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Abstract

The increasing penetration of the wind energy hesulted in newly planned
installations of offshore wind turbines. In orderminimize installation, material and
transportation costs of the offshore wind powemnfdalarge multi-MW wind turbine
systems are being preferably employed and developaich allow high power
generation of each single unit. Nevertheless, &urihcrease in the power ratings of the
newly emerging turbines becomes a major concemte@lto the operating voltage
level.

In order to accommodate larger powers, presentlgl@yed low voltage (690 V)
systems already require multi-parallel convertat filter modules, which increase the
overall complexity.

In this thesis, a concept for the medium voltagadmurbine is examined and
evaluated, where voltage increase is dictated dydmoval of the step-up transformer.
As a result, an entire wind turbine electrical systoperates at 20 kV level - identical
as for the collector distribution network. Mediunoltage operation allows the
converter unit along with the filter to be installen the base platform inside the tower.
In this manner, more space in the nacelle can bebfy accommodated by the
mechanical parts.

Due to limited voltage level of the generator iagiadn system (15 kV) along with
the increasing grid integration requirements, sgda@re has been made over the search
for optimal full-scale power converter circuitryhigh additionally has to compensate
voltage differences between the generator-side andrid-side. Three converter
topologies with different conversion philosophies/é been introduced (A, B and C),
their performance examined and eventually compawéti the conventional low
voltage system. System A is a back-to-back MMC eot@r, which is commonly used
in HVYDC application. System B consists of the ganerside 2-level converter,
DC/DC boost unit and a grid-side NPC-3L converfgystem C is made of a series-
connected full-bridge cells on the generator-siahg, a grid-side NPC-5L converter.



The performance of the proposed topologies is aedlypoth under the normal and
fault operation. In normal operation, medium and lmltage converter topologies are
compared with regard to the efficiency and the ireguamount of silicon material in
the semiconductor switches. In fault operation, imaxn temporary ratings of the
collector feeder components are compared alsoifi@reht grounding schemes, which
impact is the result of the removed step-up tramnséo.

Finally, the ground fault detection scheme fordierecable system is proposed -
with the usage of current differential relay. Due lack of the galvanic separation
between the wind turbines and the feeder cableossgtcareful investigation for the
relay selective operation has been made, whiclndisshes ground faults located at
the wind turbine terminals from faults within theofected cables.

The obtained results from the computer simulatioshEMTDC/PSCAD software
show, that the best performance has been achigvittliransformer-less turbine with
a back-to-back modular multilevel converter (MMQ)pology, which is single
grounded only through its DC link common-mode polhthas also occurred that the
results derived from losses and short circuit essedyhave become advantageous over
the equivalent conventional system consisting of lmltage wind turbines equipped
with the step up transformer.



Acknowledgements

| would like to acknowledge my supervisors; Remusodorescu, Stig Munk-
Nielsen from Aalborg University, Pedro Rodrigueroth T February 2011 to 31
Sepember 2012) from Technical University of Cataprand to Vestas Reference
Group members; Lars Helle, Philip Carne Kjaer frefestas Wind Systems A/S for
their guidance, support, encouragement, and vauaiitributions throughout my PhD
study period.

| would also like to acknowledge all my friends ftahe Department of Energy
Technology (AAU) and members of the Vestas Powesglxmme for their co-
operation, guidance and careful assistance durin®ini period, especially during the
experimental work.

| would like also to acknowledge staff of the Depaent of Energy Technology and
the Doctoral School for their help throughout mywate study

Finally, 1 acknowledge that this doctorate studyswsupported by the Aalborg

University - Vestas Wind Systems partnership uitdeVestas Power Programme.



Table of Contents

High Voltage Power Converter for Large Wind Turling............ccccceeiveeeeennnnnnnnn. fewe
F Y 0] 1= (o TP P T PPPPPPPPR PP iii
ACKNOWIEAGEMENTS ...t et e e e e e e e e e e v
Table Of CONENES ... e vi
LiSt Of ADDIEVIALIONS......ciiurieieiieie e ettt s e X
L1 0= 1 (= SRR 12
INEFOTUCTION ... e 12
I 2 7= T 2o | {011 o SRR 12
1.2 Evolution of Offshore Wind Turbine Concepts - Togad Tomorrow........ 13
1.2.1 Grid INtegration ......cccceeeeiieiiiiccec e e e e e e e e e e e e e s nnnes 14
1.2.2 POWEN DENSILY ...oiiiiiiiiiieeiei e ettt e e e e e e e 15
1.3 Transformer-less Wind Turbine - Future Candidate................cocovvveeeenne 16
1.4 Thesis Motivation and ObjecCtiVeS...........ccooiiiiiiiiiiiiiiieeeeee e 7.1
1.5 Thesis Outline, Delimitations and General Remarks...........cccccoocviveeeenne 18
151 TheSiS OULINE ....ouviiiiiiiiiiiieee et 18
1.5.2 Project Modelling Limitations ............oooiimeiiiiiiiiiiieeeeeeeee e 19
1.5.3 General REMATKS .......cccoiiiiiiiiiiiiiii e e 20.
(O 0= (=] SRR 21
State-0f-the-Art REVIEW ..........cooiiiiiieeee e 21
2.1 Wind Turbine Design Challenges for Transformer-L@&g&ration ............... 21
2.1.1 Dynamic Voltage Sharing in Series-Connected IGBTs................... 21
2.1.2 Voltage Rate of Change dv/dt...............commmeeeiriemiiniiiiireirerreeeeeeeens 22
2.1.3 Common-Mode Voltages and Leakage Currents........c.ccccvvvvvveeenen. 23
2.1.4 Additional Inductance and Triplen Harmonic Injectio........................ 24

2.1.5 Saturation Effect, Overvoltage Protection and lasah Coordination.. 25
2.1.6 Short-Circuit ProteCtion.............oooiiiiimmreicieeee e, 52
2.1.7 Other CONCEINS .....cciiiieieiiiice e e e e e e e e e ee b 26

vi



2.2 Available Components for the Future Transformersl\88nd Turbines....... 27

2.2.1 Variable-Speed Generator...........cccuuuuuiiiieiiiiiieeeeeeea e e e e e e e 27
2.2.2 POWEE CONVEITEN ..ottt 28.
2.2.3  LC FIEI ettt e e e e e e e e e e 30
2.2.4 Medium Voltage Circuit Breaker.............coaieeriiiiiiiiiiiiiiiieeieaeeeeeeeeen 31
2.3 Medium Voltage Power Converter TOPOIOGIES .. cneeeeeriieiiiiiiiiiiiiieeeen. 32
2.3.1 Grid-Side CONVEISION .....cuvviiiieeiiiiiiemmee et e et e s e e 32
2.3.2 Generator-Side CONVEISION........ccieiiiuiumeeeriee e ettt e e e airree e e s 34
S T 1 4 0= 35
(O 0= 1 (=] S TSRS 37
SYSIEM DESCHPLON ... e e e e e e e e e e e e e e eaee s 37
1 R [ 011 £ To [ U T (o o I PSPPSR 37
3.1.1 General SYStem LayOUL............ooeiiueeet o s nnnnennvenseeeereeeaaeaeeeaaasenas 37
3.1.2 System A: Back-to-Back MMC............coooiiieeccciieeee e, 38
3.1.3 System B: DC/DC Boost Converter with Grid-Side NBIC-................ 39
3.1.4 System C: AC/AC Boost Converter with Grid-Side NBC................. 40
3.1.5 Solution Methodology for Estimation of RedundanBI% / Modules in
Systems A, B and C.....ouuiiiiiiiiiiieeie e 14
3.2 System A: Back-t0-Back MMC ..o 42
3.2 1 TOPOIOGY .. ittt a e e 42
3.2.2 COMPONENE SIZING 1oieeeeieeeieiiie ettt ee e e e e e e e e e e e e e e e e e e e aennnes 3.4
3.2.3 Sizing Considerations ...........ccccoeviiiiiiiiiiiieeeeeeeeeeeeeee e 4 4
3.2.4 Control ArchiteCture ...........ccccceeeeiiiiiieeece e 4D
3.2.5 CoNrol TUNING.c.ieiiieeeeee et e e e e e e e e e e naees 46
3.3 System B: DC/DC Boost Converter + Grid-Side NPC-3L.............cueeeeeee. 46
G0 T N o o o] o o | V28U EPUURRRRN 46
3.3.2 COmMPONENE SIZING 1ieeeeeeeeiiie it e e e e e e e e e e e s e e s e e seeeannnees 7.4
3.3.3  Sizing CoNSIAEratioNS .........ccceeeeeeiii i e e 8.4
3.3.4 Control ArChiteCtUre .......cccvvveiiii . A8,
3.3.5 CONrol TUNING...ieiieeeeee e e r e e e e e e e e e e e e e s e e s anennnene 49

Vii



3.4 System C: AC/AC Boost Converter + Grid-Side NPC:-5L..............eueeeeeee. 50

I R o] o o] (o o | V2P PUUPUURTRUPUPIN 50
3.4.2 COMPONENE SIZING 1oieeeeieieiieiie ittt e e e e e e e e e e e e e e e s e nenes 15
3.4.3 Sizing CoNnSIderations ..........ccoeeeiiiiiiiiiiieeeeee e 2.5
3.4.4 Control ArChiteCIUIe ..........occuviiiiiiiiieee e 52
3.4.5 CONrOl TUNING...coe ettt et a e e e e 53
3.5 System REF: Back-to-Back 2-Level Power Converter..............cccccuueeeee 54
3.6 Collector FEeder SYSIEIM .......uuuui ittt a e 55
3.6.1 AC CabBIES ..o 55
3.6.2  Substation TranSfOrMET..........ccoiviiiiiimcmmmnr e 56
3.6.3 TranSMISSION SYSIEIM .........uuurirriiierees e eeeeeeeeesessssesneneeerereneeeeeees 56
(O 0= 1 (= P EEERRRR 57
LOSSES ANGIYSIS ..ciiiieiiii i ettt e e e e e e e et e et aaaaaa e e e e e aanannann 57
A Vo1 1 0o L8 ot 1o o OSSR PRSI 57
4.2 Solution MethodolOgy ...ccvvevieeeee e 58
4.2.1 WOrKflOW DIagram .......coiiiiiiiiiiiiteeee e ee et e e e e e e e e e e e e e e e e e aaaennnnnes 58
4.2.2 System SPecifiCation ... 0.6
4.2.3 Input Parameters from Datasheets ..........ccccceeeiiiiiiiiiiiiiiiiiieeeee, 60
4.2.4 Input Parameters from the EMTDC/PSCAD Simulatians................. 61
4.2.5 Power Loss and Temperature EStimation ..... .o 62
4.2.6 Distributed Cells in the Generator-Side MMC Topglag.................... 65
4.3 Wind Turbines - Power Generation under Differenadlimg Conditions ...... 66
4.3.1 GENEratOr-SidE ......ccoicvvieiiieie it smmreee e 66
4.3.2  Grid-SIOE ..cvviiiiieiiieiiie ettt e 68
4.4 Qualitative Evaluation Assessment - Power Genearddistribution for Low
WINA SIEE .. 70
R [ o o1 | A 5 1 - 70
4.4.2 Data CONVEISION ...ccoirireiiiieeirieeesieessesree e e sinee e e e nreeennnee e 70.
4.4.3 Comparison RESUIS ..........coooiiiiieeet o s et ee e e e e e e aeaaeee s 17

viii



4.5 Quantitive Evaluation Assessment - Required Amadir8ilicon in Wind

Turbine POWETr CONVEIEIS ......ccovvire it et 2
(O 0= 1 (=] S TSRS 74
ShOrt CirCUIL ANGIYSIS ...ttt et e e e e e e e e e e e 74
5.1 INTrOAUCTION ...ceiiiiiiiieie ettt e e e 74
5.2 Solution Methodology .........ccccouuiiiiiiiiiiieeeii e 75
5.2.1 Time-Domain Modelling ..........ccooiiiiiiii oo 75
5.2.2 Phasor-Domain Modelling ... 76
5.3 DeSign CONSIIAINTS ....ociieeiiiiiie i iieeee e e e e e e e e 77
5.3.1 Grounding Conductor WIreS........cccocuuuiiuiieiiiiiieiieeieee e e e e e 77
5.3.2 CirCUIt Bre@KEIS .......ciciiiiiiiieie it cmmmmme et 79
5.4 Short-Circuit Analysis of a Single Wind Turbin@...........cccceooveviiiiiicinnnns 80
5.5 Short-Circuit Analysis of a Single Collector Feeder.................ooeeeecnnnnns 85
5.5.1 Utility Short Circuit Current Contribution....ceee..coveeveeeeeeiiiiiiiiicciinns 85
5.5.2 Wind Turbine Short Circuit Current Contribution............cccccoecvvvernee. 88
5.6 Comparison of Grounding SYStEMS .......ccevvieeeeeeiiiiiii e 91
5.6.1 Minimum Ratings of Circuit Breakers.........ccccceeeeeeeiiiiiiiiiicciiiiinnne, 91
5.6.2 Minimum Grounding Wire Thickness per Length.............cccuevveeeeeen. 91
5.7 Line Differential Current Fault Detection Scheme............ccccccvveiiiiiieenenn. 94
(01 0= T 0 (=] S G TP PPPPRRRPTP 97
Conclusions and FULUIE WOTK.............oo mmmmmrreieee ettt e e 97
6.1 CONCIUSIONS ...cceiiiitiiiiee ettt et e et e e e e e e e e 97
6.2 Novelty and ContribULtIONS ........cccuiiiiiiieeeee e 99
6.3 FULUIE WOTK ....eiiiiiiiiiiiie ettt 100
6.3.1 ECONOMICAl ASPECES......uuiiiiiiiiiiiiiiii ettt e e e e e e e 100
6.3.2 Collector Feeder Network Configurations.......ccccceeeeeeeeeiiiiiiiiicnnnnns 101
6.3.3 66 KV Feeder NEtWOrK..........cccoiiiiiiieeeereee e 101
6.3.4 Wind Turbine Primary and Feeder Back-up Protection.................. 101
(231 ][ToT [ r= o] )Y /Z% USSP 102



List of Abbreviations

2L

3L

5L

AC
ACI/AC
AC/DC
ANPC
B2B

C filter
CM
CTL
DC
DC/DC
EMTDC
PSCAD
FC

FFT
H-Cascaded
HVDC
IEC
IEEE
IEGT
IGBT
IGCT

- Two-level
- Three-level
- Five-level
- Alternating Current
- Alternating Current-to-Alternating Current
- Alternating Current-to-Direct Current
- Active Neutral Point Clamped
- Back-to-Back
- Capacitor filter
- Common-mode
- Cascaded Two Level
- Direct Current
- Direct Current-to-Direct Current
- Electromagnetic Transients with DC Anatysi
- Power Systems Computer Aided Design
- Flying Capacitor
- Fast Fourier Transform
- Cascaded H-Bridge
- High Voltage Direct Current
- International Electrotechnical Commission
- Institute of Electrical and Electronics kmegrs
- Injection-Enhanced Gate Transistor
- Isolated Gate Bipolar Transistor

- Integrated Gate Commutated Thyristor



L filter - Inductor filter

LV - Low voltage

MATLAB - Matrix laboratory

MMC - Modular Multilevel Converter

NESC - National Electrical Safety Code

NPC - Neutral Point Clamped

P - Proportional

PCC - Point of Common Coupling

PLL - Phase Lock Loop

Pl - Proportional and Integrated

PMSG - Permanent Magnet Synchronous Generator
PQ - Active power and reactive power

PS - Phase Shifted

PWM - Pulse Width Modulation

REF - Reference

RMS - Root Mean Squared

RWSG - Rotor Wound Synchronous Generator
SC - Short circuit

TSO - Transmission System Operator

XLPE - Cross-linked Polyethylene

ZCS - Zero Current Switched



Chapter 1

Introduction

1.1 Background

This chapter considers an option to revise pregevhilable electrical designs for
offshore wind turbines. This is primarily dictatéy growing commercial pressure,
which forces turbine manufacturers to go biggeteinms of size and weight of each
single turbine. An improved design relies on thebitne transformer-less operation,
where all the electrical components operate ainttreased voltage level.

According to Global Wind 2012 Report [1], a contius trend is observed in the
annual growth of the installed worldwide wind caipacBy the end of 2012, total
installed capacity reached 282.5 GW, which sassfieore than 3% of the global
electricity demand. Emerging new potential marlketsatin America, Eastern Europe,
Africa and Asia continue to keep highest growthesat gradually leading to
geographical diversification of the wind industievertheless, short term perspectives
for the wind market development are rather uncertas they still highly depend on
few major markets, i.e. China, Western Europe aadUnited States.

Figure 1.1 presents an annual market forecastdigmen 2012-2017 [1]. It is seen
that Europe may experience drop by 2.7 GW mainly ttupolicy uncertainty in the
European Union caused by the economical crisistiN@merica is likely to experience
drop in 2013 by the late extension of the Produciliax Credit, which has discouraged
potential investors from planning wind farm insadibns at that year. Asia is expected
to remain world largest market, with the highestrall growth potential in China.

Although overall wind market tends to cool dowrthie coming years, among many
available wind resources offshore wind keeps begapgnized as an attractive and
confident source of energy. Offshore wind turbihase important advantages, such as
less environmental constraints, higher wind speedsless turbulence [1]. As a result,
offshore wind sector has already shared about 2%ergéon in 2012 with 33%
increase from 2011, and keeps dynamically evolunginly within the northern
Europe (90% of the total offshore wind capacityowéver, offshore systems are
becoming an increased source of interest alsoharaegions: China, India, Taiwan,
Japan and South Korea have already drafted roads fmapoffshore wind power
development in their countries [2].

12
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Fig. 1.1. Predicted annual market forecast for wind turbiigs

Even though offshore wind turbines are getting naitention, there are some clear
challenges ahead in the future development of the@s. European Union ambitious
target set in the National Renewable Energy Actden to obtain 5.8 GW offshore
capacity by the end of 2012 is lagging by 14%, Wwhg the result of increased costs
made by installing turbines located further frone thore with higher waves and
deeper ground level conditions [1].

Similar technological problems will have to be fddey South Korea and Japan,
where deep water and harsh climate conditions gmlalem at even shorter distances
from the shore. As a consequence, increased temdinal efforts are currently made to
bring down the costs of the future offshore windbimes, which might be located
further from the shoreline.

1.2 Evolution of Offshore Wind Turbine Concepts - Today

and Tomorrow

Improvements within the offshore wind turbine captseare driven mainly by the
economics and availability of the wind energy. Hrig solutions for systems with
presently available devices are becoming too experisr the required increase of the
wind penetration particularly on distant offshoegions.

As a result, alternative concepts are requiredclviould substantially cut down
material, installation and foundation costs whiletlde same time extracting more
energy by operating at higher altitudes.

As shown in Figure 1.2, a technological trend hesnbobserved to increase power
capacity and reduce costs by constructing largel winbines. Increase of height may
allow high wind penetration in regions, which aret practically or economically
suited for the smaller turbines. Reduction in matercosts, installation costs,
foundation costs and space is also likely to beeaeld when one compares total
number of small turbines required to generate #mesamount of electrical power. It is
therefore expected that the trend will continue et turbines will keep growing in
terms of power ratings, which in near future wdach 10 MW or even higher values

3].
13
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Fig. 1.2. Single wind turbine growth in rated power capafitly

Among many technical aspects that introduce nevermi@ challenges for the
development of these large offshore wind turbinésutwo particular ones are of the
major importance with regard to the overall desigrithe turbine electrical system.
These are: grid integration and power density.

1.2.1 Grid Integration

Increasing share of the electricity production frevmd has already become a
major issue for wind turbine manufactures. Majorrkets, e.g. United States and
China are planning to increase their share accghdito 20% and 17% in 2030. In
some small countries e.g. Denmark, the wind enpegetration has already hit 30% of
the overall demand at the end of 2012. Governrhefdas are to increase its share up
to 50% by the end of 2030, and even up to 100%éyehd of 2050 [5].

Increasing wind energy share results in growingaaotpof wind turbines on the
stability of the whole transmission systems. Assuit, many countries have already
issued grid codes, specific requirements for imtenecting large wind power plants to
the grid. As transmission system operators wantnieimize costs by adapting the
existing network solutions, a growing contributimnstabilize the grid is passed over to
the wind turbine manufacturers, and the turbine ufesturers are expected to deliver
off-the-shelf products that comply with specifiarstiards.

It is therefore expected that most attractive winbine future candidate will be
universal, which means that it will provide highdkxibility and controllability in
generating wind power at any desired operating itiond Among the existing and
available solutions within wind turbine electricdésign, the highest controllability is
provided by its variable speed generator equippéd full-scale power converter [6].

The variable speed generator allows operating atr#ain speed range, which
increases wind turbine capability to extract a esamount of wind energy. Full-scale
power converter decouples generator operation fiteengrid operation via common

14
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DC link. In this manner, generator and grid cancbetrolled independently by each
converter unit, thus greatly simplifying and impimy the overall control architecture.
Finally, independent full control capability of theactive power is provided on the
grid-side, which is a major asset used for suppgriveak grids and during grid faults
[7].

As shown in Figure 1.3, two types of variable spgederator systems are currently
available on the market: The Permanent Magnet Sgnclus Generator (PMSG) [8]
and The Rotor Wound Synchronous Generator (RWSIGRW/SG requires additional
excitation power for the rotor windings, while iMBG rotor flux is generated directly
by means of the permanent magnets. In both casestép-up transformer is normally
used to increase turbine voltage to the feedeageltevel.

Gearbox Pgriey Qgria

chopper Step-up
Transformer

Variable-Speed
Generator

3 x blades

Fig. 1.3. Wind turbine equipped with full-scale power coneert schematic diagram.

1.2.2 Power Density

In order to fit all necessary components insidgydaoffshore turbines with the
minimum effort, special considerations should balenfor possible space savings and
optimal component stacking arrangements. In practinaterial, transportation and
installation costs should be further reduced toimimum, resulting in the lowest price
for the turbine on the market. From the perspecti¢he turbine internal electrical
system, this aspect primarily corresponds to thexatpng voltage level.

At present, offshore wind turbines operate at it low voltage: 0.69 kV, which
value has originated from onshore small turbineth iéwer safety regulations [9].
Nevertheless, as wind power increases its share tarsines become larger,
maintaining operation at 0.69 kV becomes highly esta@in due to necessity in
handling very large currents. Such currents areeeteg to cause significant thermal-
related issues, affecting especially reliabilitpoling system design and the required
amount of copper [10].

In order to keep a flexible stacking arrangemenetasonable size and complexity of
cooling system along with less amount of necessapper, a shift is likely to take

15



place towards higher voltage level, where currevitsbe reduced while maintaining
high power capacity of the single turbine. As aulgssome power converter
manufacturers have already developed systems atégnfrom medium voltage drive
applications specifically for wind turbines, andnsequently keep pressing wind
turbine industry to obtain space savings by indneashe turbine operating voltage
level up to 4.16 kV [11].

Apart from the existing products available from thedium voltage drive industry,
a promising alternative concept for wind turbinenufacturers slowly arises, which
may ultimately eliminate issues related with anemsive current flow and what is
more, reduce the necessary volume of the requitectrieal equipment per single
turbine.

1.3 Transformer-less Wind Turbine - Future Candidate

The level of optimal operating voltage for futurgrde wind turbines remains
uncertain. It is likely that the voltage needs ®ilicreased as the power increases, yet
it is still unknown to what degree. Higher voltageeans less problems with the
excessive currents. Therefore, a justified increasebe either to the level often seen in
medium drive industry (4.16 kV), or directly to tbellector grid level (12-66 kV).

The first option constrained by the presently aldé medium voltage drive
technology is a “safer” choice for the wind turbidesign. In other words, it allows
many existing solutions for the presently developddd turbines to be kept and
adapted according to the increased voltage leva@tage increase on the generator side
should not affect wind turbine operation and desgybstantially, as most new
phenomena and issues for the wind turbine can édigied from previous experiences
and observation of commonly used similar size madioltage variable-speed motors.
In this case however, problems related with theessiwe currents are not considered
solved, but only reduced to a certain degree.

Second option with voltage constrained solely ks ¢bllector grid not only adds
original and unknown phenomena to the wind turboperation, but also affects
internal design of all turbine electrical comporsenAs a result, more advanced
insulation and fault management systems need tampé&mented along with strict
safety measures for the maintenance work. On ther dtand, power density concerns
are of the less concern, especially related teeRoessive thickness and number of the
required bus-bars and cables. This is due to thdtieg currents, which for operation
at 20 kV level will become 20 times lower than le tequivalent 0.69 kV systems, thus
reducing the conduction losses significantly. Femthore, turbine voltage with
collector feeder voltage allows removal of the lyutitep-up transformer, which is a
critical component in the existing systems and antofor approximately 2-3 t and 3-4
m® respectively per MVA [12].

16



Chapter 1 Introduction

Even though immature, transformer-less concepeining increasingly popular
also within high power drive technologies. Incregsinterest has been particularly
caused in 2012 with the recent development of tbdutar medium-voltage converter
by Siemens AG, which an integral part constitutesl wnown in Europe modular
multilevel converter concept invented by R. Marqiigt 3].

In 2013 together with the Technical University aeBden and the University of the
Federal Armed Forces in Munich, Siemens AG cardetla pioneer research project
entitled “Medium-voltage converters based on a hgwe of circuit technology (M2C)
for feeding electrical energy into power grids”, evd a medium-voltage converter
based on a modular structure is designed spedyfiftal offshore wind turbines and put
into practice that manages for the first time withcadditional line filters or
transformers [14].

1.4 Thesis Motivation and Objectives

Transformer-less wind turbine concept provides s@nuenising opportunities for
the optimal arrangement of the electrical partairgé offshore wind turbines. Lack of
transformer, low cooling system requirements archiehtion of the multi-parallel
cabling are the main assets that will likely maxdeniavailable space, thus reducing
overall cost of the turbine. Nevertheless, littiéestific research has yet been done in
this area, which implies that the proposed philbsap novel and uncertain in terms of
the reliable operation and the overall cost savings

This project aims at demonstrating opportunities aml challenges of the future
medium voltage transformer-less wind turbines by aswering following questions:

» How the removal of the step-up transformer affeatsnd turbine operation and
components design?

* What are the existing solutions that can be adapfedthe transformer-less wind
turbine?

» Is the transformer-less concept a promising opponity for future offshore wind
power plants?

The assessment is conducted with chosen aspectedeto feasibility and
economical issues with special regard to full-spaleer converter design.

Feasibility studies include defining technical grests and challenges for medium
voltage transformer-less wind turbines (e.g. supgetection, grounding methods)
along with the search and assessment of the optioaponents available on the
market and in the literature, which are requiredtfi turbine electrical system. In the
last part, overview is made of the existing gridles and standards related to the wind
turbine grounding and fault operation. In this mamrexisting restrictions for wind
turbine transformer-less operation are highliglted discussed.
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Economical assessment includes comparison of thiferent transformer-less
wind turbine concepts with the conventional lowtagke wind turbine equipped with a
step-up transformer. A comparative assessmentrisrpged by means of the steady
state losses analysis. Required momentary ratiolgghé medium voltage equipment
are compared with regard to the applied groundirgghod by means of the short
circuit analysis. Obtained results from both stedges are meant to highlight the in-
service performance of the proposed wind turbimalickates.

1.5 Thesis Outline, Delimitations and General Remarks

Following project is organized in accordance todhéine presented below. Scope
of delimitations is described starting from the teys description. General remarks
include usage of simulation tools and modellindhteques.

1.5.1 Thesis Outline

Chapter 2: “State-of-the-Art Review”

Chapter compiles existing knowledge directly ralateith feasibility for the
medium voltage transformer-less wind turbine impmatation and design. First part
includes a list and description of possible newnameena and challenges that appear
when shift is made towards medium voltage level.

Second part lists and describes design differeatése main components used for
conventional low voltage turbines with the onesuregd for their medium voltage
equivalent. Final part concludes findings by prapgs3 wind turbine circuitry
candidates, varying with regard to the applied pavemversion philosophies.

Chapter 3: “System Description”

Chapter describes and specifies modelled colldetter network and wind turbine
topologies for further evaluation. Models consitwind turbines, AC cable sections,
substation transformer and grid. The wind turbinedei includes generator, three
medium voltage full-scale power converter circesri(A, B and C) and LC filters on
both sides.

Chapter 4: “Losses Analysis”

Chapter presents input data and methods usedddoskes analysis, along with the
obtained results for each wind turbine model. Irgath is wind turbine power mission
profile at low wind site, while the final resultseacompiled into weighted efficiency
for each converter candidate.

Chapter 5: “Short Circuit Analysis”

Chapter presents results of the maximum short iticzurents measured for each
system under different grounding modes. Line-tadgrb faults are stimulated across
AC cable terminals. Experimentally validated linffedential relay model is used for
fault detection. Converter block operation is erdblia IGBT over-current protection.
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Chapter 1 Introduction

Chapter ends with a comparison of the required covapt momentary ratings for each
system.

Chapter 6: “Conclusions, Future Work”

Chapter summarizes the current potential and futnospects of the transformer-

less wind turbines with regard to the performedigtaases and lists alternative areas
for possible research.

1.5.2 Project Modelling Limitations

Wind power plant aggregated modelling- analyzed complete system includes 5
parallel feeders - each interconnecting 10 winditgs in a chain mode. For the
losses analysis, only a single wind turbine is éxanh assuming that the generated
power losses in all remaining turbines are idehtiEar the short-circuit analysis,
an equivalent detailed wind turbine model is usely to create an aggregated short
circuit model made by the symmetrical sequenceeotirsources. In a similar
manner, the single feeder modelled in detail cémsiE 10 wind turbine aggregated
models interconnected via cable Pl sections, wisette& short circuit contribution
of the remaining 4 feeders is represented by a stnital sequence current source.

Power electronics devices in the losses analysis, power losses are catalilatly
for the semiconductor switches. Press-pack 4500 340 A devices [59] are
employed for all analyzed grid-side medium voltagmver converter topologies.
Derived switching loss formulas have been validargerimentally at 1000 V. In
case of the generator-side topologies which reqlifferent device current ratings,
power loss estimator scales input collector cugdnt the number of chips in
accordance to the examined 340 A press-pack madigth normally consists of 6
IGBT and 3 diode dies.

Equipment temporary ratings - in the short-circuit analysis, only grounding
conductor wire and circuit breakers are rated agdault conditions. In the case of
ground wires, temporary ratings are based soleltherrated short-time withstand
current (1 s). In the case of circuit breakers,perary ratings are based solely on
the rated maximum short circuit breaking current.

No frequency control - the theta reference for the ABC/dq transformation is
generated manually with the saw-tooth signal gaoereoupled with the pre-set
nominal frequency value for the generator and ggigpectively - each represented
by a Thevenin voltage source. In this manner, teednfor a PLL controller is

avoided in the converter control scheme.

Generator and grid represented as a 3-phase Thevenvoltage source- in order

to include zero-sequence component variations actbe generator windings,
generator steady-state operation is modelled wetaeconnected 3-phase voltage
sources and zero-sequence impedance.
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Ideal transformers and sensors- the saturation effect of the substation
transformer is neglected for any case derived fifoershort circuit analysis. Current
and voltage sensors used to determine the instmtansignal values for the
control and fault detection schemes are ideal sease that they provide non-
distorted and non-delayed input signals.

Ideal semiconductor valves the IGBT and anti-parallel diode valves conaigtof
series-connected devices allow equal voltage sattis act as ideal switches.

Carrier based PS-PWM modulation for each multilevel topology - all
topologies have been investigated and compared thighPS-PWM modulation
technique.

No cost-benefit analysis only some technical aspects related to cost Ieen
compared of the wind power plant designs with thedformer-less wind turbines,
i.e. efficiency, required amount of silicon, reqdramount of copper for grounding
wire and circuit breaker ratings. However, no singherit has been developed,
which combines all examined aspects, and comphess by means of the resulting
cost.

1.5.3 General Remarks
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All  simulation cases in time domain have been peréd with the
EMTDC/PSCAD software. This includes power convertardware circuitries,
controller blocks and relay models.

MMC hardware components in system A have been sizedrding to the generic
HVDC sizing tool in an Excel spreadsheet with tkeliional usage of the Visual
Basic toolbox (Appendix D).

The power losses estimator for the semiconducteicds has been created in an
Excel spreadsheet with the additional usage of \flmial Basic toolbox and
validated experimentally (Appendix E).

The EMTDC/PSCAD relay model has been validated emxpmtally (Appendix
G).

Mathematical formulas for the curve fitting haveebeobtained from theftool
module available in the MATLAB software.

The PI controller tuning is made in tlsésotool module available in MATLAB.
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Chapter 2
State-of-the-Art Review

2.1 Wind Turbine Design Challenges for Transformer-Less

Operation

2.1.1 Dynamic Voltage Sharing in Series-Connected IGBTs

Nowadays, employed 2-level 690 V power convertetgiire 1700 V IGBTSs to be
connected in parallel, rather than in series [Hodwever, due to the limited voltage
ratings of the available IGBTs (up to 6.5 kV [15¥ries-connected valves have to be
formed in order to properly operate at higher Dtk oltage. Each valve requires the
overall DC link voltage to be divided equally amaihg series-connected IGBTSs. If a
rapid over-voltage resulting from voltage unbalargpears on a single device, an
insulation breakdown may lead to its destructiod iscreased voltage share among the
rest of IGBTs [16].

Figure 2.1 presents an example of the typical vadgerporating 4 series connected
IGBTs, where eventual failure of 3 IGBTs resultsfull DC voltage imposed on the
last remaining device. In order to maintain condiasi operation, failed IGBTs must be
either shorted externally, or provide short-cirdaiture mode.

As power converters operate at unpredictable viribdading conditions dictated
by wind energy fluctuations, it becomes a complssué to design a reliable and
efficient voltage equalization scheme for the dyitastates, which would consist of
snubber and gate driver circuits. Existing soludighat might be adapted for wind
turbines include Active Gate Control [17] from meali voltage drive applications,
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redundant press-pack IGBTs [18] from HVDC applicas, or multilevel converter

topologies from the literature.
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Fig. 2.1. Increased voltage sharing of the series-conne@&d$ in a single valve.

2.1.2 Voltage Rate of Change dv/dt

Switching operation of power converters resultshigh dv/dt voltage pulses
imposed on the generator, series reactor and dabldation systems. In the low
voltage area up to 1 kV, the dv/dt pulses are bafew 16,000 \iis level provided in
NEMA MG-1 standard. In medium voltage area, thedtpulses exceeding this level
are expected as well as insulation materials witbhdr permittivity. Higher
permittivity means in general larger stray capaiés, which will be subjected to the
increased dv/dt pulses. As shown in Figure 2.2ysturrents are likely to flow through
insulation materials, causing its accelerated adingto thermal stress [20].

Degradation of insulation material may also origgndrom breaking chemical
bonds due to partial discharge effect caused bymdagration. Existing air gaps and
voids within insulation systems will create numesowuoltage sparks due limited
electric strength of the ality;. It is already known from medium voltage drivetsyss,
that the bombardment of electrons from sparks dlgrthe insulation material
properties [20].

i=C— Eqir < Einsuiatic
converter terminal voltage ] A dv ot a nsulation
—I Dl I\ et stray currents partial discharges
I\

insulation layer

conductive layer

_|

Fig. 2.2. Accelerated aging of the insulation material dudwlt pulses
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In order to assure reliable operation of the eieaitrmachines, IEC 60034-18-41
standard [21] defines form-wound coil machine streategories with regard to the
imposed dv/dt rate. dv/dt impact is defined by ¢hfeatures of the voltage impulse:
frequency, overshoot and rise time. Table 2.1 likts defined parameter ranges
according to stress category.

Table 2.1. Classification of stress categories for form-wognd windings [21].

Impulse Voltage Voltage Impulse Rise Time, t [ps]
Stress Category | Repetition Rate Overshoot With Stress Without Stress
[kHZ] (Vpear!Vphasd Grading Grading
Benign <1 <1.2 >10 >1
Moderate <4 <15 1=t=>1 t>0.3
Severe >4 >15 Machines are not e_lvallable to this
qualification

Benign stress category for the medium voltage fammand machines can be
achieved by means of the multilevel converter togigs, which allow operation at the
decreased voltage overshoot and impulse rise times.

2.1.3 Common-Mode Voltages and Leakage Currents

In this work, common-mode voltages and leakageetsrare considered as steady
state zero sequence components, which are genehageid switching operation of the
power converter, as shown in Figure 2.3a. In cotiwral low voltage wind turbines
equipped with a step-up transformer, the low-vategjde of the transformer is
normally grounded for ground fault detection, safetd in order to provide reference
for the control system [22].

In transformer-less wind turbines, removal of ttepsup transformer eliminates the
ground source along with the zero sequence decaupktween the wind turbine and
collector feeder network. As a result, common-mudkages change not only due to
the increased voltage level, but also depend orapipdied grounding system over the
entire collector feeder network.

a)

I

Fig. 2.3. CM voltage between neutral points (left); 4-limlaceor core design (right).
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In practice, problems associated with common-modkage relate to increased
ground insulation requirements of the main circadmponents, while problems
associated with leakage currents relate to incteag®und temperature, limited
sensitivity for ground fault detection and spedifig: DC link capacitor voltage
unbalance when zero-sequence current path is fothmedgh the converter common-
mode points [23].

Zero sequence components in collector feeder camitienized by:
e grounding of characteristic points through derigpécific impedance values,
« 0-sequence filtering with 4-limb reactors (tripl@geq. magnetic flux - Fig. 2.3b) [24],
« algorithms applied through converter control andimation schemes [25],
< implementing converter topologies with very highmher of levels.

2.1.4 Additional Inductance and Triplen Harmonic Injection

Step-up transformer provides additional series ¢tahce for the required current
filtering at the grid terminals. In transformerdesurbines with a similar power
converter switching performance, this may resuln@ed for larger series reactor in
order to provide an equivalent filtering effect.

Apart from providing the additional inductance, diturbine transformers with a
Y-A winding arrangement shown in Figure 2.4 preveipian harmonic distortions
from entering into the collector feeder system.sTisi achieved by natural 3phase
shift between voltages induced in Wye-windings Bietta-windings [26].
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I
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4

trapped triplen harmonic currents

Fig. 2.4. Transformer circulating triplen current harmonicgelta windings.

Delta-winding blocks triplen harmonic componentdjich normally circulate in
Delta-winding, with all its consequences (i.e. @ased eddy current losses).

Due to the lack of transformer, it is expected ttigtlen harmonic currents and
voltages will enter into the collector feeder inf@m of parasitic zero sequence
components (common-mode voltages and leakage ¢s)yren
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2.1.5 Saturation Effect, Overvoltage Protection and Insudtion

Coordination

Under normal operation, saturation effect is comsd harmful due to substantial
decrease of the inductance, which generates hedigtprted waveforms that create
additional losses and worsen power quality. Althoudgr the same reason, under
abnormal conditions saturation often protects glmdtcomponents on low voltage side
of the wind turbine against transient voltage spikeming from the grid, for example
caused by lightning strike or switching operatiothe substation terminal [22].

Figure 2.5 shows conventional wind turbines witlo tinon-core components that
are located at the grid-side: series reactor agwhgp transformer. Series reactor cores
are designed with air gaps in order to store aeranount of energy within the gap,
which reduces the rate of rise of the magnetizing ind prevents from saturation
[27]. On the other hand, transformer cores aregdesi without air gaps for energy
transfer purpose, which results in narrow hysteresirve and rapid saturation under
induced transient voltage spikes. In this manneoydinated insulation is provided as
only collector cables and transformer medium vatagndings will be subjected to the
switching transients.

The lack of the transformer will result in voltaggikes coming from the grid to be
distributed directly across insulation systems bé& twind turbine components.
Insulation coordination studies are therefore neggliin search for the reliable and cost-
efficient insulation systems provided with minimewst effort.

This includes mainly search for minimum requiredhavturbine equipment voltage
withstand levels, surge arrester sizing and posiim

‘4 1.3 - "4 T T

i T

wide B-H curve allows entering voltage spikes

narrow B-H curve prevents entering voltage spikes

Fig. 2.5. B-H curves for step-up transformer (left) and Iieactor (right).

2.1.6 Short-Circuit Protection

Medium voltage wind turbine components need speamakideration for fast and
reliable protection against excessive momentaryrtstircuit currents, which
unprotected will lead to rapid overheat and desimacof the equipment. The critical
components of concern for the internal faults generator, DC link capacitors, series
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reactors and AC cables. Critical fault locationg the simplified system with
contributions coming from a single wind turbine andrid are shown in Figure 2.6.

It appears that medium voltage operation and lackeoo-sequence decoupling
originally provided by the transformer may requirew search for an optimal fault
management within the entire collector feeder laydinis includes: fault detection
methods, coordinated control methods for mitigatfaglts, grounding methods and
sizing of the wind turbine components in order fthatand fault conditions.

DC link capacitors

13 3 ﬁ} i ﬁ} 13 3

series reactor

AC cable

Fig. 2.6. Possible fault locations in the transformer-lessdaturbine.

2.1.7 Other Concerns
Apart from the discussed, specific issues that Ishioa investigated are:

a. Safety

Wind turbine transformer-less operation and grocmapling requires special safety
equipment and procedures, so that transformemess turbines working on the same
feeder string will not generate any dangerous giquotential to the personnel on the
particular turbine [29].

b. Humidity

Wind turbine components located distant from thershare likely to experience
insulation accelerated aging due to moisture effbsorbed moisture by insulation
material can result in degrading the insulationamat characteristics, such as tensile
strength, dielectric strength or thermal conduttivT his is typically caused by induced
sparks across insulation material creepage paih [30

c. Compliance with National Grid Codes and IEEE/NESC $&ndards

Removal of the step-up transformer affects not aadynponents design, but also
the entire grounding system of the collector fegadwork. Grounding of the collector
network is a concern both for transmission systgmarators TSOs and presently
available NESC safety codes.

Some TSOs in their grid codes require ground soatcéhe PCC in order to
maintain non-disturbed ground fault detection soberfor the grid. It means that the
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substation transformer must have isolated 0-segueircuit and provide grounded
neutral at its high voltage terminals [31].

On the other hand, IEEE/NESC safety rules applurtderground cable neutrals
grounding. Normally, “four-grounds each mile” rufeile 096C) is required for cable
grounding, including solid grounding at both sid&kis rule assumes that the cable
shield is connected from one side to the low-vatagutral of the wind turbine step-up
transformer [32].

Lack of the transformer forces to make a new imgggtion on the interconnection
between wind turbine and cable neutral. Differesrhbinations of such connection are
possible, as there are 2 natural grounding powasiable: generator neutral point and
power converter common-mode point.

2.2 Available Components for the Future Transformer-Les
Wind Turbines

The general circuit diagram for the proposed tramsér-less wind turbine
hardware design is shown in Figure 2.7. It prestm@gequired main circuit elements:
variable-speed synchronous generator, generater-s@ filter, full-scale power
converter, grid-side LC filter and medium voltagegit breaker.

GENERATOR LC FILTER

O A
POWER CIRCUIT
converter [] LCFILTER BREAKER o8

Fig. 2.7. Transformer-less wind turbine electrical hardwageign.

2.2.1 Variable-Speed Generator

There are 4 stator winding design concepts, whifferdaccording to the required
voltage and power rate of the specific applicatibigure 2.8 presents generator
winding designs for specific voltage and power Iswvailable in industry. Commonly
utilized generator stator winding designs are:

* Randomwound coils integrated design is preferred for low voltag@/pomachines [19].
e Form-wound coils modular design is preferred for medium voltagefomachines [19].
e XLPE cables,recently developed for high voltage/power mach{i3&s.

¢ Roebel bars commonly used for very high power machines [19].
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Low Power

High Power
/—| Medium Power

Very High Power

Random-Wound Coils Form-Wound Coils XLPE Cables Roebel Bars
Voltage range: 0.69 - 0.9 kV Voltage range: 0.69 - 15 kV Voltage range: 15-70KkV Voltage range: 20 - 33 kV
Power range: 0.3 -1MW Power range: 1-20MW Power range: 5-50 MW Power range: >100 MW
Applications: Applications: Applications: Applications:

LV Wind Turbines, Hydro Generators, Hydro Generators, Large Turbo Generators
LV Motors, Small Turbo Generators, Turbo Generators,
Pumps MV Motors HV Motors

Low Voltage Medium Voltage High Voltage

Fig. 2.8. Generator insulation systems for different voltagewer ratings.

2.2.2 Power Converter

In this section, different voltage source powervaoter systems are examined, in
which generator-side control is decoupled from ghie-side control. Search for new
power converter designs is dictated by means ofithiéed voltage capability of the
presently available semiconductor switches, alorith the voltage sharing issues
described in 2.1.1.

a. Semiconductor Switches

Table 2.2 lists and compares presently availabfei®ductor active switches,
suitable for voltage-source power converters.

At present, 4 types of self-commutated switchingicks can be used:

« IGBT (Insulated Gate Bipolar Transistor), a hybrid device with high input impedance
and wide SOA. Voltage gate drive performance presitligh switching frequency with
low losses.

e IEGT (Injected Enhanced Gate Transistor) improved through manufacturing IGBTs
with low saturation voltage, characteristic of B€0O thyristors.

e IGCT (Integrated Gate Commutated Thyristor), small positive gate signal turns on
positive current, and integrated gate wrapped ata@vice turns off the positive current.
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Table 2.2. Comparison of the semiconductor devices: IGBT @CT vs. IEGT [34].

Comparison Area IGBT IEGT IGCT
Efficiency High High Medium / High
Gate Current <1A <15A 4000 A
Gate Control Signal Voltage Voltage Current
Gate Control Component Low Low High
Count
Voltage Rating 6500 V 4500 V 6500 V
Current Rating 3600 A 4000 A 4000 A
Switching Speed High / Medium High / Medium Medium
Mounting Press Pack / Module  Press Pack / Module esdPack
Manufacturers ABB, Westcode, Toshiba ABB

Infineon, Dynex

b. DC Link Capacitor

In low voltage wind turbines, aluminium electrotyttapacitors are often used with
DC link due to their low cost and relatively higheegy density in comparison to other
types of capacitors. This type of capacitors isdatp to 600 V DC.

In the transformer-less future concepts with polg@ale DC voltages starting from
12 kV, a capacitor voltage rating should to be afch higher value in order to
minimize cost, size and losses. In other wordss itlesirable that less number of
capacitors will need to be connected in seriesriteioto maintain desired DC voltage
level.

An interesting alternative to the electrolytic dgsiprovides film capacitor, which
shows much better performance in terms of handiengsient over-voltages.

At present, two film designs are available on tterkat for medium voltage operation:

< Impregnated film capacitors - conventional design with metal foil electrodes sefsl
by the insulating film [35].

e Dry metalized film capacitors - recently developed design with electrodes made of
metalized polypropylene film, directly evaporatedminsulation film [36].

Figure 2.9 shows main difference between dry andrégnated design, which
results in different method for internal short-citgorotection and capacitor lifetime.
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Fig. 2.9. Short circuit protection: a) conventional impregmthtcapacitor; b) dry
capacitor.

Conventional impregnated capacitors consist of iplaltsmall capacitor units
divided into sections, which are often connectedHiarrangement. In this manner,
sections are balanced with respect to the iniglacitance. If a single capacitor unit
fails somewhere in the assembly, this will leadht® measurable imbalance in currents
and voltages. All units are protected by individdakes and interconnected to
discharge resistor units for each section [36].

Dry capacitors on the other hand have structuraitggrated both discharge
resistors and fuse gates. Capacitor units are rmtegrated in form of rectangular
blocks, which are chemically doped with specialisteee material that acts as a
discharge resistor in case of a single unit faillmstead of the conventional fuses, fuse
gates are introduced, which are simply made bydntenecting capacitor units in the
edges. In case of a voltage breakdown, edge ctanawnelts down and only micro-
capacitor unit remains isolated and dischargeds Théchanism is known as self-
healing effect [37].

Due to the self-healing effect, metalized film ceipars practically eliminate series-
connected capacitor voltage sharing issues whil@taiaing the maximum amount of
the capacitance from the healthy parts. In thismagnpower converter can operate in
the long term with the maximum allowable DC voltagmple.

2.2.3 LC Filter

LC filters provide reactive power compensation aognfrom the inductive series-
connected components and harmonic filtering opamatiith relatively high efficiency,
as they take advantage of the resonance phenoméndhe analyzed system, it is
assumed that the LC filters are installed on bethegator- and grid-side terminals.
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a. Series Reactorg Design

Due to the absence of the sigp transformer in wind turbine topology, series
reactor is subjected to dangerous transients, onguespecially from the collection
site. It is therefore important to properly examara search for the optimal winding
system design, so that risk of a failure can beuced to the satisfactory level.
Similarly to the generator stator core, reacton icore is expected to be solid grounded
for safety reasons and in order to minimize eddyesu and hysteresis losses.

In common practice for iron-core reactors, two eléint coil designs are being
applied for high power filter inductors:

e Layer-wound coils (low voltage) -coils are wound on an insulating cylinder with
aluminium or copper foil conductor, commonly utdiz up to 0.69 kV [38].

« Disc-wound coils(medium voltage) -coils are made of conductive and rectangular copper
turn-wires in form of discs, utilized from 12 kV to 44/K39].
In industry, disc-wound coils are commonly useddpplications up to 44 kV level.

In order to avoid saturation effect, reactors ufsechigher voltages need more space
and are made of air-core, instead of iron-core @mbist of copper winding wound
around and supported by steel (e.g. aluminium)ctira. The support structure is
typically floated at line potential with post inatbrs to minimize insulation
requirements and cost [40].

b. Shunt Capacitor Cr Design

Suggested shunt capacitor design is similar td@dink film capacitor design, so
that over-voltage transients can be handled as agefpossible. Due to AC filtering
rather than DC energy storage requirement, sulistigriess capacitance is needed. On
the other hand, AC current will normally flow thigluthe capacitors, so that provided
RMS current rating is essential for the shunt capaselection. Finally, higher voltage
rating requires higher creepage distance betweeactar terminals and grounded
steel case.

2.2.4 Medium Voltage Circuit Breaker

Low voltage wind turbines are in general equippétth wircuit breakers on the low-
voltage side of the step-up transformer. Due to lmiMage recovery requirements,
short-circuit currents are interrupted with a minm required energy provided
sufficiently by the air-insulated breakers. Low tagle operation also allows entire
over-current fault detection scheme to be enclegigun the breaker case. Along with
grounding source available from the transformeny lgoltage breaker provides
relatively simple short-circuit protection of tha'lbine [41].

When moving to the medium voltage level with no wrding source available,
short circuit protection scheme becomes more stipaiisd. Available circuit breakers
for nominal voltages up to 66 kV are more expensiveé complex. Detailed protection
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scheme with the external current and voltage sserisaequired for voltages above 18
kV, which can detect fault at the specified gromgdof the entire feeder network.

From the mid 1960s [42], two most promising cantidahave gained wide
acceptance on the market for medium and high welggplications due their superior
performances. These are:

¢ Vacuum circuit breaker, where vacuum space is used as an extinguishingimgd3].

e SFs (sulphur hexafluoride) circuit breaker, in which pressurized 3Fjas is used as an
extinguishing medium [44].

Necessary features for circuit breakers includest faperation, fast recovery,
simplicity, compact design, reliability and low ¢oA general comparison with regard
to mentioned merits for the described two breakpes is presented in Table 2.3
below.

Table 2.3. Comparison of medium voltage indoor circuit brealds]

Comparison Area SF6 Breaker Vacuum Breaker
Voltage Ratings 12 kv /40.5 kv
Current Ratings 400 A /3600 A
Size Better Worse
Cost Better Worse
Environmental Impact WorSe Better
Safety Worse Better
Simplicity Worse Better
Reliability Worse Better
Life Cycle Worse Better
Resistance recovery Worse Better

Sk is one of the most serious greenhouse gases.

2.3 Medium Voltage Power Converter Topologies

2.3.1 Grid-Side Conversion

According to Figure 2.10, a search for optimal ggide power converter circuitry
in the transformer-less wind turbines has been dmnehe analysis of the existing
solutions in two characteristic areas in terms @fvgr and voltage ratingdledium
Voltage/Power AreaandHigh Voltage/Power Area
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In both areas, multilevel conversion concepts aw®tired due to lower distortions
and less filtering requirements.

»
>

High Voltage /Power Area

—
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2 Voltage range: 10- 220 kV
8 Power range: 7- 1000 MW
o) = Reliability Applications: HVDC, SVC
T . i Topologies: MMC-HB, MMC-FB,

Modularity ]

5 = Safety VAL | e———

g * Redundancy Power Converter

o Voltage range: 12- 66 kV

g Power range: 10-50 MW
? Application: Wind Turbine

= Topology: ?

. = Efficiency

= Medium Voltage/Power Area .

q;J = Size

Voltage range: 0.69- 6.6 kV .

o = Weight

o Power range: 0.3- 30 MW

E Applications: High Power Drives * Cost

Topologies: NPC, FC, ANPC
Medium Voltage High Voltage

Fig. 2.10. Power converter topologies for different voltagmiver ratings.
a. Medium Voltage Area

It consists of topologies available for high powmotor drives with voltage
conversion up to 5 levels. Primarily optimized reeiinclude: cost, size, losses, and
number of components. The main difference betweisnudsed topologies is the
utilized voltage clamping/sharing device. These are

« for NPC - series-connected diodes.
- for FC - series-connected capacitors.
» for ANPC - series connected IGBTSs.

From the medium voltage area, NPC [46] topology besn chosen among the FC
[47] and ANPC [46]. Using diodes as clamping desidestead of capacitors and
IGBTSs is seen as more compact, reliable and chesabetion.

Dynamic and static voltage sharing issues withesetbnnected IGBTs have been
already highlighted in section 2.2.1.

b. High Voltage Area

It consists of topologies available and utilizedimhafor the HVDC systems with
voltage conversion of the desired humber of leveignarily optimized merits include:
modularity, reliability and safety. The main diffeice between the discussed
topologies is the structure of a single modulal. ddlese are:
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 for MMC-HB - low voltage half-bridges with 2 IGBTs and a seghpacitor.
» for MMC-FB - low voltage full-bridges with 4 IGBTs and a siaglapacitor.

» for MMC-CTL - medium voltage half bridges with 2 valves ofiegiconnected
IGBTs and series-connected capacitors.

From high voltage area, an MMC-HB [48] topology leen chosen among MMC-
FB [49] and MMC-CTL [50]. Using low voltage celliavs eliminating issues related
to the dynamic and static voltage sharing of ses@mected components in each cell,
as well as obtaining higher number of levels.

Half-bridge structure is preferred over the fulidlge due to lower cost made by
reduced by half number of the required semicondustdtches in each cell.

2.3.2 Generator-Side Conversion

A search for the feasible generator-side power edevis made with special regard
to the generator insulation system. According totisa 2.3.1, it is assumed that
currently optimized and already available form-wowoil design will remain the most
reliable solution for the next generation of winddine generators.

The utilized form-wound coils have a limited capipifor keeping voltage at the
generator terminals up to 15 kV [51]. In the tramsfer-less turbines, it is expected
that collector feeder voltages will be ranging frdrd to 66 kV [52]. In order to
maintain generator reliable operation and avoidmding, novel topology concepts are
required that allow generator to operate at thestowltage level.

Furthermore, it is expected that the devised tagiekwill generate as low dv/dt
voltage pulses as possible, so that aging of tmergéor insulation materials can be
maximally extended. In this work, 3 different coptehave been proposed in terms of
conversion philosophies:

» AC/DC conversion by means of MMC [13, 82]
Decoupled AC circuit with generator can be conglindependently to provide
required AC current at the generator terminals ahdthe same time not
exceeding its insulation limits. Simultaneously, DBigcuit can be controlled to
provide the required DC current for the grid-sideerter.

» DC/DC boost conversion [53, 54]
Generator can operate at a lower voltage, whilegttig-side voltage will be
boosted to the desired level by means of DC/DC toosverter. The DC/DC
converter is located between the generator-siddiee@nd grid-side inverter.

» AC/AC boost conversion
Generator can operate at lower voltage, while tirarnon DC link voltage will
be boosted to the desired level by means of an &CHAost converter. The
AC/AC converter is located between the generatonitels and generator-side
rectifier.
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2.4 Summary

This chapter covered major design aspects that toelee faced when removing the
transformer from the wind turbine. Description bétcomponents adaptable for new
system is made with regard to their voltage rateuys reliable operation.

Defined technical challenges for the reliable operaof the future transformer-less
wind turbines can be summarized as follows:

» Limited Generator Voltage Level
Available range of the operating voltage in ger@matdesigned for the wind
turbines.

» Variable Loading Impact on LC Filter Insulation System
Unknown thermal cycling impact on the availableulation materials used for the
equivalent LC filters in the distribution systenghich is the result of the wind
turbine variable loading conditions.

» Overvoltage Protection
Protection against the common-mode voltage anddttdt effect under normal
operation, as well as the protection against lightand switching surges under
abnormal conditions.

» Short Circuit Protection
Conventional over-current feeder protection may distinguish a ground fault
located at the wind turbine terminals with the grddault across the feeder cable.
As a result, entire feeder can be disconnectedadsdf a single turbine.

e Grounding System
New grounding options introduce a search for optigraunding method, which
provides desired compromise between safety reqeingsrand equipment ratings.

» Power Converter Circuitry
Existing medium voltage power converter circuitriesoduce a search for optimal
topology with regard to the efficient and reliabdgeration provided with the
minimum cost and size.

Finally, topology concepts for full-scale power werter are proposed in
accordance with the existing solutions and comptsnetings.

Described findings are concluded by introducingogplete transformer-less wind
turbine design concepts, which differ with regacdthe selected power converter
topologies:

1) System A:Back-to-Back MMC
Solution A is proposed for the generator-side esyst which includes MMC
topology operating at lower than nominal terminaltage in order to maintain
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generator insulation limits. On the grid-side, MM@pology is proposed, which
operates independently at grid nominal ratings.

2) System B:DC/DC Boost Converter with Grid-Side NPC-3L
Solution B is proposed for the generator-sideesyistwhich includes DC/DC boost

conversion. On the grid-side, 3-level NPC topolag\yproposed, which operates
independently at grid nominal ratings.

3) System C:AC/AC Boost Converter with Grid-Side NPC-5L
Solution C is proposed for the generator-sideesystwhich includes AC/AC boost

conversion. On the grid-side, 5-level NPC topolag\yproposed, which operates
independently at grid nominal ratings.

Next chapter will focus on the detailed implemeontatnd modelling of each of the
proposed systems. In this manner, the selectediitiandidates can be further

examined under normal and fault conditions in teafnthe efficiency and the required
component ratings.
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Chapter 3

System Description

3.1 Introduction

3.1.1 General System Layout

Chapter 3 System Description

The general system layout for wind turbines A, Bl &h- is presented in the form
of a single line diagram in Figure 3.1. The en#@ collector feeder consists of 10
identical turbines connected via a string with fefC cables.

The wind turbine step-up transformer is includedydfor a single benchmark
model of a conventional wind turbine (see sectid),3wvhich is used for comparison
assessment with the transformer-less turbines.

.. 9999
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Generator-Side
LC Filter

Generator-Si

Power Converter
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Power Converter
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Fig. 3.1. System description of the analyzed system withithglemented control
scheme for a full-scale power converter.
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In order to maintain a fair comparison, the windbtoe ratings listed in Table 3.1
are common for each system. As a result, 10 MWsfaamer-less wind turbines are
analyzed, which operate at the 20 kV level.

Table. 3.1. Selected turbine electrical characteristics fordhaluation assessment.

Parameter Value
WTG Power [MVA] 10
WTG Grid Voltage (L-L, RMS) [kV] 20
WTG Frequency [Hz] 50
DC link Voltage (pole-to-pole) [kV] 36

3.1.2 System A: Back-to-Back MMC

MMC feature is not only a high number of levelstthanimize dv/dt effect on
insulation systems, but also a decoupled AC ciromiittrol from the DC circuit control.
As a result, the AC circuit with the generator dam controlled independently to
provide the required alternating current at theegetor terminals and at the same time
not exceeding its insulation limits, while the D&cait can be controlled to provide
required direct current for the grid-side converterother words, it means operating at
lower than nominal modulation index.

The operating principle is shown in Figure 3.2. igher direct voltage can be
obtained by adding more cells in each arm.

==

PUAWA
AVAY

GENERATOR 1_/)\ [} %%
AYAY
LR L

Fig. 3.2. Generator-side MMC operation with decreased mouduiabhdex.

A main disadvantage is that operation at the redltéeaminal voltage will force the
flow of higher alternating currents through the @Bin all series-connected cells,
which will be dictated according to the generatpemting voltage. Thus, all cells will
need to be overrated according to the generatomabmurrents.
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3.1.3 System B: DC/DC Boost Converter with Grid-Side NPC3L

DC/DC boost converter topologies are widely presénn the literature [53, 83],
yet they are rarely seen in the high power indusks/a result, search has been made
for optimal topology within the DC/DC step up ciitries, which maintains following
merits: modularity, simplicity, low losses, low nbar of IGBTs and easy voltage
scaling.

Among many existing solutions, a recently developexb current switched (ZCS)
converter has been selected, which detailed matimahdormulas governing the
power conversion are available in [54] (and in Apgiig B). It occurred that the ZCS
shows stable performance with a 2-level front esadifier (no concerns related to DC
link balancing), that separately controls the getwer Figure 3.3 presents schematic
diagram of the generator-side converter.

The ZCS includes a pair of valves with series-catet IGBTST1 andT2 on the
generator DC-side along with the cascaded passivdular cells, each containing:
storage capacitor, resonant capacitor, resonaniciod and a pair of free-wheeling
diodes.

3 KF K3 T

Rl R
Generator |‘

2-level Converter DC/DC Boost Converter
Fig. 3.3. Generator-Side converter with DC/DC boost unit.

The required number of DC/DC boost cells is prapogl to the desired output
voltage. In this manner, flexible voltage scalirsgprovided for any system rating,
simply by adding more DC/DC boost cells in series.

The resonant components are used to form a resqadimt so that charging and
discharging currents can be passed through sexsemance in order to achieve soft-
switched operation. As a result, valvEsand T2 are controlled complementary with
50% duty cycle and switched at the resonant freqpesgual to the generator-side
rectifier switching frequencyfies= fsw(gen
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3.1.4 System C: AC/AC Boost Converter with Grid-Side NPC5L

Figure 3.4 presents an original method proposethisthesis for stepping-up the
voltage, which includes an AC/AC boost convertefromt of the generator terminals
and a passive diode bridge rectifier for clampihg tirect voltage of the grid-side
converter.

AC/AC Boost Diode Bridge
Converter Rectifier

f'\_/ + =

Generator AC/AC Boost Converter Diode Rectifier
phase voltage phase voltage stepped-up phase voltage

Fig. 3.4. AC/AC Boost philosophy at the generator-side teatsn

The required AC/AC boost operation is achieved tmpasing (synchronized in
phase) converter phase voltage waveforms with ge#taat the generator terminals, so
that each phase is controlled and stepped-up gepartn this manner, the desired
voltage is reached at the diode rectifier terminalgle maintaining operation at the
generator voltage limits. Detailed information oangerter operating principles is
available in Appendix C.

Among the existing candidates for high power AC-B@bst conversion, a chain-
link concept [55] is proposed which includes a esionnected full-bridge cells
equipped with a DC capacitors. The advantages efpitoposed concept include:
modular design, flexible voltage scaling, low dv/dulses and low number of
components.

The main drawback is the necessity to re-chargeD@iecapacitors through an
external circuitry in order to achieve net powewf] as unidirectional currents will be
flowing from the generator through the DC sourcesupply the grid-side converter.

In order to simplify DC capacitor charging contra, generator split-winding
concept is proposed in Figure 3.5, where the §estof windings is in series with the
chain-link converter and discharges the chain ¢iapacitors, whereas the second set of
windings is used to charge the chain link converggracitors by means of integrated 3-
phase 2-level converter modules.
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Fig. 3.5. Split-winding concept for recharging AC/AC booshwerter cells.

In such an arrangement, the first set of the gémermindings maintains operation
within ground insulation limits, whereas the secaad of the generator windings is
imposed to the increased ground insulation strqasleo the resulting voltage of the
generator with series-connected chain link conve@gen though operating line-to-
line RMS voltage is less than a single chain liagacitor voltage).

3.1.5 Solution Methodology for Estimation of Redundant IGBTs /
Modules in Systems A, B and C

System A and the generator-side circuit candid&essystems B and C allow
adding redundant modules to increase lifetime pbaer converter and consequently
reduce the downtime period along with the assodiaests. In a similar manner,
lifetime of the grid-side converter units for sys®e B and C can be prolonged by
adding more series-connected IGBTs/diodes in eablevlf a single IGBT/diode fails,
the resulting voltage surplus is clamped by theaiaing devices below their nominal
threshold and the converter remains operational.

Nevertheless, increasing number of redundanciesrgis extra costs related to the
installation of additional devices. Therefore, gotimal number of redundancies is
determined according to Figure 3.6, where the tiegutotal cost made by the energy
loss during downtime perioidinergyandthe redundant IGBTs/diodédgeiciS compared
for different number of redundancies Y - rangingnfrO to 5. An exponential survival
function is defined in order to determine the dewvigean time to failurgaue. Results
are provided in Tables 3.2/.4/.6 correspondinghysfgstems A, B and C.
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Input Constants Input Variables
- WTG mean power generation Pyrc ™Mw] - Number of cells / IGBTs at the origin - Ny, e}
- Ei rice, Xeneray [$/MWh] - Number of redundancies Y 8]
¢ IGBT/Diode price, Xigr S1
IGBT/Diode failure rate, 2 [FIT)
- Maintenance period T [h]
1. Calculate minimum required number of cells / IGBTS: Nui

2. Define survival function for the selected IGBTS, ¢.g. exponential:

3. Start from lowest number of IGBTS (no redundancies)

4. Calculate fr for:

5. Calculate downtime period within T (Tyounime > 0): Toowniime = T~ fsiure

6. Calculate total costs (energy loss) (redundancy = 0): Lrotaum = Lenersy = Pwra - Ta

7. Add Y redundant cells / IGBTS (redundancy = 7)

8. Calculate ¢ for

9. Calculate downtime period within T (Tyonime = 0):

10. Calculate costs due to downtime period (energy loss) (red. = ¥)

1. Caleulate costs due to redundant cells / IGBTs in) * Xigor

12. Caleulate total costs (energy loss) (redundancy = ¥) ALY) e + Ligar,

( Lyorarm ( ( Lyorare ( ( LyoraLe) ( ( Lroravw ( ( Lyoraves (

l

13. Select ¥ redundancies with minimum total cost Lioratony: ‘

Lroravany = min{Lrorac o Lroravay Lrotaves Lrorauey Lrotavs, Lrotaus)

END

Fig. 3.6. Solution methodology for estimation of the optimedundant devices Y.

3.2 System A: Back-to-Back MMC
3.2.1 Topology

The back-to-back MMC includes a single redundatitineeach arm (Y = 1), so
that when a single cell failure occurs, the MMC cdifl operate and provide non-
distorted power to the grid. As a result, the MMiseach side requité = 13 cells per
arm, which gives individually controlled 156 cefigacitors and 312 IGBTSs.

In order to simplify the overall system layout aondreduce the number of required
electrical nodes for losses and short circuit stsida generic model of the MMC shown
in Figure 3.7 is used for the generator-side unitywhich cell capacitors are replaced
with arm controllable voltage sources. This modifion results in an ideal internal cell
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Chapter 3 System Description

voltage balancing, as all cells in each arm haeatidal cell voltage references. As a
consequence, a cell voltage balancing controlleroianore necessary, and each arm
acts as an independently controlled voltage soutoesisting only of 2 electrical
nodes.

The grid-side MMC is modelled in a sophisticatechmer, with each individual cell
consisting of 2 IGBTs and a capacitor. Further rficalion to this approach - required
specifically for losses analysis, is describedeiction 4.2.6.

B

IXEEERX]

IXEEERY]

IEXEEXN]

IEXEEXN]

IRXEEXN]

N1
o

N2
o 1

Fig. 3.7. System A: schematic representation of the winditerlircuit.

More information on the MMC modelling approach andontrol algorithms can
be found in the Appendix A.

3.2.2 Component Sizing

Table 3.2 provides specification and ratings fanponents in system A. LC filters
are sized with regard to the maximum current ratiofythe semiconductor switches,
(section 4.2.2) whereas cell and DC capacitors dimensioned against the
corresponding maximum voltage ratings from the devidatasheets. Switching
frequencyf,, is the IGBT maximum allowable frequency for theilsber-less operation
divided by the number of levels. Generator eleatriparameters (power, voltage,
impedance, frequency) have been provided by Védiad Systems A/S.

Table. 3.2. System A: component ratings - specification.

Parameter Value Component
Nominal powerS;en [MVA] 10
Nominal frequencygen[Hz] 50 (£ 2 Hz)
Terminal RMS voltag®/gen[kV] 15 Generator
Stator resistanceRyeno)[MQ] 3.93
Stator inductancet geng)[MmH] 0.71
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L arm inductanc&ggen [MmH / %] 5.73/8 Generator-Side LC
C filter capacitanc€rgen) [1F] 15 Filter

DC link capacitanc€pc [pF] 20

Total energy stored in cell capacitors [kJ] GEBN0O% GRID: 550 DC Link

DC chopper resistand®c [Q] 129

L arm inductancégiq) [mH / %] 10.19/8 Grid-Side

C filter capacitanc€rgriy [1tF] 8 LC Filter
Number of cells per ariN 13

Switching frequency (per IGBT)y [Hz] 250 PowerB(ZZEnverter
PWM Modulation phase-shifted carriers

*Source: Vestas Wind Systems A/S

3.2.3 Sizing Considerations

A rough size and weight estimation based on thepoorants datasheets available
for the step-up transformer [77], 2L-VSC electrayDC capacitors [78] and MMC
cell capacitors [78] with rated values have shothaf the transformer volume in the
conventional system is 6 times larger than theltiaguvolume of the installed cell
capacitors in the transformer-less MMC system, wasgithe total weight of the step-up
transformer is 3 times larger than the resultinggivecoming from the corresponding
capacitors.

Not only less space is occupied by the transfore®s-wind turbine circuitry, but
also stacking arrangements are much more flexdiohee the total volume is distributed
equally among single capacitors. As shown in Fidi8 cell capacitors can be single-
or multi-stacked horizontally and vertically in erdo conveniently fill all the available
space limits. On the contrary, step up transforimeiormed as a solid cube for the
optimized magnetic core design, which preventfetsble stacking arrangements.

Volume: 0.015 m*
Weight: 21 kg

|

)

VSC-2L
capacitors

i

Volume: 0.01 m*
Weight: 264 kg

A A A 77
5 e e 5 e e e e

IA|"AliIAl"

AL

vertical stacking horizontal stacking solid cube
(distributed MMC cell capacitors) (distributed MMC cell capacitors) (step-up transformer)

Total volume: 3.20 m’ Total volume: 3.20 m* Total volume: 20.88 m*

Total weight: 4.56 t Total weight: 4.56 t Total weight: 14.73 t

Fig. 3.8. Sizing considerations of the MMC cell capacitord #me conventional step-
up transformer with 2L-VSC DC link capacitors (10/K).
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3.2.4 Control Architecture
a. Generator-Side Unit

General control architecture for the generator-ssleshown in Figure 3.9. It
consists of an AC Current Controlleused for AC-side control. Arm Energy
Compensating Controller is responsible for the d&scontrol and provides
circulating current references for arm cell voltsgeWM modulator with phase-shifted
carriers stimulates switching operation effect yduating voltage references.

PS-PWM
Modulator

N Ebase

:Z 1x

N Ebase

Eacria)

—&—
S
S

AC Circuit
Control

. Eeiregriay y\
AC Current Arm Energy Compensating Enciorid) *
Controller 7 Controller (8d) 1y
i q . DC Circuit
B i4C(grid) j 1a ’m‘m(gnd/j Control

=
la
—_—

VAC(grid) Vg Varm(grid)
Vg IDCegrid)

Vo

IGND

Fig. 3.9. Generator-side MMC control scheme - schematic bitepkesentation.

Detailed description and implementation method feach controller is provided
in the Appendix A.

b. Grid-Side Unit

A Similar design as shown in Figure 3.10 is propo&® the grid-side unit. AC
Current Controller, Arm Energy Compensating Cotérohnd PWM modulator design
remain identical. PQ power control is added foxifMe active and reactive power
regulation at the wind turbine terminals. A dirgottage controller is used for keeping
constant direct voltage as an operating principlecell voltage balancing controller
[82] is necessary to balance individual cell vodtadgnternally within each arm.

Call Voltage Balancing
Controller

Controller Controller Controller
Q Iyt J \’nrJ Lac(grid) j ig Larmigridy Control
Vure Vacigrid) Vg Varmgrid
Va  Ipcerid)
Ve
lGnD

Fig. 3.10. Grid-side MMC control scheme - schematic block espntation.

Esciria
i l AC Circuit leg | | leg | | leg
Control Alle||c =
Eeirogeria
> 23 ;.:I,,:rr o~ DCVotage __| Accurent | | AmEnergy Compensating |5, %
::] i 'i: - I
» Iq Iq DC Circuit

Veell

Detailed description and implementation method feach controller is provided
in the Appendix A.
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3.2.5 Control Tuning

Table 3.3 provides gain values for Pl and P col@relused in the control scheme
for system A. AC circuit controllers are tuned nuitaly in sisotool(MATLAB) for
the overshoot below 10% and rise times below 2047 Closed loop s-functions are
provided in the Appendix G. DC circuit controlleese tuned by trial error in
EMTDC/PSCAD simulations through step response measents. Implementation of
the controllers with the specified parameter vakaas be found in the Appendix A.

Table. 3.3. System A: converter Pl / P controllers - specifimat

Parameter Generator-Side | Grid-Side Control Block

Signal sampling frequencyfy) [kHz] 20 20 High-Level Control
Proportional gain lpg)[-] - 2.00-10
Integral time constant@q) [S] - 1.00-10 PQ Power Controller
Proportional gain Koc) [s] - 6.24-1C

- DC Volt: Controll
Integral time constantigc, [S] - 8.00-1C oftage t-ontrofler
Proportional gain Kac) [s] 1.14-16 1.14-16
Integral time constant;Xc, [s] 1.75-1¢ 1.75-10 AC Current Controller
Proportional gain lac) [s] 6.24-10 6.24-10

- 0-S Controll
Integral time constantifc, [s] 8.00-10 8.00-10 equence tontrofier
Sampling frequencyf.y [kHz] 20 20 Low-Level Control
Proportional gain Kcic) 5.05-16 5.05-16
Proportional gain g 5.00-1C 5.00-1C

- Arm Energy
Integral time constant;ghg 8.00-1C¢ 8.00-1C¢ Compensating Controlle
Proportional gain Kye) 2.02.10 2.02-10
Low pass filter base frequency [Hz] 10 10

. . ) ) Cell Voltage Balancing

Proportional gain Keen 5.00-1C¢ 1.00-1C¢ Controller

3.3 System B: DC/DC Boost Converter + Grid-Side NPC-3L

3.3.1 Topology

According to Figure 3.11, DC/DC ZCS converter [5fnsists of 6 identical
DC/DC boost cells; so that the direct voltage aldé for the generator-side converter
is 7 times lower than the direct voltage for thé&lgide converter. As a result, the
generator now operates at 3.3 kV instead of 15rk%ystem A.

Lower voltage operation provides less problemstedldo the generator insulation
system, which allows usage of the conventionalv@lleonverter at the generator-side
terminals. The 2-level converter has been chosemngrthe other candidates due to its
stable performance combined with the DC/DC boograipon. In order to provide
operation at 3.3 kV, each converter branch incl@&lssries-connected IGBTSs.

On the grid-side, a 3-level NPC topology is selectehere each semiconductor
valve is modelled as a single semiconductor compionké requires ideal voltage
sharing and balancing between the series-conneetades. It is assumed that a single
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redundant switch in each valve is included to imseepower converter non-disturbed
operating period, as has been done for the redtirmddinin system A (Y = 1). As a
result, each valve of the NPC-3L consists of 7eseconnected IGBTS.

8 20kv

iy

NI

Nz_l_

Fig. 3.11. System B: schematic representation of the winderbircuit.

Detailed description of the proposed DC/DC booshwerter is provided in the
Appendix B.
3.3.2 Component Sizing

Table 3.4 provides specification and ratings famponents in system B. In similar
manner to system A, LC filters are sized with relgarthe maximum current ratings of
the semiconductor switches, whereas DC and celaitgys are dimensioned against

maximum voltage ratings obtained from the devidasizeets.

Table. 3.4. System B: component ratings - specification.

Parameter Value Component
Nominal powerS;en [MVA] 10
Nominal frequencyye [Hz] 50
- Generator

Terminal voltagé/gen [KV] 3.3
Stator resistanceRye, [MQ] 0.19
Stator inductancetge, [mH] 0.34
L filter inductancelggeny [MH / %] 0.173/20 Generator-Side LC
C filter capacitanc€rgen [MF] 1.1 Filter
DC link capacitanc€pc(gria) [LF] 1000
Total energy stored in DC cell capacitors [kJ] GHB2 / GRID: 324 DC Link
DC chopper resistandgc [Q] 129
L filter inductancel g grigy [MH / %] 6.37/5 o )

- - Grid-Side LC Filter
C filter capacitanc€eg i) [1F] 30
Number of levelNgen 2 .

— Generator-Side
Switching frequency (per 1GB Twgen)[HZ] 2100 Power Converter
PWM Modulation carrier-based
Number of levelNpcioc 7 DC/DC Boost
Switching frequency (per IGB Tswoc) [HZ] 2100 Power Converter
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Number of levelfNyiq 3
Switching frequency (per IGB Twgria) [HZ] 1050

PWM Modulation phase-shifted carrier
*Source: Vestas Wind Systems A/S

Grid-Side
Power Converter

3.3.3 Sizing Considerations

In a similar manner to system A (section 3.2.3}, rissulting volume and weight of
a power converter for system B is compared to timesentional system equipped with
a step-up transformer. Results are shown in FigLir2.

When selecting components from the equivalent dets, it occurred that system
B is approximately 3 times smaller and lighter theystem A, since the DC cell
capacitors transfer the energy at much higher &#rgqufs,pcy Due to the modular
design of the DC/DC boost cells, vertical and hamial stacking arrangements remain
feasible.

Volume: 0.040 m*
Weight: 55 kg | ——T— E

\

i

VSC-2L
capacitors

J

Volume: 0.01 m*
Weight: 264 kg

I s
Y eeeemmmemmemTT _\_. H
1 =

(A A A /S
8 e e 5 B O s

IA|"A|‘IA|'I

AL

vertical stacking horizontal stacking solid cube
(distributed DC/DC boost cell capacitors) (distributed DC/DC boost cell capacitors) (step-up transformer)

Total volume: 1.25 m? Total volume: 1.25 m* Total volume: 20.88 m*

Total weight: 4.56 t Total weight: 4.56 t Total weight: 14.73 t

Fig. 3.12. Sizing considerations of the DC/DC boost cell cépae and the
conventional step-up transformer with 2L-VSC DCklicapacitors (10
MVA).

3.3.4 Control Architecture

a. Generator-Side Unit + DC/DC Boost Unit

General control architecture for the generator-sdelevel converter is shown in
Figure 3.13. It is divided into 2 functional unit&C current control and PWM
modulator. AC current control scheme is similar ttee one applied for MMC
topologies in system A. Measured input voltage emdent signals are sampled with
sampling frequencigenand further transformed into the rotating dqg frame
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Chapter 3 System Description

NITS(;P:NM VSC-2L
odulator
—— > 0[1 M:duullsaetor ggg:;"
l-d* Aé: Current . -“#} 01
s ontroller v, J'I_I'I_I'I_I'L _“#}
lg Z'AC(gen)_T Vb
VAC(gen) Ve

Fig. 3.13. Generator-side 2-level (left) and DC/DC boost (figbontrol scheme -
schematic block representation.

Current dq referenceig(ref)* andid(ref)* are set according to the desired amount of
generated power. Transformation angis equal to rotor flux anglé.. Delays between
measured and applied signals are neglected.

DC/DC boost converter control does not require amgasured input signal. Only
Pulse Generator with 50% duty cycle is used, whisftches upper and lower IGBTs
in a complementary fashion. Pulse generator switcHuty cycle isfsypc) = fswgen

Detailed description and implementation method @fch controller is provided in
the Appendix B.

b. Grid-Side Unit

Grid-side control is similar to AC circuit contrfdr the grid-side MMC in system
A. Its schematic representation is shown in FigBrg4. It consists of PQ power
controller, direct voltage controller and AC cutre@ontroller. On the contrary to 2-
level converter control, AC current control inclgd@-sequence control loop, which
eliminates DC offset from the AC output waveformasised by the leakage current.

i d* l PS-PWM NPC-3L
Modulator
Switching Matrix
P* PQ Power .| DC Voltage AC Current o al 1 M. -|
NET] N } i —
. Controller lq Controller lq* Controller V4 S~ =i —
0 iWTGJ van g b Vb Table
VwrG VaC(grid) Ve

Fig. 3.14. Grid-side NPC-3L control scheme - schematic blagresentation.
Detailed description and implementation method @fch controller is provided in

the Appendix B.

3.3.5 Control Tuning

Table 3.5 provides gain values for Pl and P col@relused in the control scheme
for system B. Tuning procedure is identical as dgstem A. Implementation of the
controllers with specified parameter values cafobed in the Appendix B.
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Table. 3.5. System B: converter Pl / P controllers - specifarat

Parameter Generator-Side | Grid-Side Control Block
Sampling frequencyfy, [kHz] 4.2 6.3
ol te consioagis : 20 15| PQ P Coniroller
el e consa Z G0 16| € Vollage Contoler
el te const : G0 1o &-Seauence Contoler
estal s sonsimds .

3.4 System C: AC/AC Boost Converter + Grid-Side NPC-5L
3.4.1 Topology

According to Figure 3.15, two separate functioratwerter circuitries are derived
for the generator-side unit: conventional 2-levatwerter and chain link converter.

The conventional 2-level converter unit is usedréecharge the chain link cell
capacitors, which are modelled as direct voltageaas. In this manner, need for the
chain link cell direct voltage balancing controllsreliminated. Re-charging is done by
controlling the direct current mean value equalhe resulting direct current mean
value from the chain link circuit. As all cell valies are identical, resulting direct
current is the sum of the direct currents flowihgptigh each cell capacitor.

SEaE AN

[

1 Fad A3

Fig. 3.15. System C: schematic representation of the windrtarbircuit.
The chain link converter consists of 5 series-cotetk full-bridge cells for each
phase, which includes a single redundant cell fachephase in case of IGBT or

capacitor failure (Y = 1). On the grid-side, 5-IedPC is modeled in a similar manner
as NPC-3L for system B.
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Chapter 3 System Description

The clamping bridge [57] is added in order to bedéaadjacent DC link capacitors.
It consists of active semiconductor switches andudtors, which interconnected
through IGBTSs discharge selected capacitors irc¢tmemon DC link.

Detailed description of the proposed AC/AC booshwerter and clamping bridge
is provided in the Appendix C.

3.4.2 Component Sizing

Table 3.6 provides specification and ratings famponents in system C. In similar
manner to system A, LC filters are sized with relg@rthe maximum current ratings of
the semiconductor switches (section 4.2.2), wheB@@scapacitors are dimensioned
against corresponding maximum voltage ratings abthirom the device datasheets.

Table. 3.6. System C: component ratings - specification.

Parameter Value Component

Nominal powerSyen [MVA] 7.2
Nominal frequencygen[Hz] 50
Terminal voltag&/gen [KV] 12 (Chai n(?l_eirqﬁrgt:r:v erter)
Stator resistanceRye, [MQ)] 2.51
Stator inductancet gen [MmH] 0.45
Nominal powerS, [MVA] 2.8
Nominal frequency,. [Hz] 50 (2—Iesglng<r)e:1t\c/’(; rter)
Terminal voltagé/, [kV] 11
L filter inductancelggen) [MH / %] 6.87/10 Generator-Side LC Filter
C filter capacitanc€rgen [1tF] 21 (Chain-Link Converter)
L filter inductancel gy [MmH / %] 0.308 /22 Generator-Side LC Filter
C filter capacitanc€rpu) [uF] 600 (2-level Converter)
Total energy stored in DC capacitors [kJ] GRID216
DC link inductanceé-pcgrigy [tH] 5000 DC Link
DC chopper resistancBoc [] 129
DC source cell voltag¥c, [V] 2200
L filter inductancelggria) [MH / %] 10.19/8 o )

- - Grid-Side LC Filter
C filter capacitanc€eggriq) [1F] 20
Number of chain link cells (per phasdy, 5 )
Switching frequency (per IGB Tiswigen[HZ] 250 Chfire]-nL?rZitc(’:r;)il\?eert or
PWM Modulation phase-shifted carriers
Number of leveldN,. 2 )
Switching frequency (per IGB e [HZ] 2100 zﬁgczractg;_vselgt:r
PWM Modulation carrier-based
Number of levelfNyiq 5 .
Switching frequency (per 1GB Tw(gria) [HZ] 550 NPC(—BSHE _C'Jscl)i?/erter
PWM Modulation phase-shifted carriers
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3.4.3 Sizing Considerations

In a similar manner to systems A and B (sectio2s333.3), the resulting volume
and weight of a power converter for system C is parad to the conventional system
equipped with a step-up transformer. Results anevshn Figure 3.16.

When selecting components from equivalent datashiéetccurred that system C is
approximately 4 times smaller and lighter thaneysf, since the number of cells per
phase is 5 times lower. Due to the modular desigthe AC/AC chain link cells,
vertical and horizontal stacking arrangements rarfeasible.

Volume: 0.028 m’

Weight: 41 kg t :
= iy

[ 1

I 1

|

VSC-2L

capacitors

i

A

Volume: 0.01 m*
Weight: 264 kg

Za 727277
IAI"‘I\‘IAIUI

il

vertical stacking
(distributed AC/AC chain link cell
capacitors)
Total volume: 0.90 m®
Total weight: 1.23 t

horizontal stacking

(distributed AC/AC chain link cell
capacitors)

Total volume: 0.90 m*

Total weight: 1.23 t

solid cube
(step-up transformer)
Total volume: 20.88 m*
Total weight: 14.73 t

Fig. 3.16. Sizing considerations of the AC/AC chain link celpacitors and the
conventional step-up transformer with 2L-VSC DCklicapacitors (10
MVA).

3.4.4 Control Architecture

a. Generator-Side Unit

The general control architecture for the chain lgdaverter is shown in Figure
3.17. Alternating current control of the conventib@-level converter is identical to the
generator-side unit in system B. Additional direatrent controller is used to charge
DC capacitors with the desired current values.

The Chain Link AC Voltage Control (Magnitudbjock is used to calculate chain
link voltage AC reference magnitude\&L(Ac)* from input power referencé’.
Calculations are performed on the basis of measartide powePaciode)at the diode
rectifier terminals. TheChain Link AC Voltage Control (Phassynchronizeshain
link phase voltage references with the generatamnital voltages.

52



Chapter 3 System Description

cL
L
Ecipey| T
'*** PS-PWM Modulator oL
Var (DC) 0l1 Switching Matrix | g | 4
Chain Link AC voltage Chain Link AC voltage — ‘ll#}
——‘ ¥
P* control (magnitude) Ver "o control (phase) -
| Table —
. VAC(gen) J
LAC(diode)
VAC(diode) i vsea
DC Current . * AC Current
7 * | Controller d Controller [,
DCycell) S
1 i1 V,
4 14C(ger b
Ipcery 1 o} Ve

VAC(gen)

Fig. 3.17. Generator-side 2-level (bottom) and AC/AC boosp)toontrol scheme -
schematic block representation.

Detailed description and implementation method @fch controller is provided in
the Appendix C.

b. Grid-Side Unit

The grid-side NPC-5L control is identical to the GH3L control used for system B.
The DC link balancing controller used for the clamgpbridge operates by calculating
the measured voltage difference between the upgierop capacitors and between the

lower pair of capacitors.

i d* PS-PWM NPC-5L
Modulator
Switching Matrix
P* PQ Power DC Voltage AC Current ot 4.&.
Controller | » ** Controller . Controller Va z 9, 1 'l
Q* - 4 gt Y Tab
iwre_} voed lacerio) $ Vb
Vwre VAC(grid) Ve
Clamping
0|1 | Bridge
DC Link Balancing ——
Controller — 4%}

Vpcu)
Vpcw)
Vpcyr)
VDC(LL)

Fig. 3.18. Grid-side NPC-5L (top) and clamping bridge (bottoogntrol scheme -
schematic block representation.

Detailed description and implementation method @fcé controller is provided in
the Appendix C.

3.4.5 Control Tuning

Table 3.7 provides gain values for Pl and P col@relused in the control scheme
for system C. The tuning procedure is identicdloasystem A. The implementation of
the controllers with specified parameter valueshoafound in the Appendix C.
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Table. 3.7. System C: converter Pl / P controllers - specifizat

Parameter Generator-Side Grid-Side Control Block
Sampling frequencfgy [kHz] 20 (CL)/ 4.2 (2L) | 20 (CB)/8.8 (NPC)
Proportional gairK,eq) 5.00-16 2.00-10

- PQP Controll
Integral time constarf e, [s] 1.00-1C¢ 1.00-1C Q Power Controller
Proportional gairKoc) - 6.24-10°
Integral time constarfpc, [S] - 8.00-1C DC Voltage Controller
Proportional gaifKyac) - 6.24-10

- ACC t Controll
Integral time constarfac, [S] - 8.00-10 urrent Lontrofier
Proportional gairKpac) - 1.14-16
Integral time constarfc) [S] - 1.75-10¢ 0-Sequence Controlle
Non-sensitivity margin [KV / %] - +3 /48 Clamping Bridge (CB

3.5 System REF: Back-to-Back 2-Level Power Converter

A conventional 10 MW wind turbine system in FiguBl9 with a step-up
transformer is modelled in order to establish acherark platform for comparison
(assessment). It includes a conventional back-té-t2alevel converter operating at
0.69 kV alternating voltage level. Added transfornsgeps-up voltage to the 20 kV

level.
Generator-Side 1 Grid-Side
E E E E E 1

0.69 kV Ligeen
~ N L 0.69 KV /20 KV
~ ~N =(‘nr ~
() A — 1' X
Rociessly .

= ====Crpen _"j} _":’} _I -| 4[:’} 4[:’}

=
vsc-2L iy
!
PQ Power DC Voltage AC Current W] | L =45 1 Q
Controller |  *¥ Controller *7|  Controller D =
i iy L Ya
V

*7 AC current Lo P: >
| Controller P = >
’ O iy § 1 iacraf W
Ve

VaC(gen Ve VG VaC(grid

PS-PWIM VSG2L
Modulator

Fig. 3.19. System REF: schematic representation of the wirldrte circuit.

The control architecture is equivalent to the omectibed in systems A, B and C.
The generator-side unit consists of an alternatiumgent controller, while the grid-side
unit includes a PQ power controller and directagét controller.
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Chapter 3 System Description

Table 3.8 provides specifications and ratings fmmponents in the REF system,
while Table 3.9 provides gain values for Pl and dxtmllers used in the control

scheme.

Table. 3.8. System REF: component ratings - specification.

Parameter Value Component

Nominal power Syen [MVA] 20x 0.5
Nominal frequencyfgen [Hz] 50
Terminal voltageVgen [KV] 0.69 Generator
Stator resistanceRgen [MQ] 0.05
Stator inductanceX_gen [MH] 0.09
L filter inductancelggen) [MH / %] 0.091/3 ) )

- - Generator-Side LC Filter
C filter capacitanc€eggen) [1F] 500
Total energy stored in DC capacitors [kJ] 3 DC Link
DC chopper resistandgc [Q] 2.4
L filter inductancelgriq) [MH] 4 o i

- - Grid-Side LC Filter
C filter capacitanc€ggriq) [1F] 400
Transformer winding inductanced[mH / %)] 0.44/10

— - Step-Up Transformer

Transformer winding resistancedmQ / %] 9.52/1
Number of levels 2 )
Switching frequency (per IGB Tiswrer 4000 Generator-Side

PWM Modulation

carrier-based

2-level Converter

*Source: Vestas Wind Systems A/S

Table. 3.9. System REF: converter P1/ P controllers - spegiio.

Parameter CanEiE Grid-Side
Side Control Block

Sampling frequencyfiy [kHz] 8.4 8.4
Proportional gain - 2.00-10

- s PQ Power Controller
Integral time constant;@q) [s] - 1.00-1C¢
Proportional gain koc) - 6.24-10

- DC Voltage Controller
Integral time constant;@c) [S] - 8.00-1C
Proportional gain lac) 6.14-16 6.14-16

- AC Current Controller
Integral time constantifc, [s] 1.75-10 1.75-1¢

3.6 Collector Feeder System
3.6.1 AC Cables

All described wind turbine topologies are intercected to the substation
transformer by means of 3-core XLPE cables, eactletted as dI section. Parameter
values for the selected cable are presented ineTalI0 according to the datasheet

given in [58].
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Table. 3.10.Single PI cable section in the collector feedetesys- specification.

Parameter Value Parameter Value
Rated voltage [kV] 24 Core (Cu) cross-section [im 95
Current rating [A] 400 Screen (Cu) cross-section [rfim 16
Length [km] 1 Weight [kg / m] 30
Parasitic series inductantgpe [tH] 95.2 | Nominal temperaturéC] 50
Parasitic series resistanRgpe [MQ] 0.048 | Number of sections with regard to 5 (Nure)
Parasitic shunt capacitanCeue [uF] | 0.272 | number of turbines Wre WTG

3.6.2 Substation Transformer

AC cables are interconnected to the grid througlhofe 3-winding substation
transformer shown in Figure 3.20. Additiomelwinding decouples to a certain degree
0-sequence circuit between the collector feedert@msmission system, which is often
required to avoid false tripping made by the ytiitound protection relays [31].

=YY\ __ +30° Y Y\
N3
WPP Ground Utility Ground mitigated (not eliminated) triplen harmonic currents with embedded delta
Source Source winding

Fig. 3.20. 3-winding substation transformer with ground soareMV and HV sides.

Table 3.11 provides parameter values for the stibstkansformer model. In order
to simplify modelling implementation, it is assuméthat the transformer does not
saturate at any examined operating point. In trasmer, core dimensioning procedure
is excluded from this work.

Table. 3.11. Substation transformer for the collector feedeteays- specification.

Parameter Value Parameter Value
Winding arrangement [-/-/-] | wye-g / delta / wye-g | Leakage inductance [pu] 0.1
Rated power [MVA] 500 Mutual inductance [pu] 0.05
Voltage ratio [kV/kV/kV] 20/20/110 Winding resistance [pu] 0.01

3.6.3 Transmission System

Transmission system is modelled with an alternatiofiage source and Thevenin
short-circuit impedance. Parameter values useth#grid modelling are presented in
Table 3.12.

Table. 3.12. Utility transmission system after PCC point - sfieation

Parameter Value Parameter Value
Grid voltage Vyid [RMS, L-L, kV] 110 Short circuit poweSsc [MVA] 200
Frequencygyiq [HZ] 50 Short circuit ratio X/R [-] 10
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Chapter 4 Losses Analysis

Chapter 4

Losses Analysis

4.1 Introduction

Wind turbines may operate in different power getienamodes, according to the
varying wind conditions and specific loading regaients. In order to provide accurate
and universal power generation representation doh evind turbine circuitry, power
losses dissipated in the semiconductor deviceadi system have been calculated in a
single turbine for the power levels shown in Tablé - ranging from 20% to 100%.
Schematic system representation shown in Figureintludes single wind turbine
connected to the substation transformer with ancAlle.

Generator 1 X4OO A
star point
N1 | N2
Converter y ”; System REF 0|0 0 - isolated
common-mode point System A 1 1
=L SysemB 0|1 1 - grounded
=" System C 1 1

Fig. 4.1. System schematic representation for losses analysis

In order to minimize risk of insulation breakdowm ¢he generator windings,
EMTDC/PSCAD simulations from Figure 4.2 show, tlsgstems A and C should
operate with solid grounded generator neutral amyerter common-mode points (N1
and N2). In this manner, no common-mode voltagedsiced between the generator
and the generator-side converter. System B opevétesmuch lower voltage on the
generator-side (3.3 kV), so that losses can bdysedduced by isolating the generator
neutral N1, thus preventing zero sequence leakagernt flow through the IGBTs in
the generator-side unit.
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Generator Ground Voltages Generator Ground Voltages
= b G = Ec G | -
I x.2505
| 02551
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| | aoom
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2 1
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004200 © 04200
400200 400200

[kv]
o
S

[kv]

Fig. 4.2. Generator ground voltages induced in system C Mittpoint isolated (left)
and with N1 point grounded (right).

In medium voltage transformer-less systems (A, B,4500 V press-pack devices
[59] are used for loss estimation due to their gtlweimal properties (double side
cooling, low thermal impedance) and short circaiture mode - necessary for series
connections in NPC topologies. MV press-pack desvare confronted with commonly
available and optimized 1700 V power modules [68jich allow operation at 0.69 kV
of the 2-level system REF. Power losses dissipatetthe passive components (i.e.
generator, LC filter and step-up transformer) adweled from the analysis.

Table. 4.1. Calculated power losses for different loading ctods.

WTG Power [MVA] Power [%] Load [pu]
10 100 k=1.0pu
8 80 k =0.8 pu
6 60 k =0.6 pu
4 40 k =0.4 pu
2 20 k=0.2 pu

4.2 Solution Methodology
4.2.1 Workflow Diagram

In order to obtain accurate results of power losgemerated with converter
circuitries operating at various ranges of voltag@rent and switching frequency - a
common loss estimation platform is created whickcudates losses and junction
temperatures for each device under the pre-defiteatly state conditions according to
the device datasheet. Input parameters for thedsssation platform are established
according to the selected device maximum ratingscamves obtained from datasheets
(Tables 4.2, D.1), along with instantaneous parametlues measured directly from
the performed EMTDC/PSCAD time-domain simulatio@&neral workflow diagram
is shown in Figure 4.3, in accordance to whichdgsi each single IGBT and diode
are calculated individually based on the extrastupling data.

Under nominal loading conditionk & 1 pu), calculated RMS value from the
measured current sampling data is used to estiregtered maximum cooling water
temperaturelcy for the cooling system, which is assumed condianany examined
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Chapter 4 Losses Analysis

loading. Approximate junction temperature valdgdor partial loading are obtained
according to the applied thermal models for spediévices.

In order to minimize error occurring for systemgshahigh switching frequencies, a
very high resolution channel ds / 2 us is used over the full 20 ms cycle period,
meaning that 10,000 data samples are used of @l for further processing. Table
E.1 in Appendix E summarizes input constant valaed functions used as an input
data to evaluate each system. Derived switchingvesurhave been validated
experimentally by calculating switching energietigh single pulse switching tests at
1000 V [61].

1. Define System Specification (WTG-A, WTG-B or WTG-C)
Ly - initial LC filter series inductance (5 %)

Cy - LC filter shunt capacitance (f,, < -30 dB)

Oher - tables 3.1 — 3.12

2. Obtain Input Parameters from the Device Datasheet
I - maximum allowable repetitive peak current

- maximum allowable RMS current

- maximum operating junction temperature

Other ~tables 42 — 44

k=1pu

k - loading state

Increase LC Filter 3. Obtain Input Parameters from the EMTDC/PSCAD Simulations

P=Lit+1% Tpeaty - registered peak current

Cr— f,,<-30 dB Tnwsin) - registered RMS current

Tpeargo > Lipeakymas)
OR
Tiemsya > Trutsymay)

YES

4. Calculate Power Losses Py, for k=1 pu 6. Calculate Junction Temperature Tjg, for k <1 pu
Par = Iwms ) P
- wm-ON energy (IGBT) O s 6

- turn-ON energy (IGBT)

Tyt = f(Pasy, Tews 1)
- Reverse recovery energy (diode)

eontty =fli Tap V) - ON-state voltage (IGBT) l K=K-02pu
Viw = flig Tio) - forward voltage (diode) -2 P
k - loading state

7. Calculate Power Losses Py, for k <1 pu

Eong - turn-ON energy (IGBT)
Eorr - rn-ON energy (IGBT)
Erecis - Reverse recovery energy (diode)
Veand - ON-state voltage (IGBT)
5. Calculate Cooling Water Temperature Tcyw Vi - forward voltage (diode)

Tew= Py, T, 1) for T; = Tya, Pa = Py

Tivisi- 1)
Page=1pu)

Fig. 4.3. Solution methodology to power loss estimation fdffedent loading
conditions

Transient thermal impedances of the press-packcedsvare linearly dependant to
the number of parallel chig$, per device, where base formulas (Appendix E) refer
340 A press-pack with,icer) = 6 IGBT dies andNyp) = 3 diode dies.
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4.2.2 System Specification

System specification for each analyzed systemfigetd according to data listed in
Tables from 3.1 to 3.12. LC filter inductante is set for current ripple attenuation
below the maximum RMS and peak ratings availabdenfcomponent datasheets. C
filter capacitor is used to minimize voltage ripple the grid-side and dv/dt effect on
the generator-side. LC filter transfer function is:

1

H(s)= 4.1
S 1+sl, +s° [, [T, (“-1)

CapacitanceCr is selected to form an LC series resonant pathefpuivalent
switching frequency harmonic current, so that sitdamped below -30 dB level, as
shown on Bode plot from Figure 4.4. Tables 3.24/@. provide calculated LC filter
values for systems A, B, C and REF.

LC Filter - Bode Magnitude Diagram
50

40

Magnitude [dB]
o

/

1 10 100 1000 fow 10000
Frequency [Hz]

Fig. 4.4. LC filter transfer function magnitude (in dB) ingfrequency domain.

4.2.3 Input Parameters from Datasheets

Maximum ratings required for the LC filter dimensiog and power loss
calculations are obtained from [59, 60]. Table 4igs electrical and thermal
characteristics of the proposed devices used itahgentional low voltage (0.69 kV)
and medium voltage (20 kV) power converter ciréeftr For the conventional systems
with back-to-back 2-level modules, Infineon deviegth open-circuit failure mode are
utilized, which allow switching at 4 kHz withoutdober circuits.
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Chapter 4 Losses Analysis

Table. 4.2. Maximum ratings of the applied semiconductor devi&®, 60].

IGBT/Diode IGBT/Diode
IGBT/Diode Rating LV Module | MV Press-Pack

(per device) (per die)
Permanent direct voltage for 100 FIT failure ratp/] 900 2800
Direct collector current, IGBTgusmaxym[A] 450 55
Repetitive peak collector curretg= 1 ms, IGBT | peakmaxym[A] 900 110
Continuous direct forward current, Diodgusmaxyo)[Al 450 110
Repetitive peak forward curremg,= 1 ms, Diodelpeaxmaxyo)[A] 900 220
Operating junction temperaturggmky [°C] 125

Devices for medium voltage topologies are Westcpdess-packs. Press-pack
devices consist of parallel-connected dies, whaihif short-circuit mode, thus they
allow a series connection of single IGBTs. Algebriirmulas for energies and ON-
state voltages are derived from curve fitting wiftool in MATLAB. Formulas for
transient thermal impedances of the devices areesepted through Foster network
equation (4.2).

Zth(s—J)(t):aEEl-e_‘t’]+bEE1—e_ﬂ]+CE{1—e_V]+d EEl—e_‘l’] (4.2)

where weight factors are provided from datasheetable 4.3.

Table. 4.3. Derived weight factors for transient thermal impac& Foster formula.

IGBT press-pack (ver die a 1.35-10 b 6.90-1C c 3.03-1¢ | d 7.47-1C°
p e lpe dliz) a| 50710 B 4.58-1CF Y 5.40-1¢ | & 7.00-1¢
Diode press-pack (ver die a 8.93-1C b 2.40-1C c 2.21-1¢ | d 8.52.1C°
: P pempar iz a| 47010 B 9.10-1C¢ Y 1.10-1C¢ | & 4.70-1C°
a 1.80-1C° b 8.30-1C° c | 38.30-1¢ | d 5.70-1C°
IGBT power module
o 0.8-10° B 1.30-1C Y 5.00-1¢ | & 6.00-10
. a 6.30-1C° b | 23.80-1C¢ c | 62.90-1¢ | d 7.00-1C°
Diode power module
o 0.8-10° B 1.30-1C Y 5.00-1¢ | & 6.00-10

4.2.4 Input Parameters from the EMTDC/PSCAD Simulations

Instantaneous logic gate sign8laer, IGBT collector currenticy, and diode
forward currentig, in each device are registered eaghpe= 2 ps overTs = 0.02 s.
According to the registered signals, measured pak RMS current values are
obtained from:

| :max(icll] . ic[loooq) (43)

(peak

1 Ts ] 1 10000
l (RMS = Tis E_'.[I (t)]2 dt = i Dzllé[n] [ﬂsample (44)
\ 0 i=
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Calculated values are then compared to the oneSalle 4.2 for LC filter
dimensioning.

4.2.5 Power Loss and Temperature Estimation

Extracted input data from EMTDC/PSCAD simulatiome #&ransferred into Excel
Spreadsheet for further processing. Input meassigmhls are injected directly as a
column of samples, associated with each time gtegingle switching sequence with
regard to the time frame of the calculated switghénergy and ON-state voltage pulses
is shown in Figure 4.5.

A

Y ifny ’

\J ’
)
\ Sgatein] ‘

Y V) .

2ps t

I

Veondij ~ Veondins1)  Veondns2)  Veondius3)  Veondnsay  Veondmisp — Veondms) — Veondms7y Vcondin+s Pulse train

EoNpn) Eorrmss

Fig. 4.5. Power loss calculation in IGBT device based on dadhimput data.

In order to obtain a®lorder power curve approximation in form of the etfive
pulse response, first step is to obtain informatmrer the number of switching
transitions between ON/OFF and OFF/ON states. iShisalized by comparing former
and latter gate logic sign&..n in €ach sampling peridghmpie

1 = Se{]ZODSE{ﬂ]:l
N — gatgn 'gatdn
SwoNln] {o < \Syadn) 0) NSpatgneq 71 (*5)
_ 1 - Sgate{n] =10 Sgatéml] =0
NSW(OFF)[n] = {0 - Sgate{n] £1)0 Sgate{nﬂ] £0 (4.6)

Nswony logic signal provides logic “1” only when ON traiisn occurs, while
Nsw(orr) provides logic “0” when OFF transition occurs. lden total number of
switching transitions is obtained by:

n=10000

NSW(ON) = Z NSW(ON)[n] (4-7)
n=1

n=10000

Nsweore) = 2 Nswors )i (4.8)
n=1
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Chapter 4 Losses Analysis

The next step is to calculate switching energydsdsmased on derived logic signals
Nswfor each sample period:

Eonciesr ] = f(V- ic[n] ’Tj)[NSW(ON ] (4.9)
Eorr (em ] = T Vs icfn) T ) Nswgore o (4.10)
Eorr (o] = f(v, ef]o T )[ N sw(orF )[n] (4.12)
The total switching power losses are then obtafram:
1 n=10000 2
Pongesn == 0 Eongesnin] (4.12)
S n=1
l n=10000
POFF(IGBT) = Tf U z EOFF(IGBT)[n] (4.13)
S n=1
1 n=10000
Preco) = T u Z Eorr(o)n] (4.14)
S n=1

Conduction power lossd#%,,qare calculated at each sample instant by multiglyin
the instantaneous current with the correspondiripator-emitter saturation voltage
(IGBT) Vconggcer or forward voltage (diodeYongpy The multiplied values are then
intergrated over the entire cycle peribgl

n=L00
Pcond(lGBT) = ZK/cond(lGBT)[n] Eﬂc[n]) (4.15)
n=1
n=100
Pcond(D) = ZO(\)/cond(D)[n] |:ﬂF[n]) (4.16)
n=1

The resulting power loss& are calculated from:

Pd(IGBT) = PON( IGBT ) + POFF( IGBT ) + Pcond( IGBT) (4_17)
Pio) = Prec(o) * Feona(p) (4.18)

Temperature variations differ according to the ctelé device not only due to their
different thermal characteristics, but also becaufsthe cooling method. Press-pack
IGBTs allow double-side cooling, which is utilizegith 2 cooling plates for each
device, whereas power modules can only be cooted the collector side. Simplified
static thermal models of each device are presentddgure 4.6. Thermal resistance
values of each element are listed in Table 4.4hilieal specifications for the cooling
plates are obtained from [62].
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Fig. 4.6. Static thermal models for power modules (left) aness-packs (right).

Temperature estimation is realized under steadie stperation of the power
converter, which allows its approximate solutiorsuamsing repetitive pulse cycling
mode. Figure 4.7 demonstrates assumed pulse cyclode along with the expected
temperature fluctuations. Pulse titgend cycling timeT are calculated from:

n=10000

l:sample 4 19
tp - N z Sgatt{n] ( . )
SW(ON) n=1
T,
T=— S (4.20)
Nsvv( ON)
Table. 4.4. Thermal characteristics of the applied static tre@rmodels.
Parameter Value

Cooling system thermal resistarRgcs) [K/W] 0.008
Cooling water, flow raté& [I/min] 10
Water cooler for power module [62], thermal resis&Rincpy)[K/W] 0.0065
Water cooler for press-pack [63], thermal resistdRgcp2)[K/W] 0.0033
Power module thermal resistance junction to siGi T, Ricerys-0/K/W] 0.068
Power module thermal resistance junction to sirkaB, Rinpays-5[K/W] 0.127
Press-pack thermal resistance junction to sink,TI@&er die),Rngcerz)s-ofK/W] 0.0061
Press-pack thermal resistance junction to sinkd®iger die) Rnp2ys-5[K/W] 0.0192

P, T‘ A

P,

T; -

Tumb — >

4
Fig. 4.7. Junction temperature variations under steady-giating conditions.
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Chapter 4 Losses Analysis

In order to calculate maximum junction temperatimeeach device, approximate
linear steady-state solution is derived for theetiépe power pulse response:
Tj =R [ld[Rm(ch) +(1_5)[Zth(s—3)(T +tp)_zm(s—a)(T)+ Zth(SfJ)(tp)J_'—TCW (4'21)

where:
t

©

o=-—"—
T, (4.22)

_ - IGBT
Rics-1y = Rucesy * Ricerny + Rics-sycieamis .
Ris-ayoy1y — Diode - Power modules (4.23)

Ries-2) = Rices) > _, Diode - press-packs (4.24)

+ Rth(CPZ) + Rh(S*J)(IGBT)(Z) - IGBT
Rth(S—.'I)(D)(Z)

4.2.6 Distributed Cells in the Generator-Side MMC Topology

The introduced method for loss estimation requirgsmit current signals, which
flow directly through each individual semiconductwitch. As a result, hardware
representation of the machine-side MMC model fostespn A with controlled arm
voltage sources is improved by adding distributadent-controlled cells, in which
measured and added capacitor cell voltages areassee resulting arm voltage source
input signal [64]. A schematic representation o thistributed cells for each arm is
shown in Figure 4.8.

L
1+

L
1+

Fig. 4.8. Power loss estimation in the generator-side MMQGesys

The measured cell capacitor voltages are also asemhput signals for the cell
voltage balancing controller [82], which is respibies for keeping their values at the
preferred level (more information provided in ApgenA).
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4.3 Wind Turbines - Power Generation under Different
Loading Conditions
4.3.1 Generator-Side

Switching and conduction power losses have beeoauledéd for the proposed
generator-side converter systems. In the transfielass concepts, all IGBTs switch at
medium voltage above 2 kV, which results in thegesaf press-pack IGBTs. Low
voltage wind turbine equipped with transformer imés power module devices
interconnected in parallel. Calculated switchingwpp losses for each system are
shown in Figure 4.9.

Due to low switching frequency in system A (MMC eernter), the resulting
switching losses are substantially lower and kepaasimilar level to high frequency
switching operation of the conventional low voltagénd turbine. Under partial
loading conditions, switching losses are lowesteaimajor loss contribution coming
from the RMS arm circulating currents is loweredle/multilevel MMC performance
with quasi-sinusoidal arm voltages practically éfiaies any significant current peaks
across the IGBT devices.

On the other hand, relatively high current peaksmedium voltage 2-level
converter units utilized in systems B and C, coreimvith high switching frequency
become a major loss cause for these systems.

In case of system B, proposed 2-level generat@-8i@/DC converter generates
approximately 90% of the total switching lossesgeveas soft switching operation of
the proposed DC/DC boost converter practically iglates switching power losses
coming from the DC/DC boost operation.

Generator-Side: Switching Losses [%0]

™ WTG-REF

mWTG-A

WTG-B

=WTG-C

/ WTG-C (MV-AC/AC)

J ) .WTG-B (Mv-DC/DC)
' ' WTG-A (MV-MMC)
, ‘ _WTG—REF (Lv-2L)
60 40 20 7

Loading [%]

100 80

Fig. 4.9. Calculated switching power losses for differentdiog conditions.
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Chapter 4 Losses Analysis

In a similar manner to system A, the low switchiingquency for AC/AC boost
converter concept in system C makes it highly &ffit with total switching loss
contribution below 20%. 2-level converter unit ugedre-charge cell DC capacitors
contribute in total to more than 80% of the geretdbsses.

In terms of conduction losses, the reference loltage system with high switching
frequency provides shortest conductive periodsl@BTs, which results in lowest
conduction losses. Nevertheless, results showstsiem A with MMC circuitry also
provides lowest conduction losses among the praptvaasformer-less concepts.

Generator-Side: Conduction Losses [%]

B WTG-REF

=WTG-A
=WTG-B
HWTG-C
2.00 / /
1.50 / ﬁ WTG-C (MV-AC/AC)
z [
T 100 WTG-B (MV-DC/DC)
8
a i
050

/ / " / WTG-A (MV-MMC)
/ ﬁ __./ - / WTG-REF (Lv-21)
40 20

100 80 60

Loading [%]

Fig. 4.10. Calculated conduction power losses for differeatliog conditions.

Generator-Side: Total Losses [%)]

= WTG-REF

B WTG-A

HWTG-B

B WTG-C

3.00 ’/

250 1 4 /|

WTG-C (MV-AC/AC)
2.00

WTG-B (MV-DC/DC)

" WTG-A (MV-MMC)
/NTG»REF (Lv-2L)

150 - /| /

1.00 /

0.50 -

Ptot [%]

0.00
100 80 60 40 20

Loading [%]

Fig. 4.11. Calculated total power losses for different loadiogditions.
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In system B, 40% of the conduction losses come fabniGBT branch in DC/DC
boost converter. In system C, 40% of the condudtieres are coming solely from the
series-connected diodes in the bridge rectifier.

Combined switching and conduction power lossespaesented in Figure 4.11. It
occurred that conventional 2-level low voltage cemer provides most efficient
operation under high loads, whereas MMC converntesyistem A generates lowest
losses during low loads. Generator-side conceptpgsed for systems B and C
become not competitive to system A in terms ofcegficy over the examined loading
conditions.

Similar results between systems A and REF showtti@tpplied specific power
profile at a certain location will be crucial indar to determine whether system A or
REF has the highest overall efficiency.

4.3.2 Grid-Side

Grid-side units proposed for the transformer-legstesn consist of press-pack
IGBTs with the identical number of dies (6 for IGRT3 for diodes). In system C,
registered power losses include switching operatibthe clamping bridge, which is
necessary to balance adjacent DC link capacitotiseoNPC-5L topology.

Switching losses of the grid-side candidates arewshin Figure 4.12. Both
proposed NPC topologies generate more than 2 tithes switching losses in
comparison to the MMC and low voltage system.

In a similar manner to the generator-side, coneaali low voltage system has
lower overall switching losses at high loads, wherd¢MMC becomes much more
efficient during partial loads.

Grid-Side: Switching Losses [%]

= WTG-REF

= WTG-A

WTG-B

B WTG-C

WTG-C (MV-NPC-5L +CL)
/[ WTG-B (MV-NPC-3L)

WTG-A (MV-MMC)
WTG-REF (LV-2L)

100 80 60 40 20

120 7
100 + /00
080 </ {//
060 </ 1/

040 /)
0.20 ¢
0.00

Psw [%]

Loading [%]

Fig. 4.12. Calculated switching power losses for differentdiog conditions
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Chapter 4 Losses Analysis

On the contrary to switching losses, generated ecti@h losses in each circuitry
are maintained on a similar level. Figure 4.13spm¢s conduction loss distribution
among the converter candidates. Good thermal piiepeof the press-pack devices
allow loss reduction by app. 0.1% in the mediuntagé converters.

Grid-Side: Conduction Losses [%)]

B WTG-REF

B WTG-A

= WTG-B

B WTG-C

WTG C (MV-NPC-5L +CL)

ﬁ WWTG B (MV-NPC-3L)
/ b WTG-A (MV-MMC)

/ / WTG-REF (LV-2L)
20

Pcond [%]

/

Loading [%]

Fig. 4.13. Calculated conduction power losses for differeatling conditions.

According to Figure 4.14, calculated total powesskes of the grid-side converters
show that MMC topology becomes most efficient cdath over the entire loading
range. The performance of the MMC circuitry on tired operating with a nominal
terminal voltage results in further loss reductlon 0.2% when comparing it to the
generator-side MMC unit.

Grid-Side: Total Losses [%0]

/ = WTG-REF

HWTG-A

" WTG-B

mWTG-C

/' WTG-C (MV-NPC-5L +CL)

WTG-B (MV-NPC-3L)

Ptot [%]
-
I
S

/ WTG-A (MV-MMC)

WTG-REF (LV-2L)

100 80 60 40 20

Loading [%]

Fig. 4.14. Calculated total power losses for different loadiogditions.
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In summary, power generation of system A (backaokoMMC) with press-pack
devices becomes the most competitive solution anathgr proposed candidates for
future transformer-less 10 MW wind turbines opagtat 20 kV. Loss distribution is
on the same level as for the conventional (REF)Joitage 2-level converter.

In order to determine whether the MMC circuit albimncreased energy production,
an evaluation has to be applied over the speciieder generation profile, which
includes power generation distribution contractedHe particular utility operator.

4.4 Qualitative Evaluation Assessment - Power Generatio
Distribution for Low Wind Site
4.4.1 Input Data

In order to compare wind turbine circuitries undifferent operating modes, a
typical power-probability relation for a single lime is introduced in Table 4.5. It
includes many partial load hours, giving relativéddyv number of full load hours,
which is the result of climate conditions and sgstgperator demands.

Highest probability of 30% occurs under full loaghile lowest 6% is during no
load conditions, when turbine is either out of g=Fyor requested not to inject more
than 1% of its rated power.

Table. 4.5. Power generation distribution profile for low wiside*.

Power [%)] Probability [%]
0 6.6
1 5.9
5 7.3
10 8.3
17 8.8
28 8.9

42 8.7
60 8.1
82 7.3
100 30.1

*Source: Vestas Wind Systems A/S

4.4.2 Data Conversion

Measured wind turbine power generation at nominatling is matched with the
power generation distribution for low wind site byterpolated algebraic functions,
which have been derived for power loss generat®rioading stateBigssio = f(Kop)-
Table 4.6 lists developed curves associated wéhathebraic formulas.
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Chapter 4 Losses Analysis

Table. 4.6. Interpolated loss functions with regard to loadditans Pigssis) = (K )-

System Generator-Side Grid-Side
5.46-10-k*+ 1.29-1C-k + 5.68- 10 4.75-1F-k*+1.81-1C -k + 4.67-10
Generator-Side: WTG-REF 10 Grid-Side: WTG-REF
WTG-REF | _ 1, L
E 15 E 15
& 10 7.?-4; & 10 7—4;
Plossio o s P
0 20 40 kS[;] 80 100 120 0 20 40 kS[;] 80 100 120
1.04-10-k?+ 2.30-1G-k + 5.33-10¢ 4.54.-10-k*+5.90-1G -k + 9.80-1F
WTG A Generator-Side: WTG-A 1o Grid-Side: WTG-A
Ploss[%] E jz ._’._/.'/ E 1; .’*’/
0 20 40 :[:] 80 100 120 0 20 40 :[:] 80 100 120
4.58-10-k*+ 1.33-1F-k + 7.42.10 7.47-1F-k®+3.24-1C -k + 7.14-10¢
WTG B Generator-Side: WTG-B 1o Grid-Side: WTG-B
I:)Ioss[%] E j: E 1; //
0 20 40 :[:] 80 100 120 0 20 40 :[:] 80 100 120
5.25-10-k*+ 2.12-1G-k + 3.99-1¢ 1.10-10-k*+2.61-1C-k + 7.38-1¢
WTG C Generator-Side: WTG-C 1o Grid-Side: WTG-C
o — o
Plossfs i / in ./
k[%)] k(%]

4.4.3 Comparison Results

According to the interpolated formulas provided Table 4.6, expected wind
turbine efficiencies are calculated from (4.25) pawer levels provided in Table 4.5.
Table 4.7 presents the calculated efficiency resulty, for the analyzed wind
distribution. Finally, the resulting weighted eféacy 5ot is calculated from (4.26),
which allows qualitative evaluation of the eachgmsed system.

PN%

Mo = PN/+—F|’OSS{N/] (4.25)

Nror = 0.05908,,, +0.073(y,, +0.083,4, +0.088H, 4, +0.089H4, +0.087H,,
+0.081F,y, +0.073 @y, + 0.3010F, o, (4.26)
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Table. 4.7. Calculated efficiencies for the given power gerieratlistribution profile.

System Moo | Ns2% | Meow | Maz% | M2sw | Mizee | Miow | Msw% | Miw | Mror | Side

REF | 98.90%| 98.87%| 98.74%| 98.44%| 97.86%| 96.68%| 94.58%| 89.78%| 63.77% [:l:hekl/al GEN
REF | 98.89%| 98.87%)| 98.77%| 98.53%)| 98.06%| 97.08%)| 95.33%| 91.29%| 68.08% [k GRID
98.67%| 98.74%| 98.73%| 98.55%| 98.07%| 97.01%| 95.05% | 90.51% | 65.33% [EMILZN GEN
98.87%| 98.93%| 98.98%| 99.00%| 98.94%| 98.77%| 98.41%| 97.49%)| 90.58% [kWZLZY GRID
97.53%| 97.46% | 97.24%| 96.82%| 96.05% | 94.54%| 91.92% | 86.06% | 56.97% [LHILZN GEN
98.25% | 98.22%| 98.08% | 97.72%| 97.01%| 95.56%| 92.99% | 87.23% | 58.23% [yl GRID
97.05%| 97.05%| 96.99%| 96.81%| 96.44% | 95.64%| 94.20% | 90.80% | 70.41% [t MELZN GEN
97.94%| 97.98%| 97.89%| 97.58%| 96.89% | 95.43%| 92.81%| 86.90% | 57.45% K FMILZN GRID

O|0|w|w|>| >

Results in Table 4.7 show, that both resultingcédficiesnor for the generator-
and grid-side units in system A (marked red) aghéi than for the conventional 2-
level back-to-back converter (marked bluE)is means that for the analyzed power
distribution profile, back-to-back MMC transformer- less concept provides higher
annual energy production than the presently utilizel system equipped with the
step-up transformer.

4.5 Quantitive Evaluation Assessment - Required Amounof

Silicon in Wind Turbine Power Converters

Amount of the required silicon material partly esfls cost of the component
materials. In the transformer-less systems wittsgrack devices, all utilized IGBT
and diode capsules consist of parallel-connected fi5, 66], each with an identical
amount of silicon. Number of dies depends on theect rating and is listed in Table
4.8. For system with power module devices, it isuased that the enclosed power
modules consist of parallel-connected IGBT and diclips, as shown in Figure 4.15.

42.93 mm’

= 5 0
HELY J‘i
o0

IGBT Dic
55A/4500V

Diode Die
110 A/ 4500V

IGBT Chip Diode Chip
150 A /1700 V 150 A/ 1700 V

Fig. 4.15. Die / chip dimensions in power module (left) andgs-pack (right) devices.
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Approximate amount of silicon for 4500 V press-patiks and 1700 V power
module IGBTSs is provided according to the chip disiens given in datasheets [65-
68].

Table. 4.8. Total number of the required dies / chips for eemfiverter circuitry.

System Num_ber of I_GBT Number of Qiode
dies / chips dies / chips
REF, Generator-Side 360 360
REF, Grid-Side 360 360
A, Generator-Side 936 468
A, Grid-Side 936 468
B, Generator-Side 576 384
B, Grid-Side 504 378
C, Generator-Side 900 762
C, Grid-Side 720 800

The total amount of silicon for diode and IGBT dms is presented in Figures 4.16

and 4.17. The results show, that among the tramsficless concepts, system B
requires the minimum amount of silicon for IGBT adidde elements (3 times more
than for LV system REF). System A with back-to-b&tM C requires approximately 5
times more silicon than the conventional systenh vdentical power ratings.

The excessive number of diodes in system C is ekaltr of the series-connected
diode bridge rectifier on the generator-side, alasity exponentially increased number
of clamping diodes for the NPC-5L on the grid-side.

Generator-Side: Amount of Siliconin IGBTs

45000

40000
35000
30000
"E 25000
E. 20000
15000
10000

WTG-B
(MV-DC/DC Boost)
2472¢

WTG-A
(MV-MMC)
mm3 4018:

45000
40000
35000
30000

& 25000

E. 20000
15000
10000

WTG-C
(MV-AC/AC Boost)

Grid-Side: Amount of Siliconin IGBTs

WTG-A
(MV-MMC)

WTG-B

WTG-C
(MV-NPC-3L) (MV-NPC-5L+ CL)

38631 mm3,

4018: 21637 3091(

Fig. 4.16. Required amount of silicon in IGBT devices.

Generator-Side: Amount of Silicon in Diodes

WTG-B
(MV-DCIDC Boost)

WTG-A
(MV-MMC)

WTG-C
(MV-AC/AC Boost)

mm3 21608 | 17729

35182 [mm3

Grid-Side: Amount of Silicon in Diodes

WTG-A
(MV-MMC)
21608

WTG-C
(MV-NPC-5L + CL)
36936

WTG-B
(MV-NPC-3L)
17452

Fig. 4.17. Required amount of silicon for the diode devices.
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Chapter 5
Short Circuit Analysis

5.1 Introduction

Maximum short circuit currents are calculated foe system presented in Figure
5.1. It includes a conceptual wind power plant ¢stivgy of 5 feeders interconnected in
parallel. Each feeder is modelled according togpecification listed in Tables 3.5 -
3.8.

Fig. 5.1. Analyzed collector feeder system with marked grofanudt Iocatio-ns.

In total, 7 different grounding configurations aamalyzed with regard to the
maximum ground short circuit currents. In orderet@luate each grounding scheme,
the thermal loading of the ground conductors is pamad when internal ground faults
are applied at each terminal 1-11 with differerdugrding configuration. The obtained
results may determine which grounding requiresloleest cross-section areas for the
ground conductor wires in order to properly witlmstashort circuit current. In this
manner, the least expensive (lowest amount of aqoperial) grounding method can
be utilized for a high number of interconnecteddviarbines.

The sizing of the circuit breakers located at eattd turbine and collector feeder
terminals is made in a similar manner, accordingh® measured maximum short
circuit currents that flow through the devices.

Short circuit calculations are performed accordm¢EC standards [69, 70] for the
given system ratings and short-time withstand ausré , obtained from computer
simulations. Due to lack of aggregated short-ctrenodels of the transformer-less
wind turbine in the literature, detailed time-domaimulations of a single turbine are
performed with respect to the applied groundingesud

The final part presents concept for the short-dirguotection scheme, which
particularly includes fault detection over the emtieeder cable network. In order to
provide selective operation, current differentialays are proposed for the primary
protection. Back-up and secondary protection camelaéized by means of the over-
current directional elements, which are installel each wind turbine and
corresponding feeder terminals.
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Chapter 5 Short Circuit Analysis

5.2 Solution Methodology
5.2.1 Time-Domain Modelling

The general workflow diagram for the short-circaitalysis is shown in Figures 5.2
and 5.3. It is divided into 2 functional parts. Tfiest part includes time-domain
modelling of a detailed single wind turbine modehich is interconnected to the
substation transformer with a single calllsection (Figure 5.2).

Time-Domain Modelling Input Constants
i . e System A (BtB MMC)
1. Select Wind Turbine Topology 4—7 «  System B (DC/DC Boost + NPC-3L)

e System C (AC/AC Boost + NPC-5L)

: N1-N2-N3
. 4 (0 — isolated, 1 - grounded)
2. Select Grounding Configuration 47 o 1-1-1 ® 0-1-1 ° 0-0-1
‘ : Cole 14140 o 1-0-0 o 1-0-1
e 0-1-0
; y. . e 1-phase-to-ground
3. Apply Faults at Wind Turbine Terminals 4———————+ 2-phase-to-ground

e 3-phase-to-ground

Ad

’4. Measure and Extract Maximum RMS +/-/0 Seq. Currents

T
13 12 2)
| I
/(Y N & ﬂ \ ) \ e — o
afAghy ——Po
jl /\ % /v\ } N _/ wt — &
AN 2 /
E a 201y _/ 132
i '
@ m m w W & || Unbalanced System -
f Positive Sequence Negative Sequence Zero Sequence

}

WTG SC Current Contribution

Fig. 5.2. General workflow diagram for time-domain SC analysi

According to the selected wind turbine topology,ougrding configuration,
operating conditions and fault handling stratedgffecent types of faults are applied at
the wind turbine terminals. During the fault op&ratperiod, the instantaneous currents
flowing through the wind turbine terminals are measl, and their maximum RMS
values are transformed into the symmetrical sequemmponents via Fast Fourier
Transform (FFT). In this manner, maximum short witrcurrent contribution coming
from a single wind turbine is obtained.
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5.2.2 Phasor-Domain Modelling

With values obtained from the detailed time-donsmulations, wind turbine short
circuit contribution can be represented with anraggted model. The aggregated wind
turbine models are used to construct complete fesetevork model, which consists of
the 10 wind turbines connected according to figufe General workflow diagram for
the phasor-domain analysis is presented in Figige 5

WTG SC Current Contribution

Phasor-Domain Modelling

{ Input Constants

e  WTG SC Current Contribution

5. Construct Sequence Network Model < e Utility SC Current Contribution
} ¢ Feeder SC Current Contribution
N1-N2-N3
y (0 — isolated, 1 - grounded)
6 Select Grounding Configuration “ o 1-1-1 ° 0-1-1 ° 0-0-1
‘ o 1-1-0 o 1-0-0 o 1-0-1
. 1-0
. y . e 1-phase-to-ground
7. Apply Faults at Terminals 1-11 ¢ 2-phase-to-ground

e 3-phase-to-ground

4
8. Measure Maximum RMS Short-Circuit Currents

/
I * Iscacyapm  ® Iscooyapn 1/
1 Iscaoepny @ Iscooepny |
N Iscacyapm  ® Iscooyipn \

v v
9a. Calculate Thermal Equivalents of Ground 9b. Calculate Short-Circuit Breaking
Currents with accordance to IEC Standards Currents with accordance to IEC Standards

v 4
10a. Calculate Minimum Thickness Eer Length 10b. Determine Circuit Breakers Ratings
of Grounding Conductor Wires [mm*/ km] _/

o e %—

Fig. 5.3. General workflow diagram for phasor-domain SC asialy

The phasor-domain analysis is performed over thsitipe, negative and zero
sequence network models. Maximum resulting symeatRMS short circuit currents,
which flow through the ground conductor wire andickhflow through circuit breaker
poles are measured and used to calculate thermbladents and breaking currents in
order to determine the required ratings for theuirbreakers and the required cross-
section areas of the ground wires.
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5.3 Design Constraints
5.3.1 Grounding Conductor Wires

According to Table 3.10, all 3-core cable sectitiase been sized for nominal
current loading by selecting the cross sectionktigss of the core. In case of copper
screens, fixed thickness of 16 rhim provided by the manufacturer. It is also asslime
that all screens of each cable section are solitdéd on both sides in order to
minimize common-mode voltage and to comply withesafrequirements [32]. As
semi-conductive screens are not sized to carry tnarents, the shield is typically a
fraction of the size of the phase conductor. Dugagle ground fault, the damage to
the shield is more likely than the damage to thesphconductor.

In order not to over-dimension whole cable instailas just for short-circuit current
withstand capability, an extra bare conductive wareouted in a trench along with
cables in Figure 5.4. This wire provides an “efifie®t ground for cable neutral
conductor bonding, so that it takes over a desaradunt of fault current. Furthermore,
flexible sizing of the bare conductor allows coliing ground impedance resistive
value, thus making it more independent from theaterand soil quality, especially at
low frequencies.

L

Grounding Conductor

N

Fig. 5.4. Collector feeder grounding_system with cable scsdmmnding method.
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Cable screens are grounded (bonded) on both sidhsaw impedance. Its main
role is to limit fault currents to the level, whiglereens in adjacent cable sections are
able to withstand. According to the grounding cgufation, connection between
system neutral points: N1, N2, N3 and ground cotatueire sections N forms a short
circuit current path for the analyzed system.

As a starting point for the short-circuit analysisjs assumed that each feeder
consists ofN = 10 sections with separate grounding conductoeswvi each with an
initial cross-section area of 16 fim

According to cable manufacturers, each single 16°roopper wire can carry
maximum 1 s ground current bfyas)= 2.45 kA, which results in maximum allowable
temperaturer, = 250 °C. 1 s maximum currentrys) is converted to its thermal
equivalent for fault periody according to:

_ ITH(JS) (5.1)

Iy =
(To)
‘ D

Based on formula (5.1), cable thermal constraiatshee calculated when:

*  Tyeims) - both wind turbines and the utility contribute tfee short circuit
current. Wind turbines inject nominal active andatéve currents:l yims).

* Tweoms)y - only utility contributes to the short circwtirrent, with all wind
turbines operating in block mod&;ygoms).

Parametersryzimsyandlrrsoms) are calculated from:

I
— (1s)
ITH(21ms) T —— (5-2)
\/Tk( 21ms)
| 2 1
_ TH(21ms)
Ty = Ty(oams) [E S ) Dy = +7, (5.3)
0
_ Tl + Z-2
Tav = T (5.4)
Yo
Vowy =———F——— (5.5)
Y 1+a[qTAV - To)
— I, -1,
I ¢goms) = SH|Vav EG——T (5.6)
k(80ms) k(21ms)

where:
70 =50°C ground conductor wire initial temperature (fmahloading conditions).
2 =250°C ground conductor wire maximum allowed tempe®afrom datasheet [58].
s =16 mnt ground conductor wire thickness.
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Chapter 5 Short Circuit Analysis

c =2.50 J/(crK) copper specific heat.
=3.9-1¢ K* copper temperature coefficient.
% =47 @Q-m)* copper conductivity afy,
T ground conductor wire temp. aftagzIms)= 21 ms.
AV ground conductor wire mean temp. during utig contribution [58].
YAV copper conductivity ay.

Figure 5.5 marks red area, in which calculatedntiaéequivalent coordinates for an
initial 16 mnf grounding conductor wire, where the SC currentrifoutions must be
fitted in order to withstand fault conditions.

16

14

ITH(80ms) [kA]

12

10 -~

2 A\

|

0

0O 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36

ItH(21ms) [KA]

Fig. 5.5. Maximum allowed thermal capability of 16 riground conductor.
5.3.2 Circuit Breakers

According to figure 5.6, 24 kV circuit breakersigolated systems are sized against
3-phase faults and since tripping is made afteckblnode, breakers must handle only
fault currents coming from the utility.

Feeder Breaker Sizing Wind Turbine Breakers Sizing

@

Fig. 5.6. Marked SC current locations for feeder (left) andr®¢ (right) circuit
breakers sizing.

Rated short circuit breaking currehyzggoms)is used as a standard parameter to
dimension circuit breakers located at wind turkamel collection feeder terminals. It is
composed of the AC componetdrknac) and DC componentzrgpcy at a time of
breaker tripping instant. According to IEC standffl], calculated breaking current
Isrr(soms)iS referred to its equivalent consisting of 30%twf DC component for a peak
value of the maximum short circuit current equaldlsc wherelsc = lgreacyis rated
short time withstand current aft@goms)period.
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Equation (5.7) is used in order to convert caladddC component from (5.8) into
referred 30% value for its equivalent short cirdurgaking current:

2 2
1+2 IBRK(DC) 1+2 IBRK(DC)
| | 100 | 100 (5 7)
= = [ ——— ’
BRK(80ms) BRK( AC) BRK(AC)
30 \? 1.086
1+20—
100

Percentage ratio of the DC componkyakocis calculated from:

(Tor +Ta)

I sr(pe) = 100e (5.8)
where:
Ter =60ms breaker operating time.
Tr =20 ms relaying time
T system time constant in form of L/R ratio foultdoop impedance.

Values for rated breaking current [KA] under theximaum short circuit [70]:

63| 8 10| 125 16f 20 25 315 40 50 63

5.4 Short-Circuit Analysis of a Single Wind Turbine

As shown in Figure 5.7, the analyzed system indusiagle wind turbine, single
cable PI section, substation transformer and gadllts are applied directly at the wind
turbine terminals. Fault operating sequence is shiovirable 5.1.

protection
I !
relaying
. L . 082s
Generator-Side B Grid-Side
Power Converter PowerComverter | .,
] —m ( AN —
tripping T
Bl L -| 088s
T fault T T
08s
block mode block mode
0.821s 0.821s
- By 1]
= N2 T

N1

Fig. 5.7. EMTDC/PSCAD time-domain simulations for WTG SC admnition.

Prior to the fault mode, wind turbine extracts theximum rated power from the
wind, which corresponds to the worst-case scen@iging the first cycle of fault
occurrence, both wind turbine and the utility cdmite to the resulting fault current.
During this period, wind turbine operates with frtélactive current injection according
to the grid code requirements provided by E.ON N&tz Code [71].
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Chapter 5 Short Circuit Analysis

Table. 5.1. Fault timing sequence and system behaviour fornatdeeder faults.

Event Time [ms]

Internal ground fault within collector feeder netkwo 00.00

Fault detection algorithm detects internal faulthivi cable system and sends message to

all wind turbine units. 20.00
Signals for fault occurrence are received by a#irafing wind turbines. Block operatign 20.00
of the power converter is initiated

V\_/inq turbine power converter is in block mode. Windbines do not contribute to shart 21.00
circuit current.

Feeder and wind turbine circuit breakers trip. itytiloes not contribute to short-circuit 80.00

current.

After the T' cycle, fault detection mechanism detects an iafefault within the
collector feeder network. As a result, block sigisabkent to wind turbine converter,
which blocks the wind turbine operation by switahioff all IGBTs in the converter
branches. The block action takes places aftenus0@om the I cycle. From this point,
only utility supplies fault, and is disconnectedrogans of the wind turbine and feeder
circuit breakers. According to datasheet [72], ®4ckcuit breaker requires 3 cycles to
break the short-circuit current, so that faultleaced after 80 ms from fault occurrence
(60 ms interrupting time + 20 ms relaying time).

According to the described fault operating sequetice domain simulations have
been performed with regard to the wind turbine ester design, grounding method
and the type of fault. Figures 5.8-5.10 demonstrateasured wind turbine
instantaneous currents with an effective groundewfiguration 1-1-1. Currents are
registered separately at the grid-side convertemniteals and at C filter terminals. Both
currents are summated in order to obtain the ieguRMS sequence short circuit
currents. All current waveforms obtained for eaghtesm and grounding mode are
available in the Appendix F.

SCQurrents: SYSTEMA, 1-1-1
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Fig. 5.8. 1-phase to ground fault for system A, grounding endd1-1
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Fig. 5.10. 1-phase to ground fault for system C, grounding endd1-1

According to the simulation results for grounding-1, it is observed that systems
A, B and C provide similar resulting short circwtirrent contributions. Pre-fault
conditions for all systems remain identical, wheoeninal currents flow through each
wind turbine terminals. Right after the fault ocmurce, fault-ride through strategy is
initiated. With the compliance to E.ON Netz griddeo- apart from pre-fault active
current flow, a nominal reactive current is injeGtevhich results in an increased
overall current feeding the fault. In other worbtlsth active and reactive currents in 1
pu are injected during the first cycle. In thisipdr all systems contribute equally to
the applied short circuit current.

After the ' cycle of fault ride through operation, block moideinitiated by
switching off all the existing IGBTs within the cearter circuitry. Converters in
systems A, B and C instantly break phase curreviigsh results in solid short circuit
of the parallel C filter branches. As a result,il@if capacitors discharge and release its
energy into the fault. Due to lack of series ragise in fault commutation path,
discharging current takes form of a damped osithat with a resonant frequenéys,
which is driven by the series connection of thedl@€ments. In case of system A with
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Chapter 5 Short Circuit Analysis

MMC topology, lower oscillations occur due to sreallC filter that is necessary to
suppress dv/dt effect.

During block mode - which lasts for 3 cycles, totalergy dissipates from the C
filter. Finally, WTG breaker trips and disconnethe wind turbine under no loading
conditions.

RMS symmetrical sequence current components asenalat by FFT transform of
the instantaneous valuels,. WTG The obtained phase current harmonics are
transformed into the sequence component harmonidgth va symmetrical
transformation matrix (FFT block). The transformsgtjuence component harmonics
are converted into an instantaneous sinusoidalegalith an inverse FFT block and
summated, as shown in Figure 5.11.

C TIME
Time
Mag] + INVERSE 63-element array
FFT
Mag| -
O
Ma 11_WTG
Magy ey, Mago ' g
mZ; Ph 12_WTG
la_WTG FET (63) o
Ph- Ph|- 10_WTG
Ib_WTG (63)
_ PhO Ph
e TG F=50.0 [HZ] 63)
‘ch FicB cC
FFT Transform
ABIC to +/-/0 Transform

Fig. 5.11. Implemented EMTDC/PSCAD tool for the extraction an@dMS
computation of the symmetrical sequence componamneits.

Finally, the RMS values are calculated for the dantdneous sequence currents
150 WTG Obtained maximum RMS sequence current values therentire short
circuit period are the representation of wind taebshort circuit current contribution.
With this method, calculated final RMS values oledrin Figure 5.10 are delayed by
2 cycles (40 ms) to the referred time frame.

According to the described methodology, derived imaxn RMS sequence
currents for each grounding configuration and factke wind turbine topology are
presented in form of radar graphs in Figure 5.120Ag different converter circuitries,
it is visible that system A (MMC) provides the mimim short circuit current
contribution for any type of fault and for most graling configurations. On the other
hand, system B (NPC-3L) injects the highest shiocuit currents for most grounding
configurations. This can be explained by meansi®fC link capacitance required for
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the system B, which significantly lowers the resgtwind turbine zero sequence
impedance.

1-phase-to-Ground Fault [kA] 2-phase-to-Ground Fault [kA] 3-phase-to-Ground Fault [kA]
o= WTG A === WTGB WTG C = WTGA ===WTGB WTG C = \WTG A ===\WTG B WTG C
0-0-1 0-0-1

20
e

T50-1:0

1-1-0 k<

100 0-1-1
Fig. 5.12. Resulting WTG SC current contributions for differgnounding modes.

Figure 5.13 presents an example of the SC curremimautation path in healthy
phase through common DC link capacitance for egskem. It is observed that by
blocking MMC cells, SC current by-passes all calpacitances and flows only through
cell diodes and small harmonic common DC link cépa€pcmmc). According to the
results from 5.12, MMC feature of having the cagthBC link instead of the common
one leads to the lowest resulting SC loop impedame®ng the other grid-side
converter topologies.
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Fig. 5.13. SC current commutation path for 0-1-0 grounding enmda 1-phase fault.

Due to its lowest short circuit current contribution, system A is selected for
further investigation of optimal grounding scheme oer the entire feeder network.

For phasor-domain modelling, measured maximum R3WS8rt circuit current
contribution used as an input parameter is showifioim of current symmetrical
sequence components in Figure 5.14. Due to thdgitdgl zero sequence component
for a symmetrical 3-phase fault, thermal loadingyefund conductor wires is analyzed
only with regard to the 1-phase and 2-phase fgpés.
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1-phase-to-Ground Fault [kA] 2-phase-to-Ground Fault [kA] 3-phase-to-Ground Fault [kA]

— seq -seq Oseq -———iseq ~— emmS-seq 0seq ——tgeq ~ emmm-seq 0seq

0-0-1
0.6

Fig. 5.14. System A, WTG SC current contributions for diffeargnounding modes.

5.5 Short-Circuit Analysis of a Single Collector Feeder

Figure 5.15 presents a collector feeder model, kviidcused for the short circuit
analysis in the phasor domain. Collector feedetesyss modelled with a parameter
values according to Tables 3.10-3.12. Wind turbimes represented either as
controlled current sources with values obtainednfiéigure 5.14 (wind turbine short
circuit contribution), or with sequence impedangegity short circuit contribution).

Fig. 5.15. Collector feeder system representation for theueagy-domain analysis.

In order to simplify short circuit calculations, oda contribution is analyzed
separately. Final short circuit current distributiacross grounding wires is obtained
with superposition of the short circuit current éoghfrom the utility, adjacent feeders,
and wind turbines located on the faulted feeder.

5.5.1 Utility Short Circuit Current Contribution

Schematic representation of the analyzed circyirésented in Figure 5.16. Wind
turbine and substation transformer neutrals areirgied according to the examined
grounding configuration.
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wind turbines from 1 to 10

Reaieory) Leasiccorn 11

cable sections from 1-2 to 10-11 substation transformer utility

Fig. 5.16. Impedance network model for the utility short cit@urrent contribution.
According to figures 5.15-5.16, following statensate derived:

* Maximum ground fault currents will flow during asymetrical ground faults: 1-
phase-to-ground or 2-phase-to-ground faults, wpesitive and negative sequence
currents contribute to the ground current.

» For systems with opened utility ground path, maximphase short circuit currents
will flow during 3-phase faults. Therefore, circbiteakers will be sized for 3-phase
SC currents when N3 point is isolated (groundingfigurations 1-1-0; 1-0-0; 0-1-
0; 0-0-0).

According to the statements above, sequence cidiagframs are derived for: 1-
phase-to-ground (Fig. 5.17a), 2-phase-to-ground. (bi17b) and 3-phase-to-ground
(Fig 5.17c). The diagrams include resulting impegasnconsisting of cable Pl sections
Zcanie Wind turbines impedanceégyrg transformer impedancg,,;,, transformed grid
impedanc&yq and grid voltag®/yg.

a) Viszo b)

Fig. 5.17. Resulting impedance network models for differemtugd fault types.

Due to embedded tertiary delta winding of the safimh transformer, it is assumed
that the zero sequence grid impeda@gg does not influence analyzed system.
Resulting sequence impedances are calculated from:

Z,= [(ZABC( 1))71 + (ZWTG( 1))71]71 = [(anble( 1) T Ziato() * Zgrid(l))il + (ZWTG( 1))71]71 (5.9)
Z,= [(anble(z) + a2y + Zgrid(Z))_l + (Zwre(z))_l]_l (5.10)
Zy= [(anble(o) + Ztrafo(O))_l + (ZWTG(O))_I]_:L (5.11)
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In order to provide accurate values for sequengedances of a mutually coupled
substation transformer and wind turbine model, mpedance scan is made through
detailed EMTDC/PSCAD time-domain simulations undernormal operation. It is
therefore expected that the transformer core isdsioned to avoid saturation effect
during the short circuit period and wind turbineneerters are in block mode. Resulting
parameter values for all sequence impedances wweghbrt circuit modelling are
provided in Table 5.2.

Table. 5.2. Sequence impedance values for symmetrical compamahysis

Component Positive Sequence Negative Sequenc Zero Sequence

single cable section* Zcavie(y= 29.454 Zcape)= 29.454 2 Zcaple(o)= 9.818 n@2

ZWTG(D)(1—1): 0.125- 1(1 - j7.09
Zuwroywo= 0.118-10 +j6.93
ZWTG(D)(O—I): 0.272- 1(1 - j128.14
Zwre(oyo-0) = %

erafc(O)(l): 79.418 M

wind turbine (WTG)** | Zurew = 0.5-1C + j2 Zure = 0.5-10 + j2

transformei(M = j0.675Q) | Ziaroz) = 80.399 2 Zirafo(2) = 80.399 2 z _
trafo(0)(0) = %
transformed grid
4 = 2Q Z = 2Q -
(20 kV level) 9 9id@)
* all cable sections in feeder have identical gesiand are connected in parallel in order to raaintequired current
ratings.

** values for wind turbine impedances are providedy as a part of complete methodology descriptiorthis work, the

worst-case scenario is examined, which assumesiithaind turbines are disconnected, i.@q& = .

AC components of ground RMS short circuit currdaisac) constitute triple zero
sequence currents, and are calculated accorditiget@quations (5.12-5.13) derived
from Figure 5.18a, Ichax= 1.1). Maximum RMS value for 3-phase short citd¢giac)
is calculated from (5.14) according to Figure 5.18c
V]

Lizpi

Bi<

single phase to ground fault two phase to ground fault three phase to ground fault

Fig. 5.18. Symmetrical sequence component method for the &ysis.

I'saapnyac) = agzpn) :%Lm/l (5-12)
V3z,
_ _ Crnax V1
I'enogipnycacy = 30 ogapny =3 \/é[(zmaiz +7 ) (5.13)
1 2 0
Crax V; [
Ienoezphyac) = 3 ozpny =305 o (5.14)

\/5[(21 |IZ +Zl |:20 +ZZ QO)
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Figure 5.19 shows AC component distribution of t@ximum SC currents for the
circuit breaker dimensionindn this analysis, it is further assumed, that wost case
scenario applies, where all wind turbines remain diconnected from the feeder
before fault occurrence Zwrcu) = Zwrae) = Zwreo) — ©)-

In case of a ground short circuit currégtpiiiy)acy used for ground conductors
sizing, results include systems with both grounded isolated utility neutral, as shown
in Figure 5.20.

According to the results, circuit breakers locasdeach terminal shall be sized
against asymmetrical ground faults for the utilisounded systems, and against 3-
phase symmetrical faults for the utility isolatggtems.

-
5

-
S

o

@

RMS AC short circuit current [kA]

o N &

1 2 3 4 5 3 7 8 9 10 1
 Systems with grounded utility (N3=1) u Systems with isolated utility (N3 =0)

Fig. 5.19. AC component of the SC current measured at eachitchreaker poles.

Maximum Ground Wire Currents (per Section)

1-2 2-3 3-4 4-5 5-6 6-7 7-8 89 9-10 10-11

B Systems with grounded utility (N3=1) B Systemswith isolated utility (N3 =0) Cable Section

-
3

-
5

-
R

RMS AC short circuit current [kA]
n
5

o N & o ®

Fig. 5.20. Measured AC component of the SC ground current ifigwthrough
grounding conductor in each section.

5.5.2 Wind Turbine Short Circuit Current Contribution

Each wind turbine current contribution is represdnas a sequence current source
with values from Figure 5.14, obtained from timeydon simulations of a detailed
wind turbine model. Input values differ according the examined grounding
configuration and type of fault.

As wind turbines do not contribute to the shortuit after switched to block mode,
the wind turbine short circuit contribution is aymdd only with regard to the
grounding wire dimensioning. In this manner, orihe tmost critical 1-phase and 2-
phase ground fault currents are analyzed. Grounekmt contribution coming from 3
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phase to ground faults is negligible (below 2%}t nominal line currents due to its

symmetrical characteristics.

Schematic representation of the analyzed circyirésented in Figure 5.21Wind
turbine and substation transformer neutrals areirgted according to the examined
grounding configuration.

wind turbines from 1 to 10

Lsia 2 10
Ceabteiry 0.5C oy ] 5Ccaviqo.
A v o\ L
substation transformer utility

cable sections from 1-2 to 10-11

Fig. 5.21. Impedance network model for the wind turbines Sfeni contribution.
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—{J— resulting phase impedance between WTG and substation

—L 3 resulting phase impedance between WTG and fault
Zapcan

Zapc
Fig. 5.22. Resulting impedance network models for differemtugd fault types.

Due to the mutual coupling of the substation trarskr, standard circuit laws are
applied to calculate the maximum ground short @rcurrent contributions coming
from each wind turbine. Figure 5.22 shows 6 derieéduitries, where fault loop
differs with regard to the applied grounding scheamel fault type. Table 5.3 lists
derived formulas for maximum ground current conttin | snpwre)ac)
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Table. 5.3. Ground current contribution formulas for the SClgsia.

Drawing on ] .
Fig 592, Mathematical Formulas for Calculating Ground Current lenp
L D.LL
a) Livo@wy = o) + Lsageio) + Leagziop (5.15
Livowya = Lajzioy + sareio) + Leagzio (5.16
b) 1 Zage any M
Linowyan = Laajaioy = Tme o ey, (Lq(nz\o) e T Lz Zwen Lz ZJ;“)) + sz + Lezio (5.17
1
c) Iovocoan = =(agio * Zascan + apio " M+ Lapio - M) Dot Ty (5.18
d) Ieno@ = hapio) + Iagio + g (5.19
(aizoy Zase sy Mooy M) M 7 -
L = [!Amzw) M oty Tl Zuscan *+ leapio M] ' [ZAHL‘(I) +Zascan ~ g (5.20
Linpeyan = Laazioy + Isapzio + leapo = oo = It (5.21
e)
Lavv@yan = laajzo) + Lsarzio) + Leago) = Lo = Ist (5.22
Lino@yay = Liapzio) + Isajzio) + Leazio) (5.23
M =
Iss = [Lzioy " M+ Ispzio) - Zascan + Iearzioy* M = (Liagzio) * Zascan + Lz * M+ Leajzio) - M)] - [ZAHL'(:) + Zagcan e (5.24
f) Iev = (Liioy * Zascan + Iqijzio) 'M+lp(1mo)‘M*Lﬁl(uz\o)‘ﬂ)‘m (5.25
Livogpyan = =L + 1) (5.26

Distribution of the obtained ground short circuitrents lgnpwrsyacy flowing
through ground conductors in each section is ptedein Figures 5.23, 5.24. The
lowest ground currents are obtained for groundimgfiguration 0-1-0 both in case of

1-phase-to-ground and 2-phase-to-ground faults.

1-Phase-to-Ground Short Circuit Current

T g T p T g T 9 T g T T g T g T g T
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T T82KA 6.96 kA 6.09 kA _ 6.02 kA 688KA  774KA 8.70 kA
§; 017 820 kA 8.70 KA 894kA  9.08KA 9.20 KA 29 kA 9.31 kA 928kA  927KA 9.30 kA
‘i 01 819 KA 8.70 kA 894KA  9.08KkA 9.20 kA 29 kA 9.31 kA 936kA  9.36KkA 9.40 kA

8.’66 kA 8;.94 kA 9.1;2 kA
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12 23 34 45 56 6-7 78 89 9-10 10-11
Cable Section

Fig. 5.23. Distribution of grounding wire currents under lagk ground faults.
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Fig. 5.24. Distribution of grounding wire currents under 2-pbaround faults.
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Chapter 5 Short Circuit Analysis

After calculating the short circuit current contritons coming from the utility and
from the wind turbines, all analyzed grounding ¢gumfations can be compared by
means of:

e required mean thickness of the grounding condueia per length,

e required ratings of circuit breakers for wind tumbiand feeder protection.

5.6 Comparison of Grounding Systems

5.6.1 Minimum Ratings of Circuit Breakers

Maximum breaking currents are calculated accordmd5.7) supported by the
results from Figure 5.19. Table 5.4 provides daradil selected circuit breakers in
each terminal 1-11. Systems with isolated neutrahe substation transformer require
the lowest specified ratings of a 6.3 kA circuigdkers in each terminal.

Table. 5.4. Circuit breaker ratings for terminals 1-11.

I ri(goms)for N3 = 1

Terminal 1 2 3 4 5 6 7 8 9 10 11
| 8ri(soms)[KA] 7.41 7.73| 7.89| 8.02 8.17 821 829 837 84851 | 8.58
I srvomy [KA] 8 8 8 10 10 10 10 10 10 10 10

I srr@oms)for N3 = 0
Terminal 1 2 3 4 5 6 7 8 9 10 11
| Bri@oms)[KA] 5.25 531| 5.23 5.22] 5.21 521 5.20 5.20 5p®%.20 5.21

I srcvomy [KA] 6.3 6.3 6.3 6.3 6.3 6.3 6.3 6.3 6.3 6.3 6.3

5.6.2 Minimum Grounding Wire Thickness per Length

Grounding conductor wires in each section muststéthd maximum fault currents,
which are represented as thermal equivaleftaccording to equation:

~ Joule's Integral (5.27)

The resulting thermal equivalenisy, which come from the utility and the
interconnected wind turbine short circuit curreoniributions, are calculated from
[69]:

_ 2
ITH(2:Ims) = \/(I onowreyac) F IGND(utility)(AC)) + (‘/ ”‘(o\ 21mg DGND(utility)(AC))z (5.28)
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| 111 soms) = \ 1+ M 21md8oms) 0 oy utity )( Ac) (5.29)

Heat effect factomyriarie) reflects the share between AC and DC componests o
the resulting thermal equivalentymy It is related to fault loop impedancg
modelled with time constamt Heat effect factomis calculated from:

TKZ i 2
- .[ IGND(uilty )(DC) dt= T ext - 200, —exg - 20, (530)
mTkl\Tkz) i N T.-T T T
7,, Uonoutiity ) ac) k2~ ha f f

ro= Kiam Img{z, +7, +2,} (5.31)
O T OMR, y  @ReAZ, +Z, +7,}

Img{zl Q2+Zl QO +ZZ QO}

r = Kieon Z, (5.32)
TP T HMR, m a)EReal{Zl (Z,+Z,(Z,+2, [zo}
Z,

The resulting thermal equivalents are calculatqrhisgely for periods when both
wind turbines and the utility operate, and whenyoaotility remains operational.
According to detailed time domain simulations, zeseguence alternating current
controller of the wind turbine converter practigatliminates the DC component from
the overall short circuit current provided by th&rbine. As a consequence, DC
component is only included as a part of the shoctit current coming from the utility.

Results of the calculated thermal equivalents fiferént ground faults in systems
with a single feeder are presented in Figures &r#b5.26. The maximum allowable
operating area (marked red) for initial 16 fwire thickness is imposed from figure
5.5. Graphs show, that systems with grounded N&aleequire increased thickness of
16 mnf ground wires to withstand fault conditions.

Ground Wire Thermal Loading during 1 phase-to-ground Faults [KA]
m Groundings: 1-1-0, 1-0-0 % Groundings: 1-1-1, 1-0-1,0-1-1 @ Groundings: 0-1-0 % Groundings: 0-0-1

315
Z
£
e
g n
=
= e P [
0 =/~ SPEEN-
- *
8 )
™
S
6
N
4 N
\
) \
0

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36
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Fig. 5.25. Calculated resulting thermal equivalents of growes for 1-phase faults.
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Chapter 5 Short Circuit Analysis

Ground Wire Thermal Loading during 2 phase-to-ground Faults [kA]
B Groundings: 1-1-0, 1-0-0 % Groundings: 1-1-1, 1-0-1,0-1-1 @ Groundings: 0-1-0  # Groundings: 0-0-1

° g ST

14

12

ITH(80ms) [kA]

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36

ItH(21ms) [KA]
Fig. 5.26. Calculated resulting thermal equivalents of growes for 2-phase faults.

Finally, Table 5.5 provides the required mean théds per length of a grounding
conductor wire for each single feeder with regawdtite number of interconnected
feeders and grounding configurations. Grounding®@+&quires minimum amount of
copper, and allows interconnecting 5 non-isolatstérs while equipped only with a
16 mnf grounding wire for each section.

A conventional system REF with galvanically isothteurbines is added as a
reference, which is grounded solely by the sulmstatransformer. In system REF
equipped with feeder zig-zag transformers, onlijtyttontributes to the ground fault.

Table. 5.5. Required mean thickness of copper for each appliednding mode.

Grounding 1-1-1 ‘ 1-0-1 ‘ 0-1-1 ‘ 0-0-1 ‘ 1-1-0 ‘ 1-0-0 ‘ 0-1-0 | REF
Mean thickness per length [mnd / km]

Nominal thickness 16

1 Feeder 40 40 40 40 16 16 16 26
2 Feeders 48 48 48 50 18 18 16 26
3 Feeders 58 58 58 62 26 26 16 26
4 Feeders 70 70 70 74 34 34 16 26
5 Feeders 82 82 82 86 42 42 16 26

According to the results obtained from the short dicuit analysis, selected
system for final evaluation is wind turbine A (Backto-Back MMC) with
grounding configuration 0-1-0. Final evaluation includes analysis of the fault
detection operating algorithm over the collectader network with a single connected
wind turbine. Detailed time domain simulations g@erformed in EMTDC/PSCAD
software, which include complex wind turbine andotpction relay models.
Simulations are necessary to provide informatioretiver the selected grounding will
provide sufficient sensitivity and selectivity dfet proposed fault detection mechanism.
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5.7 Line Differential Current Fault Detection Scheme

Proposed primary protection of the collector feedetwork is line differential
scheme, which provides absolute selectivity ovee 8pecified protection zone
established between terminals 1 and 11, as shoWwigure 5.27. Proposed differential
relay measures and summates instantaneous inpset gharent signals from each
terminal 1-10, and compares its resulting valud e output current leaving terminal
11. If the difference between measured sighadss above the established differential
threshold, then tripping logic signal is sent taveo converter and circuit breakers.

In order to simplify analysis of the proposed fadé#tection scheme, saturation
effect of current transformers during short cirésiheglected in a similar manner as for
the substation transformer.

10
it :ZI‘(AEC) iypac) #0 — fault | -
i=1 £ v

Wind Turbine A (Back-to-Back MMC)
Grounding 0-1-0

e i

e =

Fig. 5.27. System schematic representation for the validatibthe differential fault
detection scheme.

I

The proposed relay model is based on Siemens SIERO% [73], and
EMTDC/PSCAD time domain modelling approach is dediv directly from
experimentally validated model in [74]. Input paeters for the relay settings are
provided in Table 5.6 according to the methodolpgsented in [75]. Validation of the
proposed concept includes selectivity check bywpglfaults at locations I-IV. Relay
should trip only during internal faults Il and I11.

Operating speed of the applied detection methodegistered, which should be
below Tr = 20 ms. Sensitivity is examined by applying higBistive internal faults,
which relay can still detect. In order to minimidsk for false tripping during external
faults in real conditions, simulations include witgtbine operating with active and
reactive current injection schemes according tddhé ride through requirements.

Table. 5.6. Relay input settings for differential short circpiiotection [73].

Parameter Value Parameter Value
RelayP1 setting 1.10 Pick-up value for phasdfion 0.2
RelayP2 setting 0.03 Pick-up value for chargkis>on 0.05
RelayP3 setting 0.10 Seal-in timeTy 100 ms
Minimum differential currentgs> 0.0118 Inrush restraint rati@inrush 15 %
Minimum differential charge-» 0.05 Maximum inrush peaknmushmax) 16.13 A
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Chapter 5 Short Circuit Analysis

On the basis of [74], 2 independent fault detectidgorithms are implemented:
phasor comparisonp and charge compariso®prr. Relay detects fault state
between 0.8-0.9 s with the differential threshotépresented by restraint values:
lres_phasor @Nd lres charge » Which should be below measured differential ealu
accordinglylop_phasor@ndlop charge Figures 6.27-6.30 show registered parameter salue
for 1-phase, 2-phase and 3-phase faults at ea¢erminal.

Fault1(1-phase-to-ground faut) Fault1(2-phase-to-ground fauk) Fault1(3-phase-to-ground fauk)
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hrannnanang MTHMIV UI-,,,n e 1 fer——nnn 1
<« 0 < 0@ L o
3 0o g 0@ § o
8 £  ow £ o
- It & & 0
o, = PP FESOr = YesB phasor = B charge = kesB crrce 0™ PPB_PISOX ™ KesB_phasor = kpB_chige = Yes8 ohwroe 40 PPB_Phascr = FesB phasor = opB_charge = Fest charge
. 0 o 2 |allalaflafnl . o laflnlla]
g 0@ g o0 3 oo
010 2 ow £ ow
& a T
.40, BPC_PASOr = FesC_phesor ® kpC_charge = ¥esC charge 40, RPC_phasOr = FesC pasor = bpC_charge = KesC cherge .40, BPC_PhASOr = FesC._phasor ® kpC_charge = ¥esC charge
o 0™ o 0] o 0] upu
g o0® S ox 5 ox
£ ow g 010 g 010
& oo
070 070 070 0820 080 080 0840 0880 070 0740 ' 0750 0820 080 0800 0840 ' 0880 070 0740 ' 0750 0820 086 0800 0840 ' 0880

Fig. 5.28. Operational,, and restraink.s parameter values for fault at terminal I.
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Fig. 5.29. Operational,, and restraink.s parameter values for fault at terminal II.
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Fig. 5.30. Operational,, and restrainkes parameter values for fault at terminal I11.
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Fig. 5.31. Operational,, and restraink.s parameter values for fault at terminal IV.
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It is clearly seen that the differential valugsare exceeding the restraint ongs
for each type of fault only when the fault is apgliat Il or Il terminal (Fig. 5.29,
5.30). On the contrary, the restraint valligsare above their differential equivalents
lop fOr any fault type, only when the fault is appligdl or IV terminal (Fig. 5.28, 5.31).

Table 5.7 shows calculated values of the operapeed for internal faults along
with the maximum fault resistances, at which retay still detect fault. Measured
values show that feeder cable network for the psedawind turbine converter design
and selected grounding configuration can be religiybtected even against highly
resistive faults, which practically eliminates s@sistivity concerns.

Table. 5.7. Measured selectivity and sensitivity of the appkbart circuit protection
scheme.

Fault Terminal Il Il
Fault Type 1ph-G 2ph-G 3ph-G 1ph-G 2ph-G 3ph-G

Operating speed
(fault detection instant)

5ms 5ms 5ms 5ms 5ms 5 mg

Maximum detectable fault

resistance 375Q 455Q 430Q 365Q 425Q 430Q
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Chapter 6

Conclusions and Future Work
6.1 Conclusions

Increasing power ratings of the multi-MW wind tures already provide problems
related to the space arrangements of their elattsigstems. Developed multi-parallel
converter units, along with filter modules, cabdesl a step-up transformer need to be
placed close to each other in the nacelle to mireniosses caused by the excessive
currents. In order to reduce such currents in dieelte and provide the possibility for
flexible space arrangements not only within theeliac but also on the base platform
inside the tower, a transformer-less turbine conbas been proposed, where turbine
components operate at the medium voltage level.

Medium voltage power converters differ from theiwl voltage equivalents. Due to
the limited voltage capability provided by the dabie semiconductor switches,
multilevel topologies are favoured, which resultlanver filtering requirements along
with lower switching losses. In this project, 3 rmed voltage converter systems are
analyzed: A, B and C. System A is a back-to-back ®&bnverter, which is commonly
used in HVDC application. System B consists of gle@erator-side 2-level converter,
DC/DC boost unit and a grid-side NPC-3L convergystem C is made of a series-
connected full-bridge cells on the generator-salej a grid-side NPC-5L converter.
The conclusions supported by the results derivesh this work are as follows:

« Among the analyzed 3 converter candidates for thdinm voltage transformer-less
wind turbine, it has occurred that under steadiestgperation, the back-to-back
MMC converter (system A) generates lower powerdsstr the applied power
generation distribution profile, thus surpassing thher candidates: systems B and
C by 6% and 5% respectively. This can be explalmedeans of the low switching
frequency for the MMC topology.

e Calculated losses of the conventional low voltagéevel converter in the
comparison with back-to-back MMC consisting of 4500/ 340 A press-pack
IGBTs have shown that system A has higher weighédiency by 2% for the
applied power generation distribution profile. Tlev voltage 2-level converter
with 1700 V / 450 A has higher efficiency duringageloads, whereas MMC
becomes more efficient during low loads.

* The total volume of the required silicon in IGBTeps-pack devices used for the
medium voltage converters is the highest in sysfeifi00%). Systems B and C
require 58% and 87% respectively. In case of gilifor the press-pack diodes,
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system C requires highest amount: 167%, whereadsmsyB needs 81% of the total
amount in system A.

The results obtained from the time domain simufetiduring short circuit analysis
have shown, that the back-to-back MMC circuitryyides lowest maximum short
circuit current contribution for all kind of grourfdults located at the grid-side wind
turbine terminals. By blocking IGBTs in all cellgrge cell capacitors are diode
blocked, which results in the lowest contributitmsystems B and C with common
DC link, equivalent capacitors cannot be diode kdolc As a result, common DC
link leads to a higher short circuit current cdmiition of each single turbine.

Due to galvanic coupling between the transformss-leind turbine and a collector
distribution network, 3 neutral points have beefingdel: N1, N2 and N3, which
ground potentials constitute entire grounding sahédii-N2-N3. In this work, N1
point is a wind turbine generator neutral; N2 B@ link midpoint with grid-side C
filter formed by the wind turbine back-to-back VSwer converter; N3 is a
substation transformer neutral. Each point can itfeere solid grounded (1), or
isolated (0). In such arrangement, each feedeecsdtion is impedance grounded
via screens on both sides to a external groundirgy(two points bonding).

For all analyzed grounding schemes, well-known f[@mois found in the
conventional transformer-equipped turbines - reldtethe excessive inrush currents
coming from the energization of the step-up tramefy - are eliminated. No
additional grounding equipment (e.g. zig-zag trarmsgrs, grounding switches, etc.)
is necessary in case of the collector feeder igldraperation, since ground fault can
be instantly detected with the proposed scheme tdueoupled zero sequence
networks between the wind turbines and cables.

Among N1-N2-N3 grounding configurations, lowest tarary ratings of the feeder
breakers and grounding wires during cable shodudirperiod is obtained with
back-to-back MMC system for 0-1-0 grounding schenmvehen only its DC link
midpoint and C filter capacitors are grounded. unhsconfiguration, amount of the
additional copper required for the wind power pleonsisting of 50 wind turbines is
0 mnf/ km. It occurred that schemes 1-1-0 and 1-0-Oired®6 mni / km of extra
copper, whereas systems grounded through N3 peipiire it more than 60 nfm
km.

The line current differential protection scheme haen modelled and tested in time
domain EMTDC/PSCAD simulations, which role is taet# ground faults within
the feeder cable network, and differentiate theaomfrfaults located at the wind
turbine terminals. Differential protection consististhe current sensors located at
each wind turbine terminal, and current sensotbefeeder terminals. Differential
relay operates by summating all measured instaotenecurrents within the
established protection zone, where sum shoulddmdljdzero.
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The proposed current differential protection scheforefast and selective cable
ground fault detection in a feeder consisting @& transformer-less wind turbines
with back-to-back MMC converter has properly redcte ground faults located

only within its protection zone. It can be therefaonsidered as a primary fault
detection mechanism for feeder distribution netwamkcomparison to the presently
utilized over-current directional relays for lowltage systems, no intentional time
delay is required in case of ground faults for damated protection between feeder
and a turbine.

6.2 Novelty and Contributions

At present, no comprehensive research related thumevoltage transformer-less

wind turbines has been provided. Some fundamest®as, which have been covered
in this work, form a list of following contributian

Defined technical challenges and potential issuedated to future development of
the transformer-less wind turbineObtained results define a list of topics for the
next generation research projects related to tloeessful implementation of the
transformer-less wind turbines.

Proposal of three different power conversion phitgghies A, B and C for the
medium voltage transformer-less wind turbineslong with the specific converter
circuitries. System A consists of a 2-stage conversion AC/DOG/AC, while
systems B and C consist of 3-stage conversionsDECG/ DC/DC - DC/AC and
AC/AC - AC/DC - DC/AC respectively. Main focus isupon a modular design
strategy and operation within the imposed insotatlimits. In this manner,
proposed systems can be optimized for stackinghgemaents and scaling according
to the desired collector grid voltage and poweelsv

Proposed method for the modelling of modular mudtilel converter (MMC) with
derived three abstraction levels varying with redato the complexity and
functionality. In order to develop EMTDC/PSCAD simulation modetlaaccurate
loss model for system A, 3 theoretical models hbeen created, which allow
implementation and verification of the selectedtomnand modulation algorithms
under the specified voltage and power ratings.niodel is used to design and
optimize high level control, and consists of MMGQCrarrepresented by ideal voltage
sources. ?' model is used to design and optimize modulatidrest, and consists
of MMC arms represented by the levelized voltagerses. 8 model is used to
design and optimize low level control, and consi$t8IMC arms represented by the
distributed cell capacitors.

Developed Excel sizing tool for the MMGizing tool has been made in order to
properly size hardware circuit components for te@aagic HVDC application, but
can be adapted for system A. It includes LC fik&ing procedure against arm
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circulating currents, possible resonances and DK faults. Certain modifications
adapt its algorithms into the transformer-less wimdine application (lack of the
2" harmonic arm C filter, transformer, etc.).

» Proposed and experimentally validated 4.5 kV / 340GBT-PP hybrid power loss
estimation method, suitable for systems in the nuedivoltage area.Utilized
sample-based method for power loss estimation bas kerified through the set of
switching tests conducted under the real devicealtulates generated in time-
domain simulation conduction and switching lossesthie IGBT based on the
instantaneous gate and current signals, along avitmterpolated switching energy
curves. The method has been applied to estimatedofor the medium voltage
transformer-less wind turbine solutions: A, B and C

» Method of the grounding system design with regaadthe ground wire and circuit
breaker sizing under the cable ground faults in theansformer-less collector
feeder systemsShort circuit analysis is divided into time domaamd phasor
domain. Time domain analysis is used to define egafed transformer-less wind
turbine models, which can be conveniently usedhiaispr-domain sequence network
analysis as independent short circuit current dmuions. In this manner, wind
turbine short circuit behaviour is decoupled frdm feeder network configuration,
and depends only on the grounding method of theefereutral (N3 point).

» Proposed ground fault detection method for the eaitor cable systems consisting
of the future transformer-less wind turbine®Removal of the transformer results in
problems related to the coordinated protection betwwind turbines and a feeder
against the ground faults. Analyzed current difféied protection operates only
within the marked protection zone, which coversydelkeder cable network. In this
manner, cable ground faults are detected instamity distinguished from the wind
turbine internal faults.

6.3 Future Work

6.3.1 Economical Aspects

The results from losses analysis of the diffenmedium voltage power converter
candidates provide insights over the power los$esystems A, B and C when they
operate at the specified power generation disiobuprofile. For the given 10 MVA
wind turbine mission profile, annual energy prodéutt(AEP) can be calculated when
improved with calculated losses coming from thefili&r and the generator.

Wind power plant availability and the maintenanoauwal periods can be calculated
by known lifetime of the utilized components. Lifee of the power converter
topologies should be further examined based onilgessedundant modes during
failures of the semiconductor switches. Obtainedllalility and maintenance periods
can be translated into operating expenditures (QPEX
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Calculated required amount of silicon, amount opper for the ground wire, LC
filters size and breaker ratings can be altogetfarslated into the bill of materials,
which summated form capital expenditures (CAPEX).

AEP, OPEX and CAPEX parameters can be eventualgd u® provide the
economical comparison of the entire wind power plaonsisting of the transformer-
less wind turbines by calculating the levelizedtadsenergy (LCOE).

6.3.2 Collector Feeder Network Configurations

In this work, only radial feeder network configtion has been examined with chain-
connected wind turbines. This type of configuratieithe most common, as it requires
lowest number of cables interconnecting wind tugbinHowever, such configuration
for multiple 10 MVA turbines provides new problemslated to the limited current
capabilities of the available cable break elbov@)(8) [22], which may result in longer
maintenance periods and less safer handling ofetieh turbine. Hence, different
network configurations should be investigated wébard to the short circuit analysis:
ring feeder, looped feeder, bifurcated feeder anderfir9].

Proposed short circuit analysis method with theiaes! identical cable sections can
be conveniently adapted to the various network igondtions with the accordingly
modified sequence networks in the phasor domaitysisa

6.3.3 66 kV Feeder Network

Due to the limited current ratings of the presendlyailable medium voltage
components (i.e. IGBTS, circuit breakers), analgithe transformer-less wind turbines
has been performed for the 20 kV voltage levehatdrid-side. Further voltage increase
up to 66 kV or even higher level is possible witle proposed topologies, yet applied
hardware components will have to be significanthgrmated, thus not utilizing their full
potential and increasing overall cost of the system

Nevertheless, future large offshore wind turbines l&kely to operate at 66 kV,
which is aimed at minimizing the conductive lossethe feeder cable network and the
substation transformer. In order not to installroated devices at a higher cost, a future
analysis can be considered with a voltage partjuced by the autotransformer
installed at the wind turbine terminals.

6.3.4 Wind Turbine Primary and Feeder Back-up Protection

Apart from the analyzed primary differentialoshcircuit protection for the feeder
cable network, a search for both feeder back-upvéind turbine primary protection is
required. For the systems where wind turbine iglgplounded with at least one point, a
further analysis of the over-current directionallaye is suggested [80]. More
sophisticated methods are required for systems isittated neutral, which include
sinep measurement and transient ground fault relay [81].
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Appendix A: System A: Back-to-Back MMC

A. System A: Back-to-Back MMC

A.1 Introduction

Figure A.1 presents a schematic diagram of theqeeg concept. As MMC has an
independent AC/DC conversion feature and maintaigis number of voltage levels, an
idea is that the generator-side can be kept atrldv@voltage, limited by the generator

% oE Sl L
J

R

Fig. A1 The schematic representation of systéem

This system is proposed for the relatively low eliffnce between generator AC and
grid AC voltages. Unwanted voltage surplus is clathpy the unused generator-side
MMC cells. On the other hand, grid-side MMC canfpen normal operation at
requested grid voltage level.

In practice, generator voltage should be kept gh hével (e.g. 15 kV) due to cell

balancing problems and low cell switching frequermynnected with decreasing
number of operating voltage levels.

A.2 MMC Operating Principles - Abstraction Levels

Following circuit candidates are referred as:
= A: system with controllable voltage sources per gr{simplest).
= B: system with distributed DC voltage sources per/iagn
= C: system with distributed capacitors per arm/leggnoomplex).
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Fig. A.2  Grid-side circuit candidates with vargiaggregation level of complexity.

A.3 MMC - General Control Architecture
a. Introduction

Following chapter contains description of MMC catalgorithm, which includes
high-level AC current control, zero-sequence cdnfd& voltage control, arm energies
balancing control, low-level cell voltage balanctantroller and PWM modulator.

Control algorithm is made in a generic form, sot tihacan be easily adapted to
different topologies and different ratings.

b. Electrical Sensors - Location

Figure A.3 shows displacement of the required ciramd voltage sensors in order
to properly operate MMC system.

PLIPLIPT]

PQ CONTROL
AC CURRENT CONTROL

]

T
11T
N

Fig. A.3 Sensor locations for all required meadielectrical signals
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Appendix A: System A: Back-to-Back MMC

Following controllers are involved for each side:

= PQ power controller (only grid-side unit):
- x3 phase AC current sensors placed after O fiitanches [ic)| iace)| iacc)-
- x3 phase AC voltage sensors placed after G fitanches [¥ca)| Vace)| Vacc)-

= DC voltage controller (only grid-side unit):
- x2 DC voltage sensors placed between each D€gal common-mode poinbf, | Vocw)-

= AC current controller:
- x3 phase AC current sensors placed between denvegs and C filter branchesafia)| iace)| iacc]-
- X3 phase AC voltage sensors placed after @ fitanches [cu| Vace)| Vacc)-

= DC voltage balancing (zero-sequence) controller:
- x2 DC voltage sensors placed between each DEgu common-mode poinbiy, | Vocy)]-

= Arm energy compensating controller:
- x6 arm DC current sensors placed between celts @m reactors [imau)| lam@u) | lamcy) | lam@y |

iarm(BL)I iarm(CL)]-

- x6 arm DC voltage sensors placed between poleaantdreactors [Wmau)| Vam@u)| Varmcuy| Varmay) |
Vam(sy) | Varm(cw)-

- x2 DC current sensors placed on each paledj| iocw)-

- x2 DC voltage sensors placed between each DCgmlecommon-mode point oy | Vocw)-

= Cell voltage balancing controller (only abstractionlevel C):
- Nx6 DC voltage sensors placed across each cphditor (where N = number of cells per arm).

A.4 Abstraction Level A - Control Architecture

a. Introduction

Generalized control diagram is shown in Figure Ad.a result, complete control
system is divided into 4 units according to thetomled merit. Output arm voltage
references are obtained by summating output sidrais the decoupled DC circuit and
AC circuit controllers.

————————————————— Vama®

é"D @ é} X JRvasest

Eo_rels Ea_cre_rel s
Enres Eb o ets
Epoce Eeres Eccierels
Eabeoe.
. [
,,,,,,,,,,,,,,,,, Vama) Ennc,
A abe_DC_s
Vam(@l)
Vamicy*
o rers
Ebase Eorers

AC Circuit Control DC Circuit Control

Y

PQ Power .| DC Voltage AC Current | Arm Energy Compensating
Controller la™ Controller i | Controller iq Controller
lg
Vacw) Vacey 2 Vam(au) iamm
Vace) Voo Vac® Ve Vam@U) lam(@L)
Vac) Voc Vaco) Vamicu) lamicL)
iace iacy Tamau) Vocw)
!AC(E‘ ince®) fam(e) Veewy
lace) iaco larm(cu) Ioc
Vam(AL) Ipc

Vocw)

Vamey
Voe() e

Vam(cL)

Fig. A.4 Abstraction Level A - Schematic Cont8iftucture.
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b. PQ Power Controller (Only Grid-Side Unit)

PQ controller is implemented by calculating actRgand reactiveQ, power at the
WTG output terminals. For this reason, Pl contrsllare implemented along with a
feedback looplg s and Iy s @are user-input values, which specify desired actnd
reactive powers accordingly (in [pu]). Glolgl.e; andly s Output values further enter
into AC current controller.

0 1 Qo
I Idref I Iqref sbase

Fig. A5 PQ Power Controller - EMTDC/PSCAD implentation.

Controls: Grid-Side PQ Controller (Grid-Side)
Id_ref / Q[pu] lo_ref / P[pu] [p]
WIG Ct ot ° D ¢|qre|
C N Ig_ref » =
| - A fE 4 ool —&
L - Pg
w g >
$2 >
3
o~ v
Qo ‘.

T C ° b
r - Sbase
N - {p]
H r N r %$ 1d_ref
C - 1d ref -
1 15 N m g >
jD

Fault Ride Through Strategy (only Grid-Side Q Pow€pntroller)

During external fault operation (low grid voltagegpecific control strategy is
applied for the grid-side PQ controller. Accordiggrid voltage measured at PG,
its value is compared to the nominal one, and fregrunitized.

Obtained voltage difference is then sent to X-¥Yi@dhnction, which output reactive
current value is set according to specific grid e@tandard lfeacivd 4Vped function).
This value is then added/subtracted from useredetence valug, ¢ and the resulting
value is used to properly compensate output reacfpower according to the
requirements

Reactive current function according to
specific grid code [pu].

(16 A

<

N —1 )
Grid nominal voltage [kV] Vcc D O E B

Table
(16 D
Id_reff D

o

Grid nominal woltage [KV]

Total power [MVA

Fig. A.6 FRT Strategy according to German Gral€[71] - EMTDC/PSCAD implementation.

c. DC Voltage Controller (Only Grid-Side Unit)

DC voltage controller consists of a feed-back laog a Pl controller. Input user-set
reference signaEgc (¢ is set in [pu] mode. Measured input DC pole-to-@idint
voltagesEg; (upper) andEyc, (lower) are firstly per-unitizedjc; pu& Egcz p) and later
sampled Eqc1 s & Egco 9 With specified sampling frequency. Base voltégg,. for all
latter conversions is set to be half of the DC-Maltage.
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Appendix A: System A: Back-to-Back MMC

Final output valuesEy « and Ey , correspond to upper and lower DC voltage
references, and are further sent to AC currentrotbet as input references.

DC Vottage ¢ A o sampling frequency
kv 36 5 [ Ebase k2 Ca00> Sampling

1
1
. : 0 0.
WTG !
Eqet ! N . N Ampling—p s Pulse
I eder NP Edel_pu edcz. NP Edc3_pu
Grid-Side : o b . b Edcl_pu| SAMPIerEqcr s Edc2_pu| SaMPlerEqer s

| Epase Ebase

Inverter

Controls: Grid-Side EdJe! B
Edc2 d_ref/Q[pu] _ref / P[pu] Ee._ref {r]
! 1 F* Edcl D Ee
- cLs >
| B B | B >

L L C L EdC ref B
E - {e]
£ 15 10 o ¥ o
0 1 1 Edc2_s D » Ede y

Fig. A.7 DC Voltage Controller - EMTDC/PSCAD itemnentation.

d. AC Current Controller + DC Link Balancing Controlle r

Input reference parameters for AC current contr@hel, e;andly sfrom PQ
power controller anéy » Egc y Eqc1 s Edaco sfrom DC voltage controller for the grid-
side unit. Input measured parameters are phasentsiry;, |y, | phase voltageg,, V,,
V..

Measured merits are firstly per-unitized £, 1o pw Ic po Ea_pu Eb ps Ec p)) and later
pre-sampled If s Ip s lcs Eas Ens Ec 9 with the specified sampling frequency
Sampling

Evase Esase Ebase

1
1
‘ ‘ B2B "F | | YN ool
T Lekels 1 j IE e O S &
3 itirs !
LF \ ' bkt &l
| o o o
1
1

Fig. A.8 AC Current Controlle'r, Signal Measureri8ampling/PU. '

Base voltagee,,s. for all latter conversions is set to be half of fAC-link voltage.
Base currenkys.for all latter conversions is calculated frofyse = Epase/ Sase Where
SaselS base power equal to nominal WTG power [MVA].

Next step is to transform pre-sampled voltagescamcents from ABC to dq0 frame.
In dg frame used for AC current control, convenped-sampled phase currents &ye
andly s while converted phase voltages &g; andV, s In 0 frame used for DC link
balancing control, converted pre-sampled phaseouisl,

For ABC/dg0 conversionTheta parameter representing a rotating angle is set
manually with a signal generatgkssuming symmetrical grid and generator conditions
under normal operation along with constant frequenmode, Theta can be ideally
modelled by saw-tooth periodic carrier. Frequefigy. of such carrier is equal to the
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grid/generator frequency. Initial phase of sucmalgvill correspond to the initial phase
value set to the grid/generator Thevenin source.

= Then |

%o | Grid-/Generator-Side frequency
20 Duty eycke Tt i
40 [t

oko odo oko | oko | oo | oo s o

Interpolation Compatibity.
@ Dissbled

o=

———o
%VAVA’} Theta

Fig. A.9 AC Current Controller, Theta measuretfggmeration - EMTDC/PSCAD implementation.
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DC link balancing control is implemented by cregticontrol loop between
differential DC voltageEy; s Eqc2 s and transformed zero-sequence AC curténs
Obtained signal difference after PI controliy . is used as a O-frame component in
dqO0/ABC transformation for final output AC refereneoltages. In this manner DC
link voltage imbalance between upper pole-to-CMnpand CM point-to-lower-pole is
compensated.

Next step is to compensate arm reactor transfectifum within AC current
controller. For this reason, user-specified armuatdncel,., is included and per-
unitized. Firstly, arm inductance is converted ineactanceXym = 27-faselarm
Secondly,Zy.se is defined asZpase = Epase! lbase Thirdly, per-unitized value Xy ouis
obtained:Xam pu = Xam / Zoase Finally, additional parameter must be enteredthzy
user, which is line-to-line RMS nominal AC voltagg [kV].

o Ninp ° o N ° ° ) °
Ebase Zbase Larm 0.001 Xarm Xarm Xarm_pu RMS AC L-L wltage
2 5
0 b o b Y Eac
6.283

o
Ibase fbase Zbase

o Y E—
Ed_ref Ea_ref s

Eq_ref Eb_ref s
L=
E0_s Ec_ref s

il

jf

&
»

m m
To®
U’\E"’j

E

m
)
»

0-seq Controller

Fig. A.10 AC Current Controller, ABC/dq0 trangfaation + feedback control loop.
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Appendix A: System A: Back-to-Back MMC

After AC current control loop shown in Fig. A.10utput dgO voltage references
Eq rer Eq rerare transformed back into ABC frame through dgOZAtiBansform. In order
to avoid DC link voltage imbalance, 0-sequence ammemtE, ( is also included. In
this manner, no rising DC-offset shall appear. Finaput values [pu] from AC circuit

control ardzafreffs Ebfreffs Ecﬁrefﬁs

e. Arm Energy Compensating Controller
This controller is explicit only for MMC circuitrylts role is to control DC circuit
through compensating resulting arm energies ang keem balanced under any grid
abnormal condition. Input measured parameters are:
* measured arm (Ce”) VOItagd—Sa'rm_lv Earm_z Earm_av Earm_4v Earm_5 Earm_&
* measured arm Currenlﬁﬂm_b Iarm_2: Iarm_av Iarm_4- Iarm_5 Iarm_G

= measured pole DC currentgg, lgco-
» measured common-mode (ground) currépt;

Per unitized parameters (from previously defibgd.andly,sd are:

- per'UnitiZEd arm Currentsa'rm_l_pu Iarm_2_pu Iarm_3_pu Iarm_4_pu Iarm_S_pu Iarm_6_pu
= per-unitized pole DC currentkic; py ldcz_pu
* per-unitized common-mode (ground) currdgfy o
Pre-sampled parameters (from defined new sampéitgfsampling_E are:
- pre'samp|9d arm Currenig;m_l_s Iarm_2_3 |arm_3_s Iarm_4_3 Iarm_5_3 |arm_6_3
= pre-sampled pole DC currentgs; ¢ lgcz o
= pre-sampled common-mode (ground) currépt; s
1
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o
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L| Eam1 4| Eam_1 % | Earm
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Fig. A.11 Arm Energy Compensating Controller,rgibMeasuring / Sampling / PU.

Next step is to calculate arm energies, which ialized by multiplying and
integrating measured arm voltagésm s [kV] with corresponding arm currentg, <
[KA]. In order to eliminate possible parasitic gnoucurrent influencég,y on the
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controller, % of its measured and sampled valyg sis subtracted from upper arm
currentslam 123 s and summated to the lower arm curreits 4s6 s It is therefore
assumed thély,q is distributed equally among each arm. Such assamjs correct to
high degree, as upper and lower arms share ideaticaoltage references along with
arm reactor inductance/resistance values.

Obtained parameters areEnergy Ay Energy Bu Energy Cu Energy Al
Energy_BJ Energy_CI[MJ]. Mode parameter specifies whether convereregates AC
power (+1), or consumes (-1). At the same timegutating DC current is averaged in
order to further minimize ground componégt influence.

Energy A

|
|
|
|
|
|
|
| 1dg_s
' F
1 05
! degs g
|
|
|
|
ol
|
|
|
|
|

Fig. A.12 Arm Energy Compensating ControllermAEnergy Calculation.

Theoretical Analysis
Theoretical analysis is based on MMC fundamentalscdbed by its inventor R.
Marquardt. The analyzed converter model with markbaracteristic parameters is

shown below:
o > - '
A DC ip(8) =lc+5- ()
A Vac
2
v (1)
®
Voe ’”‘ i
A
v (t)
Vac
. 1 2
in(@®) =1Ic -3 i(t)
o * :

Fig. A.13 MMC Fundamentals - current and voltaggrithution across MMC arms and phase legs.

Each arm is represented as a controlled voltagecsowith a sinusoidal voltage
output. The arm currents consist of two paiff§, which flows to the output of the
converter andc that circulates in the leg, thus loading and udilog it with energy.
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Appendix A: System A: Back-to-Back MMC

The output current is equally divided betweenupper and lower arms. This leads
to the equation of the upper arm current:

. 1. .

Ip(t)=IC+E|msm(a)Nt+¢) (A1)
where:

im - peak output current.

wN - output angular pulsation.

¢ - phase shift between voltage and current.

If the 3-phase system is symmetrical, the circntatiurrent in each phasegis equal
to 1/3 of the total DC link curremtgc:

=1 (A.2)

The current modulation indexr is given by:

i
_in A3
m 20 (A.3)

Substituting equations (A.1) and (A.2) into (A.8ads to:
ip(t):%IDc 1+ min(eyt + ) (A.4)

The upper arm voltage,(t) and voltage modulation indek can be expressed as
following:

V, V, .
vp(t):%c—vN(t):%c—vm in{aat) (A.5)
K= 20, (A.6)
VDC
where:
Vim - peak line/neutral AC output voltage.
Vbc - pole/pole DC link voltage.

Substituting (A.4) with (A.5) and (A.6) leads to:

vy(t) :V%[ﬂl—kt:sin(%t)) (A7)
The active poweP,c supplied by the converter to the grid can be regmted as:
20, O, 3V, 0O R
Py = ——=10 [gosp = =2 —C [k (in[Eosg = —2C [k (n[tos (A.8)
= Bak ¢ ¢ 2 ¢
where:
Poc - transferred DC power.

Ignoring the converter losse®y: = Pac), the current modulation index from
equation (A.3) can be expressed through voltageutatidn indexk:

2
= A.9
m k [¢osg (A.9)

According to equations (A.8) and (A.9), signalsriérests are obtained from:
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. T i 20,
i =g +i2 Vi =4[V + V2 cosqé:i—cI k="2=

m VDC
where:
ig - d-axis current (reactive power).
iq - g-axis current (active power).
\ - d-axis voltage.
Vg - g-axis voltage.

Parameters;, iq, Va, Vq are obtained from previously described AC curremitmller
accordingly asiq s lq s Eq s Eq s Mathematical implementation in EMTDC/PSCAD
environment is shown in Fig. A.1dos is modelled asos_fi

g5 8

E¢s D = R s NP cos_fi
2 X &
o

Fig. A.14  Arm Energy Compensating Controllepe@ating Principle.

After defining signals of interest, next part isdstablish an arm energy balancing
mechanism. In order to do so, first thing is toimefpossible directions for arm energy
fluctuations of each single arm and leg. As showrFig. A.15, each phase leg may
exchange energies with corresponding legs in hot&aodirection (between phases),
and internally within its upper and lower arm intigal direction (between arms).

In order to reflect this phenomenon on a mathembgimund, so-called differential-
mode energiesEn_ ABC_DIFF and common-mode energieEn_ABC_SUM are
introduced, which values under ideal conditionsuthaemain constant in time and
equal either to O (differential-mode), or to théerence DC componeriin_ref SUM
(common-mode).

| |
| |
[ —> ! 1
| |
! ! F o F
1 | Eneloy A Eneigy Al
| |
| |
H | Enerdi e © 05 [En B sum Enerdy_Bu D 05 [“En B 0F
\ 3 o F
| Eneigy Bl Energy Bl
| |
| |
! |
1 I Energy_Cu D’ 05 En_C_SUM Energy Cu D’ 05 En_C_DIFF
| \ F o F
\ Energy CI Energy CI
1
7y 74 [74] . |
| |
| |
N .

Fig. A.15 Arm Energy Compensating Controllerff€riential-Mode and Common-Mode Energies.

Following differential-mode and common-mode enesgiee defined as:
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Appendix A: System A: Back-to-Back MMC

- for phase leg A:
Energy_Au-Energy_Al En A SUM= Energy_Au+ Energy_Al

En_A_DIFF =
- 2 2

- for phase leg B:

Energy_Bu- Energy_BI En_B_SUM= Energy_Bu+ Energy_BI

En_B_DIFF =
- 2 2

- for phase leg C:
Energy_Cu- Energy_CI En_C_SUM= Energy_Cu+ Energy_CI

En_C_DIFF =
- 2 2

Horizontal Balancing
After defining common-mode energi&n_ABC_SUM desired circulating current

referencedcirc_ABC_Hfor each arm can be individually set. Horizontalamcing can
be successfully realized with DC component condfathe circulating current. Firstly,
assuming ideal symmetrical operation, in order ulil fcondition (A.10), calculated
circulating currentc ¢ should be:

i kGosp

| = A.10
C_ref 4 ( )

Under real conditions, value calculated from (A.88puld be however improved by
including calculated common-mode energies. Theegfar P regulator is added with
hard limiter, which controls circulating current Huat corresponding common-mode
energy value is equal to arm energy referelBnearm_ref If it is below, circulating
current DC component reference increases aboveathe from (A.10) until it charges
the corresponding leg.

On the other hand, when calculated common-mode ggnealue is below
En_arm_ref then circulating current decreases below theevédom (A.10) in order to
discharge corresponding leg to the desired level.

Upper and lower threshold limits should be adjustedividually to maintain
optimal compromise between dynamic performanceh(ttigesholds - fast response)
and component ratings (low thresholds - low armléagurrents and voltages).

Reference valueEn_arm_ref = Em o iS calculated according to user-set
parameters, and it represents measured nominalrarabthe DC energy stored within
a single arm. Its value can be derived from speatifiumber of cells per arihand cell
capacitance€.g.

Assuming that at any timé& cells will be always inserted within each phasg le
nominal arm energy is obtained according to formula

2
e lp f=1mtﬁlm: .. Egvij } (A.11)
arm_re 2 eg_ref 2 cel

117



Nurber of cells per am [ (E—ﬁl

Poletopole DC volage (] 860 8 o
Cell capecitance [F] o001 58y

o o
Vdc_ref En_arm_ref

Fig. A.16 Calculation of Arm Energy Referendgrfal.

Ic_ref

[hardiimit] Hard Limiter

Upper fmit o

Upper fmit Jos
Lower mit [es Lower mit E— o
Fortran Comment. Hard Lt Fortran Comment Hard Lt Fortran Comment. Hard Lt

= ot cance e = e

Fig. A.17  Arm Energy Compensating Controldominal (Reference) Arm DC.

Circulating current DC component referentgsc_ A_H, Icirc_ B _H, Icirc_C_H are
compared with the measured ones. Measured DC cammoaof circulating currents are
obtained by summating measured arm currents floaongss each arm. In this manner,
only uni-directional current values appear. Themefdheir values for each phase are
calculated from:

| — Iarm_l_s + Iarm_4_s
circ(A) — 2 (A-12)
| _ Iarm_2_s + Iarm_5_s
circ(B) 2 (A-13)
| _ Iarm_3_s + Iarm_6_s
circ(C) — 2 (A.14)
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larm_1_s

1
1

1

1 .
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Fig. A.18  Arm Energy Compensating Controlldorizontal Balancing.

All feedback loops are realized via Pl controlléfig. A.18). Obtained output
reference voltages for horizontal balancing &wirc_ A H Ecirc B_H Ecirc. C H

Vertical Balancing

After defining differential-mode energies, desirelculating current references
leirc_agc_vfOr each arm can be individually set. Vertical Inaiag can be successfully
realized with bi-directional AC component contréltioe circulating current.

Assuming that AC circuit phase voltage referencesidentical for upper and lower
arms, it can be seen that AC currents flow in ofipalirection towards the grid.

By injecting bidirectional AC component circulaticgrrent, resulting AC currents
of upper and lower arm become unequal. This is Umaesulting AC current on the
upper arms is subtracted, while on the lower asnsummated. Therefore, a voltage
difference appears between upper and lower arnghaoirces flow of the differential

' 1
1
lLow pas: \
En_A DIFF hebyshe) |
order =3 H
P it !
ter H
: S
RN 2 AV
1
lLow pass| P contoler :
0 Lhebysher
En_B_DIFF Order =3 |
|
N o
Ltk ' xarm Zarm (arg)
1
( RN leirc_B_V : D
1
1
1
|
|
1
1
1
1
1
1

Rarm
[Low pasd
€n_C DIFF Fheoysher P contoler
Lpiter
+ "

P controler

Fig. A.19 Arm Energy Compensating Controll&fertical Balancing.
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Such current is set to flow based on measured rdiff@al-mode energy. When
En_ABC_DIFF > Q it means that upper arm has higher energy tharotlver arm. So
the resulting AC current is formed to dischargearpgrm and at the same time charge
lower arm. Similar, wherEn_ABC_DIFF < Q it means that lower arm has higher
energy than the upper arm. So the resulting ACeatiris formed to discharge lower
arm and at the same time charge upper arm.

In practical implementation, low pass filters areluded for differential-mode
energy measurements mainly to eliminate non-congieds AC I harmonic
component (fig. A.20). P controllers are used ttambnecessary circulating current
instant valuescic asc v

Finally, circulating currents must be converteddterence arm voltageS;.c asc v
Simulation cases have shown, that for most optpealormance these voltages need to
be synchronized / locked in phase with measuredgA@ voltagesEa,. s and further
phase shifted by arm impedance argunZgifrgy

z =90 (A.15)

arm(arg) arm(arg)

= arctan(xa”“] ‘ for R,,, 00, Z

Phase tracking of each phase individually is redlizhrough FFT block by
extracting fundamental component phasgs s pof each AC phase voltage.

‘Magl ‘MagZ ‘Mag3 I zam(arg)

1
1 Ea_s_P | m%F
- FFT HEb P | =
(>_XL 737 ! fhe

prasq asd o5 prasq
e A AV tcire BV N[ Egire. BV 16irc°CV o
] Freq] i
ase ase mase
1
3 L Ec_ s P! EdqcAH g Ecic_B_LH B Ecic. C_H B
o X3y F=500[H7 [ED = A -5 ¢
=50. 1
Ec_s H2 h
‘ dcl ‘ ldc2 ‘ ldc3 . Ea_circ_ref_s Eb_circ_ref_s Ec_circ_ref_s
| F F F
|

Ecirc_A_V Ecirc_B_V Ecirc_C_V

Fig. A.20 Arm Energy Compensating Controller, Ph@&gechronization for Vertical Balancing.

Then, circulating currents constitute rotating magtes of the circulating voltage
referencesEgc asc v These references are formed as sinusoidal sigmtts initial
phase dictated by summatBg; rer p+ Zam(arg) Values, magnitude dictated by agc v
values and frequency set to base vdjidg Final voltage references for circulating
current arm energy compensating controlBgg circ rer sgiven by:

Eaicirciref _s = (Ecircil-\iv + EcirciAiH) (A16)
Eb_circ_ref_s = (Ecirc_B_V + Ecirc_B_H ) (A17)
Ec_circ_ref_s = (Ecirc_C_V + Ecirc_C_H) (A18)

It should be noted that common-mode energigsumconsist ideally not only of DC
component, but also of parasiti harmonic AC component. If not compensated, this
harmonic component will enter into circulating @ant reference.
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Appendix A: System A: Back-to-Back MMC

As a result, parasitic"2harmonic will be injected into arm currents of leguhase.
As each phase is controlled independently, th&5ka2monic components may become
+/-/0 sequence, adding unnecessary losses andtidisto

e Upper arm energy
e Lower arm energy

En_SUM En_DIFF
DC component not compensated DC component compensated

AC 1* harmonic component compensated AC 1° harmonic component not compensated
AC 2 harmonic component not compensated AC 2 harmonic component compensated

Fig. A. 21 Arm Energy Compensating Controllétarmonic Component Compensation for Differential-
and Common-mode Energies.

In order to eliminate issues related witA Barmonic, two solutions are possible:

» apply low-pass filters for common-mode energi&ssun Which will allow
filtering 2" harmonic component (control option).

« apply 2¢ harmonic arm capacitors across split arm readtriarmonic trap
in each phase leg (hardware option).

A.5 Abstraction Level B - Control Architecture
a. Introduction

Generalized control diagram is shown in Fig. A.2R.controllers: design and their
operating principles remain identical as for alttoa level A. The only difference is
that PWM Modulator block is added, which modulaA¢Sreference voltage waveforms
for each cell individually.

Output 0/1 logic signals are then summed up, sumahatith DC arm reference
voltages, divided by user-set number of cellsgrarN, and finally multiplied byEp,se
In this manner, levelized arm voltage sources btained.
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Fig. A.22  Abstraction Level B - Schematic Cohttructure.

y

Y

b. PQ Power Controller, DC Voltage Controller, AC Current Controller,
Arm Energy Compensating Controller

All implementation procedure is identical as fostaction level A. Considered
output parameters are:
= from AC Current Controller (+ DC Link Balancing Qooller):
Ea_ref s Eb_ref s Ec ref s
= from Arm Energy Compensating Controller:

EaU_circ_ref_s EbU_circ_ref_s EcU_circ_ref_s EaL_circ_ref_s EbL_circ_ref_s EcL_circ_ref_s

c. PWM Modulator

Each phase PWM modulator block consists of indigidy cell modulators, for
which each is represented by a single carrier veawefModulation is made by phase-
shifting carriers at a constant angle. AC voltagfenencess, (et s Ep ref s Ec ref sare
asymmetrically re-sampled every half-carrier inggrtimes number of cells per afh
Re-sampled values are sent to cell comparatorghwdutput logic signals for each cell
operation.

As input variables are voltage reference signatsnfrAC Current Controller
Eanc_ref s first thing is to specify required new input ctards. These are: switching

122



Appendix A: System A: Back-to-Back MMC

(carrier/cell) frequencyf..ier and re-sampling frequenciResampling Switching
frequencyf.arier is defined as a product of nominal frequefigy. and a user-set pulse
ratio p. Re-sampling frequency of the AC voltage refersneehich will be used when
comparing to carrier is defined as a double prodfictwitching frequencycanier and
number of cells per ariN.

. C 5 > o SN : ; '
puise ratio [ 5 P p fcarrier fearrier 2 Resaplmg
j o
N

foase

Fig. A.23  PWM Modulator, Defining Input Constan EMTDC/PSCAD implementation.

Next thing is to determine phase shift [deg] betw@ach carrier according to
number of cells (carrierd). This is realized by following formulas below. Rigavalues
are implemented as global substitutions withindlaog box.

[ shift_iu_ABC [0 Ed
shift_2u_ABC|_360, 1 (A.19) A 4
: : shift2u_A = 027.692 =
! . shift2]_A = 207 692
Lshi_Nu_nBc] [N~ oy
r - - shiftdu_A = 083.07¢]
shift_ll_ABC 0 o Am 110768
SN2ABCI_ 3004 1|, 10 (A-20) e o
| shift_NI_ABC [N -1] ==

These parameters are necessary in order to pracicigate sample delay for input
voltage references and initial phase of each aasignal. Absolute sample delays [s]
are calculated according to:

[ delay_1u_ABC] [ shift_1u_ ABC|
delay_2u_ABC shift_2u_ ABC
VAUABCIS 1 g 1 st (A.21)
: 360 fearier :
| delay_Nu_ABC| | shift_Nu_ABC]|
[ delay 11 _ABC]| [ shift_1I_ ABC]|
delay_2I _ABC shift_2I_ABC
Y 2_ABC|_ 1, 1 [|shift 2 (A.22)
: 360 fcarr\er :
| delay_NI_ABC| | shift_NI_ABC]|

C o0 o °
shiftLu_ABC delaylu_ABC
.
D
27,69 o °
shiftzu_ABC delayzu_ABC
fearrier

(538 o 2
e he ldelay13u_aBC
B

D

Fig. A.24 PWM Modulator, Reference Sample $tfiper Cell.
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Initial phase of each carrier signal is obtainedifgividually delaying sampling
clock for each cell over the calculated value. Bim@N delay block accompanied with
AND logic gate delivers desired logic pulse traim fe-sampling AC voltage reference
signal.

[signalgen] Signal Generator /w Intes x|
Frequency of Signal [Resamping |
Intial Phase of Signal [oowea |
Signal type: [ruse =]

sampling1l_ABC
|

samplinglu_ABC

sampling2u_ABC sampling2!_ABC

]
1
]
]
|
|
|
)
]
Duty eycle 50 %1 \
Maximum output level D L
Minimum output level o |
|
|
|
)
]
1
]
]
|

- cancel | vep.. |
. .
_________________________ | . .
|
. .
[delay] Binary ON Delay with Interpol x| |
1
[Conmosten 2l !
On Delay Time GelayTu_ABC !
Delay !
 terpolaton Compatbity | ° o
L sampling13u_ABC sampling131_ABC
& Dsabled 2 ! pingL3u/ pingisLs
 Enabled :
1
1
oK cancel | wep. | |

Fig. A.25 PWM Modulator, Reference Sample Sifiper Cell.

Finally, re-sampled reference values are compariédl earrier waveforms, which
results in output ceR-Nswitching 0/1 signals for each phaBgsc-nyu_d Eapca-nyi d

X
Frequency of Signal Tearrier
Iniel Phase of Signal S(shiftlu_ABC)
Signal type: [Triange |

Duty cycke EX
Maximum output level r L
Minimurm ouput level En—

Fig. A26 PWM Modulator, Final PWM Logic Sigsal

d. Firing Signals - Abstraction Level B

Final voltage signals are obtained by summatingfaabing DC circuit control
signals with AC circuit control signals. DC circuiontrol signals include circulating
current reference signalBapc circ rer s and DC voltage reference signBhyc pc s iS
calculated from [pul]:

V,
EabcﬁDCfs = IE:( rer) = 2 (A23)

base

Final voltage signals [pu] are obtained from:
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_ Ecirc_ref _s Eabc_ DC_s 3

Vam(av) = [ N TN DIZ:;, Eatin_a (A.24)
_ Ecirc_ref _s Eabc_ DC_s 3

Vam(av) = [ N TN DIZ:;, Eatin_a (A.25)
_ Ecirc_ref _s Eabc_ DC_s 3

Vam(av) = [ N TN DIZ:;, Eatin_a (A.26)

Signals that directly enter into arm controlledtage sources are also pre-multiplied
by Epaseto convert from [pu] to [kV]: !

0=y
0=y

Ealu_d

varm_aU0> A varm bd> A Varm_cU->

[Hwl 9
[Hw] 9
[Hul 9

+ *
Ea2u_d D4/ > M iEN’D ;-Varm,au
oD
N
EaSu_d D

1
1
1
|
|
|
|
1
1
1
1
|
|
E 1
Ea_circ_ref_s |
1
1
1
1
|
|
|
|
1
1
1
1
|
|

Eabc_DC_s

Eadu_d D

[Hw] 9
[Hul 9
[Hwl 9

]

0=y
0=y
0=y

i i
< < <
Varm_al=> A Varm_bll> 4\ Varm_clo>

Eal3u_d

Fig. A.27  Abstraction Level B: Resulting armitege signals.

A.6 Abstraction Level C - Control Architecture
a. Introduction

Generalized control diagram is shown in Fig. A.28l controllers and PWM
modulator: design and their operating principleram identical as for abstraction level
B. The main difference is that signals from DC gitcontrol are not injected directly
into arm voltage sources, but rather used as eerefe cell voltage values for additional
cell voltage balancing controller. Furthermore aas voltage sources are replaced by
cell capacitors, each cell voltage must be now oreasindividually to control its
value.

Cell voltage balancing control action takes plaeéote PWM modulation, which
allows controlling each AC reference voltage sefgdyaAs a result, DC and AC circuit
control signals summate before PWM modulation aodafter, as has been discussed
in the abstraction level B.
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Fig. A.28 Abstraction Level C - Schematic Coh8tructure.
b. PQ Power Controller, DC Voltage Controller, AC Current Controller,
Arm Energy Compensating Controller
All implementation procedure is identical as fostaction level A. Considered
output parameters are:
= from AC Current Controller (+ DC Link Balancing Contra)te
Ea_ref_s Eb_ref_s Ec_ref_s
= from Arm Energy Compensating Controller:
EaU_circ_ref_s EbU_circ_ref_s EcU_circ_ref_s EaL_circ_ref_s EbL_circ_ref_s EcL_circ_ref_s
c. Cell Voltage Balancing Controller [82]
Cell balancing controller block is based on [824 @onsists of three individual
phase leg controllers, where input variable sigaats
= measured upper and lower arm cell voltadg:ny au Vea-ny au Vea-ny_su Vea-n) sl
Vea-ny_cu Ve-ny_cl:
= circulating current reference signaScy _circ_ref Eavcl_circ_ref
= DC voltage reference signdl;,. pc s

* AC voltage reference signaB;p; ref s
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Appendix A: System A: Back-to-Back MMC

Input constants include user-set P controller gdidisnits, sampling frequency
Sampling_Bbase voltag&baseand number of cells per armN. First step is to sample
all entering measured cell voltages withmpling_Bralue.

SampledE ei1-ny_abcu_s Ecelii-ny_abct_sSignals can be now used to properly regulate
DC cell voltages within each single cell. Referewed voltagesVee) anc ref sare [kV]
calculated from:

E

a_circ _ref _s abc DC_s

EEbase (A . 2 7)

cell _a_ref _s

E

c_circ_ref _s abc DC_s

EEbase (A . 2 9)

cell _c_ref _s

Eb circ _ref _s abc DC_s
ceII b_ref _s ( EEbase (A 28)
Ea_circ_ref_s Eb_circ_ref_s Ec_circ_ref_s
s o - o - e
o ND) Veell_a_ref s o Veell_B_ref s O Vel ¢ ref s
o A& oo o A oo o A oo
N

Eabc_DC_s N Eabc_DC_s N Eabc_DC_s

Fig. A29  Reference cell voltages with DC Cit@ Circulating Current Control.

These voltages are compared with each measuredvalédige across upper and
lower arm in the corresponding leg. P controllems ased to compensate difference
between signals. Finally, desired command sigr@<DfC circuit control are added to
common AC voltage reference, which result®2M individual AC voltage references
for each phasBapca-nu s Eanca-ny_sintegrated with DC circuit command.

samgling 8]

Fig. A.30 Measured cell voltage sampling anthagtage control.

d. PWM Modulator

All implementation procedure is identical as forsthction level B. The only
difference is cell voltage reference input signatjch for abstraction level B was pure
AC reference voltagEay. ref s identical for each cell.

Now, each cell has its own input referer€gcu.nu, re-sampled cell reference
values are compared with carrier waveforms, wheasults in output ceN switching
0/1 signals for each phad&inci-nyu_a Eabca-ny_a
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Fig. A.31 PWM modulator - individual cell voltageferences instead of common one.

e. Firing Signals - Abstraction Level C

Switching 0/1 signals for each phase from PWM mathut Eqnci-nyu g Eabca-nyi d
correspond to switching operation of each cell etiog to:

E _ |1, cell ON E
ad-Nu_d T cell OFF

Logic signals are then directly transferred as igpgo IGBT gate drivers, which

inter-switch each cell according to their values.

[Eatud 95wl u

Swalu_U

[>o—o
Swalu_L
SWalu_L

Ecellla_U_:

abq1-N)I_d —

[Eatud 0 —cwo,

s L

5 )

[Eatsu dogpafauu Swaisu_u

> Swadau L A‘ }_i

SWal3u_L

Ecell13a_U_:

1
i1
1[mF]

Fig. A.32  Abstraction Level C: Resulting IGBDgic Signals.
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Appendix A: System A: Back-to-Back MMC

A.7 Energization Sequence for System A

Figure A.33 shows back-to-back MMC system with nearlAC contactor8RK1-
4 ABC and DC making switche®RK1-23_DC Start-up procedure is valid for
abstraction level B at the generator-side and listraction level C at the grid-side.

Table A.1 Energization sequence for BtB MMC sys{8ystem A).

p. Unit Parameter PreState  ActivationTime  Post:State Parameter
1 Generatorside PQController ld_ref.c = 0 on 0.00 oy ldref.G = 0
enerator-Side PQ Controlle laref e - -1 005 laref G - -1
2 Generator-ide AC Current Controller on 0.00s
3 Generator-Side Circulating Current Controller on 0.005 on
4 Grid-side PQControll ld_ref =0 on 0.00 on ldref =0
rid-Side PQController laref Sy 005 Iq_ref =1
5 Grid-Side DC Voltage Controller on 0.00s on
6 Grid-Side ACCurrent Controller on 0.005 on
7 Grid-Side Circulating Current Controller on 0.00s on
RI_ABC = 100 OHM
R2_ABC = 100 OHM BRK1_ABC = OPEN
8 Generator side Inserton Resisors BRKLASC, B2 s 2L z T lose on 0205 OF PO ABG = CLOSE
BRK2 ABC = OPEN
R3_ABC = 100 OHM
RI_ABC = 100 OHM BRK3_ABC = OPEN
9 Grid-Side Insertion Resistors BRK3_ABC, BRKA_ABC BRKa. Z ot on 0205 OFF | CrKATABG = GLOSE
BRK4 ABC = OPEN
BRK5_DC = OPEN BRK5_DC = CLOSE
10 DCBus Breakers BRKS_DC, BRK6_DC BRKE DG - OPEN oFF 0165 oN e - CLosE
wiliary DC Voltage Breaker v_bC = 36 kV (1 pu) s v_DC = 0 kV (0 pu)
11 Auxiliary DC Voltage Breaker BRK7_DC BRKT DC - CLOSE on 0.60 oFF e be - oPen
B oS0 ErTENG
wam 8 § BRKS D 1
g 8 Eaqp 0o
ear [ =1 =7
o E e
ark_Aac H
£ i
oo S v e
s simH] - & mH) <
L == b
100 ohmBRK2_ABC : BRKA_ABQ00 onm]
L
R RSO
g am| £ 3 )
3 &
& n
o2 sgrko o e

Fig. A.33 Insertion Resistors & Breaker Locaidar Energization Mode.

During start-up sequence, generator-side is eredglzy means of virtual DC
voltage source, which gets disconnected after arengées from system B reach their
nominal values. Grid-side unit is firstly galvarigaisolated from the generator-side,
which allows preliminary cell capacitor chargingrn the grid to the total maximum
value of\2-¥agc) for each leg.

In order to avoid high DC currents that appear wiméerconnecting generator- and
grid-sides due to DC voltages difference, arm itiserresistors are added. After first
DC current transients, arm insertion resistors largpassed and both sides continue
charging until nominal arm energy values are redche

Finally, when all signals become stable, virtual B@tage source is disconnected
from the DC link and reduced to 0. After few pesagquired for DC voltage control,
MMC system is ready for service.
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B. System B: DC/DC Boost Converter + NPC-3L
Converter

B.1 Introduction

Figure B.1 presents schematic diagram of the pexpasncept. On the contrary to
the System A, generator operating voltage canéogblly set to much lower values (i.e.
3.3 kV), and system can be easily scaled for treiref value. On the generator-side,
conventional 2L converter is utilized.

7".:7;‘7% ‘i i -

T T

Fig. B.1 Schematic Representation of System B.

Switched resonant capacitor DC/DC boost conveagiroposed [54], and can be
easily scaled and/or replaced by another capditiater type. Scaling is made by
adding/removing DC passive capacitor cells from thpology. One extra DC cell
should be considered for possible redundant operati

On the grid-side, NPC-3L is proposed as it has maperience on the industrial
field among other multilevel converters. Extra IGBare added in each valve for
possible redundant operation

B.2 2L + DC/DC Boost + NPC-3L - General Control Architecture

a. Introduction

Following chapter shows position of the requireghal sensors for three individual
operating units: VSC-2L, DC/DC Boost and NPC-3L.isThncludes high-level
active/reactive power, current control and DC wgdtacontrollers, low-level PWM
modulator. Control algorithms are identical asdgstem A (back-to-back MMC).

b. Electrical Sensors - Location

Figure B.2 shows displacement of the required atramd voltage sensors in order
to properly operate system B.
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Appendix B: System B: DC/DC Boost Converter + NPC-8hverter

v vscal | o | DSBS | NPC3L E >

:

Fig. B.2 Sensor locations for all required meedielectrical signals.

Following controllers are involved for each side:

= PQ power controller (only grid-side unit):
- x3 phase AC current sensors placed after O fiitanches [ic)| iace)| iacc)-
- x3 phase AC voltage sensors placed after G fitanches [¥ca)| Vace)| Vacc)-

= DC voltage controller (only grid-side unit):
- x2 DC voltage sensors placed between each DEgu common-mode poinbiy, | Vocw)]-

= AC current controller:
- x3 phase AC current sensors placed between denegs and C filter branchesaip| iace)| iacc)-
- X3 phase AC voltage sensors placed after @ fitanches [cu| Vace)| Vacc)-

= DC voltage balancing (zero-sequence) controller:
- x2 DC voltage sensors placed between each D€gal common-mode poinbf, | Vocw)-

B.3 VSC-2L - Control Architecture
a. Introduction
Standard control diagram for 2-level convertershewn in Fig. B.3. As a result,

complete control system is divided into 2 units: AQrrent control and PWM
modulator.

PWM
Modulator
0|1

— AC Current —

q >

L Controller —
VAC(A)
VAC(B)
VAc(C)
iace)
iac@®)
iacic)

Fig. B.3 VSC-2L - Schematic Control Structure.
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b. AC Current Controller

AC current controller is similar as for system Aa¢k-to-back MMC). DC link
balancing controller is deactivated by settige value to 0. Output signals alg
Eb_refu Ec_ref-

Signal Sampling AC Current Control PWM Modulator & Blocking
Fsanping ) BLOCK
dewo | fo Won
©_,|
N . SWHagonen
— [ BLOCK
i iagicxe f
inco) ox0) . o l W s
Vag) VAC(AXS) L - SW!siower)
Vaope ‘ ]
Vao® Vacxe) — 2 o 2 . g BLOCK
i | B fow SW-Cugoer)
Y Y VaaoHe) s
) AcEHe) 2 L . Weomn
vo e
T ol ]

Fig. B.4 AC Current Control in the rotating dq mefiece frame.

Due to stationary operation, frequency can be otiatt externally with no need for
PLL regulator (no frequency control). PWM modulatsrcarrier-based bipolar with
asymmetrically sampled voltage reference signalsvs, , V. . User-specified switching
frequencyf,, equals carrier frequency.

c. PWM Modulator

PWM triangular carrier-based modulator is usedprhrtice, its design is identical
as for system A when number of ceMs= 1.

puise ratio [] P P fcarrier fcarrier Resampling
_ 0
( N

samplingl W [swau >
Pulse S

[Easero samplr o

@
a
3
1
o

samplingt | J/AAA {SWhU >
Pulse B&

[Eb et e Sampler Qmpar
lingl
sampling JAAA = [ sweu >
Pulse
[Eorel o Sampler Compar Ll>ﬂ—<’

Fig. B.5 PWM Modulator for VSC-2L - EMTDC/PSCAIhplementation
d. Firing Signals

Upper and lower cells are now equivalent to uppat ebwer ideal valves, each
represented by ideal IGBT with anti-parallel diodeach logic signal enters to
corresponding phase leg.
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Appendix B: System B: DC/DC Boost Converter + NPC-8hverter

VSC-2L is implemented as a standard generator&i@eel converter unit, since it
provides lowest DC current ripple flowing throudie tgenerator-side circuit.
B.4 DC/DC Boost Converter - Control Architecture
a. Introduction / Cell Balancing Controller

Utilized switched capacitor resonant converter alasost no control capability. It
consists only of two active IGBT valves: T1 and Thich must be inter-switched at
fixed resonant frequendyin order to balance upper and lower cell capacitors

]
h 1
- 1 = X
. [Conguration = 1
—O

! Frouency ot S [rore |

1
h Inttial Phase of Signal 0.0 [deg] |

]

50 (%

H %] 1
1 Tl 1 1 I
1 0 !
. 1
. 1
i |

Fig. B.5 DC/DC Boost Converter Capacitor ChaggControl - EMTDC/PSCAD Implementation.

Theoretical Analysis

ZCS converter includes a pair of valves with secesnected IGBTs on the
generator DC-side along with cascaded passive rapdells, each containing: storage
capacitor, resonant capacitor, resonant inductoragpair of free-wheeling diodes.
Required number of cells in upper DC Isgand in lower DC ledM is proportional to
the desired output voltagéyyr according to formula (B.1), wherdy is input DC
voltage from 2-level generator-side converter:

VOUT:(N+M _1)W|N (B.1)

Resonant components are used to form a resonaht patthat charging and
discharging currents can be passed through sex@mance in order to achieve soft
switching. As a result, valves T1 and T2 are allgd complementary with 50% duty
cycle and switched at resonant frequefigy Operating sequence is shown in Figure
B.6.

1. Operating sequence: T1 =ON, T2 = OFF
All the negative resonant capacito@ C., ..., Gu) are charged by input voltage

source Viy and negative filter capacitor<Cf;, Cioz ..., Gopm) through negative
resonant inductord_{;, Ln,, ..., Lawy) in & sinusoidal shape, and in the meanwhile, the
energy stored in the positive resonant capacifGps C., ..., Gn) are released to

positive filter capacitorsGuo1, Cooa --., Gopv) through positive resonant inductots,(
Lp2, ..., Lywy) in @ sinusoidal waveform.

At the end of half switching period, all the cun®nf resonant inductors decrease to
zero when the switching frequency is the same smamnt frequency.

133



Cpaay

i
T | Lpt Le Loan

]-Cm ]-sz Cran)
Vin XYy —-,

Vour
oo
Le,, +c. Lo
T2-|ﬁ} % b L ium,
L eee
| ] | | m N | 11 |
At gl At
Crot Cra2 Croty
Sequence #1: T1 =ON, T2 = OFF
Cror Crz Cran
N - xM
+J! XY}
T
W } Lot Lyz Loao
.|.c,,. -|-sz ]-Cmm
Vin (11 Vour
oo ﬁ
J‘Cm Cnz Cri
Lns Lz Lo
T2|
< < & & 00 < <
‘\:":” ‘L_—":” N ‘_"_,
Crot Croz ‘;mm
Sequence #3: T1 = ON, T2 = OFF
Cror Crz Cran
F | | I [ IF |
1l xM [
,l —HH— —bH— eee —Lp——pis
T J
1 * Lot g‘h«m
Cpt ]-Cpm
Vin 11 Vour
oo
+c, Lc. Low,
Tz-ﬁ} i b Lre irl-«m
— < & & .:. < <
| ] | | | N | 1= |
el gl gl
Crot Croz Cro)
Sequence #4: T1 =ON, T2 = OFF
Crog
=
Cpot
#1 #2 #3 #4 #5 #6
Current in upper DC leg
Fig. B.6
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Appendix B: System B: DC/DC Boost Converter + NPC-8hverter

2. Operating sequence: T1 =OFF, T2 = ON

The energy stored in the negative resonant capagcitdich are charged in the first
half switching period, are released to the corredpw negative filter capacitors
through the negative resonant inductors in a sidasghape, and in the meanwhile, all
the positive resonant capacitoiSyf, Cy,,..., Gy are charged by the input voltage
source or/and positive filter capacitors througk fositive resonant inductors in a
sinusoidal waveform. All the filter capacitors atigt input voltage source power the
load.

Figure B.6 presents charging and discharging cturemmmutation loops for
transferring energy in first 6 sequences. Morerimigtion on this topology is available
in [54].

b. Delimitations

In order to maintain optimal performance for DC/DGost operation according to
reference [54], following design constraints appear
= Converter is symmetrical, i.e. number of cells ip@pbranchM and in lower branciN is
equal:N =M.
= Each voltage celV is equal toV;,. This gives desired output voltage with regard to
number of cells/levelsl+M as:
Vout =Vin [ﬂN +M +1) (BZ)

= |n order to minimize distortions, switching/resohdrequency is chosen to be equal of
VSC-2L carrier frequencffes = feamier- ASSuming resonant filter inductantg = L, = Lyeg
filter capacitance is calculated from:

1
c=C=r———"—_ B.3
" i (2 DT[rfeS)z DLre ( )

S
= Upper cell capacitors are equal to lower cell capesCy, = Cp,.

DC/DC Boost converter is chosen specifically duatsomodular design, simple
control, and low number of active switches. Reqliienergy for boost operation is
transferred in resonant frequency through cell cagas, which minimize cost of the
overall design.

B.5 NPC-3L Converter - Control Architecture

a. Introduction

Standard control diagram for 3-level convertershswn in Fig. B.7. As a result,
complete control system is divided into four unR€) control, DC voltage control, AC
current control and PWM modulator.
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NPC-3L - Schematic Control Structure.

Fig. B.7

b. PQ Power Controller

PQ power controller is identical as for system Aadkrto-back MMC). Output
signals aréq e ld_rer

c. DC Voltage Controller

DC voltage controller is identical as for system(l#fack-to-back MMC). Output
signals aréeye , Eqc y

d. AC Current Controller + DC Link Balancing Controlle r

AC current controller is similar as for system Aa¢k-to-back MMC). Output
Signa|S argafrefy Ebfrefa Ecﬁref-

e. PWM Modulator

PWM triangular phase-shifted carrier-based modulégoused. In practice, its
design is identical as for system A when numbeceaifs N = 2. In total, 12 output
switching logic signals are obtained

f. Firing Signals

Switching output 0/1 signals are summated for gdwse and enter into switching
matrix, in which specific switching pattern for ghhase switches is provided. In
simulation model, this function is provided by Xthnsfer function blockX is input

parameter from PWM modulator, whiléis user-set logic parameter according to NPC
operating principles.

X Y
SWauu SWaU SWal SWall 3
0 0 1 1
1 0 1 1 0
2 1 1 0 0

Fig. B.8 NPC-3L PWM Modulator - EMTDC/PSCAD Ingphentation.
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Appendix B: System B: DC/DC Boost Converter + NPC-8hverter

B.6 Energization Sequence for System B

System B provides unidirectional power flow (frorangrator to the grid). As a
result, special considerations are required omptbeedure for how to start the system.
An idea to energize the generator-side convertby isonnecting it to the grid. In order
to do so, a voltage on the feeder network needstdecreased for the generator-side
system. This is obtained by 3 methods:

=  Method I:

Additional 3rd winding of the substation transfomi@mall feeders).
L] Method II:

Tap changer on substation transformer windingsaanautotransformer for each feeder.
L] Method Il

Conventional transformer for each feeder.

Described methods I, Il and Il are presentedigufe B.9.

SW2

Generator-Side Ed Grid-Side
Power Converter ] Power Converter —
SW1 4@ _Iq} BRK2 b < BRK1

e S

swa

2010

N3

. ]

Fig. B.9 Energization sequence for generatae-sigstems with uni-directional power flow.

Optimal method can be determined by the specifice sand feeder network
configuration. The energization sequence for nagHpll and 11l is as follows:

Table. B.1 Switching sequence during start-uggedure for system B.
Switches / Breakers (0 = OFF, 1 = ON),
SW1| SW2| SW3| SW4| BRK1| BRK2

Switching Sequence

Converter units are blocked a 1 1 D D

Grid energizes power converter through its genessitte.
Power surplus is burned in chopper

Generator is connected to the generator-side ctarver 1 0 1 0 1 0
Feeder voltage increase to the grid-side conviavet 1 0 0 1 1 0
Feeder is connected to the grid-side converter 1 00 1 1 1
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C. System C: AC/AC Boost Converter + NPC-5L
Converter

C.1 Introduction

Figure C.1 presents schematic diagram of the pexpancept. Similarly for
system A (Back-to-Back MMC), generator operatindgtage should be kept relatively
high (e.g. 12 kV) in order to minimize number oBG devices/amount of silicon, but it
is not so related with voltage on the grid side¢lasin link cells have independent DC
link voltages from the common DC link voltage (sdmsnthe grid-side unit). Therefore
in practice, voltage can be also set to any desiedde. It is assumed that chain link
cells are equipped with pre-charged DC sources.sB@ces are being constantly re-
charged by an external 2-level converter.

¥ L3 «F [ 43 kF | k3 43 | «F &3 |«
ok [ 3 oF [ «F oF [ k3 63 [ KF &3 [
R L o <HR<IE<HR<IE<HR<IE BRI <HE<

. o ok [ 3 oF [ oF «F [ k3 63 [ F &3 [ K3

.

[
ARIRNEY]

AR AR

ol

Fig. C.1 Schematic Representation of System C.

Rectification at the common DC link voltage is ddmg passive diode rectifier,
which includes series-connected diodes in each &@m.the grid-side, NPC-5L is
proposed with a balancing clamping bridge. Extr8TG are added in each arm for
possible redundant operation.

C.2 VSC-2L + AC/AC Boost + NPC-5L - General Control
Architecture

a. Introduction

Following chapter shows position of the requireghal sensors for three individual
operating units: chain link, clamping bridge andQNBL. This includes AC current
control and DC voltage control, low-level DC linklancing control. High-level control
algorithms for the grid-side are identical as foard B systems.
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Appendix C: System C: AC/AC Boost Converter + NPC-5Lveber

b. Electrical Sensors - Location

Figure C.2 shows displacement of the required otirmed voltage sensors in order
to properly operate system C.

1 VSC-2L

-
I 1
-~
Yvyy

j_ " Converter
=

I

o
Q 4
E| T
- Chain-Link Diode = [ >
] ; _ 3 >
Rectifier ‘; NPC-SL >
a
«Q
@

I
T

i

Fig. C.2 Sensor locations for all required meedelectrical signals.

Following controllers are involved for each unit:

= DC current controller (only 2-level converter):
- x18 phase current sensors placed in branchds ell DC batteries fic)| iac@)| iacc)-
- x1 DC current sensor placed on the 2-level caievéC link [Vac)| Vace)| Vacc)-

= P power controller (only generator-side unit):
- x3 phase AC current sensors placed at the diedfier terminals [hc()| iac@)| iacc]-
- x3 phase AC voltage sensors placed after theediectifier terminals [Ny | Vace)| Vacc)-

= PQ power controller (only grid-side unit):
- x3 phase AC current sensors placed after O fiitanches [ic)| iace)| iacc)-
- x3 phase AC voltage sensors placed after G fitanches [¥ca)| Vace)| Vacc)-

= DC voltage controller (only grid-side unit):
- x2 DC voltage sensors placed between each D€gal common-mode poinbf, | Vocw)-

= DC link capacitor balancing controller (grid-side damping bridge):
- x4 DC voltage sensors placed across each clarBgztink capacitor [Wcuuy| Vocw) | Vocw) | Vocww)-

= AC current controller:
- x3 phase AC current sensors placed between denegs and C filter branchesai| iace)| iacc)-
- X3 phase AC voltage sensors placed after @ fitanches [cu| Vace)| Vacc)-

= DC voltage balancing (zero-sequence) controller:
- x2 DC voltage sensors placed between each DE€gu common-mode poinbiy, | Vocy)]-
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C.3 VSC-2L Control Architecture
a. Introduction

The need for an external 2-level converter can¥péa@ed by means of Figure C.2.
It presents discharging current commutation loopshe chain link converter for
positive and negative generator voltages.

T1=OFF T1=OFF T1=OFF T1=OFF
T2=ON T2=0ON T2=ON T2=0ON
T3 =ON T3 =ON T3=0N T3 =ON

T4 = OFF T4 = OFF T4 = OFF T4 =OFF

T T3 T T3 T T3 T T3
ik L K K B

»
i - O
L Vo=V T2_I T4 T2_I T4 Tgl T4 T2_I T4
T1=0N T1=0N T1=0ON
T2=OFF T2 = OFF T2= OFF
T3 =OFF T3 =OFF T3=OFF
T4=0N T4=0ON T4=ON

. O B I | e T | B
LT T ok T ok T

Boost Mode

Fig. C.2 Current commutation path in the chaik tonverter for AC/AC boost operation.

When no external circuitry is applied, boost operabf chain link converter will
result in uni-directional currents flowing througtell capacitors. If no net power
balance is achieved, then eventually the capacudisdischarge providing no more
boost operation.

In order to keep DC capacitors charged, an isol&2téelel converter is used. It
controls RMS DC currents with values equal to threes generated by chain link
converter control, but forces currents to flow posite direction, as shown in Figure
C.2. IGBT switches in series with DC sources aseduto decouple 2-level converter
from the chain link converter operation.

| O:IH] OFF
¥ K3 K3 F KF 3
| Rg* |
ICRER< | F F KE
L
DC source charging (chain link cell OFF / by-passed) DC source discharging (chain link cell ON)

Fig. C.2 DC source loading states: chargind)(&fd discharging (right).

When a specific chain link cell is bypassed, thesn series connected IGBTs in the
corresponding branch will be turned ON and DC sewttarged. On the contrary, when
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Appendix C: System C: AC/AC Boost Converter + NPC-5Lveber

chain link cell is ON, then IGBTs in the corresporgdbranch are turned OFF to isolate
chain link circuit from the 2-level external cireuFigure C.3 demonstrates decoupling
between chain link cell and a 2-level branch.

In order to simplify the external circuit contritljs assumed that all the existing DC
sources are connected in parallel to the DC linkadingle 2-level converter. This
assumption is justified for following conditions:

= All existing cell capacitors operate at identical Boltage values in any timéceiy.
= All existing chain link cells are switched at tlientical switching frequendyyceny
= Generator operation remains symmetrical with etpgading of each phase.

Figure C.3 shows calculation of the required réasglDC charging current for all
DC batteries in the system. All RMS currents flogvithrough DC sourceigccen are
measured, summated and averaged. Finally, Vah, is obtained as a reference for
the DC current controller.

Fig. C.4 Averaging of the instantaneous currawihg through the DC battery.

Standard control diagram for the 2-level conveilitershown in Fig. C.5. The
complete control system is divided into 3 units: B@rent control, AC current control
and PWM modulator.

PWM VSC-2L
Modulator
P — 01

DC Current i* AC Current -~ :I;
I * Controller d_,| Controller Va —
DC(eell) L

I j q lA(“(gen)j Vb

DCRL) ViCgen) v,

Fig. C.5 VSC-2L - Schematic Control Structure.

b. DC Current Control

DC current is controlled by measuring RMS currdawing through the DC link
ipc. PI controller is used to regulate output g-axé$erence currentq* so that
discharging RMS currerig,c(c,_)* equals DC link charging RMS currét )
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Idc_2L
=

Vsc-2L it
— Converter

>

CL cell

Idc_2LD H Ig_ref
HQH Sampler# : %J’a
Idc_CL B I

Fig. C.6 DC Current Controller - EMTDC/PSCAD itementation.

c. AC Current Control , PWM Modulator, Firing Signals
Models for AC current controller, PWM modulator divthg signals are identical as
for the equivalent 2-level converter in system B.

C.4 AC/AC Boost Converter - Control Architecture
a. Introduction
Standard control diagram for the chain link conseis shown in Fig. C.7. As a result,

complete control system is divided into 3 units: &C voltage control (magnitude), CL
AC voltage control (phase) and PWM modulator.

CcL
)
Ecypey | T

PWM Modulator

CcL

1 Switching Matrix | g ) 4
——
D= . = 1
7 ‘
Table

- +
Vermeo
Chain Link AC voltage
P 3 control (magnitude) Veruc)
AC (diode)
VAC(diode)

Fig. C.7  Chain Link (CL) Boost Converter - Sgtagic Control Structure.

b. Chain Link AC Voltage Control (Magnitude)

Chain Link AC Voltage (Magnitude) controller acts @ P controller, similar to PQ
power controller in systems A and B. Chain link m@uvoltages are synchronized in
phase with generator voltages to maintain boostatio®, and then only the resulting
voltage magnitude is used to control active powarrént) flowPac(giode)

First step is to measure 3-phase active poe{ucde) = Py at the diode bridge
terminals by multiplying instantaneous current amdtage values, and adding them
together.Py is a user-input value [pu], which regulates amafnthe delivered input
power. Using feedback loop with PI controller, gerence voltage magnitudé,” [kV]

is obtained for the chain link controller.

Control: Gen...
Pd_ref
1

Chain Link AC voltage
control (phase)

VAC(gen)

Diode Bridge

Vel_ref
Rectifier et

Norminal Pover [WA]

4
|

1

re—1H
Pd_ref I

Fig. C.8 Chain Link AC Voltage (Magnitude) conteslk EMTDC/PSCAD implementation.
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¢. Chain Link AC Voltage Control (Phase)

In order to allow chain link boost operation, matat voltage phase references
should be synchronized with the corresponding ge#oermphase voltages. Therefore,
phase voltages at the generator terminglsay Vgensy Vgenic) are measured. Ideally,
reference phase voltagdeta Mis equal to initial phase of the voltage sourchictv
models generator rotor flux angle. In reality, rotbux calculator should be
implemented to determine flux angle. In this watks assumed that rotor phase angle
is directly obtained from signal generator (in ts&me manner as for the previous
systems).

— o
‘M Theta_V

o

Ea_SIN
Theta_M Sin

P
1200
c
. ) Eb_SIN
Theta M D Sin

IO
N - Ec_SIN
Theta M D Sin

Fig. C.9 Chain Link AC Voltage (Phase) contmllEheta measurement/generation - EMTDC/PSCAD
implementation.

ke ot Snl [oote

g

E

GEEe eEEY

) 27 i w0 23 oo Cancel Hep.
1

Finally, voltage references for chain link convertee obtained by multiplying
sinusoidal interpolation of phases with previousbiculated voltage magnitudes. In
order to per-unitize values, they are further diddoy user-specified total chain-link
DC voltage valudEgecry [kV].

Ea SN [ ]| N ] Eb SN ] N Ec SN | N

; NPVl Sef A NIDI™Vel Tef B NIDI™el et ¢
D D D
Vel_ref Edc_CL Vel _ref Edc_CL Vel_ref Edc_CL

st |
Edc_CL_ref I

Fig. C.10 Chain Link output voltage referenc&wTDC/PSCAD implementation.

In order to provide [pu] values of voltage referesidor any possible system ratings,
the total chain-link DC voltagEy.c) [kV] is calculated according to formula:

2 .

T
EDC(CL) = [EDC b—- EAC] = EEDC(CL) (C-l)

3E/2 V3
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where:

Ebc - pole-to-pole DC base voltage [kV]

Enc - line-to-line generator AC RMS base voltage [kV]
Eocely - User-input reference resulting chain link votidgu]
Eoccy - resulting chain link voltage [kV]

Formula is obtained based on the required averagesditage for six-pulse diode
rectification [76]. User may slightly adjust nominalue (e.g. from 0.9 to 1.1) as a
compromise between amount of distortions on theegaar-side and active power
capability.

d. PWM Modulator

PWM phase-shifted triangular carrier-based modulistased. In practice, its design
is identical as for system A, whelke= 2:M, in whichM is the number of full-bridge
chain link cells per phase. Each full-bridge chlik cell is modulated in the same
manner as NPC-3L system, as it provides three g®l@utput levels. In total}-N
output switching logic signals are obtained.

e. Firing Signals

Switching output 0/1 signals are summated for ezelhand enter into switching
matrix, in which specific switching pattern for atlell switches is provided. In
simulation model, this function is provided by Xthnsfer function blockX is input
parameter from PWM modulator, whileis user-set logic parameter according to full-
bridge operating principlesCLy parameter is obtained by equal voltage sharing
between cells, and is calculated from:

EDC(CL)

Cliceny = M

(C.2)

= swia

samplingl A A A
Pulse B& o 49
* Compar-| B Sw2_1
Ea_ref 1 pl ator Table

F — o
7 ‘ SW3_1
sampling2 A A A
Pulse Bﬁ
Compar- —
p it aEEE

1
|
X Y : H
SWila_| | SW2a_| | SW3a_| | SW4a_l : Sswia_|
1
1
1
1
1
1
1

(o]

(o]

0 1 0 1 0 4
1 0 1 1 0 A!D }—(L
2 1 0 0 1 SW2a_|

Fig. C.11  Chain Link Cell PWM Modulator - EMTDRSCAD Implementation.
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C.5 NPC-5L Converter - Control Architecture
a. Introduction

Standard control diagram for 5-level converterstiswn in Fig. C.12. As a result,
complete control system is divided into 4 units: Béhtrol, DC voltage control, AC
current control and PWM modulator.

=
y PWM NPC-5L
Modulator
A4 01 Switching Matrix | ¢ | 4
PQ Power DC Voltage AC Current 1! Z —
Controller (S Controller = |  Controller VAt K 7 ] -I
0
Vacia) Vac v Table
Vace) Voow) Vace)
Vacic) Voo Vace)
inciny [
ixcie) [
[ iaco) Clamping
Vi ) -
vxf, - o1 Bridge
DC Link Balancing ——
Controller — _|
Voo,
Voo,

Voewy
Voea)

Fig. C.12  Chain Link Cell PWM Modulator - EMTDRSCAD Implementation.

a. PQ Power Controller

PQ power controller is identical as for system Adkto-back MMC). Output
signals aréq e ld_rer

b. DC Voltage Controller

DC voltage controller is identical as for systenfb&ck-to-back MMC). Output
signals aréeye  Eqc y

c. DC Link Capacitor Balancing Controller

DC link balancing controller is necessary in orderavoid energy fluctuations
between adjacent DC link capacitors. This functisrrealized by means of active
clamping bridge, consisting of IGBT switches anductors. Balancing is realized by
measuring DC capacitor voltages, which are thersprepled and compared with each
other (upper-top with upper-middle, and lower-taghviower-middle).

By utilizing resonant inductors, capacitors candbarged or discharged by the
energy stored from the inductors. Occurring statedisted on table C.1:

Table C.1 Action sequence for DC link capacitotagé differences within upper and lower arms.

Clamping Bridge - Switching Sequence
El>E2 E1<E2 E3 > E4 E3 <E4

- T1 turns ON - T3turns ON
- loop circuitTY/C1/L1 - loop circuitT3C3IL2 - T3tums OFF

- Tlturns OFF - T4turns ON
- energy fronCltoL1 - energy fromC3to L2

- T2turns ON - energy fromC4 to
- T2 turns OFF - eneray fromC2 to C1 - T4turns OFF c3
- loop circuitD2/C2/L1 ay - loop circuitD4/C4/L2
- energy fromL1 to C2 - energy from_2 to C4
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Fig. C.13 DC Link Capacitor Balancing ControlldEMTDC/PSCAD implementation.
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In order to avoid multi-switching transitions, amsensitivity margindE = 5% is
set. If voltage difference lies within this margimy switching occurs. This correspond
to the blocking state, wher@l = 0 and T2 = 0 (or T3 and T4 = 0). Non-sensitivity
margin is directly set in [kV] through range comgtar blocks.

d. PWM Modulator

PWM triangular phase-shifted carrier-based modulégoused. In practice, its
design is identical as for system A when numbecaifs N = 4. In total, 12 output
switching logic signals are obtained

e. Firing Signals

Switching output 0/1 signals are summated for epbhse and enter into the
switching matrix, in which specific switching pattefor all phase switches is provided.
In simulation model, this function is provided byYxtransfer function blockX is input
parameter from PWM modulator, whiléis user-set logic parameter according to NPC
operating principles.
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0 0 0 0 0 1 1 1 1
1 0 0 0 1 1 1 0
2 0 0 1 1 1 1 0 0
3 0 1 1 1 0 0 0 0
4 1 1 1 1 0 0 0 0

Fig. C.14 NPC-5L PWM Modulator - EMTDC/PSCAD Implientation
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C.6 Energization Sequence for System C

System C provides unidirectional power flow (frorangrator to the grid). As a
result, special considerations are required omptbeedure for how to start the system.
An idea to energize the generator-side convertby isonnecting it to the grid. In order
to do so, a voltage on the feeder network needsetdecreased for the generator-side
system. This is obtained by 3 methods:

=  Method I:

Additional 3rd winding of the substation transfomf@mall feeders).
=  Method II:

Tap changer on substation transformer windingsaanautotransformer for each feeder.
=  Method III:

Conventional transformer for each feeder.

Described methods I, Il and Ill are presentedigufe C.14.
X,

SW2

Generator-Side = Grid-Side
A Power Converter ] Power Converter —
sw ."3 4‘3 BRK2 b < BRK1

C
Lam

I |
Fig. C.14 Energization sequence for generatig-systems with uni-directional power flow.

Optimal method can be determined by the specifize sand feeder network
configuration. The energization sequence for nagHpll and 11l is as follows:

Table. C.2 Switching sequence during start-aeeaure for system C.

Switches / Breakers (0 = OFF, 1 = ON)
SW1| SW2| SW3| SW4| BRK1| BRK2

Switching Sequence

Converter units are blocked (0 1 ] D 0]

Grid energizes power converter through its genessitte.
Power surplus is burned in chopper

Generator is connected to the generator-side ctarver 1 0 1 0 1 0
Feeder voltage increase to the grid-side conviavet 1 0 0 1 1 0
Feeder is connected to the grid-side converter 1 00 1 1 1
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D. Excel Sizing Tool for the MMC (HVDC Application)

D.1 System Description - Loading Considerations

a. Introduction

As a starting point, it is assumed that two-terrhiback-to-back system is
considered. Rectifier is loaded with the power aggnirom the AC source (e.g. wind
farm), whereas inverter supplies AC grid with thever coming from the DC link.
Three main loading states can be split for eachvexter unit, with regard to its
interaction with external system:

= AC loading, where MMC supplies/loads AC grid with its intefeall capacitance
power (direct interaction with AC side).

= DC loading, where MMC circuitry is loaded only with the DC ywer coming
from the DC link (direct interaction with DC side).

* Internal loading, where internal % harmonic circulating currents flow within the
MMC circuitry (no direct interaction).

Rectifier-Mode Inverter-Mode Rectifier-Mode Inverter-Mode
(offshore substation) (onshore substation) (offshore substation) (onshore substation)

Windfarm AC Grid

e N N N

mmmmmmm

¢ Losdng £C Losdng AC Loatng
—DClowdng . e
MMC umc MMc Mmc
HVDC HVDC HVDC HVDC

Fig. D.1 System description with possible AC Jleftd DC (right) loading conditions.

Internal Loading Internal Loading
MMC MMC
HVDC HVDC

Fig. D.2 System description with possible intefiealding conditions.

b. DC loading - DC Load Distribution

For the DC loading case, following diagrams captovided for each converter
unit:

Vpe Rpc Vbc Roc

MMC HVDC P DC LINK DC LINK MMC HVDC
(SOURCE) oL (LOAD) (SOURCE) (LOAD)

Fig. D.3 System description with possible intefiealding conditions.
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DC load resistancBp reflects the amount of the DC powy, transferred through
the DC link:
_ Ve

o (D.1)

Roc
As each phase leg in MMC topology is controlledeipendently, it is possible to
divide DC load resistancBpc into three equivalent load leg resistances fohdag
separately (fig. D.4).

leg A leg B legC leg A leg B leg C

arm H

J =

Fig. D.4 DC loads distribution amohg each éonvéﬁg and its corresponding arms.

By doing so, two goals are obtained:

1) 1 three-leg DC circuit can be replaced by 3 sspasingle-leg DC circuits, which
simplifies calculations.

2) DC load circuitry of the rectifier unit will bielentical with the DC load circuitry of
the inverter unit.

In order to fulfill energy conservation law, in whi power coming from the source
must equal power coming to the load (losses aré&eaotegl), following relation must be
maintained for legs connected in parallel:

RDC - I:aeg_A( DC) + Rieg_?lj( DC) + I:aeg_C(DC) (DZ)

In order to simplify analysis, it will be furthessumed that all three legs share the
same amount of DC load. Hence, assumed load nesisteer leg will be given by:

Reg(oc) = Reg_aoc) = Reg_cioc) = Reg_c(ocy = 3MRoc (D.3)

Furthermore, DC load is distributed among each awhmich can be reflected by
further splitting each DC load leg resistarRigpc) between corresponding arms. For
each phase leg, two arms are connected in serectoother in the DC circuit:

Reg_A( DC) = Rarm_AH(DC) + R7:1rm_AL(DC) (D4)
Reg_B( DC) = Rarm_BH(DC) + R7:1rm_BL(DC) (D5)
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RIeg_C( DC) = Rarm_CH(DC) + Rarm_CL( DC) (D6)

As arms in each leg are symmetrical and operatéeintical manner, it is assumed
that each arm shares the same amount of DC loaflogiting ground point reference),
so that DC load resistances per arm are identical.

Therefore, assumed single load resistance persagmen by:

Ramoc) = Rum_an(oc) = Ram_ai(oc) = Ram_sripc) = Ram_sicoc) = Ram_cr(oc) =

3

1
= Rym_ci(oc) :E MReg(oc) :E Roc

(D.7)

c. Internal Loading - Circulating Currents Phenomenon

Internal loading state appears due to energy fains within
phase legs, when both DC-side and AC-side exchaoigé power.
Ideally, resulting phase leg power should consisly oof DC
component currents and voltages (coming from D@itag):

| — I
| _%C (DS) \/Ieg(ideal) _VDC (Dg) R _%WDC (DlO)

leg(ideal) — leg(ideal) —
However, when examined each arm individually, itsrents and

voltages will be made from DC component and an A@gonent, as
following:

[ =I%°—I%° (Binat (D11) =%°+I%° Binat (D.13)
_ Vo ; _ Voc .
Vomn ===~V Binat (D.12) V.. = +V,c BBinat (D.14)

As arms for a single leg are connected in seriesynsated power of both arms
should be equal to the previously presented phegepbwer consisting only of DC
component:

I I . V, .
ParmH =1 armH |N/armH = (%C _%C Bilnﬁutj %C _VAC BSII"I&I\J (D.15)
I I . V, .
ParmL = IarmH warmH = (%C-F%C Bilnﬁutj[é ;C +VAC Bilnﬁutj (D-l6)
I .
Pleg(real) = ParmH + ParmL = (%C m/ch T WVac a AC B‘;'nz a‘t)z Pleg(ideal) + ch (D.17)

As the calculated value is not equal to Bigjiea it OCCUrs that additional power
P,y must be flowing internally within converter legs.order to analyze phenomenon
that is responsible for generating this powereitergy is calculated with the integral:
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Enn = [Poudt = J‘(\/AC 0, Gin? atJdt = sin2at (D.18)

E. =%m:uu2 (D.19)

From the design point of view, almost all energyeiach leg comes from cell
capacitors. Therefore, internal energy fluctuatioas be related with the energy stored
inside capacitors.

Assuming constant capacitance of cell capacit@pacitor's energy is related with
voltage (19), so that"2 harmonic energy fluctuations correspond f§ Barmonic
voltage fluctuations (ripple). Such ripple will geate internal ® harmonic circulating
currents, which are large enough to be taken imtosiclerations for further MMC
loading analysis.

d. AC Loading - Positive Sequence Controller

For AC loading case, following diagram can be pded, which allows bidirectional
power flow, so that it can be used both for inveatied rectifier units loading analysis.

PAC! QAC

VDC r\} VAC
AY

DC LINK MMC HVDC GRID
(SOURCE / LOAD) (CONVERSION) (LOAD / SOURCE)

Fig. D.5 General circuit diagram for bidirectiomaiwer flow.

Due to individual operation of each phase leg reetphase AC electrical circuit can
be represented by three single phase sequencéshamuAC loading considerations.

In this work, only plain positive-sequence powemtcoller is designed, which
allows to obtain desired values and directions afva and reactive power at PCC
through phasor computations. If loading conditians to be examined under different
control modes, specific values for reference va@tagagnitudes and phase shifts for
each phase are required.

Fig. D.6 General circuit diagram for bidirectionawer flow.

Manually tuned variable is reference voltage phaggsr (magnitude and phase),
which value is set to obtain desired active & rie@cpower flow based on selected grid
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parameters (voltag€q, short-circuit impedancgéyq) and calculated MMC Thevenin
impedanc&yvc. Desired active and reactive power values arautztked directly from:

P =REARBV . T } (D.20)

= grid

Que =IMGIV . 1 } (0.21)

D.2 System Description - Schematic Representation

a. General Description (Dead State)

General schematic representation of the analyzedCMdpology is shown in Fig.
D.7

DC
PHASE LEG  SWITCHGEAR

DCFILTER

2° HARMONIC
FILTER

C BREAKER GROUND SWITCH

WYE-G - WYE INSERTION
TRANSFORMER RESISTOR
MMC HVDC - r r % % %
A
R

Fig. D.7 MMC HVDC Diagram - Hardware Layout.

It consists of following components:

= AC breaker, which is responsible for disconnecting MMC frohe tAC side. Associated
ground switches are installed for safety precastion

= Wye-grounded / Wye Transformer (Power Transformer) responsible for assuring equal
AC & DC voltage levels, providing neutral point gralimg and over-voltage protection for
the MMC from the AC side.

= Ground switch, used for safety precautions in case of transfodaeage.
= Insertion resistor, responsible for limiting charging currents durMiyIC start-up.

= High-Frequency AC Filter, used for reactive power compensation and optioeding
distribution among components.

» 2" Harmonic Filter (Converter Reactors + Capacitor), used for cancelling"®harmonic
voltage ripple within internal arm loops.

= Power Modules responsible for shaping output voltage waveforms.

= DC Filter, responsible for DC-side voltage ripple attenuatio

= DC Switchgear, used when interconnecting MMC to the DC-side. o&ssted ground
switches are installed for safety precautions.

Described scheme is used as a “starting pointfuure specific study cases.
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b. Normal Operation - AC Loading State

In order to properly analyze MMC under normal opiera following components
from the fig. 9 are included for further analystawer Transformer, High-Frequency
AC Filter, 2™ Harmonic Filter and Power Modules. Schematic representation of the
analyzed MMC is shown in Figure D.8.

Fig. D.8 Detailed Circuit Representation for ACading Analysis.

c. Normal Operation - AC Loading State

In order to properly analyze MMC under normal opiera following components
from the fig. 10 are included for further analys¥' Harmonic Filter, Power Modules
and DC Filter. Schematic representation of the analyzed MMC isvshio Figure D.9.

Ze

<)
<)

Ze|
- [fem M3 2l

[

el j

L Zu

Fig. D.9 Detailed Circuit Representation for DCaling Analysis.

d. Normal Operation - AC Loading State

In order to properly analyze MMC under normal opiera following components
from the fig. 4 are included for further analys®&“ Harmonic Filter and Power
Modules. Schematic representation of the analyzed MMC isvshia Figure D.10.

Zc Zc

* Van #1 * Van #2 Von #3

Fig. D.10 Detailed Circuit Representation for in&d Loading Analysis.
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D.3 System Specification

a. Introduction

Each component is characterized by its original-s@iameters, which are given
accordingly for Grid, Power Transformer, High-Frequency AC Filter, 2™
Harmonic Filter and Power Modules.

Self-parameters are divided into input constantsiaput variables. Input constants
are parameters specified by the user, while inguiables are parameters calculated
from input constants.

b. Grid
Table D.1 Grid Specificatior. § - input constants, (') - input variables.
No. Parameter Cell Symbol Unit
1 | Rated apparent power (BASE): D3 Sacgrid®) [MVA]
2 Rated AC line-to-line voltage (RMS): D4 V acgrid [kV]
3 | Rated SC ratio: D5 SCatio [l
4 Rated X/R ratio: D6 X/IR [-]
5 | AC grid impedance (BASE): D7 Zacgrid(®) [Q]
6 Power factor: D8 coP [-]
7 | Rated AC frequency D9 facgrid [HZ]
8 | AC grid impedance: D10 Zacgrid [Q]
9 | AC grid resistance: D11 Racgrid [Q]
10 | AC grid reactance: D12 Xacgrid [Q]
11 | AC grid inductance: D13 L acgrid [Q]
12 | Nominal DC power: D16 Poc [pu]
13 | Nominal DC voltage (pole-to-pole): D17 Ve [H]
14 | DC load resistance: D18 Roc [pu]
15 | DC arm resistance (DC loading): D19 Rocarm) [H]

Input constants (user-defined values):  Vacgria, SCatio), X/R, 09, fac, Poc andVpc.

Input variables:Sacgrid), Zacgria®), Zacgrid, Racgrid, Xacgrid, L acgrid, Roc andRoc(arm).

Formulas:
_ ) V2
Sacgid(s) = Poc (b-22) Rucor = Z pcyi 025 g :% (D-28)
(x/RP-1 bc
Viewa  (D.23)  Xpepq = Racga [(X/R)  (026) R =3mR_ (D.29)
ZACgrid(B) =37 ACgrid ACgrid C(arm) — 2 C
"ACgrid
7 -Zrowe)  (D24) | - Xacouw (D.27)
ACgrid ACgrid
SQra!io) 2 DTDfACgrid

¢. Grounding Scheme
Table D.2 Grounding Scheme Specificatich { input constants, () - input variables.

No. Parameter Cell Symbol Unit
1 Ground resistance: D27 Rcr [Q]
2 Ground inductance: D28 Lor [H]
3 | Ground capacitance: D29 Cor [F]
Input constants (user-defined values): Rgr, Ler, andCegr.
Input variables: none

155



Figures:

ZGR/I ZGRZI

Fig. D.11 Implemented grounding system

_______________ ZeR
! Ror Ler  Cor!

Bid.2 Ground impedance - simplified model.

d. Modulation Parameters - Positive Sequence Controlte
Table D.3 Positive Sequence Controller Specifizat( ) - input constants, ( - input variables, <) -

constant-related main variables.

No. Parameter Cell Symbol Unit
1 Modulation index: D65 m [-]
2 Phase reference voltage: D66 Orer 1]
3 Voltage at Point of Common Coupling: D78 Vecc [kV]
4 Generated Active Power at PCC: D79 P [MW]
5 Generated Reactive Power at PCC: D80 Q [Mvar]
6 Pulse number: D81 p [-]
7 | carrier frequency D82 fearrie [Hz]

Input constants (user-defined values):
Input variables:

m, Orer, andp.
MPCC, P, Q; am:hccarrier.

Formulas:
P=REABY o Drecf (030 Veee =V -V, (0.33)
Q = IMG{?’W_/PCC D—*PCC} (D'31) fcarrier = p |:'fACgrid (D'34)
m= % (D.32)
VDC
Figures:
\_/REF % MAC

Zumc

)

lpcc

e (A
:I—0-<—|:<\j

Vpce

Fig. D.13 Simplified Control Diagram for calculagi modulation parameters.
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e. Power Transformer

Table D.4 Power Transformer Specificatic:) ¢ input constants,

related main variables.

(") - input variables, <) - constant-

No. Parameter Cell Symbol Unit
1 | Rated AC power: N3 Sk [pu]
2 | AC phase voltage at the converter-side terminal: N4 V acconverte [pu]
3 | Voltage ratio: N5 n []
4 Leakage inductance: N6 Lo [pu]
5 | Fe-loss: N7 Pre [pu]
6 | Cu-loss: N8 Peu [ou]
7 | Knee point voltage: N9 Ve [pu]
8 | Transformed AC grid resistance: N10 Rac [pu]
9 | Transformed AC grid reactance: N11 Xac [pu]
10 | Transformer base impedance (BASE): N12 Z1Rr@E) [pu]
11 | Transformer reactance: N13 X1r [pu]
12 | Transformer resistance: N14 Rrr [pu]
13 | Transformed AC grid inductance: N15 Lac [pu]
14 | Total power at the converter's terminal: N16 Sac [pu]
Input constants (user-defined values):  V1gr, L, Pre, Pcu, @andVinee
Input variables: Srr, n, Rac, Xac, Z1R, XTR, RTR, ZAc aNdSac,
Formulas:
2
SI'R =./ P2 + Q2 (D.35) - VACconverte (D.39)
S
V
n= ACconverte (D.36) XTR = ZTR(B) ELL (D.40)
VACgrid
— 2 —
Rac = Racgria 1 (D.37) Rrr = Zrree) ey (D.41)
X ac = X pcgia B° (D.38) = Xae (D.42)
2 |jTDfACgrid

f. Power Modules

Table D.5 Power Modules Specification) ¢ nominal constants, § - input constants, ) - input variables.

No. Parameter Cell Symbol Unit
IGBT Press-Pack Chips: Ratifgs
1 | IGBT RMS collector current 112 lcucen) [A]
2 Diode RMS forward current 113 |roiopE) [A]
3 | IGBT short-circuit current 114 IscgceT: [A]
4 | Diode peak forward current 115 | Em(piopE) [A]
5 IGBT short-circuit SOA (Safe Operating Area) 116 tpscicaT) [us]
6 IGBT turn-OFF time delay 117 taorricen) [us]

~

IGBT fall time 118 traiicaT [us]
Cell Capacitors: Rating%

14 | Maximum allowable voltage per cell: 13 V max(ceLy [pu]
15 | Voltage ripple level, for which capacitors are gize 14 V RIPPLE(CEIL) [%0]
16 | Cell capacitance (trial formula): 15 Eccewy [kJ]
17 | Required converter rating: N21 Stconverter [pu]
18 | AC current flowing through converter terminal: N20 | Ac(converter [pu]
19 | AC current flowing through converter arm: N22 |aciarm) [kA]
20 | DC current flowing through converter arm: N23 lpciarm) [kA]
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21 | Number of modules per arm: N26 NceLLs [-]
22 | Nominal voltage per module: N27 V Nom(cELL) [pu]
23 | Single cell capacitance: N28 Cicewy [mF]
24 | Maximum current rating for a single arm (RMS): N29 I MaAX(CELL) [kA]
26 | Number of IGBT chips in parallel per device: N31 NehipsicaT [-]
27 | Number of diode chips in parallel per device: N32 Nechips(piope [-]

Input constants (user-defined values): |l ccer), lroiope), Iscicen), |rmpiobe),s tpscice), taorricen), traiee) .
I stakpak_1! stakpak_2 |stakpak 3 Nstakpak_1, Nstakpak 28N0 Nstakpak 3.

Input variables: | ac(converter)s Sconverter), lac(army s Iocarmy, Neewes, Vvomcer) »CieeLy)
I max(ceLL) » Nstakpak Nenipsieet) @NANchips(oiope).

Formulas:
= V,
Stconvener = Foc (D-43) Neewws = 0010Vgppiqcenyy +1) B—— (D-48)
MAX(CELL) | oundup

S D.44) = Ve (D.49)

I converter) — e ( ’ VNOM(CELL) -Nr .
e 0 3 wACconvene NCELLS
IAC( ARM ) = 0'5DAC(convener) (D.45) C - I oc(arm) + IAC(ARM)( av) * IZH(ARM)( AV) (D.50)
(CELL)

carrier RIPPLE(CELL)

V
[INOM(CEL) [y [
V2

1 E
IDC(ARM) :5 VDC (D.46) IMAX(CELL) = IAC( army T I DC(ARM) (D.51)
DC
N _ Vwaxceewy (D.47) N _ Twaxccey (D.52)

chips( IGBT) — I chipg diode) — I

C(IGBT) F(DIODE) roundup

roundup

g. Power Modules

Table D.6 Current Limiting Reactors Specificati€) - input constants, (') - input variables, <)
constant-related main variables.

No. Parameter Cell Symbol Unit

1 | Permissible Short-Circuit DC current: N38 Iscioc: [A]
2 Minimum required current rate of rise: N39 Olrise [kA/s]
3 | De-rating factor: N40 p [%]
4 Minimum half-arm inductance per reactor (1): N41 Lna // Lig [mH]
5 | Minimum half-arm inductance per single reactor (2): N42 Lo/ Lp [mH]
6 | Inner resistance per inductor (1): N43 Rni // Ra [mQ]
7 Inner resistance per inductor (2): N44 Rz // Ra [mQ]
8 | Voltage drop across reactor arm: N45 AV reacto [pu]
<) Measured voltage at AC converter terminals: N46 V ac(converter [pu]

Input constants (user-defined values):  p, Rni= R andRp2= Ry,

Input variables: ISC(CELL), Orise; Lna= Lz, Lh2= Li2, AVeactor andVAC(canverter).

Formulas:

(D.53) (D.54)

N a — 2 2 2
lsq o) = { chip{IGBT) — SQ(IGBT) DV gactor = | wax(cerry (Ry*+Ry) +40r DAand Ly +Lyy)

Nehip biode) L #m(Diode)

minimum
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|so(DC)

psqiceT) F taorr-icer) T Lranicer)

_ Vic
Q,

(D.56)

rise

I~
L~

(D‘SS) VAC(converter) = VTR

-4V,

reactor

(D.57)

Fig. D.14 Minimum inductance of the converter areactors sized for IGBT press-pack capability to

suppress energy from cells under the DC fault

h. 2" Harmonic Filter (Capacitor)
Table D.7 2° Harmonic Filter Specification { - input variables.

No. Parameter Cell Symbol Unit
1 Capacitance: N60 Ce [1F]
2 | EPR for given capacitance: N61 Re [mQ]
Input constants (user-defined values): R,
Input variables: Ce.
Formulas:
1
Cp = 5 (D.58)
8|]2DT|:I:ACgrid) l:th
Admittance in s-domain for the circulating current:
(F DA+BED)+(F +£)B+(—A+E)Bz+(iJB3
Yo(s)= H — H - H (D.59)
(F @+BHB)+(—}B+(—)BZ
H H
LT =_1 =1
AL (D.60) | B2, (D.63) | °7L, (D.66)
RutRif1 1 =S —osht. 1
E EELT LTJ o61) | 570, (D.64) F-O-SEQL,I*LM] (D.67)
=1 =t
=i o.62) | M < (D.65)
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Frequency [H2] Frequency [Hz]

Fig. D.15 Frequency spectrum of admittance forciheulating current (400 samples: 0.1 Hz - 400.Hz)

i. High Frequency (HF) Capacitor Filter

Table D.8 HF Filter Specificatior. - input variables, <) - constant-related main variables.

No. Parameter Cell Symbol Unit
1 Phase Reactive power variations: N74 | Qacreacto | [Mvar]
2 | Resonant frequency: N75 fres [Hz]
3 | Quality factor: N76 q [-]
4 | Filter capacitance: N77 Citer [1F]
5 | Filter inductance: N78 Liiter [mH]
6 | Filter resistance: N79 Riiter [mQ]
Input constants (user-defined values):  Qacreactor; fres@ndq.
Input variables: Ciiter, Liter aNdRiiger.
Formulas:
C” = QACreactor (D68) Lfilter :;2 (D?O)
ilter
3 w/f(:grld m 2 DTDfAand ) (2 |]TErRES) [([:filler
Rier = 20711 fres L, [0 (D.69)

Discrete sequence transfer function for optimaéfilharmonics tuningfdgs and g
parameters):

Vour(si)
Vin(s)

>0
(@)
£

O

Vour(s:)

Vnis) | R, |Yourls) YF(s)=%s Vin (=) (D.71)

Vour(si)
Vin(s)

O O
Fig. D.16 Filter's transfer function analysis.

Discrete sequence voltage phastts and Vour are calculated for up to 591
harmonic order (n = 511@)

3
4 A

2

0

Fig. D.17 Frequency spectrum of the discrete fearfanction - example.
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Transfer Function (Discrete) - Magnitude

Transfer Function (Discrete) - Phase

5 &
S o

[degrees]

Fig. D.18 Frequency spectrum of the discrete fearfanction - example.
j. DC Filter
Table IX. DC Filter Specifications] - input constants, () - input variables.
No. Parameter Cell Symbol Unit
1 Capacitance: N119 CFILTER(DC] [}LF]
2 ESR resistance: N120 RFILTER(DC] [-]
3 Non-filtered DC voltage ripple (MAX): N121 AVpene [kV]
4 Filtered DC voltage ripple (MAX): N122 AVpcr [kV]
Input constants (user-defined values):  Criterpc) aNdRaLTEREC) -
Input variables: AVpene andAVper,
Formulas:
MNpene = max(\/DCripplq ) Vocrippie 8)Ybcripple( C) ) (D.72)
Vi|
N = _ & (D.73)
CFILTER( DC)

D.3 Theoretical Analysis - AC Loading

a. Introduction

Theoretical circuit analysis is performed in ortteanalyze accurate input values for
negative sequence controll®ker, components loading, harmonic distortions (THD)
and HF filter’s transfer function. Thevenin approas utilized. Following general
circuit diagram is presented in Fig. D.19.

Furthermore, it is assumed that all correspondhasp impedances are equal:

Zin=Lig=2L,c O748) Zyn=L,g=Z,c (D.75) Lapn =Ly =Ly (D.T6)
Lyn=Lyg =Ly OTN)  Lgp=Lgg =Ly (DT8) Zepn =Leg =Lgc  (D.79)

Zipn =25 =Zyc (DBO)
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Fig. 19 General schematic circuit representatiorcifcuit AC loading analysis.

b. Zero-, Positive- and Negative-Sequence Transformaii
Assumption for identical corresponding phase impeda will allow to replace a 3-
phase circuit diagram with 3 single-phase zeroitipes and negative-sequence circuits:

Fig. D.20 Zero-seq. 1-phase circuit. Fig. DR&s-seq. 1-phase circuit. Fig. D.22 Neg-sedhdse circuit.

Next step is to introduce transformation of phas#tage sources into sequence
components with the usage of symmetrical compomextix:

1 A (D.81) A (D.83)
[Eum Ey Eu+>]=§[]1 a a*|fE,| Moy Vi \l(+)]:§ 1 a a|0ve|
1 a® a|l|Ey. 12 a|V.
[1 1 1][E] j120°
1 D.82) a=1[e’ D.84
[52(0) Eaxsy EZM]:ng a o [jE,| P8 2 (0-84)
|1 a" a]|Ex
c. Circuit Analysis
Impedance components from fig. 21-23 are defined as
. 2 1 1
Z, =R *ja, +<Ry,c (D85) z,=R,+jal,, (D-86) Z =——j (D.87)
3 R " aCp
. -1
Z,=R,+jal, (D88)Zy =Zy (089 zsz[i,l J .1 (©90)
N R Jale jaCe
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Z, = (RTR +Ryc mlz)"' jw(LTR +Lac wz) (D.91)

First task is to make an impedance delta-wye toansition Zs, Z, andZs):
Zs

Fig. D.23 Impedance delta-wye transformation - diag

Desired impedance values are numerically calculige@ach frequency harmonic.
Next task is to obtain Thevenin converter voltagarse E; and Thevenin converter
impedancey:

Yo E +Y,, [E

E :—1+3'
=T Y...+Y

—1+3  —2+4

098  Zy =(Yus +You ) 25 + 2 (096)

Finally, resulting Thevenin voltage and impedaneeabtained from:

7ET IXYT +\l qng (Oseq) (D.97) Z . = ;T+7+3N (Oseq) (D.98)
Eevenn= E W:T_f\}m\& =thevenin ;T+7 (—/ + Seq)
=T =T = =7 (-/+seq)
Yra
Sequence current and voltage loadings are obt&iogdequations below:
|, =— Ethevenn _ ©99) Vi=1,1Z, (@102 V,=1,[Z, (D.105)
Zthevenin + ;6
I, =1, :% (0.100) V, =1, Z, ©.103) V,=1,0Z, (D.106)
=T
V=1, 12, @101 V,=1,1Z, (@104 Vg=151Zy (0107)
V-V,
== Ose
I, = Z7ian (0seq (D.108)
\1;16 (+/-seq)
Wye voltage drops are transformed into delta veltdigpps:
V, =V, 4V (0109) V, =V, +Vy (0110) Vo=V, -V, (D.111)

And eventually, delta currents are obtained from:
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IN |L<

1, (D.112) 1, (D.113) I.= (D.114)

LNI|L<
IN |L<

d. Components Loading Analysis

Based on derived equations, loading of each indalicomponent with sequence
current/voltage harmonics is obtained, and carhbe/s on a frequency spectrum (up to
511" order harmonic). An example f&@; impedance loading (half-arm current limiting
reactor) is shown below:

et ZeroSequence -Harmoric Spectrum urentostive Sequnce -Hamonic Spectrum CurentegativeSequence - Harnonie Specrum

§on H H
H | | fon - ‘

"
w T ‘ H o ‘ I\ o
- mmﬁm&u N TRRTATTSETTIN PR . Bl it sl Lol MR it

Fig. D.24 Sequence current loading - frequencytspec

VotageZeroSequence - Harmaric Specrum VotagePostieSequence - Hamoric pecrum VotageNegativeSequence - Hamaric Specum
oo o005 00018

oo oo

oo

oo oo

_um i _
H T Tum
Somm : s

H M o

Fooos g g

H
oo ot ot

ooon

o L 00002
. bloskabiih il . Rablbiatini s B bbbl

Fig. D.25 Sequence voltage loading - frequencytspec

THD factors for voltage and current distortions degived, allowing to assess the
performance of the component with applied self-pet@r values. THD factors are
calculated numerically according to equations:

511

2 Un
(D.115) THD, =12 (D.116)
Ul

e. Components Loading Analysis
From a given harmonic spectrum, discrete transfactfon can be formed for HF
filter tuning with the equations obtained from diitcanalysis:

\—/OUT(fl)
V(h) C[V(F)-1,(f)0Z,(f)+3Z,(f)) Oseq
\lOUT(f)_{\l(f)_\l7(f) ~/+seq (D.118)
Vour(f;)
Y(s):wg V()
T V) ) (D.117)
) V(1) =Er(H)=1o(1)Z,(1)+Z4(1) (D.119)

Interpolated magnitudes and phases discrete funetidues are superimposed on
the Bode plot, so that resonant harmonic peakslaggly visible along with filter's
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quality characteristics (under-, over-, criticatlgimped). In this manner, tuning can be
applied manually from observing plot characteristic

D.4 Theoretical Analysis - DC Loading
a. Introduction

Theoretical circuit analysis is performed in ortteanalyze components loading.
Thevenin approach is utilized. Following generatuit diagram is presented below:

b)

Fig. D.26 General schematic circuit representafito DC circuit analysis: a) detailed, b) simmidi

It is assumed that all corresponding phase impetaae equal:
Zipn=Lg =Ly (01200 2,5 =Zyg =Zyc (D123)  ZLgp =Lgg = Lge (D126)

Zyn=Zyg =Ly (DA21) Zgp=Zgg =Zsc (D.124)

Zin=Zig=Zyc (DA22) Zgp =Ly =Ly (D.125)

b. Circuit Analysis

Impedance components from fig. D.26 are defined as:

. 1 .
Z, =Ryt aky +EERDC (D.127) Z,=R,+jaL, (D.130)
1 _
Zs=-i— (D.128) Z,=Ry+jal, (D.131)
P

. 1
Z,=R;+ja, +g (Roc  (D.129)
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Zeny=ZintZont (XSA + (;3A+4A)"1)' (D.132)

ZT(B) =Lty (X5B + (Z:’,BJrAB)_l)iJ (D.133)

Z Zicy=Lict Ly t (Xsc + (Zsc+4c )_1)_: (D.134)

T

Fig. D.27 Resulting phase leg impedance - calariati

Currents flowing through arms are given below:

- E..+E E..+E
1, _ Vo = (En+Ey) (0.135) |, :M (0.136) 1. =M (D.137)
Zr(a) Z; Z;

Finally, all flowing currents are given by equaton

a=l,=1, (0138)) _| —| 5 Zs (0141) |, BM (D.144)
TR AT A2+ 2, ZptZontZ,a

lo=l,,=1, ©139), _ - o Zs (D142) | =, M (D.145)
-8 -8 -® ;55 +ZSB+;AB - - Z +Z +Z4B

le=l,e=le (0140), | - o Zs (0.143) | =) g ZectZa (D.146)

N N N T e - ;50 +;3C +;4C - e ZSC +Z3C +Z4C

Associated voltage drops on each component aréneltérom:

Via =Ll [(Ry+jaly) (0147) Vg =15,1Z,, (0153)

\_/15 I—lB (Rn1+ jath) (0.148) Va5 =155[Z5 (D.154)

Vie = I_ Ry +jaly) @149 V

MZA 2A (Ril + jCLL”_) (D'l50) \_/4A :I—4A [Z4A (D'l56)
(R, +jal,) ©151) V,5=1,5(Z,, (©.157)

\izc __2c (Rll + ja‘LIl) (B.152)

c. DC Filter - Voltage Ripple Analysis

Ve =14, Z,c (D.158)
Voa=1salZss (D.159)

=14 [Zye D155) Vg =1.51Z,; (D.160)
Ve

=1,.[Z,. (D.161)

—-5C

_ZB ZB

In order to assess necessity for DC filter, maximoom-filtered ripple voltage
AVpene IS Obtained by tracking time waveforms of moduliatenverter voltage€a, Es
andEc, from which highest ripple value is obtained (ii§j28).
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Phase A - Arm Voltages & Ripple

Magnitude [pu]
o
@
=

Fig. D.28 DC Voltage ripple appearance for noreféd DC link (phase leg A).

It is assumed that 6 filter units are installedsheeonnected to individual converter’s
arm (fig. D.29).

+E1a +E1g +E1c

Fig. D.29 Circuit Analysis for DC filter curremdding.

In order obtain minimum DC voltage ripple value é@&son entered capacitance (163)
value, following formula is provided:
A4 . .
MNper - AR (D.162) Q= _[| Ldt DZI 4t (D.164)
CFILTER(DC)
- 1 (D.163
Z: RF\LTERDC) lme‘LTERDC) ( )

It is therefore required to calculate how chargangfes within the filter's capacitor.
As charge can be reflected by (165), it is obtaimesherically in following steps:
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1) Calculate AC harmonic currents flowing through filt@pacitor based on circuit analysis
from fig. provided with equations:

£ Yoim HEun + Eon) +Yo(o) UEse * Ezo) * Yoe) [{Ec +Exc) (D.165)

Yria *Yre) *Yr)

(2/3)-1{
| = E (D.166)

a4 2
(XT(A) +XT(B) +XT(C)) ' +§[ZF

2) Based on obtained magnitude and phase angle ofla@ducurrents, provide sinusoidal
time distribution of each harmonic for a given nembf cycles:

Ly =]l Gin(e B+ ¢, ) =i,
1, :||_2| Sin(w, @+¢,) =1,

(D.167)
L =], | Bin(w, @+¢,) =i,

3) Summate all absolute harmonic current instantanealues for each cycle time interval to
obtain average time waveform of the resulting aurflowing through the filter:

(=050 i (1) @69 A

4) Calculate average charge per cycle by dividing sutedneurrent waveforms with number
of cycles, and multiplying by a single cycle tinméarval:

Nsamples t
AQ :[ zisum(ti )] [3same  (D.169)
i1 n

samples

Value obtained in (D.169) is used to enter prop€rfiler capacitance in (D.162).

D.5 Theoretical Analysis - Internal Loading

a. Introduction

Theoretical circuit analysis is performed in orderanalyze components internal
loading states. From chapter D1c: “Internal Loading Circulating Currents
Phenomenon”, it is assumed that voltage ripplecismosed predominantly fron'®2
harmonic component. Thevenin approach is utilizedlowing general circuit diagram

is presented in Fig. D.30. It is assumed that attesponding phase impedances are
equal:

Lin=Lig=Lyc DI10)  Zyn=Lyg =Ly DA73) Zyp =Ly =Ly (D.176)
Loy =Zsg =Zse (DATY) Zop=Zog =ZLge (D174)
Zipn =2y =2y (DAT72) Zypn =Lz =Ly (D175)
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1 b)| |

:

Fig. D.30 a) General schematic circuit representdbr circuit analysis; b) Phase leg impedanagveton.

b. Circuit Analysis

First task is to obtain resulting leg impedances emmmon-mode sum cell voltage
ripples modeled via leg voltage sources:

Ziay=LiatZont (XSA + (;3A+4A)_1)_1 (D.177)  Epony = |EA( 2h)| [@° (D.180)
Zrgy=LpgtLypt (Yss + (;SB+4B )_1)_1 (D.178)  Egony :|EB(2h)| &% (D181
ZT(C) =Z1C +ch + (Xsc + (Zsc+4c )_1)_1 (D.179) EC(2h) = |EC(2h)| l]ajlzo (D.182)

|EA(2h)| :|EB(2h)| :|EB(2h)| = Neeys WRIPPLE(CELL) WNOM(CELL) (D.183)

Common-mode sum cell voltage ripple is obtained(in183) by multiplying
number of cells per ariNcg  sby single cell voltage rippl€rppLecerry Circulating >
harmonic current flowing within each arm is obtairfeom:

EB 2h EC
_= _ Scn
(0188 o =~ 2N (p.185) Lo 5> (D186)

£T1(A) £71(B) =T(C)

| _ EA(Zh)
—A(2h) T

By manually tuning current limiting reactors andgikel resistance, it is possible to
limit circulating current flow to the desired level

D.6 Numerical Analysis

a. Introduction

Numerical analysis is used in order to obtain djmeshapes of the corresponding
converter voltage waveforms for each single armgstiiobased on given system
specification ratings. As a result, Fourier anaysin be further included, which allows
usage of Fast Fourier Transform FFT technique tterdene harmonics from the
generated waveforms.
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b. Converter Phase Voltages

Each phase leg is operated independently accotdiitg modulation pattern. Based
on specification, carrier-based phase-shift modhrats implemented. This includes
individual carrier waveform per single cell and @sgibility to adjust modulation pulse
number p for optimal performance. Implementation is madethwthe usage of
Triangular waveTri_Wave function available through Visual Basic (VBA) codés
content is shown below:

Function Tri Wave(t, V1, V2, T1, T2)

Dim t_tri, d¥_del, dv_dt2 As Double
Dim N As Single

(W2 - Vi) / T1
(Vi - v2) / T2

av_del
av_dc2

' given t, how many full cycles have occurred
N = Application.WorksheetFunction.Floor(t / (T1 + T2), 1)

' calc the time point in the current triangle wave
t_tri =t - (T1 +T2) * N

V1 and dv_dtl

' if during T2, calculate triangle value using V2 and dV_dt2
Else

Tri Wave = VI + dV_de2 * (t_tri - T1)
End If

End Function

Fig. D.31 Visual Basic (VBA) code farri_Wavefunction.

Triangular waveforms are generated in cell matiimplemented conditional
formulas in matrix cell act as a comparator, whicimpares triangular signal in each
sample time with the established reference sina$asignal. Comparator output signals
(0 or 1) are given in cell matrix.

Finally, compared signals can be summated for @atitidual arm forming in total
six voltage waveforms for the given number of tismmples. Samples are distributed
equally for each phase among single full cycle gakriTypical voltage waveforms for
36 cells per leg are shown below:

Phase A - Arm Voltages Phase B - Arm Voltages

Fig. D.32 Generated converter output voltage wawves for 36 cells per phase leg.
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c. Circuit Analysis

FFT is realized in Excel with the usage of pre-aedi complex arrays and matrices.
Calculations for Fourier coefficients for n-th hamic H,, is made based on equation
(182):

Where:
N-1 jrRZ0 hi - k-th sample function value.
H, = Z h e N (D.187) n - harmonic order.
k=0 N - number of samples.

N generated samples of each arm voltage waveforrheing instantly transformed
into sinusoidal harmonic coefficients, which inadudhagnitude and phase values for
different frequencies.

Finally, circuit analysis becomes possible with theage of conventional and
standard AC circuit laws.
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E. IGBT & Diode Power Loss Formulas - Experimental
Testing

In order to validate experimentally described poless estimator; a lab test set-up
has been prepared, shown in Fig E.1. It consists hgle-phase 2-level converter leg
with 4500 V / 340 A IGBTSs [5] interconnected to tineluctive load. 2 pulse signals are
injected to the IGBT, which command ON and OFF chiitg operation. IGBT
switches at ¥.gppc)= 1000 V.

IGBT stack

Fig. E.1 Experimental test set-up for power lossletiing estimation.

Length of pulse signals is set to switch IGBT adfic |, values shown in table E.1.
Measured instantaneousand Ve from Fig. E.2 are then integrated at switchingetim
intervals to provide Eym and Berm) parameters for single switching. In total, 10
switching iterations have been made for the idahset of } currents, where integrated
switching energy iterations have been averagethforesulting value in table E.1.

== = =

S T - i Sy

OFF transition ON transition
Fig. E.2 Measured iteration of a single turn-ON &umd-OFF switching transitions.

Calculated energy values are then compared tortes obtained theoretically ok
and Brrq Complete list of the used formulas is given ibléaE.2. Results show
approximately 10% error between measured and eaédivalue.

Table E.1 Measured and calculateg,EEqrr switching energies - comparison results (1000 V)

Ic[A] Eonm [MJ] | Eong [MJ] Serror [%0] Eorrm)[mJ] | Eorre[mJ] Serror [%0]
50 61 51 16 83 55 34
100 115 102 11 134 127 5
150 195 171 12 212 196 8
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Appendix E: IGBT & Diode Power Loss Formulas - Expental Testing

Table E.2 Interpolated loss formulas for the IGBDiode press-packs.

IGBT/Diode Press-Pack [59]

(per die)
Eongicer) = f(v, ic ’TJ): [aON 0 +boy E + Con mc]idoru o +eoN]
aoy = 1540107 (V2 - 503(10 7 [V + 398 [10°° doy = 2250107 Turn-ON Energy
by, = - 7360102 ¥ + 291010° [y 187(10° oy = 749010 (IGBT)

Coy = 9030107"° ¥ - 171110° v+ 1810107

= [[ao# 08 + boge 0 +Core mc]EEfOFF By +gOFFl - i <55A

=flv,ic, T, A
Eom IGBT) ( c 1) 1 [do:: mc +eorr] fonn Er, 00| - ic >55A
g = -4941107° V2 - 654107 [V - 166 (10 €, = 307010° (V2 - 137[10° [V+ 181010 Turn-OFF Energy
bose = 2461072 (V2 - 309[10°° (V- 131(10°° fore = 260010 (IGBT)
Core =—5190107° W2 + 261(10°° [V + 240(10™ Qo = 664107

dose =-3370107° % + 235[10™° V- 924107

Ereqoy = f(V=2800V i, T;) = agec Or Obgec T, + Coec)

Reverse Recovery Energy
A = 1200107 Cec = 4940107 (Diode)

brec = 4051107

— i - beon
Ver(sanicer) = f('c vT,)— o iGBT) [gereen Etbcancueer) 0, +dcant{\GBT)]

Bonqcar) = 02554 Coomegicar) = 269010° ON-state Voltage, IGBT
Deonaicer ) = 04501 deongicer) = 676 no*

Veoy = f(iF T ):acomw) Eﬂgmm Eﬁccnndo) 0, +dcnndD)]

Qonq ) = 0.373 Ceong() = 870 no* ON-state Voltage, Diode
D00y = 0.383 Qong0) = 8910107

Table E.3 Interpolated loss formulas for the IGBDiode power modules.

IGBT/Diode Power Module [60]
(per device)

Eoncicer) = f(V: 900V, ic 'TJ):[a‘ON Eg +bgy mé +Con [ +dON]EtEON D-j + fON]

gy = 69410 dgy = 696107 Turn-ON Energy
by = -3390107" €y = 2500107 (lGBT)

Cop = 445010 foy = 6881107

Eorr(icer) = f(VZQOOVx i, T )=[aOFF 0 +boge 02 + Cope O + dOFF]EﬁeOFF O + fore

g = -7100102 dos = 8480107 Turn-OFF Energy
b = 9770107 € = 3430107° (IGBT)

Cope = 2910107 fore = 5710107

EREC(D) = f(V:goov'iF ’ T] ):[aREC |]§ +bREC ljlg +CREC lle + dREC] REC l:r] + fREC

pec = 10901070 deec = 2040107 Reverse Recovery Energy
brec = =3000107 e = 4670107 (Diode)
Crec = 3010107 frec = 4170107
— £ - Beon

VCE( sat)(IGBT) — f('c ’ TJ ) - acund IGBT) Eﬂc e Eﬁccund( IGBT) Erj + dcund IGBT)]
A oo = 18961107 Comtron = 222010° ON-state Voltage, IGBT
Beonicer) = 41920107 Qeongicery = 7220107

=fli - Beon
VF(D) - f(IF vT; )_ acanc(D) [ﬂc ) Eﬁccanc(D) Er; + dcondD)]
a0y = 19911072 Cnigoy = 1110107 ON-state Voltage, Diode
Biono) = 37.6 107 Ceongp) = 8610107
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F. EMTDC/PSCAD: WTG Short Circuit Contributions

Table F.1 1-phase fault current waveforms intthesformer-less WTGs

Grounding System A System B System C

1-1-1

1-1-0

1-0-1

0-1-1

1-0-0

0-1-0

0-0-1
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Appendix F: WTG Short Circuit Contributions

Table F.2 2-phase fault current waveforms intthesformer-less WTGs

System C
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System B

System A

Grounding




Table F.3 3-phase fault current waveforms intthesformer-less WTGs

Grounding

System B

System C

1-1-1

1-1-0

1-0-1

0-1-1

1-0-0

0-1-0

0-0-1
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Appendix G: Pl Controllers in PQ Closed Loop Control

G. PI Controllers in PQ Closed Loop Control

PI Controller 2
Victs k(1+sT)
% st
Vo™ ,
PI Controller 3 PI Controller 1 Plant
- . + ,
re 4y k(1+sT) |+ s ~Jaren | K (L+ST,) - 1 iy |3, |P 1 (Ve
ST, O Q ST, N TrsiL, +5 1,.C, 2 reh SOV
PT_
PI Controller 3 .
% 3 ky(L+ST) inner loop 1
s,
QT'

Fig. G.1 AC circuit PI controllers for tuning: P@wer, DC voltage and AC current.

Closed loop s-transfer functions used as an inpta tr PI controller tuning in SISO
tool:

+
e Innerloopl: G, (s)= kl(l s-rl)D 1 5

ST, 1+sll, +s*[L.C.
e Outer loop 2: Gz(s):M Vo(ret) ["—1

sT, 2 SCVpc(rer)

k,\1+ ST,
. Outer |00p 3: G3 (S) :¥ g;_Vq(ref)
3

Syete: ClazeaLoce oy
Wt

Seting e (miseconds) 654

nwj 1 z 3 4 :

T (nieconds)

Fig. G.2 Quantized step response in SISO tegample.

mg mp mic |mEa.wmE. wE. wmE wB s =i ==

1.00
0.80
0.60
0.40
0.20
0.00
~0.20 1
~0.40
-0.60 -

Gidanatsky

H__Controller : Graphs
=las

=S|
0000¢
3

Fig. G.3 d-axis current controller step respdiettom); AC grid currents (top) - example.
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H. EMTDC/PSCAD Relay - Experimental Testing

Experimental analysis of the EMTDC/PSCAD differahtielay has been explained
in details in [75]. Figure H.1 provides lab test-sp used to test sensitivity and
operating speed of the relay model. Results ohdaith from the experimental testing
and time-domain simulations are compared in tabldsand H.2. Both real relay and
the EMTC/PSCAD relay model have identical inputiegs.

E

FO cable

DIGSI4.81®

Ib11 1h22

Upc supply Upc supply
la11 1a22

Fig. H.1 Experimental test set-up for the validatdd relay selectivity and the operating speed.

Results show, that the relaying time differs by mmaxm 6 ms for a single faults; 1
ms for a 2-phase faults and 3 ms for a 3-phas¢sfauhereas the sensitivity differences
are negligible.

Table H.1 Measured and calculated relaying tinfekeoreal relay and the EMTDC/PSCAD

relay model.
Time interval (ms)
Fault Type
Experimental Results PSCAD Simulation Results
Single-phase to ground internal fault 8 14
Two-phase to ground internal fault 1p 14 15| 15
Three-phase to ground internal fault 1812 | 18 15| 10 | 15

Table H.2  Measured and calculated sensitivitygina of the real relay and the
EMTDC/PSCAD relay model.

Differential phasor | 4 threshold Differential phasor | i threshold
Internal fault resistance for tripping for non-tripping
[2] Experimental PSCAD Experimental PSCAD
Results Simulation Results Results Simulation Results
55 4,02 4,05 4,03 4,06
70 3,23 3,25 3,24 3,26
145 1,72 1,73 1,73 1,74
210 1,31 1,32 1,32 1,33
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