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ABSTRACT

This thesis presents a study of voltage stability in power systems when connected wind turbine
generators. The maximum loading factor of system model is carried out by using UWPFLOW program.
The location and sizing of wind turbine generator is modeled in IEEE 14 bus system. Two types of
wind turbine generator are selecting namely squirrel cage and doubly fed induction generators. To
improve the voltage stability in IEEE 14 bus after installed the wind turbine generator, FACTS devices
are proposed.

The result of this thesis can be shown that the maximum loading factor of IEEE 14 bus before
install the wind turbine generator is 0.70398 p.u. The weakest bus is No.14. There for, loading factor of
system that connects squirrel cage induction generator wind turbine and doubly fed induction generator
wind turbine are increased to 4.24% 4lag 11.24% respectively. By systems that connected with wind
turbine generator and flexible ac transmission line systems show that STATCOM can increase
Maximum loading factor higher than SVC. Maximum loading factor when setting STATCOM up to
56.33% and 53.28% in systems that connected squirrel cage induction generator wind turbine and
doubly fed induction generator wind turbine respectively. This thesis gives direct advantage for
organizations who responsible to built convincing of power system in study the respond of setting wind

turbine generator on voltage stability.

Key word: Voltage Stability, Wind Turbine Generator, Flexible AC Transmission Line System



=\ 5
anAnssudszma

9lo‘:ﬁ 1

a a = Y I ] = Yo 4 1 A
mmu‘wu‘ﬁummamq‘lﬂmmﬂuamm TS IATUAITUBULATIEH AITNFIYLYIAD

q

@

uagAuz11IN01913I4AUANINGITNUT Ao a3.ynde Uainals uage1915dRAILqY

U 9 g

a a A A Y 4 a 4 = yvq Y
INYIUNUDIIN AD WBIYANTATIVITY AT.91NNY TaasTow uazmmﬁfﬂwma UYLIYY "lﬂclﬁ‘

Y o < o w A 1 A 2 o Aa A 79 Yo S
ﬂ'J'uJﬂ?ﬂ!11ﬁﬂ1ﬂiﬂy1llugu1@uuﬂ1ﬂﬂ ﬂaf’)ﬂﬂu“m!uﬁL!u'JVI'NGluﬂ'ﬁV]']'JV]ﬂquwu‘ﬁal'ﬂﬁ']lﬁﬂ

=S

' [y 9 o ' A ' 9 A2y
Qa'Nthﬂ'Jﬁlﬂ W?‘ﬂﬂm@ﬂi']‘]JleE)‘UW3$ﬂmﬂ1uﬂqﬂ1581ﬂu@fﬂ\ig\nﬂll'l 3l Iafﬂﬁ‘ﬂu@ﬂﬂ

U q

HITOUDVOUNTZAD JBIOMIAATINGG AT.AUNT A3d151una , 5. Tude nindaat

U Qq

a o

] @ 4 ~ Yo o v A 1 A 2
AT AT.RATVY FONNNHANA ‘V]ﬂ'iﬂ!ﬂﬁﬂﬂ?ﬂyWLLuszJmeEN @aaﬂ%ucﬁlluglluQﬂqqﬁluﬂ'ﬁ

q q

kS Y
v A 9

o A a o o [
MINGIUNUT I UATII Lm%‘l]@ﬂi'l‘UGU’BJ‘UWiSiﬂillﬁ']‘L!ﬂQWH“LlIEJ‘]JTEJLLﬁSZLLWLlWﬁQQWH(ﬁuW.)

[ d' Y o A a IL g’/ dy
N3ENIINA1U DU lumsiaminus luasal

9 a @ ady o
Q’ﬂ‘V]1EJﬂJE]ﬂ§1‘]Jﬂl®‘]JWi$ﬂiu‘LIﬂﬁJﬁ@ﬂLm8?]5@‘]_1?15’3 G]ﬁ@@]ﬁ]‘h!ﬂlﬂﬂﬁﬂ@ﬁ‘]@ﬂﬂﬂﬂ ‘]J‘L!

)

9
=

o w ¥ Y q Ao o Ay Y v Yo o = A 3

ﬂ'lﬁ\?slﬁ]uﬁgcl’ﬂﬂ??ulﬂl?iﬁ]ﬂﬁ?’ﬂiﬂnaTV]GU'IWHJ'IG]'ENGl‘Hﬁ"lWﬁUﬂ'IiﬁﬂE'IL‘W'E)’E]uWﬂﬁsluﬂi\‘Iu 374
y A = a o Y a oA o 9 a 4 a @
NINYUASNUITUIY D W@Qﬂg‘ll@]ﬂ'liigﬂﬂﬂ'laﬂhl‘V‘l‘V\I'l AUSIFAINTTUAITAT UN1INY1AY

o

o 1 19 (% a oA
maTuTagsyuenasylys N3wuss :uls egarenuilfiinaunasamn

g

1A a o [
NONYIN DDANTNY

13 NHHNIAY 2552



ansvsy

UnAagen Iy neg
UNANGONTHIDINYH
naanssuilsyna
317y
GREALIZRARAN
GAESILATPR]
Moesuedydnuaiuaziide
4 .
UNN 1 v
I o w
1.1 anuiluutazanudiagyeatym
1 [ 4 a o
1.2 AN IRz aanueIn1s 1Y
1.3 AURAFIUVDINITIVY
1.4 YDUYAVDINITIVY
Y
1.5 VUADUNMTAUUUIIUINY
A = Aw A a 9
NN 2 NYBYUATNUITBNNYIVD
Av A d' 9
2.1U9298NN8IV DY
2.2 idesmnusaau i
2.3 Aaviuaunan lulih

2.4 Unsalvaoias luihdavgu

2.5 aq1

'
Aad o a

UNN 3 IBAUUUMNTINY
o A A o 9
3.1 msautuaule laels 11sunsy UWPFLOW
3.2 ANYUADITNINUTIAUYDITZUY TEEE 14 Bus
3.3 galsvounseanuia lWihdmsuswivansaa Tl
3.4 a9
UNN 4 HANINAADY
=y [ d‘ d‘ (% d' o a Y LY a d' )
4.1 s nmusaaudioron Teanumsosnuiia I nsivauyitiamtieni
HUUNTINTETON
=~ [ d' tﬂ' [ tﬂ' o A 9, Y a d' o
4.2 1@desnnusaaudloren Teanumsoen i I nsiuaustiamtieni

9
HUUeua0INIg

13
22
29
30
30
31
32
39
40
41

47



13118y (D)

4.3 paveuanesnnusaau luszuu T
4.4 a31
~
uni 5 agdwamInanes
5.1 agiwamanaasa
5.2 forauonuy
PNA1T019D4
AAKNUIN A
9 A P 4
0.1 903av0952 U IEEE 14 Bus N 1931A5121
n.2 YoyaA1AINYVEY SVC 1Az STATCOM luszuu IEEE 14 1jd
AANUIN U
~ Y
.1 eazveavoyavetszunlulsunsy UWPFLOW
Y
¥.2 TUADUMITU T51nT UWPFLOW luaiuide
AANUIN A

@

a i~ A 4 1 o a
fl.1 YNNI ﬂﬁ?]WllWLWEJLLWii%WUH?UHﬂG]

v

a A a J J o a
£1.2 UNANUIIYNANUNINYLNTTISAUBIA

o 9
sz iaday

53
55
56
56
58
59
62
63
65
66
67
78
79
80
91

102



M3UYMIN
= 9
A5 Wi
3.190yavesszunMyon Teanumsosruiia luihvesnsiuaunda lWdhaiamilenh 34
HUUNTINTETON

3.2 YoyavesszunMyon Teanumsosiuiia lufhvesnsiuaunaa lWdhatiamilenh 35

uuuiloudesnia
3.3 mmad Idhas sagmas i B ueaiilvesnsiuaunaa i 36
3.4 903av09 SVC 4119 150 MVA Aaadalusumisveaiiadi 10 37
3.5 903299 STATCOM 119 150 MVA Raanalusumisveaiad o 38

1 o 4 a g’/ 4 o A Y Y a Y a
4.1 moesndszno TnaagegaiioAaaunsosdiuia ldihvesnsiuaunaa Iiiheiia - 42
MBIV UNTINTZTON
1 J d' a gl.; [ ANY) a 9 d' o 1 ]
4.2 mosalsznonTnaagegavesszuuieaanIniiuaunan IWihAdwmiee uaz 43
< A A
HaveInNUITIaNN)asula
1 o A a g’; Y a Y Ao A
4.3 mosatlsznon Traagegavesszuuioanainaiuauwan Iihindan 14 uaz 44
Y H
AAAI SVC Y11A 150 MVA NALHHe6I9e)
1 J A a g’/ Y a Y A o A a g’.a
4.4 mosdsznon Tnangegavesszuuioaaninaiuannan Wihnian 14 uazanas 45
STATCOM 4119 150 MVA 1 Tviaaija
[ 1 4 1 a g’/ v o a 9 d' a g}z [ Y]
4.5 maosatlsznon Tnangegauesszuunouaaasnaiuaunan i, ieAaasnaiuay 46
a a & J o w 9| '
wan 1Wih waz msdaasgunsal yaweias luihuungangu
' < A A g’; A o A 9| v W a Yy a
4.6 Mosnlsznon Tnangegaiodnaunsesduiia llihvosnvivaunda lifhsiia - 48

a ° 9|
ey Vleuaeanig

1 o d‘ a g}/ [ Y] a Y A o ] 1
4.7 ﬂ?@\iﬂ‘ﬂﬁ%ﬂi’J‘UI‘Hﬁﬂq\iE:fﬂelli’)\ﬁg‘u‘ﬂLil’t’)ﬂﬂ@ﬂﬂ\iﬁuﬁllWﬁWIIWNTVI@]WLLﬁuQ@NG]LLﬁ% 49

5 A A
NaveInNGIaNNlasulag

[ v
=1

1 o A A g’/ v W a Y A v
4.8 f"l"li’Nﬂ‘]Ji%ﬂﬂﬂiﬁﬁﬂgﬂ?jﬂ‘ﬂi’]\iig‘]_lllLuﬂﬁﬂﬁﬂﬂﬁﬁuauﬂﬁ@]lWWTﬂUﬁ‘ﬂ 14 1ag 50

9 T
a (2 IS

AAAY SVC UUIA 150 MVA NAILHUIANG

o

1 9 H H
4.9 Mosmlsznov TnangagauedszuUloAAnIn i LANDFIGTah 14 51

9 1
HazAAne STATCOMYUIA 150 MVA ﬂﬁnmuﬂmm

9
2 (4

J o 1 a 2{, @ a Y A a
4.10 memﬂszﬂaﬂwaﬂqaqﬂmaﬁzuuﬂ@ummmwuauwaﬁllwm, LUDAANN 52

A 1

9
naiuaunaa T vaz msaaaagnsal saweias lihuuutang

Y
v A % J

o ' { ) J
4.11 Gl'lllwuﬂﬁ!,ﬂil'w’ﬁll’d']Wi‘]JGlﬂGl\1L!ﬁ$ﬂ']ﬂﬂﬂﬂﬁ%ﬂ@ﬂiﬂaﬂgﬁq@%ﬂﬂi%ﬂﬂ IEEE 54

A A [ v o a 9
14 Bus toi¥en Toany nauaunan 1vih, sV waz STATCOM



a3ty
31
2.1 unumanaaaadosmnluszuu Twihmas
2.2 lapzunsudu@erveassuy 2 ia
@ v J [ [ [ o w 9| a A o o w
2.3 nIUAAIANNFURUTIEHINTIaY U Mad IWi95e Andalsznoumads
wasulag
@ v J [ [ [ o w a
2.4 naluaaanNuFUWUTIE s IaY U mde vihesa
y . an
2.5 YUADUNTAIUIN 1982 CPF
2. 6 malasusinasamluszuunuivaunan i

2.7 fad ez sramsiauaeadaiuaunaa 1wy Stall limit

=

2.8 szuunauaunaa Iihnlfasesstia il mieniwuunsanizsen

2.9 szuunauaunaa i nlfasessiia Wi umienihwuuilouaosnia

2.10 szvunaiuanmas lihnlsaseesuia I g Insiia

A o A Y
2.11 jﬂﬂﬁﬁngﬁm@\‘]Lﬂ?J'ENﬂWLu@UlV\IV\IHLL]JUﬂiQﬂi%i@ﬂ

o

2.12 ’mﬁﬁm“asumm’%mﬁnﬁﬂ”l‘vxl%’\l1mﬁmumuu%ﬂauammq

2.13 ’miﬁm”aeumm?}mﬁnﬁ@”l%l%’\l1mﬁmﬁmuu%ﬂauammq“luamazﬁmmﬁa
TsmefmnanuEadelania

2.14 Wosauyaveunsestuiia lihdslasiauuuideude Tavase

2.15 SNHAIZYBINTAARG SVC

2.16 293AUYAVD SVC

2.17 LUUIQ09UBI SVC

2.18 AUANHULIRMIZUTIAUUAZATLUTUB SVC

2.19 msnnavouwansnugy luuusiasses SVC luaniizai

220 §NHAULYDINIAARG STATCOM

2.21 193AUYYAV0I STATCOM

2.22 nIMRUANYULUIIAULAZATLUAUBI STATCOM

2.23 1UUI1a09U83 STATCOM

2.24 MINNAVOVIVANIAIUAY UL UTIADIY0I STATCOM Tuan1izaiei

3.1 TumoUMIMaOLYes T1)51nT3 UWPFLOW

3.2 52UUYD4 IEEE 14 Bus NNl luauide

(% 1 A A v v o a Y o A
3.3 ANYNVINTEVUY IEEE 14 Bus LN@L%@MT&QﬂUﬂQ‘HHﬁMNﬁﬁul%l%h UAN 14

10
10
13
14
15
15
16
17
18

19

21
22
23
23
24
25
26
26
27
27
29
30
31

33



mstgil (90)
31
a g’/ 9 d‘ d‘ q./ Y] a 9|
3.4 msaaad SVC 1t 1 luszuunien Toanunaivanmaa T
Y v [l
3.5 M3aaad STATCOM 11 1 luszuundon Teanudauaunaa Tl

o o J o o o w a
4.1 nIMANVTURUTIZHINUTIAY DU maﬂvﬁ’hmwmszuu IEEE 14 Bus

S
a A& a 3

42 nlanuduiusseransedu fu maenihese dieaanunisatuiia luil

MUIMDUNTINTLIONN IHianlia

v o 1 o @ o w 9 a <
4.3 ﬂfl”W\Iﬂ'J’lllﬁNWUﬁigﬂ’NQLﬁ\iﬂu ny ﬂ?ﬁ\?llww'liﬁ\? LEAINAUDININLTIY

1 J 4 a g’/ [ Y29 a { Y]
4.4 mesnsznou Tnangegavesszuuioaaasnaiuaunan Trldhn Tnaaie
@ < gl,z 1
HAZDATUTIAVAUA 4 m/s DY 15 m/s
[ v J 1 [ [ o w Y a ~ d' %
4.5 n9aNUFURUTIZHA1UTIaU 71 Mae W95 veeszuun@ou Toany
[ Y
e utia Iihvesnwivaunas 1 tag dumisvesmsdaas Sve Tvaatia
[ o J 1 [} [ o w a P [
4.6 nIMaNuFURUTIEnsIgU Hu a9 vesszuunwen Teeny
[ Y
e utia Iihvesnvivaunaa 1 taz dumiavesnsfiaas STATCOM
[ v J U [ (% o w 9 a 1
4.7 A NUTUNUTIZHTI0U 71 A9 11959 52U IEEE 14 Bus NoY 1A
v Aa g’/ 4 o a LYY a 4
vasaaaunsoar e lnihuesnsiuaunaa i nag gUnsel FACTS
o v J U [ @ o w 9 a A a g’/ A o A 9|
4.8 TANUTURUTIZHIUTIAU AU MMaa TWH95e WenadunTeanuia TWih
d' o Y d' @
e uileuananian lvianiia

a 3

o v ' [ v o w
4.9 NTNANVTUNUTIZ WIS IAY DU ﬂ”lﬁ\inh’Wh%N UEAINAUDINIINLTIDY

P4
v v W a

U o [ a 9, A @
4.10 Meensznou TaagegavesszuunaimsaaaInaiuaunan i Tnaatiauay

< ] 1
ANUITIANAIA 4 m/s DI 15 m/s
[ v J 1 [ [ o o Y a d‘ d‘ 1Y d‘
411 nywlanuduiusszrnansau Ao maa Wihes s vesszuuiirenToenunses
9
dudia lihwesnaiuaunda lwih naz dumiisvesmsaans sve Tnamia
v o J J @ [ o w 9 2 A A [ A
4.12 nywlanuduiusszrnaussau nu maa lWihes s vesszuunirenTosnunios
Y
il lfhvesnsivaunan taz Aurisweinsnaas STATCOM
v o 7 J [ o o w 9 a 1
4.13 nawlanuduiusszrnaussau no maalWihese 520U IEEE 14 Bus nou uaz
v a & 4 o A v a J
vasaaaunsoariuida lnihvesnsiuaunaa Wil naz ginsel FACTS
o o

4.14 namlanudunus s aou nu mMadIWie3 9 ¥095211 IEEE 14 Bus nou

Y
HazndIRaaInIuannan i

37
38
40
41

42

43

44

45

46

47

48

50

51

52

53



a5t (s10)

sU0 Wi

o v

4.15 nslanudunusszrnanssau 71 maeIWiese ¥9952 1 IEEE 14 Bus oy 53

9
(2 v v W

9
UASHTAIRAANNN uauwaﬁ"lwﬂw iag aaed SVC

[ v 1

4.16 nIMANUFUNUT TEHINWTAY AU A1aa 101939 Y0932 UL IEEE 14 Bus foy 54

9
(% v v

9
LHAgHaNAANN muauwaﬁ"lw%w iay el STATCOM

.1 WaﬂﬁﬁWﬁ’fNﬂﬁﬁ%‘ﬂuﬂﬁlﬁhﬂﬁﬂ’ﬂuﬂﬂlﬂﬂ SVC itag STATCOM 65

2



° a v v J °
ﬂ‘li’)ﬁﬂ‘lﬂﬁﬂluﬁﬂ‘ﬂmlmgﬂ'lfjﬂ

:)E
Jrad
2a

ANUHNIY

e

LTI UNYAADUDUAT DI UTA

m m e

>

A 9| A o A o A
meaau"lﬂﬂwmummmﬂclumﬁmmmﬂ
Qv tﬂ' o
UINAUNUT

159 Uve99nTal FACTS

uﬁqﬁ’u”lwi’ihﬁmﬂmﬂmﬂmg%{

w

usagu lihnveadalsmes

=

o A ' 1A JA o Y a [
L!'ﬁ\iﬂu‘ﬂ@]ﬂﬂi@llﬂ']il!’f)ﬂlmu%ﬂﬂWiﬁLﬂﬂﬁuTNlmlﬁﬁﬂ

@

(%] 1] d' (%3
usaauaoana

S

a

HIIAUD19D4

_‘
@,

usaau Iihnszuaadu

QO
o

Llﬁﬂﬁuuh\l%l\l"lﬂﬁgllﬁﬁiﬂ

Qo
3)

'
o

H3IAUAYA

min

K < < K < < < < < <X K<

HIIAUFIYA

U

3
&

[

nszuan lvaszniszuu Wi dueilnsel FACTS

a

I nszuai lnaluvaaadamos
I nszuai lnaluvaaialsmes
ﬂ‘im!ﬁ@%ﬁjﬂ

I NITUATIYA
FupAuAUTUBIT8a

= 4 14
TUDALUAUBUDIVAAIATIAAD T

=

= 4 4
mammuwmmﬂamiimm

N

a I o q Y a &
maﬂl,mwmwﬂmﬂm/\laﬂcv

3

a v A 4
cﬁﬂmuamammw

(%2}

JUPALAUTUDI SVC

A FuauFug SVC

o

Sueauaugves SVC Tuannzauga

w
-

a3

mmﬁ'mmummﬂma’mamm’o%

w

mmﬁﬁumummwamisma%

-

T O T O X X X X X X X X

>

ANUAUMUUDIVARINDTS 10T



:)E
rad
2a

E c

®

min

3
&

O W W m N e

O

w

<4 v ;v ;v ;v U T

®

R O O

pair

° a Y'Y d o
MeBnadyanyaaz Lo (AD)
ANUNUY
a A Ia
BUNLAUTOUNA
[ <3 4 4
FeFuuaUTY09gUnsal FACTS
% <3 0"0
FAFULAUTA G
FaFuLAUTgIge
% o o
ABUAALAUTYDIQUNTAl FACTS
aal

e lihesaveunsoeniia il

[

183 1l¥he3svesgilnsal FACTS

Do

v
=

T#hesanvaalaaames

Do
‘DQ

1

a5 enuaalnlsmes

Do
ae

;
maa lhonduiuaunaa lwih
AaIn1ena
usediauesanuIsimAnyu

faa Wil B ueaiivlveunieasuiialiih
maa Wil Euenfivvesgilnsal FACTS
YUATUIUAINT

yu@mmm"hz;m

YUYAFUIUGIYA

unmamiqﬁuﬁ Ik

yula

ﬁmwﬁmmmmimg\m%’u
saTvovesgUnsailasdu
Ao
MANVHUHUUBIDINANI AN
i luwavessariuaunaa i
A lumsnaeuiivestaiuan
Fnlszantvosaw

é"m"ud’mmawﬁ'mmm



Mo
FACTS
SVC
STATCOM
TCSC
SSSC
UPFC
WT

WS
SCIG
DFIG
DDSG
LM

LF

Max. LF
CPF

PWM

MetineFdnuaitazmee (Ae)
AIUNUY
Flexible AC Transmission line System
Static Var Compensator
Static Synchronous Compensator
Thyristor Control Series Capacitor
Static Synchronous Series Compensator
Unified Power Flow Controller
Wind Turbine
Wind Speed
Squirrel Cage Induction Generator
Doubly Fed Induction Generator
Direct Drive Synchronous Generator
Loading Margin
Loading Factor
Maximum Loading Factor
Continuation Power Flow

Pulse Wide Modulation

&)



3| o U
1.1 ﬂg‘nj!ﬂuu‘l!!ﬁgﬂg'lwﬁ'lﬂﬁysllﬂﬁﬂﬁyﬂ1
o o A 2 ' 1 4 =] o
Tagriuanudesmanasau ldihmiugaiiuedisaeiiios owilumwanindiulszsns
A A dy o Y Y = [ @ FY A [ [ 9 A A dy
mnugeu s lddesdimsdaassnasnu il uiesessununnudesmsiiiug sy ns
a @ [ 9| I ¥ Y Y a o Y 4
fnsandaassnasnu IWih i ldamanudesnsdesiinnsannainmesuas s gmans uay
A A 9 Y PR v o ® = Y A o
anuidenevosszuy Wi med AT EgmdasuuazAoamiladsdunUNISNAAN NS
o ] Y ;:; 1 9 ] d‘ A gl.t It:; 1 [
the i lusimfimanzan auneaIuAuULTe V0T DU UEENNITIIINA I
T 14Tqunm vaz esmenuanudesms ared1aluduaunin Ao seauvoausan luih
Tuszpuimaen uag aiuaue aIuANURBINDAUANNADINT A0 TLVVITABIAINITONY
[ R a 4 [ 3 . <3 1
wasnu Wi ldawanudesnisTag hine ldinamanisal llauiulusz oy Fevziulan
o s ) Y v A oA g o VA A
JagszasAnumuAsEgmani nu nesuANUU DU UITEIUNIIAU NA1IRe TTUUNT
A A =\ 1 9 1 A o ~ VA A o
ANV IFRNagIIEIinMIaIUADUY NG dauszuuhimsamuiinazlinnuuienod
Y Y
msUfianuescluszuudsnionu aeeseesunise InaaunIuaiunudoants
[l Y
wasnu Wi i i asmadenisiinuvesszuuratsdszns Jaymivilaluiu fe annoe
@ o v I @ ~
HIIAUNINATY (Voltage Collapse) Fuilulyvinnduanosninuseau I Tashaninz
v 2 A X2 A = 'y ) o w 9 A X ' A = ' )]
usauwaInaeilazinavuileszuuimsdwiumas ihmingesinedsaeiiios Fso1adawale
a 4 19 g’/ [
mamamsal lWihduniszuunieudiu

= 1% I 4 o w A 1 1 ' 4
wdesnmuseau lfuiluSesdraandiwansenuaennuindenevesszuu ludh

1Y
A v 9 = o

] A 4 a @ 7 ) [ 9
T@EJLﬂW'IZ@EJ'N‘(’J\‘llﬁ@Lﬂﬂﬁﬂ'l’)m&‘iﬁﬂu‘l/‘lﬂﬂﬁ'lﬂ ’E'T'IW5‘1Jﬂmﬂ'lW"llﬂﬂigﬂﬂqu1ﬂﬂuuﬁﬂﬁﬂi$ﬂﬂ
9

yoaussau I dmivane naz ludawansznudeginsal Wil Tuszunlufliuee

sznoudie szuumsnan Wi szuvanie aoi Wi taz szuuiiviie ludiuvesIvan

=l

o ¥ 9 = Y 1o A 2 ' - -
i lihiu meusag ldanamit ihni Tvaamuunyumi s Tagianti lvulian

D.

J ' v o g’/ :
peftlszno TnaagegavesszuunoUdNaAMIZIs IR UNINA1e Hosaniiiiulianudesgaiag

o a v o A ' 7
‘Vl”lclﬁligll‘lllﬂﬂﬁﬂnnglli\iﬂu‘WQ‘ﬂa"Iﬂ W”Iﬂ@%)@\iﬂ15LW1]lﬁafliﬂ”I'WTﬁ'ﬂﬂT@\iﬂﬂjgﬂﬂUIﬂaﬂQ'\iﬁﬂ

Q

9
(4

U = [ o gz o 9 A =N 9 A a
"Ui’NﬁgﬁJ']Jﬂﬂuﬂﬂﬁﬂ"ﬂgLLiQﬂHWQVIﬁ"IfJUHﬁ”I?ﬂiﬂVI"IllﬂIﬂﬂﬂ?ilWﬂJﬁﬂ"IuNaﬁllww"l NID AAEN
4 o w ] [
gunsalrareiias lihuuvganguldnuszuy

Jogtiulatimaimdsnunasnuulslumsndamias Idihnuediandeeane su

Lﬁi’Nll1i]"lﬂfﬂiﬁﬂﬁ\1i’)EJ'NiJ"IfWJﬂﬂWﬁQQ"I‘L!i]”Iﬂ“])’”Iﬂﬁ%“ﬁﬂﬁﬁfj( Hag iTﬂ]ﬂJ@\iWﬁl\‘N”luiﬂﬂ‘ﬂ)’"lﬂﬁ%



'
A o

o s A d? 1 1 A & o I3 A o A [
FINAAINNNFIVUDYNADIUDY WHQ1uwaQQ1uV]u1N11%ﬂ A9 NAWNTUAY LHUBDINTITINNAINIU

v v o a

< o { "o Ao @ o
anilundsnuiazein uag tegna il lutgiudsiuaunaa Wi 185013398 nagwanniu
[ 1 A = o Y 0o v w a EY 9 [ A d? [ a Y,
agnatiios I Idimaihnsuauwaa I lFaunumuniu Asiuauwnaa 1

@ ] I a v o a <3 {
Taeia ldaunsansisesnldiilu 3 sila Ao neviuaunan liiuuuaiuEinei (Fixed Speed
. . v o a 9, < ! = . . .
Wind Turbine), Aaruauwan I uuunnusaliaeh (Variable Speed Wind Turbine) (g
Y a Y 3 ' A a ' . . . .
nariuanran lihuuuanusi lineisianenss (Variable Speed with Direct Drive)
AR a 3 : { o = = { nad
Taegma lfsiuaun@a IWihuuuanusinsiee Idasesduiia lnihsiam e niuoy
. . ' < 1 ! 4 o A
A59N3250N (Squirrel Cage Induction Generator) a1 unua1u57 1A v ldnIeenuiia
”lW%wﬁﬂmﬁmﬁmuu{lauﬁm‘ww (Doubly Fed Induction Generator) a1 AIHHANLUY
< ] i A 1 4 o a a o
AN lunsiviianense v linToeduiia Il GeaTasya  (Synchronous  Generator)
a PN 220 Yo = A S 9 ~ o - A 1o o 9
entnusi Idhmsanyunszinsestuia lflhwtisnhaziimsganauaihas Wil Guen
~ A A A ) P & v 23 o &= o g A )
aMnszuuMyouaono lglumsasredanauiuuimanasiudssudunisazanam
1 1 o w 4 1 o w o
unasnemas G ueaiivnnmeusniensaeaiias il Gueafinvesszun giunssin
o { 1 o o o 1 v I .
i iyaweama il Sueaivldnuszun1dun geaunuilsey (Capacitor Bank)  1ay
L4 o w 1 p A . s
gunsalraweiias Iihuuvgangu (Flexible AC Transmission System, FACTS) 1iludu
a A a’y <3 o w a o o
meninusi lauanudrnyveslymmsmnaanzussaunanateluszuu I
d‘ 0o @ a Y d' 1 [ a g’; 4 o w 9| A [
Werhniwuauwaa lfhunyensenuszuy nag miaansglnssivarseiias lWihuugangu
o a 4 A A v v a {
Tagmsiuauon1sIATILHILULNIATIZIU IEEE 14 Bus M¥on Toanunsiuaunda Inlihnly
A o A 9 ] @ a A v o 3 Aq ¥ A o A 9 ~ )
inseanuiia lnihuanaianu 2 sila Ae AeiuantuuaNuEnsh lHasesruia Il umiieani
v o W < 1 Aq Y A o a Y| A ) Y
LUDNTINTETEN AUNIHUaNLUUA1NE linsh lHas e e I wmtenihuuulouasania
a & 4 o w Y A 1 a A .
uazmiaansglnsaisaweiias llihdanguiunvuiu 2 viiafe Static Var Compensator (SVC)
1A Static  Synchronous Compensator (STATCOM) luszuui@onloanunivuay 91na1
J 1 =2 o o = a a o"dy <
94A1/32no1 IHAAgIZAYDITLUUNOUDIANIZUTIAUNING Y FINAVDIINGIHNUT I 191U

sz Temniaegnagiinsnuwuiazeonuuyuszun i

|| Ly Jd a a d
1.2 ﬂ'J1NH\‘]TTN1El!!aVJﬂﬁ‘!ﬂﬁgﬁﬂﬂm@\‘]')ﬂﬂ1uwuﬁ
d‘ = = [ 9 9, % dld d‘ [ v W
1.2.1 iiednyuadesnmnusaau Iihvesszuu Iihdids Rmsden Teanunaivuau
waa T
1.2.2 ieAnyuadesmmussauluszuu ihmduioanud rauasuuilas
1.2.3 el ulyuatosmmussauluszuy lWihmaalae 19gunsalvaworida luih

HUVBANYY 2 ¥iA Av SVC wag STATCOM iz aunuszuuiiimaion lesnunaiuay
wan Trldh



=
1.3 ﬁNHa§1umﬂQﬂ1ﬁﬂﬂH1
a a sA = ) o o 9 Ju g A o
’J‘V]ﬂ1uwuﬁuﬁ]$ﬁﬂy1ﬂﬂ‘ﬂ1\1ﬂ1ulﬁﬂEJiﬂTWLLSQﬂ'l.lthV\th’EN53‘]J‘U1/]3Jﬂ15!,‘]5’83118\‘1ﬂ°u

Y a

A o A Y = A o A Y A o A
wseenuia ldihnsiuay 2 wiia Ao wsesduiia lihumienhuuunsenszsen uaz 1509
o a { o o
duia ldflunfioniwuuilouaesnie naz fFeuisuanuminzanvesginssivaiye
mavIihuuudangu 2 ¥iia fie SVC uaz STATCOM  Tag9z$1a09n157191un s DY

11919137 IEEE 14 Bus

=
1.4 YD VIUAVDINITANEN
a o A a dy 1 = Y o w Ao A [ A
141 Jwsigrinainavyuaeiddesaimvesssuy ldihmasnimaren Teardunies
o A 9 Y a = A o A Y ~ o A o A
dutalwfhneiuay 2 via Ao njesduialiiliienimuunsinszsen uaz e uia
9 { o 9 v o 1 o @ o w 9 Aa
Tumtieniwouilouasinis minnsmlanudunusszrinaussau nu mas llihess
a 4 < 1 = [ Y o w o oA
142 Annzinavesanuiiiaoiddosnmussauluszun Tihias wag dumied
a & v o v o J J [ o o w 9 a
minzaylunmsasanaiuay Mnn ANNFNRUTTzHInsIaY fu Tas Tiihese
a 4 {y ¥ [ [ 9 o o A
143 Awnzdwnanlannmsdsvlyuatesnimussauluszouldihdidaninig
4 v v o a 9 9 £4 o w 9 ' a
dwouTosnunaiuaunaa Ivlih Taeldginsaisawaia IWihuoudangu 2 vila Ao SVC 1ay

o v J 1 @ o o w Y a
STATCOM MANTIHANUTURUTIZHAINWTIAU 11 Maa T4

o =
1.5 YHADUMFANBN
= =) a a 4 o Ao A A 9 A [
1.5.1 ANHIT19LDIAVDIINITHNUTIINDNFIT A1 LAZITUIIYNNYIVUDI (NN UA
a a o
VO ULUAVDIINYTUNWUD
= ) A o = Y v
1.5.2 ﬁnmmﬂmmiﬂmﬂm UWPFLOW LW'EJHHJWL"U?JHLT;THIFN P-V ﬂ‘iﬂ/‘lﬂ’ﬂll
@ v J 1 o @ o a ] 3}/ 1 o a g}/
FUNWUDILHINNUIIAU DU ﬂ?ﬁ\?hl‘ll\l‘ig/}\hﬂiﬂ YBITVUU IEEE 14 U NINOU LS HAINITNAEN
Y A \\ ¥ 9
ANHUUAY AL IUDUNITAANN SVC Liag STATCOM Iﬂﬂﬁl%IﬂillﬂiN UWPFLOW
a 4
1.5.3 AATIEHNANTITNAADN
1.5.4 a1 uay enilsrewa

= a a J t4
1.5.5 MIIUINIUNUTRVU TN T



UNN 2

U

= a d' d' k4
NYEAUASIHIVWNINY IV

= 9 (%

TumsAnyimguuaznultesiineadesnumsanyuadesniwuseauluszuy

[ 9

maalihoronToanusauaunaa Wi ddesveiauesisazidennia Faanunsanyaiy

U

A3

v 9 Yo A

WIU0 laaail
Av A A 9
1. NNV
2. 1@DYTNINLTIAY
3. maluTagnaiuaunaa i

4. gunsalvaworas Tihuuudangu

U

a t:i ci Y
2.1 NHINNYIVD

Prabha Kundur [1] 1@ergiiiew uag dszinnveuatosnimluszunlvihmas detiem
voudesnnluszu TWihmas Asanvaunsavesszuy IihidsidianunsoneTraald
d’ a dzl d’d =S 1 1 1 9
domadymauluszuy Tagszuuniiddosn I MgoUa1IIT0NUNIUABNANTZNUAILY 14

~ ;il o Y I A = A A A

rdesnluszuuiiansadwuneen lailu 3 Uszinn fe adesmwmsiadouiiiFayy (Rotor
Angle Stability), [@085MNYBIANND (Frequency Stability) tag tadaga1nusaau 1 (Voltage
Stability)

a J ° @ 1 A I '
anus inates 2] laiuauomalulagwasnvay Nilsziaanuiunieeisls

maTuTagludegiiv dnenwvesnasauanlulszmelne ngugnasauay maluTadnaiu
a Y 1 ] % 1 9 = ]
aurda Iihuuoaieg dailszneunan yaau naz 3anoeveuna IuTaduuua1eg uaz
Y Y a Y =2 g 1 = o o v o
HANTENUYDINS IFnuniuauraa Wi suilumsnandenimsumazanudinguosniu
1 = a & A A =< A A 9 o =& =R A A 1 v W a
auua 103 A 123091050911 Taem g aaN1Eao9A1990 U1 ¥puA N I UaANNA A
TlhnuszuuIvihmas
[ A A v o A ~ Y o a 4 o A
Sauz Funus uag aden Wenudl [3] 1dduauensnI1zinIiNuYenI g
dudda lWihuuvilouasinie luannzasdvazniiaulutoulvvesmaiauluaning
a @ 4 4 o a 1 4 % 4 1Y
Felnsia Iaglseeinsosnuiia lWihuuuileudeineaeginsaiutlasiudiuniosinina
4 o Y d' d’ 1 [ é 4 v Y d’ Y] [
waz gUnsal)asdumunIeuaenUTE UL ¥4 ginsalulasdumuniesdnina awsalliy
9 g‘z o A [ a ~ d‘d’ﬂl 9 I'd d‘ % <3
Tanavuausadu taz AN og19dase Tasnanuaneuldlsmedtiesuduanusiveals

v

s Y o qUa = ¢ o3 A IR o q o
IR ‘Vl"l(lﬁlﬂﬂﬁu"mlmlﬁﬁﬂ VII?M@? AU FUINLINRADNNTALNDT G]i\‘]ﬁlgﬂﬂﬁﬁ”mﬁﬂiﬂ‘hl”l



A a s

¥y A a 3 ¢ (A ' Y Vo
anudnaames 1iash Tagnanusiveslswmesilasundaslugianiig NI1TAIUANAIAT
o o A 4 J o Y- o o A 4 dy
Uszneumasn lswesuas aianes ‘Vnulﬂjﬂﬂfﬂi'ﬂﬁiﬁll‘Lﬂﬂ"llﬁ]\illiﬂﬂu'ﬂii!,@@i HagNINIUANU
Y a a A Y a A = o A
awnsonuguldinalsz@niamgegald Tagiasani sanugydeminga

G.Coath, M.Al-Dabbagh [4] @i uauemsdnsziadesamusaduluszuunmen Tog

v v v a

uiuauran IihneuaenumIoanuiia Tl Auana1aiu 3 stia AetnToanuiia luih
W uuunIInIzsen twIsdnutia i urieniwuuileuasanie vazaseaduiia lnila
a v o a g’; v @ a Y ] d' é
Falnsia Taesransmsaaasnaiuaunan v 0a 30 luszuuasigiu IEEE 54 Bus a9
Aa o 1 d' o a Y a v A 4 1
HavINNsIvenUInAIesn e llihdlasdaiiaresdlsznon TvangegavesszuunInn

A A VW A o a 9 A ol ¥ A R 9 'S =< A ~
3311111/]Lﬁlfﬂil95]f]ﬂULﬂ3f]\jﬂ'llu@llww']lﬁua’lu1ﬂ\‘]ﬁ@ﬂ%u@ L!@lllllilﬂ']ﬁclwn’ﬂﬂWa')’]ﬂ’]ulilﬂ\ua@ﬂﬂ

9
v v W a

vzfananauaunaa Iiihasaian 3o

N. Mithulananthan, A.Sode-Yome, N.Acharya, S.Phichaisawat [5] Tdiauensdnm

o w

oesnmuseauluszuu Iimidavesdsemalne vazmsmuadesamluszuuTasns
Y

o w g v o w
AnnsgUnsalvareiias il iFueninng gadunuilszy uay gunsalvawesias vy

)]

)Y

a 4 1 o 1 1 @ a v 1
ganguy Tﬂﬂﬂﬁ’)mﬁ%ﬁmﬂﬂi@ﬁﬂﬂﬁgﬂ@‘UT“lfi‘QQQQQ'ﬂﬂﬂuﬁiziJUW\iﬂaWﬂ AMNHANIIITINU N

q

v
AA v v

= =) = o ~ A~ A ' A o
ﬁﬂ?uﬂﬂﬁﬁ?ﬂlsﬁﬂﬂﬂlﬁﬂ\lﬂﬂ']ﬁﬂaflu"’UfNLlj\iﬂuﬂ?ﬂﬂq@m@ﬂﬂ"lﬁlwuiﬁaﬂﬂﬂ?ﬁ@]ﬂlu'ﬂ\‘] AN

a ¥ P o w 9 v 4 A o 9
aansginsaivaeias ihuuusangud Tl luszvutiaunsammeadosamussau Trihlu
{ A ) 9 9 ' <A '
STV 20 — 30% 1aef STATCOM ansatiuiatosninuseau I lauinniginssious ua
o n Ya =R A A v v v w a Y,
Falulaasevnszuun¥euaenunivaunan lulih
. 9 o A =1 [ 9
A. Sode-Yome, N. Mithulananthan [6] 181 wauemismuiadesninusaau Wi luszuw
a g’; o o w 9 A 1 a A
11A51904 IEEE 14 Bus laan1sanasgunisisareiias lWiwuudandu 3 wiia Ao STATOM,
I~ =S LY 4 1
TCSC tay SSSC TaaldI5n15 Continuation Power Flow 181As1Wuaaan Ny aunusszming
o [ o w 9| a A 1 4 1 = [
useau nu Maslifinge eriaesnlsznen InangegaveIszuUNeUDITN1IZIITIAN
Y] . Ao 1 A A 1 @ A 1 4
WINA1Y FI91NNITIVINVITLVUNAFOUADNY STATCOM ansainua1ednlsznou lvian
) ] A A [ Y] [ n Ya SR A A 1 [
gaga ldnnnnszuunidouaeny TCSC uaz SSSC uads lilaimsizideszuunyouasny
Aariuannan i

[ @

a Ay Y= < PR 2 @ = ° < A
i]”lﬂmm%m/lhlﬂﬁﬂyWzmu"lmnﬁaEJimWLLNﬂueluizumemmﬂﬂuﬂuﬂmwma

9

[

A A = o Y A o =
AITUUNUYDDDUDITSUU uamjmimwawmawﬂﬂumﬁwaﬂwmqmlh\h/\h mummau%
[ 9
?iﬂmmﬁaim‘wmmu”lﬂ%’duﬁammmwuauwaﬁllvﬁ’\lﬂmzuu Tﬂﬂ&ﬂW”l%ﬁ"llLWl!\ﬁlﬂQﬂ"li
9

anasnaiuaunaa lliluive 1iinans Idwasau IWdhanaa ldaan T Idihnsiuan ldgeiga

uagmammadosnmusau lihluszuuiwen Tearunsiuan Tasldginsel FACTS



=1 (Y] Y
2.2 radgsmuusaau luih
aesamnluszuuliiisas As anuauisavesszuy MAfmdendiamsane
9 d' a dgl d'd = ] 1 ]
Tnaa lalomatdaymiuluszuy TasszuunlmdesnwdonauIsonunNIuABHANIENUAINE
Yy A X ° 9 o A = 2 A A
18 iwdosammluszvuiiaunsoduuneen iy 3 dnvue Ao @desmunsindouiFaywy,
] [l ] [ Y Y
desnMeInNud tazadosnmusau i FewaveSinams lemas lwihnmugeauil

winatymaeadosamussau lwihluszou (7]

=
agsMN
szunlvihmda
v v v
=) = a
aesmN aagsMn agsMN
[ERPTEY AN usaaulvh
= a a =
aasMmT Iy o RIMN eTmMn
a SN . 9
90 B usaulvldhon usagulnvhain
annzFvae L
mMIsuMUEntion MITUNIUFUNS mssunIanties
¥ Y y Y \i
STELMTU JTEZNMAY TELIAUIY STHLIATY ITUSAUIU

o w

5109 2.1 urusaaadssnmluszuu IWihmas

U

o U g’/ d[

1ngdi 21 waeslyrivesadesamluszuy imasiuageeysuuniu

o w

UszianuaziindodosniuanyazvoinianananiagiasssninluszuuInihisdalasy

a Y v dy
mmm@‘ﬁmﬂhlﬂmu

[

dosmwFayludliuadoudl Av ANUEINITNVOUATOINATI IATIATITOUADND

o ] 9 a 4 [ a =< 49! @
52UV wazdineg la ludnzdalas ludrndeimnanissuniuluszuy Feuegnu
[ dal Y a ' a ] < a
anwansalumsinuwazluy Iiinaanuaugaseniauseiavesduuimanuazusaiia
A a o ) [ = = dy I
nenaveunseanade lasialuszuy dmiuanulilimdesamluszuutionnzdunaniain
o A 4 d o s uva o 3 5 . .
mslasunasvesyumsindeunveunsosuiianalaamilaluszu Fedwaldinans
a o 4 o A 4
gadvanzdIns lugvounsessuta lidhauluszuy
2 A o dq 9 A o a
eI MY0IAND Av ANwaIITaveszuulumsTnynwaldaed vaeinina

N1591AANNANADVDINAITIIAY THAANAZ VT TINAADTZ VDL ININ FIANWAINITOVO



Y 9
szuuﬁﬁuagﬂumi%ﬂmuaz‘ﬁuw“mmauﬂasxmmmmmﬂﬂuiwaﬂ dmsunaw lull
= 2 <3| = A o Y Voo A @
rdesnwtornumannmsnasulasanudmiuvasnisrnis Inangnaneena1nng
M
= o 9 A [ [ o Y A
wdesnmuseau il Ao anwawsovesszunlumssnuszavuesssaulineg
o @ a K & 2 "o S o
nnvaluszuurdsnn madgmavumeluszuy Fezvusgnuanuausa lunsnusnu,
2
anudugaszrIlvaanuurasnenadsuluszuy  anulilimfosniwveanseauiionn
a g v A o G A da! A a A A = 1
AATUDINUIIAUNTAAAAIHITONUGIUILBININ MIgayden Inaansomsgadsluaeda
[ Y A d‘ [ d' Y
anIzuIIauIanatefean1IzNLsIauYe sz uasuulasnunuaeIn1T Ve
) v Y 4
Tvan o InaaiunIULTIAUYDITZUUIZADY aAAIUDI9AINGA (Critical Point) Tz il
¥y A = < 9 ) Y o ] I 9 [l ]
awny Tnaaisuaniosvz i ldussduvesszunanasedranniumaliszuu liamnsode
Tvaaldon FadaunauinnanuanninvesszunlumstendsanulinuInaa bifioane
a I A 3 [} U o w
awngueamananevzazliailu 2 nsal fe mamuiuvesivan uaz liansosiediasluih
1] v FJ
Sueaivlihgszuuiesnszauvesau Idiiasne natimsgmsaaiumas il Fueaiiv
druungade lUduaed 15z I I UV N AINIENAINUA VANV THan &9
Aa oA 1 o w ' 4 ' 1 =]
Tumadfuiamsnedias Wil Sueafinhdgszuuldgunsaivamsenisn wu ygadunuilszy uay
J o w ] @ { L o 1 X
gunsalvaeias ihuuugangu nunmsiurasnenasauldihvsemedeyalaganilagn
% v A o o Y 1 A 1 1 [ = = 9 1 a a o
AnpoNINIT UV UNINU A Iiaed InTouraInIgNEa 1D N0 18 THAaANUNAA
9 F
dmSuadosnmusaau lfiniuawnsonivinvedes ldeail
=) @ Y A a @ 1
Safesmnuseau Idfdiean1ssunuA U e UURE 19 ULT I (Large
Disturbance  Voltage ~ Stability) Angzuumide ldhdlianiuaiuisalumssnviszauves
useeu Wi ilemamssunIunUsZUUeE 19U S IFUMSIAAANUAANT0 lusZUY (Faults)
wso nsesnua lihluszuudladaniiadeone
= @ Y A a ~ s 9 .
- adesn s eau Ilihudemanissuniwifiendntios (Small Disturbance
Voltage Stability) Aeszuuiaslnihiianuannsalumssaviseduveansaduliii dioll
~ a a < ' =
mssumuwselinnuAnlndluszuuiisudanios wu minldsuuasvesTvaaluszuu i
3
iudu
° @ 9 = @ ' A a = =
nsounad s ulymiauadesn s IR uUeTZUUEIUNINZENINIUG Tauds
g; @ 1 I [ 3‘,
10 Wi mszagiwatesnwussau Iihusseen ldilu 2 diu fe szeznardus (Short-
Term) U8 5282413014 U (Long-Term)
= [ gz A 1 d’d 4' d'
- desmnussauluszeznaidugne davlsznouved Inaanimnaoun
1 2 o s A o ’a g a < i o
PYIINTIAUTY WompsMlei, gilnsaididnnseiinanlunuIvaa uay gUnsaluilasny

[} 3 a
ll“l/\l%1ﬂi$uﬁ@§\1 ﬂT]JL’Jﬁ”Iﬂ"Iiﬁﬂ‘]eﬂi]%fl?iLVRJL‘]JM’J‘LHﬁ



a o A PR A vy '
- Lﬁaﬂimwusmuimzstnmmu ﬂﬂ'q']Jﬂ5m%ﬂﬂ15lﬂaﬂullﬂaﬂﬂﬂ”lﬂ%”lo]LGIﬂ!
a o @ A o A Y| =
miﬂmﬂuqmwgmaﬂwaﬂ Llﬁ$fﬂi‘"lﬂﬂﬂﬂi%&tﬁﬂ]@ﬂlﬂi@ﬂﬂ1luﬂqu1 AULINIVDINITANYIVY

~ [ I =
Ivedluun

a d (Y]
221 ms’snmwmaﬁmmwusmu‘lﬂ%’h

5107 2.2 naae laszunsudu@erveaszuy 2 ia l¥anyune ldinannudile

U

[

auanyuzveuanesnmvonsau lilih Tae ELS Ao ussnunyanovounsosrudialuih
o 1 1 1 4
(Sending End Bus), V.£0 fousiauiignaoueelvian (Receiving End Bus), jX 9 AT310ALAUE

YoIa1e taz P+jQ Av mmas liihvesInaansiideusglugdsuddon

EZS V£0

P+jQ
A 9 = @
g‘ﬂ‘l’l 2.2 "1ﬂazuﬂimﬁummeumizuu 2Ud

1031 2.2 mrawsammmas lWihs wazdad Wil Geeain Idanauns

2.1 1AL 2.2 MU

EV
P=—Sin0O 2.1)
X
v: EV
Q:——+—C056 2.2)
 —

NAUNITN 2.1 1Az 2.2 32 Idaumamasasveausiau lWihn Tnaaiia Ao

PX | QX+V’
Vie— | —— 2.3)
E E



U d‘ S 1 %
useaui lvanvzlimasauns

v E’ —2QXi\/(E2 —2QX)2 —4(P2 +Q )X2 0
2

a

1NauMIn 2.3 dnmualdaidilseneumaived Inaaaan taz aeemaslniega
vodInaadsuudasly ) g ldnsluaainnudusiussenausaau oo maa i
d' d‘ 4‘ 1 % o o Y [Y] 1 4
nuaaluzaln 23 iwemdnlszneumatamataiesnllszneulnangegavesszuuszanas

A 1w o v o Y 4 2 49!
mammﬂizﬂa‘umammmmamﬂizﬂauTwaﬂqqqmmszuuﬂzmmmmu

‘] [I).ll] U o U o Y
A - == aanlszneumaniivin
U o U \ U
alszneumaunmnu 1
------------- mlsznoumasaiviag

..
s
-~
e

.
Prae
Pt

o=
.....

» P [p.u]

A v o ' [ [ o w 9 A Ao o w
gﬂ‘ﬂ 2.3 NNLAAIANMUTUNUTTZHIUTIAU N ﬂ'lﬁ\?llww'li]i\? naalszneunias

wasuulag

a d v} (] v [y [y
222 MTIATZHIADYIMNITIAUDINNTIWUTAIANNTNNUTIZHINUTIAU HU
maslnihass
1% v J 1 [ [ o w Y a I ax o A 9
AluaaIn NMUFUW LS T sIay 7u e 95 e dudsmsnitan 14y
o ' A o Y v A =1 Y 9 1
MsmruanNaINIs0vesszuulunste Inaa N ldszuudilmdesnimuseanliiheg

< o o J J o @ { o {
Flumsuaasanuduussznemae vih ) uazussduniia (v) nauladnu



\ J
A moesnilszneulviangs
gevedIT Ul

I3

szuvluanizussauanay

" " PP [p.u]
maslniha3s

{ % 4 ' v o o w a
U 2.4 nsluaasanuduiussznaussau 1o masllihesa

{ I ] ] v J 1 [ o o w Y a {
1ngii 2.4 Wludnvazvesnsmugasanuduiusszrnaussau du fae i f
9 o 9 4 o w Y o w 1
Sl,‘]fﬂluﬂ'liﬁﬂ']sl'llﬁid]ﬂiﬂ?WL!ﬁQﬂu%ﬂQﬁZUUVlV‘IV‘h L‘ﬁ@W'l%ﬂi]'lﬂﬂﬂlﬁ]\iigﬂﬂwL‘V\l‘V\l'lﬂ'lﬁ\‘l Iﬂﬂﬂ'lﬁﬂ'lﬂ'l
J A 1 Y1 = [ @ v oA W 1
’O\“Iﬂﬂ'izﬂ@ﬂiﬂﬁﬂ’gi’q@ﬂigﬂﬂﬁnﬂﬁﬂi]1EIUlﬂﬂ@uaﬂﬁﬂ’l’)mliﬂ@uWﬂﬂaWﬂ UINAUNUTISADY
& D < ]
aﬂmmamm%mmﬂwam‘wummm
an . . A an = v o J '
9% Continuation Power Flow (CPF) f® AEMTVEUNT TN NUTUNUTIZHI
[ [ o w Y a g’./ 1 d’ 1 4 an
33U NU ﬂ'lﬁﬂ‘i/\l‘i/\hi]i\‘l ‘1/N‘]JuL!ﬁ%ﬁ’NLW’E]W’Iﬂ’IENﬂ‘]Jﬁgﬂ’E]UI’Viaﬂq@q@ 19N139U93 CPF 3%

o H < g o ' ' @ {
i lUiluaug femsineamazmsmamd lu dsgii 2.5 [8]

V [p.u] My,
A ly

v d
aesnisznevlviangs
qATIITUY

» P [p.u]

maslnihais

9
Q/

17 2.5 VuapumMIAIuIn 1aeIs CPF

EaN

&’ A o Y v a o 4 1 =\ A
NUIIUUUFAUNITUBY  CPF HanvauLAa1enUMIANIIZH Iraa lladuaezin sy
A 1 a 14 1 4 ) [ A A
TraafaiiuAIMIIIUme3 (1) demeaunis Inaalnar dmsumsisuduveamsiiyIvan

= Y
mmmmauﬂumi”l@

10



AK -F(3(V) =0 2.5)
f(5(V, %) =0 (2.6)

o K Ao anvazvodlvan uaz A Ao amnalwmoesvesInaanunmiswasuuiasly

a 2 1 P~ = Y a2 9
NnANINDIA1 Tnaagega 1naumsi 2.6 Weulved lugvesaumsimaudy

qd8+ﬁdV+qdk:0 2.7)
0d oV oL

~ = = R o o ~ ] A =< o YA v '
NTAUNITN 2.7 11@]’JLL‘IJﬁ@ﬂ‘IriuW]’J@]’JLL‘]JSVI"I,‘JJ‘VlﬁT]JﬂWﬂE] A m%m“lmmuﬂimmmw

9 v v
aqunNg muumsﬁ’mmmumﬁ%ﬂﬁﬁmmmiﬁe

dd
eldVv | =+1 (2.8)
dA

A JAA 1 “]dJ

= J 1 o oA ] ' A &
o e, ADLDIVIIIAABDINUAIL ugfuil llﬁﬁluﬁ'lllﬂuqvlLliJ‘Vli’l“Llﬂ’li]ziJﬂ’llﬂu1

' A e A 2 o w 9, A & A 2 X '
Ansmes e m sy uveasad Wi (M) azdanduuindie Tvaaiuiyuuazan
[ @ ll A 3 1 N 4 1 @ a
useau IdhdsegluanzamwmsmiviiuvesTnaa uavzianiluauienivoans s luihiia
A [ 9
ﬁﬂﬁ\i%'lﬂﬂqﬂ‘l/lﬁgUUﬁWll']ﬁﬂﬁﬂIWaﬂUlﬂ’gf\‘lQ'ﬂ

AU ﬁ?ulié’]}ﬁ]WﬂﬁiJﬂﬁ

5 predicted 80 d6
v =V, [+0o|dV (2.9)
A " da
Lﬁlf]
— . —-1
ds Z 0
av Jre ¢+ K ,
= : ' (2.10)
da 1
i ]

11



=) ?1’/ A o Z’, 1 A A 9
Ias o A ﬂluTﬂGIJ@QGIJuﬂ1ilﬂaEJHLL']JQQGLUﬂ”ITﬂ”Iu”IﬂﬂﬁﬂﬁﬂllTJ AnMsuIuvesIvan

dx =1 ald
Xﬁredicted =X, +0 (2.11)

ay o ’ Y
ﬁﬂ15ﬂ1u3mﬁ1ﬂ1llfﬁﬂ] ‘Vﬂhlﬂiﬂﬂﬁuﬂ'li

f(8,V,1)=0 (2.12)

dicted
X, — X =0 (2.13)
A A U a 14 1 A A A 9
e x, A AMIITINBIVEIANNAIHBINEoN 49
d H U
2.2.3 aanilszneufiinanatadgsnnuausanu Ivih

P Y
desnmuensiiu iihvuegniuesdllsznoudisy ause'luil

o o a @ @ 4
f. ﬂ’li(i/]']\i']usllﬂ\‘l?gﬂﬂimﬁluigﬂﬂ ﬂ'lilﬂﬂllj\iﬂuWQ‘Vla']ﬂﬁﬁ“ﬂﬁ]ll'ﬁ]']ﬂ@.ﬂﬂim

9 o Y & ¥ o 7Y o A = A 2 1 <
ﬂmﬂu@nﬂ G]f\?ﬂ’lﬁ@l\“lﬂ’]@lﬂﬂﬁmﬂ@ﬂﬂuﬂ’Jﬁﬂgwgﬂ'lim'lflﬁﬂ']ilwMmum@ﬂiﬂaﬂﬂﬂ’]ﬂﬁ')ﬂﬁﬂ

o w 9 A ~ = @ ' A ' 9
ﬂ'JTJJfTTJJ'l5flGl‘Llﬂ’li“]fﬂlﬂfﬂﬂ’la\iblww'ﬁu@ﬂﬂw UAZUNITAANDUTIUNUNANTENUNDISUUUDY
ngaoon 11

v 9 a J

= a 9 a | Y qu a
Q. ﬂiﬂ!ﬂ’lilﬂ@"uﬂW@Wﬁ@Q"UuGluigiJﬂ msl"]ﬂ,’mﬂumimmﬁmﬂwﬁmmmﬂullﬂ

Y
LY

i ldussauvesszuuanas auervh Iiinaanizmsianais’la asiunsesnuuuszu
9
HAZMIAIIAINDAVDITZUY dzADIMHIDIMsINATAIZITImUNIna1ee1 13aae

a. Bmsazduvtieglnssisasemas lilzueanin fas il Sueniivl

nnunasiuiasgasiung Inaaiiesnnanugapdsluaedeszrinanmsnemas lwih ms

Y [ v
sausoiad I TueannIwusdnualniaisamemas I uennnl FadeslSuanweiis

U £
v

] a A Y 2 [ S A [ Y]
Lmz@gﬂluﬂinmﬂ{lﬂmﬂﬂﬂﬂﬂ@ﬂﬂlﬂﬂlliﬂﬂuWﬂ“ﬂﬁTﬂ

1. avesuwiilesnnndynuassng d9ay uagmaiiod imsizdnansina

[

Y H Y v
anmzussauNInatelnIznaIunUsEUDNeg luanzrssalufie szuUlaNANguAIoY
A ' A A 2 A a o 9 o [
e eRenmuniuiofieunusiela snaanznediauaziigraniaaiu
wsugne MlRussaduan Tifhaeg destlalselifhas swiloswvinanuluduyuias
[ 1 Y 1 1 [ 1 =\ A ds! ] 1 d‘ o Y 1
Tayvnedinn deraliunastiendsnuanaus Inaaiimsmuiuedaetiiowi liaiwane

raesnnusaau Tulih

12



2.3 Harivannan liyh

2.3.1 manfagumasauilumasluih

A ~ o o v W a Y o qYa
ll]f]llallllTﬂigVlllﬂ']JGhJWQGUE]QﬂQTTuallNa@]lww1w11WLﬂﬂﬂ1§ﬁl‘4uuﬂu1’ii‘!u

v W 4 1T v 4 A < 4 1T W 1
Yo uaNIzFeuaenUYAnes oA NuE lumM Ty yanefizsouds i uAUHYUYDY

4 o A \ o Aa o { { o o I o w 1
wIaruta 1 vazaseaduiia liihezimrhandsumaananalifidlumad ez e

wing TaseaneIulih

= o d = a = o
madasunasnuoar msidasunssda madasunasnuna

iWuwadsauna

Tua

wasnuaay

HazonNs 32 1wl

YAYUNIING

WaINUNa | wasnulnih

1 2.6 manfasugindsanluszuonaivaswan lwih

] P 1 ] ]
amasllihvesnsiuaunaaldibh @) M ldavivediuaniitndoun

9 ' [l
fuiun lusiaveansrivauman Tiih (A) Feennsaesuigldasaums

I:)W =%pair AV\:/BVCp (2.14)

Ao amaa Inihn lannsaiuanman Tl

] ﬂm’mmmmiummmmﬁw%au

j’ { (%3 -2 - =)
o Nunluwaveanariuaunan Tl

o))

mo))Y

A <] A ~ v o
o mwmsﬂumimaaummﬂwuau

a

r'd
o duiszansuesay

)3

13



{ 1 1 o w 4 o w { ]
"lﬂﬂﬂllﬂ”lﬁﬁ 2.14 WTJ'nﬂ1f‘naQllw%/}hﬁllﬁji]TﬂﬂTﬂ\iaiﬁ]&ﬂaﬂuLL']JE‘N@H?J?‘I'TI?JL?'J

v J

1 o Ay g o 1 A < ° a A v v o 1
au L!ﬁﬂ'ﬂllﬁll‘wu‘ﬁuvleﬂuﬁ@ﬁ'JuTﬂ8@15\1 NANULTIANAT 1-2.5 LWATIAUIN ﬂﬂﬁuaﬂﬂgﬂﬂllll
Y

o 1 A v W @ ] a 9 Y A < 1 a ~
NNIU GLL!GH'JQ‘L!ﬂ\?‘ﬂuaN%gﬂﬂhluﬁTNTiﬂNaﬁth\lT\l'lvlﬂ NANTULTIANTEHIN 2.5-5 LUAT/IUIN

'
v a

@ o 1 2 { < ' a
AT LA UG IN¥9HI “Cut in wind speed” NANNGTIAVFIUTZUIU 12-15 HATAUIN

[

an

=3 v

<3| ' =~ ' . A . =2 g ' Ao o o 1 a
(I Ur29NTIN1 “Nominal #30 Rate wind speed” “]5\‘]L‘]Ju%’NVIﬂ\‘]WumJVHNU’E]QUHW

Lo

Y 1
= (4

1 < d' [ = [} 1 d’ o a 9 ] dy 9
GAFAVDIAULD ﬂ1mmﬁ’muuu@umu@gﬂummmwuENmiaqmmﬂ‘lwmmwumﬁmm

49! LY

[ [ v Y
yoslunWanazmsoonuuNYAAINI1 Nominal A0 “Maximum rotor efficient” FIANIUDYA

U

. ] < { 1 a v W o 4
“Tip speed ratio” Gll!‘lf’Nﬂ'J']?JLi’JﬁiJﬁﬁ;f\?ﬂ’N 25 1WATAUM ANUUANICHYAN TN Lﬁ@\‘lfﬂ'lﬂ

3 A a 1 Y a =) [ v W
ﬂ??ﬂlﬁ’lauﬂq\ilﬂuqﬂﬁ]uﬂ'ﬁ]ﬂﬂiﬁlﬂﬂﬂ’ﬂulﬁﬂﬁ'ﬁm@ﬂﬁllﬂ‘ll’é]\iﬂ\iﬁlmu

3 10 _
= |
Ny = o a =
=z 0.8 |- o o maslna —
w 35 Uszansmnues : | a%
- < ¢ FZANTNNVDY e
ZE o6~ = Tsmesgaga I =
= = i ¢ B
= = simesanal =
S 04— = | -2 —
s s
Oc I
0.2 — I —
] ] ] |
0 5 10 15 20 25 30

21315 3a) (m/s)

(2

1 2.7 Maa lihuazsaamshauvesnsivauwans iy Stall limit

2.3.2 malulagnarivanman vih
v Y dy 1 = = A v W a 9
Twiiveilazvonanaunrizieazdsaveauna lulagnaiuaumaa Ty

A I Aa o 9 = 1 9 I =
UNUUBDU Lummmﬂu‘ﬂuﬂuumﬂwm mmmmummﬂ"lmﬂu 3 YUA AD

v o a

. naruauran lihnlHasesduiia il umtieniuuunsanszien faruay

a dy 9 o 1 A R A 1w A o A Y A o 14
yHaHvzdsznouale luwa naoanes mw@maﬂumsmm!,uﬂ”lvxlvxlumumufnm PYATLALNDT

[

vouaseanuia lniezweouasdidussuuaed il d9519n 2.8 araatveuaisenuiia

Y

'
A o

A Ay 1L X "o { <3 a ] <
Tfhwiiai lineiasvuegnumslasundasanudiveunsesduia il ed19lsnamms
wasumlasiisdesundszana 12 wedidud inseerudialwihnszuaadunuumiioni

Wnazaende il sueananaieaanly Tasanwizluszuuaodan luadesnin &9

14



9
=) = v

Y
mgmsaiiamnsoaamsaemmas Wil Sueniin 1d laensindsgunsaivaserigs Wil uen

' v < o '
vl iy danuilszy vie vawermaa luilhuuudangu

inseanutialifundieaii
HUUNIINTZION

Ve I I szuylvldh

O

atuNang | &%
AN AN
GV LR I

1 2.8 szvunaiuaunda Ifhnldnseduia Wflmtienhuounsanszsen

Nq ¥ A oA

. naiuauras lihnlsasseduia I tisniwuuileuasania faruau

a g Y] 1 o 4 1 o 4 o A v : o
%uﬂﬁﬂi%ﬂ@ﬂqﬂﬁjﬁﬂ luwa ﬂafNLﬁEJi L“’]ﬂf’ﬂMﬂﬂﬂﬂlﬂ%ﬂx‘iﬂﬂuﬂqw%\hﬂigLLﬁﬁﬁ‘ULL‘UUm‘ﬁﬂ’JuT

4 7 Jd 4 [ 1 [
nudouaesnis gunsainasdu (Converter) gamamoiaoFouinuszuasds I A

Y 1 1 [
5Uf 29 AfuauwiiaiinnuEaseuveuniesduialiilasunilasldTannieautlas
9

! =S 4 4 o A @ <
nszud Ilihaldnununszuailaduouaiosuia auiudeamisolsunnusiseunay

anvavesnszua I indaoonin e

inseanuiialid e
uuvilouasama

€
NS
w2
]
»

I szulvivh

AVUNENA - . o
I Mag

farivay Iy I
e

gunsainlasdiu

o=

1 2.9 szvunsiuaunaa Tihaldesesdutia ihwmiienhuovilenasins

15



v a

1] Y
f. ﬂmua3Jwa@]”lwﬂwumﬂ%qﬁum"lﬂﬂwﬂmﬁﬁ nauansiallsznoy

Tdrelusia ouaenumisadutia Iiuude Insia lasaswwaz tnToalasnszua Tnih

o d { 4 o a o {
Usulgennuisiseunazanudveunsesiuiialvlih Asgla 2.10

n inseanutialiihdalasila
| Vo o1 Voo szunlnih
v S S C C o
[ FATUMIna &
v o ansaimlasiu
U farivax :

g1 2.10 szvvnsiuauwan lwihnldnsestuiia luihaeInsia

2.3.3 nuudiaesveansaanutia i narivaunan lnih

d‘ o a 9] A:; ) ) 4 [ d‘
n. Lﬂﬁ@\iﬂ'lluﬂuh\l%hl‘ﬁ‘L!fJ’J‘L!']L!‘U‘Uﬂi\‘]ﬂig3@ﬂfﬂ‘l’ii‘]JLUJ‘U%”lﬁfN‘U@ﬁlﬂiﬂﬂ

futia I tenimuunsanszsonlumsaneuadesnmuazms maveardd 1w (Power
a @ N gl.l 4 o a a 4 < o 4 4 o a '

flow) Heuldiianaaaunsesnuiasiatiilulvandia iesanasosnuiia ldilezane

maeInihesaasianudsnsanas liGueann wavesnnudosnsaimas IWiliiuen

NIz AINANDIADITNINUTIAUVDITLUY AIFUAITN 2.15

N A\B 7
X X

C m

XP2

4 1T o w =) ~ 4 =S 1 a v
o Q A mmas Wil Bueaiivliimiesduiialuiihly, x_fAe Aanhduauguesduny

Uszaisreamas luilzueaiin Idiunsesduiia, X_fAe atsuoauaudinvldiia

<3 = =

] 1A 4 Jd o 4 A [ Y
aduuLran, X FI'E]Nai')l]ell’f]\‘lﬂ'l‘il,l@ﬂl,muclfsll@\?ﬂlﬂﬁ?ﬂﬁmm@‘iﬂﬂiim’ﬂi, Va0 Ll‘ix‘iﬂullV\IV\IW

e az P e mae Inihasaveunisanuiia luih

16



Ry (1-s)/s

d d
AN 151903
507 2.11 2vsauyaveunsosriuiia lfluuunsansgsen

A A (> ey Y A A 1
ﬁ]”lﬂgl]“l/l 2.11 ’N‘Dﬁﬁﬂ\lﬂgaﬂl@\uﬂﬁ@\iﬂﬂuﬂulW’V‘hLL‘U'UﬂiQﬂi%ﬁ@ﬂ IO Ry ADAINIY
Y 4 A 1 9 J A 1A 4
AUNMUUVIVANIATLANDT, R D mﬂammumuﬂjmmamhmm, X, ADANTUDALAUY
4 A 1A o 4 A ' a A ' 4
VNAALADT, X, ﬂ@mmammu«wawﬁmﬂiimm, s ?ﬂﬁﬁﬂ, I, no ﬂ"lﬂﬁzllﬁcluﬁ'mm’f)i, I
A 1 4 A 1 | 1 (= P o Y a 1 <
o mmmﬁ“lumamkmm, V, Ao ?ﬂuiﬂﬂuﬂﬂﬂﬂi@uﬂﬁll@ﬂlmuﬁﬁﬂ‘ﬂﬂﬁLﬂﬂﬁ'uﬂJ!Lm‘Hﬁﬂ

Y
v A

nnasauyan i Idaumsvounsestuia lfhuuunsenszsonaail

Z, =R, + X, + (XD + 1X,)) 216
S
V.
| =5 2.17
) Zin ( )
I, = Yo (2.18)
ZZ
V, =V, + (R + jX)) (2.19)
P=3V,|l,|cos® (2.20)
Q=3V,|i,|sin6 (2.21)

4 1T A =3 Ia a = 4 J [
oz, Ao AduRuAUGOUNA 1Az Z, Ap dufiuauFUeeIsADS 1S 1EINITHIAT
~ o s o ~ ' v A
nszua i lvaluvaaltaaamosiuaz 15wos I8 aqaunsn 2.17 1ag 2.18 AU ITIAUNAN
' 1A S o Y a 1 < 9 ~ 1 A
ATPUATILEALAUT N 1T IDA A UL ANY 1A N AUNITN 2.19 dIUVDITUNITN 2.20 LA
2.21 fo aumanad Iniesaaziiad i G ueannveuassenuiia Il urileniwuuns
[~ Y 1 o w Y d' o a da! (Y] ] ]
nszsonaziuldnaimiadinihaeunsesduiiarziuednunaroInuLANAIITEH I

< Jd o < ] <]
ﬂ’J'lﬂJli’JI‘im'ﬁ]'iﬂﬂﬂ')'liJﬁ’J"ll@Qﬂu'liJL!illﬂﬁﬂﬁlqlu (s)

17



wiasoanuiia i tieniwuuileuasania msany1ns Imaveadida il

@ A oA Y A o 9 A o < o A @
aveunsosnuia ldihtienihunuileuaesnvezidnvauziiluIvanta  wielaves
Y v

UHAIBIUBGAUMIAIVAN FIUNTAIVUDY 2 AnBUz AeMIAILANMAILTZNoUMEAT 1Ay
o A o A 9y 1w o v w A o A Y A o

msauguussauie Weldmsaugumanlszneumasiaveunsestuiia lWihezlianymey

I @ 19 9 v A o @ A o A A o I o o

WuTnaaiauanldmsaiuguussaunia avesnsesnuiavzidnvaziluiavewmadny

= ~

=\ o w " o w Y
uazimInnaveuavaInnad i ueai

Ry X1 X2 Ry /s

dJ d
AAADS Y5103

{ 4 o A 9 { o 9
311 2.12 29seruyaveunsesiuia Wihwmiienihunuileuasims

~ A o A Y A o Y A A 1

10317 2.12 2esauyaveunsesnuia llflwitienhuuuilouassniaiie R, Aol

Y 4 A 1 9 4 A 1A 4

ANUATUNMUVDIVAAIAAAIADT, R 1D AIAINMUNIUUDIVATIA 517D, X, ADATIHOALALCE

4 A 1A -4 4 A ' a A ! 4

VOIAAADS, X, AOATIUDALAUTUBIVADIA 31003, s D Aadll, I, Ao Amnszualuaaenes, I
1 14 1 1 o 1 4 4

Ao mnszualuvaadalines uag V. Ae unasnieusean lwihareesnainlsmes weldlums
[ A o Aa A U 2 9| S

AIUANIIIALYDUAT oA ITAN vz 1ween TUdeszun Wi v sduyamsaleuaums

[ v Y
useau Iihvouasossuiia Wil wmiienihuuuilouaoinia 14 aal

V=Rl + X0, + X (I, +1) (2.22)
£:&I,+szlr+jxm(ls+lr) (2.23)
S S

9 = o 1

= A A = s
qUNITIN 2.22 1AL 2.23 ﬂ@ﬁi]ﬂ'li"ll@\illj\?lﬂa’f]uulww']l‘ﬁufl'Ju']ﬂ@LtV‘lﬁ‘ﬂsUﬂa'J@ﬁW]W]ﬂi

4 o w A A 9 ~ o A 4 a1 a 9
MagﬂﬂajﬂjﬂﬂﬂiW1Na1@ﬂIﬂﬂﬂuﬁﬂﬂaﬂquw1ﬂﬂﬁnu1ﬂ1ﬂﬁ@ﬁﬂ$Nﬂ1m@Qﬁaﬂ(@im1n1

A 9
INYIVD

18



1 ) (% 4 ) a o W 4 o
a1mad ihueansoasuiiane wasrvvssmad lnihanaaaosuaz Iaaas e
H 4 1 o w a 4 1 o
aumsn2.24, 2.25 uag 2.26 1ile P, Ao Armas lilihasswesvaanamanes, Q, Aeardiasluih
a I'd

4 1 o w 1 o w
Suenfinvesvaadaaamesd, P, Ao Armasliihessvesvaaamanes, Q Aearmias luilis

ueanWvsIuaaIadmos az P A mimad lnihassveuasessuia Wi nseldnuszuy

P, +jQ, =3V,I, (2.24)
P.+]Q, =3V/I, (2.25)
P=P +P (2.26)

1 <3 o"o 1 3 A o 1 [ @ 1 a
TuanznanuEi lsmesanNanuE Iz lastiaszadananoniuls 3 arune aa (s)
] Vo < P y { P 7 ' 4
Yuegnuanuiialames, usunaeu liilwwlieninlsees v uazyuszniausanaou Ivih
A o ~ J o 4 ~ I~ 4 'o 1 3
mueNhNanesnu15aes (o) 2995auyaluan1izinanuii15aeia1n11a21u137

Falnsvauaaslugln 2.13

Ry iX1 X2 Ry /s

Is . Iy +
Vs Xm Vils ()

d d
AANDS Tsimes

v
=

{ 4 o A o A <
31 2.13 2esauyaveunsesnula IWimtenihuwuvileuaosmaluanizianuia

PR 1 3 Aa o
T5993nNANUE T Ingiia
] d' 4 4 [ d'
ANTLUANTANDILUAL 1SIADTUAAIAIAUNITN 2.27 LAy 2.28

15 = I5(cos ¢, + jsin ¢,) (2.27)
1, =1.(cos6, +jsin0,) (2.28)

amad s aazmad Wil Sueaninamney

19



P = Re[V1; ] (2.29)
Qs = MV, ] (2.30)

mmad Iihsaazmde Wil Sueannnlsaes

P = Re[% (cos o+ jsin o)l ] (2.31)

Q, = Im[% (cos o+ jsin o)l ] (2.32)

1 o A o J
MmaInenanvulsnes P

I:)m = _3[(PS o ISRS)+(SPr A/ Ier)] (2.33)

+3(1-s)X,, I:COSOL(RS )—R¢(X, + xm)] (2.34)

_ (R¢R
+sm0{ g r+xlx2+xm(x1+x2)ﬂ
S

A ] <]
HINUAVDIT UL AN U T,

2 2
Te:_i X\gsR _XmVZRr
o| Ds D S
_3 VsV, xm{com(Rf (X, + X, )-Rs(X, +xm)j (2.35)
o sD S

_ (R4R
+sin O{L+xlx2 + X, (X, +x2)ﬂ
S

20



$ < 1 1 o o { " @
MaumMIn 234 azmuldnamad i Sueanwnaawes tazlsnes uazaina
UszneumasansaniuguldTasmsdSuamsandouliluniloniilswes Tasldgingal
wlasduilugunsaintugu

a1nsednuia i lasdauuuiseuae lagnsd N15ANYINIG 1HAUD

[

o o 4 o Aa a @ 4 1 @ I ] 1 1
e liaiaveunisatuiia Iihd Insvauuudoude Tasasaansaciilu avosuriaiaie
=< ~ ° o w ' o w Y A ~ A A3y ¥ ¥ A °
Faazimamvuasinaveuwaaivednad lWiueanvvie luinld driinmsmvuavoue
d' 1 o W Y A2 = a1 T W 1 d'o Y o & o A A
waamad lWiGueanwiaunsuamvesveuwanmvua Miiaueunsoanniaaszlasuain

Wavowmasneldulvaaiia

E, I

517 2.14 2vsauyaveunsosiuila lihd Insianuuyoude Ingas

A A A [ 1 A 1
ﬁﬂﬂgﬂ‘ﬂ 2.14 1U® V¢ o LlﬁﬂﬂuﬂmWﬁﬂﬂﬂﬂ@ NE

A ° A o A A 1A o A s A ~ s
lﬁuﬂ’luqﬂ']ﬂiluﬂi@\jﬂuuﬂ,XS 1) ﬂ?%\‘iiﬂﬁ”ﬁill@ﬂuﬁu"b’, IA ﬂ@ﬂjgllﬁﬂqﬁﬁiumﬂﬁjﬂﬂqi

Aoamsunadou vl

A

4 A ' 9 4 J 1 @ o w Y
WRes Uag R, ADAIANNAIUNIUUBIVADAIADIILNLIDT Li']ﬁ'lll'lii‘lﬂ'lﬂﬂli\‘lﬂulmgﬂ'mﬂhh/\h/‘h

vyouasoania I 1danaunisn 2.36, 2.37 uaz 2.38

V, =E, — X, =R,l, (2.36)
P =3V, 1,05 ¢ (2.37)
Q=3V,l,sine (2.38)

]
a

qunIn 2.36 Aoaumsusiau lihaemlaveuasosnuiia lwihade Iasiane

IR UTzUY qumsh 2.37 uag 2.38 aoamad ihesaazmae lisueanvnae 1 nuszuy

21



2.4 ilnsawamwaid IFhuuvdanegu

G4 o w Y = ' o o w A t4
’Q‘]Jﬂim"lfﬂLclfflﬂ'lﬂxi"l,‘V\I‘V\hLL‘]JUfJﬂ'HQ‘L!WI?Jﬂ'linﬂﬂﬂ’.ﬂiJ‘UENﬂJWlﬁﬁ'lu IEEE ﬂﬂﬁ;ﬂﬂim

ad a J o w 4 T A A 1 Y o ' ' kY o A
RIANNIDUNTNIAN Llazﬁgﬂﬂimﬂ’lﬂﬂuﬂﬂﬂﬂﬂ LGBE]EJG]E]L‘U'Iﬂ‘lJ'§$‘lJiJﬁ\?i]'lEJhlV\l‘V\hﬂizuﬁﬁmeﬂ

U

Lﬁummmmmuazﬁmsauz“luﬂﬁihﬂﬁwé’q”lW%

Y
U

nnllousiaisoivuataglseasdlunisannsginsalsayedids iy
A 1 2 =
gavigu 1a 2 ndl Ao
1. ieruanuansa lunmsteias dh luszou
2. iivenuauMs lvaveamas luih
Tuilapriuginssisawesids Ifhuuuiavguiiiseonaudnyazvesnsiseudeiy

= 1 a

9
Y Y [
ISVULATNITAIUANUHNDINANYFUANIINY [29]

U

Y
=y =

o 1] a o 4 o W Y = ] d‘d d’ ]
dmsvaiteilazAnyigunsalyareiias IWihuoudargu MimsiFouaeuUvLIL
fuszuy 1A Static Var Compensator LIQ1¢ Static Synchronous Compensator
2.4.1 Static Var Compensator (SVC)
< ¥ 4 o
sve galdauiuaswsnlumvaon Tliluiiedl 1979 nazgniunldluszuy
1o o w g 1 Y g o v A X
dstemaslilih 113l 1979 Awamindluduun sve Tagninldausunmnniunaz 14tins
@ ' 1 A 3 A @ o
waneggariesuungeniuluilagiiu
=y < 1 1 9 [ o ]
sve azlianvaziluuvassionas Tnaame Wil izamnsaneuazsun
o w Y A = 4 1 o @ (% A v A o
mas il Bueaiivninszuu 18 vazazgrelumssnmszavveussanulussvuioussauniia
A A é’ = I [ A = [ [ 9
anaINnT oMUY Ferzilumssremuadosnwueszuuae1e SVC azilsznou lidae
a Jdo 1 o d 1% a Jou 1w A o ! 9y 9 v A Y
aInraaneA N Uz azauNaIIUIaE aINFAAADAM T dovuaden e 9]y

msnuauammas il Bueain

22



VTANYAUAZUVVTIA0INTAIVAUIADITNINVOI SVC taadluzili 2.16 uaz 2.17
ANA1A1

OV

Filter

Slas

g S

317 2.16 293AUYAVR SVC

l I |

—

vV
Filter
Lol

Magnitude v
13 1" a
Vet Controller [ B. ()

31U 2.17 wuuT1ae9v0e SVC

@ ~ o A 1 v 3 A Yo A
sve mwnsamuguanrtienihfaeviutazaunulszyiasvuiu ldasg i 2.16 Tag
sve wannsamuguussauitaluszun lWihmadld angan

5U7 2.17 sve az ldmsaruguyy
a J [ A 1 1 o o Y ~ dy ] ]
aruIvvedInsamesnissunseatearmias il Gueniin yumsgasuiutiozegluga
90°~180" puanYMMMIZYD SVC uaaslugili 2.18

23



XSL Bmin

Bmax Vref

@

Eﬂﬁ 2.18 At AHULNINSUTIAULAZNTLUAYDI SVC

v A o 1

Y v
JU7 2.18 M3INUV09 SVC Vuogiuusiauiid voulaueInIgeaanazd1gaves

2 R ] o = o A A o v A a o a J
sve ausgnuvmavesaunulszquazaaviionii iga B, Aedmunisialad Insanes
v o [ 1T o W Y A =\ A o v ~
auguannulszginauneamma il Gueaivawsmaninavesdunuilszy uaziiga B,

A o ] d' a 4 a 4 U d' o o [ 1 o o Y A2 I3
ﬂ@ﬁ?tlﬁuﬁﬂﬁﬁﬁcﬁq‘ﬁﬁﬁmaiﬂ’JU?:I?J@’JLW‘L!?J’JMWVINW“LﬁUﬂWﬂTaQ]lwWTiLL@ﬂVIwiﬂﬂiZ‘U‘UGHlI

[

THRELL NIV RiYe
Tumsanuszuullihddediudszneulumsaiuguues sve ianwdaguinlu
9

o X ] a A
uuuiaeued SVC Fusigmninieuldedluglvesaumaidoyius 1d aaiuauns 2.39

uag 2.40

X.C = f(xc 1 Oy V’ Vref ) (2-39)
o

20 —sin 20— (2 — X /X.) ]

Be —
X,
0= I-VB, (2.40)
Qi _ViZBe
9@,V 1Q.B,)

24



]
A A

defimsu/deunamnmazdestmuamlddanuluglil 217 Taedl X_uas £0) fing
of dmfuliumsmiuguszutazaumMInudIAy Feos liinssiuavenwavesaums
EJm’ffuagaJﬂﬁﬁ;ﬂ%mu (), Tagmwignszud (1), MIAIVAULIIAY (V) 1Ag UIIAU SVC (V)
wudeanunumias il Gueadiv

PNTUMITA 2.39 1ag 2.40 HuuTIaeewed SVC Tuannzasirmmsnidouumu s

AUMIN 2.41

0= V_Vref _XSLI (2 41)
gV, V,,1,Q,,B, '

eusalgldsunsums lvavesdias lddh lunsmaswaimunz auve sy
= = Y3 = v o & o o d 4
AFUIUINAUNIN 2.40 Fauaaa liHUDIANUAVIUTIZHINIMFAFUUAUST (B) uazyy
2 4 1 o w
i;mmu"lmﬁmai (o), nazue (I) Loy a3 uean Q)
1 a o ] v

YOULUYAYDINITAIVAN SVC AD MIAIVANAIUDIYNIATUIU 153 a0 HI0g 1UFI9

a,, (oo, 1o o, 1az o, 7o YuIAFUIUTesNgALazyNYATLILLINAZAAINEINY G151
1 Yant Yo Y A = ' v Y a o~

Tyt mveuwayugasuan Mmuayugasuiuliaeiuaznlaouninssaudieds v 35ms

YOINIIIANIAIVANVOUUALAAIAILN 2.19

O < Ol a>a
a-= umin - ! min < o< amax] L a= amax

0
0 = 0
Viet <V ref Viet = Voref 0<Vier<V et

| |
Vref <V ref Vref >V ref

31U 2.19 Madnaveuvan1IAIuAN IuLUTIAIVBd SVC Tuan1izadd

2.4.2 Static Synchronous Compensator (STATCOM)
o 1 @ d (v ~ [ ] o

Tudl 1999 sve gminnldsaunuginssiilfunlasunvassisnseau i udo
= 1] 1 = 9 1] [ a o 14 13 9 4
[FeNNUI“STATCOM” NanvauzAdeAUNy Falasuaastasosuatunisloginyal
ad a d o w =\ 9 A 1 U d (v ~ 1 1 [ 9 (4
dlnnselndmas naziivdoulaureuanszninglnssidunldeunrastionssau i ny
[ [ d' Y] 1 A (Y] o w Y A =1
e STATCOM dnsanuguussauiea Inasnisaruaunsnensesumas il ueaiivan

sruumae lulih

25



31U 2.20 ANYUEVBINITAAAT STATCOM

2995 auYaved STATCOM uaadlugii 2.21 UszneudionnasionsauaInigms
o . 9 o { [ I [ [
uilaeiu Fa9asudasiuas i udasussdu Iihnszuaasuiuussdu ihnssuaady
= 9 ~ 1T W A A 1 1" o W 9 a o w Y A
FINMIAIVAVILAUANUDMIINTZ DU N ToUAD Lagsaroa1iad Iihaswwazias il
=1 Y % [ Y
HEANNAIUANIUADINITUDITS L mﬂgﬂﬂzmmsmuﬂmgimu”lwmﬂszuﬂmwaﬂ 10

uRUATYRIMIAIUANIE IFMInIunu e

ZANYS e} |
\l} Filter

T

7% 2.21 2995aUYAVEI STATCOM

26



<

Vref

Vmin
- >

Imin Imax

[

g‘ﬂﬁ 2.22 A AHUZIANIZUIIAULAZNITZUAVDI STATCOM

= an 2 '
MIAIVAN STATCOM ¥ 2 35 35m13usn Aemsadruguyula 1umsarngumsiaou
A [ a2 ax é A 9
MNW\I?( (B ) NAIUANVUIALITIAUUDI STATCOM Llagﬂﬂ'f]‘ﬁfﬂiwu\‘lﬂflﬂ'ﬁﬂﬂﬂﬂuiﬂﬂﬂ'ﬁﬁiﬂﬂ
] Y
a1 PWM Lﬁ@ﬂjﬂﬂﬂﬁﬂu'lﬂlﬁﬂﬂum@\‘i STATCOM LLﬁSﬁlﬁJW\lﬁ Gluﬂimﬁﬂgl,tﬂﬂﬂ?iﬂ')ﬂﬂll

usaau Iihnszuassnunseduiihnssuaeady

Filter
Magnitude
P i+jQi
i N
Vref O_>
R+jX
PWM
+| kVg <Ol
o_- ¢
Controller T
k (PWM) Ve +- C é R.

+
Vref O_> - -

' Magnitude

31U 2.23 1UVT1B9YDI STATCOM

27



Y o w

HUUTIA0IUBI STATCOM Hdod1iaszInsaruguiazmsiay ¥alaenaliaee
o

tion1¥uuu1a09909 STATCOM Tidnbazifeanuniesinsnadelnsia aumadoynus

YouuUTaed STATCOM luginlesgiia Ao

X

a [=F(X.,0mV, V., Vi, Vaeor ) (2.42)

m

. 2

V, = Vi cos(S—O)—L—EI— (2.43)
dc RCC Cvdc
P, — VI cos (6 -0)
. —VIsin(d-6

0= Q S (2.44)

P. —V?G, +kV, VG cos (6 —0) +kV, VB, sin (5 -0)
Q. +V?B, + KV, VB, c0s (5 —0)+ KV, VG sin (5—0)

9(k,V,Vyc,8,0.P,Q;)

A A 1 @ 4 o ) o @
W9 m ﬂ@ﬂ?uﬂﬂm“ﬁuﬂlﬂﬂ@ﬂﬂimllﬂﬁﬂNu g Xe wae £() ﬁ']ﬁﬁﬂﬂﬁﬂﬂ"lﬁﬂ'lﬂﬂiﬁg‘ﬂll

HAZANMIANAIAY LUUTIa09UBd STATCOM NAFUNITH 2.42 — 2.44 %z”lﬁ’mmsm?ﬁammu

L

V-V, X4
Vdc - Vdc,ref
O=| P ViR, -RI® 249
i dc c

o(a(k, V, V., 6,0,P;, Q;)

iresalg ldsunsunts laveamad i lumsinssinaveuuai

MUZEY, MITIATIEHIADETANLIIAUYBITEUUNY STATCOM Tuan1zaddl n13sina

H Y
Y v J

YoUANTZUAUewLUTIa0eluan 1z AIdINANY dns1dIuYINITNEgEIL k HIo yuld

]
A o

Yowssaua s wiu la lunuuiassiiuaueasgii 2.24

28



¢ I> Inax o N 1> Liyin >
=Ty Q>0 I<Imax& Q>0 Q<0 I=1,
0 I <Imin & Q<0 0
Viet >V ref 0 Vop= VO 0 0<Vief <V ref
— Viet <V ref - ref ref = Vret >V ret e

51U 2.24 MsfAaveuvan13AIUAN IULDUTIABIVB STATCOM Tuen1izaeid

25 a3
Tums@nunguiuasnudsefinertessunmsinsnadesnmussdulussuy
saa Iihdeden Toasufaiuaunaa i ﬁiuﬂuﬁﬂzﬁmﬁﬂmiwm@ﬂﬂmm Ry M3
WBesn s Idy Faagfnenludinvesiinuuasanudidgueuddesnnusadu, msTinsz
asluaasnnudniussyrInusean du Masldiiinge vazmafaaaizussduianaie
msanyuna TuTagnaiuauwaa lrlihzansludiusessesauya uazmanandsau i
Tuaniizasds veunsessuia lifhwesteiuauudassiia uazmsinyigUnsalvaise
ﬁwﬁ'q"lvxlﬂmwﬁﬂmjuﬁ'q 2 %iAfe SVC 1ag STATCOM ludiuvesInssadaazmssiauly

AN1ZAIAD

29



UNN 3

AaxN o A Aa a d
ABAUBUMIINNHWUS

Snenfimusiniunsansuades msadn sz i denTosfusaiuan
waa i TaeldTdsunsy uwpFLow ifuineaiielunisSinseiszuy ievnadesnn
useu Idhluszuuiifimsien Testusaiuaunda luih vazmsUSudjuadesnms iy
veouszuyTnelFeunsaisaeide lufhuuudangu fie SVC uaz STATCOM Fa'l&8uiums

3 o 1 &
mmuﬂaum@@"lﬂu

g.’l o =\ aQ W
3.1 YHADUMIAUUHIIUIVY
a = ¢ < 4 A v o &
JﬂﬂiuWUﬁuﬂzi%}Iﬂilmiu UWPFLOW Lﬂutﬂ%@\?ﬁ@ELUﬂ’lilmﬂuﬂi'W\Iﬂ’J’lllallwu‘ﬁ
J o (% o w Y a A a I Y = o L A
TSN INUINAU NY mmhh/\h/\hfﬂﬂ L‘WE]'J!ﬂi']gW@]'IULﬁﬂflﬁﬂ']Wlliqg’]uclujgﬂﬂ HFIWUVUABDUNIT

o o dal
NN AU

Ay
13NAY

8y aa ¢
( VSUYDYAVDITSVUNUANTiLAS (

iiu13ulsunsn uWPFLOW

L4

Weumaalnllsunsy UWPFLOW

Uszanananndeya

!

ufludoyavesszuulimums uwailaainlisunsu
d
InNzH UWPFLOW

Y

= Vv YV
WeaulAa P— v

vaananlaanlysunsu UWPFLOW

v

a ¢ Ay Y sy
Ipsizvivah laandulfa

P-V

AUMIMU

9
4

317 3.1 Yuaoumsmauvelilsunsy UWPFLOW



9

317 3.1 vaauruAvuaeumsavesTisunsy UWPFLOW riteihun@aunsiv
v o J 1 o o o w 9 a [ v A LI [
ANUTUNUTTISHINNUTIAU N maq”lWWﬁm dmsvanseradesnnseauluszuy lae
1 4 ~ =R v 1 dy
mymesflsznenTraagegavesszuylunsaianyineae Til
=2 = A o Y aw
1. MsAnyuanesNINYsTuuNhu g luauive
=< = A A ' v v W a 9 < ~
2. ﬂ'liﬁﬂl!'ll,’ﬁﬂEliﬂ'IWGU@\158‘”TJ‘Vlllﬂ'lil‘lfﬁ]lli?’]E]ﬂiJﬂQWHfI?JNEIG]]lV\IW'ILLUTJﬂ’J'HJLi’Jﬂ\i‘V]
o 4 o w 1
uazmsdFulsuadesnimvesszuulasldgunssisawefas lWihuuvdandgu
= = A A 1 (% [ Y a Y < ]
3. ﬂ'liﬂﬂ'hl'llﬁﬂﬂiﬂTW"lJENi%“]J‘]J‘V]lIﬂ'liLﬂf’E]iJG]@ﬂ“]JﬂQWuajJNﬁ@]lwwulﬂﬁﬂ’ﬂllli]hlll

asinarmsdivlsaaiosmmvesszuulasldginsaisamsemas lihuuvdangu

3.2 32UV IEEE 14 Bus

Y
A

! o a a o o 1
szuuhun g ludnertinusil Avszuuved IEEE 14 Bus Iagmstidoyan1eqveq
4 o v J J o o o w
szuunlFlulysunsy UWPFLOW ierlisunswanudunusszninauseau nu masluih
139 ma1eenlsznouInangegavresszuuneuNTEUDAZINg AN 1IzMsHINaw uagnnianll

4 . 4
msnlasuu)asvessduininga

(G) GENERATORS

SYNCHRONOUS 12
COMPENSATORS

319 3.2 52UVve9 TEEE 14 Bus Mmiun1dluanise

31



3191 3.2 uaAaTZUVVRN TEEE 14 Bus MimnlHluaiuite Tagszuuves IEEE 14 Bus 92

15znouds tnTesnina IihdaTasiie 5 w304 Taunaseaduiia liihdalnsiia 2 inSosuay
4 o w Y a Y] d’ =\ 1 A o o =1 3’1

gunsalvawoias IihdeInsiia 31509 Taned 20 eo waglivia 14 1a 3 Tnaananua 259

MW uag 81.4 MVAR

tﬁ' o Y o Y

3.3 snlsveunseanutialiihamSunarivanwan lnih

v 9 dy =2 =~ [ d’ =) d‘ [ [ EY]

W0 HazMIANNUADETNINUTIAUVDITE UL IEEE 14 Bus o1in15tyeu Toanunariu

a a [ a < { 4 o Aa 4 o
auwaa 1 2 stiafe nwiuaunaa lihuuuanuEiasnasessuiia Il uwienimuuns
v o a < ] 4 4 o Aa { o

Aszson uaznaruaunaa i uuuanuEl liasimsessuiia Il tisniwuuileuasania
TsalWihrswivannlslunsaidnuiivunn 10 MW

= =

amad lihasaazmas Wil ueaiinseaduiia IWihmtieniuunsinszsonuea
v o a Y <3 A o 9 A =< [ A
fauanwaa Iihuuuanusiaandnna ldnnaunisn 2.16 — 2.21 #aadwals veunToq
Y
fia I Uszneudieaiaia fail

- AMANEMUMUYRIYAAIARAIANDS (R = 0.0048 p.u)

AMANUMUMUYDIUARIA T51ADT (R = 0.00549 p.u)

manumtenveaalIndAnes (X, = 0.09241 p.u)

1 { o J
AN LENV03UAAA 1519195 (X, = 0.09955 p.u)
1 = o\l Y a 3
- manutenhivhldinanan (X_=3.95327 p.u)
armad IS ueanveunsossuia I umoUUNTINTIBNUARZIATDIIN
Y

MIMUIU A 1.0050 p.u HAdtseaeumas tmny 0.8935 aetiu Tse T ihnsiuaunaa lwih
v 10 MW imiias lisuennin 5.025 pu

armas s aazmdy WiGueanvveuasaesuida Wil urieniwuuileuass

o v A a o"dy o Yy  — [ d’ o a 9 ~ o

N9 WS UINeInus Y v lnvvamnusum ot uta Wi mtenihuuunsinszson

4 ] a ' J 4 o A 9 b a
Lﬁf]hlllﬁl,ﬁ}m@ﬂ')'llll,mﬂ@]']\‘]i$ﬁ'ﬂ\°llﬂ%’f]\‘]ﬂ'lluﬂhl1/\|7\hﬂQﬁﬁ]\?“ﬁu@

32



3.3.1 masmmdanmnzanlumsfadanavivanwan Wihlussuu
Y ] v
Tuatenazmvualimas ihveaunsoenuiia Iihveedsivaunnaalda

1 a o a g a 2’, v o a 9 d' %] Y d' Y d'
ANIUNNA 10 MW Llag‘lﬂﬂﬁﬂﬂiﬂﬂ@lﬂ@l\iﬂ?ﬁﬂﬂﬂﬂﬂﬂﬁuﬂﬂNﬁﬁlIWWTVIIﬁﬂﬂ‘Uﬁ Uan 4, uan 5,

] '
v A o A

H H H H H 9
van 7, 9an 9 van 10, Uan 11, Uan 12, 13 wag a9 14) Nazia woridnialunisanag

naiuauwan lihinvhdsguuliates mwssdu lWihauniga

(G) GENERATORS

SYNCHRONoOUs 12
COMPENSATORS

WIND TURBINE
GENERATORS

=

31191 3.3 5201 IEEE 14 Bus ioien loanunsiuaunan IWihnidadn 14

Y H

AMmsaaaansiuaunaa Wi Tnaaia Tagnsmuainade iniassvuia
10 MW Tugaruves P, uazmummasilGueaiinn Q mimasluih  Sueafieziia

10U 5.025 MVAR uaadluai13nan 3.1

33



~ 9 A A (% d' o A 9 Y a 9 a ~ o
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HUUNIANISION
IEEE 14 BUS SYSTEM DATA
Bus Bus Voltage Load Generator Voltage
No Code kV MW MVAR | MW Q... Q.. p.u
1 1 69 0 0 232.6 990 -989 1.06
2 2 69 21.7 12.7 40 50 -40 1.045
3 2 69 94.2 19 0 40 0 1.01
4 0 69 47.8 4 0 0 0 0
5 0 69 7.6 1.6 0 0 0 0
6 2 13.8 11.2 o) 0 24 -6 1.07
7 0 13.8 0 0 0 0 0 0
8 2 18 0 0 0 24 -6 1.09
9 0 13.8 29.5 16.6 0 0 0 0
10 0 13.8 9 5.8 0 0 0 0
11 0 13.8 3.5 1.8 0 0 0 0
12 0 13.8 6.1 1.6 0 0 0 0
13 0 13.8 13.5 5.8 0 0 0 0
14 0 13.8 14.9 10.025 10 0 0 0

* Bus code 1 = Slack bus , Bus code 2 = PV Bus , Bus code 0 = PQ Bus
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IEEE 14 BUS SYSTEM DATA
Bus Bus | Voltage Load Generator Voltage
No Code kV MW MVAR | MW Q... Q... p.u
1 1 69 0 0 232.6 990 -989 1.06
2 2 69 21.7 12.7 40 50 -40 1.045
3 2 69 94.2 19 0 40 0 1.01
4 0 69 47.8 4 0 0 0 0
5 0 69 7.6 1.6 0 0 0 0
6 2 13.8 11.2 ) 0 24 -6 1.07
7 0 13.8 0 0 0 0 0 0
8 2 18 0 0 0 24 -6 1.09
9 0 13.8 29.5 16.6 0 0 0 0
10 0 13.8 9 5.8 0 0 0 0
11 0 13.8 3.5 1.8 0 0 0 0
12 0 13.8 6.1 1.6 0 0 0 0
13 0 13.8 13.5 5.8 0 0 0 0
14 2 13.8 14.9 5 10 5.025 -5.025 0

* Bus code 1 = Slack bus , Bus code 2 = PV Bus , Bus code 0 = PQ Bus
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(m/s) (MW) (MVAR)
4 0.4 0.201
5 0.8 0.402
6 1.4 0.703
7 22 1.106
8 3.3 1.658
9 4.8 2412
10 6.7 3384
11 8.1 4.070
12 8.8 4.420
13 9.3 4.670
14 9.7 4.880
15 10 5.025
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Bus No KV X, X, X in A ax MVA
10 13.8 1.1708 0.4925 90 175 150
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MHenhuuUNsINTEIon

Location | Y@n4 | ¥ans | ¥an7 | vano | danio | van 11 | vani12 | van13 | van 14

Max LF
0.70971 | 0.7062 | 0.71492 | 0.72101 0.7222 0.71997 | 0.72222 | 0.72522 | 0.73381

[p.u]
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Loading margin (Location - wind speed)

LM [p.u]

Bus 4 4 Wind speed [m/s]

' ] v
5U7 4.4 Aresdilszno Inangegavesssuunaimsaananaiuaunan lihn Tnaaviauas

< ? 1
ANULIIANAIULA 4 m/s 6\1 15 m/s

~ 1 4 A A g’/ Y a 9 A o [ [
A1T1NN 4.2 ﬂTE]\“Iﬂ“]Jigﬂ't’]'UI’Viﬁﬂq@q@ﬂ]ﬂﬁigﬂUlilﬁ)@ﬂ@ﬂﬂ\?ﬂuﬁllNﬁ@]]lWT‘I'WW]'ILLWuQ@%i”] Iag

3 A (A
NaveInNT AN asualag

Wind speed (m/s)

Location 4 5 7 9 11 13 15

Maximum Loading Factor (p.u)

Bus 4 0.70423 | 0.70446 | 0.70528 | 0.70681 | 0.70867 | 0.70933 0.70971

Bus 5 0.70409 | 0.70417 0.7045 0.70511 | 0.70581 0.70606 0.7062

Bus 7 0.70449 | 0.70495 0.70661 | 0.70959 | 0.71306 | 0.71425 0.71492

Bus 9 0.70473 | 0.70544 | 0.70795 | 0.71254 | 0.71803 | 0.71996 | 0.72101

Bus 10 0.70481 | 0.70559 | 0.70835 | 0.71331 | 0.71909 | 0.72108 0.7222

Bus 11 0.70475 | 0.70546 | 0.70796 | 0.71238 | 0.71738 | 0.71904 | 0.71997

Bus 12 0.70488 | 0.70572 | 0.70865 | 0.71374 | 0.71937 | 0.72121 0.72222

Bus 13 0.70495 | 0.70586 | 0.70908 | 0.71485 0.7216 0.72391 0.72522

Bus 14 0.70535 | 0.70664 | 0.71117 | 0.71923 | 0.72877 0.732 0.73381
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' J

A A A g’; [ Y a 9, Ao oA
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Location | U&N4 | Uans udan 7 N9 | yan 10 | yan 11 | van 12 an 13 an 14

Max. LF

0.94089 | 0.93541 1.0595 1.0737 1.0864 1.0744 1.0072 1.0798 1.0654
[p.u]
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P-V Curve Fix Speed Wind Turbine and Variable Speed Wind Turbine
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BusNol | KV | BusNo2 | KV R X G B Tap1 | Tap2
4 69 7 13.8 0 0.20912 0 0 67.48 13.8
4 69 9 13.8 0 0.55618 0 0 66.86 13.8
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13 13.8 14 13.8 0.17093 0.34802 0
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A39813U9a V8337V IEEE 14 a 1ulsunsyu UWPFLOW
Foyaiiflumethavesszu [EEE 14 Bus miunldifluszundraduitesinndendy
T4 P-v
C*******************************************************************************
C 14 BUS TEST SYSTEM:
C WSCC data file
C Case Title (3 A8 lines)
HDG
14 BUS AC TEST SYSTEM
WSCC/ETMSP DATA FORMAT
NOVEMBER 2002
BAS
C System Data
C AC BUSES
C Bus Input Data:
C - Type (A2) -> "B " -> PQ load bus
C "BQ" -> PV generator bus with Q limits
"BE" -> PV generator bus with no Q limits
"BV" > PQ generator bus with V limits
"BG" -> PQ generator bus with Q limits controlling voltage on
a remote PV load bus

"BC" -> PV load bus with remote voltage control

a o o a a O

"BT" -> PQ load bus with voltage controlled by LTC transformer
C "BS" -> Swing bus

C-0w(A3) ->Owner

C - Name (A8) -> Bus Name

C -kV (F4.0) > Bus kV base

C-Z(Q2A) ->Zone

C - PL (F5.0) -> P load in MW

C- QL (F5.0) > Q load in MVAR

C - SHUNT (2F4.0) -> MW and MVAR shunts (+ for Capacitors)

C - PM (F4.0) -> Max. generator P power in MW
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C - P (F5.0) -> generator P power in MW

C - QM (F5.0) -> Max. generator Q power in MVAR (not needed for "BE" PV bus types)
C - Qm (F5.0) -> Min. generator Q power in MVAR (not needed for "BE" PV bus types)

C - Vpu (F4.3)-> PV desired voltage magnitude in p.u. (max. voltage for "BV" PV bus type)
C - Vm (F4.3) -> Min. voltage for "BV" PV bus type.

C - Remote Name (A8) -> Remote controlled bus name for "BG" type bus.

C - Remote kV (F4.0) -> Remote controlled bus kV for "BG" type bus.

C - Remote %Q (I3) -> Percentage of Q of remote bus control for "BG" type bus.

C 1 2 3 4 5 6 7 8

C 345678901234567890123456789012345678901234567890123456789012345678901234567890
C | SHUNT | IREMOTE BUS

C |Ow|Name |kV |Z|PL |QL MW [MvalPM [P |QM |Qm [Vpu|Vm [Name |kV |%Q

BQ BUS_ 1 69.0IE.0000.0000.000.0009999232.6990.0 -9891060 0 0.0
BQ BUS 2 69.01E21.7012.70.000.000999940.0050.00-40.01045 0 0.0
BQ BUS 3 69.01E94.2019.00.000.0009999.000040.00.00001010 0 0.0
B  BUS_4 69.01E47.804.000.000.000.000.0000.0000.0000 0 0 0.0
B  BUS_5 69.0IE7.6001.600.000.000.000.0000.0000.0000 0 0 0.0
BQ BUS 6 13.81E11.207.500.000.0009999.000024.00-6.001070 0 0.0
B BUS_7 13.8IE.0000.0000.000.000.000.0000.0000.0000 0 0 0.0
BQ BUS_8 18.0IE.0000.0000.000.0009999.000024.00-6.001090 0 0.0
B  BUS_9 13.81E29.5016.60.000.000.000.0000.0000.0000 0 0 0.0
B BUS_10 13.8IE9.0005.800.000.000.000.0000.0000.0000 0 0 0.0
B BUS 11 13.81E3.5001.800.000.000.000.0000.0000.0000 0 0 0.0
B BUS 12 13.81E6.1001.600.000.000.000.0000.0000.0000 0 0 0.0
B BUS_13 13.81E13.505.800.000.000.000.0000.0000.0000 0 0 0.0
B  BUS_ 14 13.81E14.905.000.000.000.000.0000.0000.0000 0 0 0.0

C***********************>l<*******************************************************
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C AC LINES

C Line Input Data:

C-Type(A2) >"L"

C-0Ow(A3) ->Owner

C - Name_1 (A8) -> Name of sending bus

C-kVI (F4.0) ->kV base for sending bus

C-M (1) ->Metered bus for flow interchange

C - Name 2 (A8) -> Name of receiving bus

C-kV2 (F4.0) ->KkV base for receiving bus

C-C(I1) ->CircuitID

C-S({1) -> Section number

C-1In(F4.0) -> Rated Amps.

C-N({1) -> Circuit number

C-R(F6.5) ->p.u. series R of PI equivalent

C-X (F6.5) ->p.u.series X of PI equivalent

C - G/2 (F6.5) -> p.u. shunt G/2 of PI equivalent

C - B/2 (F6.5) -> p.u. shunt B/2 of PI equivalent

C - Mil (F4.1) -> Length in miles

C

C 1 2 3 4 5 6 7 8

C 345678901234567890123456789012345678901234567890123456789012345678901234567890

C M CS N

|[Ow|Name 1 |kV1|Name 2 kV2|||In||R |X |G/2]|B/2 Mil|

BUS 1 69.01BUS 2 69.011.0001.01938.05917.00000.02640
BUS 1 69.01BUS 5 69.011.0001.05403.22304.00000.02460

BUS 2 69.01BUS 3 69.011.0001.04699.19797.00000.02190
BUS 2 69.01BUS 5 69.011.0001.05695.17388.00000.01700

BUS 3 69.01BUS 4 69.011.0001.06701.17103.00000.01730

C
L
L
L
L BUS 2 69.01BUS 4 69.011.0001.05811.17632.00000.01870
L
L
L BUS 4 69.01BUS 5 69.011.0001.01335.04211.00000.00640
L

BUS_6 13.81BUS_11 13.811.0001.09498.19890.00000.00000
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BUS 6 13.81BUS_12 13.811.0001.12291.25581.00000.00000
BUS 6 13.81BUS_13 13.811.0001.06615.13027.00000.00000
BUS_7 13.81BUS_8 18.011.0001.00000.17615.00000.00000
BUS_7 13.81BUS_9 13.811.0001.00000.11001.00000.00000
BUS 9 13.81BUS_10 13.811.0001.03181.08450.00000.00000
BUS 9 13.81BUS_14 13.811.0001.12711.27038.00000.00000
BUS 10 13.81BUS_11 13.811.0001.08205.19207.00000.00000

BUS 12 13.81BUS_13 13.811.0001.22092.19988.00000.00000

i o e o o o o en N e

BUS 13 13.81BUS_14 13.811.0001.17093.34802.00000.00000

C*******************************************************************************

C TRANSFORMERS

C Transformer Input Data:

C - Type (A2) ->"T"

C-0Ow(A3) ->Owner

C - Name 1 (A8) -> Name of sending bus

C-kVI (F4.0) ->kV base for sending bus
C-M(I1) -> Metered bus for flow interchange
C - Name 2 (A8) -> Name of receiving bus

C -kV2 (F4.0) ->kV base for receiving bus
C-C({1) ->CircuitID

C-S (1) -> Section number

C-Sn (F4.0) ->Rated MVA

C-N(I1) -> Circuit number

C-R (F6.5) ->p.u. series R of equivalent circuit
C-X(F6.5) ->p.u.series X of equivalent circuit
C-G (F6.5) ->p.u. shunt G of equivalent circuit
C-B (F6.5) ->p.u. shunt B of equivalent circuit
C - Tap1 (F5.2) -> kV tap for sending bus

C - Tap2 (F5.2) -> kV tap for receiving bus

C
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C 1 2 3 4 5 6 7 8

C 345678901234567890123456789012345678901234567890123456789012345678901234567890
C M CS

C |Ow|Name 1 [kV1|[Name 2 [kV2[Sn |R |X |G |B [Tapl|Tap2|

T BUS 4 69.01BUS 7 13.811.0001.00000.20912.00000.0000067.4813.80

T BUS 4 69.01BUS 9 13.811.0001.00000.55618.00000.0000066.8613.80

T BUS 5 69.01BUS 6 13.811.0001.00000.25202.00000.0000064.3113.80

A TEEE14 BUS 2 69.0 0.001IE

sttt s R R R R R R R R R o o
C SOLUTION CONTROL CARD

C Solution control card:

C - Max Iter (I5) -> Maximum number of Newton-Raphson iteration

C - Name (A8) ->Name of the slack bus

C-kV (F4.0) ->kV base for slack bus

C - Angle (F10.4) -> Reference angle for slack bus in degrees

C

C 1 2 3 4 5 6 7 8

C 345678901234567890123456789012345678901234567890123456789012345678901234567890

C [Max| [SLACK BUS |

C [Itr] [Name |kV| |Angle |

SOL1 20 BUS_1 69.0 0.0000 1.1000 1 1.00
IND

END
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A29813U83UYAVI SVC 1Az STATCOM

A o o o o ook s s o o o
C

C SVC DATA

C

C SVC Input Data:

C - Type (A2) ->"FS" (F for FACTS, S for SVC).

C -Ow (A3) ->Owner

C - Busl (A8) -> System bus where SVC is connected.

C -kV1 (F4.0) -> Bus 1 kV base.

C - Bus2 (A8) -> System bus that SVC controls.

C -kV2 (F4.0) -> Bus 2 kV base.

C - Xc (F8.7) -> Per unit SVC capacitive X w.r.t. MVA and kV1 base.

C -X1(F8.7) -> Per unit SVC inductive X w.r.t. MVA and kV1 base.

C -am (F3.0) -> Minimum firing angle alpha in degrees.

C -aM (F3.0) -> Maximum firing angle alpha in degrees.

C -s(F2.0) ->SVC control slope in % w.r.t. to MVA and kV1 base.

C - MVA (F4.0) -> SVC maximum rating in MVAR (capacitive).

C - Vrf (F4.3) -> p.u. reference control voltage.

C -kV (F4.0) -> Low kV side of step-down transformer (optional).

C - Xth (F8.7) -> Step-down transformer reactance in p.u. w.r.t. to SVC MVA
C rating and kV1 (optional).

C -al (F5.1) -> Initial value of firing angle in degrees (optional).

C

C 1 2 3 4 5 6 7 8
C2345678901234567890123456789012345678901234567890123456789012345678901234567890
C

C |Ow|Busl |kV1|Bus2 [kV2|Xc |XI [|am|aM|siMVA|VrflkV |Xth |al
FS BUS 5 69.0BUS 5 69.0 1.1708 0.4925901752 150 1.26. 0.1

C

C*******************************************************************************
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C STATCOM DATA
C STATCOM Input Data:
C - Type (A2) -> "FT" (F for FACTS, T for STATCOM).
-Ow (A3) ->Owner
- Busl (A8) -> System bus where STATCOM is connected.
- kV1 (F4.0) -> Bus 1 kV base.
- Bus2 (A8) -> System bus that STATCOM controls.
-kV2 (F4.0) -> Bus 2 kV base.
-R(F6.0) > ACR inp.u. w.rt. MVA and kV1 base.
- X (F6.5) > AC Xinp.u. w.rt. MVA and kV1 base.
- Ge (F6.5) > DC G in p.u. w.r.t. MVA and a kVdc base defined by the
secondary side of the STATCOM transformer(s).

- Im (F6.4) -> Max. capacitive current (Imin>0) in p.u. w.r.t. MVA and kV1 base.

C

C

C

C

C

C

C

C

C

C

C -IM (F6.4) -> Max. inductive current (Imax>0) in p.u. w.r.t. MVA and kV1 base.
C -s(F3.0) -> AC voltage control slope in % w.r.t. to MVA and kV1 base.

C - MVA (F5.0) -> Rating in MVA (defaults to the system base).

C - Vrf (F4.3) -> AC reference voltage in p.u. w.r.t. kV1 base.

C -M (A1) -> Control mode: W for PWM control (default); P for phase control.
C - Con (F6.5) -> Control variable value:

C - k constant for phase control (defaults to a value

C of 0.9 for a 12 pulse VST if no value is given).

C - DC reference voltage for PWM control in p.u. w.r.t.

C a kVdc base (defaults to 1 p.u.).

C

C 1 2 3 4 5 6 7 8
C2345678901234567890123456789012345678901234567890123456789012345678901234567890
C M

C |Ow/Busl [kV1|Bus2 [kV2[R [X |Gc |[Im [IM |s [MVA |Vrf]Con

FT BUS 12 13.8 BUS 12 13.80.0 0.145.00171. 1. 2.150.1.P0.9

C***********************>l<*******************************************************
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Response of DSTATCOM
under Voltage Flicker In Farm Wind

K. Aodsup'. P. N. Boonchiam', A. Sode-Yome’, P. Kongsuk® and N. Mithulananthan®
!Department of Electrical Engineering, Rajamangala Univessity of Technology Thanyaburi, Pathunthani, Thailand
*Department of Electrical Engineering, Siam University, Bangkok, Thailand
*Industrial Technology Field of Study, Rajamangala University of Technology Tawan-ok, Thailand
“*Energy Field of Study. Asian Institute of Technology. Thailand

Abstract—This paper presents the response of distribution
static synchronous compensator (DSTATCOM). The connection
of wind turbines to distribution systems may affect the voltage
quality offered to the consumers. One of the factors contributing
to this effect is the rapld variations of the wind turbine output
power, which cause respective fluctuations in the supply voltage
referred to as flicker. This paper presents the design, control and
analysis of a DSTATCOM enhanced with an energy storage
device when combined with a wind farm comprising fixed speed
induction generators, In this paper it is shown that the
DSTATCONMI, controlled via a decoupled vector control technique,
is an effective way of reducing voltage flicker emissions at the
point of common coupling, removing the wind speed fluctuations
and improving the transient stability of wind farm. Energy
storage rating requirements are discussed in relation to the level
of power gquality obtained,

Index terms- DSTATCOM, power quality, wind farm

I. INTRODUCTION

Wind tuwbmes connected to clectrical grids may affect the
power quality of the supply, as a result of the fluctuating
character of their output power. This contains both pericdic
component and random variations, resulting in corresponding
fluctuations of the voltage magnitude along the feeder where
the wind turbines are comnected Fluctuations in the frequency
range between (0.5 and 35 Hz contribute to the light flickering
effect, referred to as “flicker™. Flicker is evaluated accarding to
[EC 60860 standard [1][2]. A common measure of its severity
is the short-term flicker index, P, measured over 10 min
periods, whereas in certain cases the long-term (120 mum) index,
Py is also applicable. The drawback characteristic of wind
tirbine are the higher mechanical stress, and the enhanced
effect of power fluctuations caused by the blades passing the
tower, power variations caused by variable with speeds. Real
and reactive power mjection 1s thus necessary to compensate
for these effects

Static  compensators (STATCOMs) are promising
technology that can control grid voltage more rapidly than
synchronous generators and thynstor based static var
compensators  [3] and can improve power quality [4],
STATCOMs are used at a transmission level [5] and
distribution level, where they are known as DSTATCOM [6].
Without energy storage, a DSTATCOM can control the
voltage by exchanging reactive power with the grid, but their
capacity to exchange active power 1s very limited due to the
small energy that can be stored in a conventional DC-lmk

1-4244-0645-5/07/520.00©2007 IEEE

capacitor. DSTATCOM enhanced with energy storage can give
additional benefits, such as mcreased capacity to damp electro-
mechanical oscillation, increased power quality and reliability
of system.

Wind farm combined with a DSTATCOM comprising an
energy storage device placed onshore, could balance the
reactive and real power needed to boest the voltage at the pomt
of common coupling (PCC), mitigate flicker emissions and
eliminate wind speed fluctuations. This paper describes
analysis and control design of DSTATCOM to control the
voltage at the PCC, keep the power constant at the load and
mitigate flicker emissions from mternuttent wind speeds. The
MATLAB/smmulink software package 1s used to simulate the
propesed compensation strategies. A vector control technique
based on the decoupling of real and reactive power.

II. THE GRID

The study case power system considered mn this paper 1s
shown 1n Fig. 1. The medmum voltage distribution grid 1s
represented by its Thevenin equivalent, consisting of a voltage
source F,;, and the series impedance Z,;. A concentrated local
load is connected at the PCC. corresponding to the consumer
loads in the nearby arca. Although the local load could have
been included i the Thevenin equivalent of the grid, it 1s
modeled here mdependently in order to investigate its effect on
the PCC,

10 x 1950 W

22006 kY By 222KV

MY

0.0 Mvar =08

3. Eads
23 pm

Fig. 1. Study case power system

A 1.5 MW wind farm consisting of ten 150 kW wind
turbines connected to a 22 kV distribution system exports
power to a 230 kV grid through a 20 km, 22 kV feeder. A 0.9
Myvar (Q=50) filter are connected at the 575 V generation bus
The turbine parameters specifymg ratngs of power
components of the wind turbine are saved i a Matlab
programme. This file is automatically executed at simulation
start so that parameters for the 10x150 kW turbines are loaded
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in our Matlab workspace. The wind turbine 1s equipped with a
3-blade fixed-pitch rotor, rotating at 29 rpm. The rotor
aerodynamic characteristics are simulated using ifs static
aerodynamic power coefficient, Cg(%), curve, resulting m the
power curve shown in Fig. 2.

Temyine Power Charactuns (s 00 2eg e beta = 0 deg)

12 /-F‘_"“"'-Q
1k
/‘/—-._\
3 "-mnpmam-uw»-’/// s 25
=
:

ne
Tusiene speedd anog

Fig. 2. Wind turbine power curve.

III. FLICKER CALCULATION

The assessment of the short-term flicker index. Pst, 1s
performed as specified in IEC 60868 and briefly described in
this section, for the sake of completeness, In Fig.3, the
UIEAEC flickermeter block diagram is shown Input is a 10-
min time series of the voltage at the evaluation node, which
may be expressed as

ult)=[U, + AU (¢)|sin{ax +/) (1)
where Uy 1s the average node voltage magnitude, AU(t) the
superimposed amplitude  variations. ®=2xf the system
frequency and w the initial phase angle. Using equation (1), the

output of the first block of the flickermeter can be expressed as:

w'(r) U,

b (2)
Uy 2

+AU[:)—[%+AU(:)]ms[Z[anw]]

The constant Up/2 in the above expression 15 eliminated by
the high pass filter (1st order, 0.5 Hz cut-off frequency},
whereas the double power frequency component is filtered out
by the subsequent low-pass filter block (6th order Butterworth,
35 Hz cut-off frequency). Hence, output of the third block are
the voltage magmitude vanations, AU(t), m the frequency range
05t0o35Hz

The next block in diagram of Fig. 3 is a weighting function,
simulating the perception ability of the human eye vs, the
frequency of the disturbing signal, The peak of this curve is
located at 8.8 Hz. Since the uritation caused s proportional to
the square of the voltage magmitude fluctuations, the output of
the weighting function block is squared and led to a 1st order
lag, representing the memory tendency of the human bran Its
output is the time series of the instantaneous flicker sensation,
Py(t).

The calculation of the short term flicker index, Py, required
then a simple statistical processing of the Py(1) time series.
First the cumulative duration curve of the P{t) values id found
The Py ndex 1s then given by

P, = J0.0313P,, +0.0525F, + 0.0657F, +0.28E,, +0.08F,, (3)

where Py is the x % percentile (i.e. the flicker level which 1s
exceeded for x % of the time), calculated from the P.(t)
duration curve. The subscript “s™ denoted smoothed values,
obtained by averaging neighboring values of the duration curve,
as described 1in IEC 60868-0.

T 3 Eye 1" P,
Vi) || " o
;b e Respons Order  feim

vo ¢ Curve Lag

Fig. 3. UIEAEC flickermeter functional diagram.

IV. MATHEMATICAL MODEL OF DSTATCOM

DSTATCOM shown in Fig.4 is modeled usmg the dg
transformation as defined in [8]. The inverter block s treated
as an ideal lossless voltage source converter. The inverter
switching losses are represented by a resistance R in parallel
with a DC-link energy store supercapacitor. The transformer
lcakage reactance and the Inverter series resistance arc
represented by Lyand Ry, respectively

I

E—

Lessluss
>R Valtage

e i
2 Y AAA—4'
> " ic Souree

Vi
CrR
r\1 9 Comverter @

AA

Fig. 4. Equivalent circuit of DSTATCOM.

The AC-side equations can be wntten In terms of the
instantanecus variables shown in Fig_ 1.

P L R Pa a7V 4

20 G

—| === [+ & - v 4)
Mo DY 2
i L €. -V

Equation 4 1s converted into per-umt values and transform to
rotating frame as shown m (5)

R,
i|:idi|_ _ ’ \ [id:|+ﬂ|:ed-v}
dr| | | o R,v:ﬁ Ll L] &

where v is the mas-value of the grid voltage,
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The instantaneous power at the DC and AC side of the
DSTATCOM inverter must be equal and therefore the

following power balance equation must be hold:
% A 2
Py =B vy = ;{_e.r's +e,i, ) (6)

From Fig. 2 and using p.u. values, the DC side circuit
equation is derived as follows:

Dy Ve 1, (7

v 1 ;
di R, T

!

dv, doe niba
—d';‘-=—(o,,(. [l.* +"E—] (8)

S/

The state space equation for DSTATCOM is obtained:

v

Ll 9)
L

iy iy
=[4]} i
y v,

4 i
dr| Y
V X

“a\
Linearising around an operation point and using the fact that

no active power is exchanged at the equilibrium point it is
possible to get a decoupled expression for id and i, [2].

R,

dafa] |7z ° Aig] [
de|ad | 0 Rolla | e

L

(10)

It can be seen from equation (10) that no cross-coupling
between id and 7, occurs. Also, if ¢, and ¢, are expressed as in
equation (11). a real and reactive power decoupled vector
control strategy can be achieved since i; can be used to
regulate the active power and i, to control the reactive power

flow.
LA
[(,I]_ (k:. +T;](‘J _‘n’)
Bk ST
[&r +:J(‘v -lv)
The relation between the DC-side voltage and the line to

neutral AC side voltage of the inverter terminal can be
expressed as follows:

(1)

(12)

e, =mv, cosa

(13)

e, =mv sina

The modulation index m is the magnitude ratio of the DC
and AC side voltage and a is the angle by which the inverter
voltages lead or lag the bus voltages. A vector control scheme
controls id and i, by varying the modulation index and angle,
as shown in Fig. 5. A phase-locked-Loop (PLL) is used to
provide the reference voltage angle 0, thereby synchronizing
the current vectors to the fundamental of the PCC voltages

Fig. 5 DSTATCOM vector control scheme-LPF: Low Pass Filter, PI:
Proportional Integral regulator.

The wind turbines current are subjected to a low pass filter,
which has a selectable time constant to achieve different cut-
off frequency. The filter i,, signal provides the real power
reference of the control scheme. The functionality of this LPF
can be explained as follows. Selecting a 10-4 Hz cut-off makes
he input current refcrence virtually constant representing
effectively the mean of f,,. In this case, the control system will
try to petfectly smooth the power at the PCC by maximum
variation of the real power component ol the DSTATCOM
current iy, to compensate for real power fluctuation in i... On
the other hand, a LPF with | Hz cut-off relaxes significantly
the bandwidth of control, in other words allowing some
fluctuation at PCC, resulting in less power compensation and
requiring less energy storage.

V. ENERGY STORAGE SIZING

For a practical application it is important to minimize the
energy storage rating to reduce the cost and size. The required
energy storage can be derived from the modulation in energy
exchange by the STATCOM which is necessary to reduce
flicker to an acecptable level for a certain site. The DC-link
energy is used in order to assess the energy requirement of
constant and LPF references, over a specific period.

Fy = [Podt= [V, 0 df (14)

A minimum value for DC voltage must chosen to avoid an
excessive current rating of the power electronic converter, and
to be able to control P and Q independently. A minimum value
of 90% of the nominal DC voltage has been chosen here. The
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value of capacitance can then be calculated from the measured
peak to peak DC energy as follows.

Ey =%C|:V§—[0.9Vj)) (15)

VI. SDJULATION RESULT

Simulation used power distribution of Thailand sizing 22 kV
50 Hz .Connect to transformer 100 kVA . DSTATCOM can
compensation voltage flicker more 10 sec with used capacitor
sizing 40 mF and control dc voltage at dc link. Fig. 6 shows
during voltage flicker at 40 ms . Fig. 7 show current inject to
system when during voltage flicker at 40 ms and Fig. § shows
voltage curve of phase A when DSTATCOM compensation .
From simulation DSTATCOM can compensation voltage
flicker.

Fig 7 Output cusrent of the D-STATCOM

— - —r e e = oy - —

o ar R ™ ar % - " (Y] 1

Tumeiwy

Fig. 8. Voltage waveform before and duning the compensation

VII. CONCLUSIONS

The use of an energy storage device linked to a
DSTATCOM to provide real power as well as reactive power
flow was explored in this paper. The results have shown that
the DSTATCOM device has the ability to significantly reduce
the power fluctuation generated by wind farm comprising fixed
speed induction generators, while also keeping the voltage at
the PCC at 1 p.u, In addition, the wind farm’s fault ride
through capability can be greatly improved by the
DSTATCOM. For commercial application a more detailed
design and technical can economic analysis needs to be carried
out, Taking into consideration maintenance and operation costs,
this would allow a comparison between a wind farm using
fixed speed induction generators combined with DSTATCOM
onshore, and wind farms which inherently generate less flicker
duc to the smoothmg cffcct of the rotor with vanable speed.
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Voltage Flicker Mitigation In Wind Farm By Using DSTATCOM
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Abstract—This paper presents the response of distribution static synchronous compensator (DSTATCOM). The connection of wind
turbines to distribution systems may affect the voltage quality offered to the consumers. One of the factors contributing to this effect is
the rapid variations of the wind turbine output power, which cause respective fluctuations in the supply voltage referred to as flicker.
This paper presents the design, control and analysis of a DSTATCOM enhanced with an energy storage device when combined with a
wind farm comprising fixed speed induction generators. In this paper it is shown that the DSTATCOM., controlled via a decoupled vector
control technique, is an effective way of reducing voltage flicker emissions at the point of common coupling, removing the wind speed
fluctuations and improving the transient stability of wind farm. Energy storage rating requirements are discussed in relation to the level

of power quality obtained.
Keywords: DSTATCOM, power quality, wind farm

1. INTRODUCTION

Wind turbines connected to electrical grids may affect the
power quality of the supply. as a result of the fluctuating
character of their output power. This contains both periodic
component and random variations, resulting in corresponding
fluctuations of the voltage magnitude along the feeder where the
wind turbines are connected. Fluctuations in the frequency range
between 0.5 and 35 Hz contribute to the light flickering effect,
referred to as “flicker”. Flicker is evaluated according to IEC
60860 standard [1][2]. A common measure of its severity is the
short-term flicker index. Py measured over 10 min periods,
whereas in certain cases the long-term (120 mm) index, Py is
also applicable. The drawback characteristic of wind turbine are
the higher mechanical stress, and the enhanced effect of power
fluctuations caused by the blades passing the tower, power
variations caused by variable with speeds. Real and reactive

power injection is thus necessary to compensate for these effects.

Static compensators (STATCOMs) are promising technology
that can control grid voltage more rapidly than synchronous
generators and thyristor based static var compensators [3] and
can improve power quality [4]. STATCOMs are used at a
transmission level [5] and distribution level, where they are
known as DSTATCOM [6]. Without energy storage, a
DSTATCOM can control the voltage by exchanging reactive
power with the grid, but their capacity to exchange active power
1s very limited due to the small energy that can be stored in a
conventional DC-link capacitor. DSTATCOM enhanced with
energy storage can give additional benefits, such as increased
capacity to damp electro-mechanical oscillation, increased
power quality and reliability of system.

Wind farm combined with a DSTATCOM comprising an
energy storage device placed onshore, could balance the reactive
and real power needed to boost the voltage at the point of
common coupling (PCC), mitigate flicker emissions and
eliminate wind speed fluctuations. This paper describes analysis
and control design of DSTATCOM to control the voltage at the
PCC, keep the power constant at the load and mitigate flicker

emissions  from  intermittent  wind  speeds.  The
MATLAB/simulink software package is used to simulate the
proposed compensation strategies. A vector control technique

based on the decoupling of real and reactive power.

2. THE GRID

The study case power system considered in this paper is
shown in Fig. 1. The medium voltage distribution grid is
represented by its Thevenin equivalent. consisting of a voltage
source Ey and the series impedance Zy. A concentrated local
load is connected at the PCC, corresponding to the consumer
loads in the nearby area. Although the local load could have
been included in the Thevenin equivalent of the grid, it is
modeled here independently in order to investigate its effect on
the PCC.

10 x 150 kW
22/0.6 kY s E,=22kV

1MV

0.9 Mvar pf=08

3-Blade
29 rpm

Fig. 1 Study case power system.

A 1.5 MW wind farm consisting of ten 150 kW wind turbines
connected to a 22 kV distribution system exports power to a 230
kV grid through a 20 km, 22 kV feeder. A 0.9 Mvar (Q=50)
filter are connected at the 575 V generation bus. The turbine
parameters specifying ratings of power components of the wind
turbine are saved in a Matlab programme. This file is
automatically executed at simulation start so that parameters for
the 10x150 kW turbines are loaded in our Matlab workspace.
The wind turbine is equipped with a 3-blade fixed-pitch rotor,
rotating at 29 rpm. The rotor aerodynamic characteristics are
simulated using its static aerodynamic power coefficient, Cp(1),
curve, resulting in the power curve shown in Fig. 2.
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Turbine Power Characteristics (Pitch angle beta = 0 deg)
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Fig. 2 Wind turbine power curve.
3: FLICKER CALCULATION

The assessment of the short-term flicker index, Pst, is
performed as specified in IEC 60868 and briefly described in
this section, for the sake of completeness. In Fig.3. the UIE/IEC
flickermeter block diagram is shown. Input is a 10-min time
series of the voltage at the evaluation node, which may be
expressed as

u(r)=[U°+AU(r):'sin(cot+z,.r/) (1)

where Up is the average node voltage magnitude, AU(t) the
superimposed amplitude variations, o=2nf the system frequency
and  the initial phase angle. Using equation (1), the output of
the first block of the flickermeter can be expressed as:

[

o +AU(r)] cos[2(cat-kgu):| (2)

2

The constant Uy/2 in the above expression is eliminated by
the high pass filter (Ist order, 0.5 Hz cut-off frequency).
whereas the double power frequency component is filtered out
by the subsequent low-pass filter block (6th order Butterworth,
35 Hz cut-off frequency). Hence, output of the third block are
the voltage magnitude variations, AU(t). in the frequency range
0.5 to 35 Hz.

The next block in diagram of Fig. 3 is a weighting function,
simulating the perception ability of the human eye wvs. the
frequency of the disturbing signal. The peak of this curve is
located at 8.8 Hz. Since the irritation caused is proportional to
the square of the voltage magnitude fluctuations, the output of
the weighting function block is squared and led to a 1st order lag,
representing the memory tendency of the human brain. Its
output is the time series of the instantaneous flicker sensation,
Py(t).

The calculation of the short term flicker index, Py. required
then a simple statistical processing of the Py(t) time series. First
the cumulative duration curve of the Pgy(t) values id found. The
P index is then given by

P, =4[0.0314R,, +0.0525R, +0.0657R, +0.28R,, + 0.08P,,
3)

where Py is the x % percentile (i.e. the flicker level which is
exceeded for x % of the time), caleulated from the Py(t) duration
curve. The subscript s” denoted smoothed values, obtained by

averaging neighboring values of the duration curve, as described
in IEC 60868-0.

\/(t) | |2 Eye 1“ P"
—_— — HPF LPF Respons I P Order f—
Vo e Curve Lag

Fig. 3 UIE/IEC flickermeter functional diagram.

4. MATHEMATICAL MODEL OF DSTATCOM

DSTATCOM shown in Fig.4 is modeled using the dg
transformation as defined in [8]. The inverter block is treated as
an ideal lossless voltage source converter. The inverter
switching losses are represented by a resistance Ry in parallel
with a DC-link energy store supercapacitor. The transformer
leakage reactance and the inverter series resistance are
represented by Ls and Ry, respectively

i i1, L, R,

- % 3~ an—4e
v
dc Lossless ; i B
c=L R Voltage | %» 15 fYYY\f 'R: A L
T dc | Source L 4
Converter 5 L R
_’_NW\_AQ" Lc AfA v
v ¢

Rf Lf _Ié} 4}:1} =

= r'v-w] it 51 s3 S5
° AN PR ?5 b~
. SR T Ride | vde
KE 4 1
SE 52 54
(b)

Fig. 4 (a) Equivalent circuit of DSTATCOM. (b) schematic
representation of three-phase DSTATCOM

The AC-side equations can be written in terms of the
instantaneous variables shown in Fig. 1.
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J I R i, ; e,—v,
F ib =Tf ib +z € —V, (4)
t
I 2 e~V

Equation 4 is converted into per-unit values and transform to
rotating frame as shown in (5)
. B R o, o | -
AP
dt|i, Ry |5, | L| ¢

-

where v is the rms-value of the grid voltage.

The instantaneous power at the DC and AC side of the
DSTATCOM inverter must be equal and therefore the following
power balance equation must be hold:

. 3y s ;
IJdt = IJ::: = vdrld( = :(edzd * eq’q (6)

~

From Fig. 2 and using p.u. values, the DC side circuit
equation is derived as follows:

dog . love 1, )
dec

i CR, C

v ( )

Vie =-0,C ide+‘lJ (8)

dt \" R,

The state space equation for DSTATCOM is obtained:

= i | i v
2l =14 1, |-20 (©)
dt 7 | q

vdc _' vdr 0

Linearising around an operation point and using the fact that
no active power is exchanged at the equilibrium point it 1s
possible to get a decoupled expression for id and 7, [2].

R0
Al %‘1“ 0? Al T
afa] |70 Pfa] fa (10
dt| Al | { Rf(o§ Ai, c,
1 1, , 2
" |

It can be seen from equation (10) that no cross-coupling
between id and 7, occurs. Also. if ¢; and ¢; are expressed as in
equation (11). a real and reactive power decoupled vector
control strategy can be achieved since iy can be used to regulate
the active power and i, to control the reactive power flow.

(11

The relation between the DC-side voltage and the line to
neutral AC side voltage of the inverter terminal can be
expressed as follows:

e, =mv, cosa (12)
e, =my, sina (13)

The modulation index m is the magnitude ratio of the DC and
AC side voltage and o is the angle by which the inverter
voltages lead or lag the bus voltages. A vector control scheme
controls id and 7, by varying the modulation index and angle. as
shown in Fig. 5. A phase-locked-Loop (PLL) is used to provide
the reference voltage angle 6. thereby synchronizing the current
vectors to the fundamental of the PCC voltages

Via Vtb Vitc
Vder  Vdc
Estimate amplitude of Compute amplitude of
nphase component of supply voltage and
supply current wsing Pl nphasc unit current
controiler veetor vimr
Ispdr Vitm
Y Ua,Ub,Uc \ 4
N : Estimate the amplitude of
Campaic inphase -
quadrature component of
component of supply

supply current using Pl

ctrents

Wa, Wb, ‘ Ispar
YYY we

IsadrjsbdrJscdr

f

Campute quadrature

Compute guadrature: tomponent of

supply current

lsaTh‘,lsde ; YY VY ; Isa?r,lsbqr,

scdr scqr

yvyy

AINIt current vectons

Compute total of three phase

clerance supply current

Isar,Isbr,lscr

\ 4 \ 4 \ 4
Sensed s emmm—t Hysteresis PWM
SUPPly  1Sh s— )
current |SC Controller

6 Gating signals for
IGBTs

Fig. 5 Control scheme for DSTATCOM connected to grid
supply

The three-phase reference source currents are computed using
three-phase AC voltages(vta, vtb and vtc) and DC bus voltage
(Vdc) of DSTATCOM. These reference supply currents consist
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of two components, one in-phase (Ispdr) and another in
quadrature (Ispqr) with the supply voltages. The control scheme
is represented in Figure 5.

S SIMULATION RESULT

Simulation used power distribution of Thailand sizing 22 kV
50 Hz .Connect to transformer 100 kVA . DSTATCOM can
compensation voltage flicker more 10 sec with used capacitor
sizing 40 mF and control dec voltage at de link. Fig. 7 shows
during voltage flicker at 40 ms . Fig. 8 show current inject to
system when during voltage flicker at 40 ms and Fig. 9 shows
voltage curve of phase A when DSTATCOM compensation .
From simulation DSTATCOM can compensation voltage
flicker.
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Fig. 7 Voltage Flicker at Phase A
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Fig. 8 Output current of the D-STATCOM.
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Fig. 9 Voltage waveform before and during the compensation

6. CONCLUSIONS

The use of an energy storage device linked to a DSTATCOM
to provide real power as well as reactive power flow was
explored in this paper. The results have shown that the
DSTATCOM device has the ability to significantly reduce the
power fluctuation generated by wind farm comprising fixed
speed induction generators, while also keeping the voltage at the
PCC at 1 p.u. In addition, the wind farm’s fault ride through
capability can be greatly improved by the DSTATCOM. For
commercial application a more detailed design and technical can
economic analysis needs to be carried out. Taking into
consideration maintenance and operation costs. this would allow
a comparison between a wind farm using fixed speed induction
generators combined with DSTATCOM onshore, and wind
farms which inherently generate less flicker due to the
smoothing effect of the rotor with variable speed.
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