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Abstract

Offshore wind energy is one of the fastggtwing renewable energy sources, driven by
consistently higher wind speeds and the availability of large installation areas. However,
challenges persist, including the substantial size and weight of collecgtansyand the
need for efficient longlistance power transmission to shore. This thesis aims to develop
offshore wind power transmission systems that deliver higher efficiency, reduced costs, and

minimized size and weight.

The research begins with the investigation of onshore voltage source converter (VSC)
basedigh-voltage direct current (HVDC) systems. ThrevHVDC converter topologies
are proposed, combining hddfidge submodules (HBMs), a minority of fulbridge
submodules (FBBMs), and antiparallel thyristors. The inclusion of thyristors improves
converter efficiency and provides DC fablbcking capabity with the support of FEBMs.
Additionally, the proposed designs reduce the number of semiconductors required, resulting

in costeffective solutions.

The first topology uses thyristors in series with both-88s and FBSMs to enhance
efficiency. However, its DC faulblocking performance is relatively slow as it relies on

thyristor commutation to block the AC component of the DC fault current fronTitthe g

The second topology addresses this limitation by employing additional thyristor branches
parallel to the submodules. These branches bypass the AC fault component swiftly, isolating

the DC side and enabling fast fablbcking action.

The third topology further improves efficiency by leveraging these parallel thyristor
branches during normal operation. Known as power groups, each group consists of SMs in
parallel with thyristor branches. The thyristors bypass the SMs when generatinglzzye,

reducing conduction losses and enhancing overall efficiency.

The thesis then focuses on the DC collection system, proposing a noveisedaiesl
parallel (SIP) DC collection architecture. This architecture comprises parallel wind turbine
groups (WTGs), each consisting of setwesmnected wind turbines (WTs). Trseries
connected WTs utilize thrgghaseuncontrolledrectifiers on their DC sides, significantly
improving system efficiency. Each WTG integrates a-IDC converter that steps up the
group voltage to the HVDC transmission level while isolating faults wite series string.

The proposed SIP architecture enhances reliability by isolating faults at the WTG level
iii



without requiring costly DC circuit breakers. Compared to conventional DC parallel
architectures, the SIP approach achieves lower costs, reduced size and weight, and improved

reliability, providing a more efficient and practical solution for offshore wamgrgy
collection and transmission.



AAC
AFC
AT-AAC
CB
CpPVC
CTB-MMC
DAB
EO-AAC
F-HTMC
FB-MMC
FB-SMs
HB-MMC
HB-SMs
HACC
HTMC
HVAC
HVDC
IPOS
LCC

LV
MEMC
MMC
MPPT
MV
MVAC
NLC
NPC

PG

PLL
PMSG
PPPC

List of Abbreviation

Alternate arm converter

Active forced commutated

Augmented trapezoidal alternate arm converter

Circuit breaker

Constant pitch voltage control

Crossing thyristor branches modular multilevel converter

Dual active bridge

Extended overlap alternate arm converter

Fast DCrault-blockingHybrid thyristorbased multilevel converter

Full-bridge modular multilevel converter
Full-bridge submodules

Half-bridge modular multilevel converter
Half-bridge submodules

Hybrid alternate common arm converter
Hybrid thyristorbased multilevel converter
High voltage alternating current

High voltage direct current

Input parallel output series

Line commutated converter

Low voltage

Modularembedded multilevel converter
Modular multilevel converter

Maximum power point tracking

Medium voltage

Medium voltage alternating current
Nearest level control

Neutral point clamped

Power group

Phase locked loop

Permanent magnet synchronous generator

Partial power processing converter



P-WF
SWF
SIP-WF
SISO
SPWF
TB-MMC
VPVC
VSC
WF

WT
WTG
ZNS

Parallel wind farm

Series wind farm

Series isolated parallel wind farm
Seriesinput-seriesoutput

Series parallel wind farm
Thyristor bypas$ased modular multilevel converter
Variable pitch voltage control
Voltage source converter

Wind farm

Wind turbine

Wind turbine group

Zero voltage switching
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List of Symbols

SM capacitor voltage

SM capacitor nominal voltage

DC link voltage

FB-SMs voltage

Overall phase peak voltage
Fundamental phase peak voltage
Fundamental phase voltage
Injected third harmonic voltage
Third harmonic voltage ratio
Overall phase voltage

Arm voltage

SMs voltage per arm
Seriesthyristor voltage per arm
Overall commutation time

the circuit commutation turn off time of thieyristor
Falling time of the thyristor current
Overlap time between the upper and lower arms
Periodic time

Per unit value of the FBMs voltage
Total FB-.SMs number in each arm
Total HB-SMs number in each arm

Thyristor nominal voltage

Arm inductance

maximum permitted turon current ramp rate of the thyristor

Arm inductance voltage

Peak phase current

Arm current

Total number of SMs per arm
Energydeviation of each SM in the arm

SMs power per arm
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3 Total number of functionable SMs during conducting periods of the SI

Y Apparent power

HU Fundamental phase peak current
%0 Power factor angle
30 per unitpeakto-peak energy deviation
30 maximum peako-peak energy deviation
30 desired peako-peak voltage ripple ratio
o SM capacitance
0 Rated power
0 Grid voltage
Q Fundamental Frequency
U AC interfacing inductance
o] HB-SMs capacitance
0 FB-SMs capacitance
Y Fault resistance
0 Upper SMs voltages per arm
0 lower SMs voltages per arm
W SMs commutation voltage of the upper arm
W SMscommutation voltage of the lower arm
Q Upper arm current
Q Lower arm current
0 AC side active power
0 DC side active power
O DC link current
Q Phase 6ad fundamental current
Q Phase 6bd fundamental current
Q Phase 6cd6 fundamental current
€ Number of operatiothyristors (series thyristors) per arm
£ Number of protection thyristors (parallel thyristors) per arm
€ Number of functionable SMs during conducting periods of the SMs it
upper arm
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Number of functionable SMs during conducting periods of the SMs ii

lower arm

Power of wupper arm
Energy deviation per SM in the upper arm
Upper arm current

energy deviation of thelB-SM

energy deviation of the FBMs
Fundamental voltage ratio

SMs predicted voltage

Number of inserted SMs per arm
Predicted number of inserted SMs per arm
PGaverage capacitor voltages of all PGs
PG activation signals

PG ready signals

PG-thyristors gating signals

of

phase

6abd

The voltage sign of the used fBVIs in the activation/deactivation proce

The required number of inserted SMs

The compensated number of inserted SMs
number of activated PGs

number of SMs per PG

number of FBSMs per PG
number of HBSMs perPG

ratio of the number of activated PGs to the minimum required numk

PGs

change in the number of activated PGs
Peak voltage of the SMs per arm

Total number of PGs per arm
Maximum voltage capability cdach PG

voltage of the series thyristevalve

Peak voltage of the series thyristoedve

Number of bidirectional thyristors per thyristeralve
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Ca1 = D

number of available SMs (thetal number of SMs in the activated PGs)
PG inductor

The voltage used to turn on/off the Bigyristors

circulating current between the upper and lower arms

SMs stack capacitance

Arm current peak

Number of parallel wind turbine groups
Number of series wind turbines per group
power generated by the wind turbine
power coefficient of the wind turbine
radius of the WT blade

air density

wind speed

tip speed ratio of wind turbine

pitch angle of wind turbine

Rotor speed

PMSG inductance

RMS lineinduced voltage of the PMSG

electrical angular velocity
fundamental RMS current of the PMSG

stator field constant

pole pair number of the PMSG

Electrical power of the PMSG

Operating angular frequency

First resonant frequency of LLC resonant converter
Second resonant frequency of LLC resonant converter
RMS phasenduced voltage of the PMSG

voltage gain of the LLC resonant converter

Series inductance of LLC resonant converter

Series capacitance of LLC resonant converter

parallel inductance of LLC resonant converter
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equivalent quality factor

turns ratio between the input and output sides of LLC resonant conve
ratio betweerd 0 and0 of LLC resonant converter

power of the LLC converter unit

Output voltage of the LL@onverter unit

Input voltage of the LLC converter unit

Input voltage of the whole DOC converter

Rotor speed at the maximum DC current

Xi



Table of Contents

[@0] o)V o | o | (PSS I
ACKNOWIEAGMENTS ... eeeeas e u

Abstract iii

LiSt Of ADDIEVIALION ......uiiiiiiiiiiiiiiiiiie et e e e v
LiSt Of SYMDOIS......cooiiiiiiiree e e e e e e e e s emmreeeeeeeeeeee e M
TaDIE Of CONIENTS .. .uiiiiiiiiiiiiicie e rees e Xii
(@ aF=T o (= g A 11011 o o [N ox 1o o [ 1
O R = = Tod (o | (o 18| [0 F PP PPP PP PP 1
1.1.1 HVDC Power Transmission for Offshore WES.........cccccoeviiiiviceeiciiienennn. 1
1.1.2 DC vs AC Collection for Offshore WES...........ccoeeeviiiiiiiiccee s 3
1.2 Motivation and ODJECHIVES............euuiiiiiiiiiiiieeeiiiiiiie e
I T o U1 o] [ To%= 11 o] o S RSPPRRR 6
1.4 ThESIS SITUCIUIR......co it eeee et enens et e e e e e e e e e e e e e e e 6
Chapter 2 Literature REVIEW ........ccooiiiiiiiiiiitieeee ettt eeeee e e e e e e e 9
2.1 HVDC Converters Development.............ueeiiiiiiiiiieeeiiiiieieeeeee e 9
2.1.1 Nonthyristorbased VSEHVDC CONVEIErS...........ccevvvvvvvuvnnimmeeeeeennnnnns 10
2.1.2 Thyristorbased VSEHVDC CONVEIEIS..........cccoiuiiriiiiiiiieeeniiiiiiveeeeeee 14
2.1.3  Modulation TEChNIQUES..........uuuiiiiiei e 21
2.2 DC Collections DeVeloOpMENL........ccoeeeeiiieeiiiiiieeeii e eeeeeeeeeeeeeene e 24
2.2.1 Parallel Wind Farm (8VF) DC Collection Systems.............cooovvviiiiieennn. 25
2.2.2 Series Wind Farm (@VF) DC Collection Systems............cccoeeevvvivvimmnnnnn. 25
2.2.3 SeriesParallel Wind Farm (SWF) DC Collection Systems.................... 29
Chapter 3  New Hybrid Thyristor -based Multilevel Converter (HTMC) for HVDC
Applications with DC Fault Capability .............coovieiiiiiiiieeeii e 31
3.1 Proposed ToOpology DeSCHPLON. .......uuiiiiiiiiiiiii ettt 31
3.1.1 Proposed Converter ArchiteCtULe............ccuuviiieiiieeee e 31
3.1.2 Proposed Converter Operation and Analysis (with Third Harmonic
10| o1 = Tox 1o o ) PP U TP P PP PP PP P 32
3.1.3 Proposed Topology Controller............ccocuuviiiiiieeer e 37
3.1.4 DC-Fault BIOCKING ANAIYSIS.....uuuuiiiiiiiiieieeeieiiieeeiiee e e e nnne e 38
T V£ (=] .4 I D 1= o | S 40
3.2.1 Third Harmonic Ratio and SMs/Thyristors Count...............cccoovvvieeennenn 40
3.2.2  Arm INdUCtANCEs ... 41

Xii



3.2.3 Capacitance in HEBMS and FBSMS..............uuuiiiiiiiiiiieeniiiiieeieeeeceee e 42

3.3  Simulation Results Validation...........cccccoeeiiiiiiicccieeeee e 45
3.3.1  NOImMal OPEratiOn.........ccevuviiiiiiiiiimmreeeeererr s e e e e emenrnn e e e e eaaaaes a7
R I L O - T | | OSSPSR 49

3.4 EXperimental SETUD..........cuuuuuiiieiie i s s e e e e e e e s emnmrea e e e e e e e e e e e aaeees 50
3.4.1  NOImMal OPEratiOn.........ccevvviiiiiiiiiimmreeeeereri e e e e e eeenrana e e e e eaaaaes 53
3.4.2 POWEI REVEISAL......coeiiiiiiiiiii i e e e e e e e e 54
343 DO FAUIL ...ttt 55

G T T O 1 1o T= 15 1= o U 55

T T U 1 0] 0 4 F= T PP P P PP PP PPPPPRTIN 59

Chapter4  New Fast DC Fault Blocking Hybrid Thyristor-based Multilevel
Converter (F-HTMC) for Offshore Networks ...........cccccuvvviiiiiiieieesiiiiiinnnee. 62

4.1  Converter Structure and Operation ANalYSIS............covvviieeiiiemmeeeeeeeeeeeeiennns 62

4.1.1 CONVEIEr SIUCIULE ... iiiieiiiiie e e e e ennme e e e e eennnans 62

4.4.2 A INAUCIANCET FF.oiiiiiiiiiic e 73
4.4.3 SMs Capacitancer 3 [BNd F |l oveeereeeecece e 74
4.5  Simulation Results Validation.................ceuiiiiiieeeiiiiiiiiieeeeeee e 76
4.5.1 Normal Operation SCEeNAND...........cceccuvurrrrrimreniiiiieieeeeeeeeeeeeeeesesssnseeeeeid 1
4.5.2 DC FaUlt SCENANO.......cuuuueeiiiiiiee e e ceeeieeaa e e e e e e e e e e ernr e e e e e e e e eeeeeeeeeennes 79
O G 0o 11 4] 0= U [<T0] o PP URSTR 80
O S 1¥ [ 1010 = o TSP PP P PP PP RPRPPPTRRTIN 81
Chapter 5  Novel Power Group Thyristor-based Multilevel Converter for Offshore
HVDC POWEr TranSMISSION.........ccvvuuuurieniiisssimeeeeeeennnnnnaaaseeeeeeesamnnsansseeees 83
5.1 Proposed Topology DeSCHPLON. ........uiiiiiiiiiiiiii et 83
5.1.1 Proposed Converter ArchiteCtULe............ccuuviieeiiieeeee e 83
5.1.2 Proposed Converter Operational Analysis (Optimurt@istors Utilisation)
.............................................................................................................. 84
5.1.3 Actual and Predicted Stack Voltage..............ceeiiieiiiieemrciiiiic e, 386
5.2 Proposed Converter Control and DC Fault Blocking Mechanism............. 87
5.2.1 Overall Operation Control SIrUCIULE............uuuuiiiiiie el 87
5.2.2 PGs Restricted Balancing AlQorithm.............oouuuuuiiiiriii s 38
5.2.3 PG Activation and Deactivation Algorithm...........cccceeiviiiiiiiecciciiciieen e 89

Xiii



5.2.5 DC Fault Blocking MechaniSml............ccccoeieeeiieiiiceeiiiiiiiee e eeeeeeeeeeeveeen 91
T T Y1 (=] 4 I D 1= o | U 94
5.3.1 PGs and series thyristevalve Design............ooooiiiiiiiiiiimmmn i 94
5.3.2  SMS CapacCitor DESIGN.......uuuuuiiiii i eeen e 95
G T0C T [T [0 od (o g 0 =T T | o SRR 97
5.3.4 Commutation Voltagerf 3k @ D)MDESIGN.....cvvrivrrrirerrireereeieeeeeireeeeeeeas 98
5.4 CASE STUY......ccciiiiieeeeeit e e e e annnr s 99
5.5  Simulation Results Validation..........cccccceeeeiiiiiiccciieeeeeeeeeeeen e 100
5.5.1  NOIMAl OPEIratiOnL........uuuuueiiiiiiiiiiiiieeeiiiieiiie e rmmme e 101
5.5.2 DC Fault tOlErancCe.........ccoueeeeeiiiiiii e 103
5.6  Experimental Validation................ouuiuiiiiiiriieeees e 104
5.6.1  NOIMAl OPEIratiOnL........uuuuiiiiiiiiiiiiiiieeeieiieeii et e rmme e 106
5.6.2 DC Fault tOlErancCe.........coouveeeeiiiiiiie e 108
LT A O 3 ] o = 11 o 109
5. 8 SUMIMIANY ettt ettt e 110
Chapter 6 A Novel DC Serieslsolated-Parallel Wind Farms Architecture with DC
Fault-Tolerance Capability ............cccuiiiiiiiiii e 113
6.1 Proposed Architecture DesScCriptiOn........cccceeeiiieeeeiiieeeicieeee e 113
6.2 Mathematical ANAlYSIS........cccoeiiiiiiiiiiiii e 114
6.2.1  Wind Turbine Modelling..........oooiiiiiiiiiiieeer e 115
6.2.2 Diode Bridge Rectifier AnalysiS...........coooviiiiiiiiiieee e 115
6.2.3 DC-DC Converter ANalySiS.........ccceeviiiiiiiiiiiieeeeeeeeeeeeeeeeve s smmmeenenees 116
6.3 CASE STUAY ..ottt ettt e e e e e e e e e e e as 117
6.4  Control AIQOMthMS........cooiiiii e 120
6.4.1 Constanpitch voltage control (CPVC) method...............coooviiiiicccennnn. 120
6.4.2 Variablepitch voltage control (VPVC) method...........cccevvviviiiiiiecininnnee. 122
6.5 Simulation Results Validation.............oooooiiiiiiieeen e 123
6.5.1 Normal Operation Performance Evaluation.................ccccovccciinieenens 126
6.5.2 DC FaUlt SCENAIIO........cceeieeiieieeeeeieeee et 127
I ST @] o o F= 1 [0 ] o 1S 128
G T A S Y U1 0 4 =1 Y PP 130
Chapter 7 CONCIUSIONS.....uuiiiiiiiiiiiiiie e 132
7.1  General CONCIUSIONS ......uuuuiiiiiiie et rnne e e e e e e e e eeeeeeaeees 132
7.2 Aut hor 6s c.o.nt.r.i.but.d.0n.s. ... 134
7.3 FUIUIE WOTK ..ottt e e e e e e e e e e e nmmne s 135
RETEIENCES ... e e e e e erana e e e e e e e e e 137



Y o] 01T 0o [0l 2SO PP PP PP PP TPPPPPPPPPR 145

Appendix A: Experimental setup SChematiCs..............ooevvvvviieierieeeeeiiie 145
A.1 Half-Bridge Submodule.........cccoooiiiiiiiiiii e 145
A.2 Full-Bridge SUDMOAUIE. .........oviiiiiiiiiiiee e 146
A.3 Antiparallel ThYFISTOrS........cooviiieieiee e 148
FN AV o] 1 ¢= Vo T IS T =] o €S 149
ALS CUIMENT SENSOLS ...ttt eee e e ettt e e e ene e e e e e e et e e e e eeeenna e e e anes 150
A.6 LAUNCHXL-F28379D Interface Board..........cccuueeeeiiiiiiieeeiiiiiieeiiiiieeaeeeenn 151
A.7 Dspace Interface BOar.............oovvviiiiiiiicmmieeeeeeeeee e 152

Appendix B: Matlah SCrPIS......ccoooiiiiiieeee e 153
B.1 Losses calculation of HBIMC ..........coiiiiiiiiiieiiceceeeieee e eeeeeeeeeeene e 153
B.2 Losses calculations of FMC ............oooiiiiiiiiiiiinnnn e eeereeee 157
B.3 Losses calculations of the hybrid MMQC............ooiiiiiiiceeiiieeeeee 161
B.4 Losses calculation of HTMC (proposed in Chapter.3)............oooooiiiiiceeennn. 166

XV



Chapter 1

Introduction

1.1 Background

Renewable energy sources, such as solar and wind energy, have minimal negative
impacts on the environment due to their minimal secondary waste. Hence, they are regarded
as clean and sustainable energy souftgsAmong these, wind energy is more widely
implemented on a large production scale and is considered more reliable. Furthermore,
offshore wind farms (WFs) are deemed even nieasiblethan their onshore counterparts
[2]. Offshore wind energy has experienced substantial growth, with technological
advancements reshaping the industry and enabling projects in previously inaccessible areas.
Larger and more efficient wind turbines are now capable of generating greater poweer, whi
innovative foundation designs allow for installations in deeper waters. Sophisticated grid
integration strategies ensuitee smooth delivery of electricity to existing networks. These
advancements have positioned offshore wind energy as a compeliéusative to fossil
fuel-based power generation, attracting investment and driving rapid global depl¢dginent
However, challenges remain. Offshore wind farms are typically located far from shore,
requiring extensive transmission networks to transport power over long distances.
Additionally, the size and weight of the converters needed for transmission creétessiy
design and logistical obstacles. Addressing these challenges is essential for supporting the

continued growth of the offshore wind energy industry.

1.1.1 HVDC Power Transmissionfor Offshore WFs

Traditionally, highvoltage alternating current (HVAC) technology has been used to
transmit power from offshore wind farms to onshore grids. HVAC offers the advantage of
avoiding the need for costpjowerconverters on both offshore and onshore sides. However,
as the transmission distance increases, so do power losses and the demand for reactive power
compensatiofd]. With offshore wind farms moving farther offshore to harness higher wind
speeds, HVAC becomes increasingly uneconomical for-thsigince transmission. In such

scenarios, higivoltage direct current (HVDC) technology offers a more practical solution

[5].



Fig. 1.1. Cost comparison between HVDC and HVAC stagiagainst the cables

The cost comparison between HVAC and HVDC against the transmission distance as shown
in Fig. 1.1 reveals a critical transmission distarggically between 40 and 70 km for subsea
cablesbeyond which HVDC becomes more ce$fective[6]. Moreover Table1.1 shows

some of theperationaHVDC-based offshore WT power transmission projects. Most of the

projects in the table are located in Germany except for Rudong which is in China. Hence,

A
Cost

HVDC station cos!

HVAC station cost

™

For cables 400 km

Breakeven distance

Transmission distance

transmission distandé].

Germany owns the largest total capacity of offshore wind farms in operation.

Tablel.1: HVDC-Based offshor&/F powertransmissiorprojects|[7].

Project name

Distance [km]

Capacity [MW] Voltage [kV]

BorwWinl
BorWin2
Borwin3
DolWinl
DolWin2
DolWin3
HelWinl
HelWin2
Sylwinl
Rudong

125+75
125+75
130+30
75+90
45+90
80+80
85+45
85+45
160+45
70

400
800
900
800
916
900
576
690
864
1100

+150
+300
+320
+320
+320
+320
+250
+320
+320
+400

HVDC systems are broadly categorized into two types: voltage source converter
(VSC)-based HVDC systems and lisemmutated converter (LC@ased HVDC systems.
LCC systemsfirst introduced in 184 [8], offer advantages such as high surge current

endurance, high efficiency, and robust DC faultiadl®ugh capabilityf9]. However, LCC
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systems are prone to commutation failure due to their reliance on grid voltage for thyristor
operation. They also produce AC harmonic currents, necessitating large filters, and require
extensive reactive powestompensation due to their inability to independently control
reactive power[10]. In contrast, VSchased HVDC systems address many of LCC
drawbacks. They enable independent control of active and reactive power, can connect to
weak AC grids, and eliminate the need for large filfédd. However, these benefits come

at the cost of reduced efficiency, higher expenses, and the lack of inherent BEifloiekitig
capability[12].

1.1.2 DC vs AC Collectionfor Offshore WFs

Offshore wind farms have traditionally employed AC collection systems operating at
medium voltage (MV) levels (33 kV or 66 kV). In these systems, each wind turbine (WT) is
equipped with a transformer that steps up the voltage to medium voltage AC (MVAC).
Moreover, a large offshore HVDC converter station, including an additional bulky
transformer, further steps up the voltage and converts it to HVDC for transmission, as
illustrated inFig. 1.2 [13].

AC-AC
converter LV-MV Tr.

~
e L
V"

AC-AC
converter LV-MV Tr. Offshore HVDC  pypc ~ Onshore HVDC

Converter Link Converter
~ MV -HV Tr. N
7 o ] N O~ [T~ <~
-~ [ N N Onshore
Grid

| -
I === N F——r—————- T N

| NxM

AC-AC |
converter LV-MV Tr.

~
e L
S o~

Fig. 1.2. Traditional AC Collection system for offshore wind farms.

Alternatively, DC collection systems offer significant reductions in size and weight
by using mediunfrequency transformers within BDOC converters, rather than relying on
low-frequency transformerfl4]. The simplest form of DC collection architecture is the
parallel wind farm (PNVF), where a DEDC converter at each WT boosts the voltage from
low voltage (LV) levels at the rectifier terminals to MV levels. A second@converter
subsequently steps up thkeltage to the HVDC transmission level, as showrrig 1.3.
However, this architecture suffers from higher overall losses compared to AC collection

systems due to its multiple conversion stgdés$.
3
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Fig. 1.3. DC parallel wind farm (RVF) collection architecture.

However, DC collection in offshore wind farms faces several challenges, including
technological gaps at the component level, controllability of DC collection systems, and
compliance with current requirements for onshore grid connedid)s Moreover, some
studies suggest that DC collectibased offshore wind farms may be more expensive than
conventional AC collectiotrased offshore wind farnj7].

1.2 Motivation and Objectives

The global transition to renewable energy, driven by the need to reduce carbon
emissions, has led to significant growth in wind energy as a reliable and widely adopted
solution for largescale power generation. offshore WFs, considered more dependable than
their onshore counterparts, have experienced remarkable expansion due to technological
advancements enabling projects in previously inaccessible areas. Despite this progress,
offshore WFs face critical challenges, including the need for -thstgnce powe
transmission to shore and the size, weight, and efficiency limitations of offshore collection

systems.

HVDC transmission systems are the most suitable technology fordistagce
power transmission, offering high efficiency and reliability. Among these, thebhd{fe
based modular multilevel converter (HBMC) is the most established VStased HVDC
convater. However, the HBAMC exhibits lower efficiency compared to L&tased HVDC
systems. Moreover, it lacks inherent fault tolerance unless expensive DC circuit breakers are
employed. Researchers have proposed integratindgpridije submodules (FBMs) inb
MMCs to achieve DC faulblocking capability. However, this approach increases both
converter cost and losses. Consequently, a significant research gap exists in developing a

4



VSC-HVDC converter that combines high efficiency, low cost, and robust DClkndking

capabilities.

For offshore WF collection systems, DC architectures have been explored as a means
to significantly reduce size and weight by utilizing medifrequency transformers in BC
DC converters instead of traditional ldvequency transformers. The DC parallel dviarm
(P-WF) collection system utilises two DOC conversion stages boost the rectifier LV output
to HVDC transmission levels as previously discussed. However, this approach results in
higher overall losses compared to AC collection systems due to raudoplersion stages.
There remains a pressing need for research to develop DC collection systems that optimize

efficiency, reduce costs, and ensure high reliability.

This research aims to address these challenges by enhancing the overall offshore WF
power transmission systems, improving efficiency, reducing costs, and minimizing size and
weight. The focus is on advancing both onshore HVDC converters and offshor¢iaollec

systems, as depictedfing. 1.4. The specific objectives of this thesis include:

1 Developing innovative HVDC converter topologieso enhance the efficiency,
reliability, and coseffectiveness of offshore wind energy power transmission by
reducing conduction losses, component count, and overall system costs while

maintaining DC faulblocking capabilities.

1 Performing a comprehensive comparative analysiof the proposed HVDC
converters with existing onshore HVDC converter designs in the literature,
highlighting their relative advantages in terms of cost, efficiency, reliability, and fault

tolerance.

T Building an experimental prototypet o val i date the propose
operation and performance under realistic conditions, bridging the gap between

theoretical designs and practical implementation.

1 Proposing a novel DC collection system architecturtailored for offshore wind
farms, providing high efficiency while ensuring fault tolerance and maximizing

energy capture.

1 Designing and validating control strategie$or offshore WF collection systems that

enable maximum power point tracking (MPPT) under varying operating conditions.
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1.4 ThesisStructure

The structure of this thesis is as follows:
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Chapter 2 This chapter provides a comprehensive literature review on the
development of VS@ased HVDC converters, categorizing them into-tigmistorbased
andthyristorbased designs. Additionally, it explores DC collection systems, focusing on
parallel, series, and seriparallel wind farm architectures. The review highlights the
advancements and challenges in these technologies, setting the stage for dlsedprop
contributions in subsequent chapters.

Chapter 3 illustrates the first proposed HVDC convertestarting with its
architecture, operational principles, and performance under normal and DC fault scenarios.
A detailed parameter design iprovided, along with simulation results from a
MATLAB/SIMULINK model. Experimental validation is carried out using a scaledn
threephase, fivdevel test rig. The chapter concludes with a comparative analysis of the

proposed converter against otheriges in the literature, emphasizing its unique advantages.

Chapter 4 focuses on the second proposed HVDC convedtetailing its structure
and analysing its behaviour during normal operation. It presents a DCblachking
methodology, system specifications, and validation through alet@l MATLAB
simulation model. A summarized comparison with other DC -aloitking topologies

highlights the superiority of the proposed converter.

Chapter 5 details the third proposed HVDC convength a focus on its architecture
and operational analysis. A control algorithm, including a DC faloitking mechanism, is
detailed alongside the design procedures for the converter. The chapter also includes a case
study with practical parameters, MATLABIMULINK model validation, and experimental
results. A comparative analysis with DC faidterant PGbased HVDC converters

showcases the converterds performance

Chapter 6 is dedicated to the proposed seimsatedparallel wind farm (SIPVF)
architecture providing an indepth description and mathematical analysis of the wind
turbines and DEDC converters used in the system. A case study explores the limitations of
the architecture, and control algorithms for two proposed methods are presented. Validation
through MATLAB simulations and a comparison with theVF architecture using real wind
data demonstratethe SWF 6 s advantages.

Chapter 7 concludesthe thesiswith a summary of the main findings and

contributions of theesearch Suggestions for future work are provided, focusing on areas



that could build upon the advancements made in this thesis, ensuring further development in
HVDC converters and offshore wind farm collection systems.



Chapter 2

Literature Review

This chapter reviewadvancements in HVDC converters and DC collection systems for
offshore wind farms, focusing on their evolution, challenges, and -tfisle HVYDC
converters have progressed from +tbyristorbased modular multilevel converters (MMCs)
to thyristorintegratel designs, improving DC fault tolerance and efficiency but increasing
complexity and cost. For DC collection systems, three architectures are examined: parallel
(P-WF), series (SNF), and serieparallel (SPWF). RWF offers high reliability but incurs
higher losses, SVF enhances efficiency with fewer conversion stages but faces reliability
and faulttolerance challenges, and -8# balances these issues while encountering wind
curtailment and operational limitations. These developments highlight ongdorts b

optimize offshore wind energy transmission.

2.1 HVDC Converters Development

As established in the previous chapter, Mi&Bed HVDC technology overcomes many
drawbacks of LCéased HVDC systems. However, it has limitations, including lower
efficiency, higher cost, and lack of DC fault tolerance. This section investigates how VSC
based HVDC converters have been developed to address these drawbackisaség8C
HVDC converters are categorized into rtbgristorbasedonly IGBTs)and thyristotbased

converters, as shown kg. 2.1.
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Fig. 2.1. Classification ofVSC-based HVDC converters

2.1.1 Non-thyristor -based VSGHVDC Converters

The most widely used converter in this category is the modular multilevel converter
(MMC), introduced if18]. The haltbridge MMC (HB-MMC) is extensively employed due
to its modularity, scalability, redundancy, and controllability. The MRBIC consists of six
arms, each comprising cascaded-haifige submodules (HBMs), as illustrated iRig. 2.2.
Each HBSM can operate in three states: inserted (outputting capacitor valjaggpassed
(outputting zero voltage), or blocked (stopping gate signals to the IGBTs during faults). In
the blocked state, current can still flow from the AC to the DC side through dit@les
Compared to traditional twievel VSCs, HBMMC offers higher efficiency due to low

frequency operation, though it remains less efficient than-b&€&d converters

Various modifications to HBMMCs aim to enhance efficiency and reduce the number
of components[20]. However, they remain neDC fault-tolerant [21, 22] requiring
expensive DC circuit breakers (CBs) to manage DC f§2Bs24] which increase system

costsand losses.
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Fig. 2.2. HB-MMC converter architecture

In an attempt to address the lack of DC fault tolerance, therfidije MMC (FBMMC)
was developed. The FBIMC replaces the HEBMs with fullbridge submodules (FBMs),
as shown irFig. 2.4. FB-SMs can generate positive), negative ( w), or zero voltage. In
the blocked statewhere all the gating signals to the IGBTs are mitigak®iSMs fully
prevent current flow, providing Dfawlt-blockingcapability.However, this comes at the cost
of doubling the number of semiconductors in the converter, which significantly increases its

cost and reduces its efficienf3p].

To illustrate the difference between HBVC and FBMMC in terms of DC fault
interruption capability, assume a DC fault occurs at the DC side of each converter. In case of
the HBMMC, HB-SMs cannot block DC fault currents even if their gate signals arkdalpc
as the current would still flow through their diodes, as illustratdegn2.3(a). Conversely,
FB-SMs, when in the blocking state, can inject a negative voltage to block the fault current,
as depicted irFig. 2.3(b). Therefore, during a DC fault, if both HBMs and FBSMs are

blocked, only the FEBMs actively contribute to fault current suppression.

11
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Building on the FBMMC, the hybridMMC design was introduced if26, 27] This
design replaces some of the-BBIs with HB-SMs, as shown ifrig. 2.5. By adjusting the
ratio of FBSMs to HBSMs, this hybrid desigoffers DC faultblocking capability while
using fewer semiconductors than the -MBIC. Despite achieving a reduction in

semiconductor count, the hybrid MMC still has lower efficiency compared to thelMB.

VSCGHVDC

Fig. 2.5. Hybrid MMC converter architecture

An alternative modification to the FBIMC is the alternate arm converter (AAC),
proposed if28]. This design replaces some of the EBs with director switches (composed
of seriesconnected IGBTs), as shown kig. 2.6. The AAC design achieves DC fault
blocking with fewer semiconductors and reduces capacitance requirements, resulting in a
smaller and lighter converter. Additional research into the AAC converter has led to
improvements in its operatig29-31], including the extended overlap AAC (EEAC),
which achieves a smoother current waveform and a wider operational range by subtracting a

third harmonic component from the fundamental waveform. This modification, however,

13



requires an increased number of-BBls in each arm. Despite these advancements,-AAC

based converters still exhibit lower efficiency than-MBICs and LCCs.
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Fig. 2.6. Alternate arm converter (AAC) architecture

2.1.2 Thyristor -based VSCHVDC Converters

Researchers have also explored the integration of thyristors inteHX&XC converters

to improve efficiency and provide Di@ult-handlingcapabilities.

One approach, known as the thyristor bydassed MMC (TBMMC), was proposed in
[32]. In this design, thyristors are combined with a standardMiBC to add DCfault-
blocking capability. As shown irFig. 2.7, the two switches are normally closed during
normal operation, and the thyristors remain in reverse blocking mode. When a DC fault
occurs, the thyristors are fired, bypassing the$Ms, and the two switches are opened once
the current in the HEBMs dropdo zero. This allows the thyristors to block the fault current

in a manner similar to LC®ased converters.
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Another approach is the crossing thyristor brandieessed MMC (CTBMMC), proposed
in [33]. This design uses unipolar FEMs and crossing thyristor branches to manage fault
current, as shown iRig. 2.8. The unipolar FBSMs serve to terminate the DC component of
the fault current, while the thyristor branches stixtuit the AC component, isolating it
from the DC sideSince the thyristors in this configuration are only fired during faults, this
topology relies solely on SMs during normal operation, and as a result, does not take

advantage of lower thyristor conduction losses.
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Fig. 2.8. Crossingthyristor branchebased MMC (CTBMMC) architecture

Other literatureadoptsthe concepbf adding thyristors t&/SC convertersn order to
increasetheir efficiency [34]. For instance,hte active forced commutated (AFC) bridge
based converter i[85, 36] consists of antiparallel thyristor valves and a chain oSM&
as depicted iffrig. 2.9. In this topologythethyristorshandle the main power path, reducing
conduction losses, while the FBVIs are used for shaping the AC voltage wavefand
commutating the thyristor arm3his topology achieves lower conduction losses but
introduces a significant drawback: the need for a large filter at the AC link due to high

harmonic content.
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An alternative solution involves the use of power groups (PGs) in place of traditional
SMs in the MMC armg37-39]. These PGs consist of multiple SMs in parallel with
bidirectional thyristors. The thyristors bypass the SMs during periods of zero voltage
generation, reducing conduction losses. This approach has been applied to fiathfaaht
tolerant converters, shcas the HBMMC, and DC faulitolerant converters, like the FB
MMC, hybridMMC, and EGAAC. New converter topologies, such as-PB-MMC, PG
hybridMMC, and augmented trapezoidal alternate arm convertetNACT), have emerged
as a result of this design appch. The P&ybridMMC configuration, shown irfrig. 2.10,
exemplifies this design. While these topologies reduce conduction losses, they require a large

number of semiconductors, which significantly increases the overall converter costs.
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Another notable design is the modular embedded multilevel converter (MEMC),
presented if40, 41] This converter utilizes antiparallel thyristor valves alongside SMs in a
threelevel structure, thereby reducing conduction losses and the storage energy requirements
for the SMs. However, to achieve DC fault blocking-EBIs are used, which increases th
number of semiconductors and the overall cost. Similarly, the hybrid alternate common arm
converter (HACC) proposed [d2, 43]uses antiparallel thyristor valves to connect arms in
parallel, doubling the converter power capability without doubling the number of
semiconductors. Despite this, the converter suffers from discontinuous operation, and the

turn-off process of the thyrier valves limits its power capability.

The HVDC converters are summarised Tiable 2.1 including a brief description,
advantages and disadvantages each of them, wherachieving DC fault-blocking
capability in VSCHVDC converters typically requires a significant number of$8s,
which increases both the cost and the losses in the system. Although incorporating thyristor
branches in parallel can reduce conduction losses, these approaches ingneduee

complexity and cost, further complicating the HVDC system.
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Table2.1: HVDC converters development summary

Topology

Description

Advantages

Disadvantages

HB-MMC

FB-MMC

Hybrid MMC

AAC

EO-AAC

Uses cascaded HBMs. Can

generate positive, zexmltage

Replaces HBESMs with FB-SMs
Can generate positive, negative,

zero voltage.

Combines FBSMs and HBSMs in

a single converter.

Replaces some FBMs with
director switches (serieasonnected
IGBTS).

Modifies AAC by adding more FB
SMs for smoother curren

waveforms.

Modular, scalable, redundan
controllable, higher efficiency thar

two-level VSCs.

DC faultblocking capability.

DC faultblocking with fewer

semiconductors than FBIMC.

DC fault blocking with fewer
semiconductors, smaller and lightt

converter.

Wider operational range, smoothe

current waveform.

19

Non-DC faulttolerant, requires expensiv
DC circuit breakers for fault management.

Doubles the number of semiconductol

increasing cost and reducing efficiency.

Lower efficiency compared to HBIMC.

Lower efficiency than HBMMC andLCCs,

increased complexity.

Requires more FEBMSs, still less efficient
than HBMMC.



Topology Description Advantages Disadvantages
TB-MMC Integrates thyristors withiB-MMC  DC faultblocking capability, similar Does not utilize the Ilower thyristo
for DC faultblocking. to LCC-based converters. conduction losses during normal operatiot
Uses unipolar FESMs and crossing . N .
. Isolates AC component from DC sid Does not utilize the lower thyristor
CTB-MMC thyristor branches to manage fat _ _ _ _
during faults. conduction losses during normal operatior
current.
AFC Bridge- . : : : : : . :
Based Combines antiparallel thyristo Lower conduction losseghyristors Requires large AC filters due to hig
ase
valves with FBSMs. handle main power path. harmonic content.
Converter
_ Uses power groups (PGs) wit Reduces conduction losse )
PG-Hybrid - o _ . Increases semiconductor count and ovel
bidirectional thyristors to bypas applicable to both fauliblerant and
MMC Cost.
SMs. nonfault-tolerant converters.
MEMC Uses antiparallel thyristor valve Reduces conduction losses a Requires FBSMs for DC fault blocking,
with SMs in a thredevel structure.  storage energy requirements. increasing cost and semiconductor count.
_ ) N ) Suffers from discontinuous operatiol
Uses antiparallel thyristor valves t Doubles power capability withou N _
HACC limited power capability due tdhyristor

connect arms in parallel.

doubling semiconductors.

turn-off.

20



2.1.3 Modulation Techniques

Modulation techniques for Modular Multilevel Converters (MMCs) can be categorized
into carrierbased PWM techniques and roarrierbased modulation techniques such as
Nearest Level Control (NLC[44]. Carrierbased PWM techniques include LegHifted
Carrier PWM (LSPWM), Phaseshifted Carrier PWM (PS®WM), and Hybrid Carrier
PWM, where the number of carriers used is equal to the number of submodules (SMs) per
arm[45].

A) Level shifted PWM

In LS-PWM, all carriers have the same frequency and amplitude. Thetppaiak
amplitude of each carriés ¢¥0 pu, where0 is the total number of SMs per arm, and they
are displaced with different offsets. Variants of-B®/M include Phase Disposition (PD),
where all carriers have the same phase shift as depicted.i@.11(a), phase opposition
disposition (POD), where negative carriers are 180° out of phase with the positive carriers as
shown inFig. 2.11(b), and alternative phase opposition disposition (APOD), where carriers

are alternately 180° out of phase with their adjacent ones as depi€igddri1(c).

LS-PWM can introduce an imbalance in SM capacitor voltages between the upper and
lower arms. If a voltage balancing algorithm is not implemented, rotational assignment of
gating signals is usedhere the PWM signals are not fixed to specific SMs but rotate among

all available SMs.
B) Phase shifted PWM

In PSGPWM, all carriers have the same frequency peak to pealamplitude of 2 pu
(-1to 1) but are phasshifted by 36@&/0 with respect to each other as depicteBig 2.11(d).
This modulation technique typically achieves bettgracior voltage balancing compared to
LS-PWM.

C) Hybrid carrier PWM

Hybrid carrierkbased PWM combines features of-BP®/M and PSEPWM. The number
of MMC levels must be odd (i.e., the number of SMs per arm must be even) to implement
this technique. Phasshift disposition (PSD) is an example of hybrid carrier PWM, where
half of the carriers have a petdpeak amplitude of 1 pu (from 0 to 1) and are pssted
by (3600/¢0 ), while the other half have a pettkpeak amplitude of 1 pu (frori to 0)

and are also phashifted by (3600/c0 ) as depicted ifrig. 2.11(e)
21
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Fig.2.11. Carier-based PWM techniques.

(a) PD, (b) POD, (c) APOD, and
(d) PSC, (e) PSD
D) Nearest level control (NLC)

NLC is a lowswitchingfrequency modulation technique suitable for MMCs with a large
number of SMs per arm (typically in the hundreds). The control process, as depfeigd in
2.12, involves dividing the arm reference voltage by the nominal capacitor valtaged
rounding the result to obtain an integer value for the number of inserted SMA voltage
balancing algorithm determines which SMs should be inserted or bypassed, and a pulse

generator sends the required gating signals to the IGBTs based on the balancing algorithm.

The voltage balancing algorithm ensures uniform capacitor voltage distribution across
SMs and is fed by the measured capacitor voltages, arm current, and the number of required
SMs0O  as depicted ifrig. 2.12. In the HBMMC voltage balancing algorithm, illustrated
in Fig. 2.13, if the arm current is positive, the algorithm sorts the SMs in ascending order and
inserts the lowest voltage SMs to charge, whereas if the arm current is negative, the algorithm
sorts the SMs in descending order and inserts the highest voltage Sktshtrgie.

In the FBMMC voltage balancing algorithm as depictedFig. 2.14, if the required)
is positive, the algorithm follows the same steps as iRMABC. However, if 0 is
negative, the insertion logic is reversed. If the arm current is positive, the algorithm inserts
the highest voltage SMs to discharge, whereas if the arm current is negative, the algorithm

inserts the lowest voltage SMs to charge.
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2.2 DC CollectionsDevelopment

As mentioned in Chapter 1, DC collection systems can significantly reduce weight and
volume by utilizing mediunrirequency transformers in BOC converters rather than bulky
low-frequency transformers. This section explores the development of various Dsfi@olle
architectures, namely the parallel wind farm\W#*), series wind farm (8VF), and series

parallel wind farm (SPRNF) configurations, along with their associated challenges and

advancements.
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2.2.1 Parallel Wind Farm (S-WF) DC Collection Systems

The simplest DC collection approach is the parallel wind farWR architecture. In
this configuration, a DEC converter at each wind turbine (WT) boosts the voltage from
the lowvoltage (LV) rectifier terminals to a mediuwoltage (MV) level. A second DOC
converter then steps the voltage up to the-higlage directurrent (HVDC) transmission
level as depicted iffrig. 2.15. However, this architecture suffers from higher total losses

due to multiple conversion stages compared to AC collection systems.

A variation of this approach was proposed in [40], where the wind turbines within the
wind farm are divided into groups. In each group, the turbines are connected in parallel using
only uncontrolledrectifiers. Each group has a single IDC converter to step up the voltage
to the HVDC transmission level. While this topology eliminates the need for intermediate
voltageboosting stages, it incurs higher transmission losses due to direct parallel
connetions. Moreover, the singlstage voltage stepp from theWT terminal to the HVDC

level presents practical implementation challenges

DC-DC . i
Rectifier,, _converter DC P-WF collection system
T —
~ + Seo A

7

//_T_——l_ s/ = —

. ~ TL|=-TI N Offshore DGDC HVDC Onshore HVDC
=T = — S . Converter
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| + N T[T ST .~
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INXM - ol S L = \\ Grid
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VWTNM
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7 7
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Fig. 2.15. DC parallel wind farm (RVF) collectionarchitecture.

2.2.2 SeriesWind Farm (S-WF) DC Collection Systems

To enhance the efficiency of DC collection systems, the series wind falWiFjS
architecture is introduced. In this configuration, a large number of WTs are connected in
series to directly achieve the HVDC transmission voltage, thereby eliminating thionaed
second DEDC conversion stagd6, 47]as depicted iffrig. 2.16.
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Several SNVF topologies utilize lineommutated converters (LCCs) onshore to control
the HVDC current through the serdesnnected WT$48-52]. To enable maximum power
point tracking (MPPT) for each WT, various ElIIC converters are employed. For instance,
in [49], threephaseuncontrolledrectifiers are followed by a buck converter, which ensures
continuous current flow during both on and off states. A depiction of this-tmasdd
converter is shown ifkig. 2.17. However, the utilization of buck converter limits the power
and voltage capabilities of the B@C converterAnother literaturesuggestsitilizing partial
power processing converters (PPPC) witisontrolledrectifiers[52] to achieve MPPT. This
type of DGDC converteronly processethe power differences between the WTs, while the
bulk power flows through thancontrolledrectifiers. The DEDC converter consists @t
threephase uncontrolled rectifier followed by an input parallel output series (IPOS)
connected dual active bridges (DAB) followed by unfolder switches as depidteg #118.

The unfolder switches are realized using contactors to reduce the losses and cost while
increasingeliability. The unfolder switches are mainly used to provide positive or negative

voltages at the HVDC link side hence enabling bidirectional power capability.
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Nevertheless, since these architectures are based onb&€ed HVDC systems, they
face challenges such as commutation failures and substantial reactive power compensation
requirements on the onshore sid@lditionally, achieving galvanic isolation necessitates
low-frequency transformers at WT terminals, increasing the system offshore weight and

volume.
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On the other hand, someVBF architectures employ voltage source converters (VSCs)
instead of LCCs on shofd6, 5357]. For example, the authors [&3] have used a half
bridge modular multilevel converter (HRRMC) onshore to control the HVDC current. Also,
to achieve MPPT for each WT, this method utilises a neutral point clamped (NPC) converter
followed by two bypass switches and an auxiliary diode. Weswtic of this NPthased
converter is shown ifig. 2.19. During normal operation, the auxiliary diodes are not used
and remain reversely biased by the output voltage of the NPC. Also, a parallel switch with a

resistor is included to prevent any overvoltage in the DC output of the converter.

Although VSCbased SNVF systems eliminate the commutatieated issues, they often
require power curtailment at the WT level to prevent overvoltage in the-senescted
string. Additionally, configurations employing felridge MMCs (FBMMCs) [56] provide
a broader DC voltage control range but incur higher costs due to the extensive use of FB
SMs. Moreover, a lovirequency transformer is used at the WT terminals to achieve galvanic
insulation which increases the footprint and weight of the systhese configurations also
face reliability issues, as any open or stuirtuit fault in the series string can lead to
complete system shutdown unless additional components such as diode rectifiers,
disconnectors, and bypass switches are employed fogeagh of WTs to isolate the faulted
area[58, 59]

BS1 A

4@ 4@ ﬁ}% ! lnvoc

BS2 |

Fig. 2.19. NPGbasedC-DC converter used for each wind turb[s&].
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2.2.3 SeriesParallel Wind Farm (SP-WF) DC Collection Systems

To address the challenges o¥\H- and SWF configurations, the serigzmarallel wind farm
(SPWF) architecture was introduced as a comprort€g. In this design, wind turbine
groups (WTGSs) are connected in parallel, with each WTG consisting of a-ceniescted
string of WTs. A DGDC converter with voltagboosting capability is used to achieve MPPT
and step up the voltage for each WT, allowinggimaller number of serieonnected WTs

per WTG to reach the HVDC transmission level, as showsign2.20. Furthermore, VSE
based HVDC system such as MMC is used onshore to control the DC \j6lthdeach WT

in this architecture employsantrolledrectifier followed by a twestage isolated DOC
converter, as depictedfig. 2.21. These converters enable MPPT and step up the DC voltage

to medium voltage levels for efficient transmissj64].

Nevertheless, this architecture suffers from wind curtailment due to variations in wind
speeds between WTGs to limit the overvolt§g® 64] Besides, thénsulation of thefirst
andthelast WTs in each serieonnected WTG must endure half of the full HVDC link
voltage, creating operational challenges. Furthermore, a DC fault in any WTG could lead to
a complete system failure unless expensive DC breakers are installed to isolate the faulted
WTG.
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Fig. 2.20. Seriegparallel wind farm (SRVF) collection architecture.
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PYEeY 1

Fig. 2.21. Controlledrectifier followed bytwo-stageisolatedDC-DC convertef61].

DC collection systems for offshore wind farms reduce transformer weight and volume by
using mediurdfrequency transformers in DOC converters. Three main architectures are
explored:parallel wind farms (PWF), series wind farms (8VF), and serieparallel wind
farms (SPWF). Among theethree DC collection architecturghe RWF offers the highest
reliability and DC faultolerance capabilities but suffers from higher losses due to multiple
conversion stages. TheV8F configuration eliminates additional conversion stages, resulting
in higher efficiency, but faces challesgyrelated to reliability issues, and fault tolerance. The
SRPRWEF, as a hybrid design, mitigates some of these issues but suffers from wind curtailments
andthe reliabilityis still lower than that othe P-WF. Some specifications for the offshore
DC colledion architectures reported in literature are summariz8aloe2.2

Table2.2: offshore DCcollection architecture specifications.

Turbine ratings HVDC link ratings
Topology
Voltage (kV) Power(MVA) Voltage (kV) Power (MVA)
DC parallel
1.2/30 5 +150 400
[15]
_ 1 2 150 346
DC serieq47]
5 10 150 346
DC serieg52] 5.8 5 150 150
DC seriefb6] 5 10 320 640
DC series
7/11.67 10 70 120
parallel[60]
DC series
32 5 +320 300
parallel[61]
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Chapter 3
New Hybrid Thyristor -based Multilevel Converter(HTMC) for
HVDC Applications with DC Fault Capability

From the discussiom Chapter 2 the main issue witlthe existing convertersn
HVDC applicationgs the large number of FBMs to achieve DC faultlocking capability,
which increases the total number of semiconductors. IICtiegpter a new hybrid thyrister
based multilevel converter (HTMC) is proposed for HVDC applications. The proposed
converter utilises antiparallel thyristors, HBMs, and a limited number of FBMSs.
Normally, thyristors are favoured over IGBTs due to their higgrawrent capability, lower
cost, lower losses, and availability at higher voltage and curaéings.These claims are
validated using a MATLAB SIMULINK model and experimental results. An extensive
comparison is performed using typical parameters to highlight the advantages of the proposed
converter over those in the literature, in terms of semiconduotortcpassive elements,

current stresses, losses, cost, faldaring time, weight, and size.

3.1 ProposedTopology Description
3.1.1 Proposed Converter Architecture

The proposed-phase HTMC has 6 arms as showhin 3.1 where each arm consists
of a thyristor valve (series connection of antiparallel thyristors) and an MMC stack which is
comprised of HBSMs, and a limited number of FBMs. Each arm element type has a
specific role during converter operation. The-8Bls araesponsible for creating the output
sinusoidal AC voltage waveform. The FBVIs create an overlap period between the lower
and upper arms (where both the thyristor valves in the same leg are conducting) theetain
balance between SM capacitots. addition, the FBSMs are responsible for thyristor
commutation in normal operation and DC fault cases$M& use their positive voltage state
during normal operation commutation while their negative voltage state is used for
commutation during faultsYhe thyistor valve is used to decrease the conduction losses in
normal operation and block the fault current during fault scenarios. Both thyristor valves and
HB-SMs in each arm are designed to endure , while FB-SMs per arm are designed to
generate 3w(to allow for the overlap and commutation times). Thus, the whole MMC

stack should be able to generate fromwtoe w  3wBNote the SMs have protection
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bypass thyristors as shownhig. 3.1 to bypass the AC component of the DC fault current
until it is blocked by the thyristor valve

3.1.2 Proposed Converter Operation and Analysis (with Third Harmonic
Subtraction)

Overlap and commutation periods are essential daniegperation of the proposed
converter due to the utilisation of thyristors. The overlap period is important to rebalance the
energy between the upper and lower SM capacitors while the commutation period is required
to turn off the thyristor valves at the eofitheir conduction period. However, without third
harmonic subtraction (only sinusoidal fundamental AC waveform) to allow even a small
overlap or commutation time, a large number of$Ms is requied, which increases the
converter cost, and losses. Therefore, a third harmonic waveform is subtracted from the
sinusoidal fundamental AC waveform so that the resultant waveform is characterised by a
low voltage change near zero as showifrig. 3.2 (first drawing, in red) compared to the
fundamental waveform (in green), hence a low number 6EWB is required. Therefore,
subtracting a third harmonic waveform permits an increase in an arm overlap period and

allowsa longer time for force commutation of the thyristor valve while using fewes B.

In addition, the FBSMs can produce its negative state voltage to increase the overall phase
peak voltagel( ) toe w  3was shown irFig. 3.2. Therefore, the fundamental phase peak

voltage (0 ) remains at w . Hence, the fundamental phase voltageis as follows:
U 0 U0 OETo e OEITO (3.1)
The injected third harmonic voltage () is:
b 06 300Kl 6 QU OEd o (3.2)
whereQ is the third harmonic voltage ratio. The resultant phase voltage is:
L O e€w OEIO QORI 0o (3.3)

Since the MMC stack and thyristor valve are series connected and sharing tinmgk DC

voltage, the arm 1 voltage is:

b 6 v o 0 b (3.)
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Fig. 3.1. Proposed convertarchitecture.

In order to provide the required phase voltage, force commutating the thyristor valve, and to
maintain the maximum thyristor valve voltageab , the MMC stack 1 voltage is given as
(3.5), while MMC stack 2 voltage is given I§$.6).
ew U oh YO0 €'Y
0 O €0 é€le® 3w €Y o0 €Y Y (3.5)
N "

ew 30h €Y Y 'Y
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€Ew ¢ilew 3h m 0 Y
0 o ew 30h Y 0 €YY (3.6)

€ew® U0 Oh €YY o0 Y
where”Y is the overall commutation time which includes the circuit commutation turn off
time of the thyristolo and the falling time of the currefif. Y is the overlap time ant¥
is the periodic time. The 2nd part of the equation is equal to ®  3win the case
of positive arm current at the instant of commutation so that the MMC stack can provide
force voltage commutation to the thyristor valve before continuing with the next part of the
waveform. But in case of negative arm current, it is equaldo so that a positive voltage
can be applied to the thyristor valve for force commutation. The same applies for the first

part of0

To understand the operation o fwaveforms pr op
in addition to MMC stacks and thyristor valves of arms 1 and 2 voltage and current
waveforms are depicted Fig. 3.2, where the dashed currents are for positive power flow
while the solid currents are for negative power flow. For clarity, the dashed parts of the
voltage waveforms of the MMC stack and thyristor valve correspond to the dashed arm
currentsFig. 3.2 is divided into 6 sections sections for each half cycle. Sectiansc are
for the positive half cycle and aegplained in the parts &fig. 3.3, while sections é6c ére
for the negative half cycle and are explaine#im 3.4.

The converter operatian each section of the positive cycle are as follows:

Section a2 MMC stack 2 provides force commutation to thyristor valve 2 by
generatingge @ 3w for positive arm current at the commutation instant (solid currents in
Fig. 3.2 or by generating @ for negative arm current at the commutation instant (dashed
currents inFig. 3.2). Thyristor valve 1 istill conducting while MMC stack 1 is building the

output phase voltage, so to be unaffected by commutation action.

Sectionb: Thyristor valve 1 is conducting. MMC stack 1 is building the output phase
voltage while MMC stack 2 is maintainedeaty 3w to keep the maximum voltage on

thyristor valve 2 at w .

Section c: Both thyristor valves are conducting (overlap period). MMC stack 1
continues to build the output phase voltage while MMC stack 2 produces the complementary
voltage to maintain the leg voltageat . In this period, circulating current flows in both

arms to balance the upper and lower SM capacitor voltages.
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The converter operation in each section of the negative cycle are as follows:

Sectiona :GMMC stack 1 provides force commutation to thyristor valve 1, the same
as with MMC stack 2 in sectioam .OThyristor valve 2 is conducting while MMC stack 2 is

building the output phase voltage so as not to be affected by commutation action.

Sectionba Thyristor valve 2 is conducting. MMC stack 2 is building the output phase
voltage while MMC stack 1 is maintainedeaty 3w to keep the maximum voltage on

thyristor valve 1 a€ w .

Section cd Both thyristor valves are conducting (overlap period). MMC stack 2
continues to build the output phase voltage while MMC stack 1 produces the complementary
voltage to keep the leg voltagedat . Like sectiorcq circulating current flows in both arms

to balance voltages on the upper and lower SM capacitors.

The same procedures are applied for the other phases but with phase sh#@ of

and 120° to the second and third phases, respectively.
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3.1.3 ProposedTopology Controller

The overall block diagram of the proposed topology controller is showigir3.5.
The control process begins by setting the reference values for active and reactive power
(0°M* , which are used to generate the referéddeomponents of the AC currer&ic)
through PI controllers. Another set of Pl controllers then computé&? themponents of the
fundamental AC voltage of the converter. These components are transformed into time

domain voltages using@ & wansformation, as illustrated Fig. 3.5.

The stack voltage is calculated by substitutihg overall obtained AC voltage
including third harmonisubtractioncalculated fron(3.2), into (3.5) and(3.6) to determine
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the upper and lower stack voltages. The voltages for the other phases are obtained by shifting
the waveforms by12(® and 120. Once the stack voltage is determined, the number of
inserted SMs is computed using the nearest level control (NLC) method by dividing the stack
voltage by the nominal capacitor voltage and rounding the result to obtain an integer
value. A balancing algorithm then selects which SMs should be turned on or off to maintain
capacitor voltage balance. Finally, a pulse generator produces the necessary gating signals
for the MMC stack IGBTS.

Stack Vemd N SMs Pul
voltage | W M Balancing—»| Y sf.
calculation } algorithm generatior
| ! |
| Nearest level control | |
: (NLC) ! !
|
‘ * SMs
V, N,
I stackew swel & lancin ~ Pulse_
algorithm generatio
Measurement ¢d
Pap— dgo :a.
bs
. . lg < i
P <— 1.50qgria X id+ Vggria X ig) abc) e

Q «— 1.5(\/qgridx id'vdgfidx IQ)

Vd grid «—|

Vg grid +——

d«—i

Fig. 3.5. The proposed topology control diagram

3.1.4 DC-Fault Blocking Analysis

The DGfault current from the converter perspective can be divided into two
components, namelthe DC component due to the SMs capacitors dischargehendC
component due to the AC grid feeding the DC fault through the converter arms. The proposed
converter can quickly interrupt the DC component (using th& WB). On the other hand,

the AC component is mainly terminated inherently by the thyristor valee.aFclearer

illustration, an example is studied as showRim36, wher e it 1 s assumed
a positive voltage (maximum magnitude), w
vol tages. I n addition, phase O0b6é i s assume

hence in the overlap statBig. 3.6(a) shows the fault occurrence instance, before fault

detection, where the blue |line indicates t
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due to the overlap state), while the yellow and the red In#satethe AC components of

the DC fault.Fig. 3.6(b) shows the instant of fault detection, where the DC fault blocking
procedures are initiated)l the SMs are blocked, whetiee FB'SMs inject their negative

voltage to quickly block the DC component of the DC fault current. All antiparallel thyristor
valve gate pulses are prohibited. Also, the conducting SMs protection thyristors are fired to
conduct the AC components of th€Bault current until it is extinguisheBig. 3.6(c) shows

the instant where the DC component of the DC fault current is blocked. Note that if the AC
component still exists in phase 0bd then i
arm of phase O6b6 unt i | inalp Eig.3.68dudhdws theuinstang nt i
where the fault current is completely terminated by the thyristor valve, where all the SMs are
bypassed and the AC voltages are endured by the thyristor valve.

bypassed
bypassed
S D®

emn:-«em

bypassed

o

. bypassed
sy ©

D&
ZESTEE;d e,

bypassed

(d)

Fig. 3.6. Fault blocking operation diagram: (a) DC fault occurrence, (b) DC fault detection
instant, where all fault blocking procedures are initiated, (c) DC component of the fault is
interrupted, and (d) DC fault is completely eliminated.
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3.2 System Design
3.2.1 Third Harmonic Ratio and SMs/Thyristors Count

In order to determine the third harmonic rgf®), the minimum overall commutation
time ("Y) must be calculated. The overall commutation tffivgof the thyristor valves should
be more than the fall time of the thyristor peak curféM) plus the thyristor circuit
commutation turn off timéod ), where’Y “Y 0. Inthe analysis, it is assumed that overall
commutation timg"Y) is equal to the overlap tim@&Y ). Since the FESMs are responsible
for creating commutation periods, the phase voltad®.8) at”Y should be equal tew (as
depicted inFig. 3.2 so that the MMC stack can apply negative voltage across the thyristor
valve during the commutation period, as follows:

W

— OBI'Y 00Ed 'Y 30 0— (3.7)

Hence, the relation betwe& and”Y can be deduced as:
Q O T'Y 3.8
o OB Y (38)
To show the effect of the third harmonic subtraction on the reqaiceFB-SMs
voltage),Fig. 3.7 shows the per unit value of the FBMs voltage $w 3wWle @ ) with
and without third harmonic subtraction, whew "Q in the third harmonic subtraction
case. The required FBMs voltage is decreased dramatically with third harmonic
subtraction, especially f6lY p ms. The number of FiBMs can be determined as:
Qw

v _ 3.9
o 6 (3.9)

Without third harmonic
subtraction

With third harmonic subtracti(;n

q:vpu = k3
0 0.5 1 1.5 2 2.5 3
TC, ms

Fig. 3.7. The per unit value of the FBMs voltages with and without third harmonic

subtraction.
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wherew is the SMcapacitomominal voltage. On the other hand, the number ofSiils,
¢ , should be based on the fundamental waveform peak vdliage
0 [
-— — (3.10
W W
For the thyristor valve, their maximum voltage is kepe @ , as mentioned previously.
Therefore the number of thyristors in each valve is:
0 W

0 - o (3.12)

wherew is the nominal voltage of each thyristor. The number of thyristors can be equal

to that of the HBSMs if both have the same rated voltage.

3.2.2 Arm Inductance, =|+

The arm inductance)() is selected such that during thyristor valve commutation, the
falling time of the thyristor current from its peak value is equal to or less than the desired
value™Y. Also, the arm inductance should limit the rate of the change of the thyristor current
(di/dt) to less the maximum permitted tewn current ramp rate of the thyristpr,Assuming
a positive arm current during the instant of commutation of thyristor valve 2, MMC stack 2
generates its peak voltage @f "Q € @ , while MMC stack 1 builds the AC waveform.

Both thyristor valves are conducting before the commutation process occurs. Therefore, with

two arm inductances in each leg, the voltage applieshcharm inductancel( ) is:
0O € w U 0 €E w U 0 (3.12

Substituting the MMC stack voltages results in:

P R v QQ
Therefore, the rate of change of the arm currents is given by:
B2 sgis 0p O 0 314
Qo 10 P (314

By solving this differential equation, tla@m current is:
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— Qg o0 Alddo cAlT™® & 3.1
5T T a a 1 (3.15)

Assuming that at the time of commutatian (1), the arm current equals the peak phase

current (Hu, which is theworstcase scenario, then the constant c is calculated as follows:

) . .
Q ™ HU — 0 Q (3.16)
pPru
& @ K (317
PR O '

Therefore the arm current formula during commutation is:

Q o

— Q O AT ® o o A11006 3.18
0T o g @ P 1 P (3.19)

It is desired that at  "Y, the arm current be zero, therefore:

QY m H

— Qag'Y AT®Y p cAiOY »p (.19
pPLuU
Hence the arm inductance { can be calculated 3.20).
© Qa'y AT®@Y »p
pPE R (3.20)

o AT10Y »p

Also, the inductance should consider that the maximum permitted thyristesriwuarrent

ramp rate, is not exceeded. The maximum current rate of change occurs at the instant of
thyristor valve commutation. Therefore, the following equation should be satisfied, which is
derived by substituting t=0 i(8.14).

~

)
0 Q — (3.2

It is worth noting that the arm inductance is selected near the maximum value calculated from

(3.20) to limit the circulating currents during overlap periods.

3.2.3 Capacitance in HB-SMs and FB-SMs

In this sectionthe capacitances of both FHEVIs and FBSMs are calculated, where

for an accurate evaluation of their capacitance, the conduction period of the MMC stack is
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divided into two portions. The first portion occurs when the MMC stack generates a positive
voltage where the energy deviation in the MMC stack is shared among all the& SMs (

€ ¢ . The second portion occurs when the MMC stack generates a negative voltage
where the energy deviation is endured only by theSIMB. The capacitance design of the
proposed converter follows the same procedures[@5jnHowever, the method is modified

to calculate the energy deviation of each SM directly instead of the whole MMC stack, to
accurately design both the HEMs and FBSMs. The energy deviation of each SM in the
MMC stack 6O ) can be calculated from:

o~ Y W,
30 0 — QW (3.22
E
whered is the MMC stack power aredd is the number of the functionable SMs during

the conducting periods of the MMC stagk. depends on the MMC stack voltage as

previously illustrated and obeys the following equation:

(3.23)

(3.24)

where0 and Hu are the fundamental phase peak voltage and current, respectively. The

MMC stack poweD is:

0 o U 0 o %s‘\é’vb (3.25)
where™Y O is defined as:
Yo p OETo QOKI 6 OBTO %o (3.26)

where%ois the power factor angle. By substitutit®23) and(3.25) into (3.22), the energy
deviation of the HBSM is:

A
£

30 o : YoQd O O T (3.27)

aln

The integration is valid only when the MMC stack generates a positive voltage and during

the MMC stack conducting period until entering the overlap state, where energy balance
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occurs between the upper and lower a@sthe other hand, by doing the same substitution,

observing that € ¢ QTp 'Q,the energy deviation of the FBMs is:
. v Yo Qah 0 0O m
. ¢ 9%
O —_— . ~ 3.28
s ° ot ¢ L Q. (328)

o YoQd 0 O T

where the factorp Q 7Q appears when the MMC stack generates a negative voltage
because only the FBMs are burdened by the energy deviation in this sedtram (3.26),
(3.27), and(3.28), 'Q and%.affect the energy deviation of the MMC stack SMs. Therefore,
Fig. 3.8 is plotted to show the per unit petkpeak energy deviatiors’O ) for different

values ofQ and%e which obeys:

p 0O ¢ 3
¥

whereFig. 3.8 (a) and (b) show the per unit pettkpeak energy deviation of the HBMs

30

(3.29)

and FBSMs, respectively, in the MMC stack. Clearly the peakeak energy deviation of

both SMs increases with increasiay

1.4

1:2

0.8
0.6
0.4
v % 60 -0 o0 30 6 N
@, degree
(a)
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Fig. 3.8. The per unit peato-peak energy deviation of each SM in the MMC stack at

different™Q and%s (a) HB-SM case and (b) FBM case.

On the other hand, the petkpeak energy deviation of the HBVs increases to a maximum
value aroun&s70° because the peak of the arm current matches a larger portion of the MMC
stack voltage generation. However, the-EBs peako-peak energy deviation marginally
changes with changingo The reason is that the FBMs, during the negative arm voltage
generation (around zef&), burden the energy deviation alone. Also;&H®s participate in
the energy deviation with the HBMs resulting in a more flatten petikpeak energy
deviation with%e It can be deduced from the curves that theSMB& achieve a ghtly higher
maximum peako-peak energy deviatios-© ) at eachiQ compared to that of the HB
SMs. Based on the maximum petakpeak energy deviation of the HBVIs/FB-SMs at the
desiredQ deduced fronFig. 3.8 curves, and considering the desired peageak voltage
ripple ratio ¢ ), the SM capacitanc®( is calculated as:

30

5 & — (3.30)
3 W

3. 3 Simulation ResultsValidation

The MATLAB-SIMULINK model built for HTMC validation, is based on the 401
level system developed {66]. The pointto-point connection of the HVDC transmission
system is depicted iRig. 3.9. Since the MMC stack in each arm only handles half the DC
link voltage, the MMC stack is comprised of 200 43B®1s and 40 FESMs.To simulate this

45



large number of SMs efficiently while minimizing computational burden and enabling PWM
control to capture the charging and dischardgpelgaviourof the SM capacitors, the converter
model is implemented using a switchifughction approach. This is achieved by utilizing-HB
MMC and FBMMC blocks in MATLAB with switching function mode. In this mode, the
converter is controlled by firing pulses genetatby a PWM generator (0/1 signals).
Additionally, the model accurately represents the harmonics typically gedday a PWM

controlled converter and correctly simulates rectifying operation and blanking time

On the other handhased on the analysia the previous sectigrthe converter
parameters are designed and listedrable 3.1. Since the thyristor turn off tim@ ) is
typically800e s, it 1is suitable to assumensitwhight t he
corresponds t@=0.2 assumingY Y. The arm inductance is selected as 5.5 mH based
on (3.20) and (3.21). For capacitance evaluation, the maximum pegkeak energy
deviation is determined for both SMs from the energy curvésgir8.8 at™Q &, where
30 of the HBSM and FBSM are found to be 5.86 kJ and 6.17 kJ, respectively.

Substituting into(3.30) with 3w =0.2 (assuming a cell voltage ripple of +10%), the
capacitance of both HBM and FBSM are selected to be 12.5 mF. A filter is used at the DC
link terminal to smooth the DC current athit the short circuit currentThe simulation

model is tested for normal operation as well as DC fault scenarios in order to validate the
proposed converter.

MMC-1 MMC-2
. Converter Converter .
Grid 1 Grid 2
400 KV, (401 level) 70 km DC (401 level) 400 KV,
50 Hz cable
400/333 kV oD 333/400 kV 50 Hz
= “Tow’ -
+320 kV
()

Fig. 3.9. Pointto-point 40%level HVDC transmission system.
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Table3.1: MATLAB Simulation Model Parameters

Parameter Description Value
0 Rated power p' 7
&) DC link voltage oCHG
0 Grid voltage oYEG
Q Fundamental Frequency vt U
0 AC interfacing inductance o @l (
Y Overall commutation time p& ¢ O
) Number of HBSMsper arm QT
) Number of FBSMsper arm T T
W SM nominal voltage PHE 6
6 16 HB-SMs/FB-SMscapacitance PRI &
0 Arm inductance v 1 (

3.3.1 Normal Operation

Bidirectional power flow capability is shown kig. 3.10(a), where power is reversed
successfully in 0.5 s while maintaining zero reactive power. The line voltages and phase
currents are depicted kig. 3.10(b) andFig. 3.10(c), respectively, where the third harmonic
waveforms do not appear. Also, the commutation time does not affect the output waveforms.
The arm currents in the case of grid absorbing and injecting power are shienyr3ia0(d)
andFig. 3.11(a), respectively. The arm currents do not exceed the 1 pu value in both cases,
hence low controlled current stresses in the proposed converter are achieved. The stack
voltages are depicted Fig. 3.11(b) andFig. 3.11(c) in grid absorbing and injecting cases,
respectively. In the grid absorbing case, the stack generates a voltage of 0.5pu at the time of
commutation because of the negative arm current. However, grithsjecting case, the
MMC stack produces a voltage ofp pu due to the positive arm current at the instant of
commutation. The thyristor valve voltages are showfig 3.11(d) andFig. 3.12(a) for
absorbing and injecting cases, respectively, where the thyristor valve voltage does not exceed
0.5pu. The simulation results nearly follow the deduced waveform diagrdfits 818. The
capacitor voltages of the HBMs and FBSMs are shown ifrig. 3.12(b) andFig. 3.12(c)

respectively, where the pe&dpeak voltage ripple does not exceed the 10% limit.
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Fig. 3.10. Simulation- normal operation results: (a) The grid active and reactive power, (b
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Fig. 3.11. Simulation- normal operation results: (a) Arm currents in the grid injection case,
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Fig. 3.12. Simulation- normal operation results: (a) Thyristor valve voltage in the grid
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3.3.2 DC Fault

To evaluate the DC fautitandling capability of the proposed converter, a DC fault is
applied at the DC link terminal at t=0.2s and persists for 100-rigs3.13(a) illustrates the
DC link voltage and current, where the voltage collapses and the fault current rises sharply
at the moment of fault occurrence. This indicates the discharge of the SM capacitors in the
overlapped arms. Upon fault detection, all SMstdoeked, and the protection thyristors are
triggered to bypass the AC component of the DC fault current until it is interrupted by the
thyristor valve.Fig. 3.13(b) provides a zoomed view of the DC link voltage and current,
showing that the DC current is quickly blocked as theSAlBs inject a negative voltage
opposing the discharging current, as depictdeign3.13(c). A further zoomed view ifig.
3.13(d) highlights that the FEBEMs, even in their blocked state, continue to inject a negative
voltage until the current is completely suppressed. The arm currents of leg 1, sHown in
3.13(e) and (f), confirm that arm 1 and arm 2 are in the overlap state at the instant of the fault.
Additionally, the DC component of the fault current in the arm remains belowehpuring
safe operation during the DC fault scenaFim. 3.13(g) and (h) depict the phase currents,
demonstrating the successful isolation of the DC fault and validating the proposed converter's
effectiveness in blocking DC fault currents. Furthermore, thefpatitrecovery capability

of the converter is also demstrated, ensuring reliable operation following fault clearance.
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currents(f) zoomed arm currentgy) Phase currentgh)zoomed phase currents

3.4 Experimental Setup

A scaleddown experimental test rig is used to assess the proposed converter, using

3-phase Hevels as shown ifrig. 3.14, where each arm has 2 HBVs, 1 FBSM, and 1
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antiparallel thyristorThe controller used is LAUNCHX{E28379Dthat uses 200 MHz dual
C28xCPUs and haasround 69GPIOS (genergburpose input output), 16 ADC (analog to
digital) channels, and 12 ePWN£urthermore, a CINERGIA grid emulator is used for grid
integration. CINERGI AG6s grid emul ators are
designed to create AC grids and emulate disturbances. The emulator used in this setup has a
rated power of up t&5 kVA, with a maximum voltage of 750 V and a curreattng of 60

A. On the other hand, the DC grid is emulated using a bidirectional power supply from Itech
(IT6006G500-40), which has a rated voltage of 500 V and a rated current of 40 A.

Thehardware components including the IGBT device, its gate driver, thyristors and its gate
driver, sensors, etare listed inTable3.2. The schematics fggower and control circuits for

the HB-SMs, FBSMs, thyristors, and sensoase listed in Appendix AMoreover the
experimental parameters are calculated and list8aloe 3.3. Since the ratio between the
FB-SMs and HBSMs is 50%,Q can be increased to 0.5. Therefore, the overall commutation
time "Y=1.6 ms is selectedt is worth noting that a levedhifted PWM technique is used to
control the SMs of the proposed converter, with a rotational scheme implemented to achieve
capacitor balancing between the upper and lower arms. Furthermore, to enable the DSP to
control multple SMs within the same arm, the reference signals from the control algorithm
are compared to carriers generated within the DSP, and the corresponding gating signals are
produced via GPIOs. This approach is suitable in this casdpassavitching frequency is

employe@® a common practice in HVYDC converters to minimize switching losses.

Three cases are considered in the experimental study: normal opepatoer,
reversal, and a DC fault.
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Fig. 3.14. The experimental test rig.

Table3.2: Hardwarecomponents

Controller DSP LAUNCHXL -F28379D
Grid Grid Emulator CI NERGI A6s Gri d E
_ ITech Bidirectional
DC grid IT6006G500-40
Power Supply
IGBT name ONSEMI FGH40N60SMD, 600 V 80 A
Optocoupler 6n139
IGBT _
Gate driver IR2111 (2 channels)
DC/DC Converter MPB1215S1W (12 V:15 V)
_ Thyristor name TYN640ORG, 600V 40 A
Thyristor .
Optocoupler MOC3022M (Triac)
Voltage sensor LV 25-P
Sensors Current sensor LEM LA 25-NP
Operational amplifier TLO71ACP
DC-DC converter TEN 51223 12V :£15 V)
oth Capacitor unit MCLPR100V109M40X610,000 pF, 100 V
ers

Power terminals

6PCV-02-006
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Table3.3: Experimental Parameters

Parameter Description Value
0 Rated power CTMT
W DC link voltage p T 6
0 Grid voltage L @
Q Fundamentalrequency vt U
Qi Switching frequency p p UGU
0 AC interfacing inductance ¢ (
Y Overall commutation time ppi O
€ Number of HBSMsper arm C
€ Number of FBSMsper arm p
W SM nominal voltage o Wb
6 SM capacitance i &
0 Arm inductance @ A (

Y Fault resistance ¢m

3.4.1 Normal Operation

The proposed HTMC is connected to-plBase grid as shown Fig. 3.15(a) using
the grid emulator as previously discussedhere the phase currents are depicte&im
3.15(b). The phase currents are not deformed by the third harmonic subtraction or by thyristor
commutation action, which validates the proposed control. The arm currents of the proposed
HTMC shown inFig. 3.15(c) indicate lowcurrentstress on the semiconductoitsis worth
noting that the noise seen on the arm currents are due to the snubber circuit of the series
thyristors which make a path for a circulating current each time a SM is inserted or bypassed.
This issue is solved in the experimental setup of Ch&pfEne MMC stacks operate with
balanced SM capacitor voltages as showrrin 3.15d) thanks to the rotation scheme
implemented with the level shifted PWMhe MMC stack voltages are depictedFiy.
3.15(e), where a negative voltage exists due to the third harmonic subtraction. The thyristor
valve voltages are depicted king. 3.15(f), where a negative voltage occurs due to thyristor

commutation action performed by the MMC stack.
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Fig. 3.15. Experimentat normal operation results: (a) The grid phase voltages, (b) P

currents, (c) Arm Currents, (d) MMC stack 1 capacitor voltages, (e) Mdtd€k voltages
and (f) Thyristor valve voltages.

3.4.2 Power Reversal

To test the bidirectional capability of the proposed HTMC, the power flow is initially

from the DC side to the grid at 200 then power reversal action occu00 W, while

maintaining zero reactive power, as seeRig 3.16(a). It is worth noting that the active and

reactive power calculations are performed inside the DSP, generated through the digital to

analogue converter (DAC), and then measured using an oscillocbpe. p has e

and current are shownlig. 3.16(b). where the voltage and current ar@irase at the instant

6abd

of positive power and owdf-phase at the instant of negative power; indicating successful

power reversal operation of the proposed HTMC.
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Fig. 3.16. Experimentat power reversal results: (a) Active power and reactive powel
(b)) Phase 6adé AC voltage, and phase ¢

54



3.4.3 DC fault

To further validate the D@ult-blocking capability of the proposed converter, a DC
fault is tested experimentallyhe DC fault is implemented by connecting a low resistance
in parallel with the DC source. It is important to set thedd@rce current limit to a low value
to ensure that the voltage collapses instantly when the fault o€ogr8.17(a) shows that
the DC link voltage starts to collapse at the instant of fault occurrence. The upper arm current

of the second leg@ ) clearly starts to increase rapidly indicating that this arm is in the
overlap state at the fault instant. After fault detection, the arm cuf@nt | is decreased
rapidly to zero by the action of the FBMs. On the other hand, the DC fault AC component
seenin arm 1 currenty ) is inherently extinguished by thyristor valve action. The phase
currents depicted iRig. 3.17(b) indicate successful isolation of the DC fault, validating the
effective blocking of DC fault currents within the proposed converter.

Instant of fault ] Instant of fault occurance

4 A3 v " f g
< s S N S 0 2[e )l
occurance % N voonl i Instant of fault detection

™ Instant of fault detection o AP

......

A1 O | O O e R 24 2 A/iv 2 A/div 2 A/diy

W W |\ W/ | W 100 V/div - 20 ms/div 10 ms/div

(a) (b)
Fig. 3.17. Experimental dc fault results: (a) DC link voltage and arm currents and (t
Phase currents.

3.5 Comparison

To highlight the features and advantages of the proposed HTMC converter, an
extensive comparison is performed in this section, with several converters reported in the
literature, in terms of semiconductor count and type, passive elements, current stresses,
losses, cost, weight, size, and dc fault clearing time. Typical ABB switches and thyristors are

used in the comparison irable3.4.

The number of SMs per arm are calculated based on the number of levels (401) and
the topology natureThen the number of semiconductors (IGBTs and/or thyristors) are
determined. Furthermoréhe capacitance value the SM for each topology is determined
based orthe method provided ifi65]. EachSM capacitor is a combination of the capacitor
labelled as C44UVGT7105M34K (1,050uF, 1,800V, 5.1kg, 5,311cm3, $13G.B]/)rhus
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parallel capacitors are utilised in the SM of each topology to reach the required value.
Moreover, the capacitor rated current should be considered, where extra parallel branches

can be added to decrease the capacitor current.

The conductionand switchinglosses are calculated based[68], with an average

switching frequency of 250 HZThe average conduction lo$8 ) is calculated as
follows:
B T
0 Q n 0Qo0 (3.31)
wheren is the instantaneous conduction loss and calculated as follows:
iy 6 6 QORY Qo0 dam (332

whereod represents the voltage drop on the power delits thearm currentM is the
duty ratiowhich represents the time percentage of conduction. Alisoaitfunction of the

modulation indexrf). Furthermore, the power device voltage drép ( ) is calculated as

follows:
0 QOoRY
Y oYY (3.33)
Qo0 i o Y Y
where™Y ,0 i , U are coefficients obtained from the datash@éét. is

the reference temperature {€%r 125C). Similarly, the average switching loss is calculated

as follows:
B 7
0 o Q n 0Q0 (3.39)
wheren is theinstantaneous switching loaadis calculated as follows:
- W Q
; o me W 32 ey 33
0 6 Q0 - 5 p O Y Y (3:39)

whereO is the switching energy lossd representie sum ofO andO in case of a
switch andO in case of a diod&. is the temperature coefficiendh. and0 arethe voltage

and currentoefficiens, respectively and are calculated basef56h w is the reference
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blocking voltage of the switch ari@ is the reference current of the switdhurthermore,

some ofthe MATLAB scripts used in the losses calculations can be found in Appendix B at

the end of the thesis.

Thearminductance value of the MMC topologies is selected to be 46m@Hb() as
suggested ifi6]. On the other hand, using the design criteria proposed in Chapter 3.2.2, the
arm inductance for the proposed topology is selected 5.3 mii (p pu. Since, same single
armbased operation is applied for the AAC topology, the same value is selected for the AAC
topology. Moreover, regarding the size, weight, and losses of the inductors, it has been
calculated based on the practical approach ofgdesj the inductors as given [6]. The

inductance value is estimated using the following formula:
0 TMPpm " oozd—ZU Zy (3.36)

where0 is the total number ofturnsandi s Nagaokads constant .

. P
0 . .
) 0 0 (3.37)
pTHET TW G TE T

where,0is the thickness of turns, a is the average radius of trnis,the length of the cail,

andi is the radius of the wire as depicted-ig. 3.18.

a — average radius of turns
t - thickness of turns
lin— length of coil

— radius of wire

Fig. 3.18. Solenoid akcore inductof6].

Assuming that current density is 2 A/mmz2, the conductor cross section and its radius will be
500 mm2 and =12.6 mm respectively. A 10% enamel insulation thickness is also assumed.
Taking 11 layers and 20 turns in each layer as the same terminology [&ediires0 =220,

0 =0.5544 m, and with t=0.304 m. Considering an average radius of turns a=0.5+t/2=0.6525

m, gives L=48.3 mH. The total length of the wire =842.6 m, total volume of the inductor is
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1.1 m3, the total weight of the inductor 3,
other hand, for the design of the arm inductor for the proposed converter, taking 5 layers and
13 turns in each layer giveés=65,0 =0.36 m, and with t=0.1386 m. Considering an average
radius of turns a=0.5+t/2=0.5693 m, gives L=5.3 mH. The total length of the wire =232.5 m,
total volume of the inductor is 0.462 m3, the total weight of the inductor 1,038.1 kg, and the
total resistance s 0. 008 Y. Further mor e, regarding t
calculated approximately by multiplying the total weight of the inductor by the price per kg

of the copper. Hence, the cost per arm inductor in case of MMC topologies is
3,760x$8.3=%$31,490 while the cost per arm inductor in case of the proposed topology is
1,038.1x$8.37= $8,689.

It is worth noting that lapassive elements and semiconductors are considered in the
size, weight, and cost calculations, where an extra 15% is assumed in the volume calculations
to account for structural and cooling requiremefitee total cost, weight, and volume are
determined using the following equationsspectively

0¢i 0O 0 € 100 (3.39)
w QW0 w Q ") (3.39)
WEé a PP UL WE a (3.40)

whered ¢ i, ® Q"N w &, and0 represents theost, weight, volume amibimber othe

w componentrespectively w represents different components of the system, including
capacitors (SMs and DC filter), IGBT switches, thyristors, bypass thyristors, inductors
(converter arms and DC filteBesides,hie DC clearing time is based on the method provided
in [33].

The comparison is carried out between -tiyyristor-based converters, such as the
HB-MMC with asolid-stateDC CB[23, 70] FB-MMC [25], Hybrid MMC [26], and AAC
[28], and thyristotbased converters such as the thyristor bypased MMC (TBMMC)
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[32], crossing thyristor branchdémsed MMC (CTBMMC) [33], power group (PGhased
FB-MMC [37, 39] and PGbased Hybrid MMC[37, 39} as depicted inmrable 3.5. The
comparison is based on a typical 46¢el MMC-basedHVDC system with 1 GW rated
power and a +320 kV DC link. The nominal voltage per SM is 1.6 kV while the nominal
voltage per thyristor is 4 kV. The DC filter is considered in all (cost, weight, size, and losses)
calculations for both the proposed and th&CAtopologies. It is assumed that the -k

filter capacitance is equivalent to a single leg as stati&b]nFrom the comparison table, in
terms of capacitor number, total converter weight, and size: the proposed HTMC is second
after the AAC. However, considering the number of IGBTS, overall cost, and semiconductor
losses: the proposed HTMC is first among alldidates, achieving the lowest number of
IGBTS, cost and semiconductor losses. But, in terms of DC fault clearing time, the proposed
converter achieves 15~18 ms, which is considered higher than other topologies, except the
TB-MMC, due to thyristor commut@n time.

Table3.4: Typical ABB Semiconductors Parameters

IGBT Module _ SM Bypass
Thyristor _
5SNA 1800E33040( thyristor
Parameters 5STP
5STP
IGBT Diode 12K6500
12F4200
Max voltage 3300 V 6500 V 4200 V
RMS Current 1800 A 2250 A 1860 A
On-state voltage at 125°C 3.2V 2.65V 1.84V 1.86V
On-state resistance at 125°C 0. 1 0.1 0. 647 0.545
Turn on & off switching or
reverse recovery energies at  4.3+4J 2.3J 0.3+4.2J 0.3+0.8 J
125°C
Size 1010.8 c 291.2 cm 117.25 cm
Weight 1.19 kg 1.15 kg 0.6 kg
Cost/unit $2063 $904.96 $242.61
3.6 Summary

This chapter introduced a novel Hybrid Thyrisbased Multilevel Converter
(HTMC) with DC faultblocking capability. The proposed HTMC analysis has been

illustrated in both normal operation and under DC fault scenarios. In the analysis, a third
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harmonic waveform has been subtracted from the fundamental waveform to take advantage
of the FBSMs negative voltage capability in normal operation. This enhances the
overlapping period between the upper and lower arms and allows longer periods farthyrist
commutation. Hence, at k=0.2, sufficient overlap and commutation times are achieved. The
proposed converter capabilities have been validated via-e481lMATLAB-SIMULINK

model and experimentation on a scatkxvn 3phase Hevel system. A detailed agparison

with alternative converters has been provided in terms of semiconductor count, passive
elements, cost, current stresses, losses,fdd@-clearing speed, size, and weight. The
proposed HTMC haa relatively slowfault-clearingspeed since it mainly depends on the
thyristor valve action. However, the proposed HTMC is first in terms of a lower IGBT count
(30% lower than the next best topology), lower losses due to the usage of thyristor valves
(10% lower than the nearest convextand lower cost @% lower than the nearest). It is
second in terms of the overall weight, volume, eayolcitoicount. Hence, the results indicate

that the proposed HTMC is a worthy candidate for HVDC applications.
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Table3.5: Key Feature Comparison of Different Converters based on 401 level HVDC system parameters

IBMMC WM e MMc  FBMMC  Hybrid Pebased g paseq  LroPosed
Converter Type Solid-state DC (32] (25] MMC [26] AAC [28] Hybrid-MMC MMC [33] converter
CB[23, 24] [37, 39] (HTMC)
No. of SMs 400x6 400x6 400x6 400x6 255x6 400x6 400x6 240x6
Capa‘gtl\‘;mce P 105mF 105 mF 105 mF 105 mF 525mF  10.5 mF 10.5 mF 12.5 mF
Total number of 10x400x6 10x400x6 10x400x6 10x400x6 5x255«8 10x400x6 10x400x6 12x240x8
capacitors =24000 =24000 =24000 =24000 =10200 =24000 =24000 =23040
4x200x6  4x255x6 4x200x6 2x344x6 4x40x6
No. of IGBTs 2X49g;g;400 2’_(33836 41(328’86 +2x200x6 +200x6  +2x200x6  +3x56%6 +2X200x6
- - - =7200  =7320 =7200 =5400 =3360
2x100x6
: 200x6 2x200x6 200x6
No. of Thyristors None ~1200 None None None =400 ~1200 +40x6+200x6
=2640
Arm inductor 46 mH 46 mH 46 mH 46 mH 5.5mH 46 mH 46 mH 5.5mH
(0.1 pu) (0.1 pu) (0.1 pu) (0.1 pu) (0.012 pu) (0.1 pu) (0.1 pu) (0.012 pu)
RMS arm current 1_0 ﬂ_O ﬂ_o ﬂ_o -0 L_O 1_0 — lmy
Vo Vo Vo o ¢ Vio Vo "
bC Fatlijr'::ea”n‘ 3~5ms  19~24ms 05-~1ms 15-3ms 1-2ms  1.5-3ms 0~3 ms 15~18 ms
semi-:())tr?(ljuctor 8.76 MW 7.77 MW  12.87 MW 10.32 MW 8.02 MW 6.22 MW 8.48 MW 5.58 MW
losses 0.876% 0.777% 1.287% 1.032%  0.802% 0.622% 0.848% 0.558%
Overall Cost $16.06 M $14.26 M $23.09M $18.13M $165M $20.31 M $155M $11.59 M
Overall Weight 153.37tons  155tons 156.4 tons 153.5tons 62.92 tons 162.2 tons 155.7 tons 134.9 tons
Overall Volume 160.82 i 160.89 i 165.33m 16254 74.83ni 164.8 n{ 161.58 i 149.97 ¥
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Chapter 4
New Fast DC Fault Blocking Hybrid Thyristor-based Multilevel
Converter (F-HTMC) for Offshore Networks

In this Chapter, a modification to the HTMC is proposed, referred to as fast DC fault
blocking HTMC (FHTMC), aiming to achieve rapid DC fault blocking capability and a
smooth current flow at the DC side without the necessity of a large DC filter. Thesptbp
F-HTMC incorporates additional parallel branches of bidirectional thyristors with the upper
SMs. These parallel bidirectional thyristors serve the function of circulating the AC grid
injection of the fault current during a DC fault, facilitating svigiblation of the DC fault.
Furthermore, achieving a smooth DC current is realised by extending the overlap period to

60 degrees, extensively discusgethis Chapter.

4.1 Converter Structure and Operation Analysis
4.1.1 Converter Structure

The Fast DC Fault Blocking Hybrid ThyristBased Multilevel Converter ¢F
HTMC) comprises a -phase system with six arms, as illustratedrig. 4.1. Each arm
incorporates HBSMs, FBSMs, and bidirectional thyristors. The series bidirectional
thyristors are designated as operatlyristors while the parallel bidirectional thyristors are
namedprotection thyristorsOperatiorthyristors operate during normal conditions, reducing
conduction losses, and during DC fault cases, interrupting the fault current. Pretection
thyristors, however, are exclusively functional during DC fault scenarios. On the other hand,
HB-SMs generate theutput AC voltage waveform, while FBMs ensure an overlap state,
maintaining balance between the SMs within the same legSM8 also facilitate the
commuation ofoperation thyristorst the end of their conduction cycle. Both 4$®1s and
operation thyristorare rated to half of the Di{ihk voltage € w ), while FB-SMs are rated
to 3w Protection thyristors are rated to the sum of bothSABs and FBSMs € w

3W).
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Fig. 4.1. The proposed converter structure.

4.1.2 Converter Operation Analysis

To ensure a seamless flow of DC current without the necessity of large filters, it is
essential to maintain a @legree overlap state. This condition dictates that at any given
moment, one leg is in an overlap state, ensuring an uninterrupted path R(C tharent.
Achieving a 66degree overlap state would typically require a substantial quantity -of FB
SMs if considering only the fundamental waveform. However, by subtracting a zero
sequence waveform from the fundamental waveform, -de@ffee overlap statean be
achieved with a significantly reduced number of&Bs. Depending on the HBMs, the

fundamental phase voltage peak valiie can be equal to @ as follows:
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O 06 U0 OETo ew OETO (4.1)

where] is the angular frequency. Taking advantage of theSM& negative voltage, the

subtractedhird harmoniovaveform voltagel{ ) can be:
0 0 3wOHI 6 Q0 OEd o (4.2)

whereQ is thethird harmoniovoltage ratio. Therefore, the resultant phase voliagé can
be:

Vo e€w OKElIo QOHI o (4.3)

To achieve requiredverlap time (Y ) and overall commutation timéY(, the upper and

lower SMs voltages are calculated as follows:

ew OLHh Y O €Y Y Y
0 ® heY Y Y 0 €Y Y (4.4)
ew 3wheY Y o0 Y Y
W h“y Y o 7Y
0 ew 3ohY O €'Y 'Y (4.5)
ew Ohe”y Y o Y Y 'Y

, e hQ m
w , S~ 4.6
€W 3h Q ™ (4.6)

wherev , U are the upper and lower SMs voltage, respectivdly, ——, andw

€ w 3wif thearm current is positive at the instant of commutation while €W

if the arm current is negative at the instant of commutation. On the other hand, the upper and
lower arm currents are as follows:

Qo ORENY Y b ety vy (4.7)

cy oy oy (4.8)
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where,Q, Qare the upper and | ow@rQ,&r arethethree ent s

phase currents, ari@ is the DC current. Also, it should be noted that the falling time of the

thyristor current(Y) is neglected for simplicity. Besides, the phase currents are as follows:
Q  HOBTO %
QN  HOEBTO p¢ n% (4.9
QN HOEBETO p ¢ Mm%

where,%ois the phase shift between the AC phase voltage and currentlasdhe phase

current peak value. Appling power balance between the AC and DC sides of the converter

assuming a lossless operation as follows:

C
c

(o) ~ o
El‘) HAl ® ® O (4.10

Knowing that the peak phase voltage is half the DC link voltage, @eman be calculated

as follows:

0 HUA T % (4.11

—1Q

For a clearer explanatioRig. 4.2 shows the operational waveforms of thelFMC
for phase 6ad t hr oughout sixtsdctondmm ato ccahda don a |
c @three sections for each half cyclé)nderstanding these sections is crudialis more
illustrations are provided where the corresponding circuit diagram dirghdalf cycle is

detailed inFig. 4.3, while the circuit diagrams of treecondalf cycle is depicted iRig. 4.4.

It is worth mentioning that the dashed lines in the voltages of the SMs and thyristors represent

a positive power direction, while the solid omepresena negative power direction.
The first half cycle illustrations are as follows:
Sectiona:

1 Upper operatiohyristors are triggered, initiating an overlap state where the
DC current flows through both ar ms
and 6cb6 circulate through Fidd3@)pper
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T Lower SMs of phase 6ab generate the

maintain the overall leg voltage@t because both thyristors are conducting.
Sectionb:

1 Loweroperation thyristorandergo forced commutation. Lower SMs generate
specific voltages based on the direction of arm current flow @s@hn

1 Upper SMs maintain the output voltage to prevent its distortion from the
commutation action.

T Phase 6ad current now fl| dgd3@ntirely
Sectionc:

T Phase 6abé current flows through the
(blocked), indicated iffrig. 4.3(c).
1 The upper SMs generate phase voltage while the lower SMs maintain voltage

atalevel¢ w  3w) that ensures the thyristors endure no more ¢han .

The second half cycle illustrations are as follows:
Sectionad

1 Lower operatiorhyristors are triggered, initiating another overlap state where
DC current flows through both arms.

9 Similar to sectiorg, currents from phases 0bd &
upper and | ower arms of phase 06ad.

T Upper arm SMs of phase 6abd generate
maintain the overall leg voltage@t because both thyristors are conducting

(Fig. 4.3(d)).
Sectionba

Upper thyristors undergo forced commutation.
Upper SMs generate specific voltages based on the direction of arm current
flow as previously illustrated to ensure proper commutation.

1 Lower SMs maintain the output voltage waveform integrity.
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T Phase 6abdb current now fl ows entirely
(Fig. 4.3(e)).

Sectionca

T Phase 6aé current flows through the |
(blocked) Fig. 4.3(f)).
1 Lower SMs generate the phase voltage while the upper SMs maintain voltage

at a level ensuring the thyristors endure no more ¢han .
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Fig. 4.3. Phase 0ab6 o (fiesthaltciycte)n(a) ovierlapustater (la) toweo arm

commutation, (cupper arm conduction

(@9 (b) (c)
Fig.d4. Phase O0ab o (seconehdlficyele) i(lalbu)s torvaetriloanp st at

commutation, (cé) | ower arm conducti on.

4.2 ProposedTopology Controller

The overall block diagram of the proposed topology controller is illustratégyin
4.5. Similar to the controller presented in Chapter 3, the control process begins by defining
the reference values for active and reactive powdD( . These references are then used to

generate th€@ rcomponents of the AC current®f©) through PI controllers. Another set of

Pl controllers computes th@ ncomponents of the fundamental AC voltage, which are
subsequently transformed into tidemain voltages using @ i ® bansformation, as

shown in Fig.3.5.
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The stack voltage is determined by incorporating the overalVéltage, including
third harmonic subtraction calculated fromZ), into #.4) and 4.5) to derive the upper and
lower stack voltages. The voltages for the other phases are obtained by shifting the
waveforms by1200 and 1200. Once the stack voltage is established, the required number of
inserted SMs is calculated using NLC method bydiihng the stack voltage by the nominal
capacitor voltagev and rounding to the nearest integer. A balancing algorithm is then
applied to determine which SMs should be activated or deactivated to ensure capacitor
voltage balancing. Finally, a pulse generator generates the gating signals required to control
the MMC stack IGBTS.

Stack Verere N SMs pul
voltage 2K W SMY Balancing—» en: Z(:.o
calculation|, algorithm generat
I ! I
! Nearest level control | !
! (NLC) ! !
|
! * SMs
\V/ N,
I sta:k6 SMO| B alancin R Pulse_
. generation
algorithm
Measurement #d
iy dqo :a,
bs
. . ig +— i
P <— 1.50qgid X ia+ Vggria X ig) flrg)

Q <« 1.5(qgrid X id- VagridX ig)

Vd grid «———|

Vq grid +———|

Fig. 4.5. The proposed topology control diagram

4.3 DC Fault Blocking Capability

The FHTMC swiftly blocksthe DC fault current by completely isolating it from the DC
side. An internal path is created using bothghtaection thyristorand the uppeoperation
thyristors separating the AC grid component of the DC fault current from the DC side.
Subsequently, the AC component is cleared through the commutation opénation
thyristors Conversely, the DC component of the DC fault current, originating from SM
capacitors discharging, is rapidly halted due to the negative voltage capability of-the FB
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SMs. To provide a more detailed explanation, the DC fault case is segmented into four

sections, |l abelled 60ad to 6do6, HRg4br espondi

Section a:

1 This section shows the instant of the DC fault occurrence, where it is assumed
that | eg O6bd is in an overl ap state.

1 The DC fault current is comprised of AC components (generated by the AC
grid) marked by red and yellow colours, and a DC component (generated due
to SM capacitor discharge) marked by the blue colour as showig.ih6(a).

Bypassed

Bypassed

Bypasseq
Bypassed

DC
Fault @

(o
(@]

Bypassed
Bypassed

Bypassed
Bypassed

(©)

—~
o
~

Fig.4.6. DC fault blocking illustration: (a) DC fault occurrence, (b) DC fault detection, where

the fault blockingsystem is initiated, (c) DC fault has been isolated completely from the DC
side, (d) the fault current has been extinguished.

Section b:

1 This section shows the instant of fault detection, where the fault blocking
system is initiated.
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1 Both the protectiorthyristors as well as the upper operattbgristors are
triggered to form an internal path for the AC components isolating it from the
DC side as depicted ifig. 4.6(b).
T TheFBSMs in the | ower arm of phase 6b

( 3w) to interrupt the DC component of the fault current.
Section c:

1 This section shows the instant where the DC fault is completely isolated from
the DC side as shown Fig. 4.6(c).
1 All the SMs are bypassed, and the remaining fault curretisguished by

the upper operatiethyristors commutation.
Section d:

1 This section shows the instant where the AC components of the DC fault
current are successfully interrupted by the operatignistors commutation
as depicted ifrig. 4.6(d).

1 The operationthyristors endure the AC voltages until the fault is cleared and

normal operation is restored, or the AC side is isolated.

4.4 SystemSpecifications

4.4.1 Third Harmonic Voltage Ratio .. and Semiconductor Sizing

To determine the requiratird harmonic voltageatio (Q), several parameters need
identification. First, the circuitommutated turoff time (0 ) can be extracted from the
thyristorés datasheet. Fol | oW ie geledtet o e t he
greater than the sum of the falling time of the thyristor peak cuférarfdo . Additionally,
the overlap time"Y ) needs to be precisely 3.34 ms, equivalent to 60 degrees, to ensure the
attainment of a smooth DC current, as previously described. Furthermore, for optimal
utilization of thethird harmonicwaveform in establishing both overlap and commutation
times, the phase voltage in equat{818) at"Y should match the peak of thi@rd harmonic

waveform. This allows the calculation of the zsemjuence ratio as follows:
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fo! OBTY 4.12

o O Y (412
The value ofQ calculated fron(4.12) represents the minimuthird harmonic voltageatio
that can achieve the requirédand”Y . Since the voltage of the F8Ms per arm depends

onQ as seen iti3.2) then the number of FBMs per armg ) is calculated as follows:

: o @
¢ Q— (4.13
Cw

wherew is the nominal voltage of each SM capacitor. On the other hand, since beth HB

SMs and operatiotthyristors per arm endure & hthe number of HESMs ¢ ) and

operationthyristors € ) per arm is calculated as(#4.14), and(4.15), respectively.

. ()
. W

where, @ represent thenominal voltage value of each thyristor. Finally, since the

protectionthyristors per arm endueew 3w, the number of the protectidhyristors per

arm € ) is calculated as follows:

£ P Q — (4. 16)

4.4.2 Arm Inductance, J+

The design of the arm inductance is governed by two primary criteria: firstly, ensuring
that during thyristor force commutation, the falling time of the thyristors' peak current is
either equal tor less than the previously selected vali¥d.(Secondly, it is essential to
ensure that the maximum permitted current rate of change of the thyristor, denpfes as
not exceeded, a parameter found in the thyristor datashegimportant to note that just
before the instance of the operatitimyristors commutation, both arm thyristors are
conducting, resulting in an overlap state where both thyristors voltages are zero. Additionally,
since each leg comprises two arm inductors, the voltage per arm inductance is calculated as

follows:
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o : (417)

Substituting by t he u$dpaad(4Saitret commwration seStigis 6 Vv ¢

of the lower arm, assuming a positive arm current at the lower arm:

O . . Q0
D — 5 > D —— 4.18
b — OEIo Qp ORI 6 0 -3 (4.18)

Solving the differential equation taking into consideration the weaseé scenario, where the
arm current equal to thghase peak current{) at the beginning of the commutation period

(6 Y "Y). Also, the lower arm current)) should be equal to zero at the end of the peak
current falling time@ Y Y "Y). Therefore, the arm inductance value can be designed

as follows:

cATTOY Y Y o6A1OY Y

Pt HU
0a v AT Y (4.19)
Ao v v

Also, the arm inductance should limit the arm current rate of change below the maximum
allowable value. Therefore, substituting byn (4.18) atd “Y Y, The arm inductance
value should also satisfy the following:

W

0 — OBETY 'Y ™Qp OHI Y Y (4.20)

4.4.3 SMs Capacitance,r, |and g |

The capacitance calculation method used is based on the procedure defébgd in
However, in this study, instead of calculating the arm energy deviation as per the method
described, the energy deviation for the SMs is computed. This distinction is made to
differentiate between the behaviour of ¥8#B1s and FBSMs. Both types of SMs chge or
discharge when generating positive voltage, but onlySM& are involved in case of
negative voltage generatioithe energy deviation per SM in the upper a® is

determined by the following equation:
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0 o
€ W

30 0 Qo (4.21)

wherel represents the power of all & hrefer®Ms
the count of operational SMs in the upper arm. The count of operationaESMslepends

on the polarity of their voltaga () as follows:

(4.22)

On the other hand, using the SMs voltage and currgdt4hand (4.7), respectivelyp is
calculated as follows:

0 0 0QO

EW U

"0 Qh Y o6 Y Y (4.23)

" QhY Y 6 €Y Y

"0 QheY Y 0 €Y Y Y

i me”Y Y Y o Y Y
The energy deviation of the HBM is calculated as follows:
Moreover, taking into consideration that 0 0 QTp Q, the energy
deviation of the FBSMs is calculated as follows:

30 0
0 wQaoh U 0 T (4.25)

Substitute in4.24) and(3.28) to calculate the peatio-peak energy deviatiohO at each

%ofrom  w 1Tto W TTto determine the maximum petdkpeak energy deviatio®O for

the HBSMs and FBSMs. Finally, from the deducesO , the SM capacitance can be

calculated as follows:
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5 @ — (4.26)

wherezw is the peako-peak SM capacitor ripple voltage percentage.

4.5 Simulation ResultsValidation

A MATLAB SIMULINK model consisting of 401 levels is constructed talidate
the proposed power convertefhe model is based on the system proposé¢@indepicted
in Fig. 3.9, featuring a rated power of 1 GW and a DC link voltage of +340 kV. For each SM,
a voltage of 1.6 kV is chosen, requiring 200-8BIs per arn{operating at half the DC link
voltage, as previously discusse@imilar to the previous chapter, to simulate this large
number of SMs efficiently while minimizing computational burden and enabling PWM
control to capture the charging and discharging behaviour of the SM capacitors, the converter
model is implemented ugira switchingfunction approach. This is achieved by utilizing-HB
MMC and FBMMC blocks in MATLAB with switching function modeSince the overall
commutation time"Y) is the sum of thyristor falling currerit) ando which is the circuit
commutatedturmo f f t i me of the thyristor and can b
reasonable to assuri®as around 1.16 ms, witly set to 3.34 ms, resulting in a calculated
suitablethird harmonic voltageatio (Q) of 3.5. Consequently, 70 FBMs per arm are
required.Substituting these values into equatiga4) and (3.28), Fig. 4.7 is generated,
depicting the relationship between the péakeak energy deviatiors’© ) of both HB
SMs and FBSMs with the power factor angl% The maximum peato-peak energy

deviations $O ) for the HBSM and FBSM are determined to be 5.68 kJ and 7.53 kJ,

respectively. Substituting these values into equdddt®6) yields the SM capacitance values

for the HBSM and FBSM, as 11.1 mF and 14.7 mF, respectively. Additionally, through
calculations based on equatiqdsl9) and(4.20), the arm inductance is established as 7.5
mH. Comprehensive details of all simulation model parameters can be fouiathlev.1.

The simulation model is tested under two scenarios: a normal operation scenario to validate
bidirectional power flow and a DC fault scenario where tH¢TMC is subjected to a DC

fault.
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Fig. 4.7. Peakto-peak energy deviation of the HBM and FBSM against the power factor

angle%o

Table4.1 MATLAB Simulation Model Parameters

Parameter Description Value
0 Rated power p' 7
) DC link voltage oCHEG
0 Grid voltage oyHES®6
"Q Fundamental Frequency vt U
0 AC interfacing inductance ¢ i (
Y Overall commutation time pd ¢ O
Y Overlap state time o1 O
€ Number of HBSMs CTIT
€ Number of FBSMs x0
) SM nominal voltage PHE 6
6 HB-SMs capacitance p@l &
o) FB-SMs capacitance p &I &
0 Arm inductance X1 (

4.5.1 Normal Operation Scenario

To assess the bidirectional capability of tREIFMC, the initial test involved a ful
rated power flow from the DC side to the AC grid using the propos&tlMC.

Subsequently, within approximately 0.5 seconds, the power direction was reversed to the full
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rated power in the opposite direction. The behaviour of the DC link voltage and current is
depicted inFig. 4.8(a), demonstrating smooth and ripfilee DC link current owing to the
previously elucidated 6@egree overlap control stratedyig. 4.8(b) displays the active and
reactive power of the AC grid, showcasing the maintenance of zero reactive power while the
active power reverses froth pu to 1 pu. Phase currents are visualisétign4.8(c), whereas

arm currents are detailedfing. 4.8(d). It can be inferred that the observed arm currents align
with the theoretical assertions presenteBig 4.2. Notably, the arm currents exhibit a peak
value of 1 pu, signifying the achievement of low current stress. Additiofadjy4.9(a) and

(b) illustrate the voltages across the upper SMsopedation thyristorgespectively, both in
agreement with the theoretical claims as delineatddigrd.2. Importantly, the operatien
thyristor voltages do not surpass 0.5 pansistent with earlier statements in this Chapter.
Finally, Fig. 4.9(c) and (d) present the voltages of 3®1s and FBSMs, respectively,

revealing pealto-peak voltage ripples of less than 0.2 pu, well within permissible limits.
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Fig. 4.8 Simulation normal operation scenario: (a) DC link voltage and current, (b) grid :
and reactive power, (c) phase currents, and (d) upper arm currents.
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Fig. 4.9 Simulation normal operation scenario cont. (a)-8ls capacitor voltages, and (b)

FB-SMs capacitor voltages.

4.5.2 DC Fault Scenario

To validate the DC fault blocking capability of theHHFMC, a simulated DC fault is
introduced at 0.5 s into the modEig. 4.10(a) illustrates the behaviour of DC voltage and
current, wherein the DC voltage collapses immediately upon the fault occurrence, while the
DC current starts escalating until the intervention of theSIMB& in the FHTMC. Notably,
the rapid isolation of th®C fault is evident, achieved in less tHams. Furthermore,tiis
worth noting that this current is the sum of different arms, thus each arm endure a current of
less than 2 pusimultaneously, as seenkig. 4.10(b), the phase currents increase at the fault
instant and then experience interruption by the operditipmstors, which exhibit slower
commutation due to the inherent characteristics of thyristors. More&ugr,4.10(c)
demonstrates that these heightened currents predominantly flow through the upper eperation
thyristors and the protectiehyristors. Moreoveri-ig. 4.10(d) highlights that solely the DC
component of the fault current traverses through the upper SMs, thanks to the presence of the
protectionthyristors.Moreover, it can be seen that that the maximum current passing through

the SMs is limited to below 2 pu, hence ensuring safe operation during DC fault scenarios.
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4.6 Comparison

To highlight the distinct advantages of theHFMC over existing literature, a
comparative assessment, based on theleM@ HVDC system, is conducted among the
proposed FHTMC, HTMC [71], and CTBMMC [33], all equipped with DGault-blocking
capabilities. The summarized comparative results are preseritaedle®.2. The weight and
the volume of each topologgvolve all the semiconductors, SM capacitors, and DC filters
if exist When compared to the CTBMC, the FHTMC demonstrates either parity or
superiority across various comparison aspects. Notably -HIEMIC exhibits a lower count
of IGBTSs, reduced total semiconductor losses, and diminished overall weight and volume.
Conversely, in comparison with the HTMC, although tRERVIC incorporates a slightly
higher number of IGBTs and losses, it significantly outperforms the HTMC in crucial
aspects. Specificallyhe FHTMC achieves markedly lower DC fault clearing times, ensures

smoother DC current, and realizes reduced overall weight and volume due to the absence of

the DC filter.
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As a result, the fHTMC emerges as the preferred choice, especially in offshore
applications due to its substantially lower overall weight and volume. Moreover, it proves

advantageous iapplicationghat demand extremely rapid D&ult-clearingtimes.

Table4.2 401-level HYDC System Comparison Results

Converter type CTB-MMC [33] HTMC [71] Proposed F
HTMC
SMs No. 400x6 240x6 270x6
IGBTs No. 2X344X6+3Xx56x6  4x40x6+2x200x6  4x70x6+2x200x6
=5400 =3360 =4080
Thyristors No. 200x6 2x100x6+40x6+200x¢ 2x100x6
=1200 =2640 +2x135x3 =2010
DC faultclearing time <l ms 15~18 ms <l ms
DC filter No Yes No
Smooth DC current Yes No Yes
Total semiconductor 8.48 MW 5.58 MW 6.45 MW
loss 0.848% 0.558% 0.645%
Overall weight 155.7 tons 134.9 tons 115.3 tons
Overall volume 161.58 nd 149.97 i 128
4.7 Summary

This Chapterintroduces the Fast DC FaiBtocking ThyristorBased Multilevel
Converter (FHTMC). This HVDC converter utilizes bidirectional thyristors during normal
operation to minimize conduction losses. Besides, in DC fault scenarios, parallel branches of
bidirecional thyristors are used to rapidly isolate the fault current. The study includes a
comprehensive analysis of its normal operation, highlighting tkae@@ee overlap time that
ensures a smooth DC current. Additionally, illustrations of the DC-Hodking mechanism
demonstrate the isolation and termination of fault currents from the DC side, elucidating the
current pathways across the converter arms in each scérfs©haptewalidates its claims
through an irdepth 403ilevel MATLAB Simulink model. Furthermore, a concise
comparative assessment was conducted between the propd3&dtid-and other converters
documented in the literature. The findings indicate that the propos¢tViC exhibits
comparable DC fault clearing time to the CTB, yet surpasseSTB in various aspects such

as lower losses, a reduced number of IGBTs, and decreased weight and volume. Conversely,
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while the FHTMC incurs marginally highdGBT count and losses compared to the HTMC,
it achieves smooth DC current, rapid Dt blocking, and reduced volume and weight,

rendering it an excellent choice for offshore applications.
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Chapter 5
Novel Power Group Thyristor-based Multilevel Converter for

Offshore HYDC Power Transmission

In this chapter, a novel power group (PG) thyridiased modular multilevel
converter (PGTMC) is proposed. This converter employs thyristors in parallel with the
submodules (SMs) to form power groups (PGs), along with sevi@sected thyristor valves.

This configuration achieves further reductions in conduction losses compared to previously
proposed HVDC converters while maintaining DC feaalticking capability. Each PG
incorporates a hybrid combination of khlidge submodules (HBMs) and fulibridge
submodules (FEBMs). Unlike other architectures, such asiF&SMMC, PG-hybridcMMC,

and AT-AAC, where the grid AC voltage during a DC fault is fully absorbed by th&MB,

the proposed design distributes the grid AC voltage during DC faults across bsthidise
connected thyristors and FEMs within the PGs. This distribution reduces the required
number of FBSMs, thereby decreasing conduction losses, cost, and the overall size and

weight of the system.

5.1 Proposed Topology Description
5.1.1 Proposed Converter Architecture

The proposed converter architecture is depictdelgn5.1, where each arm consists
of a seriesof connected bidirectional (antiparallel) thyristors, named thyristahge, anda
seriesof connected PGs. Each PG consists of a hybrid connection &MWdand FBSMs,
parallel bidirectional thyristors named RI@ristors, and an inductor. The thyristmaves
function during normal operation to reduce converter conduction losses and in alDC fa
scenario in blocking the grid AC voltage with the help of theSis in the PGs. The RG
thyristors are utilised during normal operation at the instant of PGvadtialge output to
further reduce conduction losses. Also, thetR@istors are used at the instant &@ fault
to swiftly isolate the fault current from the DC side by creating alternative paths for the
current until it is extinguished by thyristor commutation action. All the SMs per arm are
named stack, whicis used to build up the AC voltage and for thyristeatve commutation,
while the FBSMs are also used to commutate thetR@istors in normal operation and also

in blocking the DEGcomponent ofhe fault current during a DC fault. postfault conditions,
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the FBSMs are utilised such that the grid AC voltage is divided across the thyxistoes

and the PGs. Therefore, the4SB/s should be designed to endure this remaining AC voltage.

—
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Fig. 5.1. Proposed PG and thyristbased multilevel converter architecture.

5.1.2 Proposed Converter Operational Analysis (Optimum PGthyristors

Utilisation)

Using only the normal fundamental waveform in the converter arm results in low

utilisation of the P@&hyristors since they can only be utilised when maintaining a zero PG

voltage output. Therefore, by injecting a normal third harmonic waveform with orétio

the fundamental amplitude, the utilisation of the-tA@istors can be significantly improved.

Additionally, increasing the fundamental AC voltage peakK(o € & would further

enhance P@hyristor utilisation, as shown Iig. 5.2, where the stack voltage is close to zero
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for most of the conduction period. The optimum value of the fundamental voltagéjain,

is discussed in Section VI. Therefore, the fundamental voltage waveform is:
0 6 0 OET0 €eQw OFTo (5.1)

wherg is the angular frequency. The overall phase voltage after injecting the third harmonic

waveform is:

DO €Qw i Ptd i @& 0O (5.2)
Since a series thyristerkalve is utilised in the arms of the proposed converter, an overlap
period,”Y , should be introduced to achieve a power balance between the upper and lower
SMs capacitors. Therefore, the SMs voltage capability should erceedby 3wto be able
to maintain the leg voltage to for a period of time without distorting the AC waveform.
This extra voltage is also used to commutate the thyrisadve at the end of their conduction
period. Therefore, the upper stack voltage () and lower stack voltage ( ) should

be calculated as follows:

ew O oh 4 0O €'Y
0 o &) h €Y o6 €Y Y (5.3)
ew 30h €Y Y o0 Y Y
W h 1T 0 7Y
0 o ew wdh Y o0 €7Y 4 (5.4)
€e® UL Oh €YY o 7Y

where"Y represents the overall thyristeralve commutation time)Y denotes the periodic
time, andw , @ signify the commutation voltage utilised to enforce thyristors
valve commutation in the upper and lower arms, respectiwely. should induce a negative
voltage across the thyristevalve in the case of positive arm current, as depicted in solid
lines inFig. 5.2, while generating a positive voltage across the thyrigbre in the case of
negative arm current, as illustrated in dashed line§&ign 5.2. Further details on the

commutation voltage are provided in section IV.

85



A

kyVad 2§
Phasea
Voltages | _ _|_//__ ______

Vdc/ 2 I | ! Tc Tov

MMC Stack 1
voltage

MMC Stack 2
voltage

|

\

|

\

|
Sl
Series Thyristor A }
|

\

|

|

|

Valves -
Conduction period |_|‘
»

ol

ol

[ Lol

Series Thyristor _‘. _m
ValvesVoltage >

7 w

Fig. 5.2. Proposed converter operational analysis.

5.1.3 Actual and Predicted Stack Voltage

The actual stack voltage, , of the upper and lower arms represents the required
voltage to generate the required AC voltage, which can be determined by subdqtit@jing
into (5.3) and(3.6), respectively. These stack voltages are showfign5.2 in blue colour.
However, a prediction of the stack voltage , , IS also necessary, as illustrate@ig.
5.2 in dashed orange colour. This prediction is crucial due to the extended time required for
the activation process of the PGs (Bi@ristors turning off) which typically takes around
1ms including the thyristors circuit commutatimn-off time © hwhich is around 550 ps
and the time for the current to drop to zero in the thyristofs3Thus, neglecting the
predicted stack voltage could result in distorted output waveforms. In other words, when the
SMs in the inactivated PGs are needed to be inserted, a delay would occur until the PGs are
activated and ready to generate the requireaggeltTherefore, by relying on the predicted
stack voltage, the PGs can be primeaislin advance before their SMs are required by the
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control algorithm. As depicted iRig. 5.2 in dashed orange, the predicted stack voltage is
only adjusted during the rise of the stack voltage because the PGs need to be activated only
in these instances. To generate the predicted stack voltage, a time shift of 1ms is applied to
the phase angle of the AC voltage, and then substitut@&d®)nand(3.6). This angle can be
extracted using phaselockedloop (PLL), but only used during the voltage rise of the stack

voltage as mentioned.

5.2 Proposed Converter Control and DC Fault Blocking Mechanism

This section first illustrates the overall proposed operation control algorithm, then
details about balancing the PGs, their activation and deactivation techniques, and SM

balancing. Lastly, the D@ult-blockingmechanism is discussed.

5.2.1 Overall Operation Control Structure

The overall operation control diagram is depicteéio 5.3. The control begins by
considering the reference active and reactive powers using converfloj@introl to
determine the phase voltage. Subsequently, the actual and predicted stack voltages are

extracted, as illustrated in the previous section. passes through the nearest level

control (NLC) modulation to determine the equivalent numbermpEdicted inserted

SMs 0 . The PG average capacitor voltages of all Ri3s ( ; ) are utilised in

the PG-restrictedbalancing algorithm, which outputs the PG activation signzi€y ),
determining which PG becomes or remains activated/deactivated. Then the PG
activation/deactivation algorithm uses these signal€y ) to generate thé O B
signals (indicating that a PG is ready to generate any required voltage). It also generates PG

thyristors gating signals™g . ), "0 (SM signals that are used in the PG

f®

activation/deactivation process), aind which represents the voltage sign of the used

8
FB-SMs in the activation/deactivation process and is utilised during the actual stack voltage

generation for compensation.

The actual stack voltage is used to determine the required number of inserted SMs

(6 ), which is then subtracted &0 to generate the compensated number of

i®
inserted SMs ({ ). Finally, an SM balancing algorithm is utilised to generate the
required main SMs signals (used in generating the actual required stack voltage). Then, both

main and auxiliary SMs signals are used to generate suitable pulses for the IGBTs of the
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corresponding SMs. The total number of PGs per atm ighile ¢ refers to the total number

of SMs per arm!Q represents the arm current and refers to theQ SM capacitor

voltage.
N%Ms r
Vstackpred SMSP
> NLC —> PGS PG,
VcavPGi,..m ReStI’ICT{e > PGs Thy:’Gi,..m
| Balancing \/ . activation | N
p* ] Actual & . Algorithm| " | Neompi,..n
;Conventlonalvphaée predicted [ arm 9 _’ & ' —
=,/ dqcontrol "l stack V0|tage_ larm Deactlyatlor SMuxi,.n
calculation algorithm
I:)(Breadyi,..m
v
aic | Nove -\ Nswseoms — gyg g0 = Pulse
Vstack A\ "I Balancin L8| generatior
X Ncompi,..m \&—nb algorithm
|armI

Fig. 5.3. The proposed overall operation control algorithm, wiiei® the total number of

SMs/arm andx is the total number of PGs/arms.

5.2.2 PGs Restricted Balancing Algorithm

The PG balancing algorithm is termed 'restricted' because it does not replace any
already activated PGs, even if replacing them could achieve better balancing. This restriction
is due to the lengthy process of BGivation as mentioned, hence maximising the utilisation
of the PGthyristors. Consequently, activation only occurs if the number of required PGs
increasesThe PG restricted balancing algorithm flow chart is depict&igrb.4, where the
algorithm begins by calculating the number of activated BGs)(depending on the polarity

of 0 as in(5.5).

.. .0 .
l'l’(b'Q"Qﬂis‘ h 0 11
0 Q. 5 (5.5)
ode—F 5 o
v €
where¢ , € are the total number of SMs or FBVIs per PG, respectively, affd

is the PG gain, representing the ratio of the number of activated PGs to the minimum required
number of PGs. Settin@ to 1 ensures converter operation without AC voltage distortion

using the minimum activated PGs. Further incread® ofesults in higher conduction losses
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but reduces the required SM capacitance. Subsequently, depending on the change in the
number of activated PGsyj ), the algorithm proceeds. df) is positive (indicating an
increase in the number of activated PGs), the algorithm sorts only the deactivated PGs and
activates a number of PGs equalid . Conversely, ifwd is negative, the algorithm

sorts only the activated PGs and deactivates a number of PGs eglal to

I
lYeS f Nsws>0 l

‘NPG=kPGX09”(NSMs+ Nsm P@‘ ‘ Npc=kpax ceil(Nsws Nrs PG)‘

Sortdeactivated Sortdeactivated Sortactivated Sortactivated Sortdeactivated Sortdeactivated Sortactivated Sortactivated
PGs in PGs inascending| PGs in PGs in PGs inascending PGs in PGs in PGs inascending
descendingorder order ascendingorder descendingorder order degendingorder| |descendingorder order
Activate J Deactivate I_, Activate Deactivate
PGs =qNpe PGs = Mpdl PGs =qNpe PGs =| Npd|

Fig.5.4. The PGs restricted balancing algorithm.

5.2.3 PG Activation and Deactivation Algorithm

The activation and deactivation of the PGs are based on the method pres@itkgd in
with modifications introduced to enhance control performance. Conventionally, the voltage
difference between two FBMs is utilised instead of the total SM voltage to turn off the PG
thyristors, reducing their turaff losses. However, a voltage diffecenof 200V must be
maintained between these two-8B1s which introduces a delay befdtening onthe PG
thyristors. Therefore, thiShapterisuggests a new method to significantly decrease this delay.
Assuming 4 FBSMs per PG, the SMs balancing algorithm maintains tw&M3 at nominal
capacitor voltage ¢f +50V (named FBSMsnay, While the other two FEBMs are
maintained atw -50V (named FBSMsnin) during normal operation. Consequently, at
turning off the PGthyristors, the voltage difference between$Blsnax and FBSMsnin is
utilised without the need for recharging or discharging before turning on thkyR&tors.

Using this approach further increases-fgistor utilisation.

The PG activation and deactivation algorithm flow chart is presentad.i5.5 where
initially the algorithm checks the change in the PG activation sigaaliQ). If o 00 = 1
(indicating that the PG is just activated), the activation algorithm begins by terminating the
PGthyristors gating of this particular PG. The algorithm uses the voltage difference between
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FB-SMsnaxand FBSMsnin to introduce a reverse voltage on the-fgistors only until the
PG-thyristors current is reduced to zero. Low voltage is used at this stage to significantly
reduce turroff losses. Then, the algorithm inserts the whole SM voltage to maintain a reverse

voltage on the P&hyristors foro , whered is set accordingly to prevent any distortion

of the arm voltage during this stage. Aféer the algorithm bypasses all the SMs within the

PG andsets( back to 0, indicating that this PG is ready to generate any required

voltage.Conversely, itw 00=-1 (indicating that the PG is just deactivated), the deactivation
algorithm starts by setting the ready PG signal to zero. Then, the algorithm makes sure that
the FBSMs difference is greater than or equal to 2d8efore turning on the thyristors. The

delay here is insignificant because the difference between them should be already maintained
at 200V by the SMs balancing algorithm. Then, the algorithm initiates thednrprocess

of the PGthyristors by blocking the FSMsnaxand inserting the FiBMsnin to prevent any
current discharge through the Ri@ristors. Finally, the gating signals are sent to the PG

thyristors.

Insert FBSMsyax Insert FBSMSnax
(+ve voltage) (-ve voltage)
& &

Insert FBSMsnin Insert FBSMsnin Yes

(-ve voltage) (+ve voltage)

x FB-SMsnax Voltage
- x FB-SMspin Voltage

\ Hold for 200 us#
v

\ Hold for 200 u#
v

Sort allSMs
within the PG in
descendingrder

Sort allFB-SMs
within the PG in
descendingrder

v
Only insert the
maximum SM
(+ve voltage)

v
Only insert the
maximum FBSM
(-ve voltage)

| SetNeomp=1 |

| SetNeomp=-1 |

Wait 550 us t)

Insert FBSMSyax
(-ve voltage)
&

Insert FBSMsqyin
(+ve voltage)

Insert FBSMSnax
(+ve voltage)
&
Insert FBSMsnin
(-ve voltage)

Yes w

Bypass all SMs within the P

SetNeomp =0

@

Insert FBSMsmin
(+ve voltage)
&

Block FB-SMsyax

Insert FBSMsnin
(-ve voltage)
&
Block FB-SMsyax

!
< end >

Fig.5.5. The PGs activation and deactivation algorithm.
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5.2.4 SMs Balancing Algorithm

The SMs balancing algorithm flow chart is presentedrion 5.6, noting that the
algorithm only sorts the SMs in the activated PGs. It sorts onh5MB if the required
number of SMs has a negative value. During normal operation, #¥M3Baxare maintained

atw + 50V, while the FBSMsnin are maintained ab - 50V, as illustrated in section C.

<_start—>

If
NSMS comp> 0

Yes @ Yes

v A

Yes

If iarm<O L

Sort allSMswithin
the activated PGs

Sort allSMs within
the activated PGsin
ascendingorder

Sort allFB-SMswithin
theactivated PGsin
ascendingorder

Sort allFB-SMs within
the activated PGsin

in descendingorder descendingorder

Insert SMs | Insert FBSMs |
=Nsms comp =Nsms comp

Fig.5.6. The SMs balancing algorithm.

A4
y

> end <

5.2.5 DC Fault Blocking Mechanism
a) Fault blocking method

The DCfault-blocking mechanism is illustrated in the two diagrams showhRign
5.7, where the instant of the DC fault occurrence is showrignb.7(a). The fault current is
divided into DC and AC components. The DC component is generated from the capacitor
discharge through the overlapped arms, specifically leg ‘b’ in this example, as indicated by
the blue lines. The AC fault component is generatenoh fthe AC grid through the arms of
the converter feeding the fault as shown by the red lines. At the instant of fault detection, the
HB-SMs are bypassed, while thef3B/s are blocked in the upper arms and in the overlapped
arms. The FBSMs in the blockingstate rapidly block the DC fault component generated in
the overlapped arms. Additionally, a firing pulse is sent to all the upper thyristors, including
both the thyristorsvalve and P@hyristors, as depicted #ig. 5.7(b). This bypasses the AC
fault component through the upper thyristors, isolating the DC side from the fault. Finally,
the fault is completely terminated by the thyristor commutation action. After the fault current
is cleared in each arm, the FBMs shouldbe controlled to ensure that the AC grid voltage

is divided conveniently between the thyristeedve and the PGs of each arm.
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Fig. 5.7. DC fault blocking mechanism diagram: (a) instant of fault occurrence and (b) DC

fault termination actions.
b) DC fault interruption time vs transmission line distance

Since only the DC component of the fault current flows through the transmission line until it
is blocked by the FEBEMs, whereas the AC component circulates through the thyristors, the
transmission line length only affects the DC component, as shokig.if.8.

Ra Lg
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=
[&] [l
°
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DC Vdc
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o]
Q
v4
O |
o
m

Fig.5.8. The DC component of the fault current during a DC short circuit fault.

At the moment of fault detection (assumii@y=2 pu), the DC voltage is determined as

follows:

0 5Q0 (X6)
oo



0dQ o

whereg is the number of operational FBMs per overlapped leg at fault detectian,
is the capacitor voltagé, = SM capacitance is time of fault detection) andY =DC

line inductance and resistance.

During the overlap period, the minimum numberéof should be calculated

where, the DC current after fault detection follows:

06 0 SHEIT 6 61 Qi 0
(X8)
where theconstants are:

A X9
i (X9)
(P IE Y (X10)

¢ 000 0
5 Qo (X11)
5 e 189 (X12)

(0] Y
qgu I

By solving (X8), the DC fault interruption time at different fault distandesdeterminegd
ranging from 0 km (directly at the converter terminals after the filtering inductance) to 100
km of transmission lines. The results, presentdddn5.9, show that the interruption time is
approximately 0.5 ms for a fault occurring at the converter terminal and around 2 ms at a
distance of 100 km. These resudte based on the simulation parameters in section 5.5 and
confirm that the fault interruption remains fast even at long distances due to the negative

voltage injection capability of the FBMs in each arm
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Fig.5.9. The DGCside current interruption time against the fault distance.

5.3 SystemDesign

This section illustrates the design procedures of the proposed converter parameters.
Assuming thab is rated tce w , then the overlap between the upper and lower arms
cannot be maintained except at the instant of zero output voltage. In addition, there is no
commutation capability in this case. Therefore, to achieve a suitable overlap ™Yime (
which should be around 1ms, assuming equal timings between the overlap and the overall
commutation time"f), the maximum stack voltage capability () should be designed to

be equalt® @ 3wwhereaw 0 Y as follows:

0 €W p Qi Q&Y i @Y (5.13

5.3.1 PGs and serieghyristors-valve Design

The number of SMs and bidirectional thyristors per PG are bag@f¥pmealising 8
SMs in parallel with 3 bidirectional thyristors per PG. However, here hybrid SMs are used in
each PG instead of just FBMs to reduce the conduction losses and cost significantly while
maintaining DC fault blocking capability due to the usagges thyristorsalve. The total
number of PGs per arni () can be determined by:

a wQ Qéa— (5.19)

where U is the maximum voltage capability of each PG. Also, after determining the
suitabled , the true maximum stack voltage ( ) is calculated as a . The voltage
of the serieshyristorsvalve ) can be calculated as {B.15), which is only valid

during the thyristorsalve blocking state.
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N o o 0 o 0 o (5.15)

Therefore, the maximum voltage capability of the series thyristaie © ) is

determined by:

0 W U (5.16)
Thus, the number of bidirectional thyristors per thyrisi@alve § ) is calculated
from:

. 0

€ o (5.17)

wherew is the nominal voltage of each bidirectional thyristor. In order for the arm to be
able to block the AC voltage during a DC fault, each arm of the converter should be able to
block the AC phase voltage peak using the series thyrgédve and FBSMs. Tterefore,
the total number of FBMs per armg ) is:

0 0

5 - (5.18)

¢ should be selected so that the number is divided evenly among all the PGs while also
satisfy(5.18). Therefore, the total number of FBMIs per PG{ ) is calculated from:

. 7 s

€ wQ %e(- (5.19

Finally, the totaihumber of HBSMs per PG{ ) is calculated by subtracting the total

number of SMs per P& frome ase € €

5.3.2 SMs capacitor Design

The SM capacitance is determined to endure the maximumtpgeak arm energy
deviation without exceeding the maximum permissible capacitor voltage ripple, as illustrated
in [65]. But since PGs are used with the proposed optimum balancing algorithm, only the
SMs within theactivated PGs should be involved in the energy deviation calculations at each

instant:
‘ o, .
YO o ——Qo0 (5.20)
€ (0]
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where0 is the SMs stack power and is the number of available SMs (the total
number of SMs in the activated PGs). is calculated depending on the number of
activated PGg) ) multiplied by the total number of SMs per BG () in case of positive
stack voltage or multiplied by the total number of-EBIs per PG ) in case of

negative stack voltage as follows:
(5.21)

wherel is determined according {6.5), where the number of inserted SNBs () can be

calculated by dividing the stack voltage ( 0 ) by the SM nominal voltage . Taking

into consideration that the stack current is equal to the AC current during the stack conduction

period, neglecting the commutation period, the stack power is calculated as:

0 6 0L 0 $¥0 0O (5.22
whereO 0 is defined by:
06 % i Q0 i @ 6OEBETO % (5.23)

where%ois the phase shift between the fundamental AC voltage and current ™ Yassthe

apparent power and calculated by:
w 9.
% 0 H (5.24)

whereb , Hare the peak fundamental phase voltage and current, respectively. Substituting

(5.23) and(5.22) in (5.20), the final energy deviation equation is obtained. The integration is
valid from the beginning of the conduction period of the stack until the beginning of the
overlap period, because in the overlap period, the capacitor voltages naturally return to their
nominal values. The maximum energy deviation per SM should be calculated for all range of
%- to "], where the capacitance design 1is

per SM O ). It can be shown fror(6.23) that YO depends on the variabl@.
CalculatingYO for the range ofQ from 1.15 to 1.2, the optimur® is selected to
achieve the minimumYO . Selecting the optimumQ will inherently achieves

maximum PGthyristor utilisation. Finally, the capacitance is calculated according to:
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)

YO

. o 5.2
° Yo & (5.29

whereY s the required peato-peak capacitor voltage ripple.

5.3.3 Inductor Design

The proposed converter comprises two inductors: the PG indiictgrand the arm
inductor O ). The PGnductor { ) should be designed to be large enough to limit the rate
of change of current’X® Hto a value below the maximum capability of the thyristdr (
as specified in the datasheet, during the turning on/off process of ttteyR€tors. The rate
of change of current is calculated as follows:

0Qw

= 5.26
96 T (5.26)

wherew is the voltage used to turn on/off the f#@ristors. Thereforel) should be
designed to be larger tham 7, . As previously illustratedp is the mismatch voltage
between the FEBMs, which is a small valuef around 200 V, resulting in a very small
inductance in the range of micro Henries. Hence, using multiplén the same arm will not

affect the performance of the MMC ar@n the other hand, the arm inductorshould be
selected small enough to allow for balancing the deviation between the converter leg voltage
and the DC link voltage within the overlap peridd §. Applying KVL to the first leg ofig.

4.1, neglecting the arm resistance:
0 0 VI T (5.27)

For simplicity, it is assumed that both stack voltages generate a constant vokiagee at

with a 10% increased voltage in the upper stack. Hence, the following equation can be

derived:
< Q Qo0 ¢O o0 TI8T G (5.28)
- 0 QU —/—— 0w .
0 & Qo
whereo is the stack capacitance equivalené t@ , andQ s the circulating current

that occurs due to the voltage deviation between the converter leg (both upper and lower
stacks) and DC link voltage. The circulating current equation can be calculated by solving

(5.28) while assuming zero circulating current at the beginning of the overlap period.
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Assuming that the converter leg capacitors discharge by the voltage mismatch during the

overlap period:

C

z 0 Q0 @ (5.29)

Substituting the determined circulating current equation(li9), the arm inductance is:
0 ——0 (5.30)

Selecting the arm inductance near the value calculated (8@®) will inherently be high

enough to limit rate of change of current to below the thyristor maximum di/dt capability.

5.3.4 Commutation Voltage (L. o) Design

The design of the commutation voltage  aims to decrease the thyristaalve
current from its peak value to zero within a predetermined time known as the current falling
time "Y. For this analysis, the stack capacitance deviation can be neglected, hence the stack
voltage is assumed to behave as a variable voltage source rather than variable capacitance.
Substituting (5.3) and (3.6) into (5.27) while assuming the instant of thyristeralve
commutation of the lower arm with positive arm current, then the arm inductance voltage can

be calculated from:

. Q0

0 0D — € e® UV O ® (5.31)
Qo
wherew represents the voltage induced on the arm inductance to decrease the arm
current in the thyristorgalve to zero duringY. Assumingw is a constant value, and

assuming the arm current is at its peak valtd ( at the instant of the thyristevalve

commutation, the minimurw can be calculated as follows:
\ : 5.32
w .
"Y ( )

Finally, substituting5.32) into (5.31), @ can be calculated. Similarly, the commutation

voltage of the upper arm can be calculated using the same procedure. It is found that using

the same magnitude af with opposite sign works well in the case of negative arm
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currents. Therefore, the final formula for the commutation voltage in the upper and lower

stacks are:
' €W CW 0 6h 1 Tt
® €W  CW 0 Oh 1 Tt (539
, €E® QW b oh Q@ m
® €W CW b oh 1 Tt (534

Note that the commutation voltages are limited to the stack maximum voltage.
However, it will not pose an issue because aftér the priority is to maintain
positive/negative voltage, depending on the arm current, wnsl passed without concern

about the magnitude.

5.4 Case Study

A case study is now presented to provide a comprehensive explanation and practical
implementation of the design procedures previously outlined. Initially, several assumptions
are established for a 900 MW rated power system with +300 kV DC link voltage?Ghe
configuration is assumed to be consistent with that describg@7in where each PG
comprises 8 SMs andparallel bidirectional thyristors, with each PG rated at 14.4 kV (each
SM rated at 1.8 kV and each thyristor rated at 4.8 kV).

The total number of PGs per arm is calculated u&rig) in (5.14), yielding 32 PGs.

Consequently, the actual maximum stack voltage is determined to be 32x14.4 kV, resulting

in 460.8 kV. The number of bidirectional thyristors per thyristaive € ) is
calculated using5.16) in (5.17), resulting ing ¢ wUtilising (5.18) in (5.19),
€ T, hence T. Proceeding to the capacitance deskig, 5.10(a) illustrates

the absolute maximum energy deviation per SAD ( ) with varying™Q andQ as
discussed in Section PZ. The plot indicates that 8 increasesYO decreases,

indicating lower requirements of SM capacitance. Most value® of the optimalQ is
around 1.19; hence, this value is selected for the deSigr5.10(b) demonstrate¥O

and the total semiconductor losses percentage of the proposed converter with ‘Garying
and maintainind® at 1.19, where details about semiconductor losses can be found in Section

VII. The plot reveals that 88 increases, the total losses increase wide decreases.
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The change iYO in the region ok Q o is relatively minor compared to the
region where'Q ¢. Consequently,;Q ¢ Iis selected as the optimum value, as it
balances the SM energy requirements with the total semiconductor losses. Substituting the
corresponding/O into (5.25), the SM capacitance is determined to be 6 mF. For the
inductors, utilising(5.26), the suitabled falls within the region of 3Q ( . Employing

(5.30), 0 is chosen to be b (. Finally, utilising(5.32), the thyristor commutation voltage

@ is selected to be equalt® w .

0 kpg is increasing 7
~ ~ 0.28
2 S\Ei’/ e 6 §
}.g - 0.26 &
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a ke by &S
2 <a 3 0.22
15 1.16 1.17 1.18 1.19 12
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Fig.5.10(a) Variation of absolute maximum SM energy deviatiée ( ) with 'Q and

Q , (b) Relationship betweefO and total semiconductor losses wiih .

5.5 Simulation ResultsValidation

In this section, a MATLAB/SIMULINK model witt337 levelds used tosalidatethe
proposed power converteédimilar to the previous chapggrin order to simulate this large
number of SMs efficiently while minimizing computational burden and enabling PWM
control to capture the charging and discharging behaviour of the SM capacitors, the converter
model is implemented using a switchifunction approach. This is achieved byigiing HB-

MMC and FBMMC blocks in MATLAB with switching function moderhe model
parameters are shownTable5.1, derived from the analyses conducted in Sections IV and

V. A DC filter is incorporated to smooth the DC current and limit short circuit current. The
proposed converter is evaluated under two scenarios: hormal operation to test bidirectional

power flow, andault conditions to assess its DC fault blocking capability.
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5.5.1 Normal Operation

The converter initially delivers power to the grid at 1 pu. Then, a power reversal is
applied to change the power-tbpu over a duration of 0.5s, as depicte8ig 5.11(a). The
converter successfully achieves power reversal while maintaining zero reactive power, which
validates converter controllability. The thrphase voltage and current are showrig.

5.11(b) and (c), respectively. The phase current remains undistorted during thyristor
commutation action. The upper arm currents are presenfggl m11(d), with the maximum

value of the arm currents equalling the peak value of the output current, thereby achieving a
low current stress converter operation. The stack voltage and the corresponding thyristor
valve voltage are depicted ig. 5.12(a) and (b), respectively, following the theoretical
claims illustrated irFig. 5.2. In this case, the arm currents have a negative direction at the
instant of commutation, resulting in a positive voltage being introduced on the thyristor valve
during turnoff commutation. The capacitor voltages foriREe shown irFig. 5.12(c). The
FB-SMsnax and FBSMsnin capacitor voltages are displayed above and below th&MB
capacitor voltage, respectively, validating the control algorithm proposed previously. The
average capacitor voltage of all PGs is depictedrim 5.12(d), which confirms the
effectiveness of the PG restricted balancing algorithm. The currents in both SMs and parallel
thyristors in PG are depicted ifrig. 5.13(a). For most of the conduction period, the current
passes through the thyristors, indicating low conduction logdss, it verifies that the
thyristors conduction state changes once every periodic cycle. The difference between the
required number of SMs and the available SMs is showigirb.13(b), illustrating the effect

of the PG gain’Q =2).
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Table5.1: MATLAB/SIMULATION Model Parameters

Parameter Description Value
0 Rated power WT 7
&) DC link voltage oTHEG
0 Grid voltage TOomME®G
Q Fundamental Frequency vt U
0 AC interfacing inductance wapi (
Y Overall commutation time pl O
€ Total number of power groups O C
€ Total number of HBSMs T
€ Number of FBSMs T
W SM nominal voltage PRE 6
6 10 HB-SMs/FB-SMs capacitance ol &
0 Arm inductance vl (
0 PG inductance o Tt (
1 a 1
Py (,;
2 D) 5
S T i mm
2
. RS L/
=¥
02 04 06 08 1 12 0.3 0.32 0.34
Time, s Time, s
(a) (b)
- 1.50——
2 | = larm1 larm3
g 5 1
OJ % & AL
é:‘:’ -1 & \] VT V \f VT
- -0.5
0.3 0.32 0.34 0.3 0.32 0.34
Time, s Time, s
(©) (d)

Fig.5.11 Normal operation results: (a) grid active and reactive power, (b) phase voltages, (c)

phase currents, and (d) upper arm currents.
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Fig. 5.12 Cont. normal operation results: (a) upper stack voltages, (b) upper thyviahoes
voltages, (c) PG1 capacitor voltages, and (d) average capacitor voltages in all PGs.
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Fig. 5.13 Cont. normal operation results: (a) Current distribution betweethi@tors and
the SMs in PG 1 and (b) difference between the utilised and the available SMs.

5.5.2 DC Fault tolerance

A DC fault is introduced at 0.2s to test the DC faalerant capability. Ifrig. 5.14(a),
the DC link voltage and current are shown. At the fault instant, the voltage collapses, while
the DC current starts to increase. However, it rapidly decreases to zero after fault detection
due to the action of the FBMs, as discussed previously. $tworth noting that this DC
current is the sum of all conducting arms and does not pass through a single arm (This means
that the IGBT switches in the modules do not experience current stress exceedingig.pu.).

5.14(b) displays the AC phase currents, where the AC component of the fault current appears.
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It is bypassed through the thyristors, effectively isolating this AC component from the DC
side.Fig. 5.14(c) depicts the distribution of the arm current through the SMs and the PG
thyristors of PG 1. Only the DC component of the fault current passes through the SMs,
peaking at less than 2 pu before being terminated by thR8NF8 The longer/higher AC
componenhof the fault current passes through thetR@istors, providing protection for the
IGBTs until it is cleared by thyristor commutation. It is worth noting that the thyristors are
able to withstand surge current of more than 20 times the rated currgé@nfef72]. Finally,

Fig. 5.14(d) shows the stack voltage and the series thyrstlve voltage of arm 1 where it

is evident that by controlling the FBMs voltage in the pogault conditions, the grid AC
voltage is suitably distributed among the PGs and the thyxistoe.
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Fig.5.14DC fault results: (a) DC link voltage and current, (b) AC phase currents, (c) currents

of the SMs and P@hyristors, and (d) voltages of stack 1 and thyrist@ise 1

5.6 Experimental Validation

A 5-level, 3phaseexperimental test rig was constructed to validate the proposed
convertefas illustrated irFig. 5.15. Each arm of the test rig consists of one PG and one series
antiparallel thyristor. The PG is composed of two-BBls and one FEM, along with a
parallel branch consisting of antiparallel thyristors and an indub&pace is used abd
controller of proposed converter which h&2 PWM outputsand 32 ADC channels
Furthermoresimilar to Chapter 3a CINERGIA grid emulator is used for grid integration

and theDC grid is emulated using a bidirectional power supply from Itech (IT6EREE
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40). The hardware components including the IGBT device, itsdyater, thyristors and its
gate driver, sensors, etc are listedable5.2. The schematics for power and control circuits
for the HBSMs, FBSMSs, thyristors, and sensors are listed in Appendikukthermoreall

the parameters of the experimental test rig are listédle5.3.

Furthermore, similar to Chapter 3, a legeifted PWM technique is used to control
the SMs of the proposed converter, with a rotational scheme. Also, the reference signals from
the control algorithm are compared to carriers generated within the Dspacdhean

corresponding gating signals are produced via GPIOs.

HB-SMs in FB-SMs in FB-SMs in HB-SMs in
lower arms lower arms upper arms upper arms

Voltage and  pGethyristors Thyristorsvalve Grid interface unit
current Sensors  in lower arms PG-thyristors N Iower arms thyristorsvalve

in upper arms in upper arms

Fig. 5.15 Experimental test rig for the proposed PG thyristased multilevel converter
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Table5.2: Hardware components

Controller DSP LAUNCHXL -F28379D
Grid Grid Emulator Cl NERGI A6s Grid E
DC grid DC Power Supply IT6006G500-40
IGBT name ONSEMI FGH40N60SMD, 600 V 80 A
\GBT Optocoupler 6n139
Gate driver IR2111 (2 channels)
DC/DC Converter MPB1215S1W (12 V:15 V)
Thyristor Thyristor name TYN640RG, 600 V 40 A
Optocoupler MOC3022M (Triac)
Voltage sensor LV 25-P
Sensors Current sensor LEM LA 25-NP
Operational amplifier TLO71ACP
DC-DC converter TEN 51223 (12 V : £15V)
Others Capacitor unit MCLPR100V109M40X610,000 pF, 100 V
Power terminals 6PCV-02-006

5.6.1 Normal Operation

To test the controllability and bidirectional power capability of the proposed converter,
the power is reversed from 200 W-D0 W within 1 second, while maintaining zero reactive
power, as shownniFig. 5.16(a). Similar to Chapter 3, the active and reactive power
calculations are performed inside the Dspace, generated through the digital to analogue
converter (DAC), and then measured using an oscillos@dgevoltage and current for phase
6abd ar e |rig.8.55@)nltieavidentthat the current is in phase with the voltage
during forward power flow and shifts out of phase during reverse power flow, demonstrating
the successful bidirectional operation of the proposed convEhiethreephase grid voltage
and current are depictedhing. 5.16(c) and (d), respectively. It is clear that the phase currents
are not distorted neither by the series thyristors commutation or théhyA&ors
commutation. The upper arm currents during forward and reverse power flow are depicted in
Fig.5.17(a) and b), respectively. It is observed that peak of the arm currents matches that of
the phase currents achieving low current stregsdditionally, the arm current distribution
in the first and second arduring forward and reverse power flows aepicted inFig.
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5.17(c) and €), respectively. The results clearly show that thetRy@istors operate during
peak current instants in both cases, effectively utilizing the parallel thyristors in normal
operation, thereby achieving reduced losses. The results also indicate thatthyeifiGrs

are fired only once per periodic cycle. Finally, the SMs capacitor voltages of the first arm are
shown inFig. 5.18(a), where the zoomed figure is depictedFig. 5.18(b). A balancing
between the capacitors is achieved by using rotation between all the SMs during operation.

Table5.3: Experimental Parameters

Parameter Description Value
0 Rated power CTT
W DC link voltage p T 6
0 Grid voltage P 16
Q Fundamental Frequency vt U
"Qi Switching frequency p p UGU
0 AC interfacing inductance ¢ (
Y Overall commutation time ol O
W SM nominal voltage o w
0 SM capacitance 8.2 mF
0 Arm inductance 0.47 mH
0 PG inductance L Tt (
I 5P o Va,
Izoo W/div ::m>\n.~m\ zomdiv S5 Aldiy :HWVdi\ umcﬁv
(a) (b)
Vi Vb ol e lb\‘mlf.._, N |
\'\_,\ﬂ/’/x,., \"\v/{- .
IS()\’/di\ IS()\'f‘(Ii\ :Slb\"di\ ;Ts/:]iv IZA/di\- I:,-\fd'n- mdi»r
(©) (d)

Fig.5.16 Experimental results, normal operation: (a) Active and reactive power during power

reversal, (b)) phase 6éad volt agphasagndvoltager r ent

(d) threephase currents.
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Fig. 5.17 Continue experimental results, normal operation: (a) upper arm currents during
forward power flow, (b) upper arm currents during reverse power flow, (c) SM and PG
thyristor currents in the first and second arms during forward power flow, (d) SM and PG

thyristor currents in the first and second arms during reverse power flow,
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Fig. 5.18 Continue experimental results, normal operati@h:capacitor voltages of th

SMs in the first arm,k) zoomed capacitor voltages of the SMs in the first arm.

5.6.2 DC Fault tolerance

In this scenario, a DC fault is applied to evaluate the DC ligmtking capability of the
proposed convertegimilar to Chapter 3, The DC fault is implemented by connecting a low
resistance in parallel with the DC source, while setting the DC source current limit to a low
value.At the moment of the fault, the DC voltage collapses, as showigirb.19(a). The
phase currents increase at the moment of the fault, which is also depi€ligd5r19(a).
However, it can be observedhig. 5.19b) that this AC current flows primarily through the
upper arms, while the DC component of the fault current is blocked at almostThe.u.
lower arm currents are shownking. 5.19(c), where only the AC component of the fault is
swiftly terminated because of the firing of the upper arm thyristors. Firfatly,5.19(d)
shows the current distribution between the SMs andhy@stors during the fault. It is

evident that only the DC component flows through the SMs, while the longer and larger AC
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component of the fault current flows through the-fR¢ristors until it is terminated by the
thyristor commutation. This demonstrates the effective DC fault tolerance of the proposed

converter.
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Fig. 5.19 Exp. fault scenario: (a) DC voltage and three phase currents, (b) upper arn
currents(c) lower arm current&l) SM and P&hyristor currents in the first and second

arms

5.7 Comparison

A comparative analysis is conducted between the proposed converter and other DC
fault-tolerant PGbased converters, namely, #@sed FBMMC, PG-based HybrieMMC,
and AT-AAC, aiming to highlight the advantages and viability of the proposed topology. The
comparison considers the number of SMs, semiconductors, and capacitors, as well as DC
fault clearing time, semiconductor losses, overall cost, weight, and size. The comparison
relies on the system specifications provided in Section V, and the typical senuimoadund
capacitors utilised in the comparison are detailethinle5.4. The switching and conduction
losses are calculated based@8l, with an average switching frequency of 250 Hz. The-turn
off loss of the P@hyristor is assumed to be 2 J, considering the utilisation of a low voltage
in the turnoff process with a voltage of 200/3 V per thyristor. However, thedtirtoss for
seriesthyristorvalve is calculated to be 28 J for each event due to the relatively high
commutation thyristor voltage of the series thyristalve (w 7¢ Qo The turron losses
for all thyristors are presumed to be 2 J/KA as stat§8l7i) owing to the use of low voltage
for turning on both PG and series thyristors. Moreover, the DC fault clearing time estimation

is based of33]. With the proposed control algorithm, all thyristors switch at the fundamental
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frequency. A DC filter requires capacitance equivalent to a single leg as mentig6BH in

The comparison results are summarisetiahle5.5, revealing several key advantages of the
proposed converter RGMC over other configurations. Firstly, the proposed converter
achieves the lowest number of PGs compared to other configurations. In terms of the DC
fault clearing time, all mentioned convesere capable of swiftly blocking DC faults. The

PG TMC matches the low required capacitance per SM as that-@&A&Q, surpassing other
topologies in this aspect. The proposed converter outperform&A&I by requiring
significantly fewer IGBTs and thyrists, attributed to its lower number of SMs and PGs.
This reduction results in lower overall semiconductor losses and overall cost. The proposed
converter has a smaller overall volume and lower weight compared to other configurations.
These attributes make particularly weltsuited for offshore HVDC applications, where

weight and volume are restrictive factors.

5.8 Summary

A novel PG Thyristor based modular multilevel converter has been proposed, which
attains DCfault blocking capability with a reduced semiconductor count, leading to
decreased semiconductor losses and overall cost. The operational analysis of the proposed
converter demonstrated the utilisation of optimum arm voltage by incorporating a third
harmonic waveform within the fundamental waveform. The PG control algorithm was
elucidated to outline the proposed restricted balancing algorithms for PGs, as well as the
activation and deactivation processes of-tR@istors. A comprehensive design for all
parameters was provided, complemented by a practical case study where the optimum value
of Q is found to be 1.19 and the PG g#in is determined to be 2, striking a balance between
converter losses and SM capacitance energy requirements. The assertioGsaptbsvere
validated using a MATLAB/SIMULINK model of a 33&vel system. A comparative
analysis with other fauliolerant PGbased converters revealed that the proposed converter
achieves the same SM capacitance as th AT while requiring a lower IGBT counb4%
lower than that of the ARAC. Also, PGTMC exhibits lower conduction losses, which are
15.61% lower than AJAAC, and incurs a lower overall cost, which is 38.17% lower than
AT-AAC. The proposed converter occupies a smaller volume and weight, with reductions of
16.65% and 14.94%, respectively, compared teAAC. Therefore, the proposed converter

emerges as an optimal choice amonghlGed MMCs across all facets of comparison. Its
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superior performance makes it highly suitable for various HVDC applications, particularly

advantageous for offshore deployments due to its reduced weight and volume.

Table5.4: Typical Semiconductors/Capacitors Parameters.

IGBT device Infineon FZ1500R33HE3B.3 kV 1.5 kA
IGBT onstate voltage 3V for IGBT,2.75 V for diode
IGBT turn on/off energy loss 2.55+2.1J

Diode fast recovery loss 1.65J

IGBT weight, size, cost 1.2 kg, 785 cm3, £1,459.67
Thyristor device Infineon T2871N 8 kV 2.62 kA
Thyristor onstate voltage 15V

PG Thy. turn on/off loss 2JIKA, 2 J

Series thy. turn on/off loss 2 JIKA, 28 J

Thyristor weight, size, cost 4 kg, 818 cm3, £3,685.50
Capacitor unit C44UVGT7105M34Ki 1,050 pF, 1.8 kV
Capacitor unit cost, weight, size 5.1 kg, 5,311 cm3, £150
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Table5.5: Key Feature Comparison of Different Converters based one3@7 HVDC

System Parameters.

PGFB-
Converter Type PGHybrid-MMC  AT-AAC PG-TMC
MMC
No. of SMs 336x6 336x6 384x6 256x6
No. of PGs 42 42 48 32
HB-SMs per PG 1 4 T 4
FB-SMs per PG 8 4 8 4
AC rms voltage 367 kV 367 kV 489 kV 437 kV
Rated stack Voltage 1pu 1pu 1.15 pu 0.762 pu
Capacitance per SM 9.6 mF 9.6 mF 6 mF 6 mF
Total number of 9x 336 x6 9x 336 x6 6 x384 x6 6 x 256 x 8
capacitors =20160 =20160 =13824 =12288
4x168x6+2x168x
4x336x6 4x384x6 4x128x6+2x128x6
No. of IGBTs 6
=8064 =9216 =4224
=6048
_ 2x126x6 2x126x6 2x144x6  2x29x6+2x96X6
No. of Thyristors
=1512 =1512 =1728 =1500
DC fault clearing
_ 0.5~1 ms 1.5~-3 ms 0.5~1 ms 0.5~3 ms
time
SM conduction losse  0.273% 0.205% 0.153% 0.0883%
SM switching losses  0.101% 0.101% 0.08% 0.0724%
Thyristor conduction
0.048% 0.048% 0.046% 0.0553%
losses
Thyristors turn on/of
0.021% 0.021% 0.022% 0.0379%
losses
Total semiconductor  0.443% 0.375% 0.301% 0.254%
losses (4 MW) (3.38 MW) (2.72 MW) (2.29 MW)
Overall converter co £20.37 M £17.42 M £219M £13.54 M
Overall Converter
_ 118.54 tons 116.12 tons 88.47 tons 73.74 tons
Weight
Overall Converter
131.83 m3 130 m3 94.38 m3 80.28 m3

Size
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Chapter 6
A Novel DC Serieslsolated-Parallel Wind Farms Architecture

with DC Fault-Tolerance Capability

Offshore wind farm DC collection systems offer significantly loweight and size
compared to conventional AC collection systems. Within DC collection, seaiedlel wind
farm (SRWF) architecture is considered more efficient than parallel wind farvwWFpP
architecture due to fewer power conversion stages. HowevaNFS§pically experiences
wind curtailment during periods of varying wind turbine generation and is generally less
reliable than PNVF, as it cannot tolerate shanitcuit faults. In this Chapter, a novel series
isolatedparallel wind farm (SIRVF) architectire is proposed, which combines high
efficiency and DC fault tolerance. In SWF, each group of serie®nnected wind turbines
is isolated by a DEDC converter, enabling DC sharircuit fault blocking without the need
for DC breakers, thereby enhancirgjiability. The proposed SHVF architecture, along
with two control methodologies, is validated using MATLAB SIMULINK. A comparison
based on real wind data over a full year demonstrates that the proposétr Si¢herates
higher net energy than\WF by mae than 3%, while offering 50% lower initial cost, weight

and volume in addition to improved reliability

6.1 Proposed Architecture Description

The proposed novel DC serieswlatedparallel wind farm (SIRNVF) architecture is
illustrated inFig. 6.1. This architecture consists of parallel wind turbine groups (WTGSs),
where each WTG comprises a series connection of N wind turbines (WTs) through their AC
DC converters. Additionally, a DOC converter is employed in each group to fulfil three

main functions:

1 Stepping up the voltage of the ser@snected WTs to the HVDC transmission
voltage level.

1 Isolating the WTGs from each other, thereby providing DC stiostit fault
tolerance and increasing reliability.

1 Enabling maximum power point tracking (MPPT) for the entire WTG.

Permanent magnet synchronous generator (PMa&3d WTs are selected for this study
due to their compact design, high power density, reduced maintenance, high efficiency, and
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lack of need for external excitation. This allows the use of unidirectional converters such as
diode rectifiers, which further enhance the efficiency of the overall proposed architecture.
Moreover, in[73], a comparison was made between PMSG rectifiers, including VSCs with
constant and variable DC voltage, and dibdege rectifiers. The results showed a
significant reduction in losses when using diode rectifiers compared to other VSCs, thereby
justifying the choice of uncontrolled diode bridge rectifiers as theDXCconverter in the

proposed topology

Additionally, it is important to note that wind speed variations among turbines in each
WTG are accounted for in the MPPT. This is further discussed in this Chapter, where an
optimization algorithm is proposed to achieve MPPT despite differences in waeedssp
within the same WTG. More details regarding the-DC converter are also provided later

in the Chapter.
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Fig. 6.1 Proposed SerielsolatedParallel Architecture

6. 2 Mathematical Analysis

In this section, the mathematical analysis of the wind turhinepntrolleddiode
rectifier, and DGDC converter is presented to provide a foundation for the optimization

algorithm.
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6.2.1 Wind Turbine Modelling

The power generated by the wind turbine (WT) depends on wind speed and is given
by [74]:

0 & _f v (6.1)

where'Y is the radius of the WT blad®,is the air density) is the wind speed, and is
the WT power coefficient, which depends on the tip speed ratiand the pitch angl¢ {.

The power coefficient is calculated as follojwd]:

7 4 7 (b o o — o
w _h w— 0 w Q w_ (6.2
where:
p p T8t o L
— 6.3
S TR S ©3

The WT coefficientso to & depends on the aerodynamic design of the WT. The tip speed

ratio (_ is calculated as follows:

Y]

= 0

(6.4)

wherg is the rotor speed. Since the WTs are connected in series within each WTG of the
proposed architecture, the Bx@le currents of thencontrolleddiode rectifiers remain equal,
even during wind variations across the series WTs. Therefore, conventionalusiiigle
maximum power point tracking (MPPT) methods are unsuitable. An optimization algorithm
is necessary to determine the optimal operatingtpdor all WTs in each WTG, satisfying

the equal current constraint. This requires an analysis of the didde bectifier, discussed

in the next subsection.

6.2.2 Diode Bridge Rectifier Analysis

A balanced threphase operation is assumed in this analysis, considering the PMSG
inductance {f ) and neglecting stator resistance for simplicity. The DC voltege and

current (O) at the output of the diode bridge rectifier is calculated as folld@;s75}
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, ol a . .
© <=0 6.6
i (6:6)
whereO is the RMS lineinduced voltage of the PMSG, is the electrical angular

velocity, © is the fundamental RMS current of the PMSG. The RMS pimakeed
voltage of the PMSG is given as:

0 oly (6.7)

where™Q s the stator field constant. The relation between the electrical and mechanical

angular velocities is:

T n (6.8)

wheren is the pole pair number of the PMSG. Substituif@@) and (6.7) into (6.5) and

multiplying by O , then the electrical power is calculated as follows:

olg. o
a7 0 24 b O (69)

Solving(6.9), and assuming 0 , the DC current is:

0 0Q T 1 _@ ‘Q ¢ v (6.10)
Npu 1

6.2.3 DC-DC Converter Analysis

The selected DDC converter must operate over a wide range of voltages, from the
minimum required voltage (one WT operating just above theffspeed) to the maximum
required voltage (all WTs in the WTG operating at their rated speed). As stqt&d, ithe
modular isolated LLC resonance converter achieves the best efficiency compa+€ddo L
resonant converters and flfidge converters with phashift control. Therefore, a sertes
input-seriesoutput (SISO) configuration of multiple BDC converters is adopted in this
Chapter as shown irFig. 6.1. The LLC resonance converter is detailed7#], where the
voltage gain 0O) of the LLC resonant converter is controlled througpuése frequency

modulation (PFM) as follows:
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R (6.11)

where| is the operating angular frequenty, is the first resonant frequency basedibon

ando , and is the second resonant frequency, calculated using ando . Also, & is
the ratio betweed 0 and0 ,w andw are the output and input voltage of the LLC

converter unit respectively, arid is the turns ratio between the input and output sides.

Finally, 0 is the equivalent quality factor, given by:

¥ 0 a 4
M) —

6.12
BUE & po (6.12)

where0 is the power of the LLC converter unit. It is worth noting that the rated operating
point (highest input voltage) is designed] at to ensure ZVS (zergoltage switching)

throughout the entire operating range.

6. 3 Case study

In this section, a case study is conducted to investigate the impact oiceemested
wind turbines (WTs) usingncontrolledrectifiers on overall performance and wind power
generation. For simplicity, two serieennected WTs are assumddg. 6.2 shows the
relationship between DC voltage and current for the two series WTs at different wind speeds,
covering a range of rotor speeds up to the rated sférsifigure is generated lmalculating
the DC current at different rotor speadgues(from 0.1 to 1 pu) byubstituting(6.1) into
(6.10). The corresponding DC voltagetisen determinedtthesame rotospeeds by dividing
the power calculated from(6.1), by the DC currentsThis process is repeated for different
wind speeds to plot the characteristics of the second wind turBinee the WTs are
connected in series, they must have the same DC current. It was found that only above the
knee point (indicated by the horizontal black lin€ig. 6.2) do the series WTs share the DC
voltage regulated by the DBC converter. This area is considered thasibleregion.
However, below the knee point is consideredittieasibleregion, where the higher wind
speed WT will dominate and operate alone at the total DC voltage. Furthermore, when there
is a low wind speed deviation between the two series WTs, as shévgn @2(a), there are

multiple operating points within thfeasibleregion, making maximum power point tracking
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(MPPT) feasible for the total power. However, as the wind speed deviation increases, as seen
in Fig. 6.2(b), there are no operating points for both WTs inféiasibleregion. In this case,
the DGDC converter is controlled such that the higher wind speed WT operates alone at its

maximum power.

1 _FeaglbI? 11.8 m/s»~ . | 1 Feasiblell m/s_ 12 LnA/S
, og|region 12 m/ _ region% Sx
2 i 2
% 0.6 ©
= . < 0.5 :
> 04 Infeasible > Infeasible
0.2} region | 0 e |
0 0.5 1 0 0.5 1
IdC’ pu IdC’ pu
() (b)

Fig. 6.2 The relation between the DC voltage and current of two series WTs w

pitch angle control at (a) 0.2 m/s wind speed deviation, (b) 1 m/s wind speed de\

 [Feasible1 1 m/';\é L Feasible | 12m/sp =4 | 3
B} region| p =10 | region \g/ -
= == % = T =
<05 12'm/s, 19" m/d 0.5 X
” Infeasibler = 1 l]% 8m__/§ - v Infeasiblel0 M/s,12 m/s
) region . 0 region. P =0 b=0
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IdC’ pu de p
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Fig. 6.3 The relation between the DC voltage and current of two series WTs
controlling the pitch angles at (a) 1 m/s wind speed deviation, (b) 2 m/s wind

deviation.
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Fig. 6.4 Maximum extracted wind powers of the two WTs against the wind speed deviation
between them: (a) deviation from rated wind speed (12 m/s), (b) deviation from below rated

wind speed (10.8m/s).

To address this issue, controlling the pitch anglgf the higher wind speed WTs
is proposed to increase the total extracted wind power, particularly when there is a significant
wind speed deviation between the WTs, as show#gir6.3. Fig. 6.3(a) and (b) illustrate the
relationship between DC voltage and current when adjusting the pitch angles for 1 m/s and 2
m/s wind speed deviations, respectively. It is evident that increasing the pitch angle of the
higher wind speed WT shifts the curve te thft, allowing operating points for both WTs to
be found within thdeasibleregion. Additionally,Fig. 6.4 shows the wind power extracted
from the two series WTs for different wind speed deviations, comparing the cases of parallel
connection (PNF), proposed SHWF architecture with constant pitch voltage control
(CPVC) method, and proposed SNA architecturewith variable pitch voltage control
(VPVC) method. It should be noted that this extracted power is calculated before any
conversion stages. Fig. 6.4(a), the wind speed of the first WT is assumed to be constant at
the rated wind speed, while the wind speed of the second WT deviates below the rated wind
speed. InFig. 6.4(b), the wind speed of the first WT is assumed to be constant at a value
below the rated wind speed (10.8 m/s), while the wind speed of the second WT deviates
below this value. It is worth noting that the extracted wind power in the case ofitie P
repreents the maximum extracted power without any wind power curtailment. It can be
observed that below a critical wind speed deviation, the wind curtailment is negligible, and
all methods extract nearly the same maximum power. Additionally, this criticalspeed
deviation increases to more than 1 m/s in the second case compared to 0.5 m/s in the first

case.
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6.4 Control Algorithms

This section describes the two proposed control algorithms: comsteimtvoltage
control (CPVC) and variablpitch voltage control (VPVC). The primary goal of both
methods is to optimize wind power capture while maintaisiadpleoperation and efficient

voltage regulation in the proposed SAF architecture.

6.4.1 Constant-pitch voltage control (CPVC) method

In the first control method, the only controlled parameter is the input voltage of the
DC-DC converter@ ). The variables in the optimization algorithm are the rotor speeds of
the WTs,)( 0 € ), where the pitch angles (tof ) are maintained at their optimal
values (which is zero below the rated wind speeds). The optimization algorithm for this

control method is illustrated iRig. 6.5(a).

C Stat ) ( Start )
v v

Read allwind speeds Read allwind speeds
Vwiée VwN Vw1,é VwN

Stable Region Identifier] Set constraints:

&) 0< W< wYrated
Ym_lmaxl lX m_Imax N 0< bi < bm;x

Set constraints: laci=laco=6 = lacn
¥m_imaS ¥m< ¥ m_rated ¢
lger=! dez= 6 = laen Set Objective function:
¢ Maximize x Pp,
Set Objective function: | ¢
Maximize X P b o .
Solve the Objective function
¢ for the variables
Solve the Objective function (¥m1, N, D1, W),
for the variablesXm1, . n) ¢
¢ ‘ CalculateViyy = Mwri ‘
Remove the lowes ¢
; wind speed WT
F ble ? S
from the Objective ( End )
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CalculateViyy = Mwri
for the feasible WTs

v
C End )

() (b)
Fig. 6.5 Optimization algorithm of the proposed SI¥ control methods: (a) CPVC method,

(b) VPVC method.
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The first step is to identify thieasibleregion of each WT based on its wind speed.

This is done by usin@.10) to find the rotor speed at the maximum DC current ().
The value of is then set as the minimum boundary for the rotor speed, with the

following constraints:

P s el @, 0 E O

OEEIOIOOTQSOI 1 1 (6.13)
The equal DC current constraint is calculated by substituting (@&t0) for all the
corresponding WTs. The next step is to set the objective function, which maximizes the sum

of wind power for each WT, as given (/1) as follows:
0 ®QQMO QB Q (6.14)

If no feasible solutions are found, which may occur when there are large wind speed
deviations, the algorithm removes the WT with the lowest vgiogled from the objective
function and repeats the previous step till a feasible solution is identified. Finally, the DC

DC converter input voltagey ) is calculated at the optimum solution as follows:

o 25 (6.15)

where( is the number of feasible WTs. The overall control block diagram of the CPVC
control method is illustrated iRig. 6.6(a). It is worth noting that the value is equally
divided among the series LLC converters, where J is the number of LLC units ge€DC
converter. Both voltage and current loops are employed before sending the reference
frequency to the pulse frequency modulation (PFM). On the other hasttbuld be noted

that the pitch angles are controlled by a completely decoupled system to only limit the rotor

speed from exceeding the rated value, especially at wind speeds above the rated value.
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Fig. 6.6 Control block diagram for the proposed SAF- control methods: (a) CPVC method,
(b) VPVC method.

6.4.2 Variable-pitch voltage control (VPVC) method

In the second control method, the pitch andlegd? ) as well as the input voltage
of the DGDC convertersdd) ) are controlled. Hence, both rotor speeds (0 € and
pitch anglesi( tof ) of the WTs within the WTG are considered variables in the
optimization problem. This control is more complex as it requires signals for both the DC
DC converters and the internal control of the wind turbine blades. In this method, no need to
identify thefeasibleregion since the algorithm will always find an optimal solution in the
feasibleregion by adjusting the pitch angles. The constraints for this method are as follows:
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0EEi 01 WQEOI 1 (6.16)
m ] I
The optimization algorithm of the VPVC method is depicte&im 6.5(b) and the overall
control algorithm is explained in the block diagram showRig 6.6(b). It is worth noting
that a rate limiter is used at the output of the pitch angle controller to simulate the slow
dynamic response of the mechanical parts of the WT blades. Also, it should be noted that in
this second method, the pitch angles are aefjustore frequently compared to the first
method, leading to greater wear on the pitch control mechanisms. Furthermore, similar to the
first control method, additional control of pitch angles is added to limit the rotor speed from
exceeding the rated valire case of emergency situations, however, it is not addéeyto

6.6(b) to prevent confusion

6.5 Simulation Results Validation

To validate the proposed architecture and controllers, a MATLAB SIMULINK model
is developed for the proposed system, consisting of 10 WTGs, with each WTG comprising 6
WTs rated at 5 MW eachlhe two proposed control methods, CPVC and VPVC, are
validated in this section for the proposed -8V architecture, along with a comparison to

the conventional parallel architecture.
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Table6.1: Wind farm parameters

Wind Turbine
Rated Power 5 MW
Cutin wind speed 3 m/s
Rated wind speed 12 m/s
Cut-out Wind speed 25 m/s
Rotor diameter 126 m
Bladepitch rate limit 8°/s
PMSG generator
Rated power 5 MW
Rated shaft speed 1.55 rad/s
Polepair count 290
Rated line voltage 5kV
Synch.inductance 4.33 mH
Wind Farm Array
N. of series WTs 6
N. of WTG 10
Total rated power 300 MW
Distancebetveennear WTs 1 km
Internal cable size (1000mM2Cu)
Y 17.6 mqg/ k
0 1.3 mH/km
0 0.19 pF/km

The parameters for the wind farm array including details of the WT and the PMSG
are summarized iffable 6.1, with WT and PMSG parameters based[4®)], and internal
cable parameters derived frdB0]. The pitch angle rate limiter is set to a maximum of 8
degrees per second as specified for a 5 MW W[7&). Each WT is rectified through a
uncontrolledthreephase diode rectifier. Ten seresnnected LLC converter units, each
rated at 3 MW, are employed in the IXC converter for each WTG to step up the voltage
to the HVDC level. The semiconductor parameters are summariZedie6.2. It should be
noted that the base power is set as 5 MiNshould be noted that only one WTG is
implemented in detail with its DOC converters in the MATLAB SIMULINK, where both
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the wind turbine and permanent magnet synchronous machine blocks found in the MATLAB
SIMULINK library are used to simulate the wind turbine. The other WTGs are simulated

using an equivalent model.

Two scenarios are tested in this section. The first scenario evaluates the normal
operation of the proposed architecture with its control methods in comparison to the
conventional parallel architecture, focusing on different wind speed deviations. The seco
scenario tests the DC fault tolerance capability to validate the high reliability of the proposed

architecture.

Table6.2: Typical Semiconductors parameters

Threephase Diode Rectifier

Rated DC voltage &urrent 5.1 kV, 0.98 kA
Diode specs (Infineon D2601N) 9 kV 2.2 kKA

LLC converter unit

IGBT 5SNA 1000G650300

U 3 MW
W 3 kV

W 30 kV

Pk 1:8.7

6 35.4 uF
0 44.74 pH
0 179 pH
Q 4 kHz

DC-DC converter

N. of Series converters 10
Total power 30 MW

Table6.3: Wind speeds of the WTs per the first WTG
Time steps (m/s) WT1  WT2 WT3 WT4 WT5 WT6

First 12 12 12 12 12 12
Second 12 12 12 11.8 11.8 11.8
Third 12 12 12 11.8 11.8 11
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Fig.6.7 Normal operation simulation results: (I) proposed-8IP architecture with the

CPVC method, (Il) proposed SNRF architecture with the VPVC method, (Il

conventional parallel architecture\WwF.

6.5.1 Normal Operation Performance Evaluation

In this scenario, the focus is on one WTG, with the wind speeds of the 6 WTs listed

in Table6.3 for three different time steps. The results are displayBa)i 6.7, where columns

| and 1l show the results for the proposed architecture with the first and second control

methods, respectively, while column Il presents the results for the conventiWi&l P
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architectureFig. 6.7(a) illustrates the wind power captured by the 6 WTs in all three cases
before any processing stages. During the first two time steps, the captured wind power is
nearly identical in all cases. However, in the third time step,\Wé-Raptures the most win

power, followed by the SHWF with VPVC method, while the SIR/F with CPVC method
captures the least due to the weakest wind speed WT not contributing to power generation,
as discussed earlier in tihapter The voltage levels for the three cases are showigin

6.7(b), where the proposed methods use the optimization algorithm to determine voltage,
while the PWF uses standard MPPT for each Wiy. 6.7(c) presents the pitch angles, which

are controlled only below rated speed in the case e/ @HRvith VPVC method, leading to

a faster wear of the WT mechanical parts. The DC currents are shéwn @i7(d), where

the SIRWF with VPVC method shows a current reduction in the third time step due to the
optimization algorithm finding a feasible operating point for different wind speeds. Finally,
the net output power of the WTG after processing stagesaasdk is shown iRig. 6.7(e).

During the first two timesteps, the RVF achieves the lowest net power (around 5.3 pu) due

to its higher conversion stages and, consequently, higher losses compared te/thet 5P
achieves around 5.8 pu. In the last time step;\8Pwith VPVC mehod achieves nearly

the same power as-WF generating around 5 pu, while SI¥F with CPVC method
generates the least output around 4.6 pu due to the inactive contribution of the lowest wind
speed WT.

6.5.2 DC Fault Scenario

In this scenario, the entire wind farm is assumed to be operating at rated wind speed,
and a temporary DC fault is introduced at t = 2 s for 150 ms in the internal transmission line
connecting the WTs of WTG 1 to the EBIC converter as shown kig. 6.8. The DC current
at the input side of the DOC converter is shown iRig. 6.9(a). At the moment the fault
occurs, the current briefly reverses direction to less than 2iysuto the capacitors
discharging through the fault, then gradually decreases without requiring any intervention
from the controller, indicating the fattlblerant capability of the proposed architecture.
Meanwhile, the DC current at the rectifier sidelépicted inFig. 6.9(b), where the current
increases up to 3 pu and then decreases slowly due to the action of the pitch control
mechanism. It should be noted that at this side @mépntrolledrectifiers exist. Furthermore,
in Fig. 6.9(c), the power outputs of all 10 WTGs are shown. It is evident that, upon the
occurrence of the DC fault, only the power of WTG 1 drops to zero, while the other WTGs
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continue to operate unaffected, demonstrating the ability of the proposed architecture to
isolate the faulted section without disrupting the operation of the healthy sections.
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Fig. 6.9 DC fault simulation results of the proposed S\ architecture: (a) DC currel
at the DGDC converter input side, (b) DC current at tirecontrolledrectifiers side, (c)
WTG DC powers.

6.6 Comparison

To further highlight the advantages of the proposedV8HParchitecture and its
control algorithms, CPVC and VPVC, a comparison is conducted with the conventional
parallel wind farms (RVF). The comparison is based on actual hourly wind speed data over
a full year in the Gulf of Mexic¢79]. The data covers a 5 km straight line, where 6 WTs are
spaced 1 km apart. The hourly wind speeds for the entire year at the 6 WTs are dhigwn in
6.10(a), while the wind speed difference between the two extremes is depi¢igdarilO(b).
It is clear that the wind speed differences can reach up to 8 m/s, though this is extremely rare;
the average speed difference between the two extremes is 0.3 m/s. In the analysis, the power

output from the WTs infVF is calculated using MPPT for each Wilhile for the proposed
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SIP-WF architecture, the control algorithms described earlier are used. The results of the
comparison are summarised irable 6.4. Notably, the proposed SIWF architecture
eliminates the need for a voltage boosting stage from thevditage (LV) level to the
mediumvoltage (MV) level, resulting in a significant reduction in the required LLC units.
Specifically, the proposed SN®F requires only 30 MW of LLC units, compared to 60 MW

in the RWF, leading to lower semiconductor losses, reduced initial costs, and a smaller
overall size and weight. The semiconductor losses percentages are calculated based on the

method in[68], with current waveforms obtained via simulation.

Although, logically, the annual energy generated by the WTs in-WhWé-Rs larger
than that from both control methods of tBE>-WF, the PWF has more conversion stages,
resulting in higher losses. Consequently, th&/IP generates lower net annual energy than
both of proposed SHWF control methods. Among these, the -SWF with VPVC method
comes in the first place of achievingethighest net annual energy generation, followed by
the SIRWF with CPVC method.

T T T T T T T T

AN
(=)
T

I A M
POWT W

1 2200 2210 2220 2230 2240 2250

| Timeyhr
| R s | "W
LI AL A i Y U | 1.
| TN UL e AT R T T AN | " N
| Tmi ) N .

ol Wy . % wy \ ,"‘ \,A;’, | | 1A LA 4
L F R e TP UY [Pl WU il

[

Wind Speeds, m/s
N
S

o
S ==

1000 2000 3000 4000 5000 6000 7000 8000

Time, hr
()
\U} T2 L L T T T T T
£ 8T T
Z 6r ‘ |
8
§ 4 i 2020 2210 2220 2230 2240 2250 ]
=
82 h
"20 .. _ . ! . P Ik A R AR %
-g 0 1000 2000 3000 4000 5000 6000 7000 8000
Time, hr
(b)

Fig. 6.10 (a) Wind speeds for the 6 WTs per WTG, and (b) the maximum wind speed
deviation among the WTG.
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Table6.4: SIP-WF and PWF comparison results

Topologies P-WF SIP-WF

_ (2x6+10) x10 =
No. of LLC converter units 10x10 = 100

220

Internal Transmission 0.65% 0.8%
Semiconductor Loss 7.2% 4%
Transformers Loss 2% 1%
Total Losses 9.85% 5.8%
Cost (pu) 1 0.5
Weight & Size (pu) 1 0.5
Control Variables ) ) w i
Annual Energygenerated (GWh, 95.444 93.987 94.9
Annual Energy los§GWh) 9.401 5.464 5.515
Annual Net EnergyGWh) 86.043 88.738 89.385

6. 7 Summary

A novel DC SeriedsolatedParallel wind farm (SIRVF) architecture has been
proposed in thihapter A detailed description of the SNRF architecture was provided,
along with a mathematical analysis of the associated converters. Two control algorithms were
developed for maximum power point tracking (MPPT) of the sewesiected wind turbines
(WTs) within each wind turbine group (WTG). The first control method adjusts only the
voltage of the DEDC converter, while the second method also adjusts the aitghes
(below the rated speed). The proposed architecture and its controllers were validated using a
MATLAB SIMULINK model of a 300 MW wind farm system. Additionally, a comparison
was carried out based on actual wind speed data for the two proposedtl algotithms of
the SIRWF architecture and the conventional parallel wind fardafP architectureSince
the proposed SHWF architecture usamcontrolledrectifiers instead of the first conversion
stage found in RVF, the initial cost, size, and weigbt the system are reduced by nearly
50%. Although, the RVF captures the highest annual energy, the\8FPwith its two
control methods generates higher net annual energy due to the reduced overall losses of the
proposed architecture. The SIWF with pitch angle control increases annual energy

generation by 3.88%. However, the frequent adjustment of pitch angles increases wear on the
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mechanical components. On the other hand, the\\iRwithout pitch angle control still

achieves a 3.13% increase in annual energy generation.

In conclusion, the proposed SWF architecture offers lower overall losses, reduced
initial cost, size, and volume, while also providing DC fdalticking capability for each

WTG. This makes it a promising candidate for futwied farm collection architectures
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Chapter 7

Conclusions

7.1 General Conclusions

This thesis has focused on advancing the power transmission capabilities of offshore
wind turbines, with a particular emphasisiorproving onshore HVDC converters and DC
collection systems to address the challenges of efficiency, reliability, andftaxgiveness.
Offshore wind energy integration demands innovative solutions to manage thgolngh
transmission over long distarec@hile maintaining system resilience against faults. This
work introduced and evaluated novel converter topologies and collection architectures,
demonstrating significant improvements in operational performance, fault tolerance, and
economic feasibilityThe findings contribute to enhancing the sustainability and scalability
of offshore wind energy systems.

In Chapter 3, the first onshore HVDfwerconverternamedthe Hybrid Thyristor
based Multilevel Converter (HTMC), was proposed. This converter utilizes antiparallel
thyristors in series with mixedell submodules (SMs). A detailed analysis of its normal
operation and DC fault response was conducted, and a falhpter design was developed
and validated using MATLAB simulations and a hardware experimental test rig. A
comparative study demonstrated that the HTMC achieves:

1 30% reduction in IGBT count compared to the next best topology.
T 30% lower conduction losses due to the use of thyristors.
T 19% cost reduction compared to lowest cost topology.

In Chapter 4, a second HVD@ower converter,namedthe Fast DC FaulBlocking
HTMC (F-HTMC), was introduced. This design adds antiparallel thyristors in parallel with
the upper SMs to provide faster DC fallbcking capability. Key findings include:

1 DC fault blocking within 1 ms, compared to 15 ms for the HTMC.
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T While the FHTMC has slightly higher IGBT count and losses than the HTMC, it
offers smooth DC current flow eliminating the need for additional DC filters,

resulting in reduced weight and volume.

Chapter 5 presented the third and final HVp&wver converter, the Power Group
Thyristorbased Multilevel Converter (REGMC), designed for HYDC power transmission.
This powerconverter employs parallel branches of bidirectional thyristors with all SMs to
form power groups. These thyristors provide a-taaduction path for current when the

power group generates zero voltage, thereby reducing conduction losseindegys
include:

1 A detailed analysis of normal operation and DC failgicking mechanisms, along
with control algorithms and parameter design.
T Validation through MATLAB simulations and hardware experiments.
T A comparative study with other power grebased converters revealed significant
performance improvements:
U 54% reduction in IGBT count.
0 15.61% lower conduction losses.
U 38.17% overall cost reduction.
1]

16.65% smaller volume and 14.95% lower weight compared tAAC.

In Chapter 6, a novel DC SerieolatedParallel Wind Farm (SHVF) architecture
was developed for offshore wind turbine DC power collection, incorporating DG fault
tolerance capability. This architectunéilises parallel groups okind turbines, with each
group comprising seriesonnected wind turbines interfaced througitontrolledrectifiers

and a groupevel DGDC converter. Key features and findings include:

1 A comprehensive description of the proposed architecture, supported by
mathematical analysis and two control strategies to achieve maximum power point
tracking (MPPT) for the wind turbine groups.

1 Validation using MATLAB simulations and real wind data spanning an entire year.

1 A comparative study with the traditional DC parallel wind farm architecture revealed:

U 50% reduction in initial cost, size, and weight of the collection system.

U An increase in annual energy generation by over 3% using the proposed

architecture.
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U The DCGDC converter isolate any faulted wind turbine group from the wind

farm achieving high reliability.

In summary this thesis has made significant strides in optimizing the design and
operation of HYDCzonverters and DC collection systems for offshore wind farms, achieving
improvements in cost, efficiency, size, and reliability. The proposed solutions address key
challenges in offshore HVDC transmission and DC collection systems, contributing to the
advancement of offshore wind energy integration.

7.2 Aut hordés contri butions

1 Proposed a hybrid thyristdrased multilevel converter (HTMC) with detailed
architecture, operational analysis, and parameter design. The proposed converter
demonstrated several notable advantages, including a significant reduction in
IGBT count, lower coduction losses, and a considerable cost savings compared

to existing topologies.

1 Introduced the fast DC fadltlocking HTMC (FHTMC), presenting its
architecture, faulblocking mechanism, and performance analysis. It achieved
rapid DC faultblocking within 1 ms and ensured smooth DC current flow,

eliminating the need for additional Cfters.

1 Designed the power group thyristoased multilevel converter (FGMC) with
innovative architecture and control algorithms, achieving a substantial reduction
in IGBT count, lower conduction losses, significant cost savings, and reductions

in both size anaveight.

1 Developed the seridsolatedparallel wind farm (SIRNF) architecture for
offshore wind turbines, incorporating DC fatdlerance and presenting detailed
mathematical modelling and control strategies. This architecture resulted in a
notable decrease initial cost, size, and weight, alongside an increase in annual

energy generation compared to traditional designs.
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T

Designed and implemented two control strategies for theABtRarchitecture to

ensure maximum power point tracking (MPPT) under varying conditions.

7.3 Future Work

T

Investigate unidirectional HVDC (AC to DC) converters specifically designed for
offshore wind energy power transmission and assess their performance against
conventional bidirectional HVDC topologies. This would include analysing their
operation and perfarance under realorld conditions, with a particular focus

on how they compare to the commonly used bidirectional converters in terms of
efficiency, power handling capacity, and operational stability. Such an
investigation would provide deeper insightsoithe potential advantages and
limitations of unidirectional systems, especially in terms of simplifying offshore
power transmission and reducing the complexity of bidirectional power flows.

Proposeunidirectional HVYDC converters that are optimized for offshore wind
farm AC collection systems, focusing on efficiency and-edfgictiveness. These
converters would be designed to optimize efficiency, reduce system costs, and
ensure reliable operation the dynamic environment of offshore wind farms.
Such proposals could involve the introduction of innovative converter topologies
that improve performance while minimizing both capital and operational
expenditures, specifically addressing the unique reaneings of offshore wind

power transmission.

Develop high, medium, and lowvoltage DGDC converters tailored for offshore
wind farm DC collection systems to ensure efficient power transmission to shore.
These converters would ensure efficient and stable power transmission to shore,

minimizing losse and managing voltage fluctuations over long distances

Design and optimize DOC converters for series and seqpagallel wind turbine
configurations to improve efficiency and reduce system co&isse converters
would be specifically optimized to handle the unique electrical characteristics and
load requirements of such configurations, aiming to reduce energy losses, enhance

power conversion efficiency, and lower the overall cost of the systesearch
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in this area could also consider how these converters can enhance system

resilience, particularly in fault conditions.

Propose innovative DC collection system architectures utilizing sev@sected

wind turbines to improve efficiency, reliability, and fault isolatiofhese
architectures would be designed to maximize system efficiency while ensuring
that the system remains highly reliable, even under fault conditions. Key features
could include advanced fault isolation techniques that prevent disruptions to the
entire collection system and novel control strategies to enhance overall

performance.
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Appendices

Appendix A: Experimental setup schematis

This appendix presents schematics of the main circuits used in the experimental setup.
The setup for the proposed topology in Chapter 3 is a-filvase, fivdevel system,
consisting of 12 halbridge submodules, 6 fduliridge submodules, 6 antiparallbitistors,
a controller, a DC power supply, 3 voltage sensors, and 6 current sensors. For the proposed

topology in Chapter 5, an additional 6 antiparallel thyristors were integrated into the system.

A.1 Half-Bridge Submodule

Fig. A.1 illustrates the schematic of two cascaded-Iwadfge submodules. The

primary components include:

2 Optocouplers 6N139
2 Gate Drives:IR2111
3 Isolated DGDC Converters: TME 1215S

T
T
T
1 2IGBTs: IRFP460
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Fig. A.1 Two half bridgesubmodules schematic

A.2 Full-Bridge Submodule

Fig. A.2 depicts the schematic of a flotidge submodule. The key components are:

1 2 Optocouplers:6N139

1 2 Gate Drives:IR2111

1 3Isolated DGDC Converters: TME 1215S (note that the connection points
differ from those in the halbridge submodule schematic)

1 41GBTs: IRFP460
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Fig. A.2 Full bridge submodule schematic
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