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Abstract

Over exploitation of fossil fuels and ill effect of global warming have forced human civilisation
in search of new sustainable energy resources. Renewable energy resources like hydro, solar,
wind , biomass etc., are environmental friendly energy resources. One such renewable energy
resource is Wind Energy. The growth of offshore wind farms is increasing, with it the problems
associated with electrical generation.

Harmonics is one such problem faced by the Offshore Wind Power System. Harmonics are
injected into the power system primarily through power electronic converters and are
amplified by harmonic resonances in the power system. It is of utmost importance to provide
harmonic pollution less voltage to the customers. Harmonic mitigation structures are used to
mitigate harmonic frequencies. Passive filter is one such and major harmonic frequency
mitigation structure.

This thesis deals with optimization of passive filters in a wind power plant. The objective of
the thesis is to analyse harmonics that are present in the wind power system, design passive
filters to eliminate or control the harmonic distortions and optimize these filters on various
and possible parameters.

A test case system Anholt Offshore Wind Farm was taken into consideration and the wind
power system was modelled in MATLAB Simulink. The harmonics present in the system was
analysed. LCL filter was designed at wind turbine level to mitigate harmonic frequencies and
optimization of LCL filter components on factors like attenuation factor, acceptable total and
individual voltage and current harmonic distortion, fundamental frequency losses and reactive
power capability was conducted. The optimum LCL filter parameters was found out to give
acceptable total harmonic distortion of voltage waveform dictated by IEC standards.

Further second order high pass filter, third order high pass filter, C-Type filter, Switching
frequency trap filter, C-Type with switching frequency trap filter and resonance trap filter
were designed and modelled in the simulation platform. Optimization of all these filters was
conducted based on quality factor, acceptable total and individual voltage harmonic distortion
dictated by IEC standards, fundamental frequency losses and reactive power capability. The
results of the optimized filter was tabulated an it was found that C-Type filter with switching
frequency trap filter gave the optimum results.

At wind farm level reactive power compensation was established, harmonic distortion
monitoring and harmonic resonance monitoring was done, and the result show that C-Type
with witching frequency trap filter gave the optimum results. It can also be seen that different
passive filters operate more efficiently at different harmonic frequency ranges.






Abbreviations

AC
DC
VSC
THD
PWM
Q factor
IEEE
IEC
ANSI
IHD
TDD

PCC

Alternating Current

Direct Current

Voltage Source Converter

Total Harmonic Distortion

Pulse Width Modulation

Quality Factor

Institute of Electrical and Electronic Engineers
Institute of Electro technical Commission
American National Standard Institute
Individual Harmonic Distortion
Total Demand Distortion

Point of Common Coupling



Symbols

Q Ohms

w Angular Frequency

f Fundamental Frequency
h Harmonic Number

F Farad

H Henry

0] Phase Angle

n Pi

Degree of an angle



Table of Contents

PrEFACE ...ttt ettt et e e sttt ht e st e e s be e e s bt e s b et e ahte e s beeeeabe e e beeeaneeesreeeans 1
1Y 3 1 - Lot U TSP RTOPPTOPRT 4
ADDIEVIQLIONS..........eiiiiiiiii ettt ettt e b e bt st st s bt e bt e bt e b e e s be e eae e eaeeeeean 6
V7.1 + Yo 13 SRR 7
LISE OF FIBUI@S ....eeiieiieee ettt st e e s s e e e s et e e e s sabee e e s sabeeeeesabaeeeesabeeeeesnseaeeenasenas 11
LISt OFf TADIES ...ttt e s e s e s bt e e sabe e e aee e sareesneeesareenn 14
Chapter 1 INtrodUCioN .............oooiiiii et e e e e et e e e e e ba e e e s srreeessntaeeeeanes 15
L1 WINA POWET: ...ttt sttt ettt e bt e s bt e s at e st e e b e e b e e beesbeesmeeenneennean 16
111 Advantages of WINA POWEN :.............ooiiiiiiiiiiee e e e e e 18
1.1.2 Disadvantages of Wind POWET:............ccccceiiiiiiiiiiiiie et e e e 18

1.2 OFffShOre WInd POWET: .......c...ooiiiiiiieie ettt ettt sttt esbe e e sanes 18
1.2.1 Advantages of offshore Windfarm:................cccoooiii e, 19
1.2.2 Disadvantages of offshore wind farms: ...............c.ccooii e 19

R 32 £ 1ol 1= o TV T SRR 20
B T + PP PSPPSRI 21
1.6 STrUCtUre OFf REPOIT: ... e et e e et e e e st a e e e eabaeeeesasaeeesnnsseeenan 22
Chapter 2 Theoretical FrameWOrK ...............ooo ittt e e et e e e e sare e e s entaee s snteeeeeanes 23
2L WINA TUIDINE 2 ..ottt be e sttt e e be e sae e st e sabe e b e e nbeenes 23
2.1.1 Electrical Aspects of Wind Turbine : ...........cooouieiiiiiiii e 24

2.2 HAMMONICS & ...ttt st san e s 27
2.3 Harmonic DISEOrtiON: .........c..oiiiiiiiiieiecee e s 28
2.4 HarmoniC INAICES: ...........oooiiiiiiiiieeeee ettt st e s e s sne e e smre e snenesanee s 29
2.4.1 Total Harmonic DiStOrtioN:............ccocuiiiiiiiiiiieiii ettt 29
2.4.2 Total Demand DiStOrtioNn:...........c.ccooouiiiiiiiienieiceceeeeeee et 29

2.5 Resonances In Wind Power Plant: ..o 30
2.5.1 Parallel RESONANCE :...........coiuiiiiiiiiiiieeeee ettt ettt ettt s be e s 30
2.5.2 SrieS RESONANCE  ......ooiiiiiiiiieiieeecee ettt st e e st e st me e e sabe e e snneesareesamenesaneeeane 31

2.6 Harmonic Sources in Wind Power Plant: ..............coooiiiiiiiiiiiieieceeee e 32
2.6.1 Power Electronic CoONVErtErs (VSC): ......cooviiiiiiieeiieireeeeeeireeeeeetreeeeeetreeeeeetreeeeentreeeesnnreeeesnnns 32
2.6.2 TFANSTOIMEL: ...ttt st sttt et e b e s e e s e sane s b e neenes 34
2.6.3 Electrical Machines:............ccc.oo it s snee e e 34
2.6.4 CabIES: ... e e s e e e e e e e s be e e s b e e e reeeaneee s reeeane 34

2.7 Problems of HarMORICS: ........cc.coiiiiiiiiiiieeeee ettt 35
Chapter 3 Modeling of WINd farm ..ot 36
3.1 Anholt Offshore Wind Farm-The Test System ...........ccccceeviiiiiiiiiiec e e 36

8



3.3 Control of Voltage Source Converter (VSC) ...........oooiiiiieiiiiiee et eevee e aee e e vee e e e 39
3.3.1 Theory of Control Strategy and TUNING:............cc.ooiiriiiiiiiiieeecee e 39
3.3.2 VECtOr CONEIOL:.......ceiiieiieiiee ettt et ettt e st e s be e e sab e e st e e sareesneeesareean 41
3.3.3 Inner Current Control LOOP: ........ooiiiiiiiiiiiiiiie ettt e e e e e s snae e e ssareeeeas 42
3.3.4 Active and reactive power CONtrol: ..............cooooiiiiiiiiiii e e 42
3.3.5 Per Unit Representation:..............oooiiiiiiiiiiiiic et 43
3.3.6 TUNING Of CONLIOIIENS: ...... ..ottt e et e e et a e e e s bb e e e e aareeeens 43

3.4 Validation for Anholt Station VSC:.............ooiiiiiiiie e 45
3.4.1 Test Result for an ideal SyStem: ............cooviiiiiiiiiiiice e 46

3.5 Aggregation Modelling: ..o e 50
3.5.1 Need For the Aggregated Model:..................ooooiiiiicciie e 50
3.5.2 Test Result of Aggregation Modelling................c.oooooiiiiiiiii e 52

3.6 Harmonic Cancellation: .............oooiiiiiiiiiiie ettt s s 56

3.7 Change in Harmonic Distortion with Respect to Change in Power:..............cccccvvvvrinnnennn. 59

Chapter4  Harmonic Standards...............ooooiiiiiiiiiiii et e e e eare e e e eare e e s snreeeeeanes 61

4.1 ANSI/IEEE 519 Voltage Distortion LIMiIts: .............ccocoveiviiiieieeiie ettt steesvee e ens 62

4.2 IEC 61000-2-4 Voltage Harmonic Distortion limits in Industrial Plants : ................ccccoceeeeenn. 62

4.3 IEC 61000-2-4- Class 3 :.....ccocciieiieiiieeeiiiee e eeciteeeesette e e s stte e e e sbeee s esbeeeesenbeeesesabeeeesssseeesesnseeeeennrees 62

Chapter 5 Harmonic Mitigation and Optimisation..............cccccoiiiiiiiii e 64

5.1 Harmonic Mitigation SYStemS: ...........cueeiiiiiiii e e e e e e s e e e srnees 64

5.2 PasSiVe FIIEEIS:.......c..oieiie ettt ettt st st st st b b ns 64

5.3 ACHIVE FIIEEIS: ...t e e 65

BB HYDIIA FIIEEIS ... ... ettt e e e e e e e e bb e e e e e e e essstabaeeeeeeeesssnsssraseeeeeesnsnsnnes 66

5.5 Filter optimization: .............cooiiiiiiee e et e et e e e et e e e e e abe e e e e areeas 66

BB LCL FIIE@I ... ettt ettt st ettt b e bt e s bt e e a e e et e e nbeesbeesaeesabesabeeabeenbeenes 67

LT o I 1§ =T 0 T=Y Y- TSR 68

5.8 D E T4 ] o113 V- T O PPPTPP TR 71

.9 OPtIMISALION: ... e e e e e e e e e e e e e e e e e arrarraaaas 74
5.9.1 DAMPING RESISTON:.......ccciiiiiiiiieiie e e e e e e s e e e e e e e e e s e e sanbeaeeeeeessesnnrtereeaeeeeanns 80
5.9.2 Capacitance Optimisation: ... e 80

5.9 Second Order High Pass Filter Optimisation..............ccccccoeviiiiiiiiiii e 83
5.9.1 OPEIMISALION: ... e e e e e s s ee s 84

5.10 Third order Righ Pass:...........cooo i e e e bae e e s aba e e e e sabaee e eareeas 87

Lo R Oy Y o T | =T SR USSRR Ot 88
5.11.1 Optimisation of C-type Filter:.............oooviiiiie et 90



5.12.1 Optimisation based on Capacitance (Cst):...........ccoiiiiiiiiiiiciiiee e 94
5.12.2 Optimisation based on quality factor :...............cccooiieiiii e 95
5.13 C-Type with Switching Frequency Trap Filter: .............cooooiiiiine e, 98
5.13.1 Optimisation based on capacitance (CSt):.........cccceeiiiiiiieccie e 98
5.13.2 Optimisation based on Q factor:...............coooiiiiiiiiiii e 100
5.14 ResonNance Trap FIEer: .........oo o e e e e e et e e e eareeas 102
5.15 Two Capacitance BranChes:.............ccuoiiiiiiii it et 102
5.16 Optimisation RESUILS : ..........coooiiiiiiiiii e e e s s e e s sareeas 103
5.17 Optimised Parameters ReSUILS:............c.cocoiiiiiiiiii i e 105
Chapter 6 Resonance Modelling and Analysis ..............ccceieiiiiiiiiiiie e 107
6.1 Optimisation at windfarm level: ................cooi i e 107
6.2 POWer Factor COrreCtiON:...........coiiiiiiiiieiiiieiee et s s s e e s e 107
6.3 Harmonic DiStOrtioNS :...........ccooiiiiiiiiiiiei ettt e s s e s e 111
6.4 Harmonic ReSonance ANAlYSiS: ..........cccviiiiiiiiiiiiiie e ceiiee e cctee et e e e ebte e e e sbee e s s sbee e e e nareeas 112
6.4.1 Methods of Harmonic ANalysis: .............ccocouiiiiiiiiiii i e 113
(o300 T o =T 11 T=T o Loy VY ot T N 113
6.3.3 Simple High Pass Filter with Damping: ..........cccccoiiiiiiiiii e 114
6.3.4 Second Order High Pass Filter : .............coooiiiiiiiiii e 115
6.3.5 Third Order High Pass Filter: .............ccuoiiiiiiiiiiee ettt 116
6.3.6 C-Type High Pass FIIEEr: ...........cccvviiiieeeee et e e e 117
6.3.7 C-Type Filter with switching Frequency Trap: .........ccccoceeiiiiie e 118
6.3.8 GENEral REMArKS: .......c..ooiiiiiieieeee et e 119
CRAPLEr 7  CONCIUSION ....oeeiiiieiiiiieeeee ettt eeeertree e e e e e e e s tbbeeeeeeeeessatsraeeeeeesessnsrsaeseeeeeeennsrens 121
Chapter 8 FULUIE WOKK ...ttt e e et e e e et e e e ettt e e e e abaeeesensbeeeeannaaeenan 122
REFEIEINCES: ...ttt sttt et e bt e s bt e sae e saee et e e be e bt e sbeesheesabeeabeebeesbeesanenas 123

10



List of Figures

FIGURE 1.
FIGURE 1.
FIGURE 1.
FIGURE 1.
FIGURE 1.
FIGURE 1.

FIGURE 2.
FIGURE 2.
FIGURE 2.
FIGURE 2.
FIGURE 2.
FIGURE 2.
FIGURE 2.
FIGURE 2.

1 CHANGE IN TEMPERATURE AROUND THE GLOBE[L] ...veeiuviiriieeiiienieesieesiee st e sieesete e st e sbeesneesbaesaeesbaesnaeesnne 15
2 TOTAL ENERGY CONSUMPTION WORLDWIDE[2] c...veeeuveeririenreesieesieesteesseesireesseesaseesaseesaseessessseessesssesssseess 16
3 GROWTH OF INSTALLED WIND POWER CAPACITY THROUGHOUT THE WORLD. [2] ..veiruveeriiiinieesieeniee e sree e 17
4 PUBLIC SUPPORT FOR WIND POWER ...ciiiiiitteet ettt e sttt e e e sttt et e e e s et e e e e e e e s anbebteeeesessnbnnaeaeens 17
5 GLOBAL CUMULATIVE OFFSHORE CAPACITY OVER SPAN OF YEARS [4] .vvitiriiiieiiiieeeniieeesirieessireeesieeeessarneessnnnens 19
6 AN OFFSHORE WINDFARM INSTALLED IN COPENHAGEN({DENMARK) ..veeiuveeeveeireeeireesreesseessseesssessseesssesssessnseens 20

1 HAWT ROTOR CONFIGURATIONS [5].reeieeiieiririieteeiieiiiteeeeeeeeeiiareeeeeeesesiasteeeeeseeesssssssseseeesssssssssseseeesesssssseseens 23
2 DIFFERENT COMPONENTS OF HAWT [5]1uttiiiiiiiiiiiitieiiee e eeceittee e e e eeeittreeee e e e sebaaeeeeeesseeansaeseeesseesntseneeessennns 24
STYPE L WIND TURBINE [5].uuuteeeieeiieiiiriieieeeieiiiteeeeee e eeseutaeeeeeeeesestaseeeseessenabaseessesesessssasreeessesssstseneeeseennns 25
ATYPE 2 WIND TURBINE [5] 1rtteiuttetiiiieeesiuieeesiiteesstteeessiteeessaaeeeesbaeessssseeesassseessnsseessnsseeesnnsesesnsseessssseeesnnnes 26
5 TYPE 3WIND TURBINE [5] 1uttteeiiuiiieiiiiieesiieeeesiteese sttt e e siteeeesibeeessaateeesaaeeessabeeessnsseessnseeessnsseessnnseeesnnseens 27
6 TYPE 4 WIND TURBINE [5] 11utteeeiiiiieieiiieesiieeeesiteeseitee e sttt e e ssebaeessaateeesaaaeessabaeesnssseeesnseeeesnsseessnnseeesnnsees 27
7 SYSTEM WITH POTENTIAL PARALLEL RESONANCE PROBLEMS [B]...veeeeiuriieiriiieesiiieeeeniieeessinneessveeeesneeessnnsneesnnneens 30
8 (A) THE SHUNT CAPACITOR APPEARS PARALLEL TO THE SYSTEM INDUCTANCE AT HARMONIC FREQUENCIES (B) PARALLEL

RESONANT CIRCUIT AS SEEN FROM THE HARMONIC SOURCE [6] ..veuvveiuiieniieiniieiniiessieeenitessieeesieesbeessssesseesnseesssesenseesnns 31

FIGURE 2.
FIGURE 2.
FIGURE 2.
FIGURE 2.

FIGURE 3.
FIGURE 3.
FIGURE 3.
FIGURE 3.
FIGURE 3.
FIGURE 3.
FIGURE 3.
FIGURE 3.
FIGURE 3.
FIGURE 3.
FIGURE 3.
FIGURE 3.
FIGURE 3.
FIGURE 3.
FIGURE 3.
FIGURE 3.
FIGURE 3.
FIGURE 3.
FIGURE 3.
FIGURE 3.
FIGURE 3.
FIGURE 3.
FIGURE 3.
FIGURE 3.
FIGURE 3.
FIGURE 3.
FIGURE 3.
FIGURE 3.
FIGURE 3.

9 SYSTEM WITH POTENTIAL SERIES RESONANCE PROBLEM ...cieieuuitetereeeaesaeiireeeeesesannnrereeesesannneneeeeesssasnnnneeeeesssanns 32
10 SIMPLIFIED MODEL OF SERIES RESONANT CIRCUIT SEEN BY THE HARMONIC SOURCE ....uuuevieereeeeeririneeeeeeesanneeeeeeess 32
11 THREE PHASE VOLTAGE SOURCE CONVERTER ...ceeettiauuuertreeeseaaiunnrereresssasnnreeesesssasannreneeesesesannsenneesesesannmnneeeeens 33
12 HARMONIC SPECTRUM IN LINE TO LINE VOLTAGE OF THREE PHASE VSC....cciiiiiiiiiiiiiiiiiiiiieieieieterereeereeeeeeeeeeeeeneees 33

1 ONE LINE DIAGRAM OF OFFSHORE WINDFARM [7] ... iiiiieieeieeeiiieeeee e e eeecitreeee e e eeeataaeeeeeeesentsaaeeeeeeesnnnnaeeeens
2 DQ TRANSFORMATION GRAPHS [L17].ccuvrreiiieeiieiiiriiieeeeieiiiteereee e eeseabareeeeeeeseaaaseeeeeeeseesssaeeeeesseasssrseneeessennes
3 PARK AND CLARKE TRANSFORMATION ANALYSIS[ L1711 eeeeiiieeiiiiieeeetieeeeitree e eciteeeeste e e eetaae e sataaeesatveeesnrneeeennaeas
4 VECTOR CONTROL PRINCIPLE EXPLAINED[L4] .. .uuviieeiiiieeeiieeeeeite e e etteeeeete e e eetaeeesataeeeesntaeeeennsasesssaeeesnsneaennnes
5 VECTOR CONTROL IMPLEMENTATION FOR THE CASE SYSTEM[14] ..eiietiieieiiiiecieee ettt eeee e et e et
6 ACTIVE POWER CONTROL IMPLEMENTATION[O]..eeiittiieieiiee e ettt e ettt e eeite e e sivee e e sate e e eetaae s esataaeesntbeeesnnsneesennanas
7 REACTIVE POWER CONTROL IMPLEMENTATION[9] «.uurvvieeeiieiiiirreieeeeeeeiireeeeeeeesetnreeeeeeesesnnnseeeeeeeeeennrseneeeseennns
8 BLOCK DIAGRAM OF CONTROL SYSTEM[L L] ..eieiiiiiiiriiiieeeeeieiteeeee e e eeeeittreeeeeeesetnreeeeeeeeeennsseeeeeeseennsseneeeseennns
9 OVERVIEW OF THE IMPLEMENTED VS s s s e s s e s s e s s s e e e s e s e s sesene s s nnnnns
L0 D AND Q VOLTAGE ..uuuttiiieeteeeiaiittteetesssestatteeeesssasssssaaaeesssssssstaneeesssasssssssasesssessassssseeesssssssssseesessssssssseeees
11 D AND QAXIS CURRENTS c1tttteteieieieieieieteieteiereteretetetetesesesetesereteteseseteresesesesesesesesessseseeesereserereseseseeereseserenenens
12 VOLTAGE AND CURRENT WAVEFORMS AT RL c.ieiiiiiiiiiiiiiiiiiiiiieccceccreeeeeeeeeteteeeeeseeesee e ese e seseseee s e s s e e seeeseseseseneeens
13 ACTIVE AND REACTIVE POWER IMIEASURED ...ceeiiiiiiiiieieieieieieieieieieteseieseeeeeeeaeeeseeesesesesesesesssesesesesesssssssssessnenens
14 CURRENT THD FOURIER PLOT cciiiiiiiiiiiiiiiiiiietccceeeeeeeereeee et e e e e e e e s e e e s e e e e e e e s e e e e e e e e e e e e e e e e eeeeesesesanaessesasanananens
15 THD SPECTRUM OF THE VOLTAGE WAVEFORM ...cicitiiieieiiieieieieieieieieieieieieietesesetesesesesesssesessseresesssssssssesssesesenens
16 VOLTAGE THD AT PCC WHEN THREE SINGLE WT’S ARE CONNECTED EACH RATED 3.6 MW
17 CURRENT THD AT PCC WHEN THREE SINGLE WT’S ARE CONNECTED EACH RATED 3.6 MW....

18 VOLTAGE THD AT PCC WHEN A SINGLE VSC EQUIVALENT TO THREE WT’S ARE CONNECTED ...

20 CURRENT THD AT PCC WHEN A SINGLE VSC EQUIVALENT TO THREE WT’S ARE CONNECTED ...

21 VARIATION OF CURRENT AND VOLTAGE THD FOR ACTUAL AND EQUIVALENT WIND TURBINES ... .
22 THD ERROR PLOT FOR ACTUAL AND EQUIVALENT W Leeriiicieiiieieieieie s s s s s s s s s s s e e e e e e e e e e ee e s
23 RR AND RATE OF | AND V ERROR DATA. . .uuuueiereieresesesesesesesssesssesssasssssssssssssssssssssssssssssssssssssssssssesssssssssssssssns
24 BAR CHART OF ACTUAL AND EQUIVALENT WT, WITH V AND |, THD ERRORS ....cccouiviiiieeeeecciiriee e e e e eeeitveeee e e e
25 MODIFIED TEST SYSTEM- ANHOLT OFFSHORE WIND FARM . .. uuiiiiiiiiiiiiieieieicsesess e s s s s s s s s es s s e s e s eeseee e e eeenee e
26 CHANGE IN THD IN VOLTAGE AND CURRENT RESPECTIVELY ..uuvvvrrrereeeseurrrreesesessssnnseeesessssssnnsseseessssssnssnseessssnnes
27 CONTRIBUTION OF INDIVIDUAL HARMONIC ORDER ....vvteeteieiuerereeesesesasrereeesesssssmnsneesessssssssseesesssssssnsssseesssennns
28 ANGLE VARIATION VS RADIAL ADDITION .vvvererseeruurrereeesesasensrereeesessssssssseeesessssssssseessesssssssssessesssssssnsssseesssensns
29 MEASURED AND DESIGNED ACTIVE POWER AND REACTIVE POWER ...eeevueviiieereseieiennneesesssssnnrseeeessssssnsseseesssennes
30 POWER CURVE OF A WIND TURBINE ...uuuuueieieresesesesesesesesesssesssesesasssesssssssssssssssssssssssssssssssssssssssssssssssssssessses



file://///sambaad.stud.ntnu.no/krishnr/.profil/IME/Desktop/thesis/thesis%20docs/final%20report.docx%23_Toc464127405

FIGURE 3. 31 CHANGE IN DISTORTION VS CHANGE IN POWER ....eteteieieuerureeeseeeseiuunrteesesssessnnsseeeesssesssssneeessssssssssssnesesssnssnnnes 60
FIGURE 5. 1 PASSIVE SHUNT FILTERS
FIGURE 5. 2 LAYOUT OF LCL FILTER...tttttttetieeieeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeseeeeeeeeseetessseesseeeseeesersessererssesereseseseseeererererereeeeererereren
FIGURE 5. 3 BODE PLOT OF AN LCL FILTER cettttttttitetrieeeeeeeeeeeeeeeeeeeeeeeeeeeseeeeeteseeseeseeesseesereseseresssesereseseseseeeserereresessseressrenen 70
FIGURE 5. 4 DIFFERENT DAMPING POSSIBILITIES WITH RESISTANCES ......uvvtieeeeeeieeiureeeeeeesesinraeseesesesasnsssseesesesssssssseeseessnnannsees 71
FIGURE 5. 5 INFLUENCE OF R1 ,WHEN R2=RC=0 ..ccceiiiiiiiiiiieieieeeeeeeeeeeeeeeeeee et eeee e e e e e e eeeeeeeeeeseeeeesesesesesessessesssesesssssesesenenens 72
FIGURE 5. 6 INFLUENCE OF R2 ,WHEN RL=RC=0 ..ccceiiiiiiiiieieeeceeeeeeeeeeeeeeeeeeeteee e ee e e e e e e eeee e e e e eeeeeseeeeseseseeesseesesssesesesssssesenenens 72
FIGURE 5. 7 INFLUENCE OF RC,WHEN RLIZR2=00....cciiiiiiiiciiiiiiei e cciiieee e settee e e e s s e sietae e e e e e s s s saataaneeeeeessnsnnsnnesesssnsnnnnnes 73
FIGURE 5. 8 COMPARISON OF INFLUENCES FROM DIFFERENT DAMPING RESISTORS .....vveteeeiesurrrreeesesessnrsnreeseessssnsnsseeseessnssnnnes 73
FIGURE 5.9 INFLUENCE OF CAPACITANCE ON THD ..eiiiiiiiiiiiiiiiee ettt ee e e sttt ee e e e e s e sieta e e e e e e s e s snatsaneeeesessnnnnsneeseessnsnnnnns 74
FIGURE 5. 10 (B) OPTIMISATION OF LCL FILTER PARAMETER 3-D PLOT WITH DIFFERENT AREAS ....vvveeeuvreeesrreeessnreeessnseeesssseeeans 76
FIGURE 5. 11 CURRENT AND VOLTAGE HARMONIC DISTORTION FOR DIFFERENT L1 AND L2 PARAMETERS WITH C OF .41 MF......... 78
FIGURE 5. 12 INDIVIDUAL HARMONIC DISTORTION FOR DIFFERENT INDUCTANCES VALUE. .....uuvviireeeeeeeinrrereeeeeeeeennreeeseessessnnnes 79
FIGURE 5. 13 CHANGE IN ATTENUATION FACTORS AND INDUCTANCE RATION FOR DIFFERENT INDUCTANCE VALUES.....ccccvvveeererenens 80
FIGURE 5. 14 CAPACITANCE VS DISTORTIONS. ..ceetttttrtereeeeeeeeeeeeereeeeereeereeseeeererereeerererererereestererererererererererererersrerersrererereren 81
FIGURE 5. 15 CAPACITANCE VS DAMPING RESISTORS AND LOSSES ..ccevivieiririeieieieirieeeeeeeeeeeeeesteeseseeserereresesessressrssssesssesssereeens 81
FIGURE 5. 16 FREQUENCY RESPONSES FOR DIFFERENT CAPACITANCES. ..etetttrteertereeeeererereeererererererererererersreessereesseseresssereeeeenens 82
FIGURE 5. 17 SECOND ORDER HIGH PASS FILTER . .1vvtteeeeeseurrrreeesesesesssssreesesssassssssessesssasssssssesssssssanssssesssssssssssssnssesssssnnssnes 83
FIGURE 5. 18 CHANGE IN RD VS HARMONIC DISTORTIONS ....vvvveeeeeeeieurrerreeeeeesesnsssessesssessnssssseesessssnsssssesssssssssssssssesssnsnnssnes 84
FIGURE 5. 19 LOSSES VS QUALITY FACTOR ..cccceuutiitiieeeieieiitteeeeeeeseittteeesesesesasstsaseesssesnssanseessssssnsssnssessssssnnsssnesesssnnnnsnes 85
FIGURE 5. 20 HARMONIC DISTORTION CHART FOR DIFFERENT QUALITY FACTORS ..cetttererererereeeeeeerereeeeereeereeseeeeeeeereresessserersreeens 85
FIGURE 5. 21 FREQUENCY RESPONSE AT DIFFERENT QUALITY FACTORS ..ceevvtrerrereerereereeereeerereeeeereeseseeeesererseseseessssssssssrersrererens 86
FIGURE 5. 22 THIRD ORDER HIGH PASS FILTER (CB AS A SWITCHING FREQUENCY PATH) ...uveeiuvierireeieeesreesteeessseessseessnesssseensnennes 87
FIGURE 5. 23 FREQUENCY RESPONSE OF THIRD ORDER HIGH PASS FILTER... .. 88
FIGURE 5. 24 CTYPE FILTER ceveeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeseseeesens .. 89
FIGURE 5. 25 QUALITY FACTOR VS DISTORTIONS FOR C-TYPE FILTER ... ..90
FIGURE 5. 26 QUALITY FACTOR VS INDIVIDUAL HARMONIC DISTORTIONS.. .. 91
FIGURE 5. 27 QUALITY FACTOR VS LOSSES. ..eiiieiuutttreteeeieieuttreeeseeeisisstseesesesasssssessesssasssssnseesssssssssssseesssssssssssseesesssnsnnssnes 92
FIGURE 5. 28 FREQUENCY RESPONSE AT TUNED HARMONIC FREQUENCY (5TH HARMONIC)....veeeeiurieeeeireeestreeeesnreeeenveeessneeaans 92
FIGURE 5. 29 STANDARD HIGH PASS WITH SWITCHING TRAP .ceetttttiitiererereretererererererererererererererererererererererererererereserererererens 93
FIGURE 5. 30 CAPACITANCE VS CURRENT AND VOLTAGE TOTAL HARMONIC DISTORTIONS ....uuvvvvreeerereriiinreeeeessssnnnnreesesssnssnnnnes 94
FIGURE 5. 31 INDIVIDUAL HARMONIC DISTORTION FOR DIFFERENT CAPACITANCE VALUES ...vvvvviieeeeeeeriiiireeeeesessninrneeseessnssnnnnes 95
FIGURE 5. 32 QUALITY FACTOR VS VTHD AND ITHD FOR TRAP FILTER ..evtuuuieieieiiieiieie e e e eeeetieeeseeeeeaanaeseseeeensnnnnnseeeennnnnnnnneaes 96
FIGURE 5. 33 QUALITY FACTOR VS INDIVIDUAL HARMONIC DISTORTIONS FOR A TRAP FILTER....vvvteerererunrareeeeesessnnnnrreesesssnssnnees 96
FIGURE 5. 34 FREQUENCY RESPONSE OF THE TRAP FILTER 1eettttttterereeeeeeereeeeeeererereeereeereeeeerereteresssesesesssssesseeresssssesssssesssssenens 97
FIGURE 5. 35 C-TYPE FILTER WITH SWITCHING FREQUENCY TRAP ...cctttttitteerreeeeteeeereeeeeeeeeeeeeeeetereestssererersreesessesssssssesssssseessnens 98
FIGURE 5. 36 CAPACITANCE VS THDV & THDI ...uvtiiiiieiieiiiiieeee ettt ettt e e e e e s e sata e e e e s e s e s aataaaeeeesesnsnssanaeaeesennssnns 99
FIGURE 5. 37 CAPACITANCE VS INDIVIDUAL HARMONIC DISTORTIONS. .eeeetterereerereeeeeeeeeeeeereeeeerereeeeereseressseeseeseresessssessssssseenens 99
FIGURE 5. 38 QUALITY FACTOR VS THDV&THDI....cciiiiiiiiiiiiiieeieeiiiteeee s sesittreee e s s s siiateeeeessssnasnaeeeesssssssnssaesesssensnnnens 100
FIGURE 5. 39 QUALITY FACTORS VS INDIVIDUAL HARMONIC DISTORTION FOR A C-TYPE TRAP FILTER ..cvvvvueeeeeeerriniieeeeeeeeennnnnns 100
FIGURE 5. 40 QUALITY FACTOR VS LOSSES ...uetiiieeteeeieiiireteeesssesieteteeesesessssaneeeessessssssnseessssssnssssseesssssssssnssaeeesssnssnnens 101
FIGURE 5. 41 RESONANCE TUNED TRAP FILTER 1eetttttteterererererererererererererererererererererererererererererererereseresererereserererererererererens 102
FIGURE 5. 42 (A) TwWo CAPACITIVE BRANCHES WITH RESISTIVE DAMPING (B) TWO CAPACITIVE BRANCHES WITH INDUCTIVE AND
RESISTIVE DAMPING .vvvvvvvuvuvussssssssssessssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssnnns 103

12



FIGURED. 1 POWER TRIANGLE ...eceteiiteteteteeeieiiereteee s e st et e e e sens et e e e e e semnr e e e e e e e sesamnren e e e e e s e s msnnneeeesesannnneneeesesannnnnnee 108
FIGUREG. 2 THREE PHASE ACTIVE AND REACTIVE POWER AT PCC FOR AN L FILTER BASED CONVERTER (ANHOLT OFFSHORE

WVINDFARMY) .uttieeietiteeestteeeestteeeeetteeesaseesesssaeesassseeesnsaseasssseesanssasesssaeeesnsseeeanssseesansseeesnsseasanssseesansseessnsseneans 109
FIGUREG. 3 ACTIVE AND REACTIVE POWER PLOTS AT PCC AFTER CAPACITOR BANK IS CONNECTED. .....uuvvrreeeeeesrnrrrreeseessssnnnnns 110
FIGUREG. 4 FREQUENCY RESPONSE OF SIMPLE HIGH PASS FILTER AT PCC ..cceiiiiiiiiiiee ettt eesivtne e e e e e ssvvnneee e e e seinnnnes 114
FIGUREG. 5 FREQUENCY RESPONSE OF SECOND ORDER HIGH PASS FILTER AT PCC...cceiiiiiiiiieieieiececeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeees 115
FIGUREG. 6 FREQUENCY RESPONSE OF THIRD ORDER HIGH PASS FILTERAT PCC ...coiiiiiiiiiieieieieieceeeeeeeeeeeeeeeeeee e e eeeeseeeeeeeeees 116
FIGUREG. 7 FREQUENCY RESPONSE OF C-TYPE ORDER HIGH PASS FILTER AT PCC ..ceeieieiiieeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeees 117
FIGUREG. 8 FREQUENCY RESPONSE OF C-TYPE WITH SWITCHING FREQUENCY TRAP HIGH PASS FILTERATPCC .......cveeveeiiiinnaee 118

13



List of Tables

TABLE 4. 1 -ANSI/IEEE 519 VOLTAGE DISTORTION LIMITS....0eeuviettesteeteereetessesssesseeseeessessseesseessessessssssseessesssesssessssssessnes 62
TABLE 4. 2 |IEC 61000-2-4 VOLTAGE HARMONIC DISTORTIONS LIMITS IN INDUSTRIAL PLANT ...ceeeiiiiiiiirieeneeeninereeeeeeeseieeeee 62
TABLE 4. 3 IEC 61000-2-4 CLASS3

TABLE 5. 1 HARMONIC DISTORTIONS FOR LCL FILTERS WITH REFERENCE VALUE FROM IEC 61000-2-4 CLASS3 ......vvvvvvrnrnrnrnnnnnns 70
TABLE 5. 2 CONVERTER AND GRID SIDE INDUCTANCES POSSIBLE OPTIMAL VALUES .....uvvvuvvrvrererereseseresnsnsnnnsnsnsnsnsnsnsnsnsnsnsnnnnnnnes 77
TABLE 5. 3 POSSIBLE CAPACITANCE VALUES (TOTAL 18 CAPACITANCE VALUES)
TABLE 5. 4 LCL FILTER PARAMETERS ....uvvvvteeeessseuuereeeeesssssueseessesssssonssssssesssssansssssssssssssnssssssessssssssssssessessssssssssessessssnsnsnns

TABLE 5. 5 HARMONIC DISTORTION FOR LCL AND REFERENCE VALUES ACCORDING TO [EC 61000-2-4 CLASS3 .....evvvveeeeeeeennnnnes 82
TABLE 5. 6 HARMONIC SPECTRUM FOR EQUAL IMPEDANCE RATIO LB HIGH PASS FILTER AND REFERENCE VALUES FROM STANDARD
IEC-61000-2-4 CLASS3 ...ceieeeieieieeteeeeeeeteteteeeeeeeeeteeetetteetetteeteteeeteeeeeteeetereretereteettetetetetetererererteererereeererererereeereren 83
TABLE 5. 7 PARAMETERS FOR THE OPTIMIZED FILTER...vuvuuuvuvusssssssssssssssssssssssssssssssssssssssssssssssssssssssnsssssssssssssssnsnsnsssnsnsssnsnnnns 86
TABLE 5. 8 HARMONIC DISTORTIONS AT Q OF 0.5 WITH REFENCE VALUES FROM |[EC 61000-2-4 CLASS3.....uvvvvrernrrrnrnrnrnrnnnnnnnns 87
TABLE 5. 9 HARMONIC DISTORTIONS AT Q OF 0.5
TABLE 5. 10 CTYPE FILTER PASSIVE ELEMENTS VALUES.....uuuvuuurureresessrssessrssssssssssssssssssssssssssssssssssssssssssssssssssssnsssnsssssnsnnnsnnnne 90
TABLE 5. 11 DISTORTIONS AT OPTIMUM VALUES WITH REFERENCE VALUES FROM |EC-61000-2-4 CLASS 3. .cceeeiiivireeeeee e 92
TABLE 5. 12 PARAMETERS OF THE TRAP FILTER .. .uutttiieteieiiiittieeeeeesesiitteeeesesesantaaeeeessessassssneesssesansssnneesesessnssssnessesssnnnnnsnns 95
TABLE 5. 13 DISTORTIONS AT OPTIMUM VALUES OF THE TRAP FILTER WITH REFERENCE VALUES FROM |IEC-61000-2-4 CLASS3.... 97
TABLE 5. 14 OPTIMIZED C-TYPE FILTER VALUES.....utvtteeteeeieiutteeeeesssesuntsseeesssassssssssesssessnsssssessssessssssssessessssssssssssesssnnsnsnes 98
TABLE 5. 15 OPTIMAL PARAMETERS FOR THE C-TYPE TRAP FILTER ...vuvuvuvuvuusrssssssnsssssssssssssssssssssssssssssssssssssssssnsssnsnsnsnsssnsnnnns 101
TABLE 5. 16 DISTORTIONS AT OPTIMUM VALUES OF THE C-TYPE TRAP FILTER WITH REFERENCE VALUES FROM |EC-61000-2-4 CLASS
N 101
TABLE 5. 17 FREQUENCY PERFORMANCES OF DIFFERENT FILTER TYPES ..vvuvuvuvuvurssssesssesssssssssssssssssssssssnsssssssssssssssssnsnsnsnsnsnnnns 104
TABLE 5. 18 OPTIMISED PARAMETER RESULT ...uuuuuvuruuususussssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssnssnsssnsnsnnnns 106
TABLE 6. 1 DESIGN CRITERIA OF POWER FACTOR CORRECTION EQUIPIMENT ...ccitiiiiiiiiieereeeeenirieeeeeeeeseinreeeeeeesesnnneeeeeeesennns 111
TABLE 6. 2 VOLTAGE HARMONIC DISTORTION AT PCC..cciiiiiiiiiiee ettt e e s esttre e e e e e e sstaae e e e e s e ssaantaeesesesennnnsnnneasseannns 112
TABLE 6. 3 CONSOLIDATED HARMONIC RESONANCE ORDERS FOR DIFFERENT FILTER TYPES. ..uuoiiieeriiiiiieeeeeeeerinieeeeeeennnnnnneeens 119

14



Chapter 1 Introduction

The human civilisation has always aspired to become better and more advanced. The
exploitation of coal and fossil fuels in the 19* century led to the rapid industrialization of the
world making the world into a modern, developed, industrially advanced, comfortable and
economically advanced society. The rapid industrialization of the world using fossil fuels like
coal, petroleum and it’s byproducts has no doubt paved the way for rapid development and
minimization of poverty in the world. However this rapid utilization of fossil fuels has led to
the increase in emission of greenhouse gases that lead to global warming. Global warming is
the term used to describe a gradual increase in the average temperature of the Earth's
atmosphere and its oceans, a change that is believed to be permanently changing the Earth’s
climate. Such a rapid rise in climate has led to change in monsoons, increase in ocean level
due to melting of ice caps and unfavorable climatic conditions to live in. Figure 1.1 shows the
change in the temperature around the globe in last decade owing to global warming caused
by over utilization of fossil fuels. It can be seen from the figure that countries located in the
global north or the first world countries are facing a great change in temperature in this
decade. It is to be noted that year 2015 was recorded as the warmest year recorded since
1880[20]. Renewable energy resources is a real alternative that helps to keep the environment
safe, clean and sustainable for the future generations.

Temperature Trend("C/decade)

R
0.5 -0.25 0 +0.25 +0.5

Figure 1. 1 Change in temperature around the globe[1]

Renewable energy resources can be comprised of any natural energy resource that
replenishes itself in the human time cycle [2]. Solar, wind, bioenergy, geothermal, ocean
power that includes wave and tidal power and hydropower are considered to be the popular
renewable energy resources under development and deployment. The aim of all these
renewable energy technologies is to convert the available energy resource from nature into
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electrical or heat energy depending on the need. The fast pace of depletion of fossil fuels has
led to the greater thrust on development of renewable energy resources and development of
technologies to cost effectively extract electric power from the abundant natural energy
resources. Figure 1.2 shows the total world energy consumption by 2013 [2]. It also shows
contribution of various renewable energy conversion system to the total consumption.

Renewable
® Traditional biomass 9%
= Bio-heat 2.6%
Ethanol 0.34%
= Biodiesel 0.15%
Fossil Fuel 78.4% - ﬁ;‘;‘:‘;‘:::vgf“e’a"°" g:gf/n’“
= Wind 0.39%
Solar heating/cooling 0.16%
® Solar PV 0.077%
Petroleum Solar CSP 0.0039%
® Geothermal heat 0.061%
® Geothermal electricity 0.049%
- m Ocean power 0.00078%

T Nuclear 2.6%

Total World Energy
Consumption by
Source (2013)

Natural Gas

Figure 1. 2 Total energy consumption worldwide[2]

It can be seen from the figure that the contribution of wind power till the year 2013 was about
0.39% of the total renewable energy consumption throughout the world. It is time to
investigate the growth in the wind energy sector to prove that the growth of the wind energy
conversion system is rapid. In the following sections we will have a look at the wind energy
conversion systems available in the market and the growth and penetration into the energy
market of the same.

1.1 Wind Power:

Wind power has been harnessed by the human civilisation since they put sails into the wind.
Wind power has been utilized for pumping water for the agricultural activities since a
millennia. In Netherlands, wind powered pumps have been used to drain the poddlers. In the
modern era, wind power is utilized to produce electricity that drive the technology world.
Wind power uses the air flow to mechanically drive the generators that produce electrical
power. The device or the structure that helps in converting this mechanical energy to electrical
energy is called a wind turbine. The detailed analysis of different forms of wind turbines and
the components present in it are explained in chapter 2. A group of wind turbines situated in
a piece of land that are cascaded together into a power station is called a wind farm. Use of
such wind farm is for meeting the electricity need is growing rapidly.

Wind power is widely used in developed nations like United States and Europe and popular
in developing nations like China and India. As of year 2015 , Denmark generates 40% of its
electricity from wind power[2]. From 2014 to 2014 the installed capacity of wind power saw
a seven fold increase from 49 GW to 395 GW. As of end of 2014 China, United States and
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Germany combined accounted half of the global installed capacity[2]. Several other countries
have achieved high levels of wind power penetration with 18% in Portugal, 16% in Spain and
14 % in Ireland as of 2010 [3]. Figure 1.3 shows the growth of installed wind power capacity
throughout the world in different span of years.

Global Wind Power Cumulative Capacity (Data:GWEC)
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Figure 1. 3 Growth of installed wind power capacity throughout the world.[2]

The public opinion also favored installation of wind power for their electricity needs, thanks
to increase in scientific awareness and global awareness of greenhouse effect. Figure 1.4
shows the percentage of people who strongly support wind power.

Global public support for energy sources

"Please indicate whether you strongly support, somewhat support, somewhat oppose,
or strongly oppose each way of producing energy”
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Source: Ipsos, May 2011

Figure 1. 4 Public Support for Wind Power
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1.1.1 Advantages of wind power :

Having seen the development of wind power over a decade and its popularity , the advantages
of the wind power has to be noted down to give the reader an understanding of why it has
got immense popularity. The advantages of the usage of wind power are reported below.

e Raw material of the energy source namely the wind is free of cost and modern
technology can be used effectively to capture the energy and convert it into usable
needs, for instance electricity.

e C(Clean and environment friendly energy resource.

e Although the structures can be tall, it occupies only a smaller area; hence, the land
below it can still be utilized for farming purposes.

e |t can electrify rural areas where transmission is difficult with other energy resources.

1.1.2 Disadvantages of wind power:

Any energy resource has some disadvantages. The disadvantages associated with wind power
are as follows:

e The strength of wind varies and hence the electricity generation. There would be times
the wind mill or wind turbines would be stalled that causes zero electricity production.

e There is a growing public opinion that the rural landscape should be left untouched
and remain, as it is, to enjoy the beauty.

e Wind turbines are noisy, creates noise pollution, and makes it difficult for the people
near it to live.

e There is a psychological and public opinion that wind turbines onshore causes visual
problems when they see it.[2]

These disadvantages led to the development and deployment of offshore windfarms.

1.2 Offshore Wind Power:

Having seen that the onshore wind power had some disadvantages especially from the public
opinion standpoint and varying wind speeds in the land location, the wind farms were
constructed in offshore sea beds. Europe is the world leader in offshore windpower, with first
offshore windfarm Vindeby being installed in Denmark in 1991 [4]. In 2013, offshore wind
power contributed to 1567 MW of the total 11,159 MW wind power capacity that year. By
January 2014, the total installed capacity of offshore windfarms in European water has rised
to 6562 MW [4]. Projections for 2020 shows that the total installed capacity of offshore wind
farms in European sea would be around 40 GW. Figure 1.5 shows the increase in offshore
windfarms over span of years.
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Global cumulative offshore capacity (in megawatts).
Sources: GWEC (2011-2014)®! and EWEA (1998—2010)"!

Figure 1. 5 Global Cumulative offshore capacity over span of years [4]

The increased construction of offshore windfarms has led to various advantages and
disadvantages that are explained in section 1.2.1 and 1.2.2 respectively. The primary aim of
introducing about offshore windfarms is that this thesis dissertation deals with filter design of
offshore windfarms. It is better to have an idea about the need for this thesis since it can be
seen that the growth of the offshore windfarm is exponential.

1.2.1 Advantages of offshore Windfarm:

The advantages of offshore windfarms are illustrated as follows:

e The wind speed at offshore sea beds are consistent and higher than their onshore
counterparts making power generation capacity higher.

e The seabed has a vast surface area that allows to have a larger windfarm to maximize
installed capacity without causing trouble to people in acquiring lands.

e Inaddition, the problem of noise pollution would no longer be a problem to the people
as it is located far away from the land mass.

e In addition, the problem of visual pollution also does not bother the public any longer.

Although offshore windfarms comes with better advantages it does have problems in its own
due.

1.2.2 Disadvantages of offshore wind farms:

The disadvantages associated with offshore windfarms are as follows:

e The overall cost of construction of an offshore windfarms is higher than the onshore
counterparts as it involves the installation of pile foundation for the tower to be
installed.

e Further the offshore sea cables that are laid increases the cost of insulation.

e Since the offshore windfarms are constructed in the sea it is difficult to access as
helicopters have to be utilized for the maintenance purposes.
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e There is a serious concern of displacement of marine life due to pile foundation
construction.
e There is also concern of birds being struck down by the blades of the wind turbine.

Further research and technological optimization is required to bring down the cost of offshore
windfarms. This leads to the formulation of our thesis dissertation. Figure 1.6 shows an
overview of an offshore windfarm installed in Copenhagen (Denmark).

Figure 1. 6 An offshore Windfarm installed in Copenhagen(Denmark)

1.3 Background :

As it can be seen from the previous sections, offshore wind farms are growing at a rapid pace
in the energy market. An offshore windfarm consists of large number of wind turbines
interconnected in an array. The wind turbine nacelle consists of generators, power electronic
converters, array sea cables, array land cables and STATCOMS (static synchronous
compensators). The explanation of all these components and their functioning are elaborated
in chapter 2. A power electronic converter used for AC-DC and DC-AC conversion in the wind
turbine essentially consists of semiconductors acting as switches. These converters produces
harmonics in the system. The other components present in the power system like array cable,
transformers and STATCOMS are necessarily impedances and have a resonance frequency of
operation. These resonance points further amplify the harmonic pollution or distortion in the
power system. Harmonic mitigation structures or filters (explained in Chapter 5) have to be
designed to mitigate the harmonics produced by these power electronic converters and have
to avoid resonance in the power system so that there is no amplification of harmonics. Hence
it can be understood that there is a definite need for proper design of filters and in depth
analysis of different filter topologies to mitigate these harmonics. In addition to design there
is a need to optimize the designing procedure of these filters to have a better functioning
power system. It can also be noted that there is a definite need to have a detailed study of an
offshore windfarm and proper layout design of it, to have a better understanding of the
impedances of the power system.
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1.4 Aim:

Having explained the problems faced by the offshore wind energy industry with respect to
harmonics emitted from the power electronic converters and amplification of the same by
resonances, it is time to articulate the aim of this Master Thesis. The primary scope of this
thesis is to understand the sources of harmonics in the offshore wind power system and
provide a mitigation strategy for the harmonics. Hence, to do the same the author needs a
test offshore wind power system to analyze the results. Therefore, the start of this thesis is
choosing a test case offshore windfarm system. After doing so, the test case system has to be
modelled in a simulation platform carefully taking into consideration different electrical
parameters like impedances and circuit parameterization that closely mimics the original
electrical equipment (transformers, cables etc.) parameters. Once the modelling of the test
case system is done the harmonic sources and their behavior have to be analyzed. Once the
proper functioning of power system and harmonic pollution level are obtained, possible
harmonic mitigation structures has to be discussed. The main aim of this thesis is to design
and optimize passive filters for the test case offshore wind farm system.Once different state
of art mitigation structures are described, the design of these passive filters or mitigation has
to be initiated. After preliminary investigation and design of the state of art passive filter
strategies the parameters on which optimization is to be conducted has to be decided. Upon
making decisions on different parameters to be used, optimization of the passive filter design
has to be conducted. Based on the results from various mitigation structures, an optimization
algorithm can be developed. Once the optimally designed filter is ready a harmonic resonance
check can be initiated. If there is harmonic resonance that can potentially cause disturbance
for the proper operation of the offshore wind power system, techniques to shift these
harmonic resonances have to be suggested. It is aimed to accomplish the above mentioned
procedure to finally obtain optimal design features for various harmonic mitigation structures
and optimally designed filters.

1.5 Contributions by Author:

In this Master Thesis, the author did a complete literature review of different passive filter
topologies that can be implemented in a power system to mitigate harmonics. The author
researched over different datasheets and websites to get a better understanding of the test
case offshore wind power system namely the Anholt located in Denmark. Having understood
the layout of the wind power system, the author implemented the wind power system in the
simulation platform MATLAB. The author also found out the best aggregation modelling that
can be implemented in simulation platform for a group of wind turbines. The author also
underscored in chapter 3 the need for the impedance modelling of passive components in the
power system to aid harmonic cancellation. Having understood the harmonics present in the
offshore wind power system under consideration through simulations performed, the author
designed various passive filter methodologies to mitigate the harmonics. The author
considered nine different LCL filter configurations and design criteria for the same for the test
case system. After designing the filters author optimized the filter topologies on various
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factors like fundamental frequency losses, quality factor of the filter , reactive power
contribution and optimized filter parameters for the least total and individual harmonic
distortion in compliance of electrical standards. Author in optimizing the filter found out the
possibility of optimizing filters at different locations in a power system and hence divided the
optimization points into zones. Further the author also conducted a harmonic resonance test
in the system to find out the harmonic resonances in the power system after designing the
optimized filter.

1.6 Structure of Report:

In this section the various parts of this report and the brief content of different chapters are
explained. Chapter 2 primarily discusses about the definition of harmonics, inter harmonics
and the sources of harmonics in a power system. The chapter also condenses an idea of
different types of wind power plants available in the market and the sources of harmonics in
the same. Chapter 3 introduces the test case system under consideration namely the Anholt
offshore wind farm. In this chapter, different components present in the test system and also
the intentions and design ideas used by the author to model the system in the simulation
platform MATLAB are discussed. Further this chapter introduces and discusses about various
anomalies encountered while performing harmonic analysis in a power system and also the
uncertainties involved with procuring harmonic data in a wind power system are discussed. In
the final part of chapter three the author has given a novel idea or a method of modelling a
wind power plant in a simulation platform and an insight in overcoming the before mentioned
uncertainties. Chapter 4 discusses about various standards and requirements to be met for
designing a filter underscored by international agencies like IEC, IEEE, ANSI etc. Chapter 5
introduces various state of art passive filter topologies available in the market. This chapter
also condenses the design criteria and optimization of LCL filter, first order filter, first order
filter with damping, second order high pass filter, third order high pass filter, C type filter, high
pass filter with switching frequency trap, C-Type filter with switching frequency trap,
Resonance trap filter and capacitive division filter types. This chapter also gives a detailed
analysis of functioning of the entire above-mentioned filter at different frequency intervals.
Further, this chapter gives the results of THD, Individual harmonic distortions and other
parameters based on which optimization was carried out in a condensed table. Finally, this
chapter proposes a novel optimization algorithm based on which passive filter design can be
optimized for different filter topologies in particular and offshore wind power system overall.
Chapter 6 provides a detailed analysis report of harmonic resonance points present in the
system when the optimally designed filters are used for mitigation purposes. This chapter also
provides an understanding of conducting harmonic analysis in a wind power system. Chapter
7 gives concluding remarks on the aims that were achieved and further research that can be
carried out as an extension of this thesis.
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Chapter 2 Theoretical Framework

This chapter of the thesis dissertation is primarily dedicated to explain the reader the various
aspects of theoretical information that were processed by the author and that are required to
understand the further explained analogies in this thesis dissertation. This chapter revolves
around explaining the basic structure of a wind turbine or a wind mill and different types of
topologies available in the market. Further the key epicenter of this thesis namely the
harmonics, is explained. Having explained harmonics,the later part of the thesis explains about
the resonances encountered in a power system and the understanding of the source of the
same. Also, the chapter takes interest in explaining the reader the various sources of
harmonics in a power system. Finally, the chapter concludes by giving an understanding to the
reader about the ways to measure harmonics in a real time system.

2.1 Wind Turbine :

As explained previously in chapter one, a wind turbine is a device that converts the mechanical
energy in air flow into electrical energy. For converting this mechanical energy into electrical
energy, an electrical generator is used. Blades are the rotary structures that are coupled with
the electrical generator to convert the mechanical energy into electrical energy. Based on the
axis of rotation of blades the wind turbines are classified as horizontal axis wind turbines
(HAWT) and vertical axis wind turbines (VAWT). For a HAWT type wind turbine the direction
of rotation of the blade is parallel to the ground and for the VAWT type wind turbine the
direction of rotation of the wind turbine is perpendicular to the ground. For the sake of
explaining, the different types of wind turbine generators and the parts associated with the
wind turbine a HAWT wind turbine is used by the author. A HAWT wind turbine can further be
classified into upwind and downwind type wind turbines based on the direction of wind to
which the blades are faced. Figure 2.1 shows the upwind and downwind type HAWT's.

\

CoT e
e
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Wind Wind
direction direction
Dzl =
Llpwringd Drowvmwind

Figure 2. 1 HAWT rotor configurations [5]
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The main components or the subsystem of a typical HAWT is shown in figure 2.2. The
components include the following:

The rotor consisting of blades and the support hub.

The drivetrain which includes the rotating part of wind turbines ;it usually consists of
shafts, gear box, coupling, mechanical brake and generators.

The nacelle including wind turbine bed plate and yaw system.

The tower and foundation.

The machine control

The balance of electrical systems that consists of transformers, electrical cables,
switch gears, filters and power electronic converters.

Nacelle cowver

|
|
|
|
|
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Figure 2. 2 Different components of HAWT [5]

2.1.1 Electrical Aspects of Wind Turbine :

The voltage magnitude and frequency of the AC electric power generated by wind turbine
generator is variable in nature due to variable wind speeds. Hence power electronic
converters like rectifiers and inverters or in general Voltage Source Converter (VSC) have to
be used to convert the electric power generated by the wind turbine generator into the form
required by the electric grid. Based on the power electronic converter used and the electrical
generator with which the turbine is equipped , wind turbine generators can be subdivided into

four categories.

1.

A fixed speed wind turbine with a squirrel cage induction generator (SCIG).

A partial variable speed wind turbine with a wound rotor induction generator (WRIG)
and has adjustable resistances.

A variable speed wind turbine with double fed induction generator (DFIG)

A variable speed wind turbine with full scale power electronic converters.
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2.1.1.1 Type 1 Wind Turbine:

Wind turbine type one represents the oldest wind power conversion technologies. It consists
of SCIG connected to the turbine rotor blades through a gearbox as shown in the Figure 2.3.
The SCIG can operate only in narrow speed range slightly higher than the synchronous speed.
Hence wind turbine type 1 is essentially a fixed speed wind turbine. Many type 1 wind turbines
use dual speed induction generator where two sets of windings are used in the same stator
frame. The first speed is used to operate at low rotational speed (corresponding to low wind
speed) and the other set is used to operate at high rotational speed (corresponding to high
wind speed). The reactive power necessary to energize the magnetic circuit is provided by the
power grid or a switched capacitor bank connected in parallel with each phase of the SCIG.
The SCIG, when connected to the power grid , creates a transient disturbance due to high
inrush currents. Hence, a thyristor controlled soft starter is used to avoid further voltage
disturbance caused by transients.

Advantages of type 1wind turbine:

e Cheap and simple construction.
e No need for a synchronization device.

Disadvantages of type 1 wind turbine:

e Since the wind turbine operates in fixed speed range, the power produced by the wind
turbine is not necessarily the optimum power point of the wind turbine.

e The wind turbine experiences high mechanical stress, because the wind gush causes
high torque pulsations in the drive train.

b Turbine Contactor
Gearbox Transformer
Wind = ’Q n — Power grid
= I
Capacitor -
— P y I Soft starter
banks

Figure 2. 3 Type 1 Wind turbine [5]

2.1.1.2 Type 2 wind Turbine:

The type 2 wind turbine essentially consists of a WRIG connected to an external adjustable
rotor resistance circuit. The power electronic circuit, which is a diode bridge, helps in varying
the rotor resistance by varying its own duty ratio depending on the wind speed. The capacitor
bank is used similar to type one wind turbine to provide reactive power to energize the
magnetic circuit of the induction generator. A soft starter is used to minimize the transient
caused by the inrush current produced by connecting WRIG. Figure 2.4 show the schematic of
type 2 wind turbine.
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Advantages of Type 2 Wind Turbine:

e Partial variable wind speed operation is achieved using a small power electronic
device.
e Energy capture efficiency is increased.

Disadvantages of type 2 Wind Turbines.

e Rotor resistance is essentially connected with carbon brushes and slip rings which
require additional maintenance.

e The losses in the rotor resistance have to be mitigated using cooling structures which
make the drive train more bulky.

— Turbine Contactor ‘

-~ Gearbox ’
i C it -—I— Transformer

— B e I Soft starter

banks

External
resistors

Figure 2. 4 Type 2 Wind Turbine [5]

2.1.1.3 Type 3 Wind Turbines:

Type 3 wind turbine essentially consists of a WRIG with stator connected to the grid and the
rotor connected to the grid through a back to back configuration of AC-DC-AC Voltage Source
Converters (VSC’s). The schematic of this type of wind turbine is shown in figure 2.5. These
types of wind turbines are called DFIG since the field of rotor and stator of the wind turbine
can be controlled separately. The primary purpose of the power electronic converters is to
provide control of the active power flow over a range of speeds around synchronous speed.
Owing to the different wind speeds ,if the speed of the rotor goes below the synchronous
speed the power flow is directed from the grid to the rotor circuit. If the wind speed goes
higher than synchronous speed the active power flow is directed from the rotor circuit to the
grid. All these functions are performed using modulation techniques in the converters. The
type 3 wind turbines doesn’t require a capacitor bank for reactive power supply. Using control
techniques on the power electronic converters further pitching and stalling of the wind blades
can be performed.
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Figure 2. 5 Type 3 Wind Turbine [5]
2.1.1.4 Type 4 Wind Turbine:

Type 4 wind turbine is a recent development in the wind energy industry [5]. The type 4 wind
turbine essentially consists of a Permanent Magnet Synchronous generator (PMSG) connected
with a bidirectional back to back AC-DC-AC VSC. The schematic of such a wind turbine is shown
in figure 2.6. The advantage of such a design is that the reactive power and active power can
be controlled independently using grid side VSC. This gives better dynamic behavior of the
wind turbine. In addition, since the generator and the grid are decoupled the wind turbine can
be operated in any speed. The pitch control and stall control of the wind turbine are
implemented to capture maximum power point operation of the wind turbine.

Wind turbine

Mulripole Permanent

Magnet Generator
‘"43' + '||<3‘ E@)E Grid

Back-to-back
Converter

Figure 2. 6 Type 4 Wind Turbine [5]

2.2 Harmonics :

Having explained the different types of wind turbines and given the reader an idea of the
components available in the wind turbine it is time to discuss the major source that lead to
the investigation through this thesis.

The primary aim of an efficacious electrical engineer is to ensure that the power produced by
a power plant is generated, transmitted and delivered to customer with quality. “Power
quality” is aim of every electrical engineer and ensuring the same is utmost important. But
power quality problem is unavoidable in a power system.
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“Any power problem manifested in voltage, current, or frequency deviation that
results in failure or misinterpretation of customer equipment is call a power
quality problem” [4]

Harmonics and harmonic distortion in voltage and current is one such problem. In the
following section, we are going to discuss the definition of harmonics, sources of harmonics,
harmonic amplification due to system resonance impedances, harmonic indices, and the
mode for measurement of harmonics.

Harmonics are sinusoidal voltages or currents having frequencies that are integer multiples of
the frequency at which the supply system is designed to operate (termed the fundamental
frequency usually 50 Hz) [4]. Periodically distorted waveforms can be decomposed into a sum
of fundamental frequency and the harmonics. Harmonic distortion originates in the nonlinear
characteristics of devices and loads on the power system.

2.3 Harmonic Distortion:

Harmonic distortion is caused by nonlinear devices in the power system. A nonlinear device is
the one in which the current is not proportional to the applied voltage. For instance if a purely
sinusoidal voltage source is connected to the simple non linear resistor, the resultant current
flowing through such a resistor is distorted. Increasing the voltage in such a case by few
percent may cause the current to double and take a different shape.

If a harmonically distorted waveform is periodic i.e., identical from one cycle to the next, it
can be represented as a sum of pure sine waves in which the frequency of each sinusoid is an
integer multiple of the fundamental frequency of the distorted wave. This multiple is called
harmonic (h) of the fundamental.

The sum of sinusoids is referred to as Fourier series. When both the positive and negative
cycles half cycles of a waveform have identical shape, the Fourier series contains only odd
harmonics. This offers a further simplification for most power system studies because most
common harmonic-producing devices look the same to both polarities. In fact, the presence
of even harmonics is often a clue that there is something wrong- either with the load
equipment or with the transducer to make the measurement. There are notable exceptions
to this like half wave rectifiers and arc furnaces when the arc is random.

Usually the higher order harmonics are negligible for power system analysis. While they may
cause interference low power electronic devices, they are usually not damaging to the power
system. The Fourier series of any function x(t) is shown in equation 2.1.

x(t) = ag + Xp=q1[an cos(hwt) + by, sin(hwt)] 2.1

Harmonics can be broadly classified into three categories. If ‘f’ is the fundamental frequency
and ‘fy’ is the frequency of the harmonic and ‘h’ is the harmonic number then, the
classification of harmonics can be written as follows.
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e Integer Harmonics fn =hf where h is a integer value and h>1
e Inter harmonics fn =hf where h is a non integer value and h>1
e Sub harmonics fn =hf where h is a non integer value and O<h<1

2.4 Harmonic Indices:

The two most commonly used indices for measuring the harmonic content of a waveform are
the total harmonic distortion(THD) and total demand distortion(TDD). Both are measures of
the effective value of a waveform and maybe applied to either voltage or current.

2.4.1 Total Harmonic Distortion:

The THD is a measure of the effective value of the harmonic components of a distorted
waveform. That is, it is the potential heating value of the harmonics relative to the
fundamental. This index can be calculated for either voltage or current and is shown in
equation 2.2:

hmax y,2
Yhs1 Mp

THD = (*———) 2.2
1

Where My is the rms value of harmonic component h of the quantity M [6].

The rms value of a distorted waveform is the square root of the sum of the squares of the
function at different time. The THD and RMS value is related as shown in the equation 2.3.

RMS = M; N1+ THD? 2.3

The THD is a very useful quantity for many applications, but its limitations must be realized. It
can provide a good idea of how much extra heat will be realized when a distorted voltage is
applied across a resistive load. Likewise, it can give an indication of the additional losses
caused by the current by the current flowing through a conductor. However, it is not a good
indicator of the voltage stress within a capacitor because that is related to the peak value of
the voltage waveform, not its heating value[6].

The THD index is most often used to describe voltage harmonic distortion. Harmonic voltages
are almost always referenced to the fundamental value of the waveform at the time of the
sample. Because fundamental voltage varies by only a few percent, the voltage THD is nearly
always a meaningful number[6].

2.4.2 Total Demand Distortion:

Current distortion levels can be characterized by a THD value, as has been described, but this
can often be misleading. A small current may have a high THD but not be a significant threat
to the system. Hence instead of referring THD to the fundamental of present sample the
TDD refers to the fundamental of the peak demand current. This is called total demand
distortion (TDD) [6].The expression for TDD is shown in equation 2.4.
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thtaxlz
Tpp = Y= * 2.4
IL
ILis the peak, or maximum, demand load current at the fundamental frequency component

measured at the point of common coupling (PCC).

2.5 Resonances In Wind Power Plant:
2.5.1 Parallel Resonance :

All circuits containing both capacitances and inductances have one or more natural
frequencies. When one of these frequencies line up with a frequency that is being produced
on the wind power system, a resonance may develop in which the voltage and the current at
that frequency continue to persist at very high values. This is the root of most harmonic
distortion in most wind power systems.

A wind power plant normally include a power factor correction capacitor that are connected
shunt to the system. Figure 2.7 shows such a power system. From the perspective of harmonic
sources the shunt capacitor appears in parallel with the equivalent system inductance (from
transformer) at harmonic frequencies as shown in figure 2.8 (b). Furthermore, since the power
system is assumed to have an equivalent voltage source of fundamental frequency only, the
power system voltage source appears short circuited in the figure [6].

Parallel resonance occur when the reactance of capacitor and impedance of the distribution
power system cancel each other out. The frequency at which this phenomenon occurs is called
parallel resonant frequency. It can be expressed as follows

foires = (i)( L;c> 2:5

Where fy res= parallel resonant frequency

Leq =inductance of combined equivalent source and transformer

C= Capacitor Bank Capacitance

S PR
L

e
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Figure 2. 7 System with potential parallel resonance problems [6]
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At the resonant frequency, the apparent impedance of the parallel combination of the
equivalent inductance and capacitance as seen from the harmonic current source becomes
very large,i.e.,

Xpeq+R _ Xc?  Xfeq

Zp = Xc A B . =

Q Xc=0Q Xpeq 2.6
Keep in mind that reactances in this equation are computed at the resonant frequency.

Q is often known as the quality factor of a resonant circuit and determines the sharpness of
the frequency response. Q varies considerably for different location. From equation 2.6 it is
clear that during parallel resonance, a small harmonic current can cause a large voltage drop
across the apparent impedance, i.e., Vp=Q Xieq In. The voltage near the capacitor bank will be
heavily distorted and magnified. The resonant current also gets magnified Q times. This can
cause fuse blowing and capacitor failure.

Magnified

voltage at
/substalion bus
X7

Xsaurce g |
I l’,

Magnified \ Xc
harmonic ' )
current Harmonic
source
(@)
R N XT
I I
— — | |
Iy G Xe 1 Qh ‘ Xieq
4—" XSGUFCE

Figure 2. 8 (a) The shunt capacitor appears parallel to the system inductance at harmonic frequencies (b)
Parallel resonant circuit as seen from the harmonic source [6]

2.5.2 Series Resonance :

There are certain instances when a shunt capacitor and the inductance of a transformer or
distribution line may appear as a series LC circuit to a source of harmonic currents. If the
resonant frequency corresponds to a characteristic harmonic frequency of the non linear
load, the LC circuit will attract a large portion of the harmonic current that is generated in
the distribution system. A customer having no non linear load, but utilizing power factor
correction capacitors, may in this way experience high harmonic voltagedistortion due to
neighboring harmonic sources. This situation is depicted in figure 2.9.
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Figure 2. 9 System with potential series resonance problem
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During resonance, the power factor correction capacitor forms a series circuit with the
transformer and harmonic sources. The simplified circuit is shown in figure 2.10. The series
combination of the transformer inductance(L) and the capacitor bank(C) is very small and only
be limited by resistance. Thus the harmonic current corresponding to the resonant frequency
(Ir) will flow freely in this circuit. The voltage at the power factor correction capacitor is
magnified and highly distorted.

Ll

X

Figure 2. 10 Simplified model of series resonant circuit seen by the harmonic source

2.6 Harmonic Sources in Wind Power Plant:

From section 2.1.1 we now have an idea of different components that are available in a wind
power plant and we have gotten an idea of what is harmonics and index with which we
measure harmonic distortion in voltage and currents. Now it is time to discuss the sources of
harmonics in a wind power plant.

2.6.1 Power Electronic Converters (VSC):

One of the main sources of harmonics in a wind power plant is power electronic converter
(VSC). Hence, type three and four wind turbines harmonics are primarily from these types of
devices.

32



A three phase two level voltage source converter consists of three legs, one for each phase,
as shown in figure 2.11. the name refers to the fixed polarity of the DC voltage source. With
respect to the negative DC bus N, the AC voltage of each phase alternates between the two
available voltage levels of 0 or V4 depending on whether the upper or lower switch of each leg
is turned on. The output voltage waveforms are technically square waves, but relatively good
approximations of sinusoidal outputs can be obtained with the combined efforts of output
filtering and PWM modulation at a frequency much higher than the fundamental. For further
working and understanding of the VSC, the author would suggest the reader to refer to [7].

|d P

' Vy _- T’“) )SDM TB*) }SDM TC*) ;SDG
VWl T/ AR, | Bo, /| Bo.
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Figure 2. 11 Three Phase Voltage Source Converter

20

In a three phase converter, only the harmonics in the line to line voltage are concern [3].
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Figure 2. 12 Harmonic spectrum in line to line voltage of three phase VSC

The harmonics produced by the converter can be classified as characteristic and non-
characteristic harmonics. Characteristic harmonics are the harmonic distortion in voltage
caused by the switching action of the converters as shown in figure 2.12. In figure 2.8 these
harmonics are shown as sidebands of mf. Non characteristic harmonicsare produced based on
the operating point and control behavior of the converters. These are not related to the
switching pattern of harmonics.

For a six pulse inverter the following harmonic content can be found.

1. Presence of harmonics of order 6k+/- 1 where k is an integer.
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2. Generally, the 6k+1 harmonics would be positive sequence and 6k-1 would of negative
sequence. Zero sequence component or the triplen harmonics(h=3) are generally
absent or removed due to delta windings.

3. Generally, the harmonic content of a ‘n’ pulse converter is nk+/-1.

2.6.2 Transformer:

In a transformer with hysteresis losses the flux wave gets distorted and hence the current
flowing also gets distorted. This distorted current wave produces harmonics. This distorted
wave primarily consists of zero sequence third harmonic component that is suppressed with
the help of delta windings. Also the over excitation of the transformer results in saturation of
the transformer core resulting in symmetrical distorted current consists of odd harmonics.
Assuming the triplen harmonics are suppressed by the delta windings the remaining odd
harmonic components have to be suppressed separately.

2.6.3 Electrical Machines:

Any electrical machine be it synchronous or induction machine has windings in the coil. These
windings can be modeled as inductance. Hence, this results in the situation of resonance as
that explained for the transformer. An induction generator under operation absorbs reactive
power from the external circuit. Since this reactive power cannot be provided by the grids for
maintaining unity power factor, external power factor correction capacitor or reactive power
supplying capacitors are provided to provide reactive power for the machine. This capacitor
and the inductance of the winding can cause a resonance that can worsen the harmonic
distortion of voltage or current.

In addition, when gate controlled series capacitors are employed in the power systems to
mediate power flow from an induction machine, these FACTS devices interact with induction
machines winding inductance and produce sub synchronous resonances. This increases the
distortion of the lower order odd harmonics.

2.6.4 Cables:

Submarine cables are used in the power system to transmit power from the offshore
substation to the onshore substation. For a short transmission line the line can be modeled as
a linear impedance but for a very long line more than 250 Km the transmission line has to be
modeled as pi circuit with capacitances [6]. The lines are generally represented as a couplets
of many pi cell networks in series depending on the size and the length of the cable. These
lumped parameters like inductance and capacitances can cause resonance. Also the
resonances from the lumped parameters with capacitors of the FACTS devices and the filter
that help to mitigate harmonics, which will be discussed shortly, causes amplification of the
distortion.
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2.7 Problems of Harmonics:

For a proper functioning of electrical equipment in the power system and at the customer side

level, the THD has to be low such that the voltage and current distortions are low. It is worth

mentioning at this point why there is an urge to reduce the harmonic distortion levels. At the

wind farm level, the high harmonic distortion levels cause high harmonic penetration into the

grid. The grid harmonics cause the following problems in the utility.[2]

1.

w N

8.

NoU» s

Overheating of machines.

Improper functioning of electrical components.

Electromagnetic interferences in the low power supplies owing to high frequency
harmonic components.

Flickers

Improper functioning of protection equipments leading to damage.

Shortening of life of equipments.

Higher losses in cables, transformers and other copper losses.

Saturation of transformers

To avoid these problems the harmonics have to be reduced at the grid level and should not

be allowed to penetrate from the wind power plant to the grid.
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Chapter 3 Modeling of Wind farm

It was understood from the previous chapter that harmonics are injected in a power
system network through various electrical components. A detailed analysis of different
sources of harmonics corresponding to different types of wind power plant was also
elucidated. Having said that, now it is time to construct a simulation environment through
which our test case Anholt offshore windfarm can be tested for various requirements. The aim
of this chapter is to introduce the system under study, namely the Anholt offshore windfarm.
The chapter then elucidates different aspects and electrical parameters of the Anholt offshore
windfarm. Having understood the characteristics of the windfarm, the chapter revolves
around clarifying the source of harmonics in the power system, electrical modelling of VSC in
the simulation platform using different transformations (explained further in this chapter) and
modelling the entire wind park in the simulation environment based on logical conclusions.
Once the wind park is constructed in the simulation platform, the harmonics and the
corresponding current and voltage distortions are observed and valuable conclusions would
be derived. It has been pointed out in scientific paper [9], that certain uncertainties exist in
modelling harmonic sources in wind power plant that include:

e Aggregated converter modelling for numerous windfarms.

e Effect on harmonics owing to change in wind speed resulting in change in output
electric power.

e Effect on resultant harmonics due to addition of different windfarms in the entire
power systems.

e Possibility of harmonic cancellation due to change in phase angle in harmonic current
at the Point of common coupling (PCC).

Hence, this chapter would elucidate different aspects of harmonics associated with our test
system and lay the groundwork for future research in the field of harmonics and mitigation
techniques.

3.1 Anholt Offshore Wind Farm-The Test System

Before analyzing the harmonics associated with the windfarm it is of primary concern
that we explain the test case namely the Anholt offshore wind farm. In the following
paragraph the equipment used and the complete electrical layout of the test system is
explained.

The figure 3.1 gives the overall picture of the Anholt offshore windfarm. The Anholt offshore
windfarm consists of 111 wind turbines, with 3 PCC. Each PCC has four radials of 37 wind
turbines each. The wind turbine(WT) used in the anholt windfarm is that of SIEMENS 3.6 MW
(Siemens SWT-3.6-120). The wind turbine is equipped with full scale back to back converters
(VSC). The converter is assumed to have IGBT transistors for switching with an overall capacity
of 5 MVA. The DC side voltage of the converter is 5.2 kV, and the rated AC side voltage is 3.3kV.
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The VSC uses PWM switching with frequency 2.5 kHz. The AC side of the VSC is in turn
connected with a Y-A transformer of rating 3.3/33kV. This isolation is provided and assumed
for simulation purposes to meet the system requirements. The wind turbines are connected
in the form of radials using different cable types of 150 mm?, 240 mm?, 500 mm? copper
cables. The 3 PCC ‘s are connected to the Y-A transformers of rating 33 kV/220kV (140 MVA)
respectively. The transformers are in turn connected to a submarine cable of length 24.5 km
3x1600 mm? aluminum conductors. The onshore underground cable is of length 58km of
3x2000 mm? aluminum conductors. The connector between the submarine and onshore cable
is provided with a shunt compensation of 120 MVAr. The onshore substation is connected
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Figure 3. 1 One line Diagram of offshore Windfarm [7]

with 2x450 MVA transformers and 4x60MVAr shunt compensation. [8]
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S No Component Datasheet to be used

1. Wind Turbine SIEMENS 3.6 MW (Siemens
SWT-3.6-120)

2. 2 Level Converter Siemens

3. Cables Radials Nextan 34 KV[1]

4, Cables submarine NKT 220KV [1]

5. Cables Onshore ABB 220 KV [*]

6. Transformers ABB[*]

7. Shunt Compensations ABB[*]

Table 3. 1Electrical component data

[*] Due to unavailability of data of correct equipment the datasheets of these components are
used for simulation related purposes

The above table shows electrical ratings and the components that are taken into consideration
from [1] and certain components are assumed to be present in such a manner, due lack of
data.

3.2 Modelling of Wind Turbines

Having explained the structure of the Anholt offshore wind farm, it is time to discuss
about the possibilities of modelling the wind turbines. As explained previously in chapter 2,
the modern type 4 wind turbines are equipped with back-to-back converters. The back-to-
back converters consist of a rectifier connected to the wind generator. This facilitates AC-DC
conversion. A DC bus then connects a VSC inverter that perform DC-AC conversion. Hence, in
a simulation platform the windturbine can be modelled as a cascaded version of a
synchronous or induction machine to rectifier to DC Bus to an inverter. However, it is more
practical and less time consuming to model a wind turbine as a VSC as we are practically more
interested in the harmonics caused by the switching action of the same. Hence, each wind
turbine is modelled with a VSC whose parameters were described in the section 3.1.

Again it is to be noted that primarily each wind turbine is designed as per the
parameters described in section 3.1, i.e each VSC is designed to conduct an active power of
3.6 MW at 3.3 kV AC side voltage. After analyzing the results further evaluations and
conclusions of aggregate modeling can be made. For modeling of VSC and performing the
control of active power and current control, the d-q transformation and vector control
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technique has to be applied. Such a technique guarantees that the VSC works and produces
the required parameters as explained in section 3.1.

Hence steps to be performed in creation of such a model are as follows:

1. Avoltage source converter (VSC) is designed with a DC bus voltage of 5.2kV and an AC
RMS voltage output of 3.3 kV phase —phase. The parameters are assumed, as detailed
data is not available.

It is known from [1] that each wind turbine produces 3.6 MW of active power.

3. The VSC uses PWM switching technology to produce output voltage.

4. The VSC has a phase reactor that helps in realizing the required active power of the
wind turbine (3.6 MW).

3.3 Control of Voltage Source Converter (VSC)

VSC can be controlled or more precisely the switching action of transistors in the
converter can be controlled using various techniques. The Pulse Width modulation technique
is used by the author of this thesis to achieve the results described in section 3.2. In addition,
there are lots of methodologies through which current control, active power control, reactive
power control and AC voltage control can be done in a VSC. The predominantly popular and
used technique in the research world is vector control of VSC. The vector control of VSC
involves series of Clarke and Park transformations.

Extensive research on VSC modelling has been done in [3] and [4]. The authors propose tuning
rules of Pl regulators used in a cascade control system consisting of an outer voltage loops and
inner current loops. The control theory used by the author is explained in the following
sections.

3.3.1 Theory of Control Strategy and Tuning:
The initial step of controlling of VSC involves various transformations.

1. Clark transformation which involves converting inputs from abc to ap coordinate
system.
2. Park transformation that involves conversion of aff to dq coordinate system.
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Figure 3. 2 DQ Transformation graphs [17]

3. Theinverse Park and Clark transformation helps to convert back to the stationary abc

coordinate system.

The active power and the reactive power flowing out of the system can be controlled using a
modelled RL unit. The advantages of using this system is as follows.

1. DQtransformation helps in controlling the parameters more accurately.
2. The modeled system use per unit values in order to have an accurate control and easy

numerical advantages.
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Figure 3. 3 Park and Clarke Transformation Analysis[17]

Let’s assume a voltage source converter with AC side voltage Vabc and converter end voltage
Veonv . Then

__ Vabc.Vconv.sind

P = <L (3.1)
Vabc.Vconv.cos6—Vabc?
Q= v 32)
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Where XL and § are the line reactance and phasor angle of Vabc relative to Vconv respectively.
It is evident from the above equations that active power can be controlled by controlling the
phasor angle and reactive power by the difference in the voltage magnitudes.

3.3.2 Vector Control:

From perspective of control, the system behavior can be modeled by applying Kirchhoff’s
voltage law across the RL branch.

Vabc = —Riabc — L (%) iabc + Vconv (3.3)

Converting the above equation from stationary abc frame to dq axis reference frame which is
rotating at frequency w results in the following equation.

()=l I R oo

The dq reference frame is selected in such a way that the d axis is aligned witht the voltage

own

phasor of phase “a” at the Vabc sisde. The instantaneous angle © of the rotating d axis with

respect to the fixed a-axis is calculated using a PLL(Phase Locked Loop). With this alignment

Vd =Va (3.5)
Vg=0 (3.6)
The instantaneous active power and reactive power flows from converter to grid are then
given by,
p= (g) vd.Ild (3.7)
q= — @) vd.Iq (3.8)

Feed Forward systems are used to control and eliminate cross coupling terms. The d axis and
g axis currents and with them the active and reactive power of the converter, can then be

controlled.
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DC woltage {outer control v P
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control  [PWhq generator s
loop) = >
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L

quef
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measurement

cosd, sinf

Figure 3. 4 Vector Control principle explained[14]
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The Vector control offers decoupled control of active and reactive power and a faster
dynamics. In the further sections the different types of control loops present in the vector
control system are explained and how the PI regulators are tuned to achieve the desirable
results.

3.3.3 Inner Current Control Loop:
The inner current controller is modelled using the equation (7).
The following steps are followed to get input signals to the inner current control block.

1. The stationary abc voltage is converted to rotating dq axis voltages namely Vd,Vq.
2. The stationary abc currents are converted to stationary dq axis currents.
3. PLLis used to get the synchronizing angle © for transformation purposes.

Fig (3.9) shows the d axis and q axis current controllers. Generally an inner current controller
consists of a d axis current control and a g axis current control using Pl regulators.

N 1
—
I—l—®
I,—|
I——

Grid side
converter

Va be

’
Vconv

converter

Figure 3. 5 Vector Control Implementation for the case system[14]
3.3.4 Active and reactive power Control:

If a system is designed to produce active and reactive power according to certain limits, as
that of our case, then active and reactive controllers are implemented. The active and reactive
power controller blocks give us the reference current Idrrand Iq rerrespectively. By controlling
the d axis and g axis currents as expressed in formulas shown in (3.7) and (3.8) the active and
reactive power can be controlled. The active and reactive control blocks are shown in the fig
3.6 and fig 3.7
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Figure 3. 6 Active Power Control implementation[9]
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Figure 3. 7 Reactive Power Control implementation[9]

3.3.5 Per Unit Representation:
As explained previously using per unit representation helps a user to minimize numerical

errors and follow the system requirements in a most desirable and accurate way. Hence the

author has used per unit representation of the system entirely in this thesis.
pou = Actual Value (3.9)
Base Value

Hence in p.u representation the active power, reactive power would expressed as follows.
Pp.u=Vdp.u . Idp.u (3.10)
Qp.u=—-Vdp.u . Igp.u

(3.11)

3.3.6 Tuning of Controllers:
The Pl regulators used in the system have to be controlled appropriately using certain control

strategies to achieve the desirable results. Modulus optimum criterion is one such tool that
make the tuning of controller to the accurate and desirable level to achieve the desirable
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results. Before explaining about the criterion, it is important to understand the control
systems and transfer functions involved in the inner control block.

This block diagram in figure 3.8 can be used to represent the individual control loop of each
axis current. An analytical expression of the complete open loop transfer function from the
error signal e to output is desired, in order to analytically identify effective values of regulator
parameters Kp and Ti.

Hol(s)
e ——— N e e e -
Pl ’ PWM
ld/q* e Veonv Veonv System |d;‘q
regulator ——| converter —4 6(s)
R(s) Y(s)

Figure 3. 8 Block Diagram of control System[11]

The PI regulator transfer function is given by,

1+Tis)
Tis

R(s) = Kp ( (3.12)

From the control Point of view, the PWM converter can be considered an ideal transformer
with a time-delay. A reasonable approximation of its behavior can be achieved using a first
order function with a time constant Ta set equal to half of a PWM switching period 1/fsw.

Y(s)= (1+;as)' Ta= (Zflsw) (3.13)

The system is governed by equation 3.14. With feed forward term to achieve decoupling, the

system transfer function can be shown to be,

1 1 L
6 =(3)- () T=% (314)
The open loop transfer function Hol from regulator tuning point of view is therefore given by,
1+Tis 1 1 1
Hol(s) = Kp. ( Tis ) (1+Tas) ) (E) ) (1+TS) (3.15)

A per unit system where the peak Voltage and current on AC side of the converter is selected
as bases results in the rated dq axis currents and voltages being equal to unity.

Sb = Power Base of the system (3.16)
V b = Nominal AC side peak phase Voltage (3.17)
Ib = Nominal AC side peak current = (%) (3.18)
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Zb = Base impedance = (‘I/—:) (3.19)

wbase = base frequency in% = 2nf1 (3.20)

With these base values, the open loop transfer function Hol,pu can be expressed as,

Hol, pu(s) = K (1+Ti,pu5)< 1 )(1)( 1 )
0L PURS) = APpU.- Ti,pus /\1+ Tas/ \Rpu/ \1 + tpuS

The transfer function has one dominant and slow time constant and hence can be tuned using
modulus optimum criterion. This statement is the condition which makes a system to be
solved by the criterion or not.

Since it is proven that the modulus optimum criterion can be used for the system, the
regulator parameters formulas dictated by the criterion are shown below.

Kp,pu = 2= (3.21)
Ti,pu = tpu (3.22)

3.4 Validation for Anholt Station VSC:

After analyzing the theory behind control of VSC, the test system under consideration (Anholt
offshore Windfarm) VSC modelling and control has to be done. The following parameters are
enlisted to have a detailed understanding of the VSC that is presented in the one wind turbine
of the test system.

1. Itis assumed that VSC operates with an output AC phase to phase RMS voltage of 3.3
kV and a constant DC bus Voltage of 5.2 kV.

2. It is known from [1] that wind turbine produces 3.6 MW. Hence the VSC is designed
for an active power of 3.6 MW and a reactive power of 0 MVAr

3. VSC has a phase reactor that can be modeled to adjust reactive power and active
power flowing into the system.

Hence from the above assumed parameters, and using formulas (3.16) to (3.22)

P =3.6 MW (3.23)
3300
Vb=(———>¢§=269kv
V3
1b-—2pb-—890
~ 3Vbh
Zb = b—3wn
T Ib
Zb
Lb=—=96mH
wb

Tuning parameters that are calculated using modulus optimum criterion would be
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Kp,pu = 0.79
Ki,pu = 50

Using the above parameters the VSC modelling was done and the following results were
achieved. The active power regulation and the reactive power regulation were achieved.
The AC voltage was also controlled at 3.3 kV Ph-Ph. The THD of Voltage distortion and
current distortion was also captured.

3.4.1 Test Result for an ideal system:

Having explained the tuning techniques and derived the parameters for the test
system, these parameters can be tested in a single wind turbine and the results can be
analyzed. A setup of a VSC with a DC bus and L filter is connected to a stiff grid of 3.3 kV.
Design of such a system would give us an overview of characteristic harmonics present in
the wind turbine. In addition, such a system would allow us to ensure that the controllers
are tuned properly and the parameters like active power, reactive power, AC voltage and
current are controlled and follows the set value as shown in section 3.2.

The overview of the implemented VSC block is shown in figure 3.9. The tuning and the
control methodologies are shown in figure 3.5-3.7. The tuning blocks were implemented
and the results are shown.

‘ I 3 Phase Transformer

L
. 3.3kv/33 kv
™™ 23 kvig-o

. 1 . R
AN— — T~
’ YY) / 5 \\
s2kv =L ey ! ) ©
. i ™ "M

R=0.02
pu=0.08

L=0.1
p.u=9 mH

Figure 3. 9 Overview of the implemented VSC

It can be seen in the figure 3.10 that the controller were tuned perfectly and the voltage in d-
g domain follows 1 p.u and 0 respectively. The Vqhas a small ripple of 5 mV. This is because of
the noise incurred in the system. Such noises are bound to occur, especially in a big system
like the test system under consideration.
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Figure 3. 10 d and q voltage

Also it can be seen from figure 3.11 that the d and q currents follow the set value of 1 p.u and
0 p.u. It is to be noted that Pl controllers are designed using modulus optimum criterion to
make the d and q axis currents to follow these set values. In addition, it is to be noted that d
and g axis currents correspond to active and reactive power setting of the converter. Hence if
the Vd and Id are tuned and follows the set value then active power follows the set value of
3.6 MW.

D axis Current
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Time in seconds

Q axis Current
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Figure 3. 11 d and q axis currents
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Having shown that the d and g axis currents and voltages follow the set parameters, it is a
priority now to analyse the phase to phase voltage at the end of R and L shown in figure 3.9.
Also the current through this impedance was measured and the voltages and the currents are
shown in figure 3.12. It can be seen from figure 3.12 that the currents are not perfectly

sinusoidal despite following the required parameter set value of ( 1b=809 A and Vb ¢-¢= 4.3
kV ).
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Current

-1000
L 1 L 1 1 L 1
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o
1

-2000 — 1

-4000 — T
I 1 | 1 1

294 2,96 2.98 3 3.02 3.04 3.06 3.08 34 3.12 3.14
Time in seconds

Figure 3. 12 Voltage and current waveforms at RL

After the above analysis of phase to phase voltage and the current, it is time to verify whether
the active power and reactive power has followed the design value of 3.6 MW and 0 MVAr.
The results that were simulated are shown in the figure 3.13 below .
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Figure 3. 13 Active and Reactive Power Measured
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It can be seen from the above figure that the active and reactive power follows the set value
and the VSC is perfectly tuned. Having said that the current and voltage measured at the end
of the L filter is not perfectly sinusoidal it is natural task to get an insight about the THD
associated with the current and voltage waveforms. The THD of current and voltage
waveforms are shown in figure 3.14 and 3.15 respectively.

The following observations can be made from figure 3.14.

e The THD in the current waveform measured at the AC side of the L filter was found to
be 4.0 %.

e Thereis a dominant 5™ and 11" order harmonics present in the current waveform.

e In addition, there is a dominant sideband harmonics found around 100%* and 200t
harmonic order.

e These harmonic orders are multiples of the switching frequency of the converter. The
switching frequency of the converter is 2500 Hz that corresponds to 50™ harmonic
order.

e Itis also to be noted that the harmonic order around 100* and 200t harmonic occur
at odd harmonic band. This gives us the convenience of mitigating these harmonics as
filters at this harmonic frequency are less in size and power rating.

Fundamental (50Hz) = 887.2 , THD= 4.00%
T T I T T

T T T T

261 -

Mag (% of Fundamental)
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JLMJAL.LL]..u.\ulllllllu|ll. [T1TERPea e Illnll [ II PR L5 T I.I “1 i P T T P 9
20 40 60

80 100 120 140 160 180 200
Harmonic order

Figure 3. 14 Current THD Fourier Plot

Having discussed the observations in the Fourier analysis of current waveform, the voltage
waveform and its corresponding Fourier analysis have to be discussed. The THD and the
Fourier analysis chart of the voltage waveform is shown below.
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Fundamental (50Hz) = 466.8 , THD= 8.51%
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Figure 3. 15 THD spectrum of the voltage waveform
The following observations can be made from the Fourier analysis chart of voltage waveform.

e The THD in the voltage waveform measured at the AC side of the L filter was found to
be 8.51%.

e There is a small but significant contribution by 5% and 11 harmonics corresponding
to 0.22 % of the overall THD.

e There is a large contribution to voltage distortions from sideband of 100™ and 200t
harmonics. As mentioned previously these are the multiples of switching frequency
harmonics and have to be dealt with when mitigation techniques are designed.

3.5 Aggregation Modelling:

In the previous section the control parameters and the associated results for a single wind
turbine was found out. However, the test system under consideration namely the Anholt
offshore windfarm has in total 111 wind turbines. Therefore, it is of utmost importance to
model the simulation platform in such a way that all the wind turbines are represented. Such
a simulation would give us a better and accurate insight of harmonics associated with the
windfarm, resonance points and other electric parameters at different positions of the
windfarm. Therefore, a considerable effort were taken by the author to implement a
simulation model that closely represent the system at the same time is more accurate.

3.5.1 Need For the Aggregated Model:

It is of known fact by this time that the entire anholt windfarm has three PCC’s with 4 radials
each. And itis also known to the readers that each radial consists of 9 wind turbines connected
symmetrically. Since we have simulated the results and modelled the system corresponding
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to a single wind turbine it is considered to be obvious that a model can be made for the entire
windfarm by any one of the following design methodologies:

1. Modelling a single converter for each radial and redesigning electric parameters
like AC voltage, Active and reactive power by stepping up the value to that of nine.
For instance active power can be redesigned in equation 3.23 and the value can be
changed to (9*3.6=32.4 MW).

2. Another possibility that seems obvious is that all the wind turbines can be modelled
in each radial. This means that the total simulation platform will have nine wind
turbines, each designed for 3.6 MW, in every radial. Hence a total of one hundred
and eleven VSC each designed for 3.6 MW.

However, before concluding the model with such a design parameter, a number of
shortcomings have to be noted. The following limitations have to be taken into consideration:

1. The simulation time and the simulation speed for different design perspectives
discussed above corresponding to design methodology 1.

2. The sampling time of the simulation platform and convergence issues
corresponding to design methodology 1.

3. Theerror associated with merging many wind turbines into one. This includes error
in THD and the change in harmonic orders while such merging is done
corresponding to design methodology 2.

4. Avoiding overdesign of components in harmonic mitigation structure.

The sample time of the simulation platform was chosen to be 10 microseconds and the time
constant for the first order filter to remove higher frequencies in d and g parameters were
chosen to be one fifth of the switching frequency. This resulted in a time constant of 31 mille
seconds. Before discussing about the simulation time, we need to give prior importance to the
accuracy in measuring harmonic distortions. Let’s first assume a system that is aggregated
with a single converter designed for nine wind turbines. When such a system is analyzed, it
gives us a clear view of discrepancies in aggregating a model without taking into consideration
the validity and correctness.

Therefore, author took an additional step of finding the right aggregated model that closely
represent the system. The parameters that contributed to selection of such an aggregate
model include THD and AC Voltage at the PCC. Henceg, if different systems with single VSC and
the aggregated model are compared on these two parameters, then the model with least error
would be the system which closely represents the actual wind farm. This can be done by
comparing the power, voltage and current produced by the wind farm model designed with
1,2,....9 single VSC’s and that of a single converter designed to provide the same power as that
of 1,2,3,....9 VSC'S. When such a comparison is made and the THD and voltages are compared,
then one with the least errors correspond to the best aggregation model.
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3.5.2 Test Result of Aggregation Modelling

Having explained the procedure through which the right model is found out, it is time to
validate the methodology by appropriate results. Before Plotting the comparisons for all the
9 congregated model from single wind turbine , lets understand the methodology by taking a
sample case of three wind turbine system. First three single wind turbines of 3.6 MW each are
connected to a common bus (in our test case the PCC) and the voltage and current distortions
are measured at the bus. The voltage and current THD are shown in figure 3.16 and 3.17
respectively.

Parameter | THD | H5 | H7 | H11 |H17 | H19 | H48 | H52 | H99 | H101 | H200
(%)

Voltage 10.60 | .65 | .48 | 31 |.17 |.27 |1 19 |52 |51 4.9

Figure 3. 16 Voltage THD at PCC when three Single WT’s are connected each rated 3.6 MW

Parameter | THD | H5 | H7 | H11 | H17 | H19 | H48 | H52 | H99 | H101 | H200
(%)

Current 54 .6 45 1.25 |18 |.17 | .3 A4 2 1.9 1.7

Figure 3. 17 Current THD at PCC when three Single WT’s are connected each rated 3.6 MW

Now the voltage and current distortions at PCC when a single VSC which is designed with
power capability equivalent to three wind turbines (i.e.) 10.8 MW is shown below in figure
3.18 and 3.19 respectively.

Parameter | THD | H5 | H7 | H11 | H17 | H19 | H48 | H52 | H99 | H101 | H200
(%)

Voltage 1040 | .68 | .48 | .34 | .1 2 13 |15 |58 |53 4.4

Figure 3. 18 Voltage THD at PCC when a single VSC equivalent to three WT’s are connected

Parameter | THD | H5 | H7 |H11 | H17 | H19 | H48 | H52 | H99 | H101 | H200
(%)

Current 5.6 .58 | .49 | .2 A8 | .16 | .28 | .38 |2 1.7 1.68

Figure 3. 19 Current THD at PCC when a single VSC equivalent to three WT’s are connected
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From figures 3.17, 3.18, 3.19, 3.20 the following conclusions are made:

e The current and voltage distortions of both structures namely a VSC designed for an
aggregation of three WT (actual) and three single WT’s(equivalent) are almost similar
with a small deviation.

e It can also be noted that the current and voltage follows the set value or the designed
of one p.u.

e In addition, there is a large amount of sideband and interharmonics seen in the ten-
cycle window. All the measured THD’s are in a ten-cycle window according to the IEEE
standard. Such side harmonics indicate that the VSC are perfectly designed.

Having clearly underscored the necessity of such a model aggregation now we can analyze
how current and voltage THD for actual wind turbines and equivalent (aggregated) VSC
designed, vary. Figure 3.20 shown below highlights the variation.

Current THD(%) Voltage THD(%)
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Figure 3. 20 Variation of current and voltage THD for actual and equivalent wind turbines

The above figure shows that the actual wind turbine design and the equivalent WT design
closely follow each other until four WT’s are under consideration. Above four WT’s the voltage
and current THD’s deviate by a large error from one another.

To get an in depth comprehension of the error associated with the THD, the error data is
plotted. Error in our context imply the change in THD of equivalent to the actual.

THD of actual WT designed = Vactual
THD of equivalent designed WT (aggregated model) = Veqwt

Veqwt

Error = (3.24)

Vactual

Hence, an error of one implies that the actual and the equivalent model designed, are closely
following the THD parameters. Thus, an error of one implies a perfect aggregation model. The
error plot is shown in figure 3.21.
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Figure 3. 21 THD error plot for actual and equivalent WT

Figure 3.22 show how the error in current THD (rate i) and voltage THD(rate v) vary. For a
perfect design and aggregation model both voltage and current THD error should be
minimum. Hence, change of rate v over rate | or hereafter-called rates of rate(RR) is used to

determine the best aggregation model.

rate v (325)

rate i

rates of rate(RR) =

The second plot in figure 3.22 shows the movement of RR loci for different sets of wind
turbine. The aggregation model at which the loci is one or close to one, suggest that the

voltage and current THD error is low at these points.
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Figure 3. 22 RR and rate of | and v error data
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Figure 3.23 shows the bar chart that compares the different voltage and current THD errors
corresponding to actual and equivalent WT's.
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Figure 3. 23 Bar chart of actual and equivalent WT, with V and |, THD errors

From the above graphs, the following can be concluded:

e The error and rate data can give an insight into choosing the best aggregation modelling.

e |t can be seen from the graphs, that the actual and equivalent WT’s are following one another
closely with minimal deviation, until an aggregation of four WT’s.

e Above four the actual and equivalent models do not complement each other. Improper
aggregation modelling (above four to nine) can lead to mistakes in the system design,
overdesigning of components and lack of accuracy in computations. Thus, it was concluded
that each radial would have three VSC, each aggregated to an equivalent value of three WT’s.

e Thus, instead of nine 3.6 MW WT’s connected to a radial ,now three VSC with an active power
capacity of 10.8 MW each would be connected to the common bus.

e This aggregation modelling effectively reduces the simulation time.

In order to attain the scope of the project and to reduce the simulation time the anholt test
system was further minimized to two PCC'’s. This reduction further enhances the efficiency of
the simulation platform and helps in achieving the desirable results. The new or modified test
system under consideration is show in figure 3.24.
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Figure 3. 24 Modified Test System- Anholt Offshore Wind Farm

3.6 Harmonic Cancellation:

As shown in figure 3.25 the test system under consideration has eight radials. It was proposed
in [2] that there is a possibility of harmonic cancellation when all the radials are connected to
a common bus. Curiosity is the soul of engineering. Thanks to that curiosity, the author tried
to implement such a model, that would try to show the harmonic cancellation, if any, present
in the system. It has to be noted that while doing such a task all the wind turbines or the VSC
are synchronized.

The following parameters where monitored when each radial is added to the common bus

e THD of voltage and current distortion

e THD ‘%’ contribution by each harmonic. This include Harmonic 5, 7, 11, 13, 17, 19.
e Phase angle of all the above mentioned harmonic number.

e Active power and reactive power at the common bus.

Figure 3.25 shows the change in voltage and current distortion when each radial is added.
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Figure 3. 25 Change in THD in Voltage and current respectively

It can be seen from the above graph that when each radial is added voltage distortion or
voltage THD decreases. There is a slight increase in THD when the 7t and 8" radial is added.
Also the current distortion distortions decreases when all the eight radials are added. Having
seen the THD it is time to analyze the change in each and every harmonic order as mentioned
previously. Figure 3.26 shows the change in different harmonic order as each radial is added.
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Figure 3. 26 Contribution of individual harmonic order

It can be seen from the above graph, that contribution of different harmonic orders are
different. It is a baffling data. For instance harmonic order five increases steadily as the radials
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are added. In contrary, the other harmonic orders do not follow any pattern. It changes in a
bizarre order. Hence harmonic orders cannot give a detailed analysis.

Figure 3.27 shows the change in harmonic phase angle measured at PCC when each radial is
added.
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Figure 3. 27 Angle variation Vs radial addition

It can be seen from the above graph that both current and voltage phase angle of fundamental
increases by 1° for every addition of radials. Interestingly, harmonic order five and eleven
changes its course by 30° and 22°. The phase angle increases for every odd number addition
of radials and decreases for every even number of addition of radial by the same degree. In
contrary, other harmonic orders do not follow any pattern.

Thus the author wants to conclude that harmonic cancellation happen when different radials
are added to a common bus. Such a harmonic cancellation can happen; even though a solid
proof does not exist, due to change in harmonic phase angle. The author believes that
harmonic cancellation can be accomplished at desired level by properly designing the
impedance of the system, filters and that of phase reactors of the VSC. These are the
contributing factors of the phase angle of voltage and current. Further research on this domain
was not done as this is beyond the scope of this thesis.

Figure 3.28 shows the variation of designed and measured power in the system. It can be seen
that active power closely follows the designed value. Reactive power change by a large margin
owing to the system parameters like that of the cable and transformers. The filters or the
harmonic mitigation scheme that is to be designed in the later sections has to consider
reactive power. The mitigation schemes has to be designed in such a way that the power factor
at the PCC has to be maintained close to one.
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Figure 3. 28 Measured and designed active power and reactive power

3.7 Change in Harmonic Distortion with Respect to Change in Power:

Having discussed how addition of a radial can lead to a change in harmonic
cancellation, now curiosity calls for the test of another uncertainty as mentioned in [2].
This section is completely dedicated to analyze how change in power can change the
harmonic distortion level in voltages and currents at PCC. It is a known fact that when
there is a change in wind speed there is a change in output power associated with the
wind turbine. A wind turbine has an output power curve like one shown in figure 3.29.
We can see from the graph, wind turbine starts operating at a cut-in speed as shown
in the graph. This is the speed at which the wind turbine can overcome its inertia and
start producing power. The power curve also shows wind turbine producing other
power namely, that of 0.5, 0.6...0.9 of its rated power. At the end, the turbine starts
producing its rated power once the nominal wind speed is attained. Once the cut-out
speed is attained, operating wind turbine above this speed is hazardous to the wind
turbine. Hence the wind turbine is stalled. Even when speed decreases at one position
the wind turbine is pitched, in the direction of wind to increase the output power
produced. In this section we are discussing about a situation where even after pitching
of blades turbine is producing power below its rated value.
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Figure 3. 29 Power Curve of a Wind Turbine

In order to realize the situation of change in power, the model was made in such a way that a
small power control loop as in figure 3.6 was made depending on the output power. For
instance, a power of 50 %, 60%, 70%, 80%, 90% and 100% of rated power was modelled and
THD in current and voltage was measured. The result gave an interesting insight, as the power
decreased voltage and current distortion increased considerably. There was also increase in
‘%’ of harmonic order contribution. Although, the rise in the value was small it has to be noted
that such an increase in THD would lead to opening a new domain in thinking of design
methodologies in mitigation techniques. The result of variation of power is shown in figure
3.30.

Voltage Distortion Vs Change in Wind Power Output
T T T

voltage Distortions

50 60 70 80 90 100
power variation in %

Current Distortion Vs Change in Wind Power Output
T T T

s
(9]

Bl THD
s
7
Blh11 o
[h13
Ch7

‘ I I h1o
0 Illl_lm IllD = I-D I--El_.=f, II-:u:._ — I-;msz
50 60 70 80 90

100

=
o
T

Current Distortions
(9]

power variation in %

Figure 3. 30 Change in distortion Vs change in power

60



Chapter4  Harmonic Standards

The aim of this section of the report is to underscore the necessity of standards or
requirements, to be maintained in the electrical power generation and distribution with
respect to harmonics involved in the power system and carefully articulate and make a
decision on which standards to be used for our test case Anholt offshore windfarm. As
explained in chapter 2 that harmonic cause unwanted disturbances and losses in power
system. Although having harmonic frequencies in voltage and current in a power system is
unavoidable, still it can be controlled and monitored in proper range to avoid problems
alleviating. The international agencies involved in creating standards that include
ANSI(American National Standard Institute), IEEE(Institute of Electrical and Electronics
Engineers) and IEC (Institute of Electrotechnical Commission) have laid down rules and
regulations that control the limit of the harmonics generated and propagated in the system.
The standards that deal with harmonic generation and propagation are articulated in the
following standards:

1. ANSI/IEEE 519 Voltage Distortion limits:
This standard predominantly lays out limits for Total Harmonic Distortion and
Individual Harmonic Distortion for voltage distortions at different voltage levels in the
power system. The limits and requirements to be met using such a standard are shown
in table 4.1.

2. |EC 61000-2-4-Voltage Harmonic Distortion Limits for an Industrial Plant (LV Side):
This standard lays out harmonic voltage distortion limits at the LV side in an industrial
plant. These limits are used in our test case system namely the Anholt offshore
Windfarm, as a windfarm is essentially an industrial power system. This standard
carefully articulates and underscores the limits and requirements to be met by
individual harmonic components and it segregates the limits of odd, even and triplen
harmonics. Since the requirements are for LV(for voltage less than 69 kV) side
networks, it can be contemplated and used at PCC in our test case system namely the
Anholt offshore windfarm and further design of filters and harmonic content can be
optimized and controlled respectively using this standard at PCC. The requirements of
the standard is shown in table 4.2.

3. IEC61000-2-4 Class 3
This standard is similar to that of IEC 61000-2-4 but the only difference is that this
standard sets requirement for harmonic generation and propagation for power
converter and harmonic sources level. This requirement can be used for the
optimization and control of filters and harmonic content respectively at wind turbine
level which is essentially the harmonic source (VSC). The requirements of the
standards are shown in table 4.3
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4.1 ANSI/IEEE 519 Voltage Distortion Limits:

Bus Voltage at PCC Individual Vi, % Voltage THD, %

V<69 kV 3.0 5.0
69<V<161 kV 1.5 2.5
V2161 kV 1.0 1.5

Table 4. 1 -ANSI/IEEE 519 Voltage Distortion Limits

4.2 IEC 61000-2-4 Voltage Harmonic Distortion limits in Industrial Plants :

Odd Harmonics Even Harmonics Triplen Harmonics
H Vi, % H Vi, % H Vi, %
5 6 2 2 3 5
7 5 4 1 9 1.5
11 3.5 6 .5 15 3
13 3 8 .5 >15 3
17 2 10 .5
19 1.5 212 2
23 1.5
25 1.5

>29 -

Table 4. 2 IEC 61000-2-4 Voltage Harmonic Distortions limits in Industrial Plant

4.3 |[EC 61000-2-4- Class 3 :

Odd Harmonics Even Harmonics Triplen Harmonics
H Vi, % H Vh,% H Vh, %
5 8 2 3 3 6
7 7 4 1.5 9 2.5
11 5 26 1 15 2
13 4.5 21 1.75
17 4 227 1
19 4
23 3.5

Table 4. 3 IEC 61000-2-4 Class3
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However, it has to be noted that all the standards mentioned above deal with harmonic
voltage distortion limits. Harmonic current distortion primarily depends on the load and that
is not the primary concern of this dissertation. However, just for the sake of controlling
harmonic current led voltage distortion to be minimized the harmonic current distortion limit
(THD measured using harmonic analyzer) is also maintained under 5 % in our further process
of filter optimization and harmonic distortion control. The standards mentioned in table 4.1-
4.3, are used as precursor in the following sections for harmonic control and filter optimization
methodologies.
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Chapter 5 Harmonic Mitigation and Optimisation

As explained previously in chapter two, harmonics create great losses and unwanted
interferences in the power system. It is primary duty of an efficacious power system engineer
to design proper, cost effective and efficient harmonic frequency mitigation structures. Before
such a design one should bear in mind that, such a mitigation system should not at any cost
interfere with proper functioning of the power system, rather try to improve it. Numerous
mitigation structures are implemented in the industrial world and new techniques are being
developed. In this chapter we are about to discuss various harmonic mitigation systems and
layout optimized solution for selected mitigation structures.

5.1 Harmonic Mitigation Systems:

Harmonic mitigation structures or filters are systems that help in removing unwanted
harmonics from the power system. Any combination of passive(R, L, C) and/or active
(transistors, op-amps) elements designed to select or reject a band of frequencies is called a
filter[12]. Filters are used to filter out any unwanted frequencies due to nonlinear
characteristics of some electronic devices or signals picked up by surrounding medium. These
devices provide a low impedance path or trap to a harmonic to which the filter is tuned, hence
are called tuned circuits. The process of tuning aims at setting the circuit to resonant
frequency where the response is maximum. The circuit is then said to be in resonance.

There are three types of filters .

1. Passive Filters
2. Active Filters
3. Hybrid Filters.

The thesis work primarily concerns about passive filters and their optimization. However, a
small description of active and hybrid filters are provided in the following paragraphs.

5.2 Passive Filters:

Passive filters are basically topologies or arrangements of R, L, C elements connected
in different arrangements or combinations to gain desired suppression of harmonics. They are
employed either to shunt the harmonic currents off the line or to block their flow between
parts of the system by tuning the elements to create a resonance at selected frequency. They
also provide the reactive power compensation to the system and hence improve the power
quality. However, they have the disadvantage of potentially interacting adversely with the
power system and the performance of passive filter depends mainly on the system source
impedance. On the other hand they can be used for elimination of a particular harmonic
frequency, so number of passive filters increase with increase in number of harmonics on the
system. They can be classified into:
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1. Passive shunt filter.
2. Passive series filter.

SINGLE-TUNED 1ST-ORDER 2ND-ORDER 3RD-ORDER
HIGH-PASS HIGH-PASS HIGH-PASS

Figure 5. 1 Passive Shunt Filters

As the name suggests, passive shunt filters are connected in parallel to the main system and
the series filter are connected in series with the power system. Shunt filter provides more
configurations to analyze than its counterpart, namely the series filter, as series filter are
majorly used as single tuned filters. Further, to filter multiple harmonics ,multiple harmonic
tuned series filter are required that potentially increase the cost. Hence for better
optimization results this thesis primarily focuses on passive shunt filters.Figure 5.1 (a) shows
a schematic of passive series filter.

Figure 5.1(a) Passive Series Filter
5.3 Active filters:

Active filters are relatively new types of devices for eliminating harmonics. They are
based on sophisticated power electronics and are much more expensive than passive filters.
However, they have distinct advantage that they do not resonate with the system. They can
work independently of the system impedance characteristics. Thus, they can be used in very
difficult circumstances where passive filters cannot operate successfully because of parallel
resonance problems. They can also address more than one harmonic at a time and combat
other power quality problems such as flicker. They are particularly useful for large, distorting
loads fed from relatively weak points on the power system.
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5.4 Hybrid Filters:

Since APF’s (Active power Filters) topologies are not cost effective for the application
of high power because of their high rating and very high switching frequency of PWM(Pulse
Width modulation) converters. Thus LC PPF(Passive Power Filters) are used for harmonic
filtration of such large non-linear loads. However, passive filters suffer from some
shortcomings for instance, the performance of these filters is affected due to the varying
impedance of the system and with the utility system the series and parallel resonances may
be created, which cause current harmonics increase in the system. Therefore another solution
for harmonic mitigation, called HAPF (Hybrid Active power filters), has been introduced. HAPF
provides the combined advantages of APF and PPF and eliminate their disadvantages. These
topologies are cost effective solutions of the high-power power quality problems with well
filtering performance.[28]

5.5 Filter optimization:

Having discussed harmonics and the distortion levels in our test case system, Anholt offshore
windfarm, it is time to design passive filters for our test system. The Anholt offshore windfarm
can be divided into two sections for the sake of passive harmonic mitigation. Passive filter can
be designed and optimized in section one namely the wind turbine level. In our case, the wind
turbine consists of an aggregated model of three individual wind turbines. Section two
consists of passive filter design at the point of common coupling. If problem of not meeting
the requirements based on IEEE/IEC standards 519, IEC 61000-2-4, IEC 61000-2-4 class3 as
tabulated in chapter four, then further sections and zones in the power system can be created.
The procedure or sections of optimization at different points of the power system is shown in
figure 5.1 A.The following steps can be implemented to get an optimized filter design for any
wind power plant.

Optimisation of filter design at wind turbine level.

Checking for requirements based on standards as that in chapter four.
Further filter design for lower order harmonics at PCC.

Optimization of filter design at PCC.

e wnN e

Resonance sweep and check for minimizing distortions and avoiding series resonance
and parallel resonance that can cause increase in current and voltage distortions.’

If necessary design of resonant point shift filters.

7. Optimization of resonant point shift filters.
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Optimisation of filters in

Step 1:
wind turbine level

ccccc

ssssss
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=
z

Step 2:Optimisation of
filters at PCC

Figure 5.1 A. Sections or Zones for optimization of filters in Anholt offshore Windfarm

Filter optimization is primarily important for offshore windfarm applications because the
filters designed, has to be less in weight and volume to avoid increasing costs for maintenance
and transportation. In addition, any filter designed has to be cost and power efficient. The
filter should further decrease or have an optimal power loss. Optimsation criteria followed by
the author in the thesis work includes the following.

1. Optimized distortion level (total and individual harmonic distortion) that meet the
requirement ,as dictated by the standards as mentioned in chapter 4

Low losses in the passive elements.

Optimal Q factor so as to provide better selectivity at tuning frequency.

An optimal Q would tend to provide a better bandwidth of the filter.

AW

Optimal damping so as to avoid further interference with power system impedances

due to resonances.

6. Provide a power factor of one at PCC, thus optimizing the reactive power provided by
the filter.

7. Optimized positioning of filters in the power system.

8. Low cost of the filter and less volume of components. This primarily includes avoiding

oversizing of passive elements.

5.6 LCL Filter

As mentioned previously, there is a need for optimization of filter at wind turbine level first to
reduce the overdesign of filters at offshore substation. LCL filter is widely used in the industrial
world for harmonic distortion reduction and attenuation for grid tied inverters. LCL filters
provide better decoupling between filter and grid impedance (reduced dependence on grid
parameters). LCL filter also limits current inrush problems. Since the current ripple is reduced
by the capacitor, the grid side inductance experiences lower current stress. The circuit
equivalent of an LCL filter is shown in figure 5.2
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Figure 5. 2 Layout of LCL Filter

5.7 LCL Filter Design

The standard design procedure of an LCL filter is discussed in papers [29] and [30] extensively.
The design methodology is explained as below.

1. Calculating the base impedance value and base capacitance value.

zb = (“=) (5.1)
Ch= () (5.2)

Where Vn is the phase-phase rms voltage and Pn is the rated three phase active power. In our
test case system Zb and Cb are calculated to be 1 Q and 3.2mF respectively.

2. Design of converter side inductor value L1:
By choosing the tolerable current ripple on the converter side, which is generally
chosen to be a percent of rated maximum current, converter side inductor can be
calculated. In the academic papers like that of [29] and [30] the current ripple
percentage or the converter side inductor attenuation factor (Kc) is chosen to be 10%

of maximum rated current.
PnA2

Aimax = Kc (3_Vph) (5.3)
. Vdc
Linv = (16*fsw*Aimax) (5'4)

The value of the inverter side inductor was calculated by .486mH or .15 pu

3. The capacitance in the LCL filter is essentially a high pass filter as shown in figure 5.1.
the capacitance provides low impedance at higher order frequency and provides a
path so that those higher order harmonic frequencies do not penetrate into the
system. Increasing value of the capacitance provides higher harmonic attenuation and
compensate for the inductive reactance, thus reducing the size of inductors which are
responsible for higher costs. The capacitance, in addition provides reactive power ,
helping in making the power factor 1 at the PCC. For the design of capacitance, it is
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considered that the maximum power factor variation seen by the grid is 5% [29], as it
is multiplied by the value of base impedance of the system.

Cf =.05Ch (5.5)
The value of the capacitance calculated for our test case system was found out to be
157pF.

As stated in [29], the main objective of this LCL filter is to reduce this 10% current ripple
attenuation of the L1 to 20% (Ka) of its own value, resulting in a ripple value of 2% of
the output current. In order to calculate the ripple reduction, the LCL filter equivalent
circuit is firstly analyzed considering the inverter as a current source for each harmonic

L2 = —‘J(HZ)H (5.6)

2
c sw

frequency.

The value of the grid side inductance was found out to be 0.1 mH or 0.04 pu .

At resonance frequency, the total impedance of the LCL filter is almost zero, which will
cause high current flowing in the grid. Thus the resonance frequency should be
designed far from both the fundamental frequency thus allowing the fundamental
component passing to the grid. Also the resonance frequency must be far lower than
the switching frequency, so as to block the switching frequency harmonics into the
system at filter resonance. Therefor the filter parameter has to meet the requirement
5.7.

10fg < fres < 0.5fsw (5.7)

1 ,L1+L2
fres = 2+ | L1L2C (5.8)

The resonance frequency of the test system was found out to be 1247 Hz.

It has to be noted that any change in all these parameters changes the control of the total

converters system.

1.

2.

The total inductance L2 calculates by equation 5.6 includes inductance of the
transformer as well. In our test case system the inductance of transformer was 0.02
pu. Hence necessary changes has to be made while design is carried out.

The control parameters in the Pl controller changes as well now the while calculating
Kp, LT =L1+L2 , must be included. Kp value for the system changed to 0.79.
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The voltage and current distortions calculated by the above parameters are tabulated below.

Parameters | THD(%) H5 H7
Y% 4.57(5) 1.58(6) 4(5)
I 3.6 2.7 4

Table 5. 1 Harmonic Distortions for LCL filters with reference Value from IEC 61000-2-4 Class3

It can be seen from the table that the red filled boxes are those distortions that do not meet
requirements of IEC 61000-2-4 class 3 requirements. Harmonic seventeen and the sideband
harmonics observed are due to the resonance not being damped as that of the filter. Hence
proper damping methodologies have to be discussed and designed and then further
optimization has to be carried out to meet IEC standard compatibility.

The transfer function of the above mentioned LCL filter is shown below

1

L1CfL2s3+(L1+L1)s (5.9)

HLCL(s) =

The frequency response of the LCL filter is shown in the figure 5.3.

Bode Diagram
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Figure 5. 3 Bode Plot of an LCL filter
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5.8 Damping

It was seen from the above discussion that resonance causes unwanted non
characteristics harmonic to amplify. This resonance frequency interacts with system
impedance and causes further resonance problems. Hence, it is necessary to damp the
resonant oscillations. Academic articles like [29] and [30] suggest for a resistor damping.
A damping resistor necessarily gives an impedance at resonant condition making it difficult
to create resonance with the impedance of the system. There are many ways to provide
damping in an LCL filter. Few methods of damping are.

1. Adding a resistor to L1.
2. Adding a resistor to L2
3. Adding a resistor in series with Capacitance.

Before calculating the necessary academic article [29] suggested damping resistor value, it is
important to have a look at the impact of different damping methodologies.

The circuit equivalent of different damping involved in an LCL filter is shown in figure 5.4.

L4 R4 R, L
— Y\ — — !YYV%Y\_

R,

Figure 5. 4 Different damping possibilities with resistances

The transfer function of such a system shown in figure 5.4 is shown in equation 5.10

SR.C+1

§2L,LyC + 52C (Ly(Re + Ry) + Ly(Re+Ry) ) + 5(Lz + Ly + C(R.Ry + R-Ry + RyR)) + Ry + Ry

(5.10)

In order to see the impact of each resistors the following procedures was followed.To observe
the impact of R1, R2 and Rc were set to zero . Then by increasing the value of the R1 ,the
impact in change in value was observed. Similarly the effect of R2 and Rc was observed as
well. The impact of different resistances are shown in figure 5.5-5.8.
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Figure 5. 5 Influence of R1 ,when R2=RC=0
Bode Diagram
150
—— R2=0
100 — RZ2=0.50Q
— — R2=1Q
% — R2=50Q
S 50
=]
= I
5 o ——
50 =
-100
0
45
§ <0
=
o -135
w
2
o -180
-225
270 ' - :
10 10° 10°

Frequency (Hz)

Figure 5. 6 Influence of R2 ,when R1=RC=0
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Figure 5. 7 Influence of Rc ,when R1=R2=0
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Figure 5. 8 Comparison of Influences from different damping resistors
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It can be observed from the above graphs that

1. For the same value of resistor, the damping offered by a capacitor-damping resistor is
far better than that of the inductors.
2. Theincrease in the resistance value improves damping.

Out of curiosity the author tried changing the value of capacitor with different damping
resistors to observe the effect on voltage THD measured at the AC side of the converter after
the filter. The observations are shown in figure 5.9. It can be seen from the figure that as the
capacitance value increased the voltage THD decreased considerable. It is also seen that each
capacitor value has an optimal value of damping resistor at which the THD in voltage was least.

2.8
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26 =sme=1 C=200uF
—— C=250uF
-—.-____/
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‘l
'
1
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y
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= 2N \
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D \ -‘0 -
T 138 SO -
ALY L=
M P Pl
1.6 *\\’__-_.. __________ - —_———
\Q
\, e
14 S ———————== e
1.2

0 0.1 0.2 0.3 04 0.5 0.6 0.7 0.8 0.9 1
damping resistor(Q)

Figure 5. 9 Influence of capacitance on THD

5.9 Optimisation:

It can be observed from the above figures that there is a possibility to optimize filter
parameters.

1. The capacitance value can be optimized. Increase in capacitance decreases VTHD. This
is owing to the fact that increase capacitance decreased corner frequency hence a
higher chance of filtering higher order harmonics.

2. It can also be seen that until 0.2 ohms of damping for capacitance 200uF the THD was
higher than its 150uF counterpart. This is owing to the fact that resonance effect at
this damping level. The damping is not proper or enough to damp out the resonant
peak.
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3. In addition, various converter and grid attenuation factors can be utilized bearing in
mind that the total attenuation factor of the LCL filter should be 2%.

4. It was proven in [30] that a value of inductance above 0.1 pu produce higher voltage
drop and high current stress. Hence a further optimization to keep the total inductance
Lt at 0.2 p.u or individual inductances at 0.1 pu has to be made.

5. Optimized resistor value is required so that the losses are minimized.
Also, better optimal value of inductance and capacitances to minimize higher order
harmonics and total harmonic distortions.

Bearing in mind condition two, different sets of attenuation factors for grid and converter
inductances was simulated. For these different sets of attenuations, different capacitances
providing different reactive powers vectors respectively were created. The reactive powers
ranged from (1% to 25% of base value) were simulated. These values provided 766 possibilities
of L1 L2 and Cf combinations. The 3-d plot showing different parameters are shown in figure
5.10.

Optimisation of LCL par
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Figure 5.10 (a) Optimisation of LCL filter parameter 3-d plot
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Optimisation of LCL parameters
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Figure 5. 10 (b) Optimisation of LCL filter parameter 3-d plot with different areas

Although there are numerous values, certain values do not give good results. The 3-d plot
is divided into seven areas. These seven areas have different characteristics and attributes
as a filter circuit. The characteristics are discussed below.

Al:

Area 1 encompasses a low converter inductance and high total inductance value. The
values in this area cannot be considered owing to the fact that this set of combination,
although provides a 2% current ripple, produces high voltage drop and current stress on
inductor.

A2:

Although the total inductance value is optimal leading to optimum voltage drop, the
capacitance value is too low leading to higher damping resistor value than other
parameters, hence higher fundamental frequency losses.

A3:

Area 3 has an optimal total inductance value and an optimal capacitance value. But
converter inductance is too low and the grid inductance is higher than 0.1 p.u leading to
high voltage drop against grid impedance and higher current stress.

A4:

Area 4 has similar problem as A3 and in addition low capacitance value provides resonance
frequency mismatch. The optimum condition of resonance frequency more than ten times
the grid frequency was not met.

A5:

Area five doesn’t have any issues above mentioned and is considered to be the optimal
value area. This consists of twenty sets of data, leading to a combination of 230
simulations.
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A6:

In this area although, the inductance values are a perfect match, capacitance value is too
high. This causes a resonance mismatch in the higher end. The condition of resonance
frequency less than .5 times switching frequency was not met. Also the very high value of
capacitance leads to a small value of resistance leading to poor damping.

A7:

Area seven experienced similar problems as those of area 6 in addition the grid side
inductance was too low and the converter side inductance was too high leading to higher

voltage drop in the converter side inductance.

The possible values of inductances arising out of optmised area five are tabulated below.

Set Converter side Grid Side Inductance (mF)
Inductance(mF)
1 .32 (.1 p.u) 32(.1 p.u)
2 .30 (.09 p.u) .34(.108 p.u)
3 .28(.08 p.u) .37(.112 p.u)
4 .23(.07 p.u) A44(.13 p.u)

Table 5. 2 Converter and Grid side inductances possible optimal Values
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Set Capacitance (mF)

1 to 4 (Values applicable for all | 0.4100 0.4200 0.4420 0.4570 0.4735
the sets) 0.4890 0.5051 0.5200 0.5360 0.5520
0.5680 0.5840 0.5998 0.6100 0.6300
0.6400 0.6600 0.6700

Table 5. 3 Possible Capacitance values (total 18 capacitance values)

Having obtained the different set values for L1,L2 and C, it is of now of primary concern to
choose the best value out of these sets. The best way to go ahead with this is choosing the
best inductance (L1&L2) values for a particular capacitance value and then deciding upon
the capacitance value for that particular set.

Choosing the least of capacitance value among the set of parameters, that is 10% reactive
power in the base value, from the optmised set shown in table 5.3, the voltage and current
harmonic distortions were plotted. The capacitance value chosen for this test is 0.41 mF.
The current and harmonic distortions for different values of L1 and L2 separately are
shown in figure 5.11.
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Figure 5. 11 Current and Voltage Harmonic Distortion for different L1 and L2 parameters with C of .41 mF

From the above figure the it can be seen that as the grid side inductance increases the
voltage and current harmonic distortion decreases gradually. The graph of converter
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inductance and THD’s should be interpreted from right to left. The least value of converter
inductance corresponds to high value of grid side inductance. Hence as the converter side
inductance increases or as the grid side inductance decreases the voltage and current
harmonic distortions increases.

But to decide the best value among the set the individual harmonic distortions have to be
analyzed. The individual harmonic component contribution for all the sets of the
inductances are shown in figure 5.12.

It can be seen from the graph that even though voltage and current harmonic distortion
corresponding to .14 p.u grid side inductance is the least, the individual harmonic
component distortion indicates that the L2 value of .112 p.u produces the least individual
harmonic distortions. Especially, the multiples of switching frequency voltage harmonic
(h48) is the least for L2 corresponding to .112 pu. It was also observed that the individual
harmonic component seventeen which was critical in the simple LCL filter without
damping was not present in the voltage and current THD scan

Hence the inductance value L1 and L2 of .08 p.uand .112 pu are chosen to be the optimum

inductance values.
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Figure 5. 12 Individual Harmonic distortion for different inductances value.

The following figure 5.13 shows the change of attenuation factor with respect to the
inductance values and the change of attenuation factor with respect to the ratio of (L2/L1).
It can be seen from the plot that as the attenuation factor increases the inductance value
decreases hence decreasing the cost of the filter. It should also to be noted that the
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converter and grid side attenuation factor are inversely proportional to each other and
hence the optimal value is to be chosen. The attenuation factor corresponding to the
chosen inductor set is Ka 0.15 and Kc of 0.13. It can be seen from the plot that as the ratio
of inductances increases the converter attenuation factor increases and the grid side
attenuation factor decreases.

Converter attenuation Vs Inverter Inductance grid side attenuation Vs Inverter Inductance

Converter Inductance(pu)

|

grid side Inductance Inductance(pu)

1 015 2 02 025 3
Converter attenuation factor Grid side attenuation factor

Ratio of Inductances Vs converter attenuation Ratio of Inductances Vs grid attenuation
s 4

i

Converter attenuation factor
%
grid attenuation factor
P

“(LglLi)/ - ‘ h ’ K ' (La/Li)

Figure 5. 13 Change in attenuation factors and inductance ration for different inductance values

An optimization check was conducted based on academic paper [30]. The paper indicates
that the possible optimum value of total inductance would lie around 40%. Even though
the paper has not conducted further research on that domain, author research proves that
the value is close to the value. The author’s value is 38%.

5.9.1 Damping Resistor:

The damping resistor is calculated from the formula given in [30]. The damping resistor value
is chosen to be a fraction of resonant capacitive impedance. The further optimization of
damping resistor other than the value suggested in the paper was conducted. The research
resulted in finding out that the increasing and decreasing the resistance as that in the equation
5.11 resulted in higher losses and worsening of current and voltage distortions respectively.
Hence the Rd(damping resistor ) is found out to be .23 ohms.

RAi=———  (5.11)
3xWres*Cf

5.9.2 Capacitance Optimisation:

Having found out the optimized inductances, it is now of high importance to find out the
optimal capacitance value. Since we have a set of 18 values of capacitances, we can get the
optimized value. Out of the 18 capacitances, three capacitances can be chosen, since
essentially the capacitance range gives the same amount of reactive power. The different
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capacitances corresponding to three different reactive power values are .18 Cb, .15 Cb and
.10 Cb. These are 18%, 15% and 10% reactive power contribution capacitances respectively.

Figure 5.14 shows the relationship of harmonic distortions for different capacitors. It can be
seen that the THD is lowest at a capacitance value of .5mF or one corresponding to 15%

reactive power.
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Figure 5. 14 Capacitance Vs Distortions

Figure 5.15 shows the relationships between the damping resistor and capacitance. The plot

shows that resistor value decreases as the capacitance value increases. This was depicted in

equation 5.11. As the resistor value drops so does the fundamental frequency losses. There

was a gradual decrease in losses. While choosing the optimal value a trade-off has to be made

between losses and voltage and current distortions.
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Figure 5. 15 Capacitance Vs Damping Resistors and Losses
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The frequency response of different capacitances are shown in the figure 5.16. It can be

seen that as the capacitance value increases the resonance frequency decreases.
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-270
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Bode Diagram
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10°

——0.1Cb |
—0.15Cb
-0.18Cb

Figure 5. 16 Frequency Responses for different capacitances.

The final optimized filter parameter obtained from the above case and the distortions are

elaborated in table 5.4 and table 5.5 respectively.

Set L1(mH) L2(mH) C(mF) Rc(Ohms) | Kc Ka

3 .28 .37 .552 .23 .15 A3
Table 5. 4 LCL filter parameters

Parameter | THD(5%) H5 (8%) H7(7%) H11(5%) H48(1%) H99(1%)

Vv 2.74 2 1.2 4 9 2

| 3.49 3.1 .5 2 - -

Table 5. 5 Harmonic Distortion for LCL and reference values according to IEC 61000-2-4 Class3
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It can be seen that the above set parameters meet the requirements of IEC 6100-2-4 class
3.

5.9 Second Order High Pass Filter Optimisation

As explained previously the Cin the LCL filter is necessarily a high pass filter. Hence the
high pass filter wing is designed in different ways to provide an optimized solution. The high
pass wing in this section is designed as second order high pass filter. The schematic is shown
in figure 5.17.

Cr =

Redl | Lo

Figure 5. 17 Second Order High pass filter

Lb in the figure 5.17 is a damping inductor. Alzola et al[33] has described that providing equal
impedance ratio at resonance frequency and that of fundamental frequency this can be

achieved.
Rsd Rsd
(wlLb) - (wres.Lb) (5'12)
Rd
Lb = —— (5.13)

The value of the inductance value obtained by using equation 5.13 is .23 mF. The circuit was
simulated for the test system, anholt offshore windfarms at wind turbine level, and following
results were obtained. The results are tabulated in table 5.6.

Parameter | THD(5%) | H5 (8%) H7(7%) H11(5%) | H48(1%) | H99(1%)
| 3.56 3.2 1 2 - -

Table 5. 6 Harmonic Spectrum for Equal Impedance Ratio Lb High Pass filter and reference values from
standard IEC-61000-2-4 Class3

It can be seen in table 5.5 that the multiples of the switching frequency harmonic(48) doesn’t
meet the IEC-6100-2-4 class 3 requirements reported in brackets.
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5.9.1 Optimisation:

The high pass filter is essentially a second order high pass filter. The inductor is
essentially provided to give a path for the fundamental current at resonance frequency.
Hence, the author did the design in alternate way to check if there is a feasibility for
optimization. The inductor is tuned at resonance frequency so as to provide lower resistance
at resonance.

Lh==2  (5.14)

Wres

The resonance frequency was calculated in section 5.9. Rsd values where varied to get a vector
of possible inductances. The optimum resistance value can be calculated from comparing the
results. The plot of voltage and current harmonic distortions for various damping resistor
values are shown in figure 5.18. It can be seen that as the damping resistor values increase
the voltage and harmonic distortion increases gradually.
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Figure 5. 18 Change in Rd vs Harmonic distortions

The quality factor of such a high pass filter is defined in equation 5.15.

Rsd
Q =

2.m.fres.Lb (5.15)

It is obvious fact that as the resistance value increase, quality factor increase, so does the
power losses. The power loss calculated for the resistance and inductance calculated by
equation 5.14(Equal Impedance Value) was found out to be 1.39KW per phase. The power loss
associated with respect to different quality factor of the second order high pass filter is shown
in figure 5.19.
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Figure 5. 19 Losses Vs Quality Factor
But in order to optimize the resistance and quality factor the primary concern is the harmonic

distortions. An optimized value can be achieved only by comparing the harmonic distortion
chart. Figure 5.20 shows the harmonic distortion for different quality factors.
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Figure 5. 20 Harmonic Distortion chart for different quality factors

The above figure 5.20 shows that quality factor 1 corresponding to the inductance resistance
value of equal impedance ratio has higher distortions (%) than the distortions at quality factor
.2 and .5. especially the switching frequency harmonic are attenuated to a greater extent to a
value of .75%.

Still we have three different quality factors having better harmonic distortions. To optimize
among these different values the frequency response of the high pass wing is plotted. Figure
5.21 shows the frequency response of the tuned high pass wing at different quality factors.
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It can be seen that as the quality factor increase the tuning at the resonance frequency also
increases. Thus to improve the selectivity ,and to reduce the distortions the Rd and Lb
combination at Q factor of 0.5 is taken. The values the filter are shown in table 5.7. The

Magnitude (dB)

Bode Diagram

*—__ |Optimal Value

Frequency (rad's)

Figure 5. 21 Frequency Response at different quality factors

harmonic distribution at the selected values for the test case system is shown in table 5.8.

S.No

Lb

Rsd

Equal Impedance
Value

Quality
Factor

Remarks

69.5uF

.3Q

.23mF

0.5

Better
optimization
of switching

frequency
harmonics
and reduced
cost than
equal
impedance
value
inductor
due to
lower
inductance
value

Table 5. 7 Parameters for the optimized filter
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Parameter | THD(5%) | H5 (8%) H7(7%) H11(5%) | H48(1%) | H99(1%)

\Y 2.8 1.8 .8 1 75 2

I 3.6 3 1 - - -

Table 5. 8 Harmonic Distortions at Q of 0.5 with refence values from IEC 61000-2-4 Class3

5.10 Third order high pass:

The next set of possibility in the high pass domain of the Cin LCL filter is designing a
third order high pass filter. The schematic of such a filter is shown in figure 5.22

Ci——

Ch J' de[I] Ly
|

T

Figure 5. 22 Third order high pass filter (Cb as a switching frequency path)

The filter provides a resistive path at resonant frequency, the inductive path at fundamental
frequency and the capacitive path at switching frequency above. The capacitance Cb is tuned
with LCL filter capacitor Cf at switching frequency. Alzola et al [16] suggests that impedance
ration of resistor and capacitor at resonant frequency and switching frequency must be equal.

The value of capacitance is found using the formula given in equation 5.16.

mi_ @)y (sag

Cb wres

The value of the capacitance was found out to be .053 mF. Further optimization
methodologies where tried to get an optimal damping between inductance and resistance.
But it was found out that such an optimization can never be performed. The reason of this
being the frequency between which the optimization has to be done, is very low. This can be
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seen from the frequency response shown in figure 5.23. The frequency response showed that
a small change in Q factor caused the tuned frequency to damp off or the filter gets detuned
for small variation of Q factor.

Bode Diagram

=]
Figure 5. 23 Frequency response of Third order high Pass filter
Parameter | THD(5%) | H5 (8%) H7(7%) H11(5%) | H48(1%) | H99(1%)
Vv 3 1.9 1.2 7 9 A
| 4.02 3.25 1.5 .5 A -

Table 5. 9 Harmonic Distortions at Q of 0.5

5.11 C -Type Filter:

The C type filter is more a recent advancement in the field of harmonic mitigation technologies. As
explained previously, the high pass (Cf) wing of the LCL filter can be modelled as C type filter. The C
type filter model is shown in figure 5.24.
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Figure 5. 24 C type filter

The functioning of a C type is a combination of second order high pass filter and a single tuned
filter. A C type filter has capacitance Cf which is primarily a high pass filter. The resistance Rsd
is used for damping purposes. The Cb Lb combination provides a path for the fundamental
component to avoid fundamental frequency losses. In addition the Cf-Lb-Cb can be tuned to
a single harmonic frequency. Thus, the C type filter is capacitive below the resonance
frequency, resistive at resonance frequency and inductive above resonance frequency. The
design consideration of the C type filter is discussed below.

1. Since Cb is tuned with Lb and Cf for a particular frequency, hence, at that harmonic
frequency the angular frequency would be,

wr = — 5.17

" [LbchCS
Cf+Cb

2. Also, the Lb-Cb is tuned to fundamental frequency to avoid fundamental frequency

losses in the resistor Rsd. Hence the inductor and capacitor relation can be written as

follows:
1
wlz Cb

Lb =

5.18

Where w1 is the fundamental angular frequency.
3. From equations 5.17 and 5.18, Cb can be derived as follows.

Cb=Cf(n2—-1) 5.9

Where n,is the tuned harmonic frequency and given by the equation 5.20
w
= 5.20

n, =
r 2%TT

In our dissertation the Cf-Lb-Cb was tuned(n;) to 5" harmonic frequency because various
simulations previously show us that this particular harmonic frequency provides the highest
distortion. Hence, the values of Lb and Cb calculated using the above procedures are tabulated
in table 5.10. It should be noted that Cf used in the above equation is the optimized value
obtained while designing LCL filter.
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Parameter Cf(mF) Cb(mF) Lb(mH) Reactive
Power 3¢
(MVAr)

Value .552 13.2 0.76 1.8

Table 5. 10 Ctype Filter passive Elements Values

5.11.1 Optimisation of C-type Filter:

Having found out the values of the C-type filter the author checked if there is a possibility for
optimization. Although, optimization of Cb-Lb-Cf cannot be done owing to the fact that the thesis uses
optimized Cf and Cb —Lb crucially depends on Cf, hence optimization depends only by optimizing the
Rsd. This means that optimization can be done on the basis of quality factor of the filter. The quality
factor of the C-type filer is shown in equation 5.21.

Rsd

QC—type = m 5.21

Thus for the sake of optimization the resistors value varied , giving rise to a vector of quality factors for
the C-type filter.

For the sake of optimization the quality factors were varied. For different quality factors the THD in
current and voltage measured at the grid side is monitored and the results were plotted as shown in
figure 5.25.
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Figure 5. 25 Quality Factor Vs Distortions for C-Type filter

It can be seen from the graph above that only till quality factor 0.5 the Vthd is following the
norms of IEC-6100-2-4 class 3 requirements of distortions below 5%. Hence it can be
concluded from the above graph that the optimized resistance for our filter can lie only below
corresponding to a quality factor of 0.5(inclusive).
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Having seen the variation of quality factor to distortions, it is time to move on to the next
optimization section namely the analysis of individual harmonic distortions. The quality factor
below and inclusive of 0.5, that gives the best individual harmonic distortion can be concluded
as the optimum value.
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Figure 5. 26 Quality Factor Vs Individual Harmonic Distortions

It can be seen from the above graph that quality factor of 0.1 and 0.2 gives an individual
harmonic distortion of 48" harmonic at 0.4% and 0.6% which is the best result as far as all
filter types considered so far. Also the individual harmonic distortions at other harmonics are
better at these quality factors. But quality factor of 0.1 cannot be considered as an optimal
value because the I-thd is above 5% at this quality factor that leads to not meeting the
requirement of IEC-6100-2-4 Class 3. In addition, the tuning of the filter at 0.2 quality factor is
better than quality factor 0.1 providing better selectivity at the tuned harmonic frequency.
Hence the optimal quality factor is 0.2 and the resistance value of Rst is 0.3 Ohms

Having seen the individual harmonic distortion, now it is time to have a look at the losses at
various quality factors. Figure 5.27 gives the relationship between various quality factors and
losses at fundamental frequency.
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It can be seen from the graph that as the quality factor rises the losses at fundamental
frequency also increases. The losses at the optimal value of 0.2 quality factor were found out
to be 1.2 KW. The bode plots of frequency response at the tuned frequency of 5% harmonic
are shown in figure 5.28. It can be seen from the figure that as the quality factor increases the
selectivity increases. But it has to be noted that there is always a trade-off between quality

Power Losses (KW)
w s

N

Quality Factor Vs Losses

factor and losses.

Figure 5. 28 Frequency response at tuned harmonic frequency (5th harmonic)

Quality Factor

Figure 5. 27 Quality factor Vs Losses
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Thus the optimal values and the corresponding parameters are shown in table 5.11

Parameter | THD(5%) | H5 (8%) H7(7%) H11(5%) | H48(1%) | H99(1%)
Y 2.9 2.3 6 4 6 1
| 4.6 3.7 75 4 - -

Table 5. 11 Distortions at Optimum Values with reference values from IEC-61000-2-4 class 3.
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5.12 Switching Frequency Trap Filter:

Having discussed the C type filter, it is now time to discuss the switching frequency trap filter.
Switching frequency trap filter is essentially a singly tuned filter to trap the switching frequency
harmonics. This gives rise to the question why the author persistently cares about bringing down the
switching frequency harmonics although the 5™ order harmonics are higher in the system. The
reasoning behind this is that the LCL filter and the C wing of it is primarily a high pass or the filter is
entirely designed to attenuate higher order frequencies (above 31 harmonic[14]). Hence the
optimum attenuation at higher order frequencies especially the multiples of switching frequency.
Secondly a single tuned 5% order filters can be placed at PCC’S if such a direly need arises but it is hard
to design such filters for switching order harmonics that occur in sidebands with a count of three or
four. Thirdly, the fifth harmonic distortion, even though higher than other orders, are still meeting the
requirements of IEC 6100-2-4 class 3 requirements.

Having explained the reasoning and need for attenuating multiples of switching frequency harmonics,
now it is time to have a look at the circuit of such a filter, the circuit of such a filter is shown in figure
5.29.

Figure 5. 29 Standard High Pass with Switching Trap

It has to be note that while designing such filter the standard high pass wing parameters like Cf,Rsd
and Lb values are kept the same as that of the second order high pass filters as these are optimized
values. Having said that it is time to discuss the single tuned trap filter. This part of the filter is
essentially a single tuned filter that can be tuned at switching frequency. But optimization of the filter,
which is the goal of this dissertation, can be done two ways.

1. The capacitance of the single tuned filter wing namely, the reactive power contribution of the
filter at fundamental frequency.
2. The optimisation of quality factor of the single tuned filter by varying the values of Rst.

As it can be seen from the above figure the capacitor Cst can provide reactive power at fundamental
frequency to the power system. But it is duty of the design engineer to optimize and get the best result
based on the THD at voltage and current harmonics. It should also be noted that the reactive power of
the single tuned filter cannot go above 5% of reactive power at the base value [13]. This is owing to
the fact this can lead to over compensation of the system inductive impedance.
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Design of such a single tuned filter can be explained as follows:

1. The value of the capacitance (Cst) is chosen based on the reactive power requirement of the
system.
2. The frequency at which the single tuned frequency (48")has to show low impedance path is
chosen. (wg).
3. Then the value of inductor Lst is found from the relation as shown in equation 5.22
Lst = 1/(w? Cst) 5.22

5.12.1 Optimisation based on Capacitance (Cst):

Having said that the optimization of capacitance of the system has to be optimized and has to
be controlled under 5% of base reactive power, now it is time to simulate the test case Anholt offshore
windfarm with such a trap filter with different capacitances and corresponding inductances. Having
run the simulation the THD’s of voltage and current at different capacitance value is shown in figure
5.30.
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Figure 5. 30 Capacitance Vs Current and Voltage total harmonic distortions

It can be seen from the graph that as the reactive power of the filter or the capacitance of the
single tuned filter increases the total harmonic distortions also increase. But the individual
harmonic distortion has to be viewed to come in to conclusion the best capacitance value. The
individual harmonic distortion is shown in figure 5.31. It can be seen from the figure that
although the 48™ harmonic decreases as the value of capacitance increases, but the 148%™
harmonic corresponding to (3*fsw) increases. Hence the capacitance at which the third
multiple of switching frequency is zero and the least value of individual harmonic distortion at
48™ harmonic frequency can be the optimal value. This corresponds to the capacitance
equivalent to the one corresponding to the 3% reactive power at the base value.

94



% 2v.>f5 reactive power (CAPACITANCE)Vs Harmonic Distortions% of reagﬁve power (CAPACITANCE) Vs Current Harmonic Distortions

Harmonic Distortions

0.01
% of reactive power (CAPACITANCE)

0.02

Optimal Value

0.03

004 005 0.06

»
w 3

N
3

Harmonic Distortions
-
o [N

-

b
o

0

0.01 0.02

0.03

0.04 0.05

% of reactive power (CAPACITANCE)

Figure 5. 31 Individual Harmonic Distortion for different capacitance Values

| B
-
1
48
[lo9
[J148

0.06

Hence the values of the chosen parameters for the switching frequency trap filter are shown

in table 5.12.
Parameters Cf(mF) Lb(uH) Rsb(Q) Cst(mF) Lst(mH) Reactive
Power(MVAr
—three
phase)
Values .52 69.5 0.3 0.09 .04 2.2

5.12.2 Optimisation based on quality factor :

Table 5. 12 Parameters of the trap Filter

The resistance (Rst) in the single tuned filter is used primarily to provide better

selectivity at the tuned frequency. There is a possibility to optimize the filter based on the

quality factor. Giving resistor different values gives rise to different quality factors. Quality

factor of the single tuned filter is shown in equation 5.23

’ﬂ
Cst
Q — X

Rst

5.23

For different quality factors the voltage and current harmonic distortions measured at the grid

side are shown in figure 5.32
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Figure 5. 32 Quality Factor Vs Vthd and Ithd for Trap Filter

It can be seen from the above figure that as the quality factor decreases the THD’s in the
current and voltage increases. But before concluding that a quality factor of six is the
optimized one we have to check with individual harmonic distortions. The individual harmonic
distortions at different quality factors are shown in the figure 5.33.
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Figure 5. 33 Quality factor Vs Individual Harmonic Distortions for a trap filter

It can be seen from the above figure that individual harmonic distortions also increases as the
quality factor decreases. Hence it can be concluded that the Q-factor of six with the resistance
value Rst of 0.2Q is the optimal value. It should also be noted that at this quality factor the
individual harmonic distortion of 48t harmonic is down to 0.2 %, which is the best result as
far now. The frequency response of the filter is shown in figure 5.34.
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The variation of losses at different quality factors are shown in figure 5.B . It can be seen that

losses increase as quality factor decreases.
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Figure 5. 34 Frequency response of the trap filter
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The values of the harmonic distortions obtained by using this optimized filter is shown in the table

5.13
Parameter | THD(5%) | H5 (8%) | H7(7%) H11(5%) | H48(1%) | H99(1%)
Y 2.67 1.9 1.1 4 2 1
| 3.83 3.6 1 3 - -

Table 5. 13 Distortions at Optimum Values of the Trap Filter with reference values from IEC-61000-2-4 Class3
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5.13 C-Type with Switching Frequency Trap Filter:

From the above discussions it was seen that C-type filter gives a better attenuation of
lower order harmonics(lower than 315 harmonic) and lower losses. Also, C-Type filter can be
tuned to a particular harmonic to reduce the attenuation of that particular harmonic. A trap
filter on the other hand produces better harmonic attenuation at the multiples of switching
frequency and the sidebands of the switching frequency. So the author felt that these two
filter types can be combined together to get an optimum result. Hence this type of filter is not
common in the industrial nor in academic world. The schematic of such a filter is shown in
figure 5.35.

Cst Cf

Lst L — Cb
( Rd
Rst ' o Lb
Figure 5. 35 C-type filter with switching frequency trap

For this type of filter to be simulated in the test system namely Anholt offshore windfarm, the
optimized values of C-type filter is used as shown in table 5.14.

Parameter Cf(mF) Cb(mF) Lb(mH) Rd(Q)

Value .552 13.2 0.76 0.3

Table 5. 14 Optimized C-type filter values

The design of the switching trap filter for C-type filter is mentioned in section 5.11. The
optimization of the switch trap filter can be done in two ways similar to that mentioned in
section 5.11.1 and section 5.11.2. The optimization for the switching frequency trap filter for
a C-type filter is explained in forthcoming sections.

5.13.1 Optimisation based on capacitance (Cst):

The need for optimization of capacitance was explained in section 5.11.1. The limit for
the reactive power produced by the capacitance Cst was also indicated to be around 5% of
the base value [13]. Without further ado, the optimisation based on capacitance was carried
out. The figure 5.36 shows the variation of THD in current and voltage with change in

capacitance is shown.
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Figure 5. 36 Capacitance Vs THDv & THDi

It can be seen from the graph that as the capacitance increases the voltage and current total
harmonic distortion increases. One can doubt that increase in capacitance should actually
decrease the THD,, but the graph show the contrary. The reasoning behind this is that when
we increase the size of the capacitor Cst we increase the current in the trap filter branch and
decrease the current in the C-type filter branch, hence the decrease in the current at constant
voltage of the C-type branch(which is primarily responsible for filtering out higher order
harmonics) constitute to the increase in total harmonic distortion. After having a look at the
capacitance vs THD's it is time to look at the individual harmonic distortions to conclude the
optimal capacitance. The individual harmonic distortions for various capacitances are shown
in figure 5.37.
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Figure 5. 37 Capacitance Vs individual Harmonic distortions.

Similar to that of the nominal trap filter, the C-Type trap filter also provides a nominal or an
optimum functioning at 3% of base reactive power. Hence the capacitance corresponding to
3% of base reactive power and the corresponding inductance (tuned at 48™ harmonic) is
chosen for further optimization. The value of the capacitance is 0.09 mF.
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5.13.2 Optimisation based on Q factor:

The trap filter in the C-type filter can be optimized by varying the Q-factor of the trap
filter wing. The resistance Rst was varied and a vector of different Q —factors were simulated
in our test system. The variation of THD over different Q-factors are shown in figure 5.38.
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Figure 5. 38 Quality factor Vs THDV&THDi

It can be seen that the voltage and harmonic distortions are way lower than the other filters
and also the as the quality factors decrease the total harmonic of both current and voltage
increase. To get an optimized result we have to have an analysis of individual harmonic
distortions. The individual harmonic distortions at different quality factors are shown in figure
5.39.
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Figure 5. 39 Quality Factors Vs Individual Harmonic Distortion for a C-Type trap Filter

It can be seen that higher quality factor the individual harmonic distortion are the least. It can
be also seen that the 48" harmonic distortion at quality factor 6 is just 0.08%. This is the best
result achieved so far compared to other filters. The variation of losses at different quality
factors are shown in figure 5.40. it can be seen that losses increase as quality factor decreases.
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Thus the optimal quality factor is chosen to be 0.6 and the resistance value value is 0.2Q(Rst).

The optimal parameters for the C-Type trap filter is shown in table 5.15.

Parameters | Cf(mF) Lb(puH) Rsb(Q) Cst(mF) | Lst(mH) Rst(Q) Reactive
Power(MVAr
—three
phase)
Values .52 69.5 0.3 0.09 0.2 2.12
Table 5. 15 Optimal Parameters for the C-type trap filter
The harmonic distortion parameters of the C-Type trap filter is shown in table 5.16.

Parameter | THD(5%) H5 (8%) H7(7%) H11(5%) H48(1%) H99(1%)

Vv 1.1 0.9 0.6 .6 .08 A

I 2.45 1.5 .5 .5 - -

Table 5. 16 Distortions at Optimum Values of the C-Type Trap Filter with reference values from IEC-61000-2-4

Class 3
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5.14 Resonance Trap Filter:

A resonance trap filter is essentially a single tuned filter tuned at resonance frequency
to provide a low impedance path for the resonance frequency component. The design of such
a filter is similar to that of the single tuned trap filter explained section 5.11. In place of the w;
the value would be the resonance of the frequency of the system under consideration. The
schematic of such a filter looks like one shown in figure 5.41.

L

st

Figure 5. 41 Resonance tuned Trap filter

In theory this filter functions damps resonance effectively and reduces the Harmonic
distortions considerably for an independent converter. But however for the test case system
Anholt offshore windfarm the resonance tuned filter didn’t function properly. The reason for
this can be explained as follows.

1. The resonance tuning of the filter shown in the above figure is in principle designed at
the resonance frequency of the LCL filter. That is the resonance frequency of the Lin-
Cf-Lgrid as shown in equation 5.8. But in reality the grid side inductance is connected
to a power system that consists of other radials, transformers and offshore and
onshore cables that have an inductive behavior. Hence the inductance of all these
devices has to be considered for the design of the trap filter.

2. Even if these inductances are considered the inductance and capacitance value for the
single tuned filter branch that arises out of this calculation is exorbitantly high.

3. Also in addition these Lst and Cst provides further resonance points with the system
impedances resulting in hectic disturbance and power loss.

Thus owing to the above features resonance trap filter designed for the system didn’t function
properly and further optimization of such a filter is out of question and not considered or
feasible.

5.15 Two Capacitance Branches:

Another approach proposed in [17] is providing two capacitive branches for high
frequency harmonic attenuation. In theory such a filter provide good high frequency harmonic
attenuation and adding a resistor in only one of the branches provides better resonance

102



damping. An addition of an inductor in parallel like that of a second order filter, in theory
provides better damping and better higher frequency attenuation. The schematic of the both
of these filters are shown in figure 5.42 (a) and 5.42 (b).

| pui

Cd=

"
)]
o

R Rsd Ly

(a) (b)

Figure 5. 42 (a) Two Capacitive Branches with Resistive Damping (b) Two Capacitive Branches with Inductive
and resistive damping

For the sake optimization different capacitive values for Cf and Cd were tried keeping the sum
of the two capacitances to 0.52 mF which the optimum capacitance values. The trial and error
method gave a better result at equal capacitive value for Cf and Cd. But the optimization of
such a filter is not effective for the following reasons.

1. THD of voltage and current harmonic for the schematic shown in figure 5.42 (a) were
really high close to 4.676% and 4.9% respectively which is at the verge of 5% the IEC
6100-2-4 class 3 requirements for THD'’s.

2. Also the Rsd value calculated for optimal damping was found out to be 1.25 Q which is
a really high value leading to higher fundamental frequency losses.

3. The inductance value Lb of figure 5.42(b) was optimal, with a value of .42 mF, but still
the THDy and THD; calculated for such a schematic shown in figue 5.42 (b) was 3.98 %
and 4.25 % which is still high compared to the other filter types.

Owing to these reasons, this filter type is not considered a best type of filter. Hence these two
filters are not considered best types to be finally implemented in the test case system namely
the Anholt offshore windfarm.

5.16 Optimisation Results :

After completing the optimization and analysis of around nine filter types it is time to
analyse how the different filters perform at different frequencies. This section of this chapter
is primarily intended to compare the different filter performances at different frequency
limits. This section gives an insight to the reader to have a better idea of different filters
performances, so that the reader can choose the best filter depending on the needs and the
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range of frequency the person is dealing with. This performance of filter based on different
frequency ranges is tabulated in table 5.17. In table 5.17, f_indicates frequency of lower order
harmonics, essentially harmonic below 315t harmonic. Further, fres and fsy indicates resonance
and switching frequency. Also, fi indicates higher order frequencies above the switching
frequency.

Frequency First First Second Third C-Type High C-Type
Range Order Order Order Order Pass with with
High High High High switching | Switching
pass Pass Pass Pass Trap Trap
with
damping
fL * * * * k% * * %k
fres %k %k %k kk ok 3k %k k 3k %k k %k %k %k %k k
fres<f<fsw %k * * 3k %k k 3k %k k sk %k k %k %k k
fSW * * k% k% k% k k% k %k k
fh %k * * * %k %k %k %k %k

Table 5. 17 Frequency Performances of different filter types
***_Excellent , **-Average, *-Poor

The frequency range performances are essentially derived from the harmonic distortion
results observed in optimized filters. For any references , the reader can have a look at the
values of different harmonic distortions at different frequencies in necessary tables in the
above section of optimized filters. It could be seen from table that the frequency performance
of first order high pass filter is poor in all frequency ranges compared to other filters although
it meets the requirements of IEC 6100-2-4 class 3 requirements. The frequency performance
of high pass filter with optimized damping is better at resonance frequency owing to effective
damping of the resonance oscillation, but still the filters performance in other aspects is poor.
Second order high pass filter provides an excellent damping by providing alternate path for
the fundamental component also it provides better attenuation of switching frequency
harmonics. Third order filter provides excellent damping at resonance frequency. It also in
addition provides better attenuation between resonance frequency and switching frequency
owing to the dependence of high capacitive reactance and resistance ratio at switching and
resonance frequency. It provides better attenuation of switching frequency harmonics since
the damping capacitor is tuned at switching frequency with high pass filter capacitance Cf. The
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C-type filter provides better attenuation at lower order harmonics since it’s Cf-Lb-Cb is tuned
to lower order harmonics. It also provides excellent damping of resonance frequency and
lower losses by providing alternate path for the fundamental component. High pass filter with
switching trap filter provides better resonance damping and an excellent attenuation of
switching frequency owing to the single tuned switching frequency trap filter. A C-type filter
with switching trap filter circuit has the advantages of both C-type and high pass with
switching frequency trap filter. It overall provides the best result harmonic attenuation in
different frequency range.

5.17 Optimised Parameters Results:

Having optimized different filters it is time to tabulate the different optimized
parameters to get an overview of the results. Table 5.18 shows the different parameters of
optimized filters. The parameters include voltage total harmonic distortion, individual voltage
harmonic distortion of characteristic harmonics of a six pulse converter, three phase
fundamental frequency losses, quality or Q factor to whichever filter it is applicable and three
phase reactive power supplied by the equivalent capacitance of the filter.

Filter Type | V H5 | H7 | H11 | H48 | H99 Q- Three Three phase
THD | (8%) | (7%) | (5%) | (1%) | (1%) | Factor Phase Reactive
(5%) Losses(KW) | Power(MVAr)
Simple 457 | 158 | 4 24 | 1.7 | .13 - - 1.8
High Pass
Simple 274 | 2 1.2 A4 .9 2 - 1.35 1.8
High Pass
with
Damping
Second 2.8 | 1.8 .8 A1 .75 2 .5 .98 1.8
Order
High Pass
Third 3 19 | 1.2 7 .9 A .5 1.08 1.8
Order
High Pass
C type 29 | 23 .6 A4 .6 Nl 2 1.5 1.8
Trap Filter | 2.67 | 1.9 | 1.1 A4 2 Nl 6 1.8 2.2
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C-type
with
switching
frequency
Trap

11

.08

1.68

2.12

Resonance
Trap

Two
capacitor
filter

4.6

3.4

1.2

2.8

1.8

Two
Capacitors
with
inductive
damping

3.98

3.2

.85

2.73

1.8

Table 5. 18 Optimised Parameter Result
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Chapter 6 Resonance Modelling and Analysis

So far, we have discussed about modelling of windfarms and optimization of nine different
types of filters at the wind turbine level. In this chapter we are going to analyse the
optimisation of filters in wind farm level or at PCC as mentioned in figure 5.1 A. This chapter
is going to introduce the reader to what the author considers as the parameters upon which
optimization can be done at offshore windfarm level and then introduces the reader to the
further optimization that can be conducted, which the author has not taken into effect owing
to time limit.

6.1 Optimisation at windfarm level:

The expectation criteria to be met at PCC (Point of common coupling) in a wind farm level as
shown in figure 3.1 is as follows.

1. For any power system to operate without unwanted loss at high efficiency both
electrically and economically, the power factor at the PCC has to be maintained at one.
Hence, the author has made sure that despite designing filter if there were a necessity
of reactive power compensation , necessary capacitor banks would be designed and
connected at PCC to locally maintain a power factor of one

2. The voltage distortions and the corresponding THD has to be monitored at PCC to
ensure it satisfies the electrical harmonic standards as mentioned in chapter four.

3. Asmentioned in chapter two, harmonic resonances occur in a power system, harmonic
resonance further amplifies the magnitude of distortion at that particular harmonic
frequency. Hence, a complete harmonic resonance analysis of the system after design
of filters have to be conducted and the harmonic orders at which resonance (both
parallel and series) occurs has to be noted down for further analysis.

In this chapter, the author guides the reader through optimization techniques at offshore wind
farm level using above-mentioned criteria.

6.2 Power Factor Correction:

By this time we would have a clear idea of active(KW) and reactive power (KVAr). A quick recap
of real and reactive power is facilitated for the sake of readers. In simple terms, active power
is the amount of real power consumed by the loads in the form of heat, light and motion
depending on the equipment used. Reactive power is a circulating power which is not
consumed by any loads to produce effective energy utilization. However, reactive power is
used to excite the magnetic field of electrical machines in the generation stations. Reactive
power is considered an unwanted power in the transmission and utility side of the power
system as it produces unwanted losses in the power system. Apparent power is the vector
sum of active and reactive power. Power factor is the ratio of active power to apparent power.
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Power factor is the actual measure of effective usage of electrical signals generated. The
triangular relation of active and reactive power is shown figure 6.1.

t capacitive
j Im(S)
S (VA) iQ (VAr)
¢
0 P (Watt) Re(S)
Inductive

Figure6. 1 Power Triangle

The equation to calculate power factor is shown below.

Active Power(KW)

6.1
Apparent Power(KVA)

Power Factor =

If the power factor value is low, it suggests that the load is not utilizing 100% of produced
power. Hence, it is duty of electrical utility and generation company to provide electrical
power close to unity power factor. It can be seen from equation 6.1 that for power factor to
be unity reactive power must be zero. Hence, the author while performing electrical
simulation made sure that the power factor at PCC is maintained at unity.

It is of known fact that inductance consumes reactive power and capacitance generates
reactive power. This phenomenon is used to design power factor correction equipment. Thus,
if the reactive power at a desired measuring point is negative it can be concluded that reactive
power is being consumed at that point and capacitor can be utilized to generate the equivalent
amount of reactive power to make power factor unity. If the single phase reactive power at a
desired measuring point is ‘Q’, then the per phase capacitance required to compensate the
negative reactive power at that point can be calculated using equation 6.2.

3
==L 62
Where V is the phase to ground voltage of the measuring point. Thus Cis the desired per phase
capacitance to be placed at the point to make the reactive power zero. At this point reader
may be intrigued whether there is a possibility for an inductor bank. The answer is yes, if the

reactive power measured at the desired measuring point is positive it suggests that reactive
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power is produced excessively, hence there is a need of an inductor to consume this reactive
power to make the power factor unity.

It is time to test the PCC for power factor requirement for our test case system namely the
Anholt offshore wind farm (figure 3.1). The active and reactive power generated at PCC for a
generic wind turbine model with L filter (figure 3.9) is shown in figure 6.2.
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Figure6. 2 Three phase Active and reactive power at PCC for an L filter based Converter (Anholt Offshore
Windfarm)

It can be seen from the above graph that the measured reactive power and active power at
PCC are 65 MVAr and 235 MW respectively. It should be further noted that although the
anholt substation is designed for 400 MW, our modified test system as shown in figure 3.24
for minimizing simulation running time, has rated three phase active power capability of 273.6
MW. With above parameter the power factor at PCC is calculated using equation 6.1 and
found out to be 0.96. The reason for this negative reactive power can be due to the inductive
elements present in the system that include transformers, cables and shunt reactor of rating
120 MVAr.

Since the aim of optimization is to make power factor unity, a capacitor bank with three phase
capacity of 65 MVAr was designed. The size of the per phase capacitance for providing 65
MVAr is found out to be 8.2 mF. The simulation was run again with the capacitor bank and
figure 6.3 shows the measured active and reactive power.
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Figure6. 3 Active and Reactive Power Plots at PCC after Capacitor Bank is connected.

It can be seen from the graph that after the capacitor bank was installed at PCC the reactive
power measured at PCC was zero and the active power was measured to be 268 MW which
is closed to the designed value. Thus the power factor was maintained at unity.

Similar type of simulations were performed for all the filters that were discussed in chapter
five. At this point, it is important to note that for LCL filter configurations ,the capacitor in the
high pass wing provides reactive power at fundamental frequency. This helps in minimizing
the size of the capacitor bank at the PCC. Depending on the rating of reactive power at
fundamental frequency of different filter types the sizing of the capacitor bank at PCC differs.
Therefore, the author wanted to introduce a new factor called capacitor sizing reduction
percentage (C;). This factor helps in comparing different filter types with respect to reduction
in sizing of capacitor bank. For the sake of comparison the sizing of the capacitor for a L filter
is used as a base. The equation for capacitor sizing reduction percentage is

C, for a designed filter type (%) = (QLﬁ“"_Qd“ig"Edfilter) * 100 6.3

QL rilter

Where, Quriter is the measured reactive power at PCC for a L filter designed wind turbine
before capacitor bank installation, Qqesigned riter is the measured reactive power at PCC for a
designed LCL filter (any one of the nine types discussed in chapter five) designed wind turbine
before capacitor bank installation.

It is of prime importance to note that the capacitor in the LCL filter configuration aids in
compensating the negative reactive power at PCC that is contributed by converter and grid
side inductance of the LCL filter configuration as well in addition to the inductive elements like
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transformers and cables present in the offshore wind farm. Table 6.1 shows reactive power at

PCC, capacitor bank capacity and Cr measured and calculated for main five different filter

topologies.
Filter Type Reactive Power at | Power factor at Per phase Cr(%)
PCC before power PCC before capacitance Value
factor correction capacitor bank of the designed
(Negative MVAr) installation capacitor bank
(Delta
Connected)(mF)
L filter 65 0.96 8.1 -
Capacitor with | 53 0.97 6.4 20%
damping
Second Order | 59 0.97 7.3 9.2%
high pass filter
Third order high | 53 975 6.6 18.5
pass filter
C-Type Filter 50 .978 6.2 23%
Switching  Trap | 50 .978 6.2 23%
Filter
C-Type with | 49 .979 6.1 24.6%
Switching  Trap
filter

Table 6. 1 Design Criteria of Power factor correction Equipment

From the above table it can be clearly seen that a C-type filter with a switching frequency trap

provides the best reduction in capacitance size to 24.6%. Also the size of the capacitor is low

that it can help in reducing the cost and volume occupied in the offshore wind power system.

6.3 Harmonic Distortions :

When a wind turbine is connected to the to the wind farm it falls under the category of an

industrial power plant, hence it is important to monitor for the distortions in voltage at PCC,
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and check for compliance for IEC 61000-2-4 classification standards as mentioned in table 4.2.
The total harmonic distortion and individual harmonic distortions measured at PCC for the
major filter topologies are shown in table 6.2.

Filter THD(%) H5 (%) H7(%) H11(%) H48(%) H99(%)
Type(LCL)

Capacitor 3.07 2.8 .5 A A |
with
damping

Second 3.1 2.6 .5 i .15 |
Order high
pass filter

Third order | 2.9 1.5 .5 - .15 A
high pass
filter

C-Type 1.81 1.2 4 1 1 .05
Filter

Switching | 198. 1.3 4 i - -
Trap Filter

C-Type 1.25 0.8 A - - -
with

Switching
Trap filter

Table 6. 2 Voltage Harmonic Distortion at PCC

It can be seen from table 6.2 that the designed optimized filter configuration for the test case
system Anholt offshore windfarm meets the requirements of IEC 61000-2-4 standards. This
further strengthens the idea that an optimized filter helps in better performance.

6.4 Harmonic Resonance Analysis:

Having designed the power factor correction capacitors and the harmonic distortion
compatibility at PCC, it is time to analyze another big trouble in power system study with
respect to harmonics namely the resonance. It was explained in section 5.2 how harmonic
resonance happen in a power system, the types of resonances in power system namely the
series and parallel resonances. The biggest problem with a resonance point in a power system
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at particular harmonic frequency is that, it amplifies the magnitude of harmonics at that
frequency resulting in higher value of THD and individual harmonic distortions. After
optimizing the PCC with a unity power factor , now we will analyse the harmonic resonance
plot of different filter topologies to provide a layout for future burgeoning researchers to
continue creating optimisation algorithms.

6.4.1 Methods of Harmonic Analysis:

A variety of techniques are available for harmonic analysis in power systems. The three major
resonance analysis techniques used for harmonic resonance study are as follows:

1. Frequency Scan
2. State space analysis
3. HRMA (Harmonic Resonance Mode Analysis).

The methodology used in this thesis is frequency scan analysis and hence a brief description
of it is explained, if the reader is interested in learning the other two topologies namely state
space analysis and HRMA the author would suggest to look at [26] and [27] for further study
and understanding.

6.3.2 Frequency Scan :

The first step in a harmonic study often involves carrying out frequency scans. This method,
which is also called frequency sweep or impedance/admittance frequency response, requires
a minimum of input data. It is effective for detection of harmonic resonance, and is widely
used for filter design.[14]

By injecting a one per unit current, the measured voltage magnitude and phase angle at bus |
corresponds to the driving point impedance at frequency f,

_ Vi)

Zi=75  (64)

This process can be repeated at discrete frequencies throughout the range of interest in order
to obtain the impedance frequency response. Mathematically, this corresponds to calculating
the diagonal elements of the impedance matrix ,i.e. diagonal elements of [Y]!. For example,
the driving point impedance at bus | corresponds to the diagonal element at position ii of the
impedance matrix [14]. The admittance frequency response can be obtained by sweeping the
frequency of a one per unit voltage and measuring the current, i.e.

_ L()
i =70 (6.5)
Impedance and admittance frequency responses are presented as plots showing the
magnitude and phase angle as functions of frequency. Sharp peaks in impedance magnitude
(or valleys in admittance) are indicative of parallel resonance, while sharp valleys in

impedance (or peaks in admittance) are indicative of series resonance.
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Frequency scans can be performed with phase or sequence components. If all three phases
are represented, a set of positive or zero sequence currents may be injected into three phases
of a bus to obtain the positive or zero sequence driving point impedance respectively [14].

Frequency scans are qualitative in nature as they say little about the actual distortions in the
power network in the power network in the presence of harmonic sources. Moreover they
consider only driving impedance, not transfer impedances.

Having explained the technique of frequency scan, it is time to analyze the parallel and series
resonance points for different filter topologies. It is to be clear that in this thesis the author
just gives guidelines or information about the resonance points in the Anholt offshore wind
farm.

6.3.3 Simple High Pass Filter with Damping:

The frequency scan graph of a simple high pass filter at PCC is shown in figure 6.4.
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Figure6. 4 Frequency Response of Simple High Pass Filter at PCC

It can be seen from the graph that for a simple high pass filter there are parallel resonances
at harmonic order 3.8 and 8.7 depicted by peaks in the impedance graph with impedance
value of 20 ohms and 10 ohms and a series resonance point at 6 and 9.3 depicted by valley
in the graph with a impedance of 2 and 5 Ohm:s.
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6.3.4 Second Order High Pass Filter :

The frequency scan graph of a second order high pass filter at PCC is shown in figure 6.5.
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Figure6. 5 Frequency Response of Second Order High Pass Filter at PCC

It can be seen from the graph that for a second order high pass filter there are parallel
resonances at harmonic order 3.8, 6.7 and 8.7 depicted by peaks in the impedance graph with
impedance value of 20 ohms ,5 Ohms and 10 ohms and a series resonance point at 6, 7.4 and
9.3 depicted by valley in the graph with a impedance of 2 Ohms ,2 Ohms and 5 Ohms
respectively.
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6.3.5 Third Order High Pass Filter:
The frequency scan graph of at third order high pass filter at PCC is shown in figure 6.6.
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Figure6. 6 Frequency Response of Third Order High Pass Filter at PCC

It can be seen from the graph a third order filter introduces a lot of small magnitude parallel
resonances than its second and simple high pass counterparts.

It can be seen from the graph that for a third order high pass filter there are parallel
resonances at harmonic order 3.8,4.6, 6.7 and 8.7 depicted by peaks in the impedance graph
with impedance value of 15 ohms, 12 Ohms,5 Ohms and 10 ohms respectively and a series
resonance point at 4 ,6, 7.4 and 9.3 depicted by valley in the graph with a impedance of 3
Ohms, 2.2 Ohms ,1.8 Ohms and 4.6 Ohms respectively.
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6.3.6 C-Type High Pass Filter:

The frequency scan graph of at C-Type high pass filter at PCC is shown in figure 6.7.
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Figure6. 7 Frequency Response of C-Type Order High Pass Filter at PCC

The frequency scan analysis of a C type filter is very similar to that of third order filter, the
only difference is the magnitude of the impedance value at different resonance points.

It can be seen from the graph that for a C-Type order high pass filter there are parallel
resonances at harmonic order 3.8,4.6, 6.7 and 8.7 depicted by peaks in the impedance graph
with impedance value of 15 ohms ,3 Ohms,2.5 Ohms and 15 ohms respectively and a series
resonance point at 4 ,6, 7.4 and 9.3 depicted by valley in the graph with a impedance of 3
Ohms, 2.2 Ohms ,1.8 Ohms and 4.6 Ohms respectively.
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6.3.7 C-Type Filter with switching Frequency Trap:

The frequency scan graph of at C-Type with switching frequency trap high pass filter at PCCis
shown in figure 6.8.
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Figure6. 8 Frequency Response of C-Type with switching frequency Trap High Pass Filter at PCC

It can be seen from the above frequency scan that the C-Type filter with switching frequency
trap has an impedance frequency scan similar to that of a first order filter.

It can be seen from the graph that for a C-Type high pass with switching frequency trap filter
there are parallel resonances at harmonic order 3 and 8.2 depicted by peaks in the impedance
graph with impedance value of 7 Ohms each and a series resonance point at 6 and 9.3 depicted
by valley in the graph with a impedance of 2 and 4 Ohms respectively.

Thus, to consolidate our results the parallel and series resonance harmonic orders of different
filters are tabulated in table 6.3.
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Filter Type Parallel Parallel Series Series
Resonance Resonance Resonance Resonance
Harmonic Order Impedance Harmonic Order | Impedance
Value Value
Simple High 3.8 20 6 2
Pass Filter with 8.7 10 93 5
Damping
Second Order 3.8 20 6 2
High Pass 6.7 5 7.4 2
8.7 10 9.3 5
Third Order 3.8 15 4 3
High Pass 46 12 6 2.2
6.1 5 7.4 1.8
8.7 10 9.3 4.6
C-Type 3.8 15 4 3
4.6 3 6 2.2
6.1 2.5 7.4 1.8
8.7 5 9.3 4.6
C-Type with 3 7 6 2
Switching 8.2 7 9.3 4
Frequency Trap

Table 6. 3 Consolidated Harmonic Resonance Orders for Different Filter Types.

6.3.8 General Remarks:

It can be seen from table 6.3 and previous results gathered that C-Type filter with switching
frequency trap gives the most optimized result. By this time we already are aware of the
characteristic and non characteristic harmonics of a VSC. Hence it is for safety reasons to
design a filter topology for a power system network to avoid resonances at odd harmonics as
these harmonic orders are bound to occur in the power system due to electronic converters.
Since harmonic resonance is unavoidable, it is considered to be safe to design a system whose
harmonic resonance point are of even or triplen harmonic order. It can be seen from table 6.3
that a C-type filter with switching frequency trap has parallel and series harmonic resonance
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at triplen and even harmonic order. Hence, the author believes this filter is considered to be
the most optimized filter based on the study conducted, although further considerations on
cost, volume and frequency deviations are to be considered.
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Chapter 7 Conclusion

In this Master Thesis, the author took a case study or a test system of Anholt Offshore
windfarm power system and analysed various electrical parameters of it. The Anholt Offshore
Windfarm was then modelled in MATLAB Simulink. The wind turbine was represented as a
voltage source converter in the simulation platform and control of the same was performed.
The various sources of harmonics in offshore windfarm were highlighted in this thesis. Further
the aggregation modelling of many VSC'’s into a single entity was analysed based on harmonic
distortion results and the best model that closely resembles the electrical power system was
designed.

Having inferred the presence of harmonics in the designed model, LCL filter was designed to
attenuate the harmonics. The Thesis considered various values for grid side and converter side
inductances and an optimized value of converter and grid side inductances was found based
on voltage and current harmonic distortions and individual harmonic distortions in compliance
with IEC-61000-2-4 Class 3, harmonic attenuation factor and current and voltage stresses. The
capacitance of the LCL filter was optimized based on the reactive power contribution at
fundamental frequency and attenuation of both total and individual higher order harmonic.
An optimized damping resistor value was found out based on resonance frequency damping
of the LCL filter and the fundamental frequency losses.

In depth analysis and literature review of possible passive filter configurations was conducted
and a range of passive filters were designed to mitigate harmonics. The passive filters designed
in this thesis include second order high pass filter, third order high pass filter, C-type filter,
switching frequency trap filter, C-Type with switching frequency trap filter, resonance trap
filter and capacitance division filters. All the filters were designed and optimized values were
tabulated. The optimization of passive filters was carried out based on total and individual
voltage harmonic distortion attenuation in compliance with [EC-61000-2-4 Class 3, quality
factor, fundamental frequency losses and reactive power produced at fundamental
frequency. The performance of different optimised filters at different frequency intervals
were tabulated.

Optimization at windfarm level was carried out based on power factor correction at PCC,
proper attenuation in compliance with IEC 61000-2-4 of total and individual voltage
harmonics, and harmonic resonance analysis with various designed filters.

Based on the results from simulations the optimised C-Type filter with switching frequency
trap filter gave the best voltage harmonic attenuation in compliance with IEC-61000-2-4 Class
3, although further investigations and optimization based on cost, volume and sizing of the
filter must be conducted.
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Chapter 8 Future Work

Although this thesis considered and analysed various details that include modelling of the
Anholt offshore Windfarm, passive filter design and optimization at wind turbine level and
optimization at windfarm level, further research work can be conducted in this field that can
help in giving further impetus to the renewable energy industry in broad and wind energy
industry in particular. The further research work that can be carried out are as follows.

e Investigation on harmonic cancellation during connection of multiple wind turbines to
a radial.

e Possibility of optimization of passive filters based on cost, volume and size in addition
to the optimization criteria considered in this thesis.

e Carrying out similar passive filter optimization for various offshore
windfarms,comparing the results produced and developing an passive filter
optimization algorithm for an offshore windfarm.

e Optimization and design of active and hybrid filters for harmonic attenuation in an
offshore windfarms.

e Harmonic resonance analysis using various techniques like HRMA(Harmonic
Resonance Mode Analysis) for the optimized filter designed Anholt offshore wind farm.

e Possible design and optimization of harmonic resonance mitigation through structures
like resonance shift filters etc.
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