised.

1 |EC 60815: Guide for the selection and dimensioning of high-voltage
insulators for polluted conditions; Definitions, information and general
principles.
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Table 3.2:  Per-unitised values for sub-module width.

Device Width (p.u)

Switch Xs = 0.2 per Switch module
Module?

Capacitor | Xc = 0.6 per Capacitor

GEM XGeEm = 0.2 per GEM

Total (Xsm) | Xsm = Xs + Xc + Xcewm

3.1.1.2 Sub-module Cost Assessment

Cost assessment is performed using Table 3.3. Again the total cost used is
the cost of building a 60 kV converter arm.

Table 3.3:  Guidelines for assessing sub-module cost.

Device Part Number Unit Cost (£)3
Switch Module | IKW30NG60T (1 Pair) 8.94
Capacitor EETED2G561EA 8.15
Heat Sink SK105 10.65
FPGA Board (ProASIC3) 6.00
GEM Gate Drive + Isolation (ACPL-332J; (9.1
MEV1S0515SC)
Voltage Transducer (LEM LV 25-P) 42.41

3.1.1.3 Sub-module Redundancy Assessment

Redundancy is determined for each sub-module concept based on the
number of transition states available (i.e. states that result in sub-module
voltage variation due to the converter arm current direction). For instance a

2 A pair of switches operated in a complementary manner to avoid short
circuit of a sub-module capacitor.

3 Values based on Farnell (uk.farnell.com) prices for each part at the time of
assessment.
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half-bridge sub-module has only 2 transition states. The state when both
devices are off is not considered an operating mode. This mode can be used
for black- start* of a Modular Multilevel Converter, and not during normal
operation.

3.1.1.4 Sub-module Efficiency Assessment

The assessment of sub-module efficiency is based primarily on an analytical
method for calculating the losses of an MMC-based VSC HVDC. This is an
adaptation of a semiconductor manufacturer application note [72] and with
IEC 627515 as reference. This loss assessment method defines nine loss
categories (Pyi to Pyg) for such an HVDC converter arm, however only four
of these are adopted and they are sufficient to provide the metrics for sub-
module efficiency, namely:

- Conduction losses for IGBT (Py1) and diode (Py»); and
- Switching losses Pyg and Py7 for IGBT and diode respectively.

Conduction losses

Two methods are available for ascertaining the conduction losses. One
relies on intensive digital simulations fed with relatively accurate curve-fit
data for device on-state voltage as a function of current [73-75]. The other
method relies on the use of piecewise linear characteristics to obtain time-
averaged conduction losses [76]. The latter method is less cumbersome and
thus is adopted during this work.

The instantaneous conduction losses Py;” and Py, are calculated using the
expressions in (3.3) and (3.4)

I:\)/l :VCEO'IARM +R)N_T'IiRM 33
I:\)/2 :VFO'IARM +R)N_D'|§RM 34
where Vceo is the IGBT on-state zero-current collector-emitter voltage.

4 In this context, black-start refers to the start-up procedure for a Modular
Multilevel Converter, when there is DC link voltage but no AC voltage.

5 |[EC62751 i Determination of power losses in voltage sourced converter
(VSC) valves for HVDC.
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Ron 7 is the IGBT on-state resistance.

Vo is the zero-current diode forward voltage.

Ron_p is the diode on-state resistance.

larm IS the instantaneous value of converter arm current.

The values used for Vcgo and Vg are obtained via piecewise linear
interpolation [72] and usi ng IKWBINGOT elatasheet [77]. This is
shown in Figure 3.2.
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Figure 3.2: Determination of current-dependent device parameters (a)
Vceo and Ron 1; and (b) Ve and Ron p.

Based on Figure 3.2, Vcego = 0.75 V and Vi = 0.9 V, while Ron_t and Ron p
are derived as shown in (3.5). References [72] and [78] recommend that a
margin of around 0.4 V be added to account for tolerance between typical
and maximum collector-emitter saturation characteristics, thus the values
are adjusted accordingly such that Vcgo = 0.75 + 0.4 = 1.15 V; and Vg = 0.9
+04=13V.

DV, (24-17V _
DI. (50- 30)A
DV, _ (1.8-125V _
DI, (50- 200A

0.035V

3.5
0.018W

The time-averaged conduction losses Pyi and Py, are calculated using the
average and RMS converter arm currents as shown in (3.6) and (3.7).
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— 2
Ri1 =Veeod ave + RON_T-I RMS 3.6

— 2
I:)V2 _VFO'l AVG + RON_D'I RMS 37
where lave IS the converter arm average current.
Irms IS the converter arm R.M.S current.

Figure 3.3 describes the time varying functions of the converter arm current
and voltage that are used for assessing each sub-module. This is typical
wave-shape for a converter arm within a MMC-DSBC topology and
operating as an AC to DC converter.

A
< 25 .,
- o AN
i E flzg """. A 1,c/2
= ," ‘\‘ +
= 10 g ¥, K A
tharm O 5 S /3
5 0 —— AR |
O '5 ™ '.een-".’"
i 50‘
- PN A
: N Y
> 30 e AN '
sL g +
- N
_,% 10 \-"/ + +VDC
o 0 =
> m 21
Time (wt)
(a) (b)

Figure 3.3: (a) Converter arm and (b) time varying function of arm
current and voltage.

Based on the converter arm current shown in Figure 3.3(b) the average
current is simply the D.C value. On the other hand, the mean square value is
the sum of the separate AC and DC mean square values such that (3.6) and

(3.7) are re-written as shown in (3.8) and (3.9) to reflect an adaptation from
[76] for a converter arm in a MMC-DSBC rectifier.
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O

(3.8) and (3.9) show that there is always current passing through devices
even though with voltage Vceo Vro. The conduction loss is thus a sum of all
IGBT and diode conduction losses as shown in (3.10).

Feonn = ncs(Pv1 + I:3/2) 3.10

where ncs is the number of complementary switch pairs / sub-module i.e.
switch modules.

Switching losses

It is assumed that all the sub-modules are switched in 3 times during each
fundamental cycle (i.e. 150 Hz for a 50 Hz fundamental) as is the case when

a carrier-based switching scheme with a 150 Hz carrier is used. In practice a
sophisticated Aactive select and sorto
so that only the required number of sub-modules are switched during each

cycle to achieve a desired criterion e.g. sub-module capacitor voltage
variation; sub-module loss per cycle; Total Harmonic Distortion; or a
combination of either.

The switching loss Psyw is calculated as shown in (3.11)
Psw = Nes fsw(Eon + Eore) 3.11
where fsw is the sub-module switching frequency. 150Hz is used.

Eon is turn-on energy (including tail and diode reverse
recovery). 1.0mJ

Eorr is turn-on energy (including tail and diode reverse
recovery). 1.1mJ

Values for Epnand Egrrar € o bt ai ned IKW3OM60T dathsherte o n 6 s
[77].
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Total losses for a 60 kV Converter Arm

To account for the differences in voltage output capacity in each sub-module
concept, the loss assessment values used are based on a 60 kV converter
arm rather than for an individual sub-module. This will account for the fact
that the total number of sub-modules required to realise the same converter
arm is different for each sub-module concept.

The loss for a 60 kV converter arm is calculated using the values obtained
from (3.10) and (3.11) as shown in (3.12) while the efficiency is calculated
using (3.13).

PLOSS_G(](V = nSM(PCOND + I:)SW) 312
t A — PLOSS_6(1<V
Efficiency(p.u) =1- 3.13
(2 +v )%Jr Iécg
AC DC Q 4 9 0
where Vpc is a DC voltage portion i.e DC rail voltage is £Vpc = £30kV

(See Figure 3.3b).

Vac is the AC voltage applied to the converter arm = 20kV as
shown in Figure 3.3(b).

3.1.1.5 Sub-module Performance Assessment

At system level, qualities such as Total Harmonic Distortion (THD) are
typically used to assess converter performance but this is insufficient for
sub-module level analysis. Table 3.4 presents an alternative yet simple

means as the sub-modu | e perf or mance assessment.

method assessing the number of functions a converter built by a particular
sub-module can perform.
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Table 3.4: Assessing sub-module performance.

Functionality Score
Supports Single Star Bridge cell (SSBC) topology 0.25
Supports Single Delta Bridge cell (SDBC) topology 0.25
Supports Double Star Bridge cell (DSBC) topology 0.25
Supports DC Fault Blocking and DC Fault Ride Through 0.25

Basically each sub-module is scored based on the functionalities (and
topologies) supported.

3.1.2 Benchmark Analysis for the Half-bridge Sub-module

+
e ) ’
: ' + arm ________A ______________
:T S L “ V,
Ve 1° ¢ v @ """" S aVve
| SV i T
— @O D!
_ L 'IARM +IARM

Figure 3.4: Half-bridge analysis showing sub-module (@)
configuration; (b) cascade arrangement for converter arm (c) |-V
Quadrant showing operation and transition states.

The sub-module configuration for a half-bridge arrangement is shown in
Figure 3.4(a) and outlines one switch module i.e. two power semiconductor
devices (Si; S,) connected in parallel across the sub-module capacitor C.
The sub-module positive and negative output terminals are realised between
S;; S, and at the emitter (or drain if MOSFET is used) of S, respectively. The
cascade arrangement for a converter arm is shown in Figure 3.4(b) and
operation is such that each sub-module presents a voltage (0 or V¢ volts).
The converter arm voltage at each switching instant is the sum of all active
sub-module voltages. Figure 3.4(c) shows how the operating states for the
half-bridge sub-module distribute across a quadrant plane occupying only
two quadrants (£l; V). The transitional states, i.e. states that result in sub-
module capacitor voltage variation, are also shown in Table 3.5.
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Table 3.5: Half-bridge Sub-module Operating and Transition States.

V 1 output voltage; larm T arm current direction; and Vc - capacitor
voltage showing transition (Z = Discharging, ¥ = Charging, NC = No

Change)
V
State S, S,
+larMm -lARM
0 0 1 0 0
1 1 0 Ve Ve

Half-bridge Footprint Assessment

Table 3.6:  Per-unitised width for Half-bridge Sub-module.

Device Quantity width (p.u)
Switch Module 1 0.2
Capacitor 1 0.6

GEM 1 0.2

Total (Xsm) p.u. 1.0

Y. =USCD? % =3.6cm/kV3 LA 21.9cm

Footprint = [n; Yg,, + (ny +1)Y. |3 XgyNer
=[103 20+ (10+1)21.9]3 1.0% 10= 440&m
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Half-bridge Cost Assessment

Table 3.7: Half-bridge Sub-module Cost Assessment.

Device Quantity Cost (£)

Switch Module 1 8.94
Capacitor 1 8.15

Heat Sink 1 10.65
GEM FPGA Board 1 6.00
Gate Drive + Isolation 2 18.2

Voltage Transducer 1 42.41

Total | 94.35

Total for 60kV arm (i.e x 100) | 9435

Half-bridge Redundancy Assessment

Figure 3.4(c) outlines 2 transition states in State 1 which cause the sub-
module capacitor voltage value to increase or decrease. Careful sub-module
management is typically applied to maintain the capacitor voltage within a
band g¥/c. This can be achieved using a passive carrier-based modulation

technique with natural balancing or via an active selection algorithm.

Half-bridge Efficiency Assessment

N 2 2
P, =.231.158 30‘?+eozs 00353 +£
& 3l & T4 9

& ‘E’%’

R, = §0.83 133 330‘;+é083 0.018° %?E+ﬁ$ 15.08W

)

P.onp =13 (4.58+15.08) =19.66N

P, =13 1508 (L.0O+1.1)310° =0.315V
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P.oss sa =100° (19.66+0.315) =19975W

a 0
€ 0
e 0
Efficiency(%) = aa- 19975 — &° 100=99.6%%
& a30°  30° g0
200 +30° P g+~ 8a
5 \/( ) £4 "o 88

This value is based on the fact that all sub-modules are switched in every
cycle (e.g. when a passivet carrier-based PWM scheme is used).

In practice a sophisticated optimisation-based algorithm is typically used to
actively select only the required number of sub-modules while optimizing for
sub-module capacitor voltage tolerance as well as losses. This has been
proven to reduce losses down to 1% [62, 73, 76, 79].

Table 3.8: Half-bridge sub-module efficiency using guideline?’.

Parameter Value
Ncs (number of switch modules per sub-module) 1

Pv1 (3.8) 4.58 W
Pv2 (3.9) 15.08 W
Pconp (3.10) 19.66 W
Psw (3.11) 0.315W
nsm (number of sub-modules in 60kV arm) 100
PLoss_sokv (3.12) 19975 W
Efficiency (3.13) in % 99.69%

6 Passive carriers can be phase-locked to their reference signal or free-
running but without the capability of phase/amplitude adjustment.

7 Vceo = 1.15 V; RON_T = 0.035 q. Vo = 1.3 V; RON_D = 0.018 q. fsw = 150
Hz; Eon = 1.0 mJ; Eorr = 1.1 MJ; Ipc = 30 A; lac; 30 A; Vpe = 20 kV,
VAC =30 kV
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Half-bridge Performance Assessment

Table 3.9: Half-bridge sub-module performance.

Functionality Score
Supports Single Star Bridge cell (SSBC) topology 0
Supports Single Delta Bridge cell (SDBC) topology 0
Supports Double Star Bridge cell (DSBC) topology 0.25
Supports DC Fault Blocking and DC Fault Ride Through 0
Total | 0.25

3.1.3 Benchmark Analysis for the H-bridge Sub-module

S
I
(@]

(a) (b)

Figure 3.5: H-bridge analysis showing sub-module (a) configuration;
(b) cascade arrangement for converter arm (c) |-V Quadrant
showing operation and transition states.

The sub-module configuration for a H-bridge arrangement is shown in Figure
3.5(a) and outlines two switch modules (S1,S; and S3,S4) both connected in
parallel across the sub-module capacitor C. The sub-module positive and
negative output terminals are realised between S; S, and Sj3; S,
respectively. The cascade arrangement for a converter arm is shown in
Figure 3.5(b) and operation is such that each sub-module presents a voltage
(0, V¢ or -V¢ volts). The converter arm voltage at each switching instant is
the sum of all active sub-module voltages. Figure 3.5 (¢) shows how the
operating states for the H-bridge sub-module distribute across an |-V
quadrant plane occupying all four quadrants (zl; £V). The transitional states
are also shown in Table 3.10.
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Table 3.10: H-bridge Sub-module Operating and Transition States.

V 1 output voltage; larm T arm current direction; and Vc - capacitor
voltage showing transition (Z = Discharging, ¥ = Charging, NC = No

Change)
\V
State S, S, S3 S,

+larm -larm
0 0 1 0 1 0 0
1 1 0 1 0 0 0
2 1 0 0 1 JVe 2Vc
3 0 1 1 0 Z-Vc 9-Vc

H-bridge Footprint Assessment

Table 3.11: Per-unitised width for H-bridge Sub-module.

Device Quantity width (p.u)
Switch Module 2 0.4
Capacitor 1 0.6

GEM 1 0.2

Total (Xsm) p.u. 1.2

Y. =USCD? % =3.6cm/kV3 LA 21.9cm

Footprint = [nT Yom +(nT +1)Yc]3 XsmNst
=[103 20+ (10+1)21.9]3 1.2% 10=52908cm
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H-bridge Cost Assessment

Table 3.12: H-bridge Sub-module Cost Assessment.

Device Quantity Cost (£)
Switch Module 2 17.88
Capacitor 1 8.15
Heat Sink 2 21.30
GEM FPGA Board 1 6.00
Gate Drive + Isolation 4 36.40
Voltage Transducer 1 42.41
Total | 132.14
Total for 60kV arm (i.e x 100) | 13214

H-bridge Redundancy Assessment

Figure 3.4(c) outlines 4 transition states from States 2 and 3 which cause the
sub-module capacitor voltage to transition (charge or discharge). This is two

times more than are available in the half-bridge sub-module.

H-bridge Efficiency Assessment

o
9

é o
330‘§+9023 0.03 30° +

é c 4

R, = go.z3 1.153

& ‘E’%’

R, =§083133 330‘;+é083 0.018° ?é’i+%$ 15.08M
e

)

Poono = 23 (4.58+15.08) =39.32W

P, =23150° (1.0+1.1)310° =0.63V
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PLoss s =100% (39.32+0.63) = 3995V

a 0
€ 0
e 0
Efficiency(%) = a&- 3995 ——&° 100=99.38%
& &30°  30° g0
20 +30° P @&+~ 8¢
= \/( ) £, " 988

99.38% is the efficiency of one converter arm. This value is based on the
fact that all sub-modules are switched in every cycle (e.g. when a passive
carrier-based PWM scheme is used). One assumption made is that special
consideration is not placed on the choice of transition between states. For
instance, it would be desirable to transition from State 1 to State 2 or from
State 0 to State 3 (refer to Table 3.10) when a positive or negative voltage is
required respectively or vice versa when zero volts is required. With such
consideration it is possible to reduce the switching losses by around 25%.
However the switching loss is only 1.57% of the total sub-module loss thus
such contribution may be plausibly neglected.

Table 3.13: H-bridge sub-module efficiency using guidelines.

Parameter Value
Ncs (number of switch modules per sub-module) 2

Pv1 (3.8) 4.58 W
Pv2 (3.9) 15.08 W
Pconp (3.10) 39.32W
Psw (3.11) 0.62 W
nsm (number of sub-modules in 60kV arm) 100
PLoss_sokv (3.12) 3995 W
Efficiency (3.13) in % 99.38%

H-bridge Performance Assessment

8 Vceo = 1.15 V; RON_T = 0.035 q. Vo = 1.3 V; RON_D = 0.018 q. fsw = 150
Hz; Eon = 1.0 mJ; Eorr = 1.1 MJ; Ipc = 30 A; lac; 30 A; Vpe = 20 kV,
VAC =30 kV
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Table 3.14: H-bridge sub-module performance.

Functionality Score
Supports Single Star Bridge cell (SSBC) topology 0.25
Supports Single Delta Bridge cell (SDBC) topology 0.25
Supports Double Star Bridge cell (DSBC) topology 0.25
Supports DC Fault Blocking and DC Fault Ride Through 0.25
Total | 1.00

In addition to being able to support the SSBC and SDBC topologies, using
an H 1 bridge sub-module within an MMCC in double star topology allows
DC fault blocking. During a DC fault (short-circuit), the DC voltage collapses
to almost zero. For a converter with a half-bridge sub-modules, a circuit is
formed between the AC line and DC short-circuit through the anti-parallel
diodes of the lower sub-module IGBTs in the converter phase arm (even
with early fault detection and wi
amplitude values typical of such fault current can be in the order of several
hundred thousand amps and certainly damage any conducting devices.

For a converter built from H-bridge sub-modules it is possible to prevent the
AC line from feeding into the DC short-circuit i.e block the DC fault current
by recreating the Aabsento DC | ink
sub-module capacitance in reverse (State 3) causing the converter phase
arm to present a voltage of negative amplitude (but same amplitude and
polarity with the DC link voltage when referred to the DC neutral point)
thereby preventing the AC side from feeding fault current into the DC short-
circuit.

The use of H-bridge sub-modules in a MMC-DSBC topology has not been
industrially evaluated as it does not present an economical solution over the
half-bridge sub-module. In any case a sophisticated optimisation-based
algorithm can be applied to actively select only the required number of sub-
modules while optimizing for sub-module capacitor voltage tolerance as well
as losses.

70

t

vol t



3.2 Analysis of Flying Capacitor Sub-Module Concepts

3.2.1 Sub-modules Using Flying Capacitor Half-bridge Cells

Figure 3.6: Flying Capacitor Half-bridge analysis showing sub-module
(a) configuration; (b) cascade arrangement for converter arm (c) I-
V Quadrant showing operation and transition states.

The sub-module configuration for a FC half-bridge (flying capacitor half-
bridge) arrangement is shown in Figure 3.6(a) and outlines two switch
modules (S1,S4 and S,,S3) connected in parallel across the sub-module
capacitor C and flying capacitor Cgc respectively. For consistency in power
rating the sub-module capacitor is shown to comprise two capacitors to
match the typical/desired value of the flying capacitor voltage
(i.e. Vec = 0.5V¢). The sub-module positive and negative output terminals
are realised between S,,S3; and at the negative terminal of the sub-module
capacitor respectively.

The cascade arrangement for a converter arm is shown in Figure 3.6(b) and
operation is such that each sub-module can present a voltage of: 0, Vec, Vc-
Vec or V¢ volts (i.e typically 0, 0.5V or Ve when careful voltage balancing is
observed). Figure 3.6(c) shows how the operating states for the FC half-
bridge sub-module distribute across an I-V quadrant plane occupying two
guadrants (zl; +V) but with the option to synthesise 3 voltages.

The transitional states are also shown in Table 3.15.
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Table 3.15: Flying Capacitor Half-bridge Sub-module States.

V 1 output voltage; larw T arm current direction; and Vc, Vec sub-
module, flying capacitor voltage showing transition (Z = Discharging, ¥
= Charging, NC = No Change).

State S1 Sy S3 Sa Y
+larm -larm
0 0 0 1 1 0 0
1 0 1 0 1 YVEc NVec
2 1 0 1 0 (WVe - Vec) | (Ve - 9Vec)
3 1 1 0 0 IV VAVS

FC Half-bridge Footprint Assessment

Table 3.16: Per-unitised width for FC Half-bridge Sub-module.

Device Quantity Width (p.u)
Switch Module 2 0.4
Capacitor 3 18
GEM 1 0.2
Total (Xsm) p.u. 2.4
Y. =USCD? GS(V =3.6cm/ kVs kv =43.8cm

T

Footprint =[n; Yg,, +(ny +1)Y. 3 X gy Ner
=[5° 20+ (5+1)438]* 2.4 10=87072cm
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FC Half-bridge Cost Assessment

Table 3.17: FC Half-bridge Sub-module Cost Assessment.

Device Quantity Cost (£)
Switch Module 2 17.88
Capacitor 3 24.45
Heat Sink 2 21.3
GEM FPGA Board 1 6.00
Gate Drive + Isolation 4 36.40
Voltage Transducer 2 84.82
Total | 190.85
Total for 60kV arm (i.e x 50) | 9542.5

Half-bridge Redundancy Assessment

Figure 3.4(c) outlines 6 transition states (2 each in State 1, 2 and 3 shown in
Table 3.15) which cause the sub-module capacitor and flying capacitor
voltage to charge or discharge. Careful sub-module management is typically
applied to maintain the capacitor voltage within a band gq/c as well as the
capacitor voltage within the band gWrc. This can be achieved using a
passive carrier-based modulation technique with natural balancing or via an
active selection algorithm.

FC Half-bridge Efficiency Assessment

< é o 2 ~
P, =.231.158 30‘?+eozs 00353 +£$
& 3 & 4 9 Y
F>V2:?0831333—0‘Z'+é08300183%§i+£$ 1508V
e 38 & 9 %

Poono = 23 (4.58+15.08) =39.32W
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P, =23 150 (L0+1.1)3 10° =0.62V

Floss s =90° (32-32+ 0.62) =199

& 0
€ 0
e 0
Efficiency(%) = a&- 1997 — &® 100=99.6%%
& a3 30° Q0
20 +30° P @&+~ 8¢
5 \/( ) £4 "o 88

Table 3.18: FC Half-bridge sub-module efficiency using guideline®.

Parameter Value
Ncs (number of switch modules per sub-module) 1

Pv1 (3.8) 458 W
Pv2 (3.9) 15.08 W
Pconp (3.10) 39.32 W
Psw (3.11) 0.62 W
nsm (number of sub-modules in 60kV arm) 50
PLoss_sokv (3.12) 1997 W
Efficiency (3.13) in % 99.69%

9 Vceo = 1.15 V; RON_T = 0.035 q. Vo = 1.3 V; RON_D = 0.018 q. fsw = 150
Hz; Eon = 1.0 mJ; Eorr = 1.1 MJ; Ipc = 30 A; lac; 30 A; Vpe = 20 kV,
VAC =30 kV
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FC Half-bridge Performance Assessment

Table 3.19: Half-bridge sub-module performance.

Functionality Score
Supports Single Star Bridge cell (SSBC) topology 0
Supports Single Delta Bridge cell (SDBC) topology 0
Supports Double Star Bridge cell (DSBC) topology 0.25
Supports DC Fault Blocking and DC Fault Ride Through 0
Total | 0.25
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3.2.2 Sub-modules Using Flying Capacitor H-bridge Cells

half-bridge L ¢ half-bridge R
re———— S ——— L %
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Figure 3.7: Flying Capacitor H-bridge analysis showing sub-module
(a) configuration; (b) cascade arrangement for converter arm (c) I-
V Quadrant showing operation and transition states.

The sub-module configuration for a FC H-bridge (flying capacitor H-bridge)
arrangement is shown in Figure 3.7(a). This outlines the use of two flying
capacitor half-bridge arrangements (half bridge L and R) thus comprising a
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total of four switch pairs (Si1a,Saa; S2a,S3a; S1b,Sab; Son,S3p) 0ne sub-module
capacitor C and corresponding flying capacitors for each half-bridge Crc
and Cgc gr. For consistency in power rating the sub-module capacitor is
shown as comprising two capacitors to match the typical/desired value of the
flying capacitor voltage (i.e. V. = Vg= 0.5V().

The cascade arrangement for a converter arm is shown in Figure 3.7(b) and
operation is such that each sub-module can present an approximate voltage
of: - V¢, -0.5V¢, 0, 0.5V¢ or V¢ volts (assuming a careful voltage balancing is
applied). Figure 3.7(c) shows how the operating states for the FC half-bridge
sub-module distribute across an |-V quadrant plane occupying all four
quadrants (zI; £V).

The transitional states are shown in Table 3.20.
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Table 3.20: Flying Capacitor H-bridge Sub-module State Combinations
and Transitions.

V i output voltage; larm T arm current direction; and Vc, Vec sub-
module, flying capacitor voltage showing transition (Z = Discharging, ¥

= Charging, NC = No Change).

State | State v

L1 R +lARM -larm
0 0 0 0
3 3 0 0
2 2 (ZVL -9VR) & O (VL -2Vr) & (@
2 1 (We-2VL-2VR) & (NVe-9Vi-9VR) &
1 2 (ZVc-9VL-9VR) & (IVc-2VL-2VR) &
1 1 (OVL-2Vr) & 0 (ZV.-9VR) & 0 n;_>|
3 2 Ve & .BVc ANr & B¢ é:
2 3 2V, 8-0.5Vc IV & -0.5Vc¢ 2
3 1 (WVc-2Vr)  &VcO (ZVc-9Vr)  &VcO g
1|3 (Vi-2Ve) -BSVe | (Vi-9Ve) -BSVe |3
0 2 (JVr-DVc) -@5Vc (ZVr-9Vc) -@5Vc g*-
2 0 (WVe-2V)  &Vc0 (Vc-9V)  &Vc0 3
0 1 J-VRr & -0.5V¢ 7-Vr &-0.5Vc
1 0 2V a Bvc VLA .BVc
3 0 Ve Ne
0 3 Z-Vc ¥-Ve

10 (S1a: S2al Sza: Saa): 0 =(0:0:1:1); 1 =(0:1:0:1); 2 = (1:0:1:0); 3 = (1:1:0:0).
11 (S1p: Sab: Sap: Sap): 0 =(0:0:1:1); 1 = (0:1:0:1); 2 = (1:0:1:0); 3 = (1:1:0:0).
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FC H-bridge Footprint Assessment

Table 3.21: Per-unitised width for FC H-bridge Sub-module.

Device Quantity Width (p.u)
Switch Module 4 0.8
Capacitor 4 24
GEM 1 0.2
Total (Xsm) p-u. 3.4
Y. =USCD? 6:'(\/ =3.6cm/ kVs3 kv =43.8cm

sT

Footprint =[n; Yg,, +(ny +1Y. 3 X gy Ner
=[5° 20+(5+1)43.8] 3.43 10= 78676cm

FC Half-bridge Cost Assessment

Table 3.22: FC H-bridge Sub-module Cost Assessment.

Device Quantity Cost (£)
Switch Module 4 35.76
Capacitor 4 32.60
Heat Sink 4 42.60
GEM FPGA Board 1 6.00
Gate Drive + Isolation 8 72.80
Voltage Transducer 3 127.23
Total | 316.99
Total for 60kV arm (i.e x 50) | 15849.5
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FC H-bridge Redundancy Assessment

Figure 3.7(c) and Table 3.20 outline the transition states which cause the
sub-module capacitor and flying capacitor voltage to charge or discharge.
This is possible because of the 2 i.e. 16 state combinations for the switch
modules in the left and right half-bridge legs. A total of 14 out of the 16
combinations result in sub-module and/or flying capacitor voltage transitions
and when the current direction is considered a total of 28 possible voltage
transitions are revealed. Careful sub-module management is typically
applied to maintain the capacitor voltage within a band gq)/c as well as the
capacitor voltage within the band ., gVr. This is essential in order to
maintain the typical (or approximate) sub-module output voltage during such
transition when:

- V=Vg;

- Va 0.5Vc =V, = VR= (VC - VL) = (VC - VR), and

-V é 0= (VL T VR) = (VC - V|_- VR)
This can be achieved using a passive carrier-based modulation technique
with natural balancing or via an active selection algorithm.

FC H-bridge Efficiency Assessment

_¢€ 30g, € A30° 30700
R, = go.z3 115 i 02 O'OB%T +- 1= 458
€ ¢ U
hY é [} ~
R, =89 13 2%, G 0018 O+ 20 B= 1508w

P-oxo =4° (4.58+15.08) = 7864V
Py =43 150° (LO+1.2)2 10°° =1.26N

PLoss sav = 50° (78.64+1.26) = 3093
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99.39% s the efficiency of one converter arm.

Table 3.23: FC H-bridge sub-module efficiency using guidelinel2.

Parameter Value
Ncs (number of switch modules per sub-module) 1

Pv1 (3.8) 4.58 W
Pv2 (3.9) 15.08 W
Pconp (3.10) 78.64 W
Psw (3.11) 1.26 W
nsm (number of sub-modules in 60kV arm) 50
PLoss_esokv (3.12) 3995 W
Efficiency (3.13) in % 99.39%

FC H-bridge Performance Assessment

Table 3.24: FC H-bridge sub-module performance.

Functionality Score
Supports Single Star Bridge cell (SSBC) topology 0.25
Supports Single Delta Bridge cell (SDBC) topology 0.25
Supports Double Star Bridge cell (DSBC) topology 0.25
Supports DC Fault Blocking and DC Fault Ride Through 0.25
Total | 1.0

12 Vceo = 1.15 V; RON_T = 0.035 q. Vo = 1.3 V; RON_D = 0.018 q. fsw =150
Hz; Eon = 1.0 mJ; Eorr = 1.1 MJ; Ipc = 30 A; lac; 30 A; Vpe = 20 kV,
VAC =30 kV
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3.2.3 Sub-modules Using Flying Capacitor Hybrid H-bridge Cells
half-bridge L ¢  half-bridge R

e R i
i Stal i
i Y Stp|[F | +larm
: |:|-9 SZELI i
Ve[ LCrc S
| = V|FC Sza | i ‘%
| — S [k |
i S4aJ # i {Lél_
(@) " (b)
_____ ]
AV
_____ '
,,,,, ¢
AVec
,,,,, '
+I;RM
_____ f
AVec
______________________________________________ '
_____ t
AV¢

Figure 3.8: Flying Capacitor Hybrid H-bridge analysis showing sub-
module (a) configuration; (b) cascade arrangement for converter
arm (c) I-V Quadrant showing operation and transition states.

The sub-module configuration for a FC Hybrid H-bridge (flying capacitor
hybrid H-bridge) arrangement is shown in Figure 3.8(a). This outlines a
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hybrid combination of a flying capacitor half-bridge (half-bridge L) and a
standard half-bridge (half-bridge R) thus comprising a total of three switch
pairs (Sia,Saa; S2a,S3a; and Sip,Sap), one sub-module capacitor C and one
flying capacitor Cgc for the left half-bridge. For consistency in power rating
the sub-module capacitor is shown to comprise two capacitors to match the
typical/desired value of the flying capacitor voltage (i.e. V. = Vg= 0.5V¢).

The cascade arrangement for a converter arm is shown in Figure 3.8(b) and
operation is such that each sub-module can present an approximate voltage
of: - V¢, -0.5V¢, 0, 0.5Vc or V¢ volts (when careful voltage balancing is
applied). Figure 3.8(c) shows how the operating states for the FC Hybrid
H-bridge sub-module distribute across an |-V quadrant plane occupying all
four quadrants (zl; £V).

The operating states and resulting transitions are shown in Table 3.25.

Table 3.25: Flying Capacitor Hybrid H-bridge Sub-module State
Combinations and Transitions.

V i output voltage; larm T arm current direction; and V¢, Vec sub-
module, flying capacitor voltage showing transition (Z = Discharging, ¥
= Charging, NC = No Change).

State | State v

Lt R +lArRM -larm

0 0 0 0

3 1 0 0

2 1 ZVec 8 -0.5V¢ 9Vec & -0.5V¢

1 1 (YVec - 2Vc) & -0.5Vc (NVec- YVc) &-0.5Vc g
2 0 (Ve- Nec)  &V0 | (NVe-9Vee) &VcO %;
1 0 Necd BVc Vec & BVc .
3 0 Ve Ne %
0 1 Z-Vc ¥-Ve

FC Hybrid H-bridge Footprint Assessment

13 (S1a S2al S3a: Saa): 0 =(0:0:1:1); 1 =(0:1:0:1); 2 = (1:0:1:0); 3 = (1:1:0:0).
14 (Sgp: Sap): 0=(0:1); 1 = (1:0).
83



Table 3.26: Per-unitised width for FC Hybrid H-bridge Sub-module.

Device Quantity width (p.u)
Switch Module 3 0.6
Capacitor 3 18
GEM 1 0.2
Total (Xsm) p-u. 2.6
Y. =USCD? GS(V =3.6cm/ kVs kv =43.8cm

T

Footprint =[n; Yg,, +(ny +1)Y. 3 X gy Ner
=[5° 20+(5+1)43.8]* 2.63 10=94328cm

FC Hybrid H-bridge Cost Assessment

Table 3.27: FC H-bridge Sub-module Cost Assessment.

Device Quantity Cost (£)
Switch Module 3 26.82
Capacitor 3 24.45
Heat Sink 3 31.95
GEM FPGA Board 1 6.00
Gate Drive + Isolation 6 54.6
Voltage Transducer 2 84.82
Total | 228.64
Total for 60kV arm (i.e x 50) | 11432
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FC Hybrid H-bridge Redundancy Assessment

Figure 3.8(c) and Table 3.25 outline the transition states which cause the
sub-module capacitor and flying capacitor voltage to charge or discharge.
There are 2° i.e. 8 state combinations for the switch modules in the left and
right half-bridge legs. 6 out of the 8 combinations result in sub-module
and/or flying capacitor voltage transitions and when the current direction is
considered a total of 12 possible voltage transitions are available.

FC Hybrid H-bridge Efficiency Assessment

o

Y 2 ~
R, =%231153 302, & 025 0. 03 + £$= 458N
& 3 ¢ E4 9 Y
: e
R, = 82132 209, 0.8° 0.018° %ﬁ + ﬁg 15.08N
& 38 & 9 %
P.ono = 3° (4.58+15.08) =58.98N
P, =33 15C° (1.0+1.1)3 10°° =0.95V
PLoss sa = 50° (58.98+0.95) = 20965V
a 0
& 0
x 0
Efficiency(%) = a- 29965 03 100=99.54%
& 830° , 30° 90
% \/(202+302) 2, o 88
g -

99.54% is the efficiency of one converter arm.
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Table 3.28: FC H-bridge sub-module efficiency using guidelinels.

Parameter Value
Ncs (number of switch modules per sub-module) 1

Pvi (3.8) 4.58 W
Pv2 (3.9) 15.08 W
Pconp (3.10) 58.98 W
Psw (3.11) 0.95W
nsm (number of sub-modules in 60kV arm) 50
PLoss_sokv (3.12) 2996.5 W
Efficiency (3.13) in % 99.54%

FC Hybrid H-bridge Performance Assessment

Table 3.29: FC H-bridge sub-module performance.

Functionality Score
Supports Single Star Bridge cell (SSBC) topology 0.25
Supports Single Delta Bridge cell (SDBC) topology 0.25
Supports Double Star Bridge cell (DSBC) topology 0.25
Supports DC Fault Blocking and DC Fault Ride Through 0.25
Total | 1.0

15 Vceo = 1.15 V; RON_T = 0.035 q. Vo = 1.3 V; RON_D = 0.018 q. fsw =150
Hz; Eon = 1.0 mJ; Eorr = 1.1 MJ; Ipc = 30 A; lac; 30 A; Vpe = 20 kV,
VAC =30 kV
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3.2.4 Discussion and Comparison of Sub-module Configurations

Table 3.30: Comparison of the different sub-module concepts based
on requirements for a 60 kV converter arm.

Sub-module Half- H- FC Half- | FC H- | FC
Assessment bridge |bridge |bridge |bridge | Hybrid
Footprint (cm) | 4409V | 5201 8707 12335 | 9433
Cost (£) 9435 v | 13214 | 9543 15849 | 11432
Redundancy (states) |2 4 6 28 v/ 12
Arm Efficiency (%) | 99.69v  |99.38 | 99.69v  |99.39 |99.54
Performance (Rank) |0.25 1.00v" |0.25 1.00v" |1.00v

Table 3.30 summarises the assessment performed on the different sub-
module concepts based on requirements for building a 60 kV converter arm.

The following facts can be extracted from the results summarised above.

- The half-bridge sub-module concept presents the lowest per-unitised

footprint, cost and losses, making this concept the choice for

implementation in HVDC applications which require such attributes,

especially since scaling is usually in the order of a few hundred units

(e.g. up to 600 kV). However, the small number of redundancy states

available and performance/functionality supported limits the scope of

application of this concept. For instance, in a STATCOM application
the converter arm is expected to synthesise both positive and
negative voltages, while in a HVDC application DC fault blocking is
provided by reversing the voltage polarity of a converter arm thus
current

Ablkoogo

t he

faul t

events are not supported by a half-bridge submodule.
- The H-bridge sub-module concept may be implemented if such
functionality events are compulsory in an application, but at the

expense of 20% more per-unitised footprint and 40% extra cost (as

from

well as double the converter losses). However the fact that only two
states

fextrado

redundancy
extra expense for this sub-module concept unless specific changes

ar e

are made at the topology level (e.g. as in the Series Bridge and

Alternate Arm converters) which significantly reduces the sub-module

count.
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- The FC half-bridge sub-module has the same performance limits as
the half-bridge sub-module but with a higher footprint requirement and
only 4 more redundancy states making further assessment of this
concept less interesting.

- The flying capacitor H-bridge sub-module concept presents about
2%/, times larger footprint and is 70% more expensive than the half-
bridge concept. These are not attractive attributes in an application
with high sub-module scaling. However, the FC H-bridge concept is
very attractive in an?loapgpdadlciang
26 more redundant states and the ability to reverse voltage allows
higher performance with support for more topology structures as well
as fault blocking.

- Preference between the FC H-bridge and FC-Hybrid concepts mainly
depends on application requirements. For instance in a medium
voltage application where efficiency/cost/footprint have the highest
priority (e.g Battery Energy Storage Systems) the FC Hybrid concept
is more attractive than the FC H-bridge but vice versa for an
application where transient performance of the converter has a higher
priority (e.g STATCOM, active power filters).

In this assessment the same types of components (capacitors, switch
modules, etc.) are used for implementing each sub-module configuration.
The assessment is conducted in this manner for consistency, but the
likelihood in practice is that components would be specifically selected to
implement the different sub-module concepts. For instance, one capacitor
(instead of two) with the appropriate rating (Vc) would be implemented as
the sub-module capacitor in the flying capacitor based concepts. This would
result in lower cost and footprint values per sub-module. Furthermore, the
choice of a modulation strategy that properly utilises the redundant states,
especially in the FC H-bridge concept allows flying capacitors with lower
capacitances to be used, thus resulting in lower footprint and cost values per
sub-module.

16 Moderate scaling in this context, refers to medium voltage applications as
specified in IEEE 1623-2004 (1 to 100 kV). This is typical for FACTs
applications (STATCOMS, Active power filters, e.t.c).
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3.3 Summary

This chapter has evaluated and compared the five basic candidate
topologies as sub-modules for a modular multilevel converter. These are
half-bridge, H-bridge, FC half-bridge, FC H-bridge and FC hybrid. Criteria
studied were footprint, cost, redundancy, efficiency and performance.

It has been shown that amongst all candidates topologies, the half-bridge
sub-module offers lowest footprint and cost and highest efficiency, hence it
has been preferred currently by various companies as the building block for
HVDC converters. The FC H-bridge, on the other hand, has the highest
footprint and cost, however it has the highest number of redundant switching
states, hence offering more degrees of freedom in control at the sub-module
level making it flexible for converters requiring high performance dynamic
control. This topology is also versatile, able to work for all functions involving
either unidirectional or bidirectional current flow, and can support fault
blocking and DC fault ride-through. These features make it a good candidate
for applicati oA’ sc ahi rmgnodE€o aipidge, i Hh g t h e
bridge circuits and FC H-bridge has not been investigated so extensively,
hence, setting the theme of this research.

17 Moderate scaling in this context, refers to medium voltage applications as
specified in IEEE 1623-2004 (1 to 100 kV). This is typical for FACTs
applications (STATCOMS, Active power filters, e.t.c).
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Chapter 4
MMFC Converter Control and Modulation Studies

Following the choice of the FC H-bridge topology for the sub-modules of the
modular multilevel converter, this chapter investigates a suite of techniques
for the modulation of a single star MMFCC converter. Extensive discussions
cover the Selective Harmonic Elimination Technique and various sine-carrier
based modulation schemes. Their basic principles, and computational
procedures and features, are explored in detail.

Based on the above a novel AnOverl apping He xagon
Mo dul at i-8viMpteclin@ud has been developed by the author as an
adaptation of the multilevel space vector pulse width modulation technique.

This method is shown to offer a number of favourable features for the
modulation control of the MMFCC, including ease of duty cycle computation
and capacitor voltage balancing. The rationale of the technique, and
computational algorithms, are discussed in detail. For convenience the
converter setup adopted for the modulation studies is shown in Figure 4.1

AC PCC Load

FCC Sub-Module i

Figure 4.1: MMFCC converter and sub-module setup for modulation
studies.

An outline of the three-level Flying capacitor H-bridge sub-module adopted
for the modulation studies is shown in Figure 4.1 and two such sub-modules
are represented to form each converter phase arm. The sub-module
capacitor is denoted as C and the flying capacitors as Cec.
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Simulation results are provided demonstrating the good harmonic
performance and flexibility in coping with dynamic voltage variations.
Simulation setup and associated scripts are outlined in Appendix D.

A comparison of all the modulation schemes presented is provided in a
summary section using performance metrics, such as capacitor voltage
variation, total harmonic distortion, dynamic response and computational
complexity.

4.1 Converter Modulation Techniques

The primary objective of any converter modulation technique, for any
topology, is to convert the instantaneous reference voltage, i.e the value
demanded by the desired sinusoidal output waveform, into switching signals.
Classic PWM modulation techniques widely covered in the literature include
sine-triangle PWM are implemented easily using analogue or digital
electronic circuits. Another well-used scheme for low to medium power
drives is current-hysteresis or tolerance-band PWM, chosen mainly for its
fast dynamic response. Space Vector Modulation (SVM) is an attractive
technique that uses a combination of space phasor and vector reference
frames which render benefits such as ease of digital implementation with the
hexagon symmetry offering up to 1.15 p.u of extra modulation depth. The
staircase or Selective Harmonics Elimination (SHE) scheme is also well-
known and attractive for medium to high power applications due to its low
switching frequency. Such classic modulation techniques are well proven but
limited when extension to higher levels, i.e for modular multilevel or
cascaded converter applications, is considered.

Some extensions to the classic modulation techniques are available to cater
for conventional multilevel topologies and are covered in the literature [31,
80-92]. Techniques such as the Phase-Shift PWM, Amplitude-Disposition (or
Phase Disposition) PWM, Multilevel SVM, Multilevel hysteresis PWM and
Multi-Level selective harmonic elimination PWM are some of the available
extensions. Thi s sui te of Aextend
operate at low per-device switching frequency, while retaining a satisfactory
output harmonic spectrum. Such PWM techniques are limited when applied
to modulation of converter phase arms with several hundred sub-modules.
To tackle such applications, modulation concepts based on active select and
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sort optimisation have become a growing research interest. A representative
example is also presented.

To improve readability the following nomenclature is used to describe these
modulation studies:

(a) Average converter switching frequency (fs). This is a determining
factor of the converter voltage harmonic quality. The converter
switching frequency is derived as the number of notches/per cycle
multiplied by the fundamental frequency. A notch is defined as a step
change in the voltage waveform caused by a change in sub-module
switching state which results in an increase or decrease in the phase
arm voltage.

(b) Sub-module switch frequency (fss). This is the major factor affecting
converter switching losses. The sub-module switch frequency is
defined as the number of switching transitions for each sub-module
complementary switch pair within one fundamental cycle. A transition
is a change of a device operating state from O (blocking) to 1
(conducting). Preferably all devices within the converter phase arm
should have comparable fss values but this varies depending on the
modulation scheme implemented.

(c) Modulation amplitude index or amplitude modulation index (ma). This
is a control variable used to adjust the converter phase limb peak
voltage to match a demand (reference) voltage value.

(d) Sub-module capacitor voltage drift. This occurs when the time spent
charging the sub-module capacitor is continuously not equal to time
spent discharging, causing the voltage to charge (or discharge)
continuously thus drifting away from the typical value over after a
number of fundamental cycles. This issue is typical with modulation
techniques that utilise open-loop balancing and further escalated
when the current being synthesised is not symmetrical.

(e) Sub-module capacitor voltage deviation. This is a voltage variation
experienced due to the sub-module switching actions and can be
measured over a fundamental period. This is mainly defined by the
sub-module capacitance value, however the modulation scheme
plays a part in this voltage variation due to the mathematical
relationship between the capacitance and instantaneous current at
the instant of switching.
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The difference between the terms capacitor voltage deviation and drift is
shown in Figure 4.2.

Capacitor Voltage Deviation vs Voltage Drift

= === -
glo N e Deviation

: _
4 oy -
S Drift

>

Typical Value

0.01 002 0.03 004 005 006 0.07 0.08
Time (secs)

Figure 4.2: Capacitor Voltage Variation in one Module of MMFCC with
SHE modulation (no capacitor balancing).

In practice, the sub-module switching frequency (fss) is used to estimate the

the charge/discharge cycle of the sub-module capacitor as well as for the

flying capacitors using the number of sub-module switching transitions?®. This

fall out of the scope of this research work.

Values of other practical parameters of an MMFCC converter, as used in the
simulation study of the modulation techniques, are shown in Table 4.1.

Table 4.1: Parameters for MMFCC Modulation Simulator

Load Side Parameters

Parameter Value
Vph peak across load @ 1 p.u my Vs 1 kV
Three Phase Load (Star Connection) Ls 12mH

Rs 57 .6

Converter Side Parameters

Sub-module capacitor (C) voltage set-point Ve 500 V

Module Flying Capacitors (Capacitance) C 1mF

General objectives for each modulation concept investigated and for each
converter phase arm include:

1 A sub-module transition is a change from one state to another. The states
are: State 2 (Output = V¢); State 0 (Output = 0); and State 1 (Output =
Vec). Ve is the capacitor voltage; Vec = flying capacitor voltage.
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1. Provision of 16 gate control signals to each submodule (as 8
complementary pairs, with 4 pairs in each sub-module.)

2. Maintaining the pair of sub-module flying capacitor voltages (V, Vgr)
within acceptable tolerance values of half the defined sub-module
capacitor voltage set-point value (250 V).

In practical systems, other objectives can include protection functionalities
e.g. local co-ordination of: device desaturation, sub-module over-current and
over-voltage assist; etc. Such are not the focus of the underlying
investigations.

4.1.1 Modulation using Selective Harmonic Elimination

The selective harmonic elimination PWM technique is an attractive converter
modulation technique for circuits where low switching frequency (i.e low
loss) is a priority. The technique relies on a set of switching times carefully
calculated to control the converter output voltage to a desired magnitude
while supressing a selected number of harmonics. The amplitude of
harmonic components tend to fall in inverse proportion to frequency, thus
lower order harmonic components constitute more disturbance in a system.
Hence regular practice is to attempt to suppress the lower order harmonic
components.

For an MMFCC topology, the switching actions needed to control the
fundamental and suppress selected harmonics are implemented across the
series-connected modules resulting in different voltage levels. This realises

a staircase-shaped converter phase arm voltage, hence the common term

for this extensi on]l84, 8, 98]l Seich adaptatiom allbwisi n g 0
the level shifting SHE to provide modulation of the MMFCC at a device
switching frequency close to the fundamental while retaining good harmonic

quality.

A basic level shifting SHE principle applied to an MMFCC converter phase

arm comprising two FCC sub-modules is shown in Figure 4.3. In the case
illustrated, the sub-module switch frequency, fss, is equal to the AC
fundamental frequency as each device switches once during the cycle. In

the positive half cycle, four distinct voltage steps (0.5V¢; 1.0V¢; 1.5Vc; and
2.0Vc) are activated at four f i ri ng comput,edUsahgpU es
Additionally the quarter (and half) wave symmetry of the target reference
waveform allows an adaptation of the already computed firing angles for:
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- deactivation of the voltage steps during the second quarter of the
positive half cycle using angles ~ / 24+ U %W0s,2 40,2 +W.2
- activation of the voltage steps during the first quarter of the negative
hal f cycle us,i ng+@Eaprdlpatd ~ + U
- deactivation of the voltage steps during the second quarter of the
negative half cyclsge 854 88U04RBUg2+3T / 2
A total of 8 voltage steps is present in the waveform synthesized using level-
shifted SHE. The steps are more obvious when the sub-module switching

signals are observed and imply a converter switching frequency of 8 times
the AC fundamental frequency (i.e fs = 400Hz for a 50Hz AC signal).

95



2.OV<;A
1.5V DL S O8N
¢ A o Reference
— ¢
& 1.0Ve "l \\ waveform
< /| \‘
< 0.5V L A
~ \
g 1 \
g \) ’
g a; a a3 0Oy N L/
g 0:5Vc Firing angles k ’
© K o
£ -1.0Vc Ay -
\‘ ¢
-1.5V¢ e _,—"
-2.0V¢
0.5t m 0.756m 2
Time (radians)
(FCC Sub-module 1)
S1a1A I I ..I
SZa I | .J
TU; Sib | | ._I
5 sa [ ]
2 (FCC Sub-module 2)
£
:‘ci)' S1a I »l
=
@ SQa I J
Sitb [ l ..I
S | | 2
0.5 1 0.751 2m

Time (radians)

Figure 4.3: Principle of Level-shifted Selective Harmonic Suppression
applied to the MMFCC phase arm .

The implementation in Figure 4.3 is a possible example that primarily
demonstrates the multilevel SHE modulation principle for the MMFCC. In
reality while applying the switching signals the following must be considered:

- Equal sub-module utilisation within each converter phase arm.
- Symmetrical switching utilisation between the positive and negative
half cycle (at least over a plurality of fundamental cycles).
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Such considerations are important to mitigate the issue of sub-module
capacitor and flying capacitor voltage drift and minimise deviation.

The multilevel SHE algorithm for the MMFCC involves two key stages: angle
computation and switching signal generation.

4.1.1.1 Angle Computation using Newton Raphson iterative method

It may be preferred that the four switching angles computed for the case in
Figure 4.3 should suppress the fifth, seventh and eleventh odd harmonics
while controlling the AC fundamental magnitude to the desired m, value. All
third-order harmonic components and their multiples (triplen harmonics)
cancel out in the line-line waveform because of the three-phase converter
arrangement. Based on this, the triplen components are not considered for
suppression during the computation of firing angles. The four switching
angles required are computed by solving the following four non-linear
simultaneous equations in (4.1).

f.(a,,a, asa,)= cos(al)+ cos(a2)+ cos(a3)+ cos(a4)— 2.ma% =
f,(a,.a,,a,.a,) =cog5.a,)+cod5.a,)+cod5a,)+cod5a,)=0
f.(a,.a,,a,,a,) =cod7a,)+cod7.a,)+cod7.a,)+cod7.a,)=0
f,(a,.a,.a,.a,) =codlla,)+codlla,)+codlla,)+codlla,)=0

4.1
This can be expressed using the matrix expression as
efl(al’az’a3’34)? ef,(X)g
é u é u
F(X):éfz(al’az’a?”a“)l:l: éfZ(X)U 4.2

éf,(a,,a,,a;,a,)u ef;(X)u
e u e u
ef,(a.a,.az.a,)g &f,(X)g

6, o

é u
where X :G;‘azl\l;

éa,l

e U
€40
and the solution to the expression in (4.2) is the basis for the computation of

the firing angles required for SHE converter co-ordination and is typically
solved using:
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- An iterative numerical algorithm. This is commonly used and
constitutes algorithms such as the Newton-Raphson and the Secant
Iterative methods.

- A Genetic T Optimization algorithm. This is normally implemented to
resolve more dense non-linear expressions (i.e with more variables).
Some known methods within this class are the Trust Region Dogleg,
Trust Region Reflective or Levenberg-Marquardt methods [94-96].

The author has chosen to implement an iterative numerical algorithm.
Specifically the Newton Raphson iterative method was implemented for the
computation of four firing angles.

The Newton-Raphson method involves replacing the expression in (4.2) by
the first two terms of their Taylor series [97-99]. Thus the linear expression
for F(x) becomes

FO) = F () +H OV |, 06 X0 43

“F(X%X is a matrix with partial derivative elements otherwise known as the

Jacobian, J, matrix. Its elements are expanded for the expression in (4.3) as

shown in (4.4):
L. Vi Vi, iah

Qf, Hf, 2 Hf% u
go Ml fof) € /b Jua,  Jha, a4y

_“(31’32’33’34)_2uf% Hf Hf L[f% u
é /Ha,; Ha, [ Ha,

4, 4 uf, uf/ 0
6 /va, /ua, Jua, /ha,p

7

If the vector Xo (U1, Uy, Us, Us) represents the initial estimate of the solution
for the firing angles, successive estimates of the firing angles can be
expressed as

F(X.(a1,a,,85,4,))
J

X.u(a,a,.asa,)=X,(a,a,a,a,)- 45

The numerical iteration loops continuously until either disrupted or the
solution convergence criterion condition described by (4.6) is satisfied.

X.u(a,a,,a;5a,)- X, (a,,a,,a;,a,)=DX,(a,,8,,a;,a,)te 4.6
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where U i s a plerandeevdlie nsedto termimaie the iteration.

Appendix D.2 outlines the Matlab code for solving the expression in (4.2)
using the Newton-Raphson method. Results obtained from the code in
Appendix (B.1) are:

ma = 0.8 are ,=0.4311, ,=0.7947, U;=0.9956, U,=1.2023

The main issue with using the Newton-Raphson iterative method for solving
the SHE-PWM equations is a requirement to define all the Jacobian partial-
derivative functions (uf, /ua, where i, j = 1, 2, 3, 4). Extending this technique
to control more angles is tedious. For instance to solve for 12 firing angles a
total of 144 Jacobian elements must first be obtained through derivation.
Using the Secant Method (Appendix D.3) is less tedious as the differential
elements in the Jacobian matrix are substituted with finite differential
variables, however with some compromise of accuracy.

It is well known that the solution of non-linear equation presents
convergence issues. Providing adequate initial values increases the
possibility of convergence but this means one must already be aware of the
solution being sought after. This poses a limitation in any SHE algorithm
practically implemented, where it is more difficult to estimate such solutions.

Firing angles computed for the MMFCC converter phase arm for m, value in
the range from 0.1 to 1.0 are shown in Table 4.2 and must meet the range
criteria shown in (4.7).

Only firing angles that satisfy the criteria may be applied to control the sub-
module switches. In Table 4.2 the firing angles that do not meet this criteria
are fAgreyed out 0.maE@I only thesfirsatwoalpha anglse n
computed (0.1726, 1.4963) result in device activation. The other two firing
angles (1.7621, 2.1595) are clearly out of bounds based on (4.7) and hence
are not used for switch activation. During such a case the MMFCC phase
arm voltage waveform will comprise only three distinct levels (0, 0.5Vc¢ and
Vo).
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Table 4.2:  Firing angles computed for different modulation indices.

Ma U; (rad) U, (rad) Us (rad) Uy (rad)
0.1 0.1726 1.4963

0.2 0.2201 1.2203

0.3 0.2782 1.3756

0.4 0.3418 1.0919 1.4999

0.5 0.3815 0.9758 1.2951

0.6 0.3857 0.8760 1.1894

0.7 0.6304 0.8356 1.0659 1.3316
0.8 0.4311 0.7947 0.9955 1.2023
0.9 0.6036 0.2172 0.8519 1.2020
1.0 0.1748 0.3865 0.7113 1.0781

0¢(a,a,.aa,)ec?
2 47

%0 (15709

4.1.1.2 Switching signal generation (Sub-module switch activation)

To derive the switching signals for the two sub-module switches in each

converter phase arm the computed firing angles alongside the converter

voltage phase angle (¥ ) are considered. Typical implementation involves

the use of a finite state machine that considers the state of the converter
voltage phase angle as it cycles betwee
angles to be recomputed and applied every quarter cycle thus achieving a

more dynamic converter response to changes in ma. Howevert,i meoir e
angle resolver is rarely used in practice as convergence of numerical

iteration process is uncertain. Rather a look-up table similar to Table 4.2 is

normally populated with pre-c o mput ed val ues. This provi
angles to a modulation controller in order to match demanded modulation

index values.

, — :
wt lgltr:ttg _| Module Mfgule | Switch | > s s, S
m > . Selector s Activation 192,215
a —®1 Angle Resolver Machine Activation

Figure 4.4: Activation of Switches from Firing Angles
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The firing angles generated from an angle resolver (or look-up table as
discussed) are fed into a Finite state machine together with the rotational
angle (¥yt). The eRgeneratesehe sohvarterdimbnstatesh(d, n
1, 2, 3 or 4) which are fed into a module selector that determines the states
(0, 1 or 2) to be activated in each module. As the FCC modules are in full
bridge arrangement, the module leg activation sub-system decodes the
states into module-leg states. Finally the module-leg states are submitted to
a switch activation sub-system to generate the switching states for the sub-
module switches in each converter phase. Figure 4.5 outlines a sample
flowchart to complement the discussions for Figure 4.4.

Results captured for the MMFCC under SHE modulation are shown in
Figure 4.6 - Figure 4.9 for ma = 0.8. In Figure 4.6, the waveforms shown are
for Phase-A of the converter except for the line-line voltage which describes
the voltage between Phases A and B.

( Start )

+ve half -ve half

cycle cycle
_ag T+a,
toviy = ﬁ Toxiy = 21f
Ty, 2r-a,
lorrny = 24 Lowr iy = 2af
i=1234 i=1234

Figure 4.5: Flowchart for generating switching signals and activating

Activate Activate Deactivate Deactivate
Sub-module 2 Sub-module 1 Sub-module 2 Sub-module 1
Stap =1 Stap =1 S1ap=0 S1ap=0
Szap =1 Szap = 1 S2ap =0 S2ap=0
[ [ [ |

No 1 Yes

the MMFCC sub-modules using multilevel SHE-PWM.
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Figure 4.6: Converter Output using SHE-PWM Modulation (ma = 0.8).

The results of FFT analysis performed on the phase and line-line voltage
waveforms are shown in Figure 4.7, which confirm the targeted harmonic
components are indeed supressed.
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Figure 4.7: THD for SHE modulation showing (a) Phase and (b) Line
Voltage.

At ma = 0.8 the angles (U;= 0.4313, U,= 0.7946, U;= 0.9954, U= 1.2021)
were applied to cancel the 5", 7" and 11" harmonic components. This

corresponds with 250Hz, 350Hz and 550Hz in Figure 4.5 and it is obvious
that these components are supressed.

Also to note, the triplen (3" order) components i.e the 150Hz, 450Hz, etc
which are present in the Phase voltage FFT chart are suppressed in that for
the line-line voltage. The method described thus far does not account for
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capacitor voltage variation whi ch i f |l eft Auncothag r ol

expected value and results in further harmonic content in the converter

e

voltages. Figure 4.8 s hows t he -meofnfietcotr efdunswi t chi ngo

flying capacitor voltages.

Left Flying Capacitor Voltage (V)
320 T T T T I T T T T
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Time (secs)

Voltage (V)

Figure 4.8: Capacitor Voltage Variation in one Module of MMFCC with
SHE modulation (no capacitor balancing).

Such divergence also manifests in the converter voltage waveforms. This is
evident from around 0.02 secs in the phase voltage waveforms shown in
Figure 4.6. Eventually the capacitor voltages either charge to the DC rail or
discharge to 0. To avoid the divergence that results from uncontrolled
capacitor voltage variation, a capacitor balancing algorithm based on the
FCC redundant states [88] is applied within the switch activation sub-system.

As a result, the flying capacitors now vary about a prescribed voltage value.
Figure 4.9 shows the same capacitor voltages as seen in Figure 4.8, but with
the balancing algorithm implemented. Both capacitors now vary about their
prescribed value (0.5Vy = 250 V).
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Figure 4.9: Capacitor Voltage Variation in one Module of MMFCC with
SHE modulation (with capacitor voltage balancing).

A simple algorithm was applied to derive the balancing in Figure 4.9. The

sub-module capacitor and flying capacitor voltages are provided as feedback

signals into the switch activation sub-system and the selection criteria below

is applied:
- For charging current (i.e. flowing into the sub-module positive
terminal), the sub-module with the lowest sub-module capacitor
voltage is activated and the switch for the flying capacitor with the

lowest voltage is activated.
- For discharging current (i.e. flowing out of the sub-module positive

terminal), the sub-module with the highest sub-module capacitor
voltage is activated and the switch for the flying capacitor with the
highest voltage is activated.

This selection algorithm ensures that the sub-module capacitor and flying
capacitor voltages do not deviate excessively but does not account for drift.
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4.1.2 Modulation using Carrier Placement Strategies

Carrier placement strategies are the most extensively applied modulation
schemes for classical converter modulation. In principle the switching signals
for an inverter are generated by comparing a sinusoidal (reference) signal
with at least one triangular (carrier) signal at a frequency higher than that of
the fundamental. The analysis of a carrier placement PWM strategy for an
inverter can be expressed using Black and Holmes approach [21-24]. The
carrier and reference signals are represented as time varying functions c(t)
and o(t) in (4.8) and (4.9) respectively.
-2 4.8

c(t) = net +gc ;g =1
C

o(t)=mt+f;w=% 4.9

where ¥ ¢ is the angular frequency of the carrier wave
Tc is the period of the carrier wave
. c Is the phase shift angle for the carrier wave
¥ is the angular frequency of the reference wave
T is the period of the reference wave
z is the phase offset for the reference wave
t is the instantaneous time value

Applying Fourier analysis to the carrier modulated reference signal results in
a double variable function of c(t) and o(t) with regards to its harmonic
content as shown in (4.10).

ffo,00} = 20+ [a cosj(ut+£) +h, sinj(ut+ )]+
e ) ) )))))) X

1stTernfFundamentaBasebandHarmonicy

5 [ag cosi (Wit +Gc) +hy sin j(met +g0)] +
&) ))))) ) ))))) )X

2ndTernfCarrier_Harmonick

3 A [, codi(upt+q0) +i(ut+ )} +b, sinfiuet +g.) + j(ut+ P
E97))))))))))°))))))))))) )

3rdTern{SidebandHarmonic¥
4.10
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where:

a,, Is an amplitude value which describes the DC bias in the pulse-width
modulated waveform;

8, 8, aand by, by, and b describe the amplitude of the harmonic
components in each term of the summation operator;

| are j are index variables for the carrier and baseband.

The angular frequency of every harmonic order can be defined using the

vari aibl epd @ it #wjsk For(instance (4¥ C+ 8¥ )describes

the 8" sideband harmonic located around the harmonic number of the 4"

multiple of the carrier frequency. Also of interest are baseband harmonics
present eik wWhe n jprescribesrtie larmonic frequency) as well

as carrier harmonijs@0 @ireseaon lppescitbhse nv & r i
the harmonic frequency). According to (4.10) a DC bias (or offset) in the
reference signal i s eaopr e$hedrmrerrssesher mi I
any baseband harmonics existing in the reference signal including the
fundamental component at j = 1. Carrier placement techniques typically

supress all low-order baseband harmonics that exist up to the equivalent

carrier switching frequency apart from the fundamental. The second
summation term in (4.10) expresses the carrier harmonics located at the
modulation carrier frequency and its multiples. These are relatively higher

order harmonics with low amplitudes. The third summation term expresses

sideband harmonics which exist as result of the sum and difference between

the baseband and carrier harmonic components. As the low-order harmonics

are normally supressed, the sideband harmonics, exist only at the carrier

frequency and above.

Extensions to the classical carrier placement strategy to cater for multilevel
converters include: the phase-shift PWM (PS-PWM); and phase-disposition
PWM (PD-PWM) also known as phase-displacement PWM. Variants for
specific applications now include strategies like the Phase Opposition
Disposition PWM (POD-PWM) and the Alternative Phase Opposition
Disposition PWM (APOD-PWM), as well as their modified reference variants
such as the Third Harmonic Injection- (THI- PWM) strategies.

4.1.2.1 Phase-Shift PWM

The Phase-Shift PWM technique involves the use of multiple carriers with a
time or phase delay (phase-shift constant) from each other. Analytically this
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is expressed as an introduction of more terms into the 2" summation in
(4.10). The overall effect is first significant harmonics being present not at
the carrier frequency, but at the multiple of the carrier frequency and the
number of carriers.

Application to the multi-module FC topology involves two considerations:

- The phase-shift value applied between the carriers that activate the
different voltage levels for each converter phase.

- The generation of switching signals for the adjacent switches in the
full-bridge FCC sub-modules. This is tackled using the anti-phase
references of a unipolar PWM.

Four carrier signals are required to generate the four distinct voltage levels
(excluding 0 V) that make the phase voltage for the converter in Figure 4.1.
The carrier frequency can be chosen as an even multiple of fundamental
reference frequency, in such a case the side-band harmonics at the
equivalent carrier frequency are supressed with the carrier harmonics
attenuated. If an odd multiple value is chosen, the side-band harmonics are
attenuated while the carrier harmonic is suppressed. For each converter
phase, the switching instants for the LHS switches are generated by
comparing the four carrier signals with a positive sinusoidal reference signal.
Switching signals for the sub-module RHS switches are generated by
comparing a 180° phase-shifted reference signal against the same four
carrier signals. This unipolar PWM technique attenuates the carrier and side-
band harmonics by an extra order of 2 resulting in harmonics at (2fc, 4fc,
e€), instedd ©&F (1fc, 2

The reference, carrier and switching signals for the phase-shift PWM
techniques applied to the 2-sub-module MMFCC phase arm is shown in
Figure 4.10. The phase-shift constant between the carrier signal is shown
as dc and the carrier frequency is ¥ ¢ with the relationship between both
parameters expressed in (4.11).

go =—C 4.11

where c; is the number of carrier signals implemented = 4
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(a) Unipolar Reference; and Carrier Signals
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(b) Sub-module Switching Signals
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Figure 4.10: Phase-Shift PWM applied to the MMFCC Phase leg. (a)
reference and carrier waves (b) Switching signals.

Note that in (4.11) the phase-shift is calculated with reference to the 250Hz
carrier frequency (not the fundamental frequency). Also the total number of
carriers can be obtained by subtracting 1 from the number of distinct levels
in the converter phase voltage waveform.

The converter phase voltage and harmonics/spectral THD plot is shown in
Figure 4.11. Harmonic suppression is achieved and all carrier and baseband
harmonics are supressed up until eight times the switching frequency (40"
harmonic order) as shown in Figure 4.11. The THD content of the phase
voltage is 17.15% with side band harmonics (around 30™ and 50" harmonic
order) suppressed until the 40" harmonic order.
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Figure 4.11: Phase-Shift PWM applied to the MMFCC. (a) converter
phase voltage (b) Phase voltage spectral analysis.

The sub-module switching actions shown in Figure 4.11 cause the voltages
for the flying capacitors in each sub-module to vary depending on the
direction of current flow. To illustrate this effect, voltage variation for the
flying capacitors within one sub-module is shown in Figure 4.12. A sub-
module capacitor voltage (Vc) of 500 volts simulated, hence the nominal
voltage value expected for the flying capacitors is 250 volts. The capacitance
value simulated for the flying capacitor

The natural voltage balancing capability of the phase-shift PWM technique is
illustrated in Figure 4.12 as the flying capacitor voltages V., Vg track around
the nominal value of 250 volts. Due to the nature of PS-PWM modulation
control, even though each carrier is shifted in time, the switching actions
produced over a cycle are repetitive across all carriers. This results in equal
utilisation of the available sub-module redundant switching states. Thus the
flying capacitors are charged and discharged evenly.
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