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MAERAGIERE > Arelay BEXBETA —FRRAGEEREG LA E
AR O REEMTHHMELA - ERABFTFTERAMNES > KO EFRFPT
BIMIEFEM  EAFTREE RS BEFHEARAE -

BEHME T A EREE BB EERAS FERBHAEANEWEK (T

e =48 T S Rk ) 690V = cables it £ 3#d - & cable BlUURIRE & > £
MG EBI2HBEREHAZE 10KV %84T cable piABRET A% -

A RBEMAE S S HZAKFREZ BE AR EBMAE  URBRAEERS
#He THAURBEZBE BREAZTERLISRAFEREEER - B35
MR B S FEARAMRAR BN R o 0 XAEB B#EE -

ABRA G KT RE —R¥hR > AmEAKrelay i > REE - F
SEBEHS K A o BBEAENY 30 K ReREL > EZRERK-

AEWRBNEERETRETROBERET  BHEEEEE  aERRIK
BB NRE BRI - BN TURREALS » BRBE R R RBAER
B QENEHOXAKRE  ERBBRBREAENS -

EAMTHAARBERRBTF - AL BB EL B SAFRERNFTE -
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BEMAEPITFEER AN TEE—EAS  H—TRAEBALSY -

BEANBTEEHHRITREME  BETAMNGRELTHDE (K
FE250F) L oMELFARE  HOSQ2RAY  TEHA—BALEAN - #%
BHEFAE 1 DRAFZ THRLE - KREREAES > TUHERTARA K
B ZEETHBEEFTEABRA LR RERBLEIR > BTRRET AR
@®it s Rt R@ES A TEIRKERHTHES -

ARMERA =BT A EHe  BETH @ BERN-ME - #TH > TR
Sied 0 MR B R U ERF SR AL RETBERARIB 20 R A
BEE - BANATFARAD N EHRBSER  TREINZERGITY
UEARBRATRAN  ELEEHE  AAGSHBEREZRII  SHbEF
EH—R c AR REAHRENES BHBEREENA  HEMHIARE - %
BNEE - MAHSIREZAESRAE - BTRAMLRRETE LS
BT 0 BN 0 sbf Bonus R -

A4 e REBMRE  TRAEFRBGRL BRI BFFEAERE
Bk % Vestas VA7 A » sk S 4088 —Heik@ $E5] 5 % > A Bonus & -
BMEREES IMW- 5 —#4th 35 5 £ & NEGMicon & EREEAH
750kW - 3% f [ 5% 200 /2 Rk 64 A % Vestas #4a > 88 9 £ & 500kW -
¥RAZLI9 AR -

(=)NEG Micon
1.4 NEG Micon 4 Randers z /2 5]

%25 NEG Micon 4% Randers z 2> 8] » &3% 2 3] & # & 432 Mr. Martin B
Sondergaard % Mr. Mogens Hald f§#& -

%754 NEG Micon z iB# & B AT 135145 A £ 5 RN - 21% Mr. Martin B
Sondergaard 48 480,34 A 8) X 48

Bt 4a iR
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BATEALE 1.66MW R B AB TR - BETHIFAFLOEAZHES HiE
BREHBA RN ARG TFEA  XIABRKIEASKES  BAE
AL BB AEEEEN  HEFS NEGMicon 2.8 - 2% B AREEH
46 AHERTREG  aFHBEAKEY -

NEG Micon 2 8] 2 B & #8306 (A S - R8T HEM - HA
PR 2 BERABAEEBTR > AT RRFERRBELSL -
UBAAECARITZ275MW B ENBNFEELE D R o BIFERNA & AR
PE - TANBRIFEIES R DR FRDMMGF

ABRNARERARBE X245 B RELENRTLH  BREEZEHK
WEATRGEE -

A KW B R 2 AR TR A TR > Bonus > TR EHEHTEE - KA MW
BZEMENTRERARKRE » BB AATLE AT EITH -

1% 2 Mr. Mogens 333 Hybride 4 4t - sb A S Bp LA B T E w3 ¥
Bbz kbt TEAHIKW HREMAEBEZH N &6 88 %% (Dump
Load System) > Tufg EEFMmE - BEXTRHGE > EFRRVFTHSEEK -
HAAEM. Martin % 6 TEAANERFE R - §EEH AKMMI - BATHA
F o Mr. Martin SE A THH F > NAARFMAEARZGS -

2.4% NEG Micon 47 Hammel = 2 3]

NEG Micon 2 & z Mr. Torben Ramsing Lund B &4 3% - 74 NEG Micon
2 )4 Hammel 2 control systems P93 Bl & £ P82 -

% Hammel > & Mr. Torben f§ AP 84 » KRBAEHEEE TN AL
B AT EM PR - B &7 Mr. Jan Palle sT# % -

&1 Mr. Jan Palle €354 - Mr. Jan Palle %= NEG Micon Z R A # E# A
EXBEAME  ERCTNAALTR -HNAKEN  EZAFEEHUA
S mA AR LTS A ABBKM S PSSE » ERBIRMENZ KH S

23



DgSilent » 34 - 5 £ ¥4 A 2 808 > N ERZ SRS B TERMY -
TRE RS BERERINA A REHEE -

Mr. Torben %48 £ # control systems 2} P2 812 4 448 K TR R % 4Lt 48
M- BEBBTEZ LB NIHET A SBRI TR BB LR E RS
R > RIEFZH F B R AR A R -

Z 4% 41 % a1 T A2 65 Mr. Max W. Rasmussen &€ 3 B4 & /R P A - & Mr. Max
AR 8 BB A E A4 E— ) i RE - M Max &5~ £ F
E REHTEA > T4 Mr. Mrtin & B -

3.4z NEG Micon 4z % Havsoere #5352 4.3MW E#

& Mr. Niels Aage Poulsen & 774 NEG Micon 4 Havsoere X535
3% 4.3MW B4 - Havsoere ftfH 4 P 3E ®3 G F BN TARE > 247
Al &% 11:00 5 2335 -

35 % NEG Micon & =2 ~ Vestas & — 3F - Nodex E# — 3 ~ Bonus
Bk — 2 S 5 ER AW AMN BN ALY S5 2R -Mr. Mogens Hald
EEZEM > LHNEEM -

@M Z R M e LIS 0 BN BIESI @R 0 T A ABB 2 B A A
BYRE SEERAIoBESRL BRTEHEL 100 2R HZHAMWAI - &
» B AT CA F % Vestas B & Bonus Rtz fodli a8y - BLARF oK
heam f 5 o

FERBHAFTARIZZBESZBE HBRBAMHEHTHR K&
TAHETEAE > THITHMSRERNBEMRLITHLER LN EARY
RiBNAEY -  ZTARGRHUEN  TARHZRBEZIEAHG LEALH - Fp
BT o LF BN N B H R ERBUARE T SEARBTS -

MR > B NE S R TR - B BHAR S A RBIEE  UHR
BRI - BIEEAMABESRRA 1230 (14 63%) RMF o BT HITHRAE
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BaEE XARBRARLGET - BRBANANF 12BEEAFLIAEEGR
#HEE (1@3@ > £4m)-

RABAEN  TEHBEAGT - RKELE -tk 2HKERFEEX
i BHRARERRER I B THERLSUR I TREE  REHT
# o K% w4k ABB = Double Fed # & # -

HAABREABANEERNEEERIALY SRR AHBEAEDE THSE
RPETH ZEAHGHINRDP 4L -

BAANERTASGHEE U TR - FHRBENAE M TEAB BITHE
ABRMBEETFEHERAL HBNAERESHE -

BERNELBARZ -G£V TR AFER&KEESHNRE -

BAEASRAILE  TEdbR EAMBTAIEE - FREANH T HEAILE >
ABTHLEENGBRESL -

BEER T dhA XM BRI R 0 SR E RN XL SESRIR MR
W ERERTAEERR -

(=)Bonus

A=k %2 Bonus E i -

# 1998 £ Z 2001 it = 4% Bonus A& E& B> £ 25 AR H %A
BERTFHLERERS 556 2R - HENLEMBARBIERBTELERHF
4+ 4o Vestas 2 850kW (52 2 R )~ 1.75MW (66 /2 R.)-Bonus 2 660kW ( 44
AR~ 1MW (54.2 2 R) - NEG Micon z 750kW (44 2 R.) ~ 950kW (54
R.) ~ 1000kW (60 X R.) -

WBEAM FHEERMHEE H@E > 2L Bonus 2 54.2-1MW (54.2 »R) %
438 o B gt 1998~2001 432 5 #A AR 72 A 2 B oA Bonus & % - # 2k Bonus &
B BRABRNEBUZEASLE S SBF LR EKRGHMERFEHTFL4 &L
BEMZ ) ABBTAIZ 15% - FIEERE -
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A5 4 50 k% - 8% 1,000kW > it % 200kW /[ EH—3F « ¥ h
HIFHEEEHA42 NR > BB 4 5 -

WEMA= % —8 > R ®—% (ARELEF) RE= %% Alpha 28
o B I AEHBERLEE - HXRMIEREY 400~500 2R - FRERARY
Smis: Ak AB4H 0K - AEMAY FAIIRE » REMKA T EOEHK U
REEMAER -

BEPEMABES  TEORETALBRAREE S NP EMRE - HARKR
F 4B AR AR R TR AR RS - BRRNEE (AFER
BB MEAZESB LA ISR TELEREEEKA N RBERTHH
EHAEA - ZEHERNREER -

BERABRTEHRG  EHZAIUMKIIEEART  BEAEZHEERR
BENEFEGIE sAHATH SRR FZHOR - ERNLFRLNE - Fék
TR E  RRER -

BENELTE N EEZREHENEHAHFE °

ek BEE 6 PRE-ERY RAKAFEKEL  BUEA
fe o £ 8 0 £ 48 AR+2 AR (MBEEHBHE) £50 4R - £ 28 K
ER—EHSE SLATEHEE 28 8/8 R THHEMEERIKR > AR
ZRM BB UEREARENE TR HPRTMIIESTE FIBHBRRARY
BRI o AR R A BT RS SE T A AR DY - KA
My R BBH > aFsya  BINRMTRABE -

BTRARSS S H 18 BIME Toft - FiH RBMAARRBETRR(AHF)
mAyFNMA R 2 BBEEE (THEARSE) FEES  LHEARRAE S
HEHPMABERT -

RN TR RAEIMERK -  ANARKBTRIMERE >
BAET Lo SFRARBATE ) TEPI R - BANKRMEIRFHEAREY
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oo BASILTIHSARBREERE T HLERBTEE » RERE - E
hERBEAR SR THH -

R#&EWEEN  NAEMAK LLARERERX -AZENAIZHREE 0 4
FEHEREHAR (pitch) - 5 —ERBESHE  REAKR G HREFKEE g
% o EERARBRERRTABRBBERR (FHE) R¥ERER (TREREAR
E) R NA#RER BB ARERE ZHKEBREEAT M
BEEFHRBBEIZHREY BERANZANAKBREAGH I HEBETFRAE
# o HRBRBTAR (THRAERSE) MEKREESR (FHE) EAKRBERISZ
BEZE - BN ARTIEREL BT RESEHKR UHEFLSE -

BAETAHIMBEAS yaw 5iF - g FHAELRRES -

W RBEBEFEEFRERERAKEN » dNARReY L Alpha
NS EM 0 BN S AR AR A -

BHRESRINAKEEEKEYRREXEZH TR (ABB) HHHAA RS
BB TH IO AT ERARIFAEHELTHR -ABBHETRARAKX &
RABEFT 2B HERATREETEARAHZIATREHEIL - FI8FL4H
HERARUBEER  RABANEERT Y AR —HEREHD -

4B Rk 4m/s BT KPR BETHREE - HEMR A Wik cabel —&
B Zfr—aid -

HHETZMALE (B%) ARRER > adBRBENRER (BRAK
HRAE) BHRLABREAFEEHMAETH  SHRBTHRER —ERE
B RO EaFRER A FHRMEERG -

RRTEETHGRESITH > MRKEH - BEARRI - BR@3t - #BEF S
BRBAS - BABEFFHE  aEAGA  TEBALALFHEREP A
FHEQEBHFH - TR MAFHEMR -

BAENEFTEDPERDPE  REESHER - BAEAEY (5 -8F -
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AR > sl B B RE - BEHLEANEERRERB LY 1
BAREEA > LR Bonus & kA RILFIAR - AN WRTAESE FHRE
HATAFA NG ANERTHBERAE RS TRAEREKR > A LE
o BMMEESE - AITEIEHK -

BANEZESEEAG (BRxas) 248 FBEW - A HbgH
TREGAF > BHEATE—H  TLEGAULHGAHEH > G ATE
W4 RRig - Vestas +H AT e b A E L g mit -

Bonus X FRY € BHEHRLKR LAERKRE BAHHE R &7T
SR AL AHMNBE R UREHE B - Rk Vestas ¥ K
@& st -

(ra)Zephyros

AREERDNBRBABHATAEE I RGN > BENBITENH
Fo% 0 JEiE 4235 Zephyros A S B BE2 20MW BAAHEHZRE
# o F¥E 15

780 2 B EHAAHARN S B ISR HFHIEHNAELZIAE
(0~12.35Hz) > sA 4KV EHE BT H 28k WARN - WA LK - BiE
BBE o EERLEBEA S0HZ > 23KV 24 - HESARBER & SHF
B FEBARTE o

FHEMBERREANBEABRBEN BT LTER -

BRBNE S EHEARTAL » B ERAMIEN  SMEERETEAR
B BEERE 4 HiREG 5T TRGEAICRES o 280 FEAMIK UK
KEFHEH > SRBN A HHhE  FERERARIMBMESE BE
BB EH 0 BB Z I o

ERRBIZRRAYE AR/ LABRMT Y  EHEEAELH 10 2RR
TR ALBMER 2 ERE  NERERETXIEL  H X PREHE -
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AN A B TRSHELFpitchiEH 3 R ERIBELH —BEE
BP&| i34 > s ANRME -

G L

15 Zephyros {45 7t % & 2.0MW & 71 4 E 44

@E
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Z-ALERARABRANEE

()4 ERHER

70 F4% 0 AR ARRAK  REMAK > HRALTSHERZMY CHP
% Bx (Local Combined Heat Plant - sA F i #&3 % CHP T ) R L A
B#sk o ¥y CHP BB ETH IR A I HBAKELHAERMEA » XU
RABBRAE BRI RTAR - 5430 F FRELERAAKEHE M
FEREAR Lt FRFEREEHEN KA -

g Ty CHP SR, Blam e AT Ak e 2 ATH
ABOEEEHZRESRAAMRERAERE (AEXATLL) il
Bz HBHBRAAANEE (BEXATELE) MES/ERAKEHIER
R - mAsz THh CHP S, AIRETHIMAESRAKBEMRLE
BRAEA

ALBRERBNBFETERNRARKRR - RA > @WK AREES 7
A EEHREIRE > HHARBBENER > BAHEROEHE > KN4 5
TZam% a2, (KYOTO protocol agreement) 2= % EF Rz — » £ 47887
HAEWMHRZNE BN 2010 05 F IR AAbas K B E 1900 2 92%-

BHEMATEFABATHRS  EEXMBBHE IR A4
HINGHR HBLABR 28tk FUBAHALE  BHNARRISH
BP % AR > SOHARPASHTAE R - BRERR B RMIIRE  ERY LRI
F bR A R RAE - BIREE R RAVBIRHIRIBERY SR A B R B RMRER R
AP AR 8 o EARMAT 0 4 20 AT 0 AL EARXNBARFBREZRANEE
B PG ECTEAERMA - o5 B R~ BRI AITES -

AEALKRENRFTHmEZ— L2 ETHREEE HILREMMRL
FE > HELABLTSRAEREEE  BREEAAL - BASARSL &
RALERTEE B2 EN AR FHNCKR2ES > LA B E/RA
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REm A RS o BBV A B RERR R ENRE - BT HAT 1R
15 F2 P ETHREBRRAASRNE - ERPAKAR &4 R UPS g &
AR ERBEREAE > (A DEREE BN REER P 7T 5t A BK
BREHERARSG RPLEBIBZEUAREAK -

HNEE A %ITIL £/ L BUFAE 10 R F 4 10kV 24355 200
Fib BATHE 4 4 MTFAEREZ —ARLECERTREE -

ERFREMERZIER  EFRE AER I ARERAKRE  BAEL
NAESRZRA ARMMM TR ERNZFHEBRAREE - KRR L ZHAK
HMIBEEL AL ZHEETHEUMING A% PHERUBEREY - L F
RERMREE - 2R LNG RERBHY > REXATS AL ETRAE > %
BUBKBRAE - BPBBERTEAEE B AER - URD RAEXR
iR HK

(Z)A2RAEE
BATASRMK (FREEZEREAMEBE) RABRA L 8% A2
S AN 15% - ik 2002 £ K BRLENALAGBEERZELN S
7018MW: BRA B EH L EEEH 2,31MW- 16 A a2 E5F 32.42% -

1TRAEMET Y HFERES

MNhL4TH B CTAMBIIGL - B8 BB E2HaXBE -

QBN 2 & 8T iTE TR TS -

QREEATHMBBRT N D HRIIHE -
EREEHA B 1.5MW B R

(MRBXBEEIFZHBEERTE<IMW : GRS RATETESL ZHRERER
BEHNE)  BEHNNBAEREAEN  HMEHBRARKEHM -

QBB/ERGZLEERE>ISIMW: GEH N EE THNE) K4 B
TRIE  BARNRAEGKAEM  MEBHHABRSEH
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2 AT

YRR A TR 20 SO RATE, - BASRRE 04
FAIE - LI - BEANS S BEL TAR 20 FHEETHR -
BB AL BB T AR 20 SeoBE TR, BB E AR
F o ok T FEHUL

b o B HRTGESE AR RE T RALRT -

M2 LM ERARMLEREA A EEAREMS AR
FAMEEZ A B HRER 2k s REMS-LRER - PTG
FERAEZ B ER (R0 1985 ) 488 % > P HA (o 1995 F ) #i1K » k& (ko
2005 ) # 1% - FRAZ AT (1o 1985 4 ) AnfAd 5 K R LA = %R
WA Bk 4RI R REGMMREE AW BTG EY -

(1) 4 e REAR 5
A. 1980 44X :

Ak d A A2 R E E MBS - 4 1980 £8  HARAZE S 23
BB 2 BEEAEBEE - 0 MAFMRRRERERARS WA
JE D e E S R AN R B 0 BB EEE > BALEA & RAM R
%o AR -

Btk BN EMERE AR BABEE B Z A TELEE
W EBRE — D AR RS 0 KB BV 0 RAAMA E RAM
o EIRE A - Bk W5 MEE R AR S RBRA PR E MR E R
WMAH AR BZA BRSNS R X8 9 A IRBUREEIET S X 4E
WA -

M S0 B BT AR A5 A1 B 4 300~400MW 2 A K E -

B. 1999 8% :
FORF £ 1999 £45 542 3 TFull Load Hour, FLH, (Br TR Z E 5%
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O EFE ) AR BAMRER AR c PUESS R R BAR B EXHSEETE
HANEEERE =B FHRBEMELRL -

RKEm 10 F448 0 ZRGF  RIBRER - NMITEABRMRIEALEE
B4 - 10 FHRBEMKIFEE BT HHEEEREE -

REHBRBAL PRI E 6 A B > 2HBAMEH - B2 E P FRA
WA FREEELE  PEHLNALAMBIBRMEAR HMHETRERE 4
%ENNNBAFEAMEA H o WEFRMRBAE LT ANHE > ERERAKER
o BESBAKBKMELE LG -

AEFAS 10 S48 BB 20 FHE > RAIRERS 0 A RPTF &
B~ & AF IR SA sk SR SRR -

C. 2003 # :

BdF B TR F R R E AMAREIREE K BUF 2003 FERET
BAHE TR - 450k 1999 F2 0k - M T g dFHHREAE (free
market+environment ). Bpfr A 2003 44 7 T L BM G F L B B TGRS

(Br T4 %EH > BREIHFFEIRGLAMBER) 6ELTHIT -

IEZARE L AR TRMEEE LS > RAFTHEERS 0 A
PR mIEEA -

B sbitg o A 5 300~400MW = i k2% 2 0 -

QRERAMBEBZAH &

B EERT D ARBEAZE RAF AN B TR ERZZ +F
N&ETEEEK  +FRZE 30 SRR —R (FEFRARS VARAME
ML EE T E ) °

Wt Em R LR BTG R KES (spot market) (TRBr T A& #u1R
¥ ) 2B O L BABITHAEM  HAEBETARTMEE HETR
SREMMNRG BT FRPABCTRETHRT -
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O EE

BHTHaEABREET &% ( longtermcontracts) - #35 A Reg b
Bk (40 2004.01.04 4B ) BAR > FAAEBMBIWAT > 28BS K
#ERIRL » #) DKK2~5 /MWh > %+ F 2 BB R AR & - E4ARE R
ki (40 2004.01.07 GX ) 4P &R > REMWATE > FE8BY  BREE
BEA WFaEXTXRATRTHRE - BHERMKSE - ) DKK200 T
/IMWh » B & > %+ 52 BBk R 24 (3 1 DKK=5.7NTD) - 4% -
2002 4 Elsam /> &) B sb#4F L1&E T E Bl -

AFMARRREZBRAMER/S

THHRABARAEATRBOBTEEMESL T BA e 3E (competitive
tendering) > BPRE T H B MIEHA R RA  RERA MR TR > AF
IRBE T - e B P WG BB RE R BRIFRN B EGSREHA
BLRBERALREELT G -

EREL  RABE AL THEFRGESHEA o RBEAE  BRFER
A AETHEEFOWESRAA - Bt THEZEE S500MW 255 > #4
100MW %k - Bt P4 RB AL B HHEAR SRR IR > 2k
FE RO E RAE R AR -

SHRETHNN2ZRE B FARINKRZIALAMBAERELS BATEY
AR TERE, 2B FRAMEHENDIHNARZIREALEE L)
A - HNBR BB — 4 P AKAER - FERKRD HEN A S

cERMTANAUNAMEHL SHBEREEES TAMEIRA
s AN MEHBRERMKEMN -

B)EHEBATHI TR -
KRB AT EIEKEL T A5 (Dual fuel market) » Br g 735
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2 % : Brown market (Bpz 4t ~ #58 ~ AR E A T R eEET ) A Green
market (Bp & £ fEREE ) -

Brown #7352 E4F B 47 ¥tk ~ Green W35 B4R B ATHIL » RERRE
Wik - &85 Brown £ EX5 5 A X%Etb2 Green #EX € FRIEMAS
%52 5 2 (obligation to buy X% green, penalty if notgreen) - Bt/ £ E %|
tE1E A  Brown+X%Green -

BN AEILZER  FTHEATHZRALEHK > b7 Green LEXE
AR PTASELL 69 % - F Green X EX SR RANEE > S BAEM %
MR o B LB H @A RA TG S Eatb g X% P aiFat
- EAKEHSEAK  AHMETEERMIRE > BREAMKKE SN
4 A BT 2 Green etk & -

HanEUE R F o TRALELE X% WXBPEMEHIALE
BE o B ARERBUSHUREARS -

()G EEHBZER

1.Eh e BRE
RIErr R TR mBEENRFEBXEFAT TREERHEATARE S 2
3 & 444 % (To inhibit connection of the generating equipment to the utility's

supply system unless all phases are energised and operated within the
agreed protection settings ) -

FAGAREFERERRAZRFHZT THRERBEAT I A4M
# (To disconnect the generating equipment from the utility supply when a

system abnormality occurs causing unacceptable deviation in voltage and
frequency ) -

CTHRERBRETHNNHEY > THEEEMAH (To disconnect the

generating plant in the event of loss of one or more phases off the utility's
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supply) -

2.% % A %8 Z 282 (Embedded generator's views )

T A E %4 ®# (Phase fault overcurrents causing thermal
overheating in the equipment )

# g (Earth fault)

bek TR R AR E R (Neutral voltage displacement causing
dangerous overvoltages )

* £ 43% (Main conclusions)

REGHEBAENFar i k@S E R RN YERAEHRL, EFER
o IRBRSEE 4 %2 E R (Scope of protection should be based on careful

analysis of the real requirements for safe operation of the equipment under
transient and fault conditions and not necesasarily according to rules and
regulations developed for other types of embedded generating systems )

xS

42 % K (Required functions )

&/ %48 (Over/under frequency)

1@/ % & & (Over/under voltage )

Loss of mains

#®E# (Overcurrent)

b (Earth fault)

P2k E & 24 (Neutral voltage displacement )

3.E 3 HRM 2z & £ (Utility Requirement to Wind Turbines )
B X345 E (Maximum continous Production )

Pmax < 1.15*Prated
&% % £ £ (Reactive Power Demand)

No Load:~0Okvar
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Full Load: Power Factor 2 0.95
2 A&k (Inrush Current)
li<2*r
& R P9 & Bx (Flicker Contribution )
Pst<0.35
Plt<0.25
%% & A 'k (Harmonic Current Contribution )
h<11 4%oflIr
M<h<17 2%oflr
17<h<23 1.5%oflr
23<h<35 0.6%oflr
356=sh<560 0.3%oflr
Total Harmonic Distorsion(THD): 5% of Ir

4 1%3# % Kk (Protection)
1&E % (Under voltage)
0.85~0.95*Vn 60sec delay
i®E R 1 (Over voltage 1)
Wind Turbine: 0.95~1.10*Vn 60sec delay
Capacitors:  0.95~1.10*Vn 50sec delay
BER 2 (Over voltage 2)
Wind Turbine: 1.00~1.15*Vn < 0.2sec delay
Capacitors:  1.00~1.15*Vn < 0.1sec delay
% 38 (Under frequency) :
47Hz 0.2sec delay
%48 (Over frequency) :
Wind Turbine: 51Hz < 0.2sec delay
Capacitors: 51Hz < 0.1sec delay
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5.3%:tey E ez F38 (Design Verification )
sa ¥ &Mt A (Short Circuit Calculations )
Evaluation of protection in wind farm and grid and their selectivity
Evalution of selected equipment rating and possible overload during
fauits
Demonstration of fulfilment of national requirements
E A #dkst B (Loadflow Calculations )
Evaloulation and optimisation of WT-transformer TC's settings and
OLTC function in wind farm transformer
Evaluation and control of equipment ratings
Demonstration of fulfilment of national requirements
& s 424 ( Dynamic Simlations)
Evaluation of transents furing faults in grid and wind farm
Evaluation of requirements to protective systems in windturbines
and grid
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WAL EANNRLKENRG T

(—)5E A » 3

Ao ribaBRsMiEE A8 500% > A TES RS ALRE
A5 h4% R GBS EEALIRAE - RIT4 % 4k Elkaft 2384 >
B E A G BRBTEABRE 2 Elsam 28 g HFA LR TRy EH- 5 1998 #
1AM BRENLAGHABHRILZEE Eltra 23] & HE8 - TR S
Elsam X 3] & &8¢ » A HF 45 Elsam 23 B2 1L - BRAATHEA %
afEBEEYS (Jutland) R3FER S (Fyn)  BALTHESL2ALTEZ
60% -

itz Eltra 28 & — k8 A M 2152 —ARBETHAEETA
DTG HRARTBLERRHEERE -Eltra 2 ¥ A EA
BENTIHRE —BAMKGTH T - 2 2002 F > A BT 237 A - N
SATEALETHEZIERRERAGBETH  BRAVNK R EHRIBRETD
ENAGKERBRY » EHBLABERROHFE -

T4 & g 1965 £ 7w i HVDC 4 s im s & 3% fedaie » &AHE S
24580t E A R § W35 (Nordel) 2 38 &4 - B Fad dy 400kV &%
% B 220KV & % (Hu b 150kV & 60kV) srgim A reay& Bl E4g4aid - Bt
Eltra €/ 4 % E 5 & ALK T AKX H T35 (Nordel) REKMKEE N T35
(UCTE) 2 &4 > o[ 16 -
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B 16 ®FALTNAGARSLELAE
Elsam 2 3] & Elsam Kraft - Elasm Engineering - Elsam Waste & Energy

% Elsam Associated companies #réa sk > H» 3 a8 B4 B 17 -

Elsam &% |
Elzam i Etsam

Elcam Kraf Engineanng | Elcam ; Associated

AE ( 1 ALS waste & Enargy | COMpantas

B 10 [ T I
L
Subsidiary [ Subsichary
companes | COMpaMEes
l p— SN ;

| I

17 Elsam /3] 42 4k B
Elsam 2+ 8% @446 6 2P A TR ATRAGEREEH LR
W ERRIBE R AR/ - & 2002 4 > A B T 1,300 A xS B AR
TRRAN RS B2k 0 S0 ASRNMREMEHE - @ Hons
Refst# (48 18) R E#FRAEMETE -
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B 18 Elsam /x5 % #ix Horns Rev 3 # B A # T &

(D)ERE &
FAEH 4 %2 EEE R/ A 400kV-~ 150KV ~60KV - 10~20kV B A&E % °
3+ 400kV & 150KV %#E 4 % - 60KV B E 3 4 4 - 10~20kV R A&/E 8
BEE A% o B 400kV R3E447 B R E ~ 150KV K340 B R E ~ 60KV
EF — £ T ~10kV A F 2 8E # #MF5 4 F 23T ie-48 19 J+
B2ENAGERERE -

tniemational

_1—I—-— 200 KV (Ettran 4 pamary power stations (1,488 MW\
(o

imerratonal

150 kV (transmission company) 4 pamary power staions 1 679 MW

Intemational )OJ
17 local p:an:s (568 MW)
Aj—;_‘ €0 xv 50 wind turbines (32 MW)
—E— 10-20 kV (aistribution undertaking)

8 711 ocal plants (1,053 MW)
4,638 wind turbines (1,868 MW

Low voltage
-

B 19 &AL LTHALERERRE
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2ELS 62 HERASL  SERKA LKA 150/60kV EBREEFH - & &
BREErRaFgsEmBIETAYEE KA AEE (Cels
responsible ) - st 62 18 60kV Bk A 4 & 13 AERTR/ A FE > HHEAR
BE@NNGE—BEEMEO0KY BR A s S EEEARTALM S
T & B4 E 20 -

Production o

Transmission system

. -
e . ) 1 e
R R . P Oy
P ! ] f : | v
i~ U T S .

v T .

B 20 wpEEEasiTiaMitriER

(Z2)RAHEHE
LS B RE o R ELEREBBHOERBE > T
FinEakiE 5 NR/F  BILBALRY E - B 21 A4 1999 F 2 RN
FAEAE -
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Vindressourcekort
for Danmark - 1999

Vindeneegi Ruhed .,
WIm2  (Kasse)

SAAGE R AR

w

BYBUIBIILRLATUNLILERAL LR
BRIRPLILUENESHBRILLBALANLY

BT
th

34
3

Vindressorcekoriet - udvikiet af R $2 og Lae-gr c3 M iedate
Uevikdinger: e” finansicret &t Energistyrelecn
Vindcatagrundlaget er Beicringe vincstatisti og lar dsdclekoreitiones

G 6 K 8 Mirraentpeis s < mter e Det viste kort er beregnel for 45 m over terraen.
b e G 1 e g et 0 g e e e s - vo WWW. €M dK

B 21 J14- 1999 F 2 EiE oA H L
RS HAR R RBANHE > R RB TR - BARXEH 22451
# 1990 # 2 2% > 24+ % 2000 # = 13.8% » £ 2003 £ &2 32.42% - H
22 5% 2001 10 A1 B2 RAHEHMER -
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WTG positions in Denmark
status 1.10.2001

B 22 2001410 A1 BxRAANETHMER
FH 90 £RZ AN HEMHEAHRKIL Y B TR - B4HF AL 1,500 MW
ST 3 P4 1995 4 2044 SAAB B A AR 6y ik B3 Ao 2001 £ 1,932MW >
% 2003 #£2 2,315MW - o] 23 B S AR BAHEE -
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Wind Power expansion in Jutland and on Funen

0

-~
x

14

z x - T - = B

23 ‘"L AKRZBAHERE

w8 23 T UF o N 2003 SRR Rk BMBEMAANT G o R A
YRANBEN  BERANBENRATLBIARASRE - F—ARE R AH
T A 1991 £ Vindeby 47 Lolland # %> 48 ¥ a9+ £ 4 1995 F## Aarhus
#9 Tung Knob 3+ & > & 2001 £ Middelgrunden & & B35t € » £ %
= & 40MW -

Mtz sh oo 1998 FR ARG RCHARNEALECARZILMEER
€ 750 MW Z ARls R A% EHE > % % Horns Rev - Rgdsand -
Leeso - Gedser & Omp %3t & > wi 24 A5 #FRAH B THER - P
2002 F A4 B ARIR T h @ =@t & -
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Sy

o o Toanp Ko
EoMidealg e
HEE SRR
@ R, T 0 P
’ IR |
h ",;"‘ .:‘ P
0 oo
o Raidna
o RN
B o IEN E] BT At
. e !
o o ©

Bl 24 FA4ERANEEHEE

TZRAALHBSHIHMARE R SILERBICERES > W 1097 Fx
EAEBESGEHTE P > 1 Horns Rev 3+ E M5 b AT HE £ - A MFAR
oM EeE LRABRERE RERANETA ZRLH TR (more
stable electricty suppliers ) » 2 1§ s e BAa Lt > B A BN HF TR RB B E W
T % &% (less to the reliability of power supply ) - Bl it > Eltra & 4R €17
HEFELEEN AR PHmEAROKEE -

4o Horns Rev z 3% % B A4 Sy Rira B s 1 RHRERNGH
THHA G TREREOEHVRSE - B EREZTE - BERENAE > TH
AR EA - 4o Hons Rev g A BRNHEEETRER > HLEHE
TS & A RS S CHP B - st > Eltra 2 3% A5 pH 8 7 A4
LEBHANLEERZTERARBRAN B ERARLCBAERAT -
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(@) E/R & &

FEEHAANBEHNZAELRABAR  LALRKESNR G Hi5
(Nordic) » R AEE AR 5 T35 (UCTE) - ed ek ALE 4 4
Ak BRALAEHARBGHRETR > FRAKERFTAAM > Bt Eltra 2 9
BRANREBAZEGMWE BEAFTEREMRBRE L P RA WL
BLEHE

BRARZS%AE > PHEHLKHEREFSEETERSL Eltra 25 % hwe
B BABEFLEHEREHFNILKREA R H T35 (Nordic) % #BHA
&M A M (European Energy Exchange, EEX) % #/&# 2 [ - # 2000 4
F 2002 A > @ALE MWh F35E4E N DKK 122 ~ DKK177 %
DKK189 - (:x : DKK A A4 % 2 ¥4 > Px% 5 5L, 2002 #
1DKK=5.7NTD)

# 2002 4 4 4545 MWh 34 €48 4 DKK112 £ DKK439 B » Hed»
A5 B %% 2003 £37 18 8 + - 5 MWh 34 E 1§ £ 7 DKK616 £ DKK176
PG 2% 8 - 1999 47 A £ 2003 5+ 4 Az HB-FHEMiKkERIFRE 25 -

DKK/MWh
00

£e00
500 -
400 -

50y e e

1999 2000 2001 2002 2003

25 1999 47 AZ 2003 4 A2 HAFHERBAHE
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(B)KEHX LT

1.REA X G TIHFMA
LB EHR ST 2T LN E Gt HARE &8 MR~ % A
SRFEBENERE - A RFEN T ERLBERKEE  LEHE > AKX
EHEREEAS HEhiE - B 26 ARKEANXSTHREAR -

- f‘
o }
. !
. ]
‘bf; R . " i
» VA._-\_J"‘. - i
NP -
FISLANL g T
: t.ant —ogr
. \ o
"":‘r'iot;_::,n:—- S b
> L - »—-—"- . 'K‘_. Y .‘

3
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L BT R A 90%KA - s 60~70%KF 0 #x BA% AL
BAb ~ M4 50~60% B K 0 B AEE+ B L ~ F4 518 60%  E CHP
#20% B 20% (RELBEEBIbLeS o5 T RAHMEH 25%) - A4 L
R-BREAR > HARILE R%H -

HET AR S L2 RAOR S A4 RAKEFAERE - BRALEN A
%% —4% Cable Aifiiiigtaid » BEFBERBFLENE LY X EIMRAR
$ o IR EY cable B TR~ AA~E ) 4 0 Bikigsiey cable B T~
Fr~i& | o RIS 4 %—1% Cableb sbigsg s i dbis > B "~ R T~1%
%> FHitEzmiE—fk cable HiiEbig - A "n~E 8 - B 27 A
2 EH 4A&%HhE -

I
T
4

B 27 AAEH A GHIE
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2. BB L Hl A

(1) RREFHRZHEEEREFE  BER N2 BAERETRTRRE-_REFR
2HEEREME -

(2) RREFEZARERE BEX 12 BNEEENIFTRNVE _REHK
2ZEEE -

(3) TEHEA #0168 ORFHRAEFAALE - KRASBEASB AL
W2 B FREFAE O N2 EETE  MAASHEALBHZE R
EHRARER AFREIRAAELEIRMES " ZRRE - FAHITE
AREHALB AR - ZHBRAS S 02 185~ F O3 pwF~ ~ ~ EF 24
AN

(4) B4 4B CHP a F4# > A0 AR ERATHEIELAL > 53]
BEMESERBERE - BEANETARTER A0 LBEERATIFE
BARAE S THERNZBEFEAERYE S FFEALZEMAFRRTEL

(spot market) -

(5) A 4ufBH t MEHBLSHR T ARETRA WEAL REAL TR
%« RN£ B E (Public Service Obnigation, PSO ) - AT A% A 45 &
PSO % /E - RaHAXMT > AR EQOTH2A - FPRARRTHZT
AR -

S.ILERE N K § G EREL
@& B mAL > SRR ARE A EERA 0 SRR S L
Ao MEREILEGF GNFRREBAL FEDF
% @ okBUF A (Br DKK 130 L/MWH Brdied ak @ &R ) > BRI € R
KB mIERE ERBF -
BPE4EATL NI R A D ENM LB CHRAZIZE HAFTERR
BT THRE B > MR B il TRFOERN (AN EEET R

RAR o BRATACA R 0
DKK 150 5t/MWH -
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HEAR B E T ) B K B GILh BN EMA LN WATIHRS - 1
ARFERE BT/ HEEBBEFA - A 1999 F2 FF3HEF 95
A/MWh 3 % £ %39 4§ 279 L/MWh -

REHNRGTHT AH—ELETM HERAKREIHFE - EHFER
RS ABAK > ATALTREAE LFTEELS  WEAKBILE
SEARZAFE  UEIH AN BB ETHRE S V8% -

Eltra 28— EABERT > L2445 FFL  AHEZIK  HESF
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z-ARALEN ARG

(—) % &g

BRALEHAGGEBEEHTI2 NE2Z 400kVAHEALTAH 4 BEE
BT/ (LEEEEH 1488MW) > s E A4 1,739 X 22 150kV &%
TL4 P A4BEXETH (LEESEAH 1619MW) - 60kV RE B4 4
$H 17 A S ER (LEBEEH568MW) R 50 BRIy (LUEEXRE AL
32MW) > % 7> 10~20kV R & BB E A SR A 711 BT ER (RRKEFTE
# 1,053MW) & 4,938 @ A5 E# (LEEXEEA 1,868MW) - [ 28
BASEH AGKE -

i
Wi e befynn e e s

Hons R

.
Tyskland

B 28 &ASHEALE
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HPEWEZ AR HATALIH AN BHNMA - X TREEE (National
Requirement) ; A& > £ KEREA - Brs — 184 F 10 B4 FAHRY >
RIBRRETU "TBHEREL, Ad > B4 EE - BASRALE B RHEH
FoBEHNNEBHRE > FRAEERS EVAHA A BHPITZ8F
4!%‘ o

EFARAERMERETaFRELATHEK R CTHEEER M
Z2F BARREHNINNF -

(NkEZE

#2002 £k BRALAEHALKBEESEHAT0IBMW R+ X2 E
B EEE A 3,107TMW (45 44.27%) ~ % % F 3 4 Bx (Combined Heat
Power » A F %% CHP /) £ E5 %% 1,596MW (45 22.74% ) ~ B 7
BEBEBEEH 2,155MW (46 30.14% ) RARBAERN B EHEES
€ 160MW (45 2.28%) -

Eltra 2 3% 2003 Fan M A& TR » i 2003 FHALELY
21,058GWh > 4a &7 3,760MW (I EEH A % 064 58) 2 EREES
¥ #2003 £2 2012 Fx EBALLAHKEHNREHE V0B 29 -

29 2003 £%Z 2012 £ 2 AL AL TEHHREENLE
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BB 29 &t ik 2012 > @RS LA LKAE N HHEH 4,400MW
ENHBNZEESE 7,018MW - k¥ BN P2 TRk CHP TRt 24
SRR ALBERNEERY > L FTERINRERERIA N # A
B R4 F AT

(2) 2 % EH e MILH

LEHFEBFEF ANBERAHTHRGEEY RETHTHARBAF LR
UAKBEERE - AT IHHN B bt 3R SAHBRALTN 240 EHE
Eltra 3] F @ EE MR AL RIB LI A RIL A S a9 #HLE -

o) CHP Tt » BABTAMALTA TS A EEHEW > LE £ 2000
R BNBE2ESHELL 4L EEELE280%  AKR AN FIA S
fhteey R A1 E > Eltra A ERINRE AR A ST L MIBELHES -

FAER—FBENBEREE AV BTETHIERRTPRIZER BMR
NBRIAERIN - £RREEN > FLARK AR AEFEHRAREFHLRS
T MBATEEAE AIERRGEB/BOE S -

HREZAEMABEGBRAN BT TR CHP THB2RE > REFGHT X
HMARHFERE Eltra @R AXETHRIIME -Eltra FRIEKEHN X
5 #3% (Nord Pool) Rk AMEEA R H T3 (UCTE) 2 A8 B#RIAFZ
—BHREN L% TH MEZLEREA

* BAEAFRTHAZAES

% #h CHP Em A AR EHRTFER
* R E AR FIERRE

* HAREHRE

* AN EFERE - TGl FHRAE R

(m) % %t R85
FAKFANEH TR BRIZIBELRFTEARAZER  HNEAN RIS
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CHP €z #EEMERUAFMRH B EXAML - Bt Eltra 2 HNARFHE
AR BRI T RERBEELF A RizH -

wnRESHNES (WEHRELAE > w CHP TR~ AAHEM) A
BREMS > ERTREIEFNARTRF Er@aBhAATRRARFENEN %
o FRZ—HRER - FARXEERLN - F—HRRARAEEBSL > ok
G - BAMERMY CHP 2 EA A BARBABGKR AR AKBETE

BEGEN - B TiEAR (overflow) -

U THEN A% EEINAFARENAABRRLZALMERRA BPER
PHBE TATIHEEANAFRY FREEAAL TN 2ANE—BFEHI RS
{e# F#kH > R-P4EEE A% 800MW £ 1,000MW £ -

RALENBETFETHESKRAE  AEHENTER - B 30 AR ERLN
& B G B F o a) RN FERIFM > 3 A 4usE 800MW - b) & F 7 FE Bl F
% % %@ F| 800MW - c)Ja 75 A Fa R85 A -

19 January 2000 4 February 2000 6 November 2000

I o L IR R R ERE N DU e O t2uoc tEOD FLRKCN)
a) Shortage of 800 MW b) Surplus of 800 MW c) Balance

B 30 #iEd A A B
BB IR RERARRLNGEE > B THTLARBNEEEAN - 5 R
B EMRGHEEME B B EABRE4EAR (critical power overflow ) 4 4 -
EHE Y - A% & A R A T4 (disturbances) #y&ERK ©
BB 31 TAEE  BATH AT EAR (Poweroverflow) » 34318 % & i FR
% (Possible netexports) > Bl $ #2898 A ER G AR ALK ES > BABRERE
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i % (critical power overflow ) -
BARSALAFOERPCLERIEAME T - 844 2005 565 > Fa% 8 R
se by CHP %84 E8% > 44 2,900MW 8457 € -

/ Critical power overflow

/ Possible net exports

Mw

‘/ Power overflow that
can be exported

Time

31 Tremm» Al bR AR BR

2001 F4 A 12 BB RN ALTRARE  ERALCHAH -
FABRARE G > by CHP S ERMEBEXI T dNEBFEER
TR BAFRTRER - AARBEMERTEE > KA 45 800MW « i m A%,
HEE A HEREE 100MW- 2R b i Lo RIEE Bk SnTReER-

WRLIEE RS BN TR G- ER ARG EHHE A L
350 MW 8§ CHP & ik %43 .k — & 431 100MW 23b 5 T 3h ETHRRETE
EARRIGI L TOMW - 45K % thz 180MW S LR 37 SRR ERBHE -
PREER ARG A RATARIGY 0 MATTREME G A AR 5 F E 300MW -

BIARAE M 05 > MBI 0 o A R RS BB AR » TR @ EsA8 BE R E A -
FRikigre B Ra R BN B ERBELA G A PFHAL  BEBERGEREL -

AREE ABEETBARAR A HEL 0 Eltra 28 THHE K EH L
Mt 4 se 2 (Danish Energy Agency ) :
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*x B EIR N B EH

* MBIy CHP &M
X FIANGEME A

* HRaY A

(%)% 3 Elsam & Eltra 2 3)

ARZ2HH 93402 B 23-24-258 > %l d Elsam 28 A AT M
& 4266 Mr. Jacker~ & 5 A B £ 4265 Mr. Poul Erik Hvilsted ~ € /8 &
T 4266 Mr. Jens ~ & A 3 E =5 2FFY Mr. Thomas Krogh ~ :+ & 4267 Mr. Ole
Holmstrom ~ R A4 T £/ 426 Mr. Uffe K Jorgensen % & &34% -

% 93 4£02 B 25 8t Z 66 Mr. Ole Hoimstrom #:48 - &7 4% Eltra
8l %3 -

UNTFHLBHREEZEH -

1.Elsam 2> 3) #

Elsam 8] BAaT# 4/ 250 A -

RS F hdisg e AC A8 Wt - #3618 4 DC A8 % - BAALE N & S 5L K
Bosg oy oA DC e Bt - #13bsE oL AC A8 5 -

RALENAGRWIKENR LT @5 EN R GRB BN K%
EANXRLT5 - S REASEN A%z IAFHE R S0Hz HIEH FSFRF >
HAERAKRE AT EAAH > SR L 2B > B0 DC it -

EAGETEIR L E @i & Horns Rev = 4 %% 4% £ > 124k 88 Eltra
/» &) 44t Horns Rev pr42 & = T Specifications for Connecting Wind Farms to
the Transmission Network ; (2000 F =—pg ) (M4 —) B FL2 L% -

B A7 Eltra 2 3] IE#45t 2004 FRRZ M CAH RS ARBFEHHASUR -
AP EN AU BT BRI BRAAERE AT 8L &

Horns Rev % # /345 & Elsam 2> 8] & % sl X B35 - Elsam R B siF 36 € %
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AR BBRRAEEEREZRAS  LEFRGRELESGZHNSE2MEUL -

BATH S BRSBTS ME > X2 GNAMN2Z ABB ¢ & %
s 6y P8 - Vestas 1 Elsam £ #3T{Rs h A RREFI R E 264 A s
# 2z % % > Vestas £ % ) 4k sb B A8 - ot 3 Horns Rev 4 A 4 B3R 2 3t 7
B RMEMRE 1 AR LR &R NS SULPMARBAR DT THRR - B
32 & Hormns Rev 4 E & -

i, e - .;‘--"J'A 1"._ (o ddee s 1
’.’Blévlndllbbimtion
- RIS

32 Horns Rev 1 2§
Elsam g Eltra 2 8) 3734 8 Eltra 2 3] > 1% T Bf8 3 4 & o 3 Elsam 2> 9] -
# ¥t Eltra 2> 3] @ = » Elsam 2 3] Z BAA7 B 7 o AR
8 A7 Elsam 47454148 % » & = 4118 4 Aey Governor & Horns Rev
BGEMZ A REFSARIERIZ B Y
33 % Horns Rev z A& (B 3818 ) »
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| Weather mant 34 kv cabnes (vath optical hibees) Transtormer sabstaton
[

e —

‘ . =y TR0 Ky subimg
i i b ‘ . : roee cabbe 1o the
. showe Grath o
cal fibree)

VG kel I] 1}

5 Buoyage

Air traffie merker hghts-outer At traffi marker lights-inner
tutbines: Medicrntensity hgh turbine Love-intensity highte

B 33 Horns Rev x B # 4f 8 3542 B
2. )& FE B B

Elsam 2 8] 1 A RISo 4 & 2 WASP Ja fe b 4 8042 -
BABEIAR  GFRKEINER e

A sE E K - Pitch g Stall
EH BRI RS

Cp B - &4 Tip-speed ratio 2 tb# ~ B BAE & 1 -
WP GRS~ SRR AL

AL BB - Weibull 516 ~ R FlRM A0 R BURR AT A £ Z BAE L
FHEA R,

B AR ERETHBRZIMETERS X
Shadow-flickering % % -

IF 3 B R ~ sk F BB -~

#% f4R3% 2> 8] =z Horns Rev 3t & - K + &7 Horns Rev FE & k831 &)
ANBEEP T ] iE 0 #OR i Nysted & % B35 E42 4 10 85 » SR E a4 b
4 BEM > TREBRGLHAITE -
Horns Rev #{@3t £ % £ 2004 R A & %> BAS EMARIT, X2 A%
Z AR REE T 15> 4o ABB B B3 ¥ sbiF Vestas FH A5 s EREMA -
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SRR ERIESH

Elsam 77 /& = Horns Rev & # B354 A Vestas 2 V80 X £ 5 & 2MW = &
NBTH > LEHRE 456 2% Double Fed R o A K T tir 414 T2
Ao EEBERELE N E AT ERTAZIEE 0 LA SRR RERIES -

fB s B2 Governor > TAZERT AR Gtbi Bk -

4. ¥ EH R

Elsam /3 % Horns Rev # £ B35 & K § T Hh 2ot = faau g
B AR EHAREIEE Y S > #5 TFault ride through capability | ( & 2] % #F 4
AT S REEIBEAK) N RKAEEAUMRELEN  §ARKRE 105888
ey BT REHEREEIEZASL -

5.8 M E R A

B ATE N 8 Tk 645 = 4184+ E 5 #4144 NEG Micon) 2.Double Fed
(40 Bonus -~ Vestas & Gamesa) 3.&& &/ EF4# 1 (¥ Enercon -
Zephyros) o % T4##15 & & » st =48R & F £ 4225 > He4n o4 Double Fed x4
BosrE AE TN A ST BME LR A S A Vestas RE A NEE
BEREREIZ L S

6.Spinning Reserve F# (# AR EE)

BRATHE TN AR A AR U TH AR RBEMRT # A 4% 2
G IR R REEA RS HRTF T EHNEE -

DB A EEE BRI A R 2 A A E (dotisEZ 1,000MW) - k
% 4% 300MW ARG ESE BENLAEZRBRAT AL EXE

FABBBRE > RTUAER — b a4 BERE - F — EERHBH
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400kV*2 % 400kV*1+150kV*2 2% 150kV*4 o s AeJBLES » AT A M T4t > ¥
THHESE  EMARUEFRAIFEZLE  LERAREERH -

Horns Rev 3t 7 B35 B AT £ E £ % 160MW - xR A # L £ 2,000MW = %
H-ERLBERENLAETEAEUEE  ZAR I GHARELERTHZ
M -

B 3T 400kV % %48 Eltra 2> 3) > 150kV & 60kV 4 4B BT H 28 » k&
# 4% 400kV & 150kV % %A Eltra 22 3) -

60KV 2 455 B BIREH N3] HBATE/L -

Elsam 233 % 400kV 2 THE#MEEF KT TEHLN T EHER
B EBERZ6~7T4 - AREHEERATH  LERTETHE -

B A4TErA

ARREFSFAARTRBEFD —+KF > i 2002 £ R A5 HGHAF
T s A8l DC 45 R @T 4 4 4Bk — A2 > 48 300kVDC £ 500kVDC -
EEH A 250MW*2 - B AT H RAT#HiTE - BUSAMAREE S -

BREEFLLAAYBRAREEZEH PO (—AKREANLZHTIH - FH— 5
BHAEENRHTH) - dHFRERR AT > B AMRERE B 2002 F
AFEREENAAEEEAEE  THERFA NS  ENESEFLL 4L
HERILEES - EE?

9.8 F B35 A &

Elsam > # # B4 4 160MW (Horns Rev) f& L&A & 170MW 43t 4
330MW i g 4o AR & £ 2,020MW - 4-3t & 2,350MW -

Eilsam 2 3 = #6742 i Horns Rev 2 i /7 ¥4t - 3@ 34 - G TH &
FRANBEEHZFHBEEEENA LA B TH2FHEEE -

FefE 34 YT AL > T@EBRNFEHAEAL NI RRGBIE %20
B WAL ARETHEAEWEETHL - TRFK 0 B ARFHBE S
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TR ARG A S A AL E o B E BB /2% A 160MW > 45 oy 38 45 R 1
NEE BRERIE I E A CEAINEE BT ) A F5 5 TR R
SIBEE S S > RARSHERE N - TRESER -

So B RS H A TR AR -

Horns Rev = blue
31 august 2003, 5 minuts sampling. Elsam on-shore = yellow 1
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! S 6 6 & & & 0 08 & 8 © © e © 9 2 9 Qe 922 o o
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. i

34 Horns Rev & /1 €1t B

10,44 E

ALAREBRANEERCHP EAAA > THRELHEREK -
B E N & 4% THER > Eltra 2 5 2 K Elsam 2 3 ¢4 # T TAb &8
HE TR CHP Emz & 5 » 7% Elsam 2 a8 Tz ¥ h TRt FRES

S5 & A2 &R 5 0 Eltra 2 8) F 4+ 4% 4 Elsam 2> 3] -
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Elsam 2> 5] % A 445 % 4 &9 747 0 % L7 B B 4 €35 (Horns Rev )
A AR BATERERZIER -  REMALTRMHERLEL  AAARNE
%3 (HornsRev) H 74 -

LB ARG XM TR E TREMZ W) FAERRN ARKZ E S -

MNEHEE

BATEAA A% T34 8 8% 4,200MW » RBe MR L R Eltra 23 2 5% -
Elsam 2 972 — R E HHBEE -

BATHEEE S | AE(TI5 R 234 % A +370MW £-300MW 2% - Elsam
283t 20KWIMIn. 2 sk B o B R BT EHNFAME KR AR
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THRARBKEANE Eltra FEARRFTREAL > BFLETHEATEA R
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WRETHLE  dRBEANEEEANFE  LAAERSEEE N 155
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CRALEN A G

RASEN A b Elkraft 2 5 EH AR - ENERGIE2 2 9 A 5 Thz
FHR®E - 5 SEAS 2R A AR RRGEHARASL T A F W2 L3 -

Elkraft & 7 2+ 3] & % 400KV $ T R HE R A n M E 4 %2 T LM
Fi%uz g4 -Ekraft TH N BAETY 100 A » AEF T4 siEs
R-THEFR - MF - BARZER - RUBRLRR - WEREMARR
AR - BERE -

(—) A &%mn

R4 A %— 15X R Cable bt st d > A HVDC diibtg » B T 3g~
A~k % HIbekz s — 4% HVDC x cable #igigbig - & 1~
% &%

HEWEZER > BATRMMEABRSNA > L TREFE (National
Requirement) , & dy » &R E RBELS - P2 — 16K E 10 B4 > AR
BEETU THEEE, Ad - G4 RE - BALRBRGY  BEHRHE

T T XAFBAMAE > SRAEEA > £ 0 H HA DA I PUTZEF
;}g} °

SRR EE & TR G TR R TEER G
ZF BHAARRENNNNF -

R EN 4B HE 35 -
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LEGEND

(=) &R
Elkraft & /1 2 8] 48 /7 #4 2003 4 % 2019 £ £ #7 & $Fan - 3# 8 36 1L
MEBEAFRRBATARARERPIAANREINAEFOLER E£ 2019 F 8 E
# 17,092GWh - £ 3 2005 #74 % 2019 £ A SRk FEHHIT LR
A EORK -k —F TETHhAKMEE  REEATHEREL -
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Long-term forec ast of electricity consumption
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003 2004 2005 2006 2007 200z 2008 D0 2011 A2 OMZ 234 S X'e 2017 201E 20e

B 36 Ek#1a#FER
HE 3B TEHRALASKREABRTFERT A4 ERE  BEARER
T HEAREAT LA (AT  ZEARGBERT - BB AN
6% HHuAME > REBEATLEE L -
RIF R4 A %% B R 2003/2004 £ 452 EHEE T4 > ARl
#3-
% 3 2003/2004 £ 42 EHHEFH

A% 2003/2004 2002/2003
B4 MW MW
WMEERE 4,104 3,873
G REER FZBE -625 -625
RELBFTEN2ZBE

(B R M43 ) 190 -150
REEERE 3,329 3,098

g 82 (B 85P3444) -2,846 -2,881
Flthz HRAEERE 483 217

& 3 A 2003/2004 £ A FHEHME TS LR L L4 A#
BIEFRES ATHBRETLoEE R > BB RAKEEME 174 483MW
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ZERH
R4 4% B 1980 £ % 2003 FRAREH 2B ZRBANEERE
BEREERBEE HM &4 B 1980 £ % 2003 #2 20 £ RAH#EE
kK 0 2002 £ RS A S LAANBEEETCALE 1,000GWH -
x4 RSP A4EFRNETEREEZEREEE

F ABE | EhoakAs| LEEFZEMW) | #EEF(GWH)
1980 1 0 1
1981 2 0 2
1982 3 0 3
1983 4 0 4
1984 5 0 5
1985 7 0 7
1986 11 0 11
1987 17 4 21 11
1988 32 14 47 40
1989 45 18 63 83
1990 51 30 81 128
1991 57 40 98 150
1992 62 49 111 206
1993 67 56 123 231
1994 73 70 143 312
1995 80 77 156 299
1996 110 90 200 271
1997 171 96 267 413
1998 224 112 336 643
1999 253 136 390 646
2000 335 167 503 858
2001 365 189 554 916
2002 384 189 573 10562
2003 386 357 743 1198

37 £ 2003 A A A EMARCHP #E &A% R > A ¥&kéen CHP &
TS BB NBEERBETEE wehRNBEERCHP £#EE2x R3tE -
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37 2003 R EHAECHP #EE

(=)%3 SEAS € 4 23
AR%4 > b #£E Mr Claus Overgaard Jensen 4% - SEAS & /1 3]
T — Nysted 8 57 ¢ Eria > g 38 -

38 Nysted &t # ¢ € g )
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1HEEBBA

SEAS BAT& @M Hh > AL EMUETEEAR > 235 A% 400 £
10% - HBeE 44 - CHP B RRAAHTH -Ekaft BIABT A4 FHALE
Bl 1o

i B A =45 4% 1,000MVA = 400kV % A E 4% & 4155 200MVA = 132kV
TMEE RGBS K PHREEAIRIMRA 155 F 600MVA 2 400KV F B &
MmEH LA -

T &L 3155 E & 200MVA 2 132KV &4 i @k H 2 Lolland & - % &
o5 A HEL 150MW - % 3 45 132kV B4 4 > 54 50kV 4 T#E - TR

BEEHEH2AH > BRMBHZEEGMETM - B B AL 40KV 2L
Ring i& > it & 2 A& & 4 80MVA A7 & # 8 4MVA -

% i & F 2F 2 Vestlolland % € Ar4ass % & %4 7T00MVA » s 150kV 4 & %

% 60MVA » &% 10MVAR - B A7% % A% 100MVA £ 120MVA - & & &
& F 2 & EME B % on shore 300MVA+ offshore 150MVA=450MVA A # & #
€ 150MVA - e BBFE4E L% - B AT RIRAIAER 3 4% 132kV -

BRI s R ZBEAAE IR R ERBRNLESERERNRE
BoemAHF SR Wik R BARE R SRARS mE - BRAMZ
RBEHEREE > ol R HEZRBEFWHH -

LK ENEAWMBAN 2% TEARFE - RALEA 2T TABTHRL
VS MR B AKN A LB IMBIFEMARE S NG FHELRP -
BTN N BBERWEN RS -
2REREEN

50kV/10KV /8 £ F 2 E AHE4d5 10.5kV » #£ 5  P %k - ERBRIAA
AP zihses PCCRARMKEENETHAZEREMT I 1% - Bk 10kV
E 40KV 2 H— 4L ERMKZEE % £ SMVA £ 7.5MVA -
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ATk 50KV/10KV # & £ 2 58 4 20MVA - B3 T4 E4E 28MVA -
A#E 1.5MVA - §Rmey > BaeHE  $428ETEERR R 50KV i -
BRER FREZERTREREALS KB BmA > BEH I 40 B > #HiG#
AP - SEAS iR E U N NEEHRARE RTHA KA A EMRS
BELE S aHMT S5 #EERAM SEAS &% - & Nysted offshore
B SR ENeRrETRIEE -

HNEERRTRERS  TRP AREBHART  EHFRBBERE S BER
NBEERRAEETHLR P TR Aok -

FBRBRERSEMT B EMENRSEE PCC RABRMKZ Mgk d
EAae) g mREE 255 PCC & B Z G A H 108 2 475 & AL B
BERBTaRREE -

3. A &AH

# PSS/E » 12 SEAS 22 3] & run & Elkraft 22 3 4 run » R e &) 4% - &
offshore W74 4% 454 200ms 8% p =7 3 &L 44 1742 - offshore i~ MVAR > offshore
T E N -

Elsam & Elkraft £ B FAR 4 4 - e TAR 0% X RMAE A € - THFLAK
BoambBMsmE N -

BERRA C BAARE - AREHMEE - B N1 ko AL A - S
W BB BEHE - G ERF BLEGHERE - R THRER -

AREBESGHBBNRABITIUN 2438 MEANNRE > R ETHER Bd
BB &LTHNE -

4. BB B R T A

PRI AT A YRR - ERKETAY SHEH AFRSER
AT - dEARARBERRAEE > EAXAFFAMAERY - THRAM
S IWMA AN FEMARE R LER -
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5.%# SEAS X3 ir#l%E

A—2EHAG HEHER -RERTEH - ALTEH L 10KV FREX
HTEBBMEREN  SHKAMAR RTROEE BRLAHEBELFEH -
HEL T Ekraft 232 - FHE-FEHEARBTZ 44 -

(r9) %35 Elkaft & /2 3]
Ak %3 Ekraft & H 23 - & Elkraft 235 2%4BE KK E Mr Hans
Henrik Clod Svensson 343 it f§ 2% -

1AL RERH=EE ]

(1) LREARH TIHE KN TR
(2) B4 %BERH
(3) KREARGHTHAE T

4 60%MRFED B PRAET > AL AAEEEIEE  HEL
EIEF D WELKREANR L TIHWE - FAeR Elkraft 25 A E - REE®
R R % e €3 o 2 38 (issue ) - Elkraft 2 8] & fE 71 FRAVRAE >
BELARERE N - AHETRENRERMEL S ZAHIFKEEY
SAF o EB AN A NEREE > BRRIE - dEAFEALAREA
L i

2 ABRBRANEKE
EARXNEREHNERATEE  WERLKREGNF > kBT
HAh o RAERGRES  BRERNES -
(1) #% 32 ARk R st 4%
(2) 2k oAR 2k B 7T LA
(3) #RALBABRELR » ALEBTUE THEERE
(4) #am R

74



3.%-3 Elkraft 23] ENRE &
Ekraft 2 EAAEEAHIAE T M LA TR K EFRRA & LED &
EPIATIEER > RHUARAMB - HRASTAREERS » BEDAA
BWAREE LT A d4)E ~ R L BARMA TR -

(m)Nysted s 7 R A #HEt+ &

AitE A ENERGIE2 2 a) A s 44 #RiEEH - ENERGIE2 2 3] i¢
# 15 bex 2 ENERGI E2 ) 3] 50% ~ DONG 2 3] 30% - 3 Sydkraft 2\ 3]
20% -

Nysted 862 B A B CHEFAR AR AZIBEARANFE T2
Redsand 3+ - AE5 4 Horns Rev Bl & X & £ R ) B £ 28R 4%
EBEH REHH 2003 £5 A 10 i BRLE F_RIPZERE 1 30EAM
B1BA MNAA BRMEPLEE TR RE1TIHEMN 200357 A 27T BREZH
B85 €. 10 2R A AL 5L 4 & hf B 22357 2003 412 A 1 B K457 4 -Nysted
BERANBEHTEEER 39 -

B 39 Nysted#tFZ R A% EHTER
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1. 504 B #
B A E#E ENERGIE2 28 % » BHEAMKELESE 23MW > g2

JR 35 4a g b i 2] 160MW - a3t T 45§ 59,500 ¥ & - 48 § 4 145,000 £
FHEAE -#BSHE69 2R MEREAHTE I - HH5F 1154 -
At E4 1,800 48 > GIEM (SHAH) £4 2,050 # - I ARR 3 2R/
5~ B EJRE 13 2 R/F ~Redsand #h& 45 2R & F3HEk & 12 2~ R/IF ~
1 Rk 25 o RIFD -

BRERRMED  BHRISBDBEMEBTERIALLETH  THRME
BRACABERAYERTE - A2 BRMTRELELE TR -

ARSI R A 10 2 2K 2 Nysted ~ 3 & BUI5 746 3%k 24 777
AR~ KIEH6~10 AR ~ 4 8 FURMEF] 93~ HF] KL 850 AR ~ HH
B IESE %) 480 R - B 40 % Nysted &t & B35 2 1 8 -

(1

£3

i

B 40 Nysted # 7 & 775 €370 R
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23R REM

BT BB SEAS NEFiA o B IR &7 RMZ 33KV
ERERLARE 132kV E L EHAN A4 - ATNA 180MVA R X 7 R
=

9

&

DD1DO

g,

33KV 2 5Bk A 48 N2 DB UG R B E G EAT 0 132kV 2548
WERE 1M AE DNERBEETAMAMM . 3F 132kV 2 TEHELRAE
18 N2 - iiE 3 Vantore Strand & Radsted 2 # % Trr A & @455 5 >
ETRHEAGHREFELZBHRERA - AAGZNEFB 25 2R-AH 15 2R
EH20 QMR ~EHT004 (R4 E#)-

At E132kV 2 4Bk E 11 22> PREEEL > 42 F 8004 &
1220 05 FHENART2AFE-B 41 52003 4 B 158 h#se i &
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41 hRERELA
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3. R EM E
Breh AL F Rk Ea s 0 2002 £ 9 B ENERGI E2 2 g7
Redbyhavn 2z # F # B — &4 fis F BRI A X BRAHEHK - 8 42 #%

@3 2005 FR R A& -

ABRAM A Bonus 2.3MW #F B RIAK B EERKERE
107 AR~ %% 65 MR ~#FH4& 824 AR ~ #FBdE# 5330 +FH R -
st

MRk 0 48 F % 250 o - AR 3 AR/~ MR 13 AR/
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4. 53R
ANEE EIG R A 2003 &£ 11 B Wind Power 3 3577 1 82 = Nysted & 5 &,
3% - ENERGI E2 28 A B A4 LB AN > KL0EHEREE - e
Nysted 484 10 A 2

(1) %

A%k %wd Nysted # F T ENERGI E2 /3 T ##r £4= Bjarne
Haxgart 4% o EASAT H B EH > R E — A ATH L - 48R
—BEREHIR -~ EaH - PRANEERNAER HEATBATF KA
Bl o RBASH —AIEA K o

A A EFARRIKFELK - AAENER - FEBRAEREH;RME - A
BR#®AYI AR -EREAFRHFGFRA ENNB3E BAFRS #HFA -
#5474 30 o4k R —EEMB A BB ABEMERH LR NGNS SERE
15 B R AL R BL &) B B R -

43 » Nysted #5583 e X @A 1 %
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(2) %35 A A%
ERREM RME M EHRBETRMBEA - EHNKTHAEER
Hin ETRANZHAES4 > EER FEAHBRAE > HEAKRSELE 45
NREFR TH RN - R ST L LEMK -
ARG EAMHET] X A 8 F|( 43 A~H )& 7] 9 3p( 435 1~9 ) & 8x9=72
oo BE RS G T H AR TR ARG (4ot A1) UEHA -
FTRAMALR > ENL2EHNER HREGRE  ERLURE L
RS B AT Sz Bonus B AR R > EEREEHE 23MW - KA
Ml dmih B R > R H—HBARNE - & Bonus AB#1Ed -
TESKG BUEHRFELERLY -
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©OF =138 &0

BEGEMRESE L SEAS & mA - B#A ENERGI E2 2 3% -
PR A 33KV/132KV 3 48 180MVA A3t X ¥ B E— & - BIF L& B E —
#% 33KV THEM O RRNBEREEAG TN KTAHELENTHA
BM=IMEARIANGLRE BRI ARE (A~H) - ZBRELEMNE L
EREE LA THRRELSRE MM RERANKE  BEEETHIER
REFHFLEHAX FRRAE  FLEAERE TRNETRATEHZEAZIE
FAERIL - BTRAHMSE BRI A REETE - B anRmarnsgt
MEBENRAINE S ERAMERTHALE -

RGEMAEE Al 33KV FRE 132kV % > @ THEELE » »
Radsted s 222 = 4714 B4 2 A % - Radsted &% R X - £4 MM P -

B 45 % B

81



SR

MEEPHRILEAIHKEE - G- AERE > RBEFFAMMEZ K
oo A A A AL KA 0 IR K AR SEMAETRER
FAUZE R 0 RBET EAME EK -

132kV EE T E AR ET0 0K > #2HATFT 1 AR B E# 4 16 4
~18 ¢ 0 B HAHERE - BEE S TT 7004 0 MAHREK -

A2SEA fu A 4B B R R, 2 42 > 2 1 s Esberg Ar#s Horns Rev » 7 4%
FOLRRFS o B & A5 R 0 A=k A2SEA Aszk it Horns Rev &5 » 208 1 Rk
F4LRM (B8 TH - ¥REF) HEFZ2EARBERS 10
B o £ 100m FHz @ikl 10m/s 65 > THEEE 1 RTHET 6 41
HERTERLEE - HT2FMENIBANSERAR - AEIHR S 4 300 A
) B TAE o

BGTRZHMENSE > an VHF R T FiE% % - UHF T 585 5 K4
Rk KB RESEBEHEREE

FIENRBEIE 4 45 ABB 2 S FrEs R 2 A/ &0 5 Bonus AR
2 ) B T 4% ) B 2 AR A4S o B 2003 £ 12 AR EE  hREART
ENERGI E2 /3] 43 » F)&F Bonus 2 5] $1 ENERGI E2 2 8] % 5 4% &
4 o

SN EHEREL 1 BTREIE - o KRR A& B 74 Hons
Rev @mEsiLif - # A8k % &35 A4 & redundance - Br & 715k 1 ERAM &
T s (AI~BY &8 dk) -

AEMERERNEREREFE BV AETEHAMENA S EEF
GBI ERA R XEB R - F RSB R R > o TR B R BLAL > M
BTN BB TR - Rk A B AR Z B N E o R T
Sk BHERASEE ML 0 BARASTANBLENERERAN
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Bigs R HHEMEFRAREET KU EESAEELBREERENHFANSE
BEFBRMRLRRE - KENESRGE LB HM  BETETERRFATE
Mids R PEE - BRI HZEAERE -

B 46 &k 7 B A A

CGRIRALXREFE

B5R 12003 49 B 23 8 0 E4# 1230 -

i

(1) "s~RA~E , SREEES > RALZEAELE -

(2) A—1% "3~ SRABRAEHR > FRACLEXLRASP 2L T Lo -

(3) st stz 1800MW T g B 4okt R ER AL AR E TR EBR -

(D4 8% EXRALA2422ETHBENIE  ENBIB BT ERTS
% %z 1800MW % i -
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BR
(1) RA% - R RiEE 6~12 |55 -
(2) ARBEHEHER > & RIEFRK -

(€)% RISO #4% & DNV 2 3]

1.%4% RISO #4%

RISO A 4R EER T » LemaEnRre ¥ s LR T EBMA R
M o JEUAE B 45 3T A 08 WASP Bp % RISO pidf & -

RISO 5EERASBEE EmR LA RKME BRI RZ 2475
x-ABL2ud BAESMEE & Fi4 83 A &4 Mr. Per Norgaard, Mr. Niels
Erik Clausen - Dr. Gregor Giebel & Miss Rebecca J. Barthelmie - £+ %} A& 2 g
Frit 2 A R R Ewmarmk RISORTE AR LRAEREBMRE HBE
%474+ % - it & Mr. Niels Erik Clausen B &% &1 4837 - £ 5 —EEK
VARG - AAE AAERR A T e R T IR 3 R Y S @t
B 74 150kW house turbine i€ & 500kW R4 E# 3 € E -

RISO # &k 3 A A AR k2 # % > RISO Rl of A A AL AR B2 R
BARE A A — BN R R A 3N AEE o BATHREE S
o RISO Bk FAR E A o MAZBEH R & B RZ M4 PR 3 B LM
FhodofT g o Fo M — 4% o

2.%3 DNV 2 3

DNV AN LA G5 4B L LRIBZIRIMERS  ERT
Vez —Bp B % At B R AR K25 0 A4 &g &3t DNV &cs o
H DNV 23R =24 HHUNTRETARERE R4 FEBIAF - EBS
IR E BAFE R - DNV A N &2 N IRERRGRHIAR -
BN HN LA TAEMREZ/AE 24 DNV RS AR ERMEA - LA
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% o A B %2 d Mr. Mikkel Gardner ANDERSEN 3244 » DNV ## K 2 3] 42
ZMAEREEE  EHNARIREIRZZIREIEBRES  FELAKETAH
HKAVRTS ©
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t - RBEARANEEHE

(F)EREFRABEEZAEY
#REH 10 EEERANFEHELES - T ERE ] RE; I
kP o HEMNdLE Biyth 2R AR TH AR A EEE T8#AE - &
#7 7% Ak 69 Horns Rev B & # . L K a4 8 7 B35 -
5 BEBRNEEYS,

s BRE | HEgerh] LREZE | Kl EREE
Vindeby 4 1991 495 1 Bonus 450kW
Lely (ljsselmeer) |73 | 1994 2.0 4  |NedWind 500kW
Tung Knob 4 | 1995 5.0 10 |Vestas 500kW
Dronten e an
(lisselmeer) TR | 1996 11.4 19  |Nordtank 600kW
Gotland .

2ol

(Bockstigen) e | 1997 2.5 5  |Wind World 500kW
Blyth Offshore |# B | 2000 3.8 2  |Vestas 2MW
Middelgrunden, Y
Copenhagen 1% 2001 40 20 |Bonus 2MW
Uttgrunden, o g .
Kalmar Sound ¥ 2001 10.5 7 GE Wind 1.5MW
Yttre Stengrund |3%3#L | 2001 10 5 |INEG Micon NM72
Horns Rev 4| 2002 160 80 [Vestas 2MW
Frederikshaven |f4+| 2003 10.6 4 2 Vestas 3SMW

1 Bonus 2.3MW

1 Nordex 2.3MW
K 1d 260.75 163

f£E @A Belgium - R AMMERT  MAEREARERNEE - 28
. Mouth of the Western Scheldt River, 47 &, 100MW
. ljmuiden, 47 #, 100MW
. Laeso, #4, 150MW
. Omo Stalgrunde, #4+, 150MW
. Gedser Rev, 4, 15MW
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. Rodsand, # 4, 600MW

. Lillgrund Bank, sz 3L, 48MW

. Barsebank, x4, 750MW

. Kish Bank, % @ # 250MW+

. Arklow Bank, off County Wicklow, % @ & 200MW+

(D)HABABEERZZK
ARTY OB RBRBERT  BRETEARBELAE AT 40% -
UH S EREAET RAHFEE > LARERKFAE - B R AREENE
BATARRKAREBEABARRT S,  BARHES -
ARAARTHAEENDAHLE  THH LESWREREEZT/EITHIL
B M EABRBFHIPTERBREZETH NG -
FiRfEREG R EF A S]AM -

(2)RBREH A%

KBTS A%hBME A% 1 400kV ~ 275KV ~ 132kV » H + 400kV & 275kV
Z A BTN NAEE > 132kV BEE N NAHH - BELALKFRAKE
A REI &4 4o RILEFH 66KV > 5 H @A 33KV ~ 20kV ~ 11KV - Eib b
E#F 6.6kV A FRARE 11KV -

(ERBRAFERATEFBZ P FRAF

KBHEMAEREH N3 mustwelcom BARRET L4 WEHDAHN
£ 38 must welcom £ 2|46 42 & -

EARNNHHUMEBREZTEAFB P H AW P HHE BV XEH2E
B> EANNMBEARNES

BN EHNGZ 33KV RESERZEEENALNME N BMEFRE HIT
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BE o EHitd MKV 28 ELZ24EH Fa TN LS TILFMTEEE A
RELSHEHREHETHZA > B3 TH 2 FILEFH - FAAE -

HEEBG MKV U TFT28E 442 F#EH E 4 5000~15,000 45 2 5t
RERLEAN NS -

EAXNRBMABEHZHHBMPFER FNORANGTE AZRE T
Flef R A S E > S FM4 5V HEER -

SLEF BB N B = B 1k 30 R NGAR RS RUFH - B 2 HHEF A 25% 2
BGIEERLT AN T A8k first come - first service R R B EHL4 %
AEERER - AN TS%MERRFRAMELAELE N G -

EBEENE — KA 25% % A8 BRI 12BARE I 2 FHENEHKRE
TERHEEEE  MEBRFA ER -

EEHNNBATHBRERSERFEEAHIES T L ARMERER 0
BEHERILARATFHRF > EH2ALFTHRUEEE  dHEHELARESE -

TEGHZETRGETEMBER BTRE FTTaMERFEFEI 2 AW
B ABTHANNRECZEE > FRMEBRLHIZRBERER
HEERGHE -

s 34323 % A 645  contestable (T @36y % M ) +noncontestable (=T
WHHER ) 2ERESEE Ermed A %% 10million pound -
ey & A A © 4million+6million=10million

contestable+noncontestable
T A N8 44 ¢ 2million+8million=10million
contestable+noncontestable

ho tb & NTTELE J) S HF e
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(Z)3t &8 Blyth # 7 &35

Blyth &t 5 B354 % 3% B + 3b3¢ & & £ 2 Northumberland ff 11 2 Blyth
HoOBEBAEHTINE-

%K 23 Vestas V66 ! - B E & 2MW - 858 58 R - ¥ AW THAZ
66 N R o AR 2000 £ 12 A i > HERASNMEL 0053855 0 &
ETREAREN 3000 BEEREE -

At EAHRBBAERANFEHEXE—F > A3t £ A AMEC Border Wind
2, 5) -Powergen Renewables( &g Abbot Group & Powergen #7464 % )& Nuon
UK ¥ xal e g BEZRY -

)85 Blyth s p5 % 32 £ 75 4 9 #F Windmaster 4 3] % & 2 300kW &Lt i€
P o

Blyth # 7 B35 845 3 4%  KREFEALHE c Bk BEGH
BERAE — R BN AME B ELER  TEERIEEANS LT HAEUARETE
AL B X EFRARG  BAABERET » RIEHPEHEAT 2B ML
¥k e R sl -

Blyth # 7 &35 15 %
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GAMEC Border Wind -

48 RTHZRAREH

[©QAMEC BordetWirid . -

B 49 hF LABERANRERE
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(s)North Hoyle # % &35

1. B35

H B % — 18 AR & & E35 North Hoyle ¥ 3&# 2003 %4 A - it» 2003 #
M A2I BEAMHAA  BF —HEARTLERE —HEAMKTT - £ 3 EA
gy a5 B - A3t £ 42 Rhyl & Prestayn f z North Wales # i% - &.45 30 3faE# -
GHEMBTETEEL MW R REHF THRESEPREME  BF
WIGE TN AENRD 16 ER CO HRE -

Azt £ & National Wind Power (NWP ) & & - it xa Consortium 4 =148 £
12 : Vestas & MEL (Consortium : & % %182 3] Vestas gt MEL &1% ) -

# ¢ MEL % Mayflower Energy Ltd. = f§#% -

Econnect tL 440k 345 44% -

Vestas & ik A4 & tower - MEL 8 T AR EH -

# 4+ MEL T4 m % 6.3%: 42 # Transition pieces (% G 3 E )~ REBF ~
REMBREY RETAA% - MEL 48 EE A 4 4% & Econnect
af THENELE 5EE AL %z %t Procurement Activities - 3t £ %
12 5 E L f 4 %2 B R &4 > Collation of O&M manuals ~ & % ~ 3RARE3E
T REIE o

Econnect z Re-numeration ( & 4f4%8) % 440K 345 (1 3£45=60 &% ) -
RERHNREZ TR A%EXTEL4 12.8M 3t4% - {2 Econnect 144 50%
Z FAE PP AR TAE - % MEL & Econnect @ 2 3] 344 % #42 50%FR K -

2% T E4a 4 10 /s &, Land Cable Supply, Land Fibre Optic Cable, Land

Cable Installation, Sub Sea Cable Supply, Shore Cables Installation, Array
Cable Installation, Offshore Termination, Miscellaneous Equipment, Offshore
Switchgear, Onshore Switchgear -

TR A %2 B R A A T4k 4% | Electrical Safety Management, Onshore
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Cable Tests, Onshore Switchgear Tests, Offshore Cable Tests, Offshore
Switchgear Tests, Energisation, Post Energisation Checks -

At BB ERMNABR T BIAE > ERNYI SDEHT 2 E -
# % Vestas V80 2.0MW 6X5=30 ¥ - & 4% & 45 15 B34 8 50 -

NORMALLY
OPEN
il i . P Fe. ' N
" .‘ - . NORMALLY S o & B 'E\i' ‘
I
o [ . i TFRl N P
i L ool e
3 For s TR
i i NORMALLY
L | —— I i
oAl el gl — - sﬁ v e @PLER
: QJFPV ‘
iy B : O FPi
- ™ F—'\ “ 1'(,0_-—‘”‘ OB Lo O PP
On SHoRE — — i
SUBSTATION RS Lid B i epi . r‘ééb ‘S?%&: e
TO MANWEB . e é i P
CONNECTION el e ]

casLEs To swoe
50 & JEL MB35 1B

(% — #4355 %1 & WT01,WT02,WT03,WT04 WT05)

(% =43 %) & WT06,WT07 WT08,WT09,WT10)

(% W %3E %) 4 WT26,WT27 WT28, WT29,WT30)

2 2 4% 33KV 36MVA z g #fs 4 kiaid » £+ — 548K 10 22 > &
#1164 B

(WTGO01,WTG08, WTG11,WTG16,WTG21,WTG26 WTG27 #a %)

(WTG01,WTG02,WTGO7,WTG12,WTG17, WTG22 4a )

(WTG02,WTG03,WTG08 WTG13,WTG18 4a 5)

B—iEEER120E 5 bgEE 14 MK

(WTG04,WTG09,WTG14,WTG19 WTG24 WTG29,WTG28 WTG23 4a %)
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(WTG04,WTG05WTG10,WTG15WTG20,WTG25WTG30 48 %)

H¥t1%E 35 HHER » 5 A WTG22 & WTG27-WTG18 & WTG23-
WTG29 & WTG30 34 2 & B M Fd] 2 Z 5 4935 s B od - =7 3% F B3R 4R N
AR R ER -

B R4S 2 MRS b 98 C B E R 51 sk 2 454545 €78 9 redundant
RETREGH 18 R4 EH -2 FEZBENEFRGE2 NEHTELEEE
33/132kV # & ¢ & pr 4 A Scottish Power (& /72 8) ) °

51 North Hoyle # % &35 5 E 43518 B

AEGH R L% SCADA A4 4 Tekiz & B ERE R - BAEEH AR
HaEToEL HH20 2R - BEHH60 2R - HARKKBIESTFEHH Y
80 AR °
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2.North Hoyle & 5 B35 2146

(MABEE LK

3 North Hoyle = 30 % B s A Bk X A5 - SR HEE 4 QR TR
FHITREASRR LR LN HBRESBR o AT R AT AS E Mostyn b4 -
BdwBieddy (Jack-up) EEH A - B TAMA 8 Bre Ry T My
(B#h) 0 MAELAARLE b B iR AE R OIS -

# 2003 £ 4 B RI4iTHE » 27 AK 30 3 AB SRR - LEH
Atz RS EZRE -

PRS- ‘ e A’ N
*‘F =i i : \r;
|

F

Y .
o

5

= e

52 B Mostyn % % 4846

o,

(2)4 Mostyn % :§ 2 %

G # 2003 4 3 B % — 3455 Mostyn 38§ > B H A0SR 9K F b4 -
é.42 Vestas /3] & & & At & 2 Mayflower #i&/, 3) 7R B > A Z A 2003
6 BATHREAS B st R TR
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B 53 B Mostyn i 2 2 #3548
B 53-1 fa# Mostyn # %2 BM AL - B 53-2 47 Mostyn i 2 & ik
£ (Transition pieces) - B 53-3 fwx Mostyn #:& = #3 145-F & (Access
platforms ) - @ 53-4 4% Mostyn # &8+ 2 3% &

(3) FE A+ (boat landing )

R EMM A TAETF AR F BRA B EAL N 4HE - B obi R K59
A iAot (boat landing) > &4 1 EURMA 2 BEEAFHIR () #
(fender) o st 5 48 Py 48 (5) A N R AR 64 o 38 3 & 38 A6 b A F RSB 8
BEABFHLEABR S - FABBERAES - THA DR HALGHERET
# B Fourth Guardsman ; 4 # - @ 54 % " Fourth Guardsman ;, £ fr % % 5%

A5 35 ©
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B 54 &HE FARE

(4)i£ & #& (transition piece)

—EEMBEREEAS  BERARERRE F e > By T8k
(transition piece) - #| A BA 4 "Wind | & HEZAB L > LR
BATREABAAS LR - do b B TR EMAR B 303b 3 - A F RS REE
Bagde o b hRE o~ LB T4 4S (Access platforms) & 2 B4k &

I & intermediate rest platforms i B S HEABEATF S ©
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L

55 MEMEZKEZBMAKGE
B BN R BGEREGAELXIEANEEZRE By Rhyl 2@
#Ewiaik - & "PontraMaris | 3% & FMHA I EAS > BIRAEBKRT > U@ %
A4 405 - B B & 8% " PontraMaris | 55 E & M AR RSB AR E F B k%M
t8E o MK SR Z i 4i sk ey K T #6482 5 Cns Subsea & ¥ -
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(6) 5 K AAM

ABIAEA R b BA FA L6y DR -

—RWE -G RMBELE I ERES RIS o FE R EME TR F I
Sl AT stk - hH s d B g TExcalibbur, & "TMEB-JB1, & &
2 E R TAF -

A AsT Excalibur ] A 2 F g iE 1% B 69 R B 3% 40 4 A3l 69 B 4G M A8 e
KT TRAMFRARA LD B R EM - 2hike TR BHEF EEHGRE
T — 3R AR

Seaccre

57 TExcalibur &% Bk E & % 426
TMEB~JB1 , B & Pi/eskf T4 - 45 % % "Annegret, #4 feeder vessel
Bh F 80 - TAnnegret | — =k it —{EEM 4 TMEB-JB1, %% - AR &K
"MEB-JB1, A& "Annegret, &R AEFHE "H > "MEB-JB1, s L2 S
B4 TAnnegret | A5 F A b oy B AR AR KN RAE L -
— R E R ik B EARK T TAnnegret; RIE 2 E &R
F—3F B > ) TMEB~JB1, # 5| F — 3 Rkb M E 45 -
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B 58 [ Excalibur %# % — 28 @M

B 59 X —EMRE TR
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B 60 ZAIJPAEKLETR

(7) 8 % 84E ¥
B P 2 i 4 3R N K F 3B 4 S B o AR OK T a4 MR (remotely
operated vehicle , ROV) #i# 4% » b BAeEAs TR, 424 -

©BWEA

61 & Rhyl # %4 %)z North Hoyle & 7 &35
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3.North Hoyle & & B35 3% # & #
Bk 30 5
R Mk R bk B 38 £ - Vestas (2MW) »
BB HE 67 2R
¥AMTHEL 80 AR -
fi & : Presatyn & Rhyl Bl 2§ 5 9 7~8 N2 &
BMESH 1 R G 800 AR &b 350 R
THE 2% BIE1.5 ~RFE
TH + #F25 : Rhyl
#1E i 42 2 - Rhyl (Cefndy Road)

4.North Hoyle # %

National Wind Power &*Anthony Upton' 200 72

62 NRMELEIMEFZIAE
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63 North Hoyle = &8 (—)

B 64 North Hoyle =B (=)

(C)RBAE R AR RIGHASTE

i 2003 £k 0 R A4 83 ERAAN BT E > @I K% 1,060 LA
T LR EEFH 647.6MW -

2003 # 12 AR B Eh TP 2,(Round 2) 3t & - .45 15 @8k 5 B
35 ABEN 57GW £ 7.2GW - a3t RmL  BTREMEN 40 % P RREXE
ARE6FPERETZ1PMERE -
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A3t Crown Estate & Fr% > SERRAME GRS £ 8 =855
¢,3%: the Thames Estuary - Greater Wash ~ & the North West -
fi81548835 P & SME T4 A BN KT eiE 7 the Greater Wash area
B R A EEE B T/T MRS E > WH TR TEEREESHE 1.2GW 2 &
# oo
HESHAE12 A1 854 11 B a6y H —18 K4 8 7 B35 North Hoyle
(fu#> Wales) z 14 Z # R & Ak & > 37T 4 2010 2 10% % 2015 42 15%
Z M RE R4l LEIE AN — B3R 4t -

o F) 34 Bl R A % B € £ /% Marcus Rand £ i " #9% 2 &R T a9 AR
SRZEMBARR AL BAREOATH  SEBHLBEN KM E -
HMBIER A EE B IS @A ERTAHEHTEN MK ELAHO6 P
AFHE 1 PERGRFRER o« HAAVEF SAF £ B T ARLIAES - FEFiELt
05 5T B AT iE B BT 2010 S 10%# 2R BAZGY — F -

REBRATERETFETY > BRANERBUF 2010 FHMAERM L 10%89
BAZ - BHAMBEMALREFRRYN > HABEN2E5MEB L (25GW) &
PREHER - MBETHRAERAE 7 EE L (TCGW) - LR A A E
TMEREHE6S -
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656 HEEBEAFETHEMEER
W BATe Trsfx 1, (Round 1)

FEF 0 F 1.2GW 37 BT E2 ER
# P o ¥ —Eaa North Hoyle sy B2 i - 27 E
R A PLE o

B AT 3

SN

43 %> Scroby Sands &
BAS T ¥ O 4 640MW &9 57 L R3E 5

&7 100MW ) > 3324 3 B A28 40 % A P AR & 23K
AEEA 4o B 66 -

3tE (845 2003 F A&
RFAER e ABRNEEX
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WIND ENERGY

—

—IIT 3000 MW
.
hd "
2500 MW Tt
.
2000 MW
4 -
2 .
. -
. ’ <
fe °, . 1500 MW
. . N
(. ¢
(AN %
. -
. " ¢ 1000 MW
o e « .
.t
. - 3 - .
Loy ,
L Y
. 1 . SooMw CURRENTLY
o S INSTALLED
) ' 648 MW
oMW
R
e
<'BWEA 2003 >t TOTAL 2905 MW

66 HEENFERZMBHEN

(A\)%3 3t B Econnect 2 3]
B ¥ 545 B 2842 78 Mr. Christopher |. Porter & # $23% > iz & & W 35 42 32 Miss
Paula Little # ] -

1. —REFHBAN
M ESMPITAERABRE - D £ - HMAARSHITREHAINER
REEHTERR -
AT 2 45 XA -
(1) 000 FS3H T E LTI ERE KR Ooxx Windfarm Generation
Connection Sample Feasibility Study Report )

N% -

BB~ BAEE - ERAKMAN (AEHE - =E) §THEst
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BEHUH B4R 132KV F K B3 33KV 2 84 £ (QEMEF L (ALFMH -
RAER) MRS - RS (BETRF - TEHFA voltage step -
flicker (i& 4% € % flicker) ~ FR 4] € K constraint requirements ~ 4. 8(3% 8 - T4
BE)- S Ezbyn (BEFK - 2RHE) - &3 - Econnect 2 S| A %
Z 3 M4k A oL PSSNiper 2 4 s dd - (32 © Ay X175 24 IEC 61400-21
BB AEFR)

(2) 000 &AM £ATT/HMRIEA (xxx Wind Farm Sample Pre-feasibility
Study )
mNE

BAATHHBHOEEFE LI FLLEBBLEEIGE BARHAETE T
BES - WHEER - REFTKARERE - REBRE T FRTARILR - &%
RERE -

%o AR AR E A o8 TE A R - Econnect R EH R - IF
BB BMAN > T g s E2MANE YRS Tap HHARATE - L& 5
Bk e 3 kw32 pe RTU (Remote Terminal Units) - 7% & 35 Tap #3a3%%
( Generation Active Voltage Control » Bp GenAVC ) #®ihehze & TR %1t - it
TRELECERRFEAHTH DN RMEHRIFTL R -

Econnect 72+ 3] B PSA #88nE 71 4 %t 48 > 7 1KV 2 2 R %1t
P4l £ 6%,

2. 835 ERHEIRE
#1 Econnect M & 71 4 4R B T2 6031w A MRS T RGN -
HAZARBALLAKR RAARRGEREASZ  EENR{L TTLEH
THh UHERELARZBTEZEZNEAR -
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(A B % e

£ A Econnect 28] 2 BB HFXEBAT S TAMARABE SR LA SR
mEteE > #nlslanding - £ EERAR  KBHBEBRTRERELHREF
ST NAMRTF AR Rk BIERBEAAT L -

A A7 Econnect 12 1 GenAVC #. 4 (BPW S HG R E T HEZ L TAMAR -
MR T RGN RBEANR ) P HAAMRE T B A R R TA2ETM
FRFEALFT K > MR R TRESHE S AN RFIME (£6%) N -

FENDANREEETE 4GBt B K S EM - R Econnect =T LA4R HEH » &
ARBEZ K EREHNARFEAN  EN DN RILEL -

s Econnect 1 /7 N 3] 3 B 45 R R 6% - B4 check # 7 #4 » 3k & E
BEAE o

QA MuEsEE

HNBEEHBERAB T ARL BB LR  §EH L ERKE — &
BEFEAEMBERHRZER c RAGEL BRRZ —MRATHMARERR
PELHE>MEBR B IHZER > FH A BRK S RERTMRIL LB XA
EEE (FRALACARERESES ) AFRE—CARBBEEEET
TERAGBRAREBERL LR S BERB B ZRZFR - BT HABEN
ThhEE -

() A M & ER

#& Econnect = 45 - 4o Enercon #% Inverter/Converter 4 48 - % K 8§k
LA 0 4o Vestas 3% DFIG /) » {240 Bonus # & 5 #4152 I1G B B AL & %
TR s o

(4) A B % oo S SR A b
NEBEBE & 4B 400KV - 275kV & 132KV B E 4 4.4 A 66KV ~ 33KV
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11kV - & ¥ 4k Econnect % &5 {4 » 132KV % %77 4 & 60MW~90MW = & 4% >
33kV % %4 9T 6 4 20MW~30MW = &l # -
AREN2IE R LHZ ANBSGHAZRGE A4S TA 0 A0
HrEE > REATIsASL  UHREREL  ARFTEHE » xRS
EHNENAE L5 THTHE EAE OMW FHEBBEE A 2L+ -

4 W

(5) % s it

Econnect 3 B PSS/E % PSS/VIPER % #: 8% - i ST MBI X £
X W PSSIERAZZ®/Y - FRAATH -

PR 6 THNARRS (BEAMARRKA?ERLRFR) HA 161KV
ABERBEEM N RERAKERTEBAIRAFTBRE 45MW - B3 kR EMK
45MW & 22 & - 485 B ik OIMW > sk 48 75 & #4838 O5MW » {2 B 44 1% 4. 5MW >
AEERBMAS - AR B K Aot ey Rk & & (fault

duration) ; ?

3.4 PowerGen 4% Nottingham = & &
LERA 434 b4 AR —BIER -4 EF A A KA cooling tower
i+ 8 & sAbspidn -

4. 4 M H BB A 4 i 8 ¥ o (New and Renewable Energy Centre,NaREC )
AR % dAEE ¥ 26 Dr. Jamie Grimwade 345 3 f 4% -
KR ETAAAEBER BEE 12003 44 5%~2010 # 4 10%~2015 5 4 15% -
Blef T A A AR E k5% (Non~polluting) ~ € A (Abundant) ~ &€
(Reliable) « 24 #{&44 (Economical) - B ¥1&{a (Commercial)
B 27( 2003 4 )# B 2 AR ELLE & 4% AE 23% R AR R 43% 1 26% ~Imports
3% -~ BAKR 3% - A EM 2%« K P B RIRME 3% EHBARE % > &
AR ARMEY S - AFHNREER > ARG EFHEBRZESEL
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HAERARRBAERRBHALE

BRI ENASKEESELEHREX 1248 AhILERERTERA S0 £4
& & 18 - onshore 34 E{g 4p/kWh - offshore F34E1§ % 5.5p/kWh - st & 4
feB P (NaREC) Bt R & B ARBROIEAREE -y HE AL
HRHBT > WwEL RIS TRRT0 AR KZER « AAFRILEEF B35 B R5 -
CAFRAE ROHF 2 R R ORGH M B AR A B R R -

NaREC A e M 4t ey Bn R A XM BFR AR Z AN REL X
@S BRF KRB

5.4 5 the engineering business limited, EB 2 5]
& Mr. Mike Watchorn ~ Mr. Chris Lomax & 4% it fij & -
BNNBAMBRANEREEAAER QAR -HYEHT LAEAR
WG E 2z B o % %41 North Hoyle = /88 #3%k T 4% -
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AN BRTRAZEERALHEHEITREE

(—)RAEH &

BABREHBAENAGERER  TABRBRRAMER  ABE8N 448
THEBZHHRBRALHB T BILIMEBRN  BRAXERZIH AN RRAHRE
E W RAE - B L - K5 ey Rk 8 1L 7T & pitch control iz #] » & pitch
YTl g dsarF ey El (wind gusts) > pitch &% R85 R & >
MENBRN B EHE T ERE  RETHRENEIHE ALESN
5 E PR -

Ake Larsson ## i& 5l i s 8 F L2 A > 4B 67 AT ERME R S
#» 15m/s » ybBF B 38 E A 1pu o M EURR N 14m/s £ 16m/s f # 1L}
H A R# 0.8pu £ 1.2pu 2 M%4L - EER 225 EZ Ak A 0 H b A1t
B 4o 8 68 Fr= (Ake Larsson, 2002) -

1.4 v
/
1,2 S
Z
1 pd
=) /
5 0.8 7
u /
g %] e
0,4 -~
0,2
0 A+ ——
4 6 8 10 12 14 16 18 20
wind speed (m/s)

B 67 Rases (EsamEgit) (k4% - Ake Larsson,2002)
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260 1
240 A
§ 220
a.
200
180 T T ¥ —
0 2 4 G . 8 10 12

'
B 68 mETF - EMHHEE (FH AR - Ake Larsson,2002)
REETNNBHTERZANEEHR (L& KXFFHTH > 600 & - pitch
control » #4734 2F) Af) - LR E M HEILTiE 480 EE 720 R JLiF 3
RBWAGEFEE s BRBRUE T HE A S - RIFT IR 80FEIE
W A4 ETREY (Flicker) - 5 :&#R N #3% Inverter/Converter %4 » b3
EHEFAMSRGAELME (Harmonics) A& & -

(=)xB&

AARZBOABBENBEERALZEESESM  HwiaxdsH - ¢
BRI Ak ETHLEMAE > BB ERRBERE ERIAREFRHMEE
ZAGEBRE FTALESRE— P oA KAEHR -

(2)AENF

1R EME Ak

— BB ERBEHEZIEIZARAHRBELEFNALTHLTAOBER
4 % (Aerodyn. Torque Generation) Bpit k- @& (Drive Train) 54345 4t
¥ ¥ 24§ # (Electrical Generator) > #E# A4 EH e E@R & (Grid
Interface ) % 2 €49 (Power Grid) -

MREZ M > B EEH B (Master Controller) & & 45 4 Ak 4% #]
(Mechanical Control ) & & f.#x#| (Electrical Control) - it % %] 8 sA #4847 %
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( Mechanical Protection) & & #.1%# (Electrical Protection) - &2 B

1% B 4o B 69 -

Aerodyn. o o " Electnca: Gna Power

Wind - " Torqug i g Qr‘vﬁ "?"1' n Generator ¥ interface Grid
Generation A
A A
TOUA
| :
. Mechant cal DU Electrical -
Controi Conuol
—— e e
Mpchamca! E‘em:ca.
Protection Protecoen

i i

I~v1aster Controﬂe e

69 R EHE MM A E

QRN BERZDEHNR
BATE N BT/ 2% £ ERAA (Upwind) ~ Kb~ =¥ K ~ Fik 4

# & & Pitch Control - £U42 % B At 4 B BUR AR AR E /)
BABEHEIE RN BE - BRREFas MR KEREFHAHN
PoERMR 2 AN L E S RMMEA E A R REeE K RS #AE - DFIG
HMBREE MBER - KBRS LT ARRBME
WHEE-FRETHEBRE A TFM2EAS DCLink AT ERZEIAE -
&4% PWM Bk K 34 8 - AT S8 38 b3kt » T i b4 fs o4 -
ek MAER] A e - Xk ik d B EH - WRBEHAERITHH

s BBl EENEREAERE L > w70 -
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Spinner: Naceite v e Pre At AT e aotren B e

Nose Cone
! 200 Shar
| Rotor Hut Ror s
. t
) T h ) °
d;.___..,ku ) . w
e

w
!
s
N ‘ -
Pitch Drive i (Seneraie: St uct
Riagr o
Bearing Bracke! ~ .o Proefing Mair Frame

Beo mate

70 BABRTHEZRREE
BABEMASE SRR REREAL &F T84 S 41RE TR
Bz FAEE EH M RS R ik - WAL RS B
RZEEHREEHERRY  EFR L EVFUFE - FRER TR L
Bk E A5 3558 T & i o sk Pitch Control $2 4 ik = 4§ Bo 6 1F &) R 45 4548
R E - e hREREARBRBIEE RIS > AR TREIEIRRE
Bk %8 & 4 2 4846 %1t - Pitch Control A% #/THE -

SHMBIHALZIBE

—HRREETE ANEEREVMEEEHTH KA AERFHERORE
AR AARTRGEY - AFRUEREUEH 2L TRGET - RAEEHK
ptEE AT Pitch Control R A# F 2 I UEAN T F OB ALEFE RS A
ITHE o BT AR D T BB Z R B o seoh o BAEEK
THBHEBH KT HHEE (Power gradient) a93% £ 4E 4l R #p 4| G AE T oM E - 42
BREFK  NEREHABRARFZESHTRAFTHRACTRZLANHT )
MEEXNMERZ 1.0 3t B REEANEAN - IREFT A D o &
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15 HE O % 8357 Cut~in 78 & Cut~out 8534 T 1535 735 - & %85k ok
RAEIES -
B st B A T T 7 F AR ARG B es B B R -

(1)4# 5 37 3% Pitch Control 42 £ #§ 7% % £ 4 F1 % 05 4 476606 > B Lot &
AN o BT REs R R -
Q) BEteg > PRAES TR LHEEEHRE  UABKTAH -

(3) B B 8% > AR Be (Thyristor) @ ig A A EIRE A

BaubrX > REREAEABRAHZUASHTAAETHRATTHZILEY
TANEGENIE K2 1.0 3bsb > Miise (Thyristor) @8 RE L RANRN
TR E T AN e R o RGBSR MBART AT ERER  AHHMW
BigEFELEER BLAMER R MM RBHE ABEREAEZS -

4.8 7 &b A ks

(MGE A A E#ZIEH T K

BATH A 2 B A % MM T ¢ ik (Speed~variable) #y Double~fed 7
K > Ay IGBT €4 T FiEslir kTR @S -
BARETHd —BAkieF (Wound Rotor) = & B3 E# ~ %3k (Slip
Rings) - # F =% k2 AC~DC~AC 48 % ## % (Frequency Converter) m&
R EFiEHEmas  OREEFLELE -
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Generotor

Tynch o~nge 10n swich
JAC STV GOWy

—fJ1>

—

.
JI

Q> —

control

J_.L o

3aCc

s
~{

gra £
s I\

Iv imyv - trangf

71 BRARTHEEREE

Double~fed iz #]#8 Tk BT %5 A F L —FEEHW K& °

B ) ¥ E#42 X (Oversynchronous mode )

PFPABZ R T REX R EN  HHRARTIEEEX - ARBL TS
HETFTEBABRRFSZIBRAETIGE A AR TN G TS
converter # B LA H - FTHE Tt 80%EH B FRLHEHLEHEH
20%z&EH > w72 (a)-

B. B #:E# i KX (Synchronous mode)

BRI E 2 R AR L TENTTEIRERLTZIAKE
hédh - TR Bt - AN A RIMHRET  LEHRETTEFE
#l100% =& AH -

C. kR RF¥:E## X (Subchronous mode )

PPUAERA R F R B2 8 EH > AMEAR T EEEK - T EHEL TR
HETEHBBRARDHZBEAENGEETR)  WEREEIOHAEHRTE
BUGFBEREGTNRE - AT RBARTHERDT  HITARLTAR
#id 100%2EH > w8 72 (b)-
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Pero Poart

E

weedrmeeesamevee~=

Paaron Pstaron
(a) @R FEHBEA (b) REFEHEHK
72 BABEREEHEK

$# 78 L2 Converter & —wm &k (4~quadrant) = 444 % - K ERET
B ETAARE ARG RE - B MR H TR AT B2 E@E K - Converter 24
IGBT (Insulated Gate Bipolar Transistors) #4% @ T1# & H 1845 £ HRAK -

Converter = & B & 4 35 4 PWM ( Pulse Width Modulation ) 2 4% 41 tA 2% 1%
BREZERK - AN AARMEBTEEREASRUEREZENRE - 8B

TEBEwWE 73 -

Line L Rotor

>
[=4
(;3’1 Converter | “T" | Converter '—|
(=
=2

_____________________________

IWTG I1Stator IRotor
Transformer CE1 L, I —
& Grid \ Gen
vgen K N
N ———




(2)Vestas B /1 5 E# z x4 F K

TR, BN HFERIK AR EEE (OptiSlip) #EHREBTRAA &L - bk
4 £ iE 4] % Vestas 23] 2 EA B - & FERIEH BREAM S HReiEH 5
(Multi Processor Controller - MPC ) % #& 3% 4] 4% + T R AR 5 i A 69 88 £ LU
YEBERGES -

WHRFRAETHBENEFH I NG A ST ELZE BT EREH S
(Rotor Current Controller » RCC) > &4 T% LM ~ AT FE@E - TR
BRMRESIEHEAT  WwE 74 BEHBEAASHREEFE (MPC) Rt
WAE MR E B AT B AL 0 BT B R B I B R A RN -

Rotating System windings

l 1

! Rotor

Curren: ! Current windings |
'
l

Measurement t

Turbing Retference Current |
Controller ’—-——_/\L\/ Control |
Opticat ! !

Link '

PWM — 25 % '

1

i

1

Contral Power Rotor
Bocrd Electronics Resistors !

1
]
1
1
1
1

Bl 74 @8 E 4 %R E
RCC By AN IEH B FT R - N EMRER 2 THERAT  #TTRE
et TR B 0 AT AR SRR R R s
i MPC 2 — 2 EREALE  AFTREFERETLBEALYETE
MARSEER  EMEERSEZWE  EHAHEL FRERRELLMAEL
e o A B BN TR ALGF A IGBT frtnik - Birie48 % 5 3kHz » &b
TIAE T AR MAELEEEGFR B FAE - MM EREHEBE L E 75
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—

75 TREHE

(3)Zephyros B /1 5 T H 2 4E 51 F X

Zephyros J& 71 # 14 3% A & & #4546 (Gearless ) & # 52 %) &, % #&( multi~pole )
X X 545 IE R B 4 25 E 4% (Synchronous generator) R & £ sk Sat# K
o TRV UES e REMETHEE -AC~DC~AC T g ZEHEMRAT
SepR RSN TEE > BENREI TN A4 B/RF 60HZ BT HMERE
B W BAEARA AT BRI LT AR R e B At AT AT
Hll—EHEHREK -

EENBELZRRT R HAETREHEFOHBETHELATAFNR
B S ERRARSEEH A TR I NBETERMFMEFRG5ILE
RS S R TR R ERSE (Flicker) -

BRI R TR EHERRK  HEEROBFRE
JE G &) R e T wa B o sbab A A DC~Link 69832 » 4 EHR A EHEREE -

BAHEHRZAEERRALTEBE 76 AT -
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Active Rectifier Unit || DC- Inverter Unit
Link
Clamp M,m
BEE T 14T Azale=
H 3 T 1l _
3 N - ;ﬂ'fL - p"

N -

a2 oy

=)

Windturbine power converter system

76 BRAHTHREETHBRLILTER

INU 84 8 (B ERMX B E ) BRI ELHNTRERSELH AR -ARU
FRE (TEMIXHLE) ARAAEARERERATHMAZ R THRA
TEHH - HadEie® (ARU - INU Converter) 1t ik DC-Link #fig 4 > Bp 4
AC~DC~AC s 56y R e -

INU #% %14 A =484k E 4% (Thyristor bridge ) #14#& %k » ARU %48 %
%04 850Hz 2 vni ik B R AL A T a B e93A % - Brpre PWM- B3t ARU 14
& & Thyristor 8945 A » 2450 EEBENETRIEFE A TR - % Thyristor &
DC~Link £& > ¥R A#a Toff (A&), ke A Tstand by (F#), &
#Erf > LCB #§ B4 » DC-Link # % € - £ "Voltage control (E B E#]), &K & >
ARU &0k i #% #2734 - DC-Link ] &8 ARU A3z 4> sbof &0 E /) ik ARU 42 4] -
£ TProduction (#E ), #kf& & A INU e48k:&k TR B > sLo¥ Converter 49 &
188 INU 341 -

THROBE TN G TEACH TN~ FHR SR RITH - HEFayidp
BRERER M ES - B BEHEN - ENHE - 2L EH~
iR A d IR B RIS - ZMNALZERY 0 Fd PLC x4 -
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(4)Gamesa Eolica 2 8 2 & /7 % #iE 4] 7 X
Gamesa /3] z G80-2.0MW # & #4% A Ingecon EAiE# A 4> A4
FOLESAERRATHEETHR FER - -HEEALLMESELE (IGBT)
MO mEMAAE BEMBRAEEE  ALBAT RAZEREL TS
UREEEEEN4%HTR - BARMAE  ALHBERE - EHI Rt a4
LARFIMER - BARAE  RURFAEAALARANEARESETEE 24 -
Ingecon E /44 4 = BB FE 77 -

SEATOR

Y STATIN
soow L/ e
~ I s T ) 690 v
/f\\ Qo ]
Qwrou ) - {=]s ]_j
Y . P S oy ey
/
,\L |-
HeplOm
ROTOU NDE. GRID DS RiPIEM CIRCUH
CONVERTEN CONVERTER CONIA IR BREANER
; —
—svon" ‘ | 1 A Ff.(’
T ('d & Lo~ | T=]
el ly [y apop.

L—* me‘ﬁ‘!ﬂ

77 Ingecon LA #EH A 4T EE
G80-2.0MW # E#4 4k A Ingecon EA#EH 44 AP EEH HHFEEF
BFHE# BER HELFL4MEATHRE (IGBT) MM& @ MR
CHBRRRELET FRIEALAARZGFRASEERIENRAZ LS
KT G (PR EHE TR ARRRGERSTREEMS -

EORBFR LY B ABBMMRR  EHAACHEFREERAL
BH TR ARG D RAE LR Tk G2 RBT % > Ingecon & 47T
DRSS TOEAREI RS TR L A TME  FAQENE TR 2
ZRHERKRRNEH A LOTRALRNELE RERTRVENRTABS
Fk e

W

2
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#E#H A Ingecon A 4y S —HHRBEERERTRNAT I HTER S
Bb 3 N AR T BT B o

ABRTHEAEBEARGBHNFE HEERACLHREERT TR K
&9 PT100 #:0 % -

G80-2.0MW & 7 4 & # a4 T AR 1F 1k B % $y 3 B £ 900~1,900rpm >
Ingecon % %4 A B Z M RAELHBE ERMMERTRRD a A EH
BAAETAHGIEK -

#az > Ingecon A H4 R RN B EHAEATHERETFREURESEE
RAEBEOWMETS  BARLIANGTEY - LATTR AT HEFRHR
%8 % 48 % F » Gamesa Eolica /5] 2 G80-2.0MW # A Tk TAEETE
NHHEREILE A 10% - A5 %L 60Hz £ & 2% N E# -

(m)AEEXR
BB EH A TE®ik > Double~fed ¥ &, > Bed & kiey IGBT T 4
TFEHERESERANRE - HFBAHRE > hoyifitetk o

-

18 4k 3 )

BB BB G AR EM  FRREARTHARTREZELRR
MM RBR AP A A 698850 B HHNRA P ES A SRt
Z BB RIERD > THpgEzEF -  AhaNETFEHZILER AR
BEZHMALSRETAEH IR S LFABNE -

RARR#®T > THEREFTHEZEEARE > HEEREMHBTERE
REREZ RS > URFERRRZIEERE - $RRBA - #£45
B EESLE S R AT B F R MR E AR T A
HRRT A A T E - LARZEM % Sk Pitch Control & &4 &g
FHEE R AK - Pitch Control 44 > Hem 8 ¥ ¢ 2 AR ¥ibmixi
PP B J& - 4E4E 80K A PRI BUAE 5] R AR R BLAE o iRk BB AE A3 T4
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ik B 9L 3L Bp R 4 Elik ¢ 9 16 - Pitch Control A RE = A% -

2.Double-fed zf % = #|
BN ERFER T Y 20%~30%2 81 EHEL AC~DC~AC #iaz H
$ 0 RELEBEHRBEET S 0 AELZHRAABKY BB BB ERM
FEENBERMK - A FEHEREALRTHRELT -

3.5 & B HArH
Double-fed = ME# E# > B EHRRERIK A s ucoh B A st #Bh
HHENTFHRWN  BETREEX D EL A4 - AKX KE A Leading
0.9~Lagging0.9 > & T 42k K&YAE AL ER -

4.3 e 4 )
ERHGESF > HEAEZRAEFERNZIENE T Converter 27
# > BAT# A 2 Double~fed R E# E#k £ & T /T F@xk Converter it
7 b AAER® 20% 25X TR 0 3t B Converter g9 AT ds (&4
WAL T ) LM UMERE SHREZENEAE  TA BBRBERS

5.F & P EH
B A A EMER 4 2 TR PR & B2 Uk (Tower Effect) bt &
FERRBITESEMEY  RRESUEREIFENRS  ERWEHT
BZBIANEIL  HALTRAAVEY EmALTHRMAHRGE > BRAEE
IR R AT S ARG TR ZHE > FTHFEETRMERR
BHEGHAREZHERLE
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— &%
()4 B A R RAA BT

BATASERM (FRKEFEEREAKREE) LABA U 8% - Eh
A N4 15% - i 2002 £ K BARAL TN ALKBRKESTENA
7018MW> B AR EH L BEEEH 231MW A %8 B X5 32.42% -

RAHRR—FOYNBERTE FHFONEANERARTHBLZER B
M BERMBERILN - ERREFN > FLABKRLAREREBOIRE T H
HRGEE > MBAGEEE AR RRGEBERE S -

APERBNBEEERNRAEBRR - $HBARETLEIABAE R
FoEERMBBBEEME AN 4SE LNG BR BALAER 28
Ao HFUBATHARE > BRNAR NS SRR E - WHABRENER -
BERR > FBBHIRAE - BEY L B35 BHBEFRRE  HELL
RANBIRALRIBRT > EH BB RER > RLMARE -

EIARMEAT © ¥ 20 AT AT AN BRARFERZRAF TR > ik
GSECSENEREIME - b B - BROEBITEHMK -

1AL RERNGE.
(1) tREANR G TInH KA THA
(2) BFLAKBERSY
(3) A BRI REBEEZIHBERE
F 5 E AR AR T 0 AE BUAS TR B SR 7T LA B 4K 6 Rl ko (T BF ~ 47 & X BUAE
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2 REH/HE

(AR ERHE
A. 1980 44, :

AEdB AL EEZALE B TR -4 1980 F85 > BUFREE 23
BEUEEZ AR ERUBRE - 8 TAFHREABEXTARS > WE
AV et EERAMR ARG W BMHER  BREAERAGHER
& BEHARK -

it AN EMERETARE BREAEAEZULELAXEATBERES
WERS ) — BB RAMR AL - W B TR - BMREA L R RFHEL
B EBMEAA - Bt FEMEERIALAREMEEMEIRERY
MBH AR B2 A B HE RS E R 24 9N IRETEEBRILRE X
A& -

He oAt B & 9% EAR A5 Al B 4 300~400MW 2 i K ¥ °

B. 1999 #8% :

R £ 1999 £ 5532 TFull Load Hour, FLH | (BF TRB K EE £
ONEF L CAMEIR R IE R R o BP SRR B BRAE B B BT E
BT ES =B FRREABEERSE -

BES 10 £542 2RSF  RIMRLR NTEARKIBATESL
B - 10 B BEBRBE BT IHBRTELLAEE -

KRR 0 BPIARTEYE A AR R ERMEH - BEF L FR
MR EN A RERE  BIEANNLAWBBBER L HBE KRG K
BEHDBITEME R M o L EMHEA X T RN A Bk T RAREA
#o S BARBKELE NG -

AEFE 10 48 - BB 20 S48 RWBEREH > AEBRT &
B~ & AH] TR Aok ok SR R -
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C. 2003 # :

B A TR F AR B RAREIRIEE K BURY 2003 £ EHMEET
B TR - APk 1999 20k K ERE T B bW HHRILIRE  (free
market+environment ). Bppr A 2003 44 3 %R 2 BAM I F L B b T IR 45
(Bp T2 4184 HRBIHEEXRGUBER) EELT /NG -

WiEZ R S AR TEMKEEE A LEHE > RRFEREMAS R
MR REEA -

A bt o FH44 B F 300~400MW 2 s K22 0 -

QRN RHEBHZH H
BUREERE  AREEBBZERAFREDE » BRA TR ESELZ +F
ML TEZER > +HERZE S0 FHMR—R (FAFRARS PRME
MLEE T &) o
T EREA LSS GG R EES (spot market) (B T A& SR
# ) BUEK O BABRITAEME  EAEBRTAREEE - KETE
SRMmWANRG HTEREFAETHETHT -

RVEAEH 2 H &

BHENAEAEBEE K% ( longtermcontracts ) - ¥ 4 X b
Biknk (40 2004.01.04 22 ) 2HRA > MARMBIATIH > 28BS K
1 EEIKD > 4 DKK2~5 U/MWh » %+ S 2 BB R R 24 - 245 RE X
K& (40 2004.01.07 G X ) 47 RE > BRMAOANTH > 558 > BEE
BRI WA FHETXHATHRETNKRE  FRT Ak - 4 DKK200 T
IMWh > B & & > %+ 4 2 BBk R #1485 (32 0 1 DKK=5.7 NTD) 344 >
2002 4 Elsam 2 5] B bk /F L& L E ol -
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SRAERMET Y HEMRA

MikE4EThHhrsACHEMBEZGL 28 BB Tx a8 -

QT /N8 & BATHE Lo ATHE - TR T34 -

BREEBATHMERRE S N HELRTHE -
EHNEEHAE B 1T.5MW B R ¢

(BB ERGZLEEEFTE<IOIMW : IAEFBITERESR  BHRAAEKR
BEHNE  EHh ABAGKRAM  MERHBRARKEH -

QX ERGZBEEEFESIOSMW T H NG EL > THLHE& K&
FRIh BANNBAERB AN  MEBRARKAEH -

(DAL EA X ARCKEN XS TS

1TASESH 23

Foarwmgisdad A0l 500%  ALATESRALLLAE
A 4he R BRATREARE TR - RAS A 4 b Elkaft 23 &4
BAS A GRETS B A2 Elsam 28 & FARRERHES A 1998 F
1A 1 BAEH & ek A2 KA 6 Eltra 223 4 FE4 - BRA b
Elsam 2 3] & %3E# - fH 4300 4% Elsam 2 3 R4 - AL THA %
fizBREME S (Jutland) REEE (Fyn) > @4 T@ELALTAZ
60% -

2RNBEEFE
A EE T UL RBLERRBMGFRYE - THF
FHyEkE 5 AR/ RRBALRYE - RS mEgRANEE
EHABFEHA - RABEHA%KZAELK 1990 £z 2% & E 2000
%2 13.8% » % 2003 # k2 32.42% -
F7 90 FRZANHERAHRMA 5 B TH - Bairs 1,500 MW
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AT B PR 1995 £ itk A2 B AR ek I vy £ 2001 £ 1,932MW
% 2003 #£ 2 2,315MW - M 2003 S8 #ik €14 0 BB N T 35 -
MELBAREN BERNFEETARSFBAARAMRE - BENEILE
LTRABEETHE BERINETAETHL LY TR (more stable electricty
suppliers ) » &k 1R GseiRfatt » BAERN B TRREBEZ YT E TR
(less to the reliability of power supply ) - B gt - Eltra & 445 5% € 175 45 4
FRAEETN ARG T WRENEESE -

4o Horns Rev 2 3% 3t % & 7 45 & e oy 2 1b A8 B 3ROE 6045 © B #R 30 F A%
BEFHALTRERGOEBRY - RS ERHUTR - EEREHNALE -
NH L ARBEBER - %4 Horns Rev R A ERN B EETHEHR ¥
& BEE EHIE P B T B R CHP B - b o Eltra 2 3 % 15376t
BMAXABFERGHALSZEFRZLERRAABANHEREALELRTE
EE

SN

au!

BAKREHNXH T

(MK E N R G FHEA
LR EN RS TIHLIELOAEdb - RRB QI L # ~ 3 - A
BRFEMEQERE - AHEN ERIEFFEIRASEE  LEHE - XX

RMEARFEAER  HEIE -

ERBHETEAELL DA D 90%K ) ~ 384y 60~T0%K 71 - £x BAnAE+
BAL ~ 58 # 50~60% B K N 0 B inse+ B AL ~ FH4 B4 60% ~ & CHP
#20% B 20% (RELEE EI5Let G 25 EREELH 25% ) 4%
R-BREAR - HEAKRLLE R%5% -

(2K EN R G TIGERE
SR BILE > ERBRE NHEEAS  UAELFHBRE - BUTHAELOH
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Flo EMEREIE N ERIEBAAL > ¥ 20 F DKK150 T/MWH -
2 &oEEE A (Bp DKK 130 A/MWH Br 4 %k » &3k ) Bl st E Mt
ABRBEFEHEERBF ©

BPAERAG AN THBRAEEENLBCRAIBTE EFESTEKR
HIETTHRBI BB  HRACHBELHRFNEN - LABKE B S
VEBRERNWATIERSF - HEaRFERK FEA  HEF/AER
o8 1999 £z £ E/E 95 L/MWh B H 2 F T35 EE 279 5L/MWh -

(2)BERALEH A&

1.2 %8
HNEEZE% > HATRAMEABHAA > X TERE L (National
Requirement) |, & » & %5 REed » S RELY > BEh REEEL -
BEHNNEBRRISL  FRRERS > VAR MM B PATZ K -
AL REMETET a TS B Ty EMK REECTHEELRGH
2E  BAEBAEHDINF -

2REBE
%2002 £/ BALENAGBEREBHNATOIBMW Ky 22T
BEEEEH3107TMW (45 44.27%) ~ .75 # E # 4 B (Combined Heat
Power » s\ T f#§# CHP i) £ EX &4 1,596MW (46 22.74%) ~ A7
BHEIPE B RETH 2,155MW (45 30.14% ) RARNBERNEEHEES
¥ 160MW (45 2.28% ) -

3. % S IE O M

ERGEHEY BN RTRRTHHORD  BE T THORERN AR
UHEARBEF - aRMAIHEHRN A dloz R & ABASTH A a0EHE
Eltra 2 3 75 @ £ #1 3 A2 R A SURA BRI 54 e ML -
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o B) CHP T i » BABTAASL TN T A E&HEMm LKA 2000
FREF BNEEXF3EELEHAGBEESREZ80% - A%FASFAZ
ey A4 E - Eltra R B RIPR AR AL R MIBLa)EH -

HRERARABAEGRNFE TR CHP T2 % E > R/ F
MEBFTE TR Eltra BAERP A XENLEERME Eltra § HIL&KTH X
5 W% (Nord Pool) Rk ArEEA X5 ¥ (UCTE) 28 R THx
—AREN RGBT MEEEBEREA  RAARTRAZEE - F CHP
THRALARTHRETER PHEARPIEHEE SRR HE - ANE
AR TGl BARE RS -

4 2% BERTH

FEABRENEINFTHERELZBERBREFTEHRZEZL  HANR N AT
CHP Emz # T ERERARRAPE T2 /5% - Aot Eltra 2 H{H R FHE
NFEUAHSEERRG] T R EBBEEZ T ARIEH] -

HNPFHEN LG 2RI AFARENAERAZAMETAR BPRR
FHEE O TATHARAGERE P -BPEARALTHNINE—BAFEO LS
fe g E R > R 458424 7 800MW £ 1,000MW R -

ARBE S HBEERBAARLGES > Eltra 23] & E R
MRS+ 4 fEREE (Danish Energy Agency) : M PR A4 T4 - MBI CHP &
B~ BINGEE B - KRAE A -

5.4 % Elsam & Eltra ) 3)

(1)Elsam 2> 3} #.
RIS A thdish i AC 488 > #1348 DC Aa Bt - B4 E /1 4 414K
Bosg 5 %) o DC a8 - #3b4& L AC 485 -
RAALENRGBNLREARG T MBS TN 4 4R BEM A
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EHXRGTH SR RAEFEEH A2 AE#HE A SOHZ EREHFSRE >
HAEERLGED > RERE AN WEHEA L ZAH 0 A DC AR -
EMAGARIREE W & Homs Rev 2 4 s 8434 £ £k 8 Eltra
/3] 44} Horns Rev #r 3z & 2" Specification for Connecting Wind Farms to the
Transmission Network |, (2000 4% =g ) i HAZ 4R -
B AT Eltra 2 3] E &g 2004 F R 2 MEE > A F4 30 KR & 1 HE3UR
HEP4H4HTN AhHEFZEMAHHPIERALRRL R TEAL -

(23 % B ERIEH

B A7 Elsam B i7i= 448 % - & b= 4] F Beey Governor 2, Horns Rev &35
z AR EF|SE R4 2 B 8 -Horns Rev # 5 &35 A Vestas 2 V80 £ E %
B 2MW 2R A5 T4 R EMA —45 & % Double Fed A1 X - st A X T I4E 4]
BERZYEN BRBNBEIEHNEEEHEATHAZEL  WHESNERR
TRIEH] -

R ME 4 T2 Governor - TAZERA A R @b H ik -

(B) & A

Elsam 2 2 #f Horns Rev & £ BU5 2 K § T H A S 4 = MABAFH -
AR TMIBLIEE Y S - 4% T Fault ride through capability | ( & 2| # F & R
A R IBAL ) NHRREEAARBEIEN TG EE AR
Bef o BMTARFEREENEAL -

(4) )R M E R A4 1R P AR

B TR N BT 042 =48 1. B M+ E 54 18 ( & NEG Micon) 2.Double Fed
(4= Bonus & Vestas) 3.42¢3E€ 5 & F# K (4 Enercon - Zephyros)- % T
WL ERE > W MEBEAM L A BT 0 H4r 1k Double Fed k4F A < SRE A E LN
2kt B al sk 4 % o S Vestas REANEE - EEFRR LW
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Beha o

(5) # # 4 4 %5 & K148 (Spinning Reserve)
BARTEEEN ARB L EBUEF EHQNRZRBBRTR TS & U
BRI ER BT REEA LS HAETR SV EHRBETE -
UBMAEREERUNALER P2 FAMMAAE (wiiEx 1,000MW)- Xk
R4 300MW A2 %E2%%  BENQAERERFTUIMLZSL A€
A

&
M\m

(6) 4585 P 2R

FABIFHRE > RTRERE — @488 T EMS - F — A H
400kV*2 & 400kV*1+150kV*2 3 150kV*4 o gy A2 BLEF » i& 7T A 4r 8 E 4 > &
THPHESE  EUARUABMABRAFEXEE  LERALELHE -

awmﬁﬂﬁzmwvz%mﬂ%%*Tw’Wa%%ﬁTm’%%%%
B EERZ6~T  RREEEATH  LEATETHE -

Horns Rev & £ RIS B AT £ E5 2 160MW » k kA % % 2 2,000MW 2 #
H oL BEETHALBFABUEE  FAR TSR ARRLBRTHZ
HAR o

GEXRR:15F
AR RBERLARALTAABCF Y —+&F > dd 2002 £ RS R LKRF
T 3b AR DC #§ R @4 & 43 42 — A2 > #HR 300kVDC % 500kVDC -
B4 8 250MW*2 - B AT kA 3#4TH - BUBAMREE S -
w%i&%ﬂﬁ%\%xﬂ%iﬁﬁ?»(~%ﬁ&%ﬂx%ﬁ% A=A
BRMAMEEHRHHH) - BERTUZ MM > LHEAARER - Hx 2002 F
RALABETNAASBEBREE > THREAAAEE  EMiEE RS L4
HRILEESN > HE?
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BV EERGAE

Elsam z & 2 B4 & 160MW (Horns Rev): m: EA# % 170MW 431 4
330MW - B #o A B B £ 2,020MW » 431 4 2,350MW -

BABRNBEHZPFHBETESNAELRAAEESZFHRTE-THAER
WBEEHAENFZNABRENELE 0 B LFLATLEE & ERE A0
BEHAL - ERGK 0O BARMBES > TUREERGRAL HEILE - FE
BG4t A% % 160MW > ey B RS B A4t % ERER M wE A (/00
waABT ) wAAN R ERAFHEIEARL ) > REBRGHEE D
TREAER -

s B A B H G S TR RBK

(9) % &3 B

AEBRZRANBEERCHP EARAE » TRELHEREK -

BTN 4% TAEE > Eltra 23 £ K Elsam 2 3 & 2 # T E B SR
HEEHR CHP Ttz A - % Elsam 2 8 # Fx ¥ E A REy
sbefEL A 2 & 4 Eltra 2> 8] 4+ 4% 45 Elsam 2 3] ©

Elsam 2 8] 2 5t 4 35 % %848 14 > % SL 87 B B 7y 4 € 45 (Horns Rev)
BA o AERAEATHRERZIER - REGATRERTER > ARAFEANE
&35 (HornsRev) ®# 4 -

WA RIF O TR A CEMAZ S - RAEHAS ARMZE S -

(10)hEsE

B AT @4 4 4730 & 84 4,200MW > R Bex MR & Eltra 8 & K
Elsam 28 Tf — T A HEEE -

BATREE S A | {705 R 23 E A +370MW Z-300MW 2% ¥ - Elsam
8 3ok 20kWimin ik B - TR ERNETESARAAFRR SR

132



CHP T4 HMERKBKRSZHEEN > 24 EHNKSH > Elsam FHEFERE D
300MW Z 82 » U4 A T4 -

ERNBELTEENTARMERR CHP b BT HAKE A KD 8% Elsam §
MEFEBE D 3TOMW 2 #4#% » REALHE -

J#.8%5+370MW & -300MW 2 € Eltra 34 % 1445 % Elsam -

AR S ksE > FE AR Elsam M ERBE/ATH - £ Y
+370MW 2 f# 5 & » FRI A Z+370MW 2 ¥ g4 Eltra §j 4% -

ERABHTEBEIE > A%k T8 HTRTLMASIBRRIE
BN EMARIRBZEAM > LT REIE © BIET A F 5 RMKE BT ES
B LEFIL TR S T EESRA ALALH AL TE
PR -

Elsam 2 &) 4018 % PSS/E # &2 - 12 B A742 A DGSILENT #:# -

(11)%3 Elsam XS 2 #AE &

Elsam 4 RAE Atk /1 > &35 HornsRev: & #EFRH TN 4240 AR
£ LT E 2 TR Bus A2 4 %4 - Bus ;4% & Eltra 3] %32 -

FREEG TSR ESZ B/ TREEETRE AHERN > ZERE HBF &
HARREToRAR - R THEH B ABAFARBZ £5E -

PR 4a & s d Eltra A3 T4 4% Elsam Elsam A T4 4 4#TE
B Eltra RE A%E# e #MEKS > & CHP % E K % - Eltra £ X Elsam
F#HEARS%TH - Elsam RERKGES > ENRERZERE AL HERK
BHEER -

B AT Elsam 2 8] 7R3 3045 B B M3 A 2ok i% o SO B MoK E 2 8 Bk it
HER e

AEETARNBR A G > TR FARMEN > A € B 058 40 T L
Eltra 2t 5] TR & XA EE AdofT > Flef Eltra F @R F ik -

L)

133



FELALTOEHRES p#xTHRENHABRTIRMA -

FEENFHEH R P4E LSBT HEE P4 (PEHREIHA
Yo H R TR Elsam ¢4 Eltra B 2 ey Tt > Eltra @ RB ALK EH TS
B4t E—k > ks Elsam i EH VBT E -

Elsam # 2| @404 P R E 0 SHOETHNTERR TG RMER -

e

B:o)

(12)%3% Eltra 23 ¢ @K &

MNEAMAYNAEEIR > 6 E4E - LA 400kV ~ 150kV HRELKE
220KV 4 %% o H ¥ ik b4 A X K 400kV*2 ~ 150kV*1 ~ 220kV*2 #E ¥
1,200MW - £33 A & A 150kV*2 4% & 1,000MW - gk E R 150kV*2
475 % 600MW -

Eltra 28 Z M s FHA%BEEEE - TREFRLRT > BYERZHA

HPEE 3 2 F oA MR BIRTAER Y - BAT A A 30%E 40% B A E R -

BTy LGRS  $HAAEAAERER L6 L RS PHESR
—HER  RARARTHIY  FERAKIEE  BLERRBBY -

MAF kAHEAHG(LKLLRETF BLBEARTAR)RBERECTA (L
AR R R EENRL) -

1o AR &R S B B oA R E] — B B R B R R R
HEH 0 R bk o &3 A k2 B E 4 250MW -

CHP ain & & A %8 - & CHP &/ 3 fTi % > 2BATCHP £ &
TR KRB K Eltra4nE:2 &4 CHP 2 T8 > BREALATEA
BRI

FREASE > BRAGLTH  FETLWA - HuREE - Eltra A4
% 4 T4 0 oL 630MW % 3% E > JbE % Elsam x A#aZ F -

BBEENMEIL > RESEHBL N THECHP HARRKE 25
A& Eltra RFFELFRETHA -

“\* &

\E\

134



Eltra £ V& E$8% > #4544 L9H 25MW #£46838R (B4 44T
£ # %4 3.1GW~3.5GW > 5B £ 21K % 2.5GW) -

TR ARBRE N E Eltra HEALRATRAL  BFLEERETH I &
BEE R4 TRTE BH TS EAAUEATRERER -

WRETHE dNBEAFTEAFE  SLAAERSERE > En 15y
ARBARE  TAAERVFEEE NS oATHRERE -

Mot BB B A AL, A AR £ £ 0 biF F b Elsam (Eid 48R R

6.4-3 Horns Rev # 7 A35# A~ ¥

Horns Rev % s 4145 & Elsam 2 8] & 5% k2 a5 » it & Elsam & # £ &%
% > Vestas TEir - 2888 - MBNEREREXEY » Ldk 7 RGHE
LTESGZ A BHE2H/RLE -

BLE G4 3 80 ERJELME - M 80 P A 34 AR 0 RAEF I I E K4
£hP9RE ) T EEAEMNZ ABB 4B BHE - 5 2 3 A4 154 0 & 80 R
WA 36 HARFEE - BHERES—FLLA LS BRMYE - Vestas @
Elsam & % 3T1REH A RREAHNA EF2 64 A8 £ K Vestas £%
1 AR RO RE > b Horns Rev A4 @33R dbif - B % RI1E ok & 1
2RO EBp Sk i o SO PIRBZA A RN EE A ST AR o sb A R S R R R B
FREZMHE -

(D RALEN A &

RASEH % #d Elraft 223 E 8 &% -ENERGIE2 28 & HH EhZ
FHREH - % SEAS RAR A FERRLHRNL TN A% LW 45 -
Elkraft & /) 22 51 ) & % 400kV # G 4% R R B AR T 4 2 EH LA
HFRBZ A -

135



1. % &

HAEWZ R BHRATRAL2HABHNMA > L TREEZ (National
Requirement) |, A& » ERKERES - P — 164 F 10 B4 #HRH
BRETR"REEE, Ad > RHEE - BASRELE BFEFREESL
BEHNNEBHIRE 0 FREERS > VAR LM BHPATZ G -

2.a#maA

kA4 A 4B 1980 £ % 2003 FRARTMFABLXRANEEREIETER
#EE - 4 1980 £ % 2003 £2 20 £/ > RAHE T Lk Ak 2002 FRAH
ARz g EEF42i® 1,000GWH -

NS R R ZHASIRE  BEBNRGRERERNEE
B AH SR bR BRE RN MRAMS R BERMZ
RBEHRAEREE > wfTiR > HEZBRBAWHH -

CREHEAMBRAN 4% TEAEEBR - RALTA 2 GTRATHEL
VSR KRB N EMBKN AAWE - MBIFEMREH 2 FRELAP -
HOLH T A DML SR LEN 2SR

(MREEHHE A

50KV/10kV 4 B % T 2 B R #k4dF 10.5kV » £ &M P 8R& - §BRMBNA
P2z eh6ts  PCC REMA A EE RN ZTREAT I 1% - Bk 10kV
Z 400kV 25— 5P B R 2 B % % £ SMVA £ 7.5MVA - SEAS #i &
TN NEEHAARE  REHALAMARMS  RELAE SN ARK
E %o o 45 R R M SEAS &% - ¥ RODSAAND offshore &35 4 % 4t &€
e CALLETMVHT - aRERA BARS RN FERBLTLE -

(2) & sttt
Elsam & Elkraft # B A 4 4 > 1A 0%z BMA B E > THFARE

136



1% gkt de A BMEE N -
BEER SRR - AEHRE R N1 0k - ASEER AR ENH
B TRYIL AHE - HEERFRMLENEM - AETREY -
REBSSPABH A BATrUN 2488 - HEH NI RE > RBTER  Ad
PR ATEREE 2 F) -

QMBER AT & AE

BRI R Bk A T o e KT RM O SHEH AL E
BAT - dEHLARBERATE > TH2AFTFAMERY > TH2AH
B LA A EMARE R EER -

@HEERHEE
THNNEHIESERATEE > WEHI KRS dILEBHAT
#WhH o AEERTH > BRAERANES -
(1) #3270 2k i il F 4%
(2) 3Rk B o] LA B
(3) R EE > ALERTUE THREERE
(4) A3 B

3.Nysted & 5 B h # €3t &

Azt £ % ENERGIE2 8 A 44 2 3% 24 - ENERGIE2 2 8] ik
#ibtbes 2 ENERGI E2 2 5) 50% ~ DONG 2 5] 30% - 3 # Sydkraft 2 8]
20% -

AR5 % ENERGIE2 A AH 244 BE A LEERET -
sb35 36 Nysted 484 10 ~ &

137



(B)ERBAHEHE

THEEARRZ 2

AETEE G RBARBEIRT  BEETRARY S 8 BiLiTz 40% -
M S ERAEL R RREFES L REREARE - o> 2 ABREENT
B BATKFRA RAEARERRT S RARHES -

2HEBRBR AR BIGAESE
i 2003 F& > AB A A B3 AN E T3t E - 4ozt #% 1,060 2R A 5
TH LK EEEH 647.6MW -
2003 # 12 A BHAFEMH TP 2, (Round 2) 3t & > €45 15 B8k & &
B0 AR g 5.TGW £ 72GW » Tt R A - H5 TR E7 40 ¥ £ Rl 52
FEABE6 P RETZ1AmERE - At £ d Crown Estate & Faaas > 23t
B MK R 0 £ & = {845k 235 the Thames Estuary - Greater Wash + &
the North West -
£ E15EE ¥ F 3B %2 & %k o 3547 the Greater Wash area
B R KB E BUS AT E > st EHBTEEEEES5E 1.2GW 2 &
# e
SLREMAMI2 A1 B EH 11 A ey E — 18 X4 8 5 B35 North Hoyle
(f# Wales ) 2 1% 2 BUF & KA & - 3 T4 2010 £z 10% % 2015 #£2 15%
Z M AERAG LR EN — B3804t o

SHEBNFEMATEGBZ T HBS
KEAHAEREH DS mustwelcom B4R T A% > HEH NI H®
Fi3R must welcom & 274842 & °
EANAHMHMERREZTEAGB P H > HM P HHE KV REHZE
B>EhA2AMEEREE -

138



BNEN N2 33KV RESERZTEENALME N WMERRE H4T
BE > BN MKV BT A %DM FMHEH E4 5000~15000 2 A% &
R&Ehnd -

EANARBMAEHIHBPHAEL FNORNBDE AELFTTI#H
FIFR AR G5 8 ShFM4 5 VHBER - sofMERN KR = A4 30 X
MAXRT LM ZE2HBE R 2% HEERLELTHLE > EHAAK
first come - first service & B 4% 2 B 45 AT 4L B A > H 0 75% P HIR A
FIFs AT a0 B 28

EMBRNE — R 25% % ARG R 12BABKEA DN FEHNERKE
TERCHRAZE  MEBRARTHER -

FEEHNNEATHMBESERFE OB E S S AE R R M
BERERLEARLATIHRF  THLALERAZE > GMERELAREFEE -

TEHHZERATHRENARE FTHMERAEFTH2AH
HE -

A FTIMARBRRAEZAROBERE

FTHARRRALELEA BB IEBEALHESL "B ey iE ( competitive
tendering) ;> BPBEEBAEFZ B MR EAKZLEREL  RERABR AL - BHK
TR - MEEMEHRE BEAEFAE  BRERANEEHELHEN  F
ULRBRKARREELE A NS -

I BRARBEE TARKBERIFESHA - BARBRE  BEUFTEEHAF)
BT el ZE R A Bt TRAEEE S500MW 242 % - £4 100MW 32
WRAR e Bk BPERABRREABEA DRI RN - EILFERFZE
BUe P 2 AR -

FRETH2A2RE ERBERTHNAHNERZRENET LM
Bl c N REMBEHRIT — AT EKRERR - FELRBRVHEN A% ER -

139



FRAMENDAHUNEMSHL SHERHETR  TABTIRHARBE
o RMEBRA RMEHE -

5 4R B AT TR

AR BATHMEEAEMES T35, (Dual free market) B v 35 4
# 1 Brown market ( B &1t ~ #5004 ~ A% AL £ A 75 F 694 E W35 ) & Green market
(BPAARREENH) -

Brown w35z &% B 47#k ~ Green W52 IR BATHL > MERREIHR
b o &85 Brown #E 58 F 4 X%Etbx Green £#EZE » FRIFEMH SR
¥i ¢k (obligation to buy X% green, penalty if notgreen) - B¢t A # B 2|69 1R
% © Brown+X%Green -

RN AELLZER > FHEATHRZEANEETH > b Green KEFE®
16 PRI BRLL8h (B4 % - & Green £ B R B AR AW Sb o) FAE R /A -
SERAAE T @ PR AE N T I e B AR > B IL § X% PP @7 - BrfR
LGB ERE UHARRERAKZIRE  KEBRBRHBSINEAARKME
z Green BLLE °

HENEEEE > THBELERILE X% WXEBEMEHIALER -
B b A E UG SR RS o

6.3 B Blyth 2t % &35

Blyth & & B354 7 35 B ¥ 3L 20 5 & & = Northumberland g if 2 Blyth 3
i JEREA S 1N E o 3 2 3 Vestas V66 & » EMEE 2MW > KBS
2000 # 12 f x T 4% -

Blyth # 2 B E# L4 3 £ % > BREMMABENME - AR THTR
BRAET — R MR AME AL B RK > EEEFIEAL DT 0 HAEURSTE
FE o HERXETFERRM > BARARBEART AP ELEATEERME
WAk A RS HT

140



7.3 B North Hoyle # # &35

AR — 18 AR 3 & B35 North Hoyle 45325 2003 £ 4 A - i # 2003 4
1M1 A 21 B EXBIEIELA > A —EAMBAIERE —FBEAMLTT €3 EA
ghe5pde A3t £ # B Vestas V80 2.0MW 6X5=30 2+ & & #£ 4% 98 3 15 ¥ MR K
FAE2 SR Z B WK E o T ERRBRA > BERITRAKRER -

B RIS 2 158 A b 21488 S TAY redundant & % 7T ) B34
B8 SEMEN B PR X BENERZE2 N EHT E4HEE 33/132kV 5
B 4 & pr 4 A Scottish Power (€ /238 ) -

8.4 3 3t ® Econnect 2 3]
%zkﬁ%i’&%k’ E%iﬁi'ﬁim %ﬂ%’{’a‘éﬁéiﬁ;{?\”ﬂ:q}é\gpﬁ
T4 HBTREARZNTEEONEX -

()% W 4 s8]

Econnect 23] 2 MEFXALBATE T ARRAMBEE R LRI N 548
¥ #hatIslanding ~ 43 F R R - ABHBARERTRLHAYELTL
M F 2P > FIAR AR AR AR K -

(2)# Mk s g
WS TR AR A TARARBEN BETE  §TME 2REBE 0L
BEE AR R M2 ER - HAFX D B RKRE M RRT AL A 32 BTk
ZELXLER T MEBTRZSEHRZER  XREIARK  REBTRILLETR B
EEE (FFREASAVAREREEZEY ) WFRE—MARBREZEET
TERAGMAEMAEBETAF LR P BB R LHRZEM @ LB THRBMAETN
Tkt -

S}"

A M#AHEE AR
4 Econnect > 4 Ex » 4v Enercon #t Inverter/Converter 4448 - & K @ kL

141



H A o 4o Vestas % DFIG # /) » 1240 Bonus & F# M 2 1G Rl RARR ¥ %
'% /m.é)ty

(4) A B % & s B LR A B0 3

1% Econnect 2 428 {4 » 132kV % % fif #& 60MW~90MW 2 B4 - 33kV
% %% 9T pt 3 20MW~30MW Z & #% -

RETHNNER o L2 AMWBSHAZRHTALE TG AR
HrEes > BMATURASL  RAERTREL  A/FEHFE AR5 THL
SIABE) c eEEM AR AN AN B E LKL BHR A G EHFALARFE -

(5) % 41 kAt

Econnect 4k i PSS/E & PSS/VIPER % #:8 » W& & TR MH T A EH
K> W PSSIERZEHY - BRMES -

PR STHRRUERY (REAMAAARA?ERRRFRE) HA 161KV
AP RBEENN  BEBLERRTEBEMRARBE 45MW > s R R EH
45MW - & 22 & » 4% &3k 99MW > 3k 48 7% & #2318 95MW > 12 $ %1% 4. SMW >
EEEEBEMAL Rz ER T EH RGBS AT AL (fault
duration ) ?
=~ #HK
(—)REZ B R

LHEmE LN ZANEELER RERHZEN AW ETHREAER
Bolag i THERZBERE R THATREA —ARILZALRR
E3:& 4

RALRARGER Lo HABEIEREHER - L EAREEHBTEF
B— A Z BARR  RHAREB/ATRN G G T HRHFMRH - L=
RHATZER > B0 BaAN S ER Rtk BILAXAMRITE ~ HRRE

142



do KA B EBASER AREAEY c FHAERMEELELZERR
RIRIBFEZ RIF B -

()& REZME

RS ER - BRELRE  BEBRETTURMERLE - THEXER
M E EAAH S % (4o Horns Rev = 80 & &8 4% » MW i€ 4 R 5| — 5 Bp
B EBHIE S R ARS  NHRESRER LG BRARIEE
WA RIEBEEXIER) -

SHEBAIRIBHUBMRENE  HPNBEERT > AX)FEHE  NE
HREMEMNBTEREREN - SEF T L THRAFSRERER 7
W 1~2 2 ERBSL N2 A FAREERF TS WRERERER
By ok L 3L KR B R RS AR 4 -

(Z)REZ A %BE
KA B 4B 0 AN S HWN R T PRI R B AT KRR o A A
A4 ARERAEANZ AT AAHERAE  ETERES  XRAESFT
Ik 0 LA R M FEHERE TR R R A AR o LA A 8] R RIS ST H
MM EREFEEZIR

()R E2 5 E 2

BRI AR AMURTAERE  REHNEFHRAFTAKSD  ERAH
#4574 (Double Fed) > BHRATEMMEL - 2N TirH - RlAEHER
(Double Fed) &1t > THohF R EREH > BT EHKFEN - R B A
oo SLBHRNNRBBMZ EE -

P18 B - © 4 % 8 3 # B35 (Horns Rev » Nysted - Middelgrunden ~
Tung knob % ) 236 T % % E £ 1G58 > KA ) N ELE 3k 7 BUG 8T - R
T H SRR R S F B2 TEE -

143



(B)REXHEEH
Ak RERETAE  ELME REAREE SIS LA
TR A L2 ISO » A3 Ak RAETARMES » L@ EREE > ik
BHTPREBRABEREAZM B RBRZEAET A B RER XS4
T RE 0 ARG Rk 2 R R B RAT B Rk ey AR

(RN)REz h® A
RIS sE o BB THEATHBERL  SAKE  BFAHRIIE
B o BIAKA S Rk ) MR B RO RISIREAN BRSE R B &
s @R BT R REE B GRS - 3o 2SN -

144



it 44

M A —
Specifications for Connecting Wind Farms to the Transmission Network
by
Eltra
5 R

Connection of wind turbines to low and medium voltage networks
by
DEFU



ﬁ'
eltra

ELT1999-411a

Transmission System Planning
Date: April 26, 2000

Case No.: 303, 126, 1351
Doc. No.: 74557

Our Ref.: PCDIPUK

Second edition

Specifications for Connecting Wind Farms
to the Transmission Network

(This is an unofficial translation of the official specifications in Danish, Eitra doc. no. 74174)



ELT1999-411a i

1 INEEOAUCHION ..eeoveeveececeteter e meteresete e st e e eese b se b e s e b e b e s s re b easessenenanssasestsacs 1
1.1 SCOPE oveurecectrreirieieeer e aebes et b e r e s 1
1.2 PUIPOSE coevceeeicereeeneiccmcnsscssae s sttt e b s st s b bbb 1
1.3 Legal BaSIS cuoueueccireicc it 2
1.4 Responsible for the Specifications ..........coeviereinrenncninnee 2
1.5 DEfINIIONS ...oeiviiieiiieeceeriecieeeeereeseesteseeeseesteenenesnesae st e srnanabsensnasssasanassans 3
2. Power and POWer COntrol........cccocorieveeciiniiiiimnieeeese ettt 3
2.1 Production CONtIOL .........c.cceeieceeveererieeeienieesesesieseniesee e eeensess s s e ssteneeeseene 3
2.2 SEATE-UP ..oevveerereeecreeaererereercsese et s e e s eresa s s s s e b et e st 4
3. FIEQUENCIES c.veeueeicreteteter ettt s st 5
4. VOHAZES ...ceeeeieie ettt ettt et et eSS e 5
4.1 DEFINITIONS 1ovevveeeeeeeerieetieirereeeeseeesre e et esne et sesesaseassrse s sees s ee b esssasssansaassseenne 5
4.2  Reactive Power COMPENSAtion......cccccoviimiirinieienisiesiesrseese st 6
43 Voltage QUAlity....ccocorrivieriiiiiniiiieintee ettt 6
44  Temporary OVErvoltages .......ccocoeieimiiiieiiinirieensee e 8
5.  Interaction between Power System and Wind Farm in case of Faults in the Power
SYSLEIM ..evvrerceeemeetetesetesesceescaeaebsa s a s s s e R E et 9
5.1  Stability REQUITEMENLS ......c.ccvvimmiiiiirieinnssnsssese e 9
5.2 More Extensive FaultS.......occcoooeeeiiiiiiiiiiieciee et 10
53 Magnetising Currents to Wind Farm at Fault Disconnections................... 11
6. PLOLECHON. ..eceiiiiiieeeeeteeete et et eae e e s e e et eeae e tesbessar s sae e besar b e e s e s s e e ss e e ne e e s st san et e s 11
7.  Communication to/from the Wind Farm ...........ccocoiiiiin s 12

8. Verification ANd TEStS.....ccoeueieeiiierreeereerrnrreeeieesessansreereesarestteseenassssbasssaesssssessnes 12



ELT1999-411a 1

1. Introduction

1.1  Scope
These Specifications shall apply to wind farms that are to be connected to the
transmission network (voltage levels above 100 kV).

The Specifications constitute the minimum requirements set by the transmission system
operator on the owner of the plant. The requirements consider the interests of the
transmission system operator concerning the overall transmission system.

The Specifications shall be observed in case of construction, changes and expansion of
wind farms. The current edition of the Specifications shall always be applied.

The properties ensured by means of the Specifications shall be maintained during the
entire service life of the wind farm through maintenance and inspection.

Note:

One or several wind farms are regarded as connected to the transmission network when no consumers
are connected to the network between the wind turbines and the transmission network. As at February 1,
1999, only offshore wind farms have been planned to reach a size demanding connection to the

transmission network.

1.2  Purpose

The purpose of the Specifications is to ensure the properties essential for the power
system operation as regards security of supply, reliability and power quality in the short
as well as in the long run.

Together with "Power Station Specifications" and "Planning Criteria for the
Transmission System" the Specifications shall contribute to an optimum allocation of
resources. This includes, among other things, balancing of the requirements on the
various types of plant.

The philosophy behind the Specifications is to ensure certain abilities in the wind farm
for use at the operation of the power system. How and to what extent these abilities are
used and the economic consequences of such use are arranged somewhere else.

Note:

It is important to require development of the abilities of wind farms to contribute to reliable operation of
the power system. Such a requirement will contribute to developing the compatibility of wind farms with
the power system, allowing a larger share of wind turbines in the power system. The requirements will
also be a natural consequence of the decree of February 13, 1998 from the Danish Environment and
Energy Ministry to carry out a demonstration project with five wind farms of 150 MW each.



ELT1999-411a 2

1.3 Legal Basis

It appears from the Danish Electricity Supply Act as well as from Order No. 231 of
April 21, 1998, on access to the electricity supply network, etc., that the transmission
system operator is responsible for maintaining an efficient and reliable electricity
supply. S. 8 of the Order and Eltra's Partnership Agreement prescribe that Eltra work
out a set of guidelines to satisfy this requirement.

On the basis of the above-mentioned legislation and Eltra's "Guidelines for the
Transmission System Operator in Jutland and on Funen"(in Danish only) technical
instructions are worked out, such as these "Specifications for Connecting Wind Farms
to the Transmission Network".

Note:

The construction of 4000 MW of offshore wind turbines in Denmark by Year 2030 assumed in the
Government's energy plan "Energy 21" will change the properties of the power system dramatically. The
very large expansion by a so far partially unknown technology, compared to the size of the system, will
result in a number of requirements on and challenges to the power system. Not internationally either is
there any similary expansion from which experience may be gained. The Specifications are thus based on
models of and experience from the present power system. It must be expected that the Specifications are
modified as new techniques are developed, the properties of the power system are changed and
experience is gained from a large degree of expansion and large-scale wind farms.

1.4  Responsible for the Specifications
The Specifications are published by the transmission system operator. In future the
system operator will:

1. Take the initiative to update the Specifications
Control that the Specifications are observed
3. Grant exemptions from the Specifications.

N
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1.5 Definitions

Power system The existing power system whose
transmission network the wind farm is to
be connected to.

Connection point The common point between transmission
network and wind farm.

Wind farm Wind turbines, internal network plus
connection to the connection point.

Power values for wind farm Defined in the connection point.

Maximum power The maximum 10-minute average value of
~ the active power from the wind farm. The
value is primarily of importance to thermal
design of equipment.

Accounting point Where accounting measurements take
place.

2. Power and Power Control

2.1 Production Control
It shall be possible to control the production from the wind farm so that it does not
exceed a certain MW-value: production limit.

The production - determined as a one-minute average value - must not at any time
exceed the production limit by more than five per cent of the maximum power of the
wind farm.

It shall be possible to control the production limit by a single central signal. The
production limit shall come from an external signal or be deducted from local values of
e.g. frequency and/or voltage. The possibilities of control shall be arranged individually
for each wind farm and it shall be possible to change the control algorithms later on.

The control shall take place at the individual turbine, and it shall be possible to control
the production so fast that it can be reduced to below 20 per cent of the maximum
power in less than two seconds.
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Note:

The requirement that the control shall take place at the individual turbine is based on the system needs, in
particular a continuously strong expansion by wind turbines and local CHP units will increase these
needs. If the control took place by stopping and starting turbines it would not be possible to achieve the
necessary response characteristics. Brief disconnection and reclosing may be permitted by means of the
circuit breakers for a few seconds. The following examples of control needs may be mentioned:

1) Maximum MW limit from control centre in case of disconnected lines in the network. Slow
control corresponding to the thermal time constant for lines and cables, that is approximately 15
minutes.

2) Reduction of the production in the farm in case of network faults to ensure the stability of the

wind farm, the control signal may be frequency and/or voltage. Fast reduction, order of
magnitude a few seconds. Automatic power increase after the faults. The power/frequency
control shall take place so that a controlled, complete power reduction and power increase is
completed within about 30 seconds.

3) Contribution to control of MW fluctuations on international interconnections. Response time in
the order of 10 seconds.
4) Limit rate of MW increase at normal load increases in the wind farm, that is a maximum

MW/min. upwards.

5) Control in case of frequency transients after system faults where all international a.c.
connections are disconnected or where a minor subsystem including the wind farm is isolated
from the rest of the system. Primarily a power reduction at overfrequencies. If, before the fault,
there has been a reduction of the power production compared to the possible production, a
power increase can also take place at underfrequencies. Control signal, frequency with dead
band and droop, response time a few seconds.

6) Low voltage at the wind farm, e.g. after a fault, may be an indication of risk of voltage collapse
due to the reactive consumption in the wind farm. An automatic reduction of the production in
the wind farm at low voltages may thus be an advantage. Control signal, voltage, response time
a few seconds. »

2.2  Start-up

The wind farm shall contain a signal showing the status of the wind farm, e.g. whether
the farm has stopped due to lack of wind, too much wind, forced outage, external
signals, etc. Together with signals from the system operator and local measurements
(for instance voltage, frequency and wind speed) this signal shall be part of a logic
managing the release of the wind turbines for operation. Signals and principles are
arranged for the individual wind farm.

High wind speed must not cause all turbines to stop simultaneously.
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3. Frequencies
It shall be possible to operate the wind farm at deviating frequencies as indicated below
at voltages in the full-load range, without having to reduce the wind farm production.

Underfrequencies At frequencies below 47.0 Hz disconnection must take place after
0.3 seconds.

At frequencies below 47.5 Hz disconnection is allowed after 10.0
seconds.

At least 5 minutes' operation at frequencies between 47.5 and 48.0
Hz.

At least 25 minutes' operation at frequencies between 48.0 and
49.0 Hz.

No constraints at underfrequencies above 49.0 Hz.

Overfrequencies At frequencies above 53.0 Hz disconnection must take place after
0.3 seconds. "

At least 1 minute's operation at frequencies between 50.3 and 51.0
Hz.

No constraints at overfrequencies below 50.3 Hz.

Frequencies below 49.0 Hz and frequencies above 50.3 Hz are expected to occur a few
times a year at the maximum. Usually, the frequency is held within 50+0.1 Hz.

4. Voltages

4.1 Definitions
Voltages and reactive power are defined in the connection point.

Nominal Maximum Variation range Normal Full-load
voltage operational for operational operational range?
voltage voltage voltages"
kV kV kV kV
150 kV 170 122-170” 165-169 146-170
400 kV 420 360-420 415-420 360-420

D At the present practice of operation. The values may be important when determining wind farm losses.
P In case of voltages in the full-load range voltage deviations must not limit the production in the wind
farm.

» The 150 kV system is designed so that the voltage may be reduced to 122 kV in case of extreme salt

pollution. This mode of operation is very seldom.
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The networks are efficiently earthed.

4.2  Reactive Power Compensation

The wind farm shall feature a reactive power compensation scheme, making it reactive
power neutral (in the connection point) at all productions in the indicated full-load range
for the voltage after control by the tap changers of the transformers.

The switching and control of the reactive power shall be done to limit the reactive
power production or absorption in steady state to no more than ten per cent of the
maximum power.

If the wind farm contains large reactive compensation units, such as capacitor banks or
reactors for compensation of a.c. cables, these units shall be able to form part of the
reactive power control in the power system, according to agreement. This control may
be remote control, time control or voltage control. In such situations the wind farm is
not reactive power neutral.

If the wind farm is connected through HVDC-like connections, the system operator
shall be able to use the control possibilities for reactive power control according to
specific agreements.

Note:

The best location of the reactive power compensation is not necessarily in the farm. With the wind farms
connected through a.c. cables a reactive power production is obtained in these cables. The reactive
power production from these cables will be able to be included in the reactive power balance of the farm,
according to agreement.

4.3  Voltage Quality
The assessment of the wind farm's impact on the voltage quality is based on the
following concepts:

- Rapid voltage changes or voltage jumps
- Voltage fluctuations and flicker

- Telephone interference

- Harmonics

- Interference to telecommunications

The above concepts do not cover interference in the frequency range of 2.5 kHz to 40
KkHz. If the wind farm is connected through HVDC-like connections there may be a risk
of interference in this frequency range. No norms or experience with limiting
interference within the frequency range of 2.5 to 40 kHz have been found. In the
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specific projects it shall be ensured that no unacceptable interference occurs within this
frequency range.

The system operator may demand that the impact on voltage quality is limited further
than indicated below, so that the requirements will also be satisfied after future
expansion by wind farms.

Rapid voltage changes

Rapid voltage changes are defined as a single, rapid change of the voltage RMS value
where the voltage change is of a certain duration. May e.g. occur at switchings in the
wind farm. The maximum values allowed for rapid voltage changes caused by the wind
farm in the connection point are:

Genéral limit <3.0 %
Until a frequency of 10 per hour <2.5%
Until a frequency of 100 per hour <1.5%

Requirements based on table 8, p. 45 in IEC 1000-3-7.

Voltage variations and flicker
The flicker contribution from the wind farm in the connection point shall be limited so
that:

P<0.30, calculated as a weighted average of the flicker contribution during ten
minutes.
P;<0.20, calculated as a weighted average of the flicker contribution during two hours.

The flicker contributions Py and P are defined in IEC 868 and IEC 1000-3-7.

Telephone interference
The Telephone Harmonic Form Factor (THFF) is defined as:

50 U
THFF = Z(F"XF")Z
n=l 1

F, =P xnXx S
800
fo: frequency for the nth harmonic, Hz.
U 50 Hz component of the phase voltage (RMS), kV.

U,: the nth harmonic of the voltage (RMS), kV.
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n: number of the harmonic

Py relative interference at frequency f, in a telephone circuit as determined
from a psophometric weight factor according to CCITT (Directives
Concerning the Protection of Telecommunication Lines Against Harmful
Effects from Electric Lines, CCITT 1978).

The THFF factor must not exceed 1 % in the connection point.

Harmonics
The harmonic interference D, for each individual harmonic is defined as:

D, = Y, x100%
U

n
1

The total harmonic efficient distortion THD is defined as:

B 50 Un 2 o
THD =100 Y ()" %
n=2 U]

D, shall be smaller than 1 % for 1 <n < 51 in the connection point. THD shall be
smaller than 1.5 %.

Telecommunication interference

The wind farm must not generate noise in the frequency range of 40-500 kHz of more
than -35 dB (0 dB = 0.775 V) measured on a conventional PLC coupling in the
connection point. The bandwidth shall be 2 kHz.

4.4  Temporary Overvoltages
If the wind farm can be isolated with part of the power system, overvoltages must not be
so high that equipment in the power system is damaged.

Thus, the temporary overvoltages as defined in IEC Pub. 71-1: Insulation Coordination,
Part 1, shall be limited to 1.30 pu of the initial voltage and be reduced to 1.20 pu of the
initial voltage after 100 ms. The above-mentioned values are the 50 Hz component, that
is without deformations due to harmonics from saturation in components.

The reduction of the temporary overvoltages may e.g. take place by switching of
reactive components, that is disconnection of capacitors and connection of reactors.
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5. Interaction between Power System and Wind Farm in case of Faults
in the Power System

5.1  Stability Requirements

In all operational situations the wind farm shall be able to withstand the following fault
sequences without being disconnected. The requirements do not apply to faults on a
radial connection to the wind farm':

Three-phase fault on a random line or transformer with definitive disconnection without
any attempt at reclosing.

Note:
A typical fault sequence will be occurrence of fault, disconnection of the fault and line/transformer, no
automatic reclosing. The fault clearing time will typically be 0.10 seconds, but in some places it may be

longer.

Two-phase fault on a random line with unsuccessful reclosing.

Note:

A typical fault sequence will be occurrence of fault, disconnection of the fault and line, period of
deionization, unsuccessful automatic reclosing with definitive disconnection of the fault and the line. The
Sault clearing time will typically be 0.1 seconds, the period of deionization 0.3 seconds and the fault
clearing time at the unsuccessful reclosing 0.1-0.5 seconds.

The assessment of the stability shall be based on the relevant setting of the relay
protection for the affected components. However, for the three-phase fault no automatic
reclosing shall be made. The initial state shall represent realistic operational situations.
The stability conditions shall be assessed with both an intact network and an incomplete
network, e.g. disconnected lines.

From a normal steady state operating mode the wind farm shall be designed to
withstand at last three faults within two minutes without being disconnected. The
primary purpose of this requirement is to ensure a sufficiently robust auxiliary supply to
the wind turbines.

To stabilise the wind farm a fast reduction of the production can take place during the
fault by means of the production limit (section 2.2). When the voltage has stabilised, the
production shall be increased to the original value in 30 seconds.

' A fault on a radial connection will isolate the wind farm from the power system during the fault

sequence.
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The possibilities of control of the wind farm must not disappear due to voltage dips or
low voltages. In the transitional period after a fault has occurred the wind farm shall be
able to follow a control procedure as required in section 2.2. - production reduction to
below 20 per cent of the maximum power in less than two seconds - with subsequent
stabilisation of the operation at voltage reductions down to 70 per cent of the initial
voltage of the turbines. The total time from the occurrence of the fault and until
establishment of normal voltage may last up to ten seconds.’

Note:

If the analyses show that a planned wind farm will be unstable in certain situations, the conditions may
be improved by changing the specifications for the wind farm, by improving the relay protection scheme
in the network or by constructing new lines. For each individual wind farm the optimum solution shall be
found. In a specific operational situation, e.g. with lack of several lines, the stability of the wind farm can
be improved by imposing restrictions on the production of individual wind turbines.

5.2  More Extensive Faults

More extensive faults than those described in section 5.1 may occur. Long voltage drops
immediately after a fault (2-10 seconds, voltage below 60-80 %) probably indicate that
the turbines have accelerated so much during the fault that the power system cannot,
without further intervention, pull them back to normal speed. To reduce the
consequences of such faults for the system one should try:

1) A fast reduction of the active production and a fast increase in the reactive
production. This intervention shall take place in a few seconds.

2)  If the voltage is not restored by 1), the wind farm shall be disconnected as the
voltage will otherwise continue to fall until a split-up of the power system takes
place.

In case of large frequency transients after system faults, e.g. if all international a.c.
connections are disconnected, or a minor subsystem including the wind farm is isolated
from the rest of the system, the wind farm shall contribute to the frequency control. It
shall always be possible for the wind farm to contribute to a power reduction at
overfrequencies. If there has been a power reduction compared to the possible
production before the fault, a power increase could also take place at underfrequency.
The control signal may be frequency with dead band and droop, rate of change approx.
ten seconds for a full power change.

2 In certain situations it may take several seconds to find out that the voltage is consistently low and not
only temporarily low.
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5.3  Magnetising Currents to Wind Farm at Fault Disconnections

When disconnecting faults in the power system quite large currents for magnetisation of
the induction generators may occur. These currents correspond primarily to lacking
reactive power with direction towards the turbines.

The magnetising currents to the wind farm in case of disconnection of faults in the
power system must not result in disconnection in the transmission network. The
conditions shall be examined for each wind farm. Whether changes take place most
expediently in the wind farm or in the relay protection in the transmission network shall
be estimated in each individual case.

6. Protection

It is the responsibility of the plant owner, by means of design and protection, to secure
the plant against damage as a result of impacts from short-circuit currents, recurring
voltages at disconnection of network short circuits, asynchronous interconnections and
other impacts occurring at faults in the network. :

Short circuits in the network are followed by automatic or manual reclosing. In the 150
kV and 400 kV networks automatic one- and three-pole reclosing is used. If automatic

reclosing is unsuccessful manual reclosing can be done after 5-10 minutes.

The protection in the wind farm must not conflict with the other requirements of these
Specifications.

The protection of the plant shall be selective with the network protection, both at faults
in the plant and at faults in the network.

Internal faults in the wind farm shall result in the least possible loss of production.

U< U-2%D" 2-10 seconds, disconnection of turbines

U> U+2%? 30-60 seconds, to be estimated further

U>> [U+20%7 <100 ms, voltage reduction

f< 47.0 Hz 300 ms, maximum farm disconnection time
> 53.0Hz 300 ms, maximum farm disconnection time

" Shall be measured on the turbine side of a possible transformer with tap changer. The purpose of the

undervoltage protection is to ensure disconnection of the wind farm in connection with fault
situations in which the voltage in the network cannot be maintained (see also section 5.2). During
steady state operation the tap changer will ensure relatively constant voltage of the turbines at
varying voltages in the connection point, and the undervoltage relay can thus be set in a more
sensitive mode at measuring on the turbine side than at measuring in the connection point.

) Shall be measured in the connection point.
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The accuracy of the voltage and frequency measurements shall be better than 1 %.

7. Communication tolfrom the Wind Farm

Is arranged for each wind farm. It is the responsibility of the plant owner to procure the
signals necessary for the operation of the power system. Apart from the MW production
and Mvar exchange other signals may be requested, such as the status and wind speed
of the wind farm.

The specification of the communication equipment is made in a separate agreement
between the system operator and the plant owner.

8. Verification and Tests
At any time the system operator can demand documentation that the wind farm
complies with the Specifications.

More specifically the following applies:

Voltage quality

The contribution of the wind farm to voltage variations/flicker, telephone interference
and harmonics is based on measurements of currents and/or power and from that
calculations of contributions to the voltages on the basis of impedance diagrams
supplied by the system operator. The calculation methods shall be arranged in each
wind farm.

Stability

At the planning and specification of wind farms the interaction between the power
system and the wind farm at faults in the power system is verified by means of
simulations. It is the responsibility of the plant owner to provide the necessary models
for these simulations. The models shall be documented. As it will probably not be
possible to carry out tests with faults on a whole wind farm, measurements on a
prototype wind turbine from the farm can be used as documentation. If the wind farm
consists of several types of wind turbines, models for each individual type of turbine
shall be presented.

At the commissioning of the wind farm an updated model for the farm shall be
submitted.

To verify the wind farm's response to faults in the power system registration equipment
shall be installed which is trigged in case of faults. The registrations shall also be used
to verify the model for the wind farm. Registrations shall take place from ten seconds
before the fault until 60 seconds after the fault. The registration equipment shall include
the necessary number of channels. It shall be possible to register or on the basis of the
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registrations to generate the following variables in the connection point and for a
selected wind turbine for each type of wind turbine in the farm:

For the entire farm measured in the connection point:
- voltage.

- active power.

- reactive power.

- frequency.

- current.

For a single turbine of each type of wind turbine:
- rotating speed.

- active power.

- reactive power.

- voltage.

The form of the submission of the registrations to the system operator shall be arranged
in connection with each individual project. Trigger signals and their setting shall also be
arranged in connection with the individual project.
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Summary

Summary

This report is aimed at power utilities, wind turbine manufacturers and
others with an interest in wind power. Its object is to establish
recommendations for wind turbines and networks in compliance with
applicable standards for voltage quality and reliability of supply.

The technical data needed to assess the impact of wind turbines on
power quality are dealt with in Chapter 4, which is relevant to wind
turbine manufacturers and power utilities alike. In order to prevent
greater investment being made in the power supply systems than is
necessary to accommodate WT outputs, this chapter also provides re-
commended electrical specifications for wind turbines.

Chapter 5 discusses the requirements to be met by networks to which
wind turbines are to be connected. This chapter has therefore special
relevance to planning engineers working for power utilities.

WT impact on the range of voltage variation at power utility
customers considerably affects the voltage quality. Section 5.1 offers a
few simple rules on dimensioning that may be useful in network
planning and operation. An example of the technical procedure for
connecting a wind turbine to a distribution feeder is given in
Appendix B.

Appendix A describes the principles underlying the recommendations
provided in Chapters 4 and 5.

Annex 1 is a checklist of technical data relevant to power utilities
designing and planning a wind turbine connection.

Annex 2 lists the data needed to enable a wind turbine manufacturer to
select the correct settings for the protective devices of wind turbines
(“voltage relays” etc.).
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Objective and field of application

1. Objective and field of application

The report is targeted at power utilities, wind turbine manufacturers
and others with an interest in wind power generation. It provides re-
commendations for wind turbines and supply networks in compliance
with applicable standards for voltage quality and reliability of supply.

The report applies to fixed speed as well as variable speed machines.
The report does not deal with

« equipment for energy measurement and billing

» distribution of costs between wind turbine owners and power
utilities

- technical specifications relevant to purchasers of wind turbines

References are made to the draft of IEC 61400-21 in respect of
terminology and methods of measurement. It should be noted that
minor, hopefully insignificant, changes may be made in the final
edition of the IEC publication. In the list of definitions an asterisk (*)
marks data that cannot be supplied by wind turbine manufacturers
until after the adoption and release of the IEC publication.

The report supersedes DEFU reports KR 77 (2nd edition) “Network
connection of wind turbines” and KR 100 “Network connection of

wind turbines”.

It is advisable to read Appendix A before Chapters 4 and 5.
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3. Definitions

Distribution feeder: Feeder for connection of customers and, where
relevant, wind turbines.

Collection feeder: Feeder designed exclusively for connection of
wind turbines and/or other decentralised power producing units.

Point of common coupling: The first point on an electrical supply
network at which one or more wind turbines are connected to
customers or other wind turbine installations.

Reference power, P,: The reference power of a wind turbine is the
maximum point on the wind turbine’s power curve measured
according to [ref. 9], see Fig. 3.1. The reference power is the ten-
minute average of the power at an air temperature of 15°C and a
pressure of 1013.3 mbar. (In stall-controlled wind turbines the
power increases at lower temperatures and higher pressures!)

Reference apparent power, S,: The reference apparent power of a
wind turbine is the ten-minute-average apparent power from a wind
turbine when generating the reference power at the nominal voltage
and frequency with disengaged capacitor banks.

Reference current, I,: The reference current of a wind turbine is the
ten-minute-average value of the RMS value when the turbine is
generating the reference apparent power.

Factor k: The ratio between the maximum ten-minute-average output
of active power and the reference power of the wind turbine.

Short-circuit ratio, Ry:: The short-circuit ratio is defined by the
following expression:
R S
sC Sr
where Sy is the short-circuit power at the point of common
coupling, and S, is the wind turbine’s reference apparent power.
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Network impedance phase angle, yy: The network impedance phase
angle at the point of common coupling can be determined from the
following expression

X
= Ar Kk
Yy can[R J

k

where Ry og Xy indicate the network short-circuit resistance and
reactance at the point of common coupling.

Current spike factor, k;: The current spike factor is the ratio

o o
II’

where I is the maximum current in a half cycle, and I, is the

reference current of the wind turbine, both being RMS values

measured as specified in [ref. 10].

*Voltage variation factor, k,(y«): The voltage variation factor is used
to calculate the maximum voltage variations during generator
switching operations. It is determined on the basis of measurements
of currents and voltages or active and reactive power values and a
reference network using the network impedance phase angle yy as
a parameter, see [ref. 10].

Flicker coefficient, c((\yi): The flicker coefficient is used to calculate
the flicker emission at the point of common coupling during
operation without generator switching. It is determined on the basis
of measurements of currents and voltages or active and reactive
power values and a reference network using the network
impedance phase angle yy as a parameter, see [ref. 10].

*Flicker factor, k(y): The flicker factor is used to calculate the
flicker emission over wind speed ranges where the flicker emission
is mainly the result of generator switching. It is determined on the
basis of measurements of currents and voltages or active and
reactive power values and a reference network using the network
impedance phase angle wy as a parameter, see [ref. 10}.

An asterisk (*) in the list of definitions marks data that wind turbine
manufacturers are unable to provide until after the publication of IEC
61400-21.
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Figure 3.1. Example of WT power curve.
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4. Requirements for wind turbines
The following tables summarise the data relevant in assessing wind

turbine impact on the voltage quality, and gives recommendations in
respect of technical WT data.

Table 4.1. Technical data

Recommended Refer to
values section
Reference power (P;) 3
Max. production of active <1.15-P, 4.1
power, 10-min. average
Max. apparent power, 0.2-sec.
average
No load:~ 0 kvar See
Reactive power consumed Full load: ~ 0 kvar | assumptions
in section 4.2
Flicker emission factor ke(yy) See Fig. 4.1 4.4
Flicker coefficient ce(yy) See Fig. 4.2 4.5
Limit values for odd current
harmonics:
h<11 4% of I, 4.6
11€h<17 2% of I; 4.6
17<h <23 1.5% of I; 4.6
23<h <35 0.6% of I, 4.6
35<h <50 0.3% of I; 4.6
Total harmonic distortion 5% of I, 4.6

The recommended limit values for even harmonic and interharmonic
currents are 25% of the odd harmonics in the same frequency range.

Table 4.2. Protective functions

Minimum setting Time lag between setting overshoot and
range. contactor cut-out
(Un: WT rated voltage) (See also requirements in section 4.7)
Wind turbine Compensation system

Undervoltage 0.85-0.95-U, [V] 60 seconds

Overvoltage 1 0.95-1.1-U, [V] 60 seconds 50 seconds
Overvoltage 2 1-1.15-U, [V] <0.2 second <0.1 second

See also section 4.7 | See also section 4.7

Underfrequency 47 [Hz] 0.2 second

Overfrequency 51 [Hz} <0.2 second <0.1 second

12
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4.1. Maximum continuous production of active power.

The manufacturer must state the maximum limit for a wind turbine’s
active power output expressed as the ten-minute average. The limit
value, which can be stated as a factor k multiplied by the reference
power of the wind turbine, must be complied with in all weather
conditions. If the power output exceeds this value, control equipment
should activate WT cut-out [ref. 10].

Note: In [ref. 11] this limit value is stated as 1.15 times the rated
power of the wind turbine based on mechanical considerations.
The rated power specified in product data sheets may be lower
than the measured reference power.

4.2. Compensation of reactive power
4.2.1. Compensation using capacitor batteries

No-load compensation. When operating at no load, wind turbines
must be compensated for any consumption of reactive power in excess
of 10 kvar. The capacitors must be switched together with the wind
turbine, and should have a rated power of 1-1.1 times the reactive
power consumed by the wind turbine at no load.

During island operation, the capacitor batteries should cut out
automatically, see section 4.7

Load compensation. A no-load compensated wind turbine uses
reactive power during production. If more than 25 kvar is required for
this purpose, the wind turbine must be compensated accordingly. This
will be referred to below as “load compensation™.

Wind turbines with load compensation must meet the requirements
specified in section 4.7 regarding overvoltages during island
operation.

The capacitor batteries (including the battery providing no-load
compensation) must have a rated power of 0.95-1.05 times the
reactive power consumed by the wind turbine while producing
maximum continuous active power (k multiplied by the reference
power, P;). Battery switching should be performed in a way that
minimises exchange of reactive power with the network, while at the
same time complying with the recommendations in this report
concerning flicker coefficients.

13
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The capacitors for load compensation must be switched in during
high-load periods and switched out during off-peak periods. The
switching must be controllable by means of a timer programme, so
that load compensation can be automatically switched in during
periods when consumption is billed at peak- or high-load tariffs, and
switched out during periods when off-peak billing applies. The timer
programme should include a function for re-programming period
limits.

Note: Switching out the load compensation function during off-peak
periods will reduce the risk of overcompensation and thus also
overvoltages in the event of island operation.

4.2.2. Electronically controlled/compensated wind turbines

The amount of reactive power exchanged with the power network
(ten-minute averages) must be less than 5% of the wind turbine’s
reference power during production in the range from no-load to k
multiplied by reference power, P,.

The requirements described in section 4.7 regarding overvoltages
during island operation also apply in this case.

Note: It is desirable that electronically controlled/compensated wind
turbines can consume reactive power when producing in off-
peak periods, i.e. when controlled by a timer programme as
described in section 4.2.1.

4.3. In-rush currents

14

The maximum in-rush current acceptable during a single switching
operation is determined by the short circuit power and the network
impedance phase angle at the point of common coupling. The
maximum acceptable value of the in-rush current factor can be
determined from the following expression:

k,<0.04-R_,

If the voltage variation factor (ky(wk)) is known, only the following
requirement need be met:

k,(y,)<0.04-R
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The wind turbine control equipment should limit the inrush current
during cut-in so as to avoid the need for network capacity in addition
to that required to carry the energy produced and limit voltage
increases. This requirement is generally considered to be satisfied for
a single switching operation if the value of the inrush current is less
than twice the wind turbine reference current (k= 2). In the case of
repeated switching, the inrush current must meet stricter requirements,
see section 4.4.

4.4. Flicker due to switching

The maximum permissible value of the flicker emission factor (kf(\yy))
depends on the short circuit power, the network impedance phase
angle at the point of common coupling, and the maximum number of
switching operations (N) over a two-hour period. The maximum
permissible flicker emission factor for a wind turbine connected to a
distribution feeder can be determined from the following expression:

0.031-R
kf(‘l’k)<‘_"ﬁ§c“

N32

It is recommended to limit the possible number of switching
operations by means of the wind turbine’s control equipment.

The above recommendations also apply to switching between two
generators and between the windings of a generator with two sets of
windings.

If the flicker emission factor (kfyy)) is unknown, the inrush current
factor (k;) may be used instead:

L OOIR,

! L

N3.2

Where several wind turbines are connected to the same point of
common coupling, the switching frequency is expressed by the total
number of switching operations for the wind turbines connected at that
point (provided that the wind turbines are identical).

If the wind turbines are connected to a collection feeder, they may be
regarded a single installation with the point of common coupling
located in the main substation. If the switching frequency for the
individual wind turbine is limited to 12 switchings per 2 hours, the
maximum permissible flicker emission factor at a random network
impedance phase angle (i) may be obtained from Fig. 4.1.

15
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Figure 4.1. Maximum value of k(i) (or k) as a function of the
reference power of a wind turbine and the rated power of the main
transformer

4.5. Flicker during operation
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The maximum acceptable flicker coefficient (c.(yx)) depends on the
short circuit power and the network impedance phase angle at the
point of common coupling. For a wind turbine connected to a
distribution feeder, (cc(yx)) can be determined from the following
expression:

cely, )<0.25-R,

If a wind turbine is equipped with load compensation, see section 4.2,
the flicker coefficient should satisfy the above condition whether
operating with or without load compensation.

Connecting several wind turbines to the same point of common
coupling reduces the flicker coefficient acceptable for the individual
turbine.
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If the wind turbines are connected to a collection feeder, they may be
regarded as one installation with the point of common coupling
located in the main substation. The maximum recommended flicker
coefficient for the individual wind turbines may be obtained from Fig.
4.2. At reference powers of 1.5 MW and above, only flicker
coefficients found at network impedance phase angles equal to or
larger than 80 degrees are of practical significance.
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Figure 4.2 Maximum flicker coefficient as a function of the reference
power of a wind turbine and the rated power of the main transformer

4.6. Emission of harmonic and interharmonic currents

Current harmonics should not necessitate increasing the capacity of a
distribution or collection feeder beyond the level necessary to
accommodate the feeder’s thermal load and the voltage increase in
utility customer installations. To this end, a technology capable of
limiting current harmonics should be used.

Table 4.3. shows recommended limit values for steady-state
harmonics in percentages of the reference current. Even harmonics
should be limited to 25% of the values shown in Table 4.3. The limit
values are reproduced from [ref. 6], as no international standards have
yet been adopted for production units.

17
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Note: The limit values shown in [ref. 6] do not allow for the fact that
networks may also include decentralised production. The limit
values provided in Table 4.3 should therefore in principle be
lower.

Until an international standard specifying limit values for emission of
interharmonic currents is available, it is recommended to limit these
currents to 25% of the values given in Table 4.3 for harmonics in the
same frequency range.

Table 4.3. Limit values for odd current harmonics in percentages of
the reference current

Order Current harmonics in percentages
of the reference current

h <11 4.0%

11£h <17 2.0%
17< h <23 1.5%
23<h <35 0.6%
35<h <50 0.3%
Total harmonic 5.0%

distortion (THD)

Reference is made to [ref. 10] with regard to determination of the
magnitude of harmonic and interharmonic currents.

4.7. Protection of voltage quality under abnormal operating conditions

18

The wind turbine must provide monitoring of the RMS value of the
three-phase or line voltages, ensuring that turbine cut-out takes place
as soon as one of the voltage settings specified below is exceeded. A
network voltage dip must not cause the wind turbine to cut out until a
signal to do so is received from the protective arrangements.

If the energy is measured on the high-voltage side of the transformer,
the voltages should be measured at the same place, and line voltages
must be measured to prevent wind turbine cut-out due to earth faults
in 10-20 kV networks. The voltage settings — converted to the values
on the primary side of the instrument transformers - must be
adjustable within the following ranges:

Undervoltage: 0.85...0.95 times the tapping voltage on the
primary side of the wind turbine transformer.
Cut-out time for wind turbine: 60 seconds.
Overvoltage 1: 0.95...1.1 times the tapping voltage of the wind
turbine transformer on the primary side.
Cut-out time for capacitor batteries: 50 seconds.
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Cut-out time for wind turbine: 60 seconds.
Overvoltage 2: I...1.15 times the tapping voltage of the wind

turbine transformer on the primary side.

Cut-out times, see below.

If the voltage is measured on the low-voltage side of the transformer,
the settings should be based on the transformer’s rated secondary
voltage, but with the above-mentioned setting ranges.

“Undervoltage” and “Overvoltage 1” protect utility customers from
voltages outside the permissible voltage variation range. The
recommended time lag serves to prevent wind turbines being cut out
before the main substation voltage regulator has managed to correct
for voltage variations caused by network switching operations.

“Overvoltage 2” protects against overvoltages during island operation.
If the setting for “Overvoltage 2” is exceeded, the wind turbine must
be cut out before the voltage exceeds the turbine’s rated voltage +20%
regardless of wind speed and wind turbine load, and the overvoltage
must exist for only 200 milliseconds after the voltage setting has been
exceeded.

If the wind turbine is equipped with capacitor batteries, these must be
cut out no later than 100 milliseconds (including contactor drop-out
time) after the setting for “Overvoltage 2” is exceeded. The capacitor
banks must cut in again automatically, max. 10 minutes after network
conditions have normalised and the wind turbine is cut in.

Frequency monitoring must also be provided, to ensure that the wind
turbine will be cut out if the frequency deviates from the 47-51 Hz
range for 0.2 seconds. If the wind turbine is equipped with capacitor
batteries, these must be cut out max. 100 milliseconds after the
frequency has exceeded 51 Hz.

Frequency monitoring serves several of the purposes mentioned above
and thus supplements voltage monitoring. It should also ensure rapid
cut-out of capacitor banks and wind turbines if island operation does
not lead to the voltage monitoring settings being exceeded.

No requirements have been established by power utilities for
frequency monitoring of small wind turbines with directly coupled
asynchronous generators not equipped with phase compensation and
connected to an electrical supply network through a house installation.

The accuracy of voltage and frequency measurements must be better
than or equal to 1%.
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The wind turbine may cut in again automatically when the voltages
have been in the range between the settings for “Overvoltage 1” and
“Undervoltage” for about 10 minutes, and the frequency is within the
47...51 Hz range.

20
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S. Requirements to be met by distribution and collection
feeders

The following sections describe the requirements that must be met by
the feeders to which wind turbines are to be connected.

If the data of a wind turbine in respect of flicker emission factor,
flicker coefficient and current harmonics are in accordance with the
recommendations set out in Chapter 4, the network will probably need
only the capacity necessary to transmit the energy produced. Sections
5.3-5.6, which deal with the requirement for short-circuit power with a
view to flicker and harmonics, are therefore not relevant in such cases.

5.1. Maximum voltage increase

Calculation of the impact of a wind turbine on the voltage conditions
in a network should normally be made with the wind turbines
operating at maximum continuous production.

If capacitor batteries are used, it is recommended to base the
calculation on the assumption that compensation is only provided for
the reactive power used by the wind turbines in no-load situations. If
wind turbine compensation is controlled by a timer programme that
does not follow the local load wvariations, this means that the
possibility of higher voltage increases is ignored.

5.1.1. Collection feeders.

The rated secondary voltage of a wind turbine transformer should be
selected equal to the rated voltage of the wind turbine. (It is assumed a
directly connected generator has the same rated voltage as the wind
turbine).

The rated primary voltage of the transformer should be selected such
that the voltage at the wind turbine is approx. 100-105% of the rated
voltage of the wind turbine at full power output, and such that the
voltage does not fall below 90% of the rated voltage of the wind
turbine when it is not producing.

The acceptable voltage increase from the wind turbines in farm to the
main substation is therefore 1.05 times the rated voltage of the wind
turbines converted to the 10-20 kV level minus the maximum busbar
voltage of the main substation when the wind turbines are producing
full power. For calculation of the voltage increase, see section 5.1.2.
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When calculating the voltage increase, it is not necessary to allow for
the fact that the current contributed by a stall-controlled wind turbine
may exceed the maximum continuous current from the wind turbine.

Note: Since the reference current is a ten-minute average, allowance
should, in principle, be made for the fact that higher currents,
and thus higher voltage increases, may occur for short periods.
However, the duration of these current increases is so short that
the tap changer of the main substation transformer does not have
time to respond, and the voltage drop in the main substation
transformer must therefore be included in the calculation of the
resulting voltage increase. At maximum wind turbine output, a
brief increase in the active power (AP) further causes a relatively
high increase in the consumption of reactive power (AQ), which
is one of the reasons why short-time currents have only a limited
effect on the voltage at a wind farm.

Normally, the thermal load of a collection feeder, not the voltage
increase in the feeder, determines the conductor cross section to be
selected. Fig. 5.1 shows the voltage increase as a function of the
distance to the main substation from the point at which the wind
turbines are connected to a cable feeder. Wind turbine load is assumed
to correspond to the thermal load capacity of the cables, the dotted
line indicating the most economical cross section.
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Figure 5.1 Voltage increase in cables at a wind turbine load equal to
the thermal load capacity of the cables, the dotted line indicating the
most economical cross section (10 kV network).
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If load-dependent voltage control (compounding) is used in the main
substation, it may be an advantage to exclude collection feeders from
the compounding. This may be achieved by adding the current in the
collection feeder bay to the current in the transformer bay, taking the
transformation ratios of the relevant current transformers into account.

Example
Imagine a main substation with load-independent voltage control. The

voltage regulator is set to 10.5 kV, and the dead band is + 1.5%, i.e.
the voltage is normally max. 10.66 kV and min. 10.34 kV at the 10 kV
busbars.

The rated secondary voltage of the wind turbine transformer should be
equal to the rated voltage of the wind turbine, viz. 690 V.

The primary tapping voltage of the wind turbine transformer should be
selected such that the voltage on the generator terminals is max. 5%
higher than the rated voltage of the wind turbine at maximum
continuous power output. With a max. voltage increase of 6% in the
feeder at full output (including other wind turbines), the tapping
voltage for the primary side of the transformer should be set as
follows:

1.06 - 10.66 - 5&51-05 “U teq.wr

prim

U, >1.0610.66- — D
v 1.05-U g wr

U, 21.06-1066- —25% __ 076Ky
e 1.05-0.690

The primary tapping voltage should be set to 10.75 kV.

Checking that the voltage at the wind turbine is min. 90% of the rated
voltage of the wind turbine when it is not producing power:

U,

Uy =10.34-

prim

0.690
10.34- ——=0.664kV =0.96-U
10.75 rated. WT

The voltage at the wind turbine is min. 96% of the rated voltage of the
wind turbine.
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In the example, voltage changes from the primary side of the wind
turbine transformer to the wind turbine are ignored.

A more than 5% voltage increase in the collection feeder is
acceptable. However, the voltage may not increase beyond the 12 kV
maximum permissible system voltage (the insulation level). If the
voltage increase in the collection feeder deviates from the above-
mentioned 5%, the primary tapping voltage of the wind turbine
transformer must be adjusted to the changed voltage conditions.

5.1.2. Distribution feeders

24

The network design should only take account of the impact of wind
turbines on the voltage conditions with the network in normal
switching condition. This means that it may be necessary to cut out
wind turbines in connection with temporary supply arrangements. The
recommendations in section 5.7 will often lead to automatic cut-out at
critically high voltages.

Constant-voltage regulation It is recommended to limit the voltage
increase in 10-20 kV feeders which is due to the wind turbines and
other decentralised production units to 1% at the point of common
coupling. This recommendation is based on the following
assumptions:

« Voltage setting for the main substation voltage regulator: 10.5 kV

« Dead band of voltage regulator: +1.5%

o Min. transformation ratio setting on the feeder’s distribution
transformers : 10.25/0.4 or 10.75/0.42

With a dead band of, say +1.2%, the voltage increase can be 0.3%
higher, i.e. a voltage increase of 1.3% is acceptable.

Note: The dead band cannot be freely selected, but should be adapted
to the tapping steps of the main transformer.

The voltage increase in a feeder due to a wind turbine can be
determined from the following expression:

AU _R-P-X-Q
U U’
where

R: The resistance between the main substation and the
connection point of the wind turbine

X: The reactance between the main substation and the
connection point of the wind turbine

P:  The active power produced by the wind turbine
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Q:  The reactive power consumed by the wind turbine allowing
for reactive power compensation
U: Line voltage

It is assumed in the expression that the wind turbine provides active
power and uses reactive power. If instead the wind turbine delivers
reactive power, which may be the case with variable speed wind
turbines, a plus sign should be substituted for the minus sign.

If several wind turbines are connected to the feeder, the resulting
voltage increase at a given point on the feeder may be identified by
adding together the contributions made by the individual wind
turbines. Reference is made to the calculation example given in
Appendix B.

Variable-voltage regulation (compounding). Wind turbines in
operation have the effect of reducing the voltage of the main
substation busbars. It is therefore not possible to give general
guidelines for the acceptable voltage increase in 10-20 kV feeders due
to wind turbines. This increase should be determined by calculation in
each given case. The calculation must also include adjacent feeders
without wind turbines, as the reduction in the busbar voltage also
affects the voltage conditions of these feeders. The calculations should
cover the following combinations of load and production factors:

« Low-load without wind turbine output
« Low-load and maximum wind turbine output
. Peak load without wind turbine output
« Peak load and maximum wind turbine output

It may be useful for network planning purposes to select a simplified
rather than an optimised solution. This may involve the added cost of
subsequent network reinforcement and upgrade, but offers the
following benefits:

« Better overview of day-to-day operating conditions
. Fewer and simpler calculations necessary at the planning level
. No need for frequent updating of network plans

The technical and economical consequences of not using

compounding should be assessed first, as constant-voltage regulation
provides a simple criterion for the permissible voltage increase.
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In some cases, this assessment will show the non-compounding option
to be too expensive — especially if the wind turbines are distributed on
the feeders of a main substation. In such cases, compounding should
be used to compensate, not for voltage drops, but for voltage
increases. A number of principles for simplifying the planning and
operation of compounded networks are suggested below:

Fig. 5.2 shows examples of the voltage increase in a 10 kV feeder as a
function of the connected wind turbine power and the distance from
the main substation. The figure shows that it will typically be
necessary to connect wind turbines to a new or existing collection
feeder if more than 1.5 MW is to be connected to a distribution feeder.
If the wind turbine is connected at a distance of 6 km from the main
substation, the voltage increase will be 1.5% on the cable feeder and
more than 2% on the overhead line feeder. Therefore not much is
gained by reinforcing an overhead line feeder, and instead, a
collection line should be established.

Using collection lines simplifies operation. If collection lines are
connected to a separate bay in the main substation, the need to
upgrade the distribution feeder, and thus the risk of jeopardising
reliability of supply, is avoided.
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Fig. 5.2. Comparison between voltage increase in a feeder consisting
of 50 mm Cu overhead line and 150 mm’ Al XLPE cable, respectively,

as a function of the connected wind turbine power and the distance of
the connection point from the main substation (10 kV network).
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At peak load without decentralised production the voltage in a
distribution feeder is highest at the main substation, see Fig. 5.3. At
low load and with decentralised production, however, the voltage is
highest at the point where the wind turbine(s) is (are) connected to the
feeder. The impact which this should have on the network transformer
settings is assessed below.

With compounding, the transformation ratio for network transformers
located at the far end of a feeder may be reduced by 2.5% to
compensate for the voltage drop across the feeder. To prevent
unacceptable voltage increases during periods of low load, the
compounding unit reduces the low-load voltage in the main substation
to at least 2.5% below peak-load value.
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Figure 5.3. Example of the voltage profile of a distribution feeder as a
Junction of load and output from wind turbines connected halfway
along the feeder.

As wind turbines have the effect of increasing the voltage when the
network is operating at low load, the difference between the maximum
voltage at the main transformer at peak load and the maximum voltage
at the far end of a distribution feeder with wind turbines at low load is
often not so significant as to call for the use of network transformers
with different transformation ratios. The voltage increase at which
graduated transformation ratios should still be used depends on how
much the wind turbines reduce the voltage in the main substation.
Since the wind turbines may furthermore have necessitated
reinforcement of the feeder, it may not be necessary to use the lowest
transformation ratio. Being able to use the same transformation ratio
on the distribution feeders with wind turbines simplifies network
planning and operation.
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Connection of wind turbines may, in principle, make it necessary to
adjust the settings of the voltage regulator. This is shown in Fig. 5.3,
where the voltage variation at the end of the feeder is higher than at
the main substation. Therefore, the voltage variation across this feeder
may be reduced by adjusting the settings of the voltage regulator, so
as to obtain the same voltage variation at both ends of the feeder.

However, if the voltage regulator settings are assumed to be optimal
without decentralised production, they should not be changed unless
considerable savings can be made. It is undesirable to have to change
settings whenever new wind turbines are connected and redundant
ones replaced, one of the reasons being that it may also be necessary
to change the transformation ratio of the network transformers. In
addition, voltage conditions may become complex in situations where
feeders are switched from one substation to another if the settings of
the voltage regulators deviate substantially.

Assessing the impact of wind turbine connection becomes simpler if
the voltage regulator settings can remain unchanged, cf. below:

The permissible voltage increase on the feeder to which a wind
turbine is to be connected can be calculated in the same way as for
connection to a feeder with constant voltage regulation. This requires
that the compounding unit operates as shown in Fig. 5.5, and that the
distribution transformers of the feeders have the same transformation
ratio, say, 10.25/0.4. However, a higher voltage increase is acceptable
in the feeder because the output from the wind turbines will reduce the
voltage on the main substation busbars.

The reduction of the busbar voltages due to the wind turbines depends
on the working principle and settings of the compounding unit. For
example, the compounding may be effected in direct ratio to the
measured active and reactive power in the transformer bay of the main
substation, and may allow optional setting of a proportionality factor
for the active power (uy) and the reactive power (uy). The reduction in
the busbar voltage can be found from the expression

u —u, -tgd N
U = eV p %
down J3U1p |:Zl i [ 0]
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where

N: The number of wind turbines connected to the same
main substation and represented in the compounding
operation

P;: The active power produced by the i’th wind turbine

tgd: The ratio between the reactive power input to the wind
turbines from the 50-60 kV grid and their output of
active power. If the wind turbines produce reactive
power, tg¢ must be preceded by a minus sign

U: Line voltage

Ip. The rated primary current of the current transformer

ur and uy: Set degrees of compensation, in per cent, for ohmic and
inductive voltage drop, respectively.

If the rated primary current of the transformer is 800 A, the network
voltage is 10.5 kV, and the compounding unit is set to u; = 10% and u,
= 5%, then directly connected, no-load compensated wind turbines
will reduce the busbar voltage by approx. 0.6% per MW of wind
turbine power. This is a key figure for the main substation. If a 1%
increase in the voltage at the wind turbines is acceptable without
decreasing the voltage on the busbars of the main substation, and two
600 kW wind turbines, i.e. a total of 1.2 MW, are to be connected,
then a voltage increase of 1+0.6:1.2=1.7% at the windturbine will be
acceptable with the reduced busbar voltage.

For calculating ugown for various brands and types of voltage
regulators, see [ref. 3]. At higher wind turbine outputs, the main
transformer’s control range (the number of steps) may limit the
reduction possible.

In main substations with wind turbines the design voltage drop must
be reduced in feeders which have only loads connected. This
reduction should correspond to the relative reduction in the voltage on
the busbars in the main substation that may be the result of
decentralised production — also during periods of peak load. In the
example, the design voltage drop would thus be 0.6-1.2=0.7%, or in
more general terms, Ugown per cent, lower than before. Assuming that
the 10-20 kV feeders in rural areas without decentralised production
are designed for a voltage drop of 5% during periods of peak load,
then in this case they must be designed for a voltage drop of 5% minus
0.7%, i.e. 4.3%.

Thus, if the voltage drop across the feeders at peak load without
decentralised production is known/determined, it is a simple matter to
identify the wind turbine power that will demand reinforcement of
feeders to which no wind turbines are connected.
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According to the above guidelines, the 10-20 kV busbar voltage in the
main substation should, in principle, be 10.5 kV, excluding the effect
of the wind turbines. In practice, however, the supplied loads also
have an impact on this voltage. Without decentralised production, the
busbar voltage could, for example, be 10.6 kV during periods of peak
load and 10.25 kV at low load. Low-load conditions would therefore
seem to permit a higher voltage increase in feeders with wind turbines
than indicated by the general rule above. However, allowance must be
made for the fact that the loads on the feeders do not follow the same
time pattern within a day and a year, which means that a main
substation may be operating at its mean annual load while a
distribution feeder with wind turbines is working at low load. It is
therefore recommended that the busbar voltage in the main substation
be assumed to be the mean of the highest and lowest busbar voltage
values. Using the figures above, this gives an input voltage of
0.5-(10.6 + 10.25) = 10.43 kV. The difference - up to 10.5 kV -
provides a margin in connection with temporary supply arrangements.
Naturally, this margin could also be used for voltage increases.

If the requirement for the network transformers on distribution feeders
with wind turbines to have the same transformation ratio is not
satisfied, the loads on the feeders covered by compounding must vary
synchronously for a voltage increase of one plus ug4own per cent to be
acceptable, as the margin up to the maximum permissible voltage in
consumer installations can be small, especially in the case of main
substations with both urban and rural feeders.

f: \/ £ /
S [ /
L 1=
2 S /
[ [}
3 3
m m
-100% -50% 0% S0% 100% -100% -50% 0% 50% 100%
Power Power
Figure 5.4. Compounding Figure 5.5. Compounding

Figs. 5.4 and 5.5 show two different working principles for voltage
regulators. If the voltage regulator is based on the principle shown in
Fig. 5.4, and the wind turbine output may exceed the main substation
load, it may be relevant to replace the voltage regulator (compounding
unit), provided the wind turbine output is represented in the
compounding.
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If the regulator relies on the working principle shown in Fig. 5.5, a
reduction in the busbar voltage achieved by routing the power through
the main transformer in a different direction to normal may be
undesirable, as this can lead to an unacceptably low voltage for
customers supplied via feeders without decentralised production
systems. However, the reduction may be limited by the main
transformer’s tapping range. It is possible to prevent the voltage
falling below a certain critical value by blocking actions.

5.2. Reactive power compensation

It is necessary to compensate for wind turbine use of reactive power.
In addition to the compensation effected inside the wind turbines, see
section 4.2, supplementary compensation must be provided in the
high-voltage network.

If the required compensation (loads plus decentralised production
units) is min. 2-3 Mvar, this supplementary compensation can be
effected in the main substation to which the wind turbine is connected.
In all other cases, financial considerations dictate that compensation
be effected in another main substation or at a higher voltage level.

Note: Compensation in the main substations and/or at the voltage
level with the highest ratio of load to installed wind turbine
power minimises the risk of overvoltages in connection with
island operation.

The high-voltage battery should be connected to a separate bay in the
main substation with a restrike-free circuit breaker. The battery should
only be cut in during periods of high and peak load when
compensation is needed. The battery should be cut out at low load, for
example, by timer-programmed control. From a system level point of
view, selecting the same time settings as those used in the three-rate
tariff offers a number of advantages; however, it is important to ensure
a certain spread of the switching times of the capacitor batteries in the
various main substations.

The battery must cut out automatically if a line voltage exceeds the
maximum normal busbar voltage by more than, say, 5%. The circuit
breaker preceding the battery should receive the out-command no later
than 100 milliseconds after this voltage has been exceeded.
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Connecting the battery to a separate field in the main substation
ensures that island operation with decentralised production units and
the capacitor battery will only occur if the main substation transformer
(or the input from the 50-60 kV network) is interrupted. In order to
achieve faster cut-out of the capacitor battery during island operation,
the out-command signal to the transformer circuit breakers can be
retransmitted to the capacitor circuit breaker.

5.3. Rapid voltage variations

The short-circuit power at the point of common coupling needed for a
single switching operation can be determined from the voltage
variation factor (k,(\yy)) specified by the manufacturer

S, 225-k,(y,)-S,

If the voltage variation factor is unknown, the current spike factor (k;)
may be substituted instead.

5.4. Flicker emission due to switching operations
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The switching frequency must be limited by the control equipment of
the wind turbine. The short circuit power required at the point of
common coupling can be determined from the data provided by the
wind turbine manufacturer with regard to the flicker emission factor
(ke(yy)) and the maximum number of cut-in operations (N) during a
two-hour period:

S, 232-k,(y,)-N* -8,

If the flicker emission factor is unknown, the current spike factor (k;)
may be used instead:

S, >32-k,-N* -8,

Table 5.1.

Max. number of switching 6 12 30 60
operations in 2 hours (N):

N

1.8 22 2.9 3.6

If several - identical- wind turbines are connected to the same point of
common coupling, the number of switching operations for the
individual wind turbine multiplied by the number of wind turbines
should be substituted.
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For collection feeders, the 10-20 kV busbars in the main substation
may be selected as the point of common coupling, since the switching
frequency does not affect the operation of the wind turbines. The
short-circuit power in the main substation should comply with the
following:

S, 216-k,(y,)-N* .S,

or

S, 216-k, -N* .S

1 r

where N is the total number of switching operations.

If a wind turbine is to be connected to the same network transformer
as utility customers, the transformer should have a rated power of at
least approx. twice the reference power of the wind turbine.

5.5. Flicker emission during operation

The short-circuit power required at the point of common coupling can
be determined from the flicker coefficient (c.(y)) specified by the
manufacturer

Sy 24-c(y,)-S,

The fact that the flicker coefficient is dependent on the wind
turbulence intensity, and that the latter varies between the measuring
site and the installation site, can normally be disregarded.

If several - identical - wind turbines are connected to the same point of
common coupling, the short-circuit power must be higher - by a factor
which corresponds to the square root of the number of wind turbines -
than that determined using the above expression.

Where several wind turbines are connected to a collection feeder, the
busbar in the main substation may be used as the point of common

coupling with other customers. In this case, the short-circuit power
should be as follows:

Sy 22-¢c.(wy)-S, ~A

where A is the number of - identical - wind turbines.
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5.6. Voltage harmonics

Assessment of whether connection of speed-controlled wind turbines
will lead to unacceptable distortion of the network voltage must be
based on the information given by the wind turbine manufacturer on
current harmonics and interharmonics and their maximum values, and
on the distortion which is attributable to network loads. Guidelines for
making this assessment are provided in [ref. 5]. See also section 6 of
Appendix A.

5.7. Protection of voltage quality under abnormal operating conditions
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Wind turbines must cut out automatically if the network voltage or
frequency assumes abnormal values. This is to ensure an acceptable
voltage quality to utility customers and to prevent voltage being
present in the network after inputs from the grid have been
disconnected. This section proposes an approach to selecting
functional values. For time lag selection, see Table 4.2 and section
4.7.

Collection feeders. The functional value for “Overvoltage 1” should
be selected equal to the maximum voltage that can occur at the point
where the wind turbine transformer is connected to the collection
feeder, plus, say, 2% to prevent unintended turbine cut-out.

The quick cut-out function, “Overvoltage 27, should be set 5% higher
than the value selected for “Overvoltage 1”, in order to prevent wind
turbine cut-out in connection with switching operations in the
network.

If the voltage is measured on the low-voltage side of the transformer,
the above-mentioned voltage settings must be converted accordingly,
using the transformation ratio of the wind turbine transformer.

Distribution feeders. If energy measurement has been established on
the high-voltage side of the wind turbine transformer, the voltage
should be measured on that side to avoid having to consider the
voltage drop/increase across the transformer when selecting the
setting. In principle, the settings should be based on the maximum
permissible voltage in order to protect the low-voltage customers. This
consideration will normally be realised by selecting the following
settings:
Overvoltage 1:  ~/3-0.244.n
“n” is the transformation ratio of a network
transformer
Overvoltage 2:  Overvoltage 1 + 4%
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Example
A large wind turbine is connected midway along a 10 kV feeder. F ig.

5.6 shows the voltages at the centre and at the far end of the feeder at
low load and full output, respectively.

Transformers adjacent to the wind turbine have a transformation ratio
of 11:0.42, which means that for high-voltage measurement, the
setting for ”"Overvoltage 1” should be selected as follows

J§-0.244-—11—=11.1 KV,
0.42

the voltage drop at low load being assumed to be minimal in some of
the distribution transformers .

The network transformers further out on the feeder have a
transformation ratio of 10.75:0.42. If the low-voltage networks
covered by these transformers are also to receive this protection,
“Overvoltage 1 should be set to 10.8 kV. This setting gives a margin
of less than 1% to the highest operating voltage at the wind turbine,
10.7 kV. Thus, selection of settings is a compromise between different
considerations.

The quick cut-out function, “Overvoltage 2”, should be set 4% higher
than “Overvoltage 1”in order to avoid wind turbine cut-out due to
transitory voltage changes caused by switching operations in the grid.

Where high-voltage measurement is not used, the settings can be

based on the above voltage, but converted to the wind turbine
transformer’s secondary voltage.
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10.66 kV

Voltage drop: 0.5%

Voltage increase: 1%
11/0.42 {10.5/0.69

236 V. —(O—+—(O— 704V Wind turbine

10.71 kV
10.75/0.42 Voltage drop: 0.7%
241v —() Voltage increase: 1%
10.69 kV

Figure 5.6. Example showing voltages on a 10 kV feeder

If a wind turbine is connected to a 10-20 kV distribution feeder over a
long line connection, it may be necessary to allow for the voltage
increase from the point of common coupling to the wind turbine by
selecting a correspondingly higher setting for "Overvoltage 1".

The following settings should be selected for wind turbines connected
to the same network transformer as low-voltage customers, and for

wind turbines connected to a house installation:

Overvoltage 1: 230 V +6%
Overvoltage 2: 230 V +10%

For wind turbines connected directly to a network transformer via a
long low-voltage cable, a higher setting may be selected for
“Overvoltage 17, provided that this does not involve a risk of
overvoltages occurring in low-voltage customer installations or in the
wind turbine installation depending, among other things, on the
maximum voltage on the low voltage busbars in the network

substation without the wind turbine.

For wind turbines connected to a house installation the voltage should
be measured at the owner’s distribution board. Measuring the voltage
at the wind turbine may increase the frequency of cut-out due to

overvoltages where long connection cables are used.
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5.8. Choice of wind turbine transformer

Reactive power compensation in the individual wind turbine will
reduce the losses and the necessary rating of cables, transformers, etc.
The secondary current determining the rating of a wind turbine
transformer is therefore

k-P
I = _ r
V3 -U-cosg

The factor k indicates the ratio between the maximum continuous
output of active power and the reference power of the wind turbine,
see section 4.1. “U” is the rated voltage and cosg the phase
displacement factor of the relevant wind turbine. For wind turbines
with directly connected generators only the no-load compensation
should be included when calculating cose.

The above-mentioned current is a ten-minute average. During the
period considered the current will vary about this average value. Since
a transformer’s load-related losses vary with the square of the current,
the variations about the average current will cause greater losses,
thereby reducing the transformer transfer capacity. The relative loss
increment (ALoss) is determined from the following expression,
assuming a normal distribution of the current variations:

ALoss (%) = (1+06%)-100

where o is the distribution of the power output. Generally, the
distribution will be 15%, or less, i.e.

ALoss (%) < (1+0.15%-100 = 103%

The reduction in transformer transfer capacity attributable to the
above-mentioned marginally increased losses may be ignored.

Where the wind turbine is to be connected to a network transformer
supplying utility customers, the rated power of the transformer should
be at least approx. twice that of the turbine’s reference power, see
Appendix A, Fig. A-6.

5.9. Coordination of short-circuit protection devices
Wind turbines of more than 0.5 MW may involve problems of
selectivity between, on the one hand, the overcurrent relays of the

high voltage feeders and, on the other, the short-circuit protection of a
wind turbine transformer and the outgoing low-voltage line.
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5.9.1. Wind turbines connected to a collection feeder
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Table 5.2 shows the thermal current carrying capacity of relevant
collection feeder cables. The table also shows the current carried by a
cable of the most economical cross section (which depends on given
assumptions in respect of cable prices, tariffs, etc.). Finally, the
relationship between these values is indicated.

Table 5.2.

Cable cross section [mm? Al] 95 150 240
Max. current load [A] 240 310 400
Optimum current load [A] 125 200 315
Relationship between these 1.92 1.55 1.27
currents

Wind turbulence at the individual wind turbines may cause the power
output to rise to, say, 150% of the reference power for short periods of
time. If the wind turbines are placed in clusters or farms, there is a
relatively high degree of correlation between the power variations of
the individual wind turbines when the power is averaged over some
seconds. The total output from all the wind turbines connected to a
collection feeder may therefore very briefly, i.e. for a few tens of
seconds, reach a magnitude which makes it necessary to allow for this
by setting the overcurrent relay of the collection feeder accordingly.
Table 5.2 shows the problem to be most critical in large wind farms
using a cable with a conductor cross section of 240 mm’ and/or a
collection line whose cross section is smaller than the optimum cross
section.

The above-mentioned considerations may be taken into account by
setting the delayed tripping current (I>) of the overcurrent relay as
follows:

I, =k

> m

-Mz
=

where
N is the number of wind turbines connected to the feeder;
I; is the reference current of the individual wind turbines; and
n is the transformation ratio of the wind turbine transformer.

The factor k,, must be selected taking into account the maximum
instantaneous output of the individual wind turbines, the number of
turbines and their relative location. Unless other data are given for the
short-time current of the individual wind turbines, it is recommended
to select a ky, factor in the 1.3...1.5 range.
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The recommended current setting can mean that an overcurrent relay
may not protect a cable against thermal overload.

Following the isolation of a short circuit in another part of the
electrical system, wind turbines and wind turbine transformers may
contribute to an impuise current when the voltage returns. The
magnitude of this contribution depends on the magnitude of the
voltage drop before the fault was isolated, and its duration for the
individual wind turbine will depend on the inertia constant of the
turbine concerned. In the case of directly connected asynchronous
generators the magnitude may be several times the reference current.

In order to avoid unintended cut-out of a collection feeder, the time
lag setting (t-) should not be lower than necessary to ensure
selectivity, cf. above. A one-second time lag is suggested if the
instantaneous tripping function of the overcurrent relay is used.

Similarly, in order to prevent cut-out of a collection feeder the current
setting (I>>) of the instantaneous tripping function of the overcurrent
relay should be set as follows:

N ]
I>> = kk - Z -

T n
where

N is the number of wind turbines on the feeder;

I; is the reference current of the individual wind turbines;

n is the transformation ratio of the wind turbine transformer;

Kk is the ratio between the inrush current of a wind turbine after a
short-time voltage interruption and the reference current of the
wind turbine. For directly connected asynchronous generators
(with or without current-limiting cut-in equipment) k ranges
between 5 and 8.

However, it is not always possible to set the current so high, as it is
important to ensure selectivity between the overcurrent relay of the
collection feeder and the overcurrent relay of the transformer bay of
the main substation. This problem is illustrated in Figs. 5.7 and 5.8.
Other reasons for choosing a lower current setting are described in
section 5.9.3.

If wind turbine transformers are protected by means of high-voltage
fuses, it is not always possible to achieve selectivity with the
overcurrent relay of the collection feeder. Selectivity should be a
priority concern in order to prevent loss of production, see section
5.9.2.
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Figure 5.7. Example of a selectivity plan for a collection feeder with a
6 MW wind turbine output. There is no selectivity between the
overcurrent relays in the transformer bay and the collection feeder
bay in the main substation. In addition, the station may be cut out by
faults in other feeders.
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Figure 5.8. Example of selectivity plan for a collection feeder with a 6
MW wind turbine output. The collection feeder may be cut out by
Jaults in other feeders.
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5.9.2. Wind turbines connected to a distribution feeder

Only very limited power from wind turbines can be connected to a
distribution feeder. Generally, there is therefore no need to change the
feeder’s overcurrent relay settings.

High voltage fuses for short-circuit protection of a wind turbine
transformer should only be used in a switch-fuse combination.

In order to ensure reliability of supply, selectivity should be provided
between the overcurrent relay of a distribution feeder and down-
stream protective devices for wind turbine transformers etc.

However, it is not always possible to achieve selectivity between the
overcurrent relay of the feeder and the HV fuses in the relevant
current range in case of large wind turbines. In such cases, it is
recommended to use a circuit breaker and an overcurrent relay instead
of a switch-fuse combination. The LV fuses may be omitted if the
overcurrent relay of the feeder provides protection up to and including
the overload cut-out of the wind turbine. The following settings are
recommended for the overcurrent relay at the wind turbine
transformer:

2 Ir: n< I>, transt. relay < 0.8-T>, feeder relay
I>>, transf. relay = kil n

where

I, is the reference current of the wind turbine;

L5, feeder relay 1S the current setting of the feeder’s overcurrent relay ;

n is the transformation ratio of the wind turbine transformer;

K, is the ratio between the inrush current of a wind turbine after a
short-time voltage interruption and the reference current of the
wind turbine. For directly connected asynchronous generators
(with or without current-limiting cut-in equipment) k, lies in
the range between 5 and 8.

Selecting the lowest setting of I, transt. relay Tequires the use of current-
limiting cut-in equipment. The setting selected for the time delays t.
and t>> must ensure selectivity with the feeder’s overcurrent relay.

If it is acceptable for (rare) faults occurring in the range between the
HV and LV fuses to cause feeder cut-out, it is not necessary to replace
the HV fuses with a circuit breaker and an overcurrent relay. Instead,
the LV fuses must be replaced by an overload cut-out since it may be
difficult to achieve selectivity between HV and LV fuses as they carry
the same current (corrected by the transformation ratio of the
transformer).
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The following settings should be selected for the overload cut-out’s
short-circuit tripping function:

2'Ir < I>>, overload cut-out < 0-7'1'1‘I>, feeder relay

where
I, is the reference current of the wind turbine;
n is the transformation ratio of the wind turbine transformer;
I, feeder relay 1S the current setting for the distribution feeder’s
overcurrent relay.

The factor 0.7 is attributable on the one hand to the transformation

ratio at two-phase short circuits (J§ /2) and, on the other hand, to a
safety factor of 0.8 to accommodate the feeder’s load current, etc.

Selectivity with wind turbine overload cut-outs should be established
wherever possible.

5.9.3. Measures to prevent tripping of the overcurrent relay in the transformer bay
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after voltage dips

As described in section 5.9.1, wind turbines with asynchronous
generators directly connected to the network may contribute to an
impulse current when the voltage returns after the isolation of a short
circuit in another part of the electrical system, e.g. on an adjacent
feeder.

In networks with high wind turbine power on several outgoing feeders
from a main substation, the entire station can - depending on the relay
protection arrangement in the main substation’s transformer bay - be
cut out in situations like the one described above, even with selectivity
between the overcurrent relays. This is because the overcurrent relays
in the feeder bays carry only the current impulse attributable to wind
turbines, transformers and loads on the individual feeder, whereas the
overcurrent relay in the transformer field of the main substation
carries the sum of all the current impulses in the feeders.

The probability of a main substation cut-out is greatest if the wind
turbine power in the network is so high that one or several collection
feeders have had to be established. In this situation, cut-out of the
main substation can be avoided by cutting out collection feeders
instead. In order to make this possible, the setting of the overcurrent
relay’s instantaneous trip function must be set to a lower value that
that recommended in section 5.9.1., however, not lower than

—
Il
o
_Mz
]
-

B |

>>



Requirements to be met by distribution and collection feeders

This cut-out can lead to production losses until the utility re-connects
the feeder. However, cut-out will happen only very rarely.

If the wind turbines themselves limit the current impulse or cut out,
the feeder will not cut out, and the wind turbines will cut in again
automatically after approx. 10 minutes.

Since the magnitude of the current impulse is determined not only by
the wind turbines but also by the loads (motors) and transformers
present in the system, no general guide can be given as to what
circumstances can cause a main substation to cut out without
countermeasures. So far, only a few cases of main substations being
cut out by wind turbines have been reported.
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Appendix A: Basis for the requirements for wind turbines
and networks

A.1. Permissible voltage variation range

When a wind turbine is connected to a 10-20 kV distribution feeder,
the introduction of decentralised power generation will change the
voltage profile of the feeder. If the main substation controls the
voltage by means of compounding, the voltage of both the feeder
concerned and the adjacent feeders will be affected. In this
connection, it is important to ensure that the customer voltage stays
within the permissible voltage variation range of 230 V +6%, -10%,
see [ref. 1].

A.2. Overvoltages

Overvoltages due to variations in the one-second-average power from
the wind turbine will not affect the ten-minute averages of the RMS
voltage on which the voltage limits specified in section A.1 are based.
If several wind turbines are connected at intervals along the same
feeder, the power variations at the individual wind turbines will be
uncorrelated, thus limiting the short-time overvoltages. If, on the other
hand, the wind turbines are installed in a group or windfarm, there will
be a certain amount of correlation between the power variations at
each of the wind turbines, which means that sudden voltages of a
magnitude higher than the ten-minute averages may occur.

In connection with island operation, see section A.3.3., even higher,
short-time overvoltages may occur. Voltages exceeding the rated
voltage of electric appliances by more than 30% may cause immediate
break-down of electrolytic capacitors and switch transistors.
Overvoltages in the order of 15...30% may very quickly (in
milliseconds) damage electrolytic capacitors, as the leakage current
through the capacitors increases exponentially with the voltage.
Overvoltages may also lead to saturation, destroying transformers
installed in appliance power supplies.
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A.3. Reactive power compensation of directly connected asynchronous

generators

A.3.1. Reactive power requirement at high and peak loads.

46

The loads present in a distribution network consume reactive power,
which should ideally be provided by means of reactive power
compensation at the individual loads. However, this would mean less
than full utilisation of the capacitors. Therefore, the power utilities
supply the necessary reactive power, provided that cos¢ does not fall
below 0.9. The reactive power is delivered by power station
generators, capacitor banks and the natural grid capacitance.

Wind turbines with asynchronous generators directly connected to the
grid produce active power and consume reactive power. According to
DEFU’s recommendations, wind turbines should be compensated for
their own consumption of reactive power when not producing active
power. This is referred to below as no-load compensation.

urthermore, the continued expansion of wind power development calls
for compensation for the reactive power consumed in the stray flux of
the wind turbine generators during production, referred to below as
load compensation. .

The input of active power from wind turbines allows central power
station units to be taken out of operation. This reduces the number of
reactive power sources available, and further stresses the importance
of compensation.

60%

/

40%

power

20%

Reactive power relative to reference

0%

0% 20% 40% 60% 80% 100%
Active power relative to reference power

Figure A-1. Example of the reactive power consumed by an
asynchronous generator as a function of its active power output.
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A.3.2. Surplus of reactive power during off-peak periods combined with load
compensation

The reactive power requirement falls under off-peak conditions. In
order to maintain a balanced supply of reactive power, power stations
reduce their output of reactive power, and power utilities cut out
capacitor banks and cut in reactors at the highest system levels.
However, they cannot control the reactive power deriving from the
natural grid capacitance. In such situations, wind turbine output of
reactive power should therefore be adapted to the needs of the
electrical system.

Basically, it is possible to control the degree of wind turbine
compensation by de-activating the load compensation according to

1. the voltage at the wind turbines
2. the utility’s demand for reactive power
3. atimer programme

Re 1. If the load compensation is to be disconnected when the voltage
exceeds a preset, time-independent voltage, the voltage at the wind
turbines should be highest under low-load conditions. This condition
is not normally met

. for wind turbines connected to a main substation with variable
voltage regulation (compounding), where the wind turbine output
is either of the same order as the maximum load of the station,
and/or the wind turbines are connected to the part of the feeder
nearest to the station

« for wind turbines on a collection feeder.

On the other hand, the desired degree of control may, in principle, be
achieved for wind turbines connected to a distribution feeder with
constant-voltage regulation. However, this is probably not practically
feasible.

If the voltage at which the load compensation of the wind turbine is to
cut out is set equal to the estimated voltage at low load and no
production, a voltage increase of, say, 1% will not always lead to the
desired cut-out, see Fig. A-2. This is due to the dead band of the
voltage regulator of the main substation, which may have a range of,
say, +/- 1.5%. The compensation may also be cut out during peak load
periods with decentralised power generation. Therefore, the desired
voltage control cannot be achieved by selecting another voltage
setting.
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Even ignoring the voltage regulator’s dead band, there is no guarantee
that the desired adjustment of the reactive power can be effected.
Assume, for example, 1) that the voltage is set equal to the voltage at
low load with no production, 2) that the wind turbines on the feeder
are producing, and 3) that the compensation is consequently cut out.
When the load returns, the compensation will only be restored when
the voltage drop has exceeded the voltage increase attributable to the
wind turbines on the feeder plus a possible hysteresis in the voltage.

This principle is therefore based on the assumption that the
compensation cuts out at a preset time-dependent voltage. For
example, different voltage settings can be used in time zones
corresponding to those used in the three-rate tariff. The voltage
control should be integrated in the control equipment of the wind
turbine. Both time and voltage settings should be adjustable.

Voltage {kV]
Had band

N

Wind turbine ?.b

0 2 4 6 8 10
Distance from main substation [km]

—— Low load without production {km]

—— Lowload with production

As above minus 1,5% (half the dead band)

Peak load and production

—— . As abowe plus 1.5% (half the dead band)

......... WT cut-out at higher witages

Figure A-2. Impact of the dead band on load compensation cut-out.
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At peak and high-load periods the voltage setting should be higher
than the voltage at the wind turbine at high load with decentralised
generation, plus half the dead band on the main transformer’s voltage
control equipment.

At low-load periods the voltage setting should be lower than the
voltage at the wind turbine at low load without decentralised
generation, minus half the dead band on the main transformer’s
voltage control equipment.

Using time-dependent voltage settings is complicated by the need to
calculate the voltage for each wind turbine connected and to adjust the
setting if further turbines are added to the same feeder or if any other
changes are made to the basic assumptions (relocation of boundaries,
changing from overhead to underground lines, changes in the load
basis).

In certain cases, however, it is possible to improve the voltage quality
in case of temporary supply arrangements, as this will have a
stabilising effect on the voltage at the wind turbine’s connection point.

Re 2. The reactive power compensation for wind turbines with remote
switching capability may, in principle, also be adjusted by remote
control, which may be based on power measurements made in a
utility’s main substations and collected via a remote control system.
Control should be automatic, using, for example, a programme
module in the remote control system of the operating centre. This
requires communication to be established between the utility’s local
remote control unit and the WT control system, and for the latter to be
equipped with a remote control facility.

Re 3. Control of a wind turbine’s reactive power compensation may
be effected using an external programme timer or a software timer
integrated into the turbine’s control equipment. It should be possible
to switch the load compensation of the individual wind turbines
according to a timer programme with time zones corresponding to
those of the three-rate tariffs. Easy adjustment of settings is important.

The latter solution is recommended for load-compensated wind
turbines. The “voltage-stabilising” effect of solution 1 is sacrificed
because there is a risk that the correct voltage settings will not be
selected, and that they may not be adjusted in response to changes in
grid, load and production conditions.

Solution 2 is not normally an option, since there are simpler and less

costly alternatives. However, it does offer the advantage of easy
adjustment of settings to changed conditions.
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A.3.3. Island operation
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If a group - an “island” - of compensated wind turbines in the network
is isolated from the rest of the electrical system, the voltage and/or
frequency will assume unacceptable values. Therefore, the wind
turbines must brake and cut out automatically when they are operated
in island mode. However, cut-out is not instantaneous, which means
that overvoltages may occur until the wind turbine has cut out.

The highest overvoltages occur when several of the following
conditions are present at the same time:

. The wind turbines are producing maximum power

- The island network operates at minimum load

« The wind turbines are 100% compensated for their consumption of
reactive power.

Immediately after island operation has been initiated, the wind turbine
speed is unchanged, but the frequency will be slightly above 50 Hz
due to the slip etc. The voltage will change in order to balance output
from the capacitor banks and the reactive power consumed by the
wind turbine generators. The time taken to establish this balance
depends on the electrical time constants of the generators, i.e. a few
cycles.

1
/ G CotCy Rated

Voltage [V]

Wattless Current [A]

|

Figure A-3. Example of the magnetising characteristic of a 600 kW
generator and wattless current provided by capacitor banks while
compensating for the generator’s consumption of reactive power at no
load (Co) and full load (C,+Cy ), respectively.
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Fig. A-3 shows an example of the magnetising characteristic of a
generator. The correlation between the current through and the voltage
across the capacitor banks is plotted as straight lines. The two lines
indicate no-load compensation and no-load plus load compensation,
respectively. The point of equilibrium is located at the intersection
between the curve and the straight lines. The corresponding voltage
range from 0% to approx. 20% above the rated voltage of the
generator (690 V), depending on the amount of compensation and the
slip before island operation commences. Fig. A-3 is based on a
frequency of 50 Hz. Allowing for the fact that the frequency will
actually exceed 50 Hz due to the slip etc., the equilibrium point will
shift to the right, indicating higher voltages. The example ignores the
presence of current harmonics due to the non-linear magnetisation
characteristic.

Without load compensation, but compensating exclusively for the
reactive power consumed at the minimum WT output, no significant
overvoltages will occur immediately after the change to island-mode.
If, however, the wind turbines produce more active power than can be
taken by the island network, the wind energy will be used to
accelerate the wind turbines. This causes an increase in the frequency,
and thus in the output of reactive power from the capacitor banks. In
addition, the generator characteristic changes. The equilibrium point
in Fig. A-3 shifts, indicating a condition of Overvoltage. The rate of
increase is determined by the power available for accelerating the
wind turbines and by the inertia of the latter. In this case, the voltage
therefore takes longer to build up.

As shown in Fig. A-3, using both no-load and load compensation may
result in unacceptable overvoltages if the load in the island network is
minimal compared with the output from the wind turbines. If a certain
load exists, reactive power will be consumed in the stray reactances of
the generators. This leaves less reactive power available for
magnetising the generators, which limits the Overvoltage during the
first cycles of island operation. Fig. A-4 shows the possible effect that
the relationship between the load in the island network and the total
rated power of the generators can have on the "instantaneous" voltage
increase.
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Figure A-4. Voltage relative to the rated voltage of a generator before
the wind turbine speed changes due to island operation. A capacitor
bank is switched in with a capacity corresponding to the generator’s
consumption of reactive power at full load

The probability of unacceptable overvoltages occurring can be
reduced by effecting load compensation in suitably small increments.

If the island network is a cable-laid 10 kV distribution feeder,
allowance should in principle be made for the reactive power
produced by the cable, which with a 15 km XLPE cable is approx. 170
kvar. However, the island network loads may consume reactive
power, thus reducing the amount of surplus reactive power. With a
load of 0.5 MW, the reactive power consumption is 150-200 kvar.
When the voltage increases, the amount of reactive power consumed
increases significantly, due to such factors as the non-linear
magnetisation characteristics of transformers and motors.

Connecting capacitor banks to the feeder or to the low-voltage side of
MV/LV substations increases the risk of critical overvoltages in
connection with island operation.

A.3.4. Demand for reactive power in faulty HV or EHV grids

A short circuit at the highest system levels will cause a voltage dip.
This may have the following consequences:

« The short circuit current flowing through generators, transformers
and overhead lines causes a demand for reactive power. This
demand varies with the square of the current!

o The amount of reactive power generated by capacitor banks
decreases by the square of the voltage;
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« The amount of reactive power consumed by the loads also
decreases with the voltage, but relatively less than the output from
the capacitor banks.

Ignoring exchanges with other countries, the deficit of reactive power
must be covered by the power station generators.

The reactive power consumed by conventional wind turbines increases
considerably with decreasing voltage. This is because a lower voltage
produces a correspondingly larger current, since the energy supplied
by the wind is unchanged. The reactive power consumption in the
stray reactances of a generator increases by the square of the current.
Table A-1 shows the consumption of reactive power at a voltage that
is "kg” times higher than the normal operating voltage. It is assumed
that the wind turbine transmits the wind energy received to the
network. If the voltage falls below a certain value, this does not
happen, and the surplus of mechanical energy will accelerate the wind
turbines, which are then cut out by the control equipment.

Table A-1. Example of the reactive power of a fully compensated
wind turbine at low voltage and high wind speed

Normal voltage kg4 times-normal
operating voltage

Consumption at no 0.40-Pres 0.40-P, - k2
load
No-load —0.40-P;¢ -0.40-P; - k2
compensation
Additional consump- 0.25-Pres 0.25-P, - 1/k2
tion at full load
Load compensation —0.25-Ppes -0.25-P, - k2
Total 0 1

0.25-P, -(—;—kj]

kg

If k4 is equal to, say, 0.75, the additional consumption of reactive
power will be approx. 0.3 times the reference power (P;) of the wind
turbine. Thus, a 25 MW wind farm will need 7.5 Mvar if the voltage
drops to 75% of the rated voltage.

It is important to establish whether continued expansion of wind
power development may lead to a situation where the demand for
reactive power can no longer be met by conventional power stations.
This calls for calculations based on a complete electrical system.
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A.4. Rapid voltage changes

A.S. Flicker

54

Wind turbines may suddenly stop producing electricity. This may
happen, for example, if a 10-20 kV feeder with wind turbines has been
disconnected, or if wind turbines are cut out because they cause
overvoltages due to loss of transmission capacity at a higher system
level.

If a collection feeder is switched out, the 10-20 kV busbar voltage
will assume a higher value until the transformer’s voltage control has
adjusted for the change. If the output from the wind turbines
connected to the collection feeder is of the same magnitude as the
rated power of the main transformer, and if the generators operate at
full power, the voltage increase will be approx. 2% with no-load-
compensated wind turbines, and approx. 5% without compensation.
The voltage increase in a given case can be calculated from the
following expression:

-R,P+X,Q

G100

Ry and X are the short circuit resistance and reactances on the 10-20
kV side of the main transformer. The numerical values for the active
power (P) produced by the wind turbine and the reactive power (Q)
consumed prior to cut-out should be used in the expression. If the
wind turbines are variable speed machines and produce reactive
power, the plus sign preceding Xi-Q should be replaced by a minus
sign, the result indicating a voltage drop rather than a voltage increase.

Cut-in of asynchronous generators causes a transient voltage dip. This
may also happen when some of the wind turbines on a distribution
Jeeder are cut out, for example, at wind speeds above stop wind speed.

In 10-20 kV networks, the operations described above should cause a
maximum 4% change in the RMS value of the voltage [ref. 2].

Rapid variations in the power output from a wind turbine, generator
switching and capacitor switching cause variations in the RMS value
of the voltage. Above a certain rate and magnitude, such variations
cause flickering of the electric light. The perturbation (P) experienced
by a "normal person" when the light flickers can be measured with a
flickermeter. In order to prevent flicker emission from loads and
decentralised production units impairing the voltage quality, (P)
should not exceed 1, see [ref. 1] and [ref. 2].
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This report distinguishes between flicker emission during continuous
operation and flicker emission due to generator switching. Often,
within a given wind variation range, one or the other will be
predominant. If both are of the same magnitude, the resultant flicker
emission is determined as the cube root of the cube sum of the two
emissions.

[Ref. 8] recommends that in 10-20 kV networks a flicker emission of
P4=0.35 as a weighted ten-minute average and P;=0.25 as a weighted
two-hour average be considered acceptable for loads in an installation.
In this report, this is assumed to be acceptable also for wind turbine
installations.

A.5.1. Flicker due to generator switching

Flicker emission due to a generator being switched in may be
determined from the following expression:

p =(‘2.3-N)“.F_ﬂ
T

U
N
p=(23N)"p 00
T U
where
T: The considered time period in seconds.
N: The number of switchings during T seconds.

AU/U: The voltage change attributable to switching in, expressed
as a percentage.

F: A shape factor used to convert a relative voltage change
with a given curve shape to a flicker-equivalent
instantaneous voltage change (step).

Substituting the approximation:
AU (%) = £_§L -100
U Sy
in the expression for Py gives

] E(M) .F.ki-§'—-100,or
T S

k

P, =8-k(y,) N*

oo

where S, is the reference power of the wind turbine and Sy the short
circuit power at the point of common coupling. ke(\yy) is a “flicker
emission factor” determined by measurement.
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If several wind turbines are connected to the same point of common
coupling, “N” should be substituted by the maximum total number of
switching operations for the wind turbines in the considered time
period (assuming the wind turbines are identical).

The following requirement can be deduced from the latter formula:

Required short circuit power at the point of common coupling:

o=

8
Sy ZI)—'kf(Wk)'NJ -S,

it
Substituting P=0.25 gives
S, 232-N" -k (y,)S,

If several wind turbines are connected, “N” should be substituted by
the maximum total number of wind turbine switchings over a two-
hour period (assuming that the wind turbines are identical).

Where several wind turbines are connected to a collection feeder, the
busbar of the main substation may be the point of common coupling
with other customers. It is recommended to accept Py=0.5 on the
busbar, which changes the above condition to

Sy 216'N$ ke(y,)-S,

Maximum permissible number of switching operations within a two-
hour period:

32
N < ( Pn ) Sk J
8-ke(w,)-S,
Substituting the same value as above gives
32
NS( 0.031-S, J
kf (Wk) ) Sr
If several wind turbines are connected, “N” is the maximum total

number of wind turbine switching operations within a two-hour period
(assuming that the wind turbines are identical).

Where several wind turbines are connected to a collection feeder, the
busbar of the main substation may be the point of common coupling
with other customers. It is recommended to accept Py=0.5 on the
busbar, which changes the above condition to
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32
N S[0.063.sk )
ke(y,)-S,

Maximum permissible flicker emission factor:

P,-S, (1)
k < Tk
f(Wy) 8., (N)

Substituting the same value as above gives

0.031-S, (1)
ke(y, )< '“—S—r—k (ﬁ)

If several wind turbines are connected, “N” is the maximum total
number of wind turbine switchings over a two-hour period (assuming
that the wind turbines are identical).

Where several wind turbines are connected to a collection feeder, the
busbar of the main substation may be the point of common coupling
with other customers. It is recommended to accept P;=0.5 on the
busbar, which changes the above condition to

0.063-S 1Y)
kr(Wk)S——Sr‘—k"(ﬁ)

ke(yx) and k; are correlated as follows:
ke(y,)<F-k

Fig. A-5 shows the flicker emission on a feeder resulting from
switching in of stall-controlled wind turbines. The feeder is supplied
from a 10 MVA transformer, and it is assumed that F=0.8, k=1, N=12
switching operations in two hours, and that generator speed does not
become oversynchronous during the switching process. The latter
condition will not be met in practice. (The rare cases in which
generator switchings occur due to excessive wind speed may be
disregarded)
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Figure A-5. Flicker emission due to generator switching as a function
of the point of connection on a 10 kV feeder

As shown in Fig. A-5, it is not always possible to ensure P;= 0.5 on
collection feeders, but this value should naturally be observed in the
main substation (the point of common coupling with a utility’s
customers).

If a wind turbine is to be connected to a MV/LV transformer that
supplies utility customers, the flicker emission on the low-voltage side
will depend on the power rating of the transformer. Fig. A-6 shows
how the maximum permissible number of cut-ins depends on the ratio
between the rated power of the transformer and the reference power of
the wind turbine. The two curves refer to the flicker emissions
recommended by IEC as generally permissible for loads in LV
networks. It is assumed that F=0.8 and k=1, and that the speed of
none of the generators become oversynchronous during the cut-in
operation.



Basis for the requirements for wind turbines and networks

5 6
]
5 f
B
g 5
o P(10 min.)=0,6 /
o
(< 4 .
% P(2 timer)=0,39
5 &3 /
]
L2
S 2
[« X
]
D 1
[
%
S o0
1 1,5 2 2,5 3

Transformer rated power relative to a WT's
reference power

Figure A-6. Flicker emission as a function of generator cut-in on the
low voltage side of a MV/LV transformer

Calculation of flicker in a network caused by load switchings is
described in [ref. 4].

A.5.2. Flicker emission during continuous operation

The flicker emission from an operating wind turbine can be calculated
from the flicker coefficient, c.(yy):

S
P = Ce Pl %
e = C(Wy) s,

This expression may be used to determine the required short circuit
power:

Sk > cc(“’k ) 'Sr
Pll
Substituting Py= 0.25 in the expression changes the required value to
Sk 2 4‘cc(Wk)'Sr

Connecting several wind turbines to the same point of common
coupling increases the required short circuit power by the square root
of the number of wind turbines (assuming that the wind turbines are
identical).
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Where several wind turbines are connected to a collection feeder, the
busbar of the main substation may be the point of common coupling
with other customers. It is recommended to accept Py=0.5 on the
busbar, which changes the above condition to

S, 22-¢,(y,)-S, VA

where A is the number of wind turbines

A.6. Voltage harmonics

The electronic frequency converters of variable speed wind turbines
generate harmonic and interharmonic currents. These currents must
not be of a magnitude capable of causing unacceptable distortion of
the voltage when combined with the harmonics generated by loads.

In the following, a distinction will be made between harmonic and
interharmonic currents.

A.6.1. Harmonic currents

[Ref. 1] and [ref. 2] give limit values for harmonic distortion of the
voltage supplied by a utility to its customers. Diagram A-2, line 1,
shows the limit values for certain harmonics.

With a view to network planning, [ref. 5] recommends dividing these
limit values according to the contributions from different levels. Table
A-2, line 2, shows the aggregate acceptable contribution from low
voltage (LV) and medium voltage networks (MV).

The third line of the table shows the maximum permissible
contribution from the medium voltage network alone, assuming equal
contributions from both MV and LV networks. The contributions are
attributable to harmonic current emissions from loads.

Table A-2. Limit values for voltage harmonics

Us % U7 % Uy % U3 %
Harmonics in voltage supplied to LV 6 5 3.5 3
customers
Contribution from LV and MV networks, 5.1 43 3.0 2.6
Up, mv+iv
Contribution from MV network 2.6 2.1 1.5 1.3
Contribution from wind turbines, upy 1.3 1.1 0.7 0.6
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An estimate is provided below of how much harmonic current
emission from wind turbines the high voltage networks can absorb
without these harmonics becoming the network dimensioning factor.
Separate estimates are made for wind turbines on collection feeders
and distribution feeders, respectively. Since it may prove
advantageous at a later stage to move wind turbines from one type of
feeder to another, the same requirements for wind turbine harmonics
emission should apply, regardless of the type of feeder.

Wind turbines connected to a collection feeder

When determining the acceptable harmonic currents emitted from the
wind turbines, the following calculation excludes the harmonics
through the main transformer emitted by loads. The limit values for
wind turbine contribution to the harmonic distortion of the voltage are
therefore identical with the values given in Table A-2, line 2.

Note: The above leads to an optimistic estimate of the permissible
emission of harmonic currents from wind turbines. On the
other hand, no allowance is made below for the
counterbalancing of emissions from the individual wind
turbines.

The first step is to establish the largest fundamental current for
different cable cross-sections. Next, the maximum acceptable current
harmonics are determined as a function of the distance to the main
substation. Finally, the maximum acceptable relative harmonics are
determined. This procedure ensures that current harmonics do not
require a larger conductor cross section than the load current.

The largest acceptable fundamental current is determined as the
maximum current (Imax) that can be carried by a given cable as, in
practice, the load current will often sooner or later exceed the current
at which the conductor cross-section is the most economical from a
technical-economical point of view:

95 mm? Al XLPE cable: Ina= 240 [A]
150 mm?* Al XLPE cable: Ima= 310 [A]
240 mm?* Al XLPE cable: Ima= 400 [A]

The corresponding maximum wind turbine power (Sy max) is
Sv,max = \/5 U 'Imax

The following expression gives a fair approximation of the network
impedance (Z;) at the harmonic frequencies at a given node on the
feeder:

61



Basis for the requirements for wind turbines and networks

62

Z,=zh-(X,,+X,) [Ohm]

Where
h: The frequency of a harmonic divided by 50 Hz (The order
of the harmonic).
Xk The short circuit reactance of the main transformer at 50
Hz [Ohm]
Xi: The reactance in the cable between the main substation

and the wind turbines at 50 Hz [Ohm]}

Due to the risk of resonance phenomena, it is assumed that the
harmonic impedance in the main substation may be higher than stated
above. A resonance amplification factor of 2.5 is used in the
calculations in Tables A-3... A-7, as recommended in [ref. 6].

The maximum current harmonics which may be fed into the node are
found by dividing the limit values for the contribution to the voltage
harmonics, (upmv+v) from Table A-2, by the network impedance at the
frequency of the harmonics.

The ratio (iny) between these harmonic currents and the fundamental
current may then be calculated from the expression:

2
_ _}lh,mwlv ‘U

Zh ) Sv,max

i [%]

h,v

If the emission from the individual wind turbine is equal to or lower
than iy, the total wind turbine contribution to the voltage harmonics
will be as shown in Table A-2.

By way of illustration, a calculation of the acceptable emission of 5th
order harmonics in the current at various distances from the main
substation is shown in Tables A-3, A-4 and A-5. The following
assumptions relating to short circuit impedance Zy have been applied:

10 MVA transformer: Zi= 0.074+j0.940 Ohm

95 mm? Al XLPE cable: Zi= 0.320+j0.098 Obm/km
150 mm? Al XLPE cable: Z= 0.208+j0.090 Ohm/km
240 mm? Al XLPE cable: Z= 0.128+j0.084 Ohm/km

Wind turbines may also be connected or added to other main
substation feeders. The effect on the feeder considered can be
determined by assuming a transformer impedance that is ky times
higher. In Tables A-3, A-4 and A-5, ky is selected so that the total
wind turbine output on the feeders connected to the main substation
corresponds to the 10 MV A power rating of the transformer.

The short circuit ratio (Rc) is included in the tables as support.
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Table A-3. Max. acceptable relative 5th harmonic currents in 95 mm?’ Al cable Jor k,=1
and, in brackets, k,=2.3

= 2km 4 km 6 km 8 km 10 km
- 105% 95)% 9(5)% 8% 8(4)%

- 4370kVA | 4370kVA | 4370kVA | 4370kVA | 4370kVA
Ri= 19 13 10 8 7

Table A-4. Max. acceptable relative S5th harmonic currents in 150 mm’ Al cable Jor

k,=1 and, in brackets, k,=1.8

= 2 km 4 km 6 km 8 km 10 km
v 8(5) % 7@) % 7@ % 6(@) % 6(4)%

Sv,max= 5640 KVA | 5640kVA | S640kVA | S640KVA | SGA0KVA
Roc= 16 12 10 8 7

Table A-5. Max. acceptable relative 5th harmonic currents in 240 mm’ Al cable for

k,=1 and, in brackets, k,=1.4

I= 2 km 4km 6 km 8 km 10 km
ihe= 6(5)% 6(@)% 5(@% 5@% 5@%
Sy ma= 7280 kVA | 7280kVA | 7280kVA | 7280kVA | 7280 kVA

Rec= 13 11 9 8 7

Wind turbines connected to a distribution feeder

In establishing limit values for the harmonic distortion of the voltage
supplied to utility customers it is assumed that wind turbines may
account for half the contribution reserved for the medium voltage
network, see Table A-2, line four.

The first step is to determine the largest fundamental current at various
distances from the main substation. The next step is to determine the
maximum acceptable harmonics at the same distance from the main
substation. Finally, the maximum acceptable relative harmonics can
be calculated.

Before the maximum acceptable fundamental current can be
determined, it is necessary to calculate, at a given node on the feeder
considered, the maximum wind turbine power (Sy, max) that can be
connected to the feeder without the voltage increase (AU/U) in the
feeder exceeding 2%. (If the limit is set at, say, 1% instead, a higher
relative magnitude of the harmonic currents can be accepted). This
avoids the network having to been reinforced to allow for harmonic
currents.

AU uU?

Svmax =—_ 0" N
! U (R, cosp+X, -sing)-1
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Where
R;: The resistance of the 10 kV feeder in Ohm per kilometre
Xy The reactance of the 10 kV feeder in Ohm per kilometre

I: The distance from the main substation to the node
considered

o: The phase angle between the active and reactive power
generated.

This is based on the initial assumption that all wind turbines are
connected to the same node on the feeder.

At this node the network impedance at the harmonic frequencies is
determined as described in the section on collection feeders.

The maximum acceptable harmonic input to the node is determined by
dividing the limit values for the harmonic voltage distortion caused by
wind turbines, (uny) in Table A-2, by the network impedance at the
harmonic frequencies.

The ratio (ipy) between these harmonic currents and the fundamental
current can then be calculated from the following expression:

2
uh.v ‘U

= [%]
Z b Sv.max

ll\.v

By way of illustration, the acceptable emission of 5th order harmonics
in the current is determined at various distances from the main
substation, see Tables A-6 and A-7. The short circuit impedance Zj is
based on the following assumptions:

10 MVA transformer: Zy = 0.074+j0.940 Ohm
50 mm? Cu overhead line: Z = 0.359+0.395 Ohm/km
95 mm? Al XLPE cable: Z; = 0.320+j0.098 Ohm/km

Wind turbines may also be connected to other main substation feeders.
The effect on the feeder considered can be determined using a
transformer impedance which is ky, times higher. In Tables A-6 and A-
7 ki is the number of feeders to which wind turbines with identical
power output are connected.

The short circuit ratio (Rs) is included in the tables for support.
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Table A-6. Maximum acceptable relative 5th order harmonic currents in overhead lines

Jor k=1 and, in brackets, k,=4

I= 2 km 4 km 6 km 8 km 10 km
ihv= 4(1)% 6(2)% 8(3)% 9(4)% 10(5)%
Sy= 2380 kVA 1190 kVA 790 kVA 560 kVA 480 kVA
Rse= 24 32 35 37 38

Table A-7. Maximum acceptable relative 5th order harmonic currents in cable lines for
k,=1 and, in brackets, k,=4

= 2 km 4km 6 km 8 km 10 km
Tnve 3% 6Q2)% 93)% 113)% 13@%
Sv= 3300kVA | 1650kVA | I1100kVA | 820kVA | 660 kVA
R 25 35 40 13 44

A.6.2. Interharmonic currents

State-of-the-art frequency converters generate relatively small low-
frequency harmonic currents. However, they generate high-frequency
harmonics whose frequencies are determined by the switching
frequency.

So far, no international standards have adopted limits for emission of
interharmonic currents. However, [ref. 7] specifies limits for
interharmonic voltages, see Table A-8.

Table A-8. Limit values for interharmonic voltages as percentages of
the rated voltage of the network

Frequency range [Hz] Limit value
<100 0.2%
100< £ <2500 0.5%
2500< £ <5000 0.3%

The harmonic voltage limits shown in Table A-8 cannot be converted
directly into limits for emission of harmonic currents, one of the
reasons being that the network impedance varies considerably both in
time and place at frequencies above 1000 Hz.
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Appendix B:

Procedure for planning the connection of wind
turbines to a 10 kV network

General

1.

10.

11.

12.

Calculate the maximum voltage increase in the distribution feeder
attributable to decentralised production (without loads). If the
voltage increase is <1%, go to point 16; otherwise, go to point 2.

If the positive part of the voltage regulator’s dead band is less than
1.5%, go to point 3; otherwise, go to point 4. (the dead band is
generally composed of a positive and a negative part, so that the
dead band may, for example, be +1.5%.)

If the calculated voltage increase in the feeder is less than 2.5%
minus the positive part of the voltage regulator’s dead band, go to
point 16; otherwise go to point 4.

If the voltage regulator is provided with a compounding unit, go to
point 5; otherwise go to point 10.

If the compounding unit is of the type shown in Fig. 5.4, go to point
6, otherwise go to point 7.

If the main substation’s decentralised production installations can
generate power in excess of the station’s off-peak load, and if the
installations are included in the compounding, replace the
compounding unit by one of the type shown in Fig. 5.5. Go to point
7.

If transformers with a transformation ratio of less than 11/0.42
(10.5/0.4) are installed on the wind turbine feeder, go to point 10;
otherwise go to point 8.

Calculate how much the connected wind turbines will reduce the
busbar voltage in the main substation (ugown) , see section 5.1.2 of
the main text of the report, and then go to point 9.

If the calculated voltage increase in the feeder is less than 2.5%
minus the positive part of the voltage regulator’s dead band plus
Ugown PET Cent, go to point 16; otherwise go to point 10.

Calculate the reinforcement necessary to meet one of the above
criteria for going to point 16. Go to point 11.

Assess whether it will be technically/economically favourable to
select a point of common coupling nearer to the main substation
rather than connecting the wind turbine(s) to the nearest network
substation on the distribution feeder. Go to point 12.

Check that the voltage drop during peak load periods across feeders
without wind turbines is less than 5% minus ugowna %. Go to point
13.
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13. Assess whether it will be technically/economically favourable to
establish a collection feeder rather than reinforce the distribution
feeder. (Excluding the collection feeder from the compounding
obviates the need to reduce the input voltage to feeders without
wind turbines). Go to point 14.

14. If relevant, assess whether, for reasons of economy, the
reinforcement should be based on calculations of the absolute
voltages in the network substations at the given combinations of
load and decentralised production, rather than on the above
simplified approach. Go to point 15.

15. Choose the optimum method of reinforcement and go to point 16.

16. Calculate the short circuit power at the point of common coupling.
Go to point 17. (When estimating the short circuit power necessary
to accommodate flicker and the frequency of generator switching
operations for wind turbine connection to a collection feeder, the
busbar of the main substation may be selected as the point of
common coupling).

17. Check that the requirements specified in sections 5.3-5.6 are
satisfied. If this is the case, go to point 18. If not, consider the
method of reinforcement to be chosen.

18. Implement the optimum reinforcement method, and go to point 19.

19. The technical conditions for connecting the wind turbine(s) are
satisfied; (see also Annex 2).

Design example
This example is based on the procedure described above and reference
will be made to the relevant points.

Network data:

1 2 3

|
OH
3.2 km 150 mm? Al XLPE 3.2 km 150 mm? Al XLPE (JJ
0,6 MW

0.6 MW
A 600 kW stall-controlled wind turbine is to be connected to the

distribution feeder shown at node 3 above. Another 600 kW wind turbine
with similar data has already been connected to node 4.
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1.

3.

16.

17.

Calculation of the voltage increase at node 2 on the main line based on
the presence of the two wind turbines:

AU _R,,-2:P-X,,-2-Q

U U?
According to information provided by the wind turbine manufacturer,
the machine’s maximum continuous output is 115% of the reference

-100%

n

power, i.e. 1.15:0.600=0.690 MW, and the corresponding reactive
power consumption is 0.175 Mvar (the wind turbine is compensated
for its use of reactive power during no-load).

AU _ 0.67-(2:0.690) - 0.29-(2-0.175)

= 03 -100% =0.75%

The voltage increase between nodes 2 and 3 is calculated in the same
way. This time, however, only the power produced from one of the
wind turbines is substituted in the equation, and the voltage increase
is calculated at 0.37%. This means that for the new wind turbine
(node 3) the voltage increase at the point of common coupling will be
0.75+0.37=1.1(2)%.

The existing wind turbine is connected to the main line via a branch
line, which also supplies customers. The point of common coupling
with customers is node 4. The wind turbine causes a voltage increase
in the branch line of 0.15%. The voltage increase at this point of
common coupling caused by the two wind turbines is therefore
0.75+0.15=0.9%.

The voltage regulator’s dead band is (+)1.2%.

A voltage increase of 2.5-1.2=1.3% is acceptable. This is more than
the largest calculated voltage increase (1.1%).

The short circuit power at node 3 is calculated at 46 MVA and a
network impedance phase angle of 45°.

The wind turbine manufacturer has completed the form in Annex 1,
according to which

i= 1.5, ¢¢(50°) = 6 and-N < 12 switching operations during a two-hour
period.
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To meet the remaining power quality criteria, the short circuit power
must comply with the following:

Rapid voltage changes: Si> 25k;- S,=25-1.5 - 0.600 =22.5 MVA

Flicker emission during continuous operation:
Sk=4-ce(y)-S,=4-6-0.600=14 MVA

Flicker emission due to switching operations:

Sy > 32.k-,-N$ S,=32-15- 1271 0.600 = 63 MVA

The short circuit power at the point of common coupling (node 3) is 46
MVA, which is less than the required short circuit power due to
switching. However, no reinforcement measures should be initiated
without first assessing whether the limits for good voltage quality are
exceeded (which depends, among other things, on the number of wind
turbines connected to other feeders).

The short circuit power at node 4 is higher than at node 3, and thus
satisfactory.

19. The technical conditions for connecting the wind turbine are deemed to

be satisfied.
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Annex 1: Technical data for utilities planning wind turbine
connections

Wind turbine make:
Number of wind turbines:
Individual wind turbine data:

. Power control mode: [_] Stall-control,
. [] Slip-control,

Type:_

[ Pitch-control,
[[] Frequency converter

. Rated power: kW

. Reference power (P,): kw

. Maximum power output (10-minute average): kwW

. Maximum power output (0.2-second average): kw

. Consumed reactive power at rated voltage:

» At no load no load with compensation kvar
+ Atreference power with no load compensation: kvar
+ Atreference power with full range compensation. kvar
Maximum exchange of reactive power during operation: kvar
Rated voltage: A"
Rated power of generator(s): kVA
Maximum number of generator switchings in 2 hours (N):

- Cut-in of generator/winding set 1 at cut-in wind speed:

« Cut-in of generator/winding set 2 at change-over wind speed:

. For wind turbines generating current harmonics, details of the harmonics
developed and their maximum values should be enclosed separately with
this form.

. Maximum voltage on wind turbine terminals at local cut-out from grid. It

is assumed that the wind turbine generates at least 75% of the reference
power, and that the maximum reactive power compensation capability is
in service.

v

On request, a test report (type test) showing the phase voltages or line
voltages before and during three consecutive cut-outs should be enclosed
with this form.

Generator 1/winding 1
Cut-in at cut-in wind
speed

Generator 2/winding 2
Cut-in at change-over
wind speed

Generator 2/winding 1
Cut-in at change-back
wind speed

Network impedance
phase angle (\Fy):

30° | 50° | 70°{ 85°

30°

50°

70°

85°

30°

50°

70°

85°

Current spike
factor (k;)<

Voltage variation
factor (k,) <

Flicker emission
factor (k) <
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Network impedance phase 30° 50° 70° 85°
angle (‘Wy):
Flicker coefficient (c.) <

Are there deviations from the protective functions recommended in the report:
[] Yes, [ ] No. If yes, please state the nature of the deviation(s) below.

If the above data are based on a terminology or method of measurement other

than that used in the report, please indicate where appropriate, together with
any additional information.

Date: Signature:
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Annex 2: Technical data for factory setting of protective
functions

Max. voltage on the high voltage terminals of the wind turbine transformer:

kv
Min. voltage on the high voltage terminals of the wind turbine transformer:

kv
Transformation ratio of wind turbine transformer: kV/kV

. Voltage measurement should take place on the [ ] high or [ ] low voltage
side of the wind turbine transformer.

. Measuring transformer voltage ratings:

. Primary: v Secondary: v

. The wind turbine and capacitor batteries should cut out when the []
phase voltages or [_] line voltages exceed the following settings:

. Undervoltage: A"

. Overvoltage 1: v

. Overvoltage 2: A%

Notes:

Date: Signature:
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