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Thesis Title Technical Analysis of Offshore Wind Farm Integration with

the Distribution System of Provincial Electricity Authority

Author Mr. Phichet Ketsamee
Major Program Electrical Engineering
Academic Year 2015

ABSTRACT

The off coast of the Gulf of Thailand around Koh Tao and Koh Pha-Ngan has
abundant wind resources, which could be implemented into large-scale offshore wind farms.
However, the offshore wind farm integration on the high voltage grid will significantly impact the
system operation of security, stability, and quality. Consequently, the suitable interconnection
points for the offshore wind farms to the grid have to be investigated. In this thesis, we study the
system conditions, the factors, and how to choose the properly connected points of the offshore
wind farms to the 115 kV transmission system of the Provincial Electricity Authority (PEA). This
study consists of an evaluation of possible connected points, considered on the physical criteria, i.e.
an amount of transformer load and transmission line distance to the connected points. Then,
technical analysis, including steady-state analysis, dynamic simulation, and power quality are
performed with the full-power conversion wind turbine generators by using the DIgSILENT
PowerFactory program in both peak load and off-peak load conditions. Finally, we evaluate the
results by considering grid connection requirements, electrical device improvements, and grid loss
in order to select and recommend the appropriate grid connection point of the offshore wind farms.
The simulation results indicate that the offshore wind farm integration can meet PEA grid
connection requirements and not necessary to improve electrical devices in the grid. The suitable
interconnection point for these offshore wind farms is case study 2, SPP 1 connects to KMA bus,
SPP 2 connects to KCD bus, and SPP 3 connects to KMB bus.

Keywords: Technical analysis, Full-power conversion wind turbine generator, Offshore wind

farm, DIgSILENT PowerFactory
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1.2.3 Voltage Stability Analysis of Grids Connected Wind Generators [15]
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- Distribution Network Optimization
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- Dynamic Simulation
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- Protection Analysis
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- Voltage Stability Analysis
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- Power Electronic Device Modeling



- DPL User Script

- A/D Interfacing

- DOLE Interface for SCADA/GIS
- PSS/E & PSS/U Compatibility

- Multi-User Database

- Virtual Instruments
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AU (4-3) MUA1AY

Faw = Pr + Rl (4-2)
Qai = Qe +Qu (4-3)
Taii
P, e mddiMihueniifindaninndessuiialrihfiaads o 17a k
P, e mddlWfhueniiniilvasenainida k mumedslSniaoun
P, o mddlrilhueniilvesTnaniidass u ia k

Lk
H 1] 4 Y
Qs o madluilGueniiindannasosduiia lWihnaaas a oia k

Q, fo mavlWiiGueniivii lnacenantia k mudedsliduiaou

[

H 9
Q, o masluilGuenivvesInaniaans o 1ia k
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o w

2. ﬁMﬂWiﬁNiﬁﬂu%ﬂlﬂﬂﬁ%‘U‘UulW%Wﬂ'la\i
9| o o w =Y a -4 1 ]
5$1J°]Jul1/‘h/‘hﬂ1§\m\1ﬂ'ﬁ/‘|‘ﬂi$ﬂ’t’)‘ﬂ 4-2 m’auwuﬂu«vgmmmimwmawma
J a Jd o : <
Lgaxamaﬂmﬂmw’ﬁumu ﬁHJ15’0LL“I/]uﬁﬂﬂ’)ﬂ%ill@ﬂummu%’ﬂﬂﬂ"lwﬂi%ﬂ’f)‘ﬂ 4-3 “?\‘léﬂ&‘ﬁl!
1T a A 4 a 4 A @
’J'IEHJWL!@“LJ%QﬂLL“I/Iu9%}’3‘t’JL‘V]ﬂNﬂJ@QLlﬂﬂMﬂL!ﬂﬂ%ﬂ'ﬁJﬁMﬂWﬁ (4-4) HaglWadgusnugn

1 3 1 1
Wasudluuvasnenssua [32]

1 jo.4 j0.8

j0.08

—

AszneY 4-2 BuRuaus laozunivuoaszuy T

Yaa |—j12.5

4
Alsnen 4-3 uealauaud laozunsuvedszu luihmaa

Y =T Ty (4-4)

km
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Uszgnd 1¥ngnszua Tihveunefsonil (Kirchhoff *s Current Law, KCL) lu

Aa 4 a 4 9 9 o dy
NITUATICVTNITUDAUALAUY %ulﬂﬁumﬁmﬂmﬂ%ﬂ@] KCL a9u

L= YioVh + Vi (Vi = V) + Y15 (Vi =V5)

I, = YooV + Vi (Vo =V1) + Y (V, —VS5)
0=y (V3 =V,) + Yis (V3 V1) + Y3, (V3 V)
0=y, (V,—V3)

ATUMT 1Y

Iy = (Yao + Yio + Yia Vi = YiVo — YiaVs

I ==YV + (Yoo + Yio + Vs Vo = VaiVs
0=—YiVi = Yoo + (Yis + Yoz + Yau )V — YauV,
0=—y, Vs +VY,V,

iemewiluaunsTua (Nodal Equation) 92 18

=YV, +Y.V, +Y V. +Y,V,

L =Y,V +Y,,V, +Y,.V, +Y,,V,
L, =YV, + Y.V, + Y.V, +Y,,V,
I, =Y,V +Y,V, +Y, V. +Y,V,

g’/ 9 A [ a 4 a 4 Y
INANMT LUANY 4 ﬁllﬂﬁ‘ﬂgulﬂﬁllﬂﬁﬁlliii]HZﬁi@Uﬁll@ﬁmmmu‘muﬂSﬂ“B‘lJ’ﬂﬂig‘U‘UIIWWW

[

Y
AAIIUIU 4 VAl

=<
2
'G_<

w

B_<
B_<

()
w
=

< g< < g5
J;< §_< N-< ':<
< < <<

-b_ 0.)_ 5 =
R

< <

w

N



Taeh

Y11 =Yoot Y tYis
Yzz =Yoot Yot Y

Y33 =Yist Yt Yau

Yo = Yau

Yo =Y ==Y,
Y3 =Ys =—VYi5
Y3 =Y3 = Yo
Yo = Y3 = Yo
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< 1o @ o a 4 a 7 o
‘H1ﬂuJu5$Uuﬁnmiﬁuumclwmuﬁnu’m n ue fﬂmﬁaLzﬁEJ“L!‘Uml,aﬁwumumlmiﬂ%mu’m n

aums ldaaaums (4-5)

|1 Y11 Y12 Ylk Yln V1
Iz Y21 Yzz sz Y2n Vz

Ik Ykl Ykz Ykk Ykn Vk

| Ynl Yn2 Ynk .Y \Vj

nn n

wsoweulugde ladeauns (4-6)

I = YiuV,

bus bus ¥ bus

=).

Tag

A 4 1 d' Y 1w
l. A9 nnNmesveINgunsziai Tnargiia

g

fio nnmpYRINgUUTIAUTE

bus

Ao Uauealiauausunng

bus

(4-5)

(4-6)
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[T

~ 1 g’/ axy 1T W a o a S ¥ dy
nninanMIMuagINsaaglIsMImanTauealauaugsumsng 1a aail
o an o a 4 a d 1 o o o
1. SrwndfvesauealauauGunT nsmIAUTIMIUITdUIsZUY (NxN)
A o A Y g}/ 9 T 1 o a 4
2. umuasoanuiia Iilminua luszuudrounassienszudasyinuniuealaua s
3. UNUENEAIRIBITANYA NITAUINIWTZIZNNHIONITAUYANLANUHIIZ Y
1 ] a 4
4. ununteuilasdrersasauyaluszunaeniiedooalaaied
o a 4 a 4 a d' J dy
5. taneatauausnsng Y, . szinannoulvaeliil

' s Y A a s A w
5.1 ﬁ]uﬂ]@ﬂ@ﬂﬂﬂigﬂ’E]TJLL‘Ll’JLﬁuVILLEN%IlI ABKasINLBANALI UL NADNUT K
n
Y = Z Yim K#M (4-7)
m=0

1 o 9) 1 a P
5.2 mummmﬂﬂizﬂauuaﬂummumwmu ﬁamammuammmuwﬁm

sevIa k uaziia m
Ykm =Ymk = _ykm (4_8)

6. tianealauAUFINI nFIziANUaLINATA LT OULU AT UNLEINN
9 ! Y
LW§1$ﬂ%ul‘!fmﬂﬂ'JTNLG]d)'f’JiJIfNﬂJ@QﬁNﬂTTHﬁﬂVN 289U ‘ﬂ%hlﬁgllﬁuﬂ'lﬁsllﬂﬂ

naguad lnavngyd k asaums (4-9)
: 4
e =D YV, o m=123..,n (4-9)
m=1

d' 9 - 1 % d' o ) 1 U Y d’ 3
uazﬂ‘izuaw”lwamma k ﬂ$L1/]'lﬂ1Jﬂi$L!,ﬁ‘1/]ll1’Taf]®ﬂiﬂﬂ“lJ’d K W'luﬁ'lf]ﬁxillﬂﬁlﬂﬂﬁﬂu”] N

aun1s (4-10)

L =1, =YYV, o m=12,3....,n (4-10)
m=1
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ANAUNIT (4-10) ﬁ']iJ']iﬂL%fJuﬁiJﬂ']iﬁWﬁjﬁuh/‘l%'ll%ﬁclai}ﬂuﬁklﬂaﬂ@ﬂmﬂﬂ}ﬁ k

la§ariadus lagaauns @-11)

*

S, =V, 15 = (z i mJ o m=12,3,...n (4-11)

unum S, Tuawns @-1) w2 1d

*

Ser — S =V (Z km m} iilo m=123,..,n (4-12)
Taii
s, e mddluiludadeusagniflnatigiia k (S, =Sg —Sy)
Yoy
Sy =R +1iQ = [Z m mj e m=12,3,...,n (4-13)
naz
S =R- (Z km m] iilo m=123,..,n (4-14)

Tagaums (4-14) Ao qumsms lavesrad Iihnta ludhugadu
o Y
mvua i
Vk = |Vk |45k
Vi =V, 1 £6,
km — |Ykm | Zekm
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9
[ Y

g lgmad niuSedouiina k saaums @-15)
S, =R —iQ =(V, |4_5k)Z|Ykm Vi | £(6 +S1,) e m=12,3,..,n (4-15)
m=1

4 a < o w o w [ [
wenasanuendumde e ninuaz s il Gueniw | dnadniasaums (4-16) az

aums (4-17) uaay

R =Y IV, IV Vi 1€05(8y — S +6,,) 1D m=1,2,3,...,n (4-16)
m=1
Qe == IV, IV, [ Yy [SIN(By — 5 +5,) e m=1,2,3,...,n 4-17)
m=1

Taeh

(2

P e maslihweniisaugninlnadhgiia k

[

Q. fe mavlWiBueniilswgninInadhgia k

] < { o 1T o
E]EJN"liﬂmiJﬁuﬁch] ﬂzTJ5$ﬂﬂﬂﬁ?ﬂﬁ?ﬂﬁ\ﬁ]'}uﬂuﬁa'}ﬂﬂjﬂ qIUTDUT AN

anuduusueamas luihn nadhgiiaeie ddunmilsenen 44

Pki m k Qki m

. | = |

Pok——» j | QGk" i |
ka WQk
Pt | v R Qv | |vQ

(M (V)

QJQJd'

Mnlsznou 44 m3 lnavesraa lnihine k Tldnfadug

o

) maa Iihueninniia k., () faalWilueninne k
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Y
NAFUMIMSI lavesiad IWihisauns @-16) wazaums @-17) ianw
1 3 a o 1 [N~ a Y] a 14
Lifhudadu mlndesldismsudaumsin lidugaduuazinldnouiames lumsnina
Y ad o 3 . = [ ' = ad 1 ax 4
1RA8A2875n015911%1 (Iterative Approach) FINTTUVIUNTAINANITHA18TD 1¥U IFUD UM
4 4 A o Y]
(Gauss Method) 35v04Md- lAtaa (Gauss-Seidel Method) #3035v09HIAU-51W U (Newton-
I a { A ) o w

Raphson) Judu Taedshiiswhunldlunmsminamasvesaumsms lmavesmas lWihuin
A A an A W o A ° Y LY vy o
Ngafo I5veviau-1du iomnaunsomidiaey laegagndess msgivesdino
I 1 <3
Hu'ldedrasiaia [32]

dgmsumsiuia lnavesmas lWihezesuedienins 4 arde maeldih

o w Y 1 I
ueniil (P) maslWilizueniiv (Q) vanazyuavewssdwnia (V| £8) utioanilu
% dﬂl

3 Uszian agil

1. dulsnaaunula'ld (Uncontrollable Variables) laun fdaelvilueniivl

o w Y A )=}

uazmad il Bueniivveslvaa (Py,Qp)

2. dmlsnuquld (Controllable Variables) laun fiasluimeniinuay
mas il Bueniilveunsoaduiialuih (P,,Q,)

3.6 5801Ug (State Variables) aun vuranazyldvosussauia
(IV]£9)

v
Tuszuy Tihmdwsssnnvesiamudnyamsanasvesaivyseney

{1 T o & & 1 I ] o { 4 o A 1 1 o { 1
naeegnuatiugwelailu 2 Yszianlugq Aetantimiosduia lihdoeguazian lull

'
A o

wsosnuiia lfhaeed dmsvianlniestuia llihaesgez fmualdaimas Iifweniiv

(P,) vounsossuda lvihuazvuavewnssautia (V |) iaaeh uaiiesin liamise

= 1

H 9
nwarmas ihigadenounisdiurunis Inavessiae Wil duiudaluaiuise

fmuanimas Iihweniin IiunmTeeduiia i Idnnda Sedeslinisdivualiinioq
1 1 Y

dudia llihadaladauiiaimifsasesia liihgadeninaiu Tasdrulngaziden

=

3ot uiia llfhnlvumaidwdagegamefozamnsovaeiias lWihgadelaeds

L)
Y
A o A <

~ o Y v v A A & @
IWEIND Ll,ﬁ$ﬂTﬂ‘L!@ElfﬁlqlMLV\IﬁﬂJ@QLLiQﬂUUﬁMﬂ1ﬂQ% G]f\il!iJW‘IﬁL!‘i\i@u uﬁmmﬂunmﬂﬁ

q

Y a o

! )
osdmsutaoug nanualuszun lWih msswunlsznnvesigaudnuuzmaniugy
9
Mmawlsi 3 Usennaall
1. 17a Tan (Load Bus W30 PQ Bus) Ao 1idf hifinsessuiia lvlihaesg

Tramasluilwenii (P,) vazmde il Bueniiv (Qq) Wuaud ammdsldihweniivl
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wazidd TR uenfilvesTnangnaunuldasiimidannsada (P,) waz (Q,) sufu
ez avo s IAUTaIIgNA U

2. FAAIUANYLIALTIFY (Voltage Controlled Bus 3 @ PV Bus) fie 1aiiil
m‘%mﬁuﬁdlﬂﬂwia@g: Tagiiide llfhueniin (P,) wazvinaveussauia (V) awso
auguldaedi TasmsUfunszuaauveunieduialudi ﬁ’wmaﬁ?qﬁmﬁﬁmw%gn
e il Ruendivfuszun luih dnfudmds i Bueniin (Qy) nazyulausadiu (5)

A
o d 4 { 1 o QU 4 o a
Fegnannauazaouilu llawitoulvuesszun TWdhandas i G ueniivveunsesduiia

—

Wihdeala1081u599 (Qqmn < Qs < Qo) HIMATOIA U T Tiam50ad19

[

1 9
maa Tl Fuenfin v ldauitonludanan Tunsdiiimsadramas Infhweniiv (P,)
nazmaslWilizueniin (Qg) vrgnaruguldasiunu tagmulmvuIAvoILTIAULAZ YL

A v o Y
LWﬁWiiJ’E]‘L!ﬂ‘]Jﬂ'liﬂ'lu’Jmiu‘]JﬁIWﬁﬂ

v
o w o

v Y a EY 4
3. 17891994 (Slack Bus ¥30 Reference Bus) 32U T893 1 1faniinieq

J 1 A

oA 9| ' 9 v 9 a o v 9 a a
duta llihaualvgaeeggnidonldifuiasieds n1siauvestias198fe wan

[

Ml % sy Traauazszuu I wesasamas Inihue ninuazfide 1wl uenfinn

gudeiieliszuumannuaugavesia Wi Tasvuavewssdutia (V [) vazyula

1 S
A o Y

usenu (8) gnimualiiiainei aviumdaslihweniiv (P,) wazias il Gueniivl

[

(Q,) vouasoaruiialuiaggndrum

U

M3 4-1 Yoyavesawlsialszmnnana [19]

Uszianiia s ingum st lains e
Jalnaa P, uaz Qg |V | uag &
TAAIVANVUIAUTIAY P, waz |V | Q; waz &
ILGANGN IV | wag & P, naz Q,

4.1.2 MIAPYINANTENUMS Wavearmaa Wi
4.1.2.1 Yomnuanansznums Iaveamaa lnih
msszifiumansznums lnavessdd liilelinsiFoudoszuunan luih
mensnaiuanaderuavesms ihauginneziumsasvasuiSuansy Tvaa
#lalumoaazusonladliih fsmianis Inavesida Inih naznsndeunlans i

A ' [ 2 A o a v 9
UDIYALTONAD miwazmﬂﬂiumsn 4-2 (ﬂTﬁLﬂaEJHLHJﬁ\‘]Llﬁﬂﬂuﬂgﬂﬁ‘ﬂwﬂluﬂﬁﬂlf’] 4.2)
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= [

dy a d o w Y o o o v 9
u’ﬁ]ﬂ‘l]'lﬂufnﬁ'Jlﬂ51$Wﬂ'l3ul?iaéll’E]\‘]ﬂWa\‘]ul‘V‘IV‘I'l‘t’J\‘]ﬁ'HﬂﬁﬂﬂWH?ﬂ!ﬂWﬁQ‘lWWTﬁﬂJLﬁﬂﬂWGWaQﬂ'li

U o

A ' a 9 Y v o X
wounoszuuran Iliharenenaiuauuenmers

M 42 Fomruamayouaons lvavestias Iihwesms luihdiugina

HaNIZN1 Twaziden DL EITRRERTY
Do o L3gTnanvesmedeaznideuaqluih st 80 %
s mavesmaa Wi ————————F5 -5 —
2 Maa Wi Inadeunduiiodananiiiduns Taigi

° a Lé o w 9
4.1.2.2 wuusaesmsanzikansznums lvavesiaa lwih
a 4 o w Y o & Y 9 2 £
M523 Inavesiias Iihsuiudesnsiudeyasuduvesszuy
o w 1Tg o
IWdhirdasailu 3 dszinnfio doyaveetid (Bus Data) doyavesais Iiwazndonas
[ Y
(Branch Data) 1oz Joyaveunsoenuia 1v#h (Generator Data) fas10az180as0 111
9 4 1 a ) Vo o Y
1. doyagarenaszuunan lnihareanivavuenyeds
o 4 1 { g a Y
nnwamsnadenyareuasiiiululduesszuunaa lrlihdrenenaiuan
v H ! v
uonmedei 1deTu1es1eazidealuiinde 3.1 Usznoudlsgaouaenanua 3 98 launiie
1 4 v W o w L g
KMA, KMB ez KCD Tnguaazgaazgnidounuiia KN 3, KN 1 uag KN 2 awaay dauiu
aonil Ilihveams Inidhenaauviadsemealng (Blectricity Generating Authority of Thailand,
o v 9 a 4 J 1 A ] 9 Y
EGAT) d 5 udoyamsiinesvesaiodevosuaazyayonao voyavesszun lvililu

a1z Ivaagagataz Inaadgauandnl A1519 4-3 A1519 44 HAZAIIN 4-5 MNAIAY

M1519 4-3 Foyamaa IWih usesautia vazyulavesyadoune luaniz Tvangega

3 - V| S Tvian MAaInan
W %1in
(p.u.) (degree) (MW) (MVAR) (MW) (MVAR)

KN 1 Slack 1.040 0.000 0.000 0.000 65.280 25.620
KN 2 Slack 1.014 0.000 0.000 0.000 49.980 27.140
KN 3 Slack 1.023 0.000 0.000 0.000 45.760 15.560
KMA PQ 1.008 -0.532 45.200 14.900 0.000 0.000
KMB PQ 1.010 -1.501 64.000 23.200 0.000 0.000
KCD PQ 0.955 -3.970 48.800 24.500 0.000 0.000

n: ms Ifhdauging mald e 2
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M319 44 Yoyamad Il ussautia uazyuavesyayouse luaniig lvaadiga

3 - IV | 5 Tvian MAaIHan
W %iiQ
(p.u.) (degree) (MW) (MVAR) (MW) (MVAR)
KN 1 Slack 1.040 0.000 0.000 0.000 38.850 14.770
KN 2 Slack 1.014 0.000 0.000 0.000 29.680 13.980
KN 3 Slack 1.023 0.000 0.000 0.000 27.320 9.170
KMA PQ 1.014 -0.317 27.120 8.940 0.000 0.000
KMB PQ 1.022 -0.889 38.400 13.920 0.000 0.000
KCD PQ 0.981 -2.328 29.280 14.700 0.000 0.000
fiun: mslfhdauginia mald wa 2
M3 4-5 Imesdudavesaivoude
10 ol 529219 (km) | R (Ohm/km) | X(Ohm/km) | B(uS/km)
KN 3 KMA 25.000 0.120 0.140 0.0197
KN 1 KMB 52.290 0.070 0.130 0.0704
KN 2 KCD 56.600 0.080 0.360 3.220

n: msllihdaauging mald wa 2

2. doyaszuuwan Iihdrenanaiuanuenieds

[
=1

nuusaeaniuaumaa liin

)]

o o

F9109901591197U 19619991109V

Y
% a U 1

v o a J I { 1 A o a [ 1
fN‘Viuan%uﬂﬂauL’J@imaimugﬂuungﬁ}a Vestas U V112 UNaINaaaaadinIny 3 MW L

[ a

A o w a Y A Y a Y o Y 1w o w a 2 A
m’f]di]1ﬂﬂ1ﬁ\‘]Wﬁ@U]JV\IV\h‘I/]ﬂQWu’dllwﬁGIU],@i]ZNi]zGl@\i@jﬂﬂﬂﬂl’lﬂ‘lﬂ’wﬂwnﬂizﬂ’E]’]Jﬂ1ﬁ\1Nﬁ¢] EINEY

Y 9
= Y Y o v A

1 [ 1 A o w 9| = o v W
anuuana 1ty luudaznun daiumanas @189 1Wihuenin) Tunuusiasenaiuanae

Yy Aa ' o o w a < [ o A 1
@’Nfl\i%’lﬂ‘ﬂ1§l'§ﬂi$ﬂ’f]ﬂﬂ’la\iwa@lﬂuﬁaﬂ [4] UUAD LN

[

3 Uay SPP 1 U1 UIUNIHUAY

o w

MIAD 60 82 UAIAIUTENOUNIAINITHAN 17.60% NIAINAAUBINIHUANUADLAIVL Y
A1z 0.54 MW @IUINHUAY SPP 2 1ag SPP 3 UAIHUANUBLAaZIINIHUaNNIN
90 A7 UANUTZNOUMAINMINAS 14.13% MAINAAVDINIHUANLAAZAIEUATzua 0.45
dy 9 o 1 (% o o o d‘ 1
MW uenanil ldmnuamailsznoumas Tnuaniuaumsiam uazgluuumsisouds
YY) [ o o a o A a o v o
N3 ouaIn I UaNAINITI 4-6 F1MTUMTITNDI 01 1ADDMV UTIADIVDINIH LAY

a 14 s 3 I [ ! 9
sianouoimedanguunlulysunsy DIgSILENT PowerFactory (Junan Tuaiutdoya
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9 1 2 %

U { 4 ' 4 v a 3
droaan lfreuszniyaouaetazszuunan Iiharenesnsiuanuenaeduiluns

q

a

' PN ) ' A Yy A U 4 1w o
donldmeatiafernuaedundaldinms lihauginialdiyeudetia KN 1 116
Y : a J J 4 1 v |-
178 KMB $90W15 130100 5 U036 18a890 1001519 4-5 1182 5282 N 1900990 NA N DINNIi LAY

AIANT N 47

M3 4-6 Yoyaszuuwaa lihdrenenaiuauueneil

N4 MAINan anlsznou | ITnuanduau | seauussay | JUuuums
AHUANUDN (MW) Aad M3 | wdeuilas Founo
ol (kV) nifoulaq
SPP 1 60x0.54 = 32.40 1 PV 33/0.69 1AaR-0
SPP 2 90x0.45 = 40.50 1 PV 33/0.69 1Aad1-1e
SPP 3 90x0.45 = 40.50 1 PV 33/0.69 1Aad1-1e

' A 1 a Y v ' v o S
AT N 47 38EJ%‘VIN'igﬁ’JN%qﬂL‘D’@iJ@]’[’)LLﬁ%R‘U‘UWa@]‘l‘NWTQﬁﬂnﬂﬂﬁﬁuauuﬂﬂ%’Wﬂﬁ

PR 728NN (km)
JUVUMITLBOUAND
SPP 1 SPP 2 SPP 3
KMA 87.93 62.26 46.14
KMB 72.43 46.38 31.25
KCD - 92.75 79.58

4.1.2.3 ﬂTi%LﬂﬁTzﬁWaﬂﬁ81/]‘1Jﬂ1§llﬁaﬂJ@QﬁTZ’T\ﬂV\I%}‘hﬁﬂﬂiﬂillﬂﬁJ
DIgSILENT PowerFactory

a 4 o w Y A axn L Y1 9 t
ﬂ'lﬁ'l!ﬂﬁ'lgﬁﬂ']ﬁulﬁﬁall@\‘iﬂ']ﬁ\‘]ul‘l/\l‘l/\l'lﬂﬁﬁ']ﬂﬁﬁ']ﬂ'l‘ﬁ@fJ']\TVl]lﬂﬂﬁ']'J"bﬂ@uﬁu']u

2 Aax A 9 o A

FaI5N 1% 1 Tsunsw DIgSILENT PowerFactory 3¢ 9181815 N1THINAIRAYUDITESUUANUNT
Y

f

A,

A Aa o o = a A4 9 Aa AN 1A < a 9 o
'JfJ'J‘fiu'Jﬂu-ﬁ’]V\lﬁu IﬂﬂﬂllujﬂﬂlﬁN@]uﬂ’]ﬂWﬂ’]ﬁmqﬁﬂﬂqiﬂqﬂuﬂQTNLﬂUL%QLﬁu [19] A4

aun1s (4-18)
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(4-18)

Tagh
A (3 A 1 1
X, Xy X, 010 eaulsi limsruan
A (3 A 1
C,,CprenC, 0B ALINANTILA
] A @ ' 1 9
14 x©@ x®?, . x? do ardszuransududandslansivarvesnisudaunis
AXO A AXD @ A1 Suuaa (Correction) e Tdd1nsudsunidana s lunsuan

v ! v
Ifwamasguingmnoy auiudounumadsi inswarluaums 4-18) ag'ld

f, (Xl(O) + A X9 4 AL x4 AXO) ) =C,

f, (Xi(O) + A x4 AL x4 AXO) ) =c,
(4-19)

£ (X0 + A X2 4 AXO, . x4 AX®) =

n

4 d @ { [~ a o I
wolszanalansunianuludhesuduluaums @-19) Widnvaziudududronis
[ 4 A Y ¢ g 1 : (0) wll 4
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e JEAUUTIAU (kV) msfasunlasssauns i (%)
AIAANN
KMA KMB KCD KMA KMB KCD

0 115.889 | 116.102 | 109.794 - - -
1 115889 | 115818 | 110.088 | +0.009 -0.245 +0.268
2 115899 | 115816 | 110.041 +0.009 -0.246 +0.225
3 115975 | 115764 | 110.088 | +0.074 -0.291 +0.268
4 115974 | 115764 | 110.041 +0.073 -0.291 +0.225
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e JEAUNTIAU (KV) mnfasunilasssauns i (%)
ATAANN
KMA KMB KCD KMA KMB KCD
0 116.622 | 117.537 | 112782 - - -
1 116578 | 117.051 | 112.127 -0.038 -0.413 -0.581
2 116578 | 117.043 | 112.099 -0.038 -0.420 -0.606
3 116.648 | 117.018 | 112.127 | +0.022 -0.442 -0.581
4 116.645 | 117.018 | 112.099 | +0.020 -0.442 -0.606
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1 KMA /e KMB e KCD
nsifinen |V P, Q. V., P, Q. Vv, P, Q.
() | (MW) [(MVAR)| (pu) | (MW) |(MVAR)| (pu) | (MW) [(MVAR)
0 0.695 |635.286|222.072| 0.712 |440.704|136.400| 0.648 |170.507| 41.674
1 0.677 |670.000|237.939| 0.665 |514.496(155.746| 0.579 |224.236| 59.701
2 0.677 |670.000|237.939| 0.669 |514.496(156.598| 0.578 |222.870| 59.125
3 0.684 |670.000|236.375| 0.668 |505.306|153.645| 0.579 |224.236| 59.710

4 0.686 [670.000|237.155| 0.668 |505.306|153.645| 0.578 |222.870| 59.125
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1 KMA e KMB e KCD
nsdiAnE | V., P | Q | Vv, P, | Q | V, P, | Q,

(p.w) | (MW) |(MVAR)| (pu) | (MW) [(MVAR)| (pu) | (MW) |(MVAR)
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2 0.682 |672.766|240.975| 0.668 [515.136(160.687| 0.579 | 222.89 | 62.622
3 0.681 |672.766|242.858| 0.670 [506.304[157.782| 0.577 |224.256 63.192
4 0.691 |672.766|243.649| 0.670 [506.304[157.782| 0.579 | 222.89 | 62.622
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ATAANYI Jd KMA 1% KMB Jd KCD
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ATAANYI T KMA 1 KMB 1Ja KCD
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Relevant voltage deviation AU,

AU =AU+ U U AU =0 AU =AU - U,
A v
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Required reactive current
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[p-u.] ’.’
\ 1,0, :
!
!.
dead band / Limitation of the
,"_ \/ 7 voltage by voltage control
i - (underexcited operation)
* Voltage drop or increase AU
I Y R | I I R ge drop
-05: -03 + 1 03 05 [p.u]
Back-up of fhe voltage t\ontrol _f
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T | | Reference current is I

foee | N
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KMA KMB KCD

ASAAN - - - - - -
HIIAU (p.u)| ANA (Hz) 15304 (p.u)| ANUD (Hz) [11539U (p.u)| AUD (Hz)

1 0.879 51.808 0.818 52.275 0.765 53.547
2 0.879 51.808 0.808 52.556 0.772 53.334
3 0.869 52.096 0.832 51.894 0.765 53.547

4 0.861 52.325 0.832 51.894 0.772 53.334
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M3 5-7 HANTENVPIFAVALIAAAAI993 3 lantialuaniz Ivaadiga

o KMA KMB KCD
NIUANYI - 5 - 5 ” 5
HIIAU (p.u)| ANND (Hz) (15304 (p.u)| AND (Hz) [1153AU (p.u.)| AUD (Hz)
1 0.884 51.796 0.826 52.244 0.776 53.523
2 0.884 51.796 0.816 52.517 0.783 53.280
3 0.873 52.806 0.841 51.857 0.776 53.523
4 0.866 52.316 0.841 51.857 0.783 53.280

M9 5-8 namsilaadsesiemanisandees 3 manvaluaniz Tvaagaga

e KMA KMB KCD
NTUANY » » »
HIAU (pu)| 3D (s)  |M530U (pw)| 3D (s)  [UTIAU (p.w)|  IA1(s)
1 0.909 2.0 0.854 2.0 0.816 2.0
2 0.909 2.0 0.848 2.0 0.820 2.0
3 0.904 2.0 0.862 2.0 0.816 2.0
4 0.900 2.0 0.862 2.0 0.820 2.0

A58 5-9 namsilaaisesiemanisandees 3 wanvaluaniizTvaadga

e KMA KMB KCD
ATUANY » » »
HIAU (pu)| 3D (s)  |U530U (pw)| 3D (s)  [UIAU (pw)| 13D (s)
1 0.914 2.0 0.861 2.0 0.827 2.0
2 0.914 2.0 0.856 2.0 0.831 2.0
3 0.908 2.0 0.870 2.0 0.827 2.0
4 0.905 2.0 0.870 2.0 0.831 2.0
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Analysis of Suitable Interconnection Points of Offshore Wind
Farms in the Gulf of Thailand
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Abstract

The off coast of the Gult of Thailand around Koh Tao and Koh Pha-Ngan has abundant wind resources, which can
help for developing olfshore wind farms with the maximum capacity of 720 MWs. In this paper, grid integration
analysis of the ollshore wind [arms on the 115-kV transmission ol Provincial Electricity Authority (PEA) was
performed. The power system analysis of power flow and voltage stability were simulated with the full-power
conversion wind turbine generators by using the DIGSILENT PowerFactory program. The possible connected points
were listed by the physical criteria, such as the amount of load, and a distance to an offshore wind farm. Finally, the
suitable connected points were considered based on the performances of the system before and after offshore wind
farm connections. The study results may be used as a reterence to develop an offshore wind farm in the Gult of
Thailand in the foture,

© 2015 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license
(htip://creativecommons.org/licenses/by-nc-nd/4.04).
Peer-review under responsibility of the Organizing Commillee o 2015 AEDCEE

Keywords: the Gulf of Thailand, offshore wind farm, power flow, voltage stability, full-power conversion wind
turbine generator

1. Introduction

Currently, clectricity power consumption i3 increasing due to the growths of industries and
households while generation system mostly depends on fossil fuels, such as oil, natural gas, and coal.
According to a shortage of these fossil fuels, the fuel prices significantly rise. At the same time, the
effects of the fossil fuels on the environment are seriously concerning because of the global warming. The
interest on the renewable energy is highly increasing worldwide. In Thailand, the Alternative Energy
Develepment Plan: AEDP 2012-2021 [2] focuses on electricity generation from renewable energies, such
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as wind, solar, water, biomass, biogas, and garbage. Especially, the wind energy was targeted to be
contributing about 1200 MW's in 2021 [2]. According to the terrain of Thailand, the offshore wind energy
was considered as an energy source with a high potential energy because the installation area was
unlimited.

From the results of Assessment of Offshore Wind Energy Potential Pre-Feasibility of Offshore Wind
Farm [1], the target arca for the offshore wind farm generation was in the Gulf of Thailand around Koh
Tao and Koh Pha-Ngan. The average wind speed was about 6.0 to 7.5 m/s, and it could install about 720
MWs of the maximum capacity as shown in Fig. 1. The efficiency for the production of electrical energy
(capacity factor: CI) was approximately 14.13% to 17.60%. However, the feasibility study has not yet
considered an appropriate choice of interconnection points for the offshore wind farms to the grid. The
grid connection topology of offshore wind farms can significantly impact the security, stability and
quality of the grid [3], especially the power flow and the voltage stability [4-6]. The power flow analysis
can check power direction, percentage of load in the transmission lines and grid loss, whereas the voltage
stability analysis can estimate critical voltage and collapse margin or total load.
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Fig. 1. Suitable area that can offer the offshore wind farms in the Gulf of Thailand [1].

This paper presents a power system analysis of the offshore wind farm grid connection around Koh
Tao and Koh Pha-Ngan on the distribution system of the PEA. The four factors including the wind
turbine technology and the connection topology to the grid, the technical analysis, the grid connection
requirements, and the simulation tool were considered. The 720 MW offshore wind farms were modeled
with a selection of the full-power conversion wind turbine generators of Vestas V112 model. The power
system analysis focusing on the system power flow and voltage stability to 115-kV grid connection were
performed in order to select the suitable connected points for the offshore wind farms. The system
description and the offshore wind farm topology are described in Section 2. The system impact analysis
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due to the power flow and the voltage stability are analyzed and discussed in Section 3. Finally, the
conclusions are summarized in Section 4.

2. System Descriptions

According to the PEA connection requirements for the renewable energy generation, the generation
above 10 MWSs should be connected to the 115-kV transmission system. By consideration amount of load
and a distance of offshore wind farms to the connected points, three possible connected points of KMA,
KMB, and KCD were chosen as presented in Table 1. Additionally, 18 possible connection topologies
were categorized in Table 2. The single line diagram of connected points was illustrated in Fig. 2 and the
maximum load of each point was demonstrated in Table 3.

Table 1. The possible connected points of each offshore wind farm.

Offshore wind farms

Possible connected points

SPP 1 SPP 2 SPP3
KMA v v '
KMB v ' '
KCD X v s

Table 2. The connection topologies of the connection offshore wind farms to the grid.
Connection topologies

Case studies

SPP 1 SPP 2 SPP 3
1 KMA KMA KMA
2 KMA KMA KMB
3 KMA KMA KCD
4 KMA KMB KMA
5 KMA KnvB KMB
[3 KMA KnMB KCD
7 KMA KCD KMA
8 KMA KCD KMB
9 KMA KCD KCD
10 KMB KMA KMA
11 KMB KMA KMB
12 KMB KMA KCD
13 KMB KMB KMA
14 KMB KMB KMB
15 KMB KMB KCD
16 KMB KCD KMA
17 KMB KCD KMB
18 KMB KCD KCD

Table 3. The maximum load of each possible connected points.

Start and final bus Distance (km) Active power (MW)  Reactive power (MVAR) Power factor
KN3 to KMA 25.00 4573 15.52 0.95
KNI to KMB 52.29 65.26 25.56 0.93

KN2 to KCD 56.60 49.98 27.14 0.88
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Fig. 2. The single line diagram of possible connected points.
3. Simulation Results

This section presents the system impact analysis of the offshore wind farm interconnections with the
total capacity of 720 MWs by using the DIgSILENT PowerFactory program. The steady state analysis of
power flow and voltage stability were investigated in order to check the system operation when the
offshore wind farms were integrated into the system. The load data of February 2015 provided by PEA
were used and all case studies proposed in Table 2 would be determined under load conditions of peak
load and off- peak load.

3.1. Results of the power flow

The power flow analysis was carried out in order to check on the direction of power, percentage of
load in the transmission lines, and grid loss under the offshore wind farm integration. With the proposed
capacity of 720 MWs offshore wind farms, it has been shown that the power will flow back to Electricity
Generating Authority of Thailand (EGAT) utility grid in both load conditions. Therefore, it is necessary
to reconsider the appropriate maximum capacity of the offshore wind farms for an integration with this
system. By varying the offshore wind farm capacity to meet the requirement conditions, the possible
maximum installation capacity of the offshore wind farms is about 60% of 720 MWs or 432 MWs. The
simulation result of the new maximum capacity indicates the only four possible connection topologies as
presented in Table 4.

Table 4. The connection topologies of the possible connection offshore wind farms to the grid.
Offshore wind farms connection topologies

Case studies

SPP1 SPP 2 SPP3
0 - B -
6 KMA KMB KCD
8 KMA KCD KMB
12 KMB KMA KCD
16 KMB KCD KMA

Case study 0 means no any offshore wind farms connected to the grid.
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Table 5 and 6 show the percentage of load in the transmission lines and the grid loss before and after
connecting offshore wind farms to the grid under peak load and off-peak load conditions.

Table 5. The percentage of load in the transmission lines.

Case studies Peak load Off-peak load

KN3 - KMA KNI - KMB KN2 - KCD KN3 - KMA KNI - KMB KN2 - KCD

0 46.490 55.040 33.580 27.720 32.620 19.620

6 39.900 46.610 23.960 27.260 30.400 15.120

8 39.900 46.620 24.090 27.260 30.520 15.200

12 38.570 48.510 23.960 28.230 30.700 15.120

16 38.610 48.510 24.090 28.370 30.700 15.200

Table 6. The grid loss.
Peak load Off-peak load
Case studies Compare with Com pare with
Loss (MW) the calsJe study 0 Loss (MW) the cal;e study 0
0 3.020 - 1.050 -

6 3.020 - 1.980 increase 88.571%
8 3.000 decrease 0.662% 1.960 increase 86.667%
12 3.090 increase 2.318% 2.040 increase 94.286%
16 3.070 increase 1.656% 2.010 increase 91.429%

The simulation results indicate none of transmission lines has the percentage of load higher than 80%
and it decreases when they are compared with the reference case study under peak load and off-peak load
conditions. Additionally, the grid loss under off-peak load condition increases when the offshore wind
farms are integrated into the grid. On the other hand, under peak load condition the grid loss slightly
increases in the case study 12 and 16 but the case study 6 and 8 are not increasing because the length of
the transmission line that is shorter than in another case.

3.2. Results of the voltage stability

In this section, the voltage stability before and after integrating three offshore wind farms to the grid
was determined from a relative of voltage and power consumption or P-V curve. The simulation results of
voltage stability show the critical voltage and the collapse margin of each case study under peak load and

off-peak load conditions as in Table 7.

Table 7. The voltage stability at the possible connected points.
Peak load Off-peak load

Case KMA bus KMB bus KCD bus KMA bus KMB bus KCD bus
studies Critical Collapse Critical Collapse Critical Collapse Critical Collapse Critical Collapse Critical Collapse
voltage margin voltage margin voltage margin voltage margin voltage margin voltage margin

pu) QMW Guy MW Gu) MW (pu) MW (pu)  MW)  (pu) (MW)
0.966  552.052 0919 552.052 0.648 552.052 0965 552.779 0919 552779 0.646 552779

0

6 0950 726010 0889 726010 0579 726010 0950 726.073 0889 726073 0.577 726.073
8 0.951 721586 0.891 721.586¢ 0578 721.586 0.951 721.523 0.891 721.523 0.579 721.523
12 0951 726.010 0.886 726010 0579 726010 0951 726073 088 726073 0.577 726.073
16 0.952 721586 0.888 721.586 0578 721.586 0952 721.523 0.888 721523 0.579 721.523

The results of voltage stability increase when the offshore wind farms are integrated into the grid
under peak load and off-peak load conditions because the collapse margin or total load increases. At the
same time, the critical voltage still stay at the same voltage level in comparison with the case study 0
which is the base case without the offshore wind farm.
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4. Conclusions

The technical studies for grid integration of the 720 MW offshore wind farms around area of Koh Tao
and Koh Pha-Ngan were carried out. The possible connection points for three offshore wind farms under
115-kV of PEA grid were considered. The simulation results on the power flow analysis show that the
suitable maximum capacity of the offshore wind farms for integrating to this system based on the required
conditions is about 432 MWs or 60% of the proposed capacity. With the reduction capacity, the four case
studies of connected points were selected. For all case studies, none of transmission lines has percentage
of load higher than 80%. Moreover, the grid loss of the system decreases, except in the case study 12 and
16, the grid loss increases. Additionally, the region of voltage stability increases both peak load and off-
peak load after integrating offshore wind farms to the grid. Therefore, by studying the power flow and the
voltage stability, the suitable interconnection points for the three offshore wind farms are the case study 6
and 8 because they have percentage of load in the transmission lines under PEA grid connection
requirements, do not increase grid loss, and increase the voltage stability, but the distance of the
transmission line in the case study 6 is longer than that the case study 8 Our results may be used as a
reference to develop an offshore wind farm in the Gulf of Thailand in the future.
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