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ABSTRACT

The vital problems of doubly fed induction generator (DFIG) wind turbine are power fluctuation
and low-voltage ride-through (LVRT) performance. To tackle both problems, the new circuit configuration
and optimization technique of the superconducting magnetic energy storage with fault current limiting
function (SMES-FCL) in a DC microgrid arebpresented. The SMES-FCL circuit mainly consists of two
DC-choppers with common superconducting coil (SC). During normal operation, the SMES-FCL acts as
the SMES unit to suppress the power fluctuation of DFIG. When severe faults occur in the system, the SC
is automatically connected to the system and used as the fault current limiter. Consequently, the fault
current and the terminal voltage drop of DFIG can be alleviated. The energy function method is used to
formulate the optimization problem of SC iqducmnce, initial stored energy, and PI control parameters of
choppers. Simulation study confirms the superior control effect of the SMES-FCL over the conventional

SMES.

Keywords: Doubly-fed. induction- generator, superconducting magnetic energy storage, fault current

limiter, microgrid, optimization



I

=\ oy
ananssuszmea

y ¥ .
msduns il ldsunuaivayunsisvlsziantuseidnnaaniuma Tuladns seoumndud

funmisairnszlia Usedidanlszine we. 2558

DATLHY NN



v
(74
a5y
nin
Y] T .
undadenytIne I
o 1 e/
UMY IONNY I
G R 2 Y I
O T v
AT 1T N of N e e \%
LT 11N S VI
NN L U 1
L1 anwdaguashiwwe Ty e 1
1.2 daguszaaduedne o, N 4
L3 MBI 5
- d' - o
L4 manwden Wlumsdse o e 5
1.5 vouraMsNe Y P 2N N /e \ S SN N 6
4 5%
UNN 2 MmemuganYwade o e
2.1 uwusmesszuylulasese s e L e
22 museenesifivesSMES-FCL. o A g
23 msaanuum‘ﬁmuquuaxmﬂﬁﬂmsaaﬂlmﬂﬁ'mmmnﬁqﬂ ___________________________________________ 13
2.4 HAMINABARENANDY. (o ot AL g
uni 3 aqdwan s, o e
unil 4 wasdanlowmandee o S g
U SN e e e 29
U I ) 33
IR N Yo 33



v
MIUYATN
o o

MIIN nih
2.1 WIS WIADS AT RO Y 8
2.2 MIMIUYBIAIATUBIREYOLIUBT I SMES-FCL 12
23 WISHUABIYBY SMES taz SMES-FCL
2.4 YUIA MW 1Az MJ A5 uTUU09 SMES UL SMESFCL oo 25

3

{



VI
MNIUYMN
i nin
2 szudsllneesef W lumsfinun 8
22 BT IO SMES 9
23 0005 B SMES-FCL 9
2.4 fiemnns navosnszue i uanvasdnd 10
2.5 Aemams naveanszua i luannsdanaadanses 11
2.6 MANRITY MY SMES-FCL. 13
2.7 TS VORI SMES e 15
2.8 TS YO R I FOL e 16
XY SR oL NN\ [///725200. . 20
2.10 msguimaaeyvesrumsdaglssaes 0 L .\, NS 20
2.11 MIgUiMIAAeueY /¥, JAE AP, Lo WY By e 21
2.12 id Wit PO [ T M =\ 22
2.13 usaduiihfiuEh Y AEEL WY g Y il O 2 Ny 22
24 s T T 2o o 23
2.15 mstfSsuisumsaaaauoaus It e 23
2.16 sz i 17 O e N 23
217 nszue RS R 2 24
218 A5 MRS L e o 24
209 nsee RS aR 2 A 24
2.20 ANuE2 T5moTvea UM BEIGT 2. L L L Al S N 25
2.21 anuia Tsimefueafaiuay DFIG2 : 25



11 nnm‘nﬁ’cgua:ﬁuwmﬂtym

anBAnAIRA LN wdau Ihiuals guineinwdanumauny (Altemative Energy) 15U
mmﬁuuv‘i”ﬂan‘iuszuunﬁNﬁnﬁm“'a“lﬂﬁmazﬁuammmmﬁmﬁuﬁuiunn 91 (13 Tidreziihy
waru i 14 andeauay wﬁmm}mmﬁmfwﬁmmfw HAZNSIIUUHAIBY 9 WAIY
tndwﬁﬂzlﬂuwﬁmunyuﬁau (Renewable Energy) éqxi‘Juundqwﬁwmﬁxﬁﬂ-ﬁuagadwwimﬁm'lﬁ
nua lhuazaunsminnadaids i 1ded hififunua uanssiuuds anwdeansndeny

* o L] 1 \ 4 A' s
~‘Ivhdnsdlededereiitounziiuiuluyn .3

»
o e A

mselie anaulsimssdandanu i idennsulspindinuauiiesnin
[ i 4 1 4 [
szgznamatiirnunmsAsrahifufaiuaumwinnn Oashore) nazuenanodangia (Offshore)
A5 unnuaulveduumsvarenasiveasiufidimsnanils=iin 318 6w ludaiedl 2013 uas
v A j 1 ] % o § q s A { a a
manszmuvustdeiieluyn 9 1 21 Tasimwizdnivaunldins essudia iduniivnisiia
é o o § - L) oy
euaeaniz (Doubly Fed Induction Generator: DFIG) Fudunsfuauiiiilszaniamgalunsnda
o @ % a A X ' v A o 4 o, ) ' o ¥
mas Ivvh uag IdFunnuiomvvedrefissswilsanaintlss lominaiodi (u nsaans
msamuiid antannsalunsngualizasumds i wagaeinsamuguede i
-y J L.d - i o é « z o o 3 o
vauazma Idfhuailon 1&uondaseaedu [3] FansAnasaitian. DFIG luszuumaavidhes
' ' A o a & ) )
denan ludvesmsmumidimssan s suy ldiuiennudoansvoadls il udedielsfan
¥y [}
MIARAINIIUAY DFIG fidswaidodonsanetanus nnuedssuuids i1 185 ndqe ieeunoin
o o s o P ' % & d 4 'da ‘g a [
Avfuanes Idfunwdenuaei iimnereFailudehifenunwss sumaues liaunsonauguld
i ldnaiuay DFIG ndamaa i finansundsvesias i (Power Fluctuation) 1¥fusZUY
A a 2o o &3 1 ' 4 ' a 3 o a '
[4, sldiemsAadsiaduauitulived sdatissdara szuminnisundwesdidainihediaga
uaznseiuila lfhundussdesandmesennnszuy v ldanufessuunnmss1uves
4 o a o [ § a & 1 o [
e uta i mdnluszuvanriooas dwwaldiliedadssuniuduluszuninilugms e
>
wdosnmldie [6, 7] uenvnil dviuay DFIG filigaunnsosluTnsiadrvesianaiuauio
&4 a a ' 2 P v o ‘g F'd A " o
wamanNuRans83vu luszuy iosnnfiuay DFIG  vaalandiuammeiszidondeny
szuu Wi lagass nazvaaiamed i Tsimedozswiar i riuaoune ftnefnisdiu Isine s
(Rotor Side Converter) I1RZABUIIBIIABINAIUNTA (Grid Side Converter) [8] TuduvoInaUIIE T
I'4 v v a o ] 5 A a d 1 o o [} Y a
wmeirzesu lmdemsifannuRaniestiuluszuuioRanssuaveadsdnsundu dwaldifa

¥ o o Y
aszua N uAu  (Overcurrent) Wanfsduaiamesuaz 5o uazdudauseau 1MW my



¥

= 1 o o o o 4
(Overvoltage) Tudauvesndaen (DC Link) 5znintasuneimeiiiaeda [9, 10] Aumail aeu
4 4 a o) ° ¥ L4 ] o ]
nedweizhanudomeii ineunesimes liminsoniuguiniuay DFIG 1dende luay
') L L4 [ o as [ o 1 é H
iligmatasdasssenninszuyliiy shdszuudids e gyodds idfhduniion1d
LK) o ° 1 o o (R
vinfviuauasfiumnitldgmeduadosamluszuudas I8 s, 1] udedalsiaw ms
Ao o o 3y o) A fedq Yt a [ 3 a
fniuauszlaadresnninszuuszdeaiiulamnasgunisagnasinldsunussnanguan
o & s A o W o o A . 2
mdavifuazesdnsinruquszuumd Wl uweind oninas gruilinnasgiu Grid Code #1998
' & d' o~ a ] o o 4' 8 o o o =t
natailaRagnzanuRanssalussuussiiamsanasve s iu ihitminfrvesnaiuand
aanauthinilsvnausedulvfulnd (azsroznaRaAAANI Bl E I M TR 1vEs
1 I’I 4 5 5 e ar hd o o =y 1 o Y4
wuaruoils Taotaiivaiusz1dus sy lwihmihdrvsssaiuaunihunaeidadudideiu
] o :" ar o 1] - - A
auszdpalandlenninszuunie’ll [121duiu dafuauszdeanuasan1Izan1uARANIBY
WiethuruAAANTBe (Fault Ride Through) lussuinie 1HHIMINATE U Grid Code tazdd
annsenduuhauluanizdnd ldaudy .
A 4 vy o ' et o o Lo A .
ienvzuddamiaindnluszuylatinsiuausvaaiadiitwia  (Superconducting
Coil) woonuuuiiuglassirzauwdnunmimanuuubeIn- (Superconducting Magnetic Energy
é 0 1 o Qy’ L A Qr
Storage: SMES) #4 SMES ssimthfiasaundtauldfmefuuasiwlisuszuuld Tns SMES
Tu [13] e 1S vUgaatos i A uAviuan Taslddnaunuinuuia® (Fuzzy Logic Controller)
o = b L o d'Q z‘ o/ d" A
AU IINYRY  SMES tiagifSsumsuduniivauiidaasdniuguuuuissieniugu
luasaiuay ranisnagounaasiiunnsl¥dnauguuuuisdasugy  sMEs 1o
a s d’ -~ t W o d"a :’; Q. 4' L=) 11 o d' i‘, I3l
Uszaninanimilenhimuaunaadadanruguuuuiad sndudondn aanruguuuuiadiui
anugannlumsesnuuy wazvinaves SMES 63 liaunsatudulddumnz audmiymsh
wdusnm uazlu [14] 9519 SMES muanwennsanmsediuanuRansedviudaiuanias
A o o o - - U 3
wseeruiia lWiindanuuaeeind (Photoveltaic) aiwlanianatouadn1zaUHANTEY UA
t o A a 1 a 5 o ~ - o Y [ [
ot lsiny dlonnwAanssufetu s nulndifissh SMES @adieg SMES oaez hiansa
. : y oy
SaynanosamIisusaiuauiazes sesuiia llwdianuiaseiadld dniu vsdaiuauuas
@Wiaetuiia indamumeeiades igunsadriuanuianiedd uazlu (157 dums
v * v
yarsorauuvyntazeynsyTaold SMES Fsdadeniidafuay Tao SMES wziszneuday

a

Bu11031997 (Inverter) "lua”nymzuuwumuazwninﬁ%z‘hmﬁnmmm‘hwmmsuﬂ:iwm
mde Iz eraenismamsuniaveans wu i imhitavesfuiuamieiannudia
wioatuluszuy daulu [16) sz1¥wasianszuavioad (Fault Current Limiter: FCL) il
‘mmﬂmuwammmﬂnsvum«laam (Superconductmg Fault Current Limiter: SFCL) 1sz1anda
fAunu 1umiﬂumﬂsvuﬁwaammﬂﬂwinaﬂuaummumsmummmumuﬁumu"lummma

lﬂuﬂ'lilWllﬂ’J'liJ’cT'llJ'liﬂﬂ'lﬂJ'llJN“lﬂ')'IIJNﬂV‘ﬁEN‘lHﬂQ‘HU’MJ DFIG uﬂmns:uu MIANANY



9y o o § X o o
dumuszdhuinsaduanugoydonimddlif Power Loss) iiodasidanszuaead ldinn
o a Y 1 r ¥ oo Y a [ Y
m lshvzfansgaudoiuiitnnamniu dAniu asezdssinsandemsnudumuiimunzay
Y 4 - o A o g 2 o ' o
A8 isvAnIaaNnihtasIaa s 0l uuna SMES tag  FCL Ralinisiuauenissaunuyes
PR a 4 'Y @ o A [ o ° - 3
ginsainaaeviailu [17-20] Tauldyaaradnitsssrasruiulumsiuatiosniwnanis
y L3 o @ o 5 ¢l a - [
utdTgyninrsundaveadias ihuasmsdudins zuaeadnifaninanufianiss Tay SMES e
v . [ )
Anduufulanuus q T uagiimhiinzaundssn Idiuieaanisundsvsamaa vl ua
& ° ' v o o @ o o s [ '
WeTin1sYus AU FCL udidrvaalannitgisinssasivmedadndslagdiuleesios
- . A a a ' v o A A ] s o i
A SUE (Rectifier) intiannuAanIsalussuuvaalaaigeeInziFeuaotd AU s U061
ar LYK & « o o
o TudiAr eI oInszue FulS sumifounisunsnduiuaudidn i lussuudrsvaaiadanin
2 i o w ' Y o . oa Y o o A Y '
gawnaiesinanssuavioad wenvinil Silimsaansvaalaanitanaludiuay DFIG 521
'é 4 ¢ 4 o - o
aouneswmeInd Ismesuazasunesmesniadunialu 211 AMoaussousmsazaundinuy
[ . N 3
Tfhuazmsasuaussiisiad 1weavantaamhitsan i ldmsauguiids Irlies oimuad
Tsimasuaznedmmamos vl ldsdwdaszaenu dawaanrnsaaanmsunisveamda i
2 1 : o L] = g L4 o Q' 3
voanaviuay DFIG 1asinmelu oeldadniy u 221 dulhauemsdaduaaladniigasialy
fiuay DFIG ssnanfapunesiassmaau l5mss uaznounss mosnaunsanlolaseadg
llUUllHﬁﬂd1ﬂlliQﬁ'u1ﬂ1ﬁ1 (Voltage Source Topology) llﬂ:llﬂﬁﬂ'ﬂl1ﬂﬂizllﬂ1ﬂﬂ1 (Current Source
Topology) Tugmazilnfvanaladniitesinssrimitiiaanisundswesias it uadisfaan1y
Y ] @ o A A ' o [y ¢ & o A 9o o
anuRans sdluszuvvanalnanidssIaszyeude 11 fansmnulsmes viemawmes e 14d11a
a da A ¢ 2 o oo 1 A 1 @ ¢ A
aszuaiuninandilsmos i eam@sd Fwasnidaaasnmsivounsvaalaa il
dnuazeynsudumadbumames s ltanuaunsansduiuanuransedldaniimaien
o [} 4 o ] o 1 @ o
aynsufumdlnme? udediaisfan lu 21, 221 ada higunssduduidnavavaadan
P a ¢ o an Mg Y e
tavan wazwniimefadauguil lenlmiufianumingery
a o 4 . o o A o ° a 4
adseinitrueMmatszyaaldvaniadnihsnin ludasa s Ty 191 Aadss Tow
qegaTatzjaniuiaiivanuamsamsdwiuauAansewasaamsundaveamda i
¥ - ) -\ o 4
vsatiuay DFIG valuszuuihnszuaadunazszuuIihad lulasnse Tasluauisuliog
ianuguit lelumsarugugyaseii q inmsesnuuuiissnindludanuguitldanuldie
Cw - Py o ° @ o A o °
uaz lududou uenninil emvaussouzldsumniwaaadnibealdssgndaldezims
sonuuLvIamANUMToni ndnuazauE iy tazwniiresvesdinruguitle Iiminzay
#2053 ¢a0yn1n (Particle Swarm Optimization) 23] 1un$ou fumoldiaguszaenniimuauas
du'lledreonhwid . '
Tﬂﬂumsﬁnywzmmamv‘hﬁaﬁadm'lﬂﬂszqnﬁ%’eanmm Superconducting Magnetic

Energy Storage-Fault Current Limiter (SMES-FCL) luszuu@dlulasnsamedSuilgedlseaniam



mstwinussiuhifhdriuuazmsaanisunisvesdida IMihuesdfeiuay  DFIG tag
swazduavesiin uazanudWayvesTymesuosade 15

Tusanaimun fefuasuugdvunasnnug (Variable Speed Wind Turbine) ¥1ia
DFIG 1&fuanuiisuedinnnluszuuadlulnsaia [32] sdrelsiimi dafuan DFIG Aoundy
fuymiindndodlilddensidadda Iiunialuannemsmadnfuaznmstaur
us e TiAY (Low Voltage Ride Through) Tumaniz@anawiiandesluszay [22] $aTaymn
weiishidgmiitouswefos amszuy s

TuoRafiimnn 18t maiueuslu (22, 151 nay [17-20] Taems199rms0fues SMES
tag FCL e ldudTamdenanluszuy haszuaady Taoly [22] YRR BRI AARG
meludaiuay DFIG it 19dutenssummiazus s Tiiuduludniidannufiandesluszuy
uazlu [15] SMES mumuﬂszﬂamamunasmaimmsqmnmu'uuwnsuuawmumahaﬂ
msundenamae ez e Iihwesiaiias inedis lsiminide sMes Tu 22, 15] i
MsauTAINAvBINIaamsanawedts Wi iR minavessuiuay DRIG Tussninda
anudans ol dniu ez liamnsaudu1dindaitan DEIG vrauns atausmis i Tnvhe
Ald daulu [17-20) urasfams Idenus auduue s SMES tiaz FCL fip 10 fanszualoadiay
aﬂmsum'waafhﬁ’q"Mﬁﬂuszunﬁ‘lﬁ‘lﬁ'ﬁﬂﬂzﬁxmdmﬁmﬁﬁa'lvlﬂmnwa"wmnqm"’mu Falu
auAsefinaan lideiiselafest seyndldas 2uiives SMES iy FOL doudTagmitens
Sz suifviinznisunessmde et vivay DG MszuuaalulnsnInogay

ﬂu?ﬁ'uﬁﬁuﬁuaTﬂsm?nmqu'aiWﬂﬂﬂﬁuazmﬂﬁﬂmsﬁflﬁ'mmsﬁuﬁqmm
SMES-FCL w‘i'amiﬂ%’uﬂ;ammmmanmi‘ﬁﬁmhuusw‘fu"lﬂﬁw%]muuaxaﬂmsum’wm

o

midaIwwesisiuay DEIG Tuszuudd luTesnsa Taoravesmsnaungy SMES-FCL wilszidiu

e

Y
AWUVUT1ADINUIAT (Time Simulation) (lazeZfFvUMeVNY SMES HULIAURY

1.2 Jagiszaenveantside )
av & o 2 79 9 o o & A a 9/ '
U IMInEIMIUszynd IFuaalndanibaiomun 110115 0Ms Ry
ANuAanTeAazaamsunisvema hwesdniuaun idinTesduiia ldiumiioniwiiadou
o o 4 = @ dy
aoan i laslinguszaenueanisinyidane 1Uil
L ievieuemsiszgnd ldvaniadnhtaalumsvuatos nwldifess Tomfgaga
4 2 { H P g o A ) ° =
2. hedszgnd Idvaaladnhiwaiaansluseiuarilfins ssduiia Iifunfionhwiia
ﬂauﬁmmmﬁmﬁummmminms1’1’1uz\i1uﬂ'va‘iﬂws'muazaﬂmmﬂ'jwaqf‘ha"q"lwﬁf'lﬁ'mha

mnzay (



A q ¥ v o A U4 @ ' o
3. edszynd dvaniadnhidinialumsesnunugnsal oz aundruuimanuuy

& o

a 1Y ‘o o & o o o o 4
wanderduiliidumsitanssuadmiumsliunlyaados nmveaszuumds it Sy
auhlfinseaduiiaTwiuniioniwiiadoudeamadesny
& vq 3 v o 4 ¢ o v
4. melszynaldvaniadniibaialunisesnuuugunsslozaundnmulindauuy

]
I

Bwamimmnzaunfeudiofaddunissidanszualuszuudd luTasndadmivifudsa

D

dszanEamwmsduriuusaiu ldhdmuiazaamsuniweeiide Iihvestaivansaiuayi

aseaduiia i uniienihriiadsuasima
A o o o A o a a o
5. e iaueNIveNLUUYIAYARIAANNITIIN NRILALTUENAY tazmsTine §ia

aw o o W 19 Y '
AU lenmnzaudaelansutaglszasdmumsuddamedamung ey

1.3 auufigMveIn1sIvY
av 4. /q ¥ w 6 a A A 3/ 1
nuRBhAMsAaYImMsszyan 19vaaIadnitesraiomiua1u a5 0 S1ur Y
ANVAANIBAAzaanIsIAleias e s aiuaui Wntosfda I umiieneiadou
. .
asan Tasliauuagiuvesmsnyidede 11U
1. uvysimssssrumas i ldlumsfownaiuauiilfinsossudia Wi ioniesia
A'l ] o @ ') 0’4'4 o Y [}
ﬂauﬁmmmmauﬂeﬂumfauumwm1amamanuszuu"lﬂﬁwmﬂmy
2. vanaaaiitannsTiaselas 1¥aanteninaz lifaradaf sarssvaaiaaaui
Bawaa leannszaund 1w snawisoazaunasnu i uasiitaaszuaweadldnananal
3. Ao itaes i 15 lunmsfnun: hisilsfensgu@omdmia i dennde
aouhoulussuuidsIdihas gydoimds ldfh luasunesmes v linufivadmion

-

L4 uymuaan ¥ lunside

¢

a e

aateiihinsfnmmsilsegndFvantadnibeadeiuanymnsamsdusig
AnuRansswazanmsunisestideliliwestviuauildind osduiialdfumilvniwiatou
aeanuiifauazndnms nnnmeanisenindade 1

1. mslfvaaadnhiwanidudymmsduriunnufanssaazmsaamsnniwwes
mashbihwssdniuauiildintessuiialifumioniwiiadoussma

vingmveaiaiuanii et saduila Iihmionhaiiadouasanalu [13-15) 1851
igUnslmzmmduimdnnuutianudTarmiimstisunnufani swazaamsinda
veqﬁja"'q'lvlﬁwmﬁaﬁuau uazlu [16] :l;i’f'ﬁ"wﬂmﬂﬁamﬁ'iumﬁﬁﬂﬂsztlﬁﬂaaﬁﬁismmﬁ'a
AMummanuddymnsduriunufayisvesdaiuay uasddimsihdednamesginssily

[17-20] il livamadnhdaan Idifads: lomigagadioms uanias i lumsudTynives



a =

'Y o a o ° o o A o : t [
ANUUay ‘Nl’.lullu']ﬂﬂﬂu'ﬁlﬂ\’ﬂ'ﬁu'lﬂﬂa'lﬂﬂ?uTUQU’JﬂuTﬂﬂﬂllUUlﬂuQﬂﬂimﬂ'N 4] 1"?1‘111150

2 o vad

o A ' o ‘o : .. o_ &
naimihnazmmdiny idfiisasnisunisweshids huardimunseldidanszuaveadld
ndu uazdideanisepAULUYTIAYRAAAITIIEWIR NAINUATTUGEUAY LazWIS1EImBTda
auguit leTminzay

° 04 Py v od P v 4o o w
2. maigunselgzmumdinuuimanuuutwianisudrofadsunissinanssuean
udTgymivesdaiuauildias eadudia Idifunilonhsiliadoursimandeswegluszuudd lu
Tasnia .
vinmisuddyvivesdaiuaniidiuanly  [17-20) dalitiauidslamignselaz oy
o " o 2 v A o & ° o <t aa
waaumimanuuutanisudelinsumsinanszuminnFlumsiuadosamlussuudd
a Q d a A . o o v o A ~
Tulnsnia Suflunuaniufafitzesnuutiglasslazmumdsnuuimanuuutasaininz oy
o/ o ar ’3 ) =
nfoudoansumsiiianszuativylniluszuvdalylasnia
- Qs -
1.5 YouIYANI3 I
m3szynd Ivaalednihtiwsamoiyn oM IuANNAAN DIRZaAMS
] v v (] 3
undevssids Idfhwesdaiuaniilsnseduiia Inihmilieniwiladeuaasnamuiauisui
dnaus teduatusainvesszuulddinidenisldnissranadroTdsunsu
Y 3
MATLAB/SimPowerSystems [31] 7waz®unosuiylddwds 11i
o’ Y PO ~a :’I o W a Y A 0 & A ° -
1. UszgndlFvamaadahsimeaaainislunsiuasmfasosdtia Idiunilsniedia
JoudoantufipmuauaINsonsd i unNAaNs salazaansunlavesmas i uas
PONUUVVYUIAYARIARNINTWIA NAIUAZAUSUAU tazdime T lestiaminsay
2. dszgna ldvanladnitiiaseniuuginsalaemmdsmuuimanuuutsandeoy
O o o A ar L4 o 3 4 L { 4
freaddumsiridansyumive [l vdyuadosamvetszuumad Wil seiuaui4ias o
dudia lWluniisnhetiadeuaeimadedaug sazdwenuuusuinvaaiadatiibain naanu
azauiFuay uazwsiiine i losthamanz ey
3. Uszynd [9vaatadniitwinsenuuugiaselaz suwssnuuimanuuvtiandoy
¢ o o w a Y o a a ]
arofaddunissidanszualuszuuddluInsasadmfulfulyalse@niamasdruriu
us sau Iihdrunazaamsuadavesiids Iihwesdaiuaui Mias e ad uiia Iihniioniaiia
Touasanii uazesAULUTHIATARIAANITLIA WA HAANE AU uazwslime i losdia

tMuzay



unn 2

MsmIugUtinaue -

4 .
uniidumsihieuemsysudgalseanamnsdwdnums iy T (Low Voltage
Ride Through) ¥esdaiuayildindeaduiia Iihmiluniwiiadeuneanis (Doubly Fed Induction
é . L) 1 - t
Generator: DFIG) Hafiaimguananuaaniesluszuu@dlulas-nia uasnaudifommsunis
ar 4 = (-] o a o H 1 H % :’I 1
yoefdrIifuitounnnasndadideiiihwesdaiuay DFIG Ahineh Felynmismsduriy
o ; 1 ' o o 5 o ~ 3 ar o o 4 1
usasu Wihdrunamsundaesids Iddhihlymiiezfedududsiuay DFIG ileay
[y 1Y 1 & g ' 4 o ' o a
udTymidanansaldtinsesanuuInssadnvesginsdazaundinuuimanuuytia
. . . ‘g v = é L4
(Superconducting Magnetic Energy Storage: SMES) uIniluszuuddlulasnia ¥ SMES Uee
A ~a 1 X o @ ¢ A P I~ :’1 selq ¥ 1Y
M@y ureulindumssinanssuaioasmenns ahezilunginsain ldas rundsnuuag
sSiangse Woad (Superconducting Magnetic Energy Storage With Fault Current Limiting Function:
SMES-FCL) 11w 4 fu lusniifadamdiddiiunde sMESFCL  oxvhmihifindroniy
{ o z o/ o’ A A [ Q 4 ~
SMES asiinihfasaundsnunduiasnisids llfdieannisuniweaias v ilfeifa
anuRansesetisunauiszuvaa lulasnia SMES-FCL svhwmihadludasidans suadaons
1907 I ptvaR A NTeEIA. (Superconducting Coil) WiszuuTuhediada Tuiagaezidfu
Y - L n:id’v A a S
msutaymmiaaasveassiu ifhluszyn vaz lunidumiumaiinnseenin SMES-FCL %
mmzaudmiussuilulnsniasadan Taoldvdnnis dsieansundsanune ldesnuuumsmini
AN Nh ST Az AL uAMYD AR SC LAz EimeIA IR URNT 1o (PI Controller) Tu
- ¥ 1]
namsnagousiaaaliifiugl SMES-FCL veih)szaminamilondt SMES nuusuaylundves
A a a Py [} o F ] [ o o At o o
msiilszaninmnst s e lfhdruuasmsaamsuadaveamas b ntideduan

DFIG sinag luszuuad luTnsnsa

2.1 uuumam‘svuu‘iuininin
svuumaﬂﬂﬁmm'lu‘iﬂsniﬂw%ﬁﬂumTﬂN'd'iNuﬂmmmww 2.1 dszasuludan
Sofuanildatestuiialiiuniionhaiiafouasinia (Doubly Fed Induction Generator: DFIG)
YUIA 1.5 MW $112U 2 9@ fonsiuaun DFIGI tagiaviuau DFIG2 finsdmesanu [22] gunsel
araundnmim s nnuuiandoutalaidusifanssuarload (Superconducting  Magnetic
Energy Storage With Fault Current Limiting Function: SMES-FCL) teeasRds (DC Line) azIviaa
(Load A, Load B,.. , Load F) 1us.memaa"lﬂﬂmn“%ﬂnuﬂuam'svmswNmﬂﬂm
(NormalState) uawﬁmavmﬂmmmwsqq (Fault State) $1 1ilofaviuan DFIG 1 2 g winlinedt

danaldszuuviaados amuazithilgszuudidd Idihdumar 14 uaziiesiananisiia



o o { = = o o A A
sl P, uaz B, amami 2.1 luaanzlnfsziademidide Ifhundaiiesnen

anusIaN

. line to ground

Fy

fault

i 2.1 szuuaa lulasnsanlelumsfnun

anvAaniosficodsdFains1anl (Line to ground  fauld ige E, tzdaransznuldifaanioz
usadulWianasiive 1 uastie 2 Sunaldfoiuan DFIG wiaeadonlandupasenninszu
Ghililannnasg Grid Code ¥o3 AWEA [12] dnhi iifendlanmianeiniuiinannieanna
SMES-FCL s¥ninatadl 3 fufeiuanieasaga Tagszuumaalwiiad lulasndafiez 14

a o o
WITUADITLUUATUATINN 2.1

AN 2.1 s ees lumssiasusssun

a d 1 ﬂ' °

wisiiaes Mfinirun
Anafay vl L5 MW
finaus i wih 0.69 kV
awame I wewnatuan prie . 50Hz
91U pole 2
fndunuvesaresiaz Iswmos 0.003, 0.003 pu
sanumileniwesmamesuas 15w 0.1, 0.07 pu
sanumileniwdiam lada 2.5 pu

L d. d'

fnsnANuRBY 0.685 s
MANUATUNTUYBITIUFA 0.015 Q/m

{



2.2 nU$19992993 M 1vee SMES-FCL

Bus 3

NN 2.3 2995 Tvhvee SMES-FCL

o o U4 'Y g a .
amuanit 2.2 it nseadnyegunsalaz aunda i AnKUVEwIA (Superconducting
1 H ¥ 1
Magnetic Energy Storage: SMES)-luszuvadlulnsnsadedentnuiafi 3 Tav SMES Ufimii
o o g L] o ar é ’ 4
wanfeazaunasa e 1daamsundsreedds T Fawlnseadraves SMES Hezgn
i lddszgadases i lmiTasiidudiuveslassadgunsaisidanssud  (Fault Current
s : 3 o o« > ] 4 y ¥ du o o
Limiting: FCL) T2 wniluginselazauwdsanumimanuuutisraniowislansusidanssue
é 4 s - 3 L L} Al
Woadn3e SMES-FCL Faanunsouaaans il lddanmi 2.3 Taw SMES-FCL Hidpagsznin
ad 3 Auriad 4 Glleafsudouduning 2.1) Tasduilszasuveslassaddmaniaiiu SMES
uag FCL #992yaiuuendaszasiutaynaInfililnana (Superconducting Coil: SC) tanald
1 . 1 ° L a a
$adueg Taonsiiiauues  SMES-FOL szgautuiiu 2 aanzfie aanzinduazaniiziia

AUAANTBY {



10

Tuganizalnd SMES-FCL wvihmihiiaamsunicvesirde iiidaenteiuay DFIG
Swmaianludnwes SMES NAMIAILRUATRT S, uaz S, YeIReUnTIABTSIAINID
munumIniwazdasienszua iy uasludawves FL ssrnuinedomanifiand og
Tuluszuuviesgluannzannuianionius Seaind S, uay s, wwngamnuuaaIag
S, uaz S,, sy mannugiuvesndad s, fu s, uazedad s, fu s, Dy
msv’hq1mﬁeﬁ'maﬂs”lvlﬂ1"lﬁmﬂuqu?mﬁﬁﬂuymf Factaralinssumloadgnirfanszundan
varaadhBeen nanmainudnanansahmeioduianams Inavesnszua i

Slwtdy

1daatl

Normal state
Dy Z

b::_{

Bus3

charging
b ]

_L 3
; % DiA

&5
DA &{ﬁl}

m) Ivyasssaszua i

l”——

Normal state
Bus 3 g ] S4 Bus 4
Dy 5. /3
discharging >
S—’ﬂ] A D,
D4
B 7

D, 4 §Ll -

) Tnuadaansenszua v
M 2.4 Remans Tvavesnszua I luanizdng

4 @ = " o o I 3 {
- diewnsanaanzinavieannzfamdt Ihundsiuluszuuawnng 2.4 () uas @)

suaasIdiftuiamams Inaveanszua i 1dedradany Taoly Tnuaveanswisons suaaly



11

< '

o CIE 4 ° A d ar @ o a C4
A A 2.4 (0) aad S, uaz S, sxvhauieni wwasnu T lusaanadnitbasaa dauaiadg
’ 'Y ° a A 1 ' o o a t o
5., fu §,, senygainnuniedialeesine lildassua i Tnaduvaniadnitanna uraing
s, fu S, uazlalen D, uaz D, seviumwiladie nszualionselvanimioh 3 1y
] ¥ ] a Uy o
e 4 18 dniu Tnuandmdsnubbhaszua b Inadaiadonadad s, Tildwaaa
aniwanas lvaruadag s, uazidioagluTnuadanivnszuallihaiunini 2.4 (v) a3ad
S, uay S, sevgamauud lalea D, uaz D, sevimumuiie IMansadasfondsaivd
luvaarndnitwinld duadad s, fu s, uazlalen D, uaz D, danuihausuRuMiiey
y
TuTnuamiamaanu Tl daiu Tnuadrnfandaanulifaszualvdhez narunnlalen
a ar L) A' 1 é or ) Qd"
p, ldwaaradnibwranasvaslalen b, Faindnmsvhauluannziladlivzawise

auqumsunlveshas I itanasld

Fault state
Dy

Bus 3 Bus 4

- charging - = \
§Ll H Dl 9 S
H w2

CE= - >

“ | DA S*{‘:&

@ Tnuansanszua vl

Fault state
Dy Z

discharging

D) Qischarging. s_,_“:
&‘H} DA

il

(v) Tnuadansenszua’lvii

amidi 2.5 fanenis navesnszua T luaanzifiannufianses



A a o a ' { - 1
uaziieRinsananziaanuRanssamlihawami 2.5 (a) uaz () semtulddims
o a J o Y ° 1 A
Manesniad S, uaz S, fulalea D, uaz D, SmvinusuiRuuazns Travesnszualiiy
4 [ 3K a o ° a
winfwazarnedinaniouanizdnd Moadhadng s, du S, wwngayinnazaiad S,
Y o a a X o % o a o el
fu s, sihvumdadathnasuiasau duiu aszuaiihes Tnanndad 3 luidan 4 Tao
' a o o o o A ' a o
warmlalea b, uazadad s, Wdwanrednidawauas Ivaradad s,, uazlalea D,
o o % : 4 A -3 L} Y o o ¥ @ o a
Ygaiad 4 Fuiienssua i uivvustuiundurisnanszuaviead Inakuvaaladnitieia

g H a/ ar o A' z g o
vzl suaiiouadrdufiuaudidavaalndnibanadu (33 aunsoapindamaiiauees

aInguazlalonlddinisan 2.2

12

M31aA 2.2 M vesnindvesaggeinles i SMES-FCL

amazlng AAIZIAANIURANIBY
aind y Tvua T, Tnua
Tnuaxnse s TMun¥3e ..
AUAYIIN ATW1I0
S, on off on off
S, on off on off
D, off on off on
D, off on off on
S, on on off off
S, on on off off
D, on on on on
D, on on on on
S, off ., off on on
S,, off off on on

1 E
2105831102995 I ez ndnmsviiiuess  SMES-FCL awi ldnanuudnivezaiuise

¥
a3uwasmsanmsunisvesda ez mssinanszuaiihiuaunis 148



13

Bus 4

P Bmi- Ilmi Puss Tgnse
—_—

Bu.rj
uls 3
APs Alg

il

AN 2.6 MANMIYIINUVBY SMES-FCL

P4,
10 IWH 2.6 emvuald

o o

Py Iy, W02 ¥, fomadliis sy srerIifazus s TaRafRde 1 gatad 3

Pyue WOT I, Aomddihiazassua iR dainh
AP, waz Al fiediaa Mihuazns zua Iih@%wes SMES-FCL

]
e 1

dieludamsgapdomagemdshiihilumsdemmsamardids Il fidlddaiad 3 1don

»
AUNTITAIN

PBus} = VBMS3IBN.\‘3 (2- 1)

o W { - L] 5 ¥ o o i 1 o 2’;

Tasthda i fiRamsundeesiusgauissduivily 7, wesnszualih 7,,,, igaden dnlu
¥ ]
Sramnsonuquusadiifunnsaua ihagiiai idnsundweathidd i udd lulasn
a & -1 ] a < J A A [y 9t 1 ¥ t 2 ¥ Ao
Saitez lilifadu udussanWiosdiue q nilshveusuliidoglusae q vitanniunsedu
J d. ° i o aor . é 1 ' ° o
ignimualums damds iluaoda Fanneumsi 2.1 myaamsundwesiidalvidhes
a1

' :" v :’l ' o W
aunsor Idifivanuguaszua i 7,,,, Adwhuswiniu dui msaansundsveadidalidh

]
<4

s 1dnnmsmiataziansandea I fdeninda 3 1ddaian 4 Tasids Iinadah 4 oz

k4 o d’
mmsnm"lﬂinnﬁumsmu
PBIIS4 = LBus3 + APS (22)

L |
dedmunalimasvid ap, ﬁﬂ11‘1‘11411'arm"iaa‘umnmsmi’mtazﬂﬂm{i}wﬁqqm"lﬂ% AUaIRY

E 4
tazgnnsammiad i 4P, 1denaumsdall



14

AP =V, Al 2.3)
AU TSN (2.2) tay (2.3) annsandugumas i 1dnnaums

Fy

us

8 = Ppy + Vg Al (2.4)

v . 4

nnuAsi (2.4) seuaaeIdiidtun deduquaszuaiih@® 4z, #lvaduazeen SMES-FCL 1
{ 1 ! °o_ o 1 ar :‘l

wannsenuguid I nden 4 (p,,) Warnisupdweadds i i 18 dauiu aeuned
ineuea SMES-FCL szvihmiinauguids i lumeds@ddonsaugunssua Az

< o W o o o & aa a ¥ a
uAzINAIMN 2.6 MIinanszuansardsvamadnitraludd lulasasaiy aunsosse
T8RrvaumsmsmaduiitaraussyaaiadathtawIannaums (331

Z,=V,11, @.5)
uazausasu Ifhannsenvaalndnittmanildninauns
V, = Lodl, /| dt 2.6)

dommualy

z, feduililaudvesvaaiadnitieein
v, Aeussdulihiinnnsouvaaindanitsuan
I, F"ranszuﬁﬁ'lnavhwﬂmﬂvﬁﬁw?}waﬂ‘

nemanumiltnihwesvaaiadaiibwm

b~

a aa A ' a & - '
augauaams Inavesnszua tiaddie luifanmsnssiounsenisunisves
nszud Ildhezdewnaldimeneypiusnszua 1, Tuaunsh 2.6) Taufluguddanalius wdulai
{ v t U o~ oA a v
fnnasey ¥, Tndugudanldsuazudnduaduiiuaud z, lurunsii 2.5) exiiduiu
v o P 1 ' o o ' o .
gudam ud lumeasatudwdinssuaidiniuedusundunienszuaroad Inarsuraalnd i
4 P e o & o & & (] o A o [ 'Y o P 1
Bawdail meweyiunszun 7, sxliiuiviivedniuiiviuladenaldus iy iihiiansen v,
4 ‘3‘;' ' a - 1 [ 4 a a
Wiuaued NG azBuTaud Z, wfifuiuiustianmima dromail lurnziianiuia

v A L. o Q' [ a
niealuszuuiielfvaaradnitsisralunissidanszuaoadssifouiaiisunisunsna



15

a 4 o Py 1 @ @ & . 1 2

suiinaudidh lddaluszuudd lulasns s raiuiiiule Soh i aunsoannssuasadiumaig
T o o Y -

statunauldedsiaga

2.3 mseenuuuiInUguuasmaiinmseenuuulfimnzauiiga

2.3.1 MIVONUVUAINIVAY

AN 2.7 TA530519¥8382R LR SMES

LY ' P 9 1oy . I'd o
1IYel 2.2 annsadungitnsoanuuuAIRIVUADUIIDS e Y8 SMES-FCL Tay
myeonuvy Tasridansuguludauves SMES vl¥danauguile (P Controller) 2 #anaugu
) o @ 1

uazInssaieve FCL seldmsariesunszuaroadscannsanans | daan1ng 2.7 tazeinse
- \ o &
asvwMsa ladatl

AuABINTTannTsuRavesnias I luan1avdanfiiva i SerinisSadaaia

mdsliiese B, afsudsuiunidaiifidnss 2, fhiduyalifudaniuguitle e

2 d'dy ° o Y a | o o a4 ¥ LY

Feluntivzdmuadasindhidiess 2, oidu 1 pu uazdgyanueninaitldnindanivgu

o) J o & Y o a

file Pit ssdluminszuaianata -4, ez lvafioufeudynszuadieds s ny WOE
4 I 1 % 1 s L4 o ¥ v

nanfFoumouieziduainssue Al awaunish.@4) Snszua a7, denfluditavenit

4 X 1 o ar o 3
nszua i lussuuszdeaiinviuns sanasnumisaamsunisveamda i lus s uy dafuss

»
v ldawanSsuarndiduduya Iidudinuguile

us4

whnszua Ar; ldnauduaszuani I,
o a - dj v A a J a ° 1 o

PL2 taziomyavesdanluquitle PR sudlunufivauudii lsfa (40) uasiirlusndinsi o.5
14 . ¥

Tiluddidlefa unzn3sudoufudygugdaduiudesiciddyanunivquaiad IGBT

] t 4 [

vourIad S, uaz S, tiiesninmslFwanauguiile PIl uaz PR M X, X,,, K, WAz K, 34

1 < @ a1 ¥ Vo ' a 74 Y a s q %

Wumasvesdanruguii leszdes ldsumsesnuuuamsiimesiiecamingaudo3sms s

_ ' o §
mmzﬁw‘?wsnmﬂumﬂﬁaa -

{



16

A 2.8 Tassadravesdanrugu FCL

ar o o

¥ .
1uﬁﬂ135tﬂﬂﬂ'11ﬂﬂﬂw5i’)\lﬁﬂﬂﬂ'ﬁﬂ?%’)ﬂﬁ']"iilﬂ'ﬁﬁ\‘lﬁ']ﬂ‘]{ S, 0 S, uas S, Ay S
wl w2 3 4

3 ) -, as H 1 1 - ) 1 3
e lddonesuSadldauysel Sedeadendyanaiiaunsatiwenldiufannuians ssduly

) It

[ 4 []
szl i nszua I usadu i wazdu o Fadufisidinsdennszua Wi uilesoindu
o 1 A4 o o I~ 9 o 9 d 4 2 2 A o o
anvrndnguaziiunudesmsnesines nszuaiiviuiuaaas aunmi 2.8 (Hud
~ o Y o
nfisumsudunszueliihends 1, .,
. UA1IPA91 1.5 pu B 1yAvBIUdEA

AUy FCL Tasdadyanunssuaidiiese 7,

usé

v ' .
fAs3n 1spu w30 2250 A drnszualvlih 1,
! @ a Yo =4 a & < = o
Comparator vaadgygy i Tavn 1+ Movvden TuTumaiiia (Monostable) daudonlulTumadiaszsi
Y At do A o a A [ ) e ™ o AN 9
wihnanddygnaufiedesnunsfianaivans ssideuluszozna Indfvaduuaziowiyait 14

seiludyanuniunuaiag 1GBT S,, fu S, tay S, Ay S,

2.3.2 malinnseentuY SMES-FCL Wimnzauiiga
» ) v
Tuuni 1dmumaiinmssonuans SMES-FCL Wmnsauiigaluszyululnsndadaoms
PBAULUATMIAIA MM UINI WA INUAZAUEUAUYEIVARIA SC HagnINiiaes Aanugui lo
v P ' o o Sy sd o & ot
pd1uMIza Y BAugun KN dveamasiwihuazaisdidanssuaeadiintu Taod

o Id A ¥ ¢ o o *
ﬂi]l]isﬁ\)ﬂ‘lm\iﬂ'liﬂﬂﬂlluu flo ﬂ'l513ﬂ4ﬂ¥uﬂﬁi‘nu1uﬂ15i)flﬂll'lJ'U N1ITAANITUNINYDY

[
=

mda I naznsmamdanuarausudundesigan 1 iuatesnmuazmunsee e
£ 4
Fagilszasnveamsoeauithilansuaums 1dde
o o ar o 9/ d' t =Y 7q = a
nanmsfansundsnuzgaldessauuumisifiines munzayluanizfaniufia
[ X A& - a [ 2 [ Y P n:
nsovvuluszuy Wermaanuiansewulussuussdwalindsarvoudnazaylulsmefuas
o o o & 5 t @ & W @ i
a2 smesveenaiuay DFIG tiuvusiaga uazlunanfuadumds Iruazus e v
mhianaiuay DFIG szaaaaiuiiula dawalddauay DFIG liansatiuiuauianio
q" 9 d' 4' ° Yo o 9/ ] = ' d’ o o A 9 é‘l °
#1164 ireResvh avfuauduriuanufians oall vaarednhtsoinszunsadnussuuie i
1 E
mindumdudinssuaneaduazmsazaundsnusailulsines uazdeinaliige Iniuas

o § 2 4 X & o o o &
ussnu Iidhnaraniuiintu1dsndre Fadunsanaasaumstansundaau (7) 18dail
: 8

{
V=V (@), 0,0)+V,(5,1),6,1) .7




17

A& o Y
Wermuald
-~
¢ flanan
A @ s o o
V, uaz v, fandanusariliazndanudngd
/() Wag @, (f) flennudalsimesved DFIGI ag DFIG2

8,(t) ung 6,(¢) Aoyuvealsiweives DFIGI uag DFIG2
dipvhnseyiusaunsh 2.7) w'ld

2
AV |V doy, 0OV, dS (2.8)
dt S\ 0w, dr—a5, dt

{ v o o
vinTun1s (2.8) aunseetneldlu 3761 av/dr authinmineimsazaundauny
‘ o P 4 L A '
nasafudinditiduiiuauninetamssewdanu dniudie dr/a tnnihiauuaaldifiui
, : .
wanuimuaiimaaa’ ewdanuiazanlulsmedezgnaionawnueenly Fadr av/ar fis

| < v T o " 1 s X 2
l'l]'ua‘Uaﬂawuﬂwﬂq’qqﬂllﬁ’mﬁﬂd’Jﬁzvn‘aznwaﬁﬂuﬁua»iﬂ’liﬂu'NYIIJ'Iﬂ‘llulmzli’Jﬂluuulﬂq

INAUAITAITUA
dw/ = (Pmi —1321) (2 9)
dt M,

Taoh

=3 4 o 4 & o o y:

M,  foMAINANLMBBYBINIHUAL DFIGAIN i

p, femamunaveniuay DFIG AW

P Anddana I wesdiual DEIG daf1

el

anumaunsh (2.9) luaunsh 2.8) e'ld

P

el

2 2
av _ (m&g&@) oV, 1 @.10)

dt S\ ow, M, 06, dt | & ow, M,

¢ o o [~ \ o ¥
gazfandundinusalaunsaReudiuauns 1daell
(



18

Ve = %Mi (0,(1)~ o, ) (2.11)

2
i=1
wazifenseyiusladsundraea uaunsi .11 9214

OV |80, = M, (o,(t) — (1)) (2.12)
_lﬂaﬁmuﬂ'lﬁ' o, () malann

(wl(t)Ml +0)2(t)M2)

o, () = 1+ 14,) (2.13)
wazaun1sh (2.12) nuasimunisi 2.10) luineuvangas g
idlti = ,Z::((w’ ()= @5 () Py + %—%%J -V, - (2.14)
Taott 7, w1'ldnn
:
e g‘(a),(t) —ay())E, 2.15)

iesnnluannzitanfianseeluszvudetuiiussosnaidy q dnfummsiined s, P,
uag v, swdamsalaslanioonalssezanisy q S9aNTARAMBYLS PYBITUM T (2.14)
Fe14 SamBomey 7, Fevmilsduasady p, filnalayasde dr/dr dniu FCL vzdaell 7, §
auitvdu 18 lansaovgy P, WiRdiatuudant-dv/de ﬁﬁ]z’fjfinﬂuaumnfju ilef dv/de
sfluaumatuszuaaddifudinsmondinusaifazaululnmeeenn ¢ uuazane
wéramoaeemn Idhuszuufvsdagiedos nmldsad ety
ndwnianuRans et lusruy fufuay DFIG wisigannizdnfuazdiuves SMES
wzaduunihmhifiaamsunieveadids I ugudy Tasdoamsidmsuniswesdidslwfana
deeiiga TaoldTEmamintaofigavesdinnufianaiaduysel@aswus (ntegral Absolute Error:

[ E 4
HUE) Ferunsadomiuauns Tddadl




19

v M ll
meifesiqaves IE 4B, = [|4P,,,o)]dt (2.16)
)
Tavh
) a Y o
& ABLINUTUAUVTIADITS LY
A £ o
t, fionaaugavasITTyy

o W s & ' o 4 v dy A  dawoe ot
llﬁzﬂﬂ']ﬁi]lj53fNﬂ‘U'tNﬂ'lii’)'c']ﬂl.l‘U'Uﬂ‘f]ﬂ'li}1'Iﬂ'leN\ﬂ'uszﬁuliuﬁuﬂuﬂﬂ“qﬂﬂi‘ﬁﬂ]lﬁﬂﬂiﬂ'I'W

& a ' o o A ] ¥ - o i v &
TQQ:UNﬁIﬂUﬂiQﬁﬂ‘uu'lﬂilﬂﬁ'lﬂﬂ'JU'lU\iU?ﬂllﬂ&’ﬂizllﬁﬁuﬂu Iﬂﬂﬁ’llﬂiﬂlﬂﬂulﬂuﬁuﬂ'ﬁvlﬂﬂqu

mamiloshgaves £, =%Lsclm2 (2.17)

Tauh -
& o a £ -
Ey., fAondunuasauiSuau

A =} o
LSC ADATIANTUINUYIUT

I, | Ronszumizudu

] ¥
VIAAUMIT (2.15)-2.17) aunsoiun@sudulinsurumsagusseaads miu 1desil

MATRUNYAYOY JZ1/V, + [P, ()| di + Eq, (2.18)
o

dmfunsmaiireuiesfigavesaunisi(218)  #92193% (Particle  Swarm
Optimization: PSO) [23] toTivztlSumaat L., I.,, Kx, K5, K,y waz K, Winnumingey
TassaTuiAnwiondu tazaszuumsdummou @t muasiwmisiiimesa q lunseenuuy
il
ﬂ'mammﬁmﬁmnm"'zatflu*ﬁoasznim 001 8a5H
mnszursudueglugaaszndn 0.01 § 2 kA
mnsfidanuguitle X, K,,, X, uas K, oy lug39321113 0.001 920

o

v a o act ° dy
TIUNTUADIVDIVUIUNITIT PSO MUUAAIU
° N o S
VTMUIUDYANIA 50 A -

{
i'hmuiammmsﬁum 100 58y



20

v
(Y

y ¥ ] » []
Tunsfinyinssil SMES-FCL fntuauertiussinisnRoudoudy SMES uazszuui i ladndia

AR (No controller)

2.4 wamidasaaznaaey

Tumsmsmnumiionh nrzuaiudy wazmindinesdanruguit lefimunzauves
SMES-FCL 921¥Tilsunsy Matlab/SimPowerSystem (31] 1umss1aeaszuudaning 2.1 muld
AMwEIuRIN MG 2.9 ag maaamsmﬂﬂ'JmwﬂwsammumwmnsnunQﬂ F, 1fu17a1 150 ms
fina 4 s madndn1sfumaimevyeauns (2.18) sunsauaaIms gt imsneuvesnnloy
figauaaslddanind 2.10 tazuerasnadmovidazmey Idd M 2.11 taznadiasuveq
wisfines SMES-FCL fidumuandidaanrsed 23 Fomniimosilez i sufouty sMEs 7
‘l%’fimomﬁnwmﬂﬁuusnﬁ%qﬂ?ﬁu{umfhﬁﬂﬂ%muﬁumsﬁ (2.16) lumseenuuumsidimes
Aanuguitlsves SMES iMowdvavaaIndniiBatanuos SMES mgnmnua‘lnum‘lnmn’n

llﬁuWﬁ\N'l'HfTuﬂllli &Iﬂuﬂlnﬂﬂ'l'l SMES-FCL

16

Py
(4]

-
EY

Wind speed (vs)
N

pry
—

-
[=]

o2
-t
IRy S
w
FN S
=]
©
-k
o

Objective Function

0 1.0 2.0 3.0 40 50 60 70 80 90 100
Number of iteration
3

AN 2.10 mig'n?ﬁn{'mﬁfi'mammﬁumsi”ﬂqﬂsszf



21

032r  0%r 12 1Yp——————————————

0.3r

0.28]

|5
0,26}
X

0.24¢

0.22t

0.2

Number of iterations

A 2.11 msgehmieuyes 1/7,, 1AE 4P, ,, L. uas Eg,

A15191 2.3 W5 1iwes v SMES 1ay SMES-FCL

M5 aeT SMES SMES-FCL
L (E) 25 0.99 -
I,y (kA) 12 1.25
Egp (M) 1.8 0.77
7 9.74,0.16 12111, 5.65
Kpk; 1541, 621 19.01;3.22

namsassszuuluansln@nieannzifansuniwesmid s ez iaadldansn ng 2.12
Gudadihiad ¢ Fensditloszun Rl ¥AndmansunEaziRanisunteveaids et
gamndudseiuas uaznsdi SMES  Aida iszindadouatethunnudgaun s e q a
Aae il 1 pu muduiszades uaniflednna SMES-FCL mids Iiezunialovasning s
SMES 8tha11n
11‘1"':)13?1ﬂm?znﬁﬂmmﬁﬂw%aqﬁu‘luszumzmmimmmwamsﬁmm"lﬁ'ﬁamwﬁ 2.13 -
221 Tawus adu Iihiafad 1 uae 2 sifhusadufiniavestoiuay DFIGI uag DFIG2
AEIRY UAAIRININT 2.13 naz 2.14 aznﬁu‘lﬁ'iw’?’mst‘ﬁ"lﬁﬁmi’“aﬁamuqmmz SMES
usadu Iiezanasdiigatssaine o put adwdnnasgiunialdn  AWEA UsA) Rdedd

useu Ihanasliisndr 0.5 pu Wit 625 ms [12] damaldsaiuandeslaadaeosnsin



22

t A a 3 ' o o 4 o
sruuuAiioAans SMES-FCL selin s wau Iihasasdigailssana 075 pu uaziiouaaadiu
asmunugiitiavesmsarasvsasau Iiurasiaamning 2.15 ussdu Iiaaaannnn

Tt o\ 1 as ' :‘l
85 1WafiFuveas iy Iihdafezuansdams hidnasgiunialaasziivldedtadanuimg
14
n3il LiiAnAsdanuguuas SMES uswu Iihezanauiunasgrunialdaudlunsdl SMES-FCL
] < d' £ I o A o A o &
serinunasgunialda lunmi 2.16 ua 2.17 uanadenszuavleadniah 1 waiiah 2 awddy
o 1 ay 1a ¥ oo v X o o o
szuidnnsdl ludadsdanluguaszuaeeyaugalszuia 3.25 pu Tutladi 2 uag 3 pu Tutiod 2
v 4 o :I - 3 Q‘ A’ :" ' o o 1 @ { o {
uniioAnAs SMES-FCL aszuaiiuiuinezanatotiann daumias ldihided 1 vazafan 2 Tu
[] » ¥
il 2,18 uag 2.19 szuaasliitiudanisundwveamas ldfedigalusianareadiiio lidada
A ° = :’l ! 4 U o 1
AIURUIAE SMES (8v1MsAads  SMES-FCL szannsundsil lduazidigannzind 1deds
A ° { ] Qs v
520137 lilBuaainanss1aaveannuisa smes lunnd 2.20 uaz 2.21 iuldedreFaud
SMES-FCL azaamsuniaveinnuialulsmes idannnsfiou q uazensouaaniveawdaay
3 * b 4
#sufulu SMES-FCL fu sMES TunsvinafiosmwiansudiTawminisaanisundsvesmida v
b 4 a - ' o a deny e Ao d
wazmsuddymivesntsiianriufians o9 lussUURIAISIIN 2.4 92T 1N MW taz MT Bisuilu
3 ¥ - ' :" M
Y99 SMES-FCL aldwasnuazauSuaunsuiluioundt SMES wiaivaaanaues SMES-FCL

Yualdnnd1 SMES

1.6, v T J v ¥ -
----- No controlter|
~---SMES

1.4} ~—SMES-FCL

9
(=]
3
3
r

5
Time (s)

awn 2.12 srdaslihniana

15
----- No controller
---SMES
R 125 ~—SMES-FCL
é s o -+= Grid code of AWEA (USA)
< 1 £ =
: Fug
d 0.75 AL R
. [ i 33
H 2o
§ 0.5 Az {1
. i -
1 ——
0o e
0.25} v e 4
3.5 4?5 5 5.5
- Time (s)

A 213 useru T ised 1



-

23

----- No controlier
---SMES
—SMES-FCL

2 --- Grid code of AWEA (USA)
3 ACRT SRS ARt
5

g.s 4 * 4‘5 .;» 5.5

Time (s)

P4

AN 2.14 3 au IdnTas 2

1.4 7 - v
Il No controller
1.2} 85% of nominal voltage E=SMES
1 [SMES-FCL

3

Tl = =

I = =[HEN

Soet WE =i

E o4f BRES =

é 0.2} = =|BEE
0 E .:- E -:

Bus Bus 3 Bus 4

A 2.15 msalSsufisunisanasvesisisu i

3.5 T
F\CATY N ¥ No controller
H ~=-SMES
3 i —SMES-FCL

2.5¢

Current (pu)
[N

1.5}

5 4 a5 5 5.5
Time (s)

o

AN 2.16 nszua TdniTad 1
3

{



24

I}
----- No controller
-==-SMES
2.5¢ —SMES-FCL
g2
£
3 1.5

035 4 4.5 5.5
Time (s)
g 2.17 nszua lWiidah 2
2.5 v T
----- No controller
-==SMES
2t . —SMES-FCL
'5 4
3
o
2
<

2.5 - T
----- No controller
~--SMES
2r - SMES-FCL
=)
g
g 15
a.
2
2
0.5
85 ran. 45 5 5.5
Time (s)
I 2.19 dae IWdihingiad 2
j

{



25

1.22

1.21F

-
N

Mechanical Speed (pu)
3

-

-

@
T

-
.
3

-=-SMES
—SMES-FCL

No controller

o o

———

—————
————

<"

o St e o et

A 2.20 nnuda Tsmedvesnaiuay DFIGI

1.22

4.5
Time (8)

5.5

Mechanical Speed (pu)

===SMES
—SMES-FCL

No controller

4.5
Time (s)

5.5

2N 2.21 a5 Tsaesvaenaviuay DFIG2

MI1N 2.4 YU MW ltaz MJ

fisuiluvos SMES liaz SMES-FCL

YUIR ‘SMES SMES-FCL
MW 3.81 2.68
MJ 2.38 1.28

y
° aa a A& a o
Tuunthinauslaseadaves SMES-FCL  luszuudd lulasnsa Falimswauiuion

¥ a A £ 1 o w ﬁ a a a Y] 5
SMES Lm‘lmdmlll‘ﬂﬂiﬂ’cﬂlﬂiﬂaﬂﬂﬁuﬂ?x‘i‘uﬂﬂﬂmﬂﬂ 1lla$lwuﬂ73ﬁﬂﬁﬂ1‘wn15ﬂ1“NTu

AuAaNIsaveIf i uaN DFIG uazfiosnuuudliniuguii lo vuinuaalredniidasiauay

a 2 ¢ oy o o 5 Yy o 7 o o Y
wawmﬁzﬁminwumamﬂuﬂmsnﬂﬁ SMES-FCL mnzau laoldndanmsWandunaanuan

{

[
<

1w lunsesnuuuwIsine a9 q FamseenuvusdiiuminzassziiiunszuIunisedi



26

: ' . oz
sa Tudadaeismsmmmuizauiigauuugieyma (so) nanssiaes lduaasliiiudmanield
annzilnanmamsunlwesmat ez anizifannuianssaluszuy SMES-FCL ezauso
o s luszuuadlulnsnsa ldssnlidszaninamilondt SMES fuuivuiausivaan

Qs

amhbwlanazvuia MW tae MJ isuiluves SMES-FCL oz livuiani@nnit SMES



27

1NN 3

agiwansIve

. 4
= o

auidsihiuausmsdszgnalduaniaiiisesa (Superconducting  Coil) (oIl
anuaunsansthiwhunuAansewazaamsunisvesdide ifwesseivani Iintoeuiia
‘Mﬁwﬁmﬁwﬁﬂﬂauﬂmme (Doubly Fed Induction Generator: DFIG) ﬁvias'wad‘lusuuu'lﬂ%
f1ds Tanhwaaadnidananiaadeludafuay  DFIG tazeoniuuRUnsalzmumdiay
meaﬂLlUUﬂQﬂ’)ﬂWiﬂljﬂ’wﬁiﬂ"]fuﬂ’li'ﬂ‘lﬂﬂﬂiwuﬂ‘ﬂﬂu5”ﬂﬂ1ﬂﬁ1ﬂiwlli’(ﬁﬂUllﬁ"iw'lJUﬂ‘lf"lu
Tnsnia umma’lmnﬂﬂs:ﬁmn1wqaqmmmiuwﬂammﬂwamﬂ‘lﬂﬂszqmﬂ%’ Inofivush
wldeenuuurinavaniadniidan wdauazand udu uazwIsIlimesvosiInIuqguit leads
minzaudauIigeynin (Particle Swarm Optimization) Y1 1A eomuuLE I og Mz #a
mInarouTINseaylnItueenin|dwde 5

- MsesenuLIe RN gL leiite Waauguatinsaiiin s eenuuy 1€og1ad
szfinsam

- aunsadszyndlFvamnad it iaRnnaludaiiay DFIG HAUANE NS AN
PuruanuAansedazaamsindweariia fwsaseuay DEIG 18

- mwseilszgad ldvaasadnibwasenuugns el s v Sy
wiewholaidumsiitans suadioysurlgalss@nsamemsduminis s W & rhuuasnts
aamIunivoafde e snaiay DFIG luszuvaalylnsnia

- HinseanuIIANAMIRRNIBWIR NI A B A e s i it s 1deth

Y aa
M ANAILITHIOYNA



28

UNN 4

= x }' 4 = Qs
wanani laanadse

NINITINMILANUNNINA

L. Ngamroo and T. Karaipoom, “Improving Low-Voltage Ride-Through Performance and Alleviating
Power Fluctuation of DFIG Wind Turbine in DC Microgrid by bptimal SMES with Fault Current
Limiting Function,” IEEE Transactions on Applied Superconductivity, vol. 24, no. 5, October 2014,
Article#:5700805, ISSN 1051-8223 (Impact Factor 2014 = 1.235)

Tauuvunanulumanuan



29

UITANYNTH

[1] International Energy Agency. (2014). RENEWABLE ENERGY Medium-Term Market Report
2014. France, Paris: International Energy Agency {Online]. Available:
http://www .iea.org/Textbase/npsum/MTrenew20 14sum.pdf.

[2] Global Wind Energy Council. (2013). Global wind report annual market update 2013. Brussels,
Belgium: Global Wind Energy Council [Online]. Available: http:/www.gwec.net/wp-
content/uploads/2014/04/GWEC-Global-Wind-Report_9-April-2014.pdf.

[3] G. Abad, J. Log;ez, M. Rodriguez, L. Marr.oyo, and G. Iwanski, Doubly Fed Induction Machine:
Modeling and Control for Wind Energy Generation, Hoboken, NJ: John Wiley & Sons, Inc.,
2011. .

[4] H.T. Jadhav and R. Roy, “A comprehensive review on the grid integration of doubly fed induction
generator,” Int. J. Elect. Power and Energy Syst., vol. 49, pp. 8-18, Jul. 2013.

[5] 1. Lin, Y. Sun, Y. Song, W. Gao, and P. Soensen, “Wind power fluctuation smoothing controller
based on risk assessment of grid- frequency deviation in an isolated system,” IEEE Trans.
Sustainable Energy, vol. 4, pp. 379-392, Apr. 2003.

[6] H. Pingping, D. Ming, and L. Binbin, “Study on Transient Stability of Grid-connected Large Scalc
Wind Power System”, 2nd IEEE International Symposium on PEDG, pp. 621-625, Jun. 2010.

[71 K. Changling, H. Banakar, B. Shen, and O. Boon-Teck, “Strategies to smooth wind power
fluctuations of wind turbine generator,” IEEE Trans. Energy Convers., vol. 22, no. 2, pp. 341-
349, Jun. 2007.

[8] Y. Zou, M.E. Elbuluk, and Y. Sozer, “Simulation comparisons and implementation of induction
generator wind power systems,” JEEE Trans. Ind. Appl., vol. 49, no. 3, pp. 1119-1128, May-
Jun. 2013.

(9] J. Lopez, P. Sanchis, X. Roboam,' and L. Marroyo, “Dynamic behavior of the doubly fed induction

generator during three-phase voltage gips,” IEEE Trans. Energy Convers., vol. 22, no. 3, pp.

709-717, Sept. 2007. {



30

[10] D. Xiang, L. Ran, P. Tavner, and S. Yang, “Control of a doubly fed induction generator in a wind
turbine during grid fault ride-through,” IEEE Trans. Energy Conv., vol. 21, pp. 652-662, Sept.
2006.

[11] Yu Ling and Xu Cai, “Rotor current dynamics of doubly fed induction generators during grid
voltage dip and rise,” Internationa! Journal of Electrical Power & Energy Systems, vol. 44,
pp.17-24, Jan. 2013.

[12] J. Schlabbach, “Low voltage fault ride through criteria for grid connection of wind turbine
generators,” in Proc. Sth Int. Conf. European Electricity Market, 2008, pp.1-4.

[IE&] M.H. Ali, M. Park, I. Yu, and T. Murat.a, “Improvement of wind-generator stability by fuzzy-
logic-controlled SMES,” IEEE Trans. Ind. Appl., vol. 49, no. 3, pp. 1119-1128, May-June 2013.

[14] S-T. Kim, B-K. Kang, S-H. Bae, and J-W. Park, “Application of SMES and grid code compliance
to wind/photovoltaic generation system,” IEEE Trans.-Appl. Supercond., vol. 23, no. 3,
Article#:5000804, Jun. 2013,

{15] T. Kinjo, T. Senjyu, N. Urasaki, and H. Fujita, “Terminal-voltage and output-power regulation of
wind-turbine generator by 'series and parallel compensation using SMES,” IEE Proc. Gen,
Trans, Distr., vol. 153, no. 3, pp. 276-282, May 2006.

[16] M.E. Elshiekh, D.A. Mansour, and AM. Azmy, “Improving fault ride-through capability of
DFIG-based wind ‘turbine using superconducting fault current limiter,” IEEE Trans. Appl.
Supercond., vol. 23, no. 3, Aritcle#:5601204, Jun. 2013.

[17] Z. Wang, G. Zhang, and M. Qiu, “The feasibility study on the combined equipment between
micro-SMES and inductive electronic type fault current [imiter,” IEEE Trans. Appl.
Supercond., vol. 13, no. 2, pp. 2116-2119, Jun. 2003.

[18] G. Zhu, Z. Wang, X. Liu, G. Zhang, and X. Jiang, “Transient behavior research on the combined
equipment of SMES-SFCL,” IEEE Trans. App!l. Supercond., vol. 14, no. 2, pp. 778-781, Jun.

2004.



31

[19] G. Zhu, Z. Wang, and G. Zhang, “Research on a combined device SMES-SFCL based on multi-
object optimization,” IEEE Trans. Appl. Supercond., vol. 15, no. 2, part 2, pp. 2019-2022, Jun.
2005.

[20] C. Zhao, Z. Wang, D. Zhang, X. Du, W. Guo, L. Xiao, and L. Lin, “Development and test of a
superconducting fault current limiter-magnetic energy storage system,” IEEE Trans. Appl.
Supercond., vol. 17, no. 2, pp. 2014-2017, Jun. 2007. -

{211 J. Shi, Y. Tang, Y. Xid, L. Ren, and J. Li, “SMES based system for doubly-fed induction
generator in wind power application,” IEEE Trans. Appl. Supercond., vol. 21, no. 3, pp. 1105-
1108, Jun. 2011. |

[22] W. Guo, L. Xiao, and S. Dai, “Enhancing low-voltage ride-through capability and smoothing
output power of DFIG with a superconducting fault-current limiter-magnetic energy storage
system,” IEEE Trans. Energy Convers., vol. 27, no. 2, pp-277-295, Jun. 2012.

[23] J. Kennedy and R.-Eberhart, “Particle swarm optimization,” in Proc. IEEE Int. Conf. Neural
Networks, 1995, vol. 1, pp. 1942-1948.

[24] Global Wind Energy Council. (2012). Global Wind Energy Outlook 2012. Brussels, Belgium:
Global Wind  Energy © Council  [Online].” | “Available:  hittp://www.gwec.net/wp-
content/uploads/2012/11/GWEQ__2012 lowRes.pdf.

[25] G. Pannell, D.J. Atkinson, and B. Zahawi, “Minimum threshold crowbar for a fault ride through
grid code compliant DFIG wind turbine,” IEEE Trans. Energy Convers., vol. 25, no. 3, pp. 750-
759, Sept. 2010.

[26] S. Semen, J. Niiranen, S. Kanerva, A:-Arkkio, and"J. Saitz, “Performance study of a doubly fed
wind-power induction generator under network disturbance,” IEEE Trans. Energy Convers.,
vol. 21, no. 4, pp. 883-890, Dec. 2006.

{27] A.HM.A. Rahim, and E.P. Nowicki, “Supercapacitor energy system for fault-ride through of a

' DFIG wind generation system,” Energy Convers Manage, vol. 52, pp. 96-102, Jul. 2012.
3
{



32

[28] S. Zhang, K.J. Tseng, S.S. Choi, T.D. Nguyen and D.L. Yao, “Advanced control of series voltage
compensation to enhance wind turbine ride through,” IEEE Trans. Power Electron., vol. 27, no.
2, pp. 763-772, Feb. 2012.

[29]1W. Qiao, G.K. Venayagamoorthy and R.G. Harley, “Real-time implementation of a STATCOM
on a wind farm equipped with doubly fed induction generators,” IEEE Trans. Ind. Appl., vol.
45, no. 1, pp. 98-107, Jan.-Feb. 2009. -

[30] C. Wessels, F. Gebhardt and F.W. Fuchs, “Fault ride-through of a DFIG wind turbine using a
dynamic voltage restorer during symmetrical and asymmetrical grid faults,” IEEE Trans. Power
Electron., vol. 26, no. 3, pp. 807-815, Ma?. 2011.

[31] MATLAB/SimPowerSystems-Version 5.7, Natick, Massachusetts: The MathWorks, Inc., 2012.

[32] K. Strunz, E. Abbasi, and D. N. Huu, “DC microgrid for wind and solar power integration,” IEEE
J. Emerging Sel. Topics Power Electron., vol. 2, no. 1, pp. 115-126, Mar. 2014.

[33] E. R. Lee et al., “Test of DC reactor type fault current limiter using SMES magnet for optimal
design,” IEEE Trans. Appl. Supercond., vol. 12, no. 1, pp. 850-853, Mar: 2002.

[34] M. Rezkallah, A. Chandra, B. Singh, and R.Niwas, “Modified PQ control for power quality
improvement of standalone hybrid wind diesel battery system,” in Proc. 2012 IEEE Fifth Power
India Contf., pp. 1-6, 19-22 Dec. 2012.

[35]1 M. Molinas, J. A. Suul, and T. Undeland, “Low voltage ride through of wind farms with cage
generators: STATCOM versus SVC,” IEEE Trans. Power Electron:, vol. 23, no. 3, pp- 1104-
1117, May 2008.

[36] AM.S. Yunus, M.A.S. Masoum, and A. Abu-Siada, “Applica'fion of SMES +o enhance the
dynamic performance of DFIG during voltage sag and swell,” IEEE Trans. Appl. Supercond.,
vol. 22, no. 4, Article#:5702009, Aug. 2012.

[37] J. Machowski, J. Bialek, and J. Bumby, Power System Dynamics: Stability and Control, 2nd
ed., West Sussex: John Wiley & Sons, Ltd., 2008.

3

{




33

MNANUTIN
U U AW
sz iainide
UsiAduaa
¥o-tna BsyEy Nung
awvialegiu mansingd )
sz ianisfiom
A'l . o d' « A:i
¥auesgan N aoniuny I
PhD Electrical Engineering Osaka University 2543
MEng Electrical Engineering Osaka University 2540
BEng Electrical Engineering KMITL 2535
awIseniaNudungRey _pisaiuguiatesninss 1189

T adndvn e unssn (ufads uiediug) MdTy_

s, Fo3107n aaminii 1
2548 | SN TaquAveyaiis Insasedt ole yaiisIngs
" 2549 | unanuAmudv Ibhias msalseeq arsdszgpammameisnssyliih
‘ Inmsmeianssylvlili aden 29
‘ 2550 Best paperaward, The 8" International Power | NTU
Engineering Conference (IPEC 2007)
2552 | unanudwumvibiamas msalseq madszypAnmsniisnssylih
SnmsmadmnssalWiin i 32 "
2553 Best paper award in electrical power systems, | ECTI Association
. ECTI-CON 2010, Chiangmai, Thailand.
2554 | unanumumu Iihiids msdlsequ EEAAT
Annsmadmnssuliiindsd 14
2555 | unauRruain Mdiinds msakszqu EEAAT
. fimmivnﬁmﬂisu‘lﬂﬁm%v"ﬁ 35
2556 | unanudwumn iihdmdymelseg EEAAT
Snmsmadanssyiniinded 36




34

2558 Best paper award in electrical power systems, | ECTI Association
ECTI-CON 2015, Hua Hin, Thailand.

o\

numsany sl dufing1dsy

DK NuUMSANN Uz NUINY aonfudild
2537-2543 | yuiquadilu Squadiu
2544-2546 | YuIBeHANSyguen - dninnsaumivayumsivy
(am.)
2547-2549 | yuviumindse (TI9 trna.) dninneaueaniveyunsIsy
(arm.)
2550-2553 nu‘iiamefﬂ'nuf“lnﬂﬁti’luﬁugmdams dninnsauaniuayumsive
Wan (AT ana.) (am.)
2550-2552 | quiteTnssmsadamidenuiienan dninpeauaiveyumsIvy
RATIMNISY (@na.)
25522557 /| mugudsuiiu@aniaimnas NBINUINY a0
2554-2556 | fuWmunInINY ABINUINY ten
2556-2558 | yuanszanmmru@n Tl
25572560 | | yuitorlszynd nBAUITY toa
2558-2559 | NuamlszinaiuAnau 2.

a e v 4
HANUIW/NIUTITNTIIN

.
aaa Jd

HaaId e uassana RS

1. 1. Ngamroo and T. Karaipoom, “Cooperative control of SFCL and SMES for enhancing fault ride
through capability and smoothing power fluctuation of DFIG, wind farm,” IEEE Transactions on
Applied Superconductivity, vol. 24, issue 5, October 2014, Article#:5700304. .

2. L. Ngamroo and T. Karaipoom, “Improving low-voltage ride-through performance and alleviating
power fluctuation of DFIG wind turbine in DC microgrid by optimal SMES with fault current
limiting function,” IEEE Transactions on Applied Superconductivity, vol. 24, issue 5, October 2014,
Article#:5700805.

3. J. Pahasa and L. Ngamroo, “Coordinated;control of wind turbine blade pitch angle and PHEVs using
MPCs for load frequency control of mic*ogri—d,” IEEE Systems Journal. (In press)




35

4. T. Surinkaew and L _Ngamroo, “Coordinated robust control of DFIG wind turbine and PSS for
stabilization of power oscillations considering system uncertainties,” IEEE T ransqctions on
Sustainable Energy, vol. 5, issue 3, 2014, pp. 823-833.

5. 8. Vachirasricirikul and I, Ngamroo, “Robust LFC in a smart grid with wind power penetration by
coordinated V2G control and frequency controller,” IEEE Transactions on Smart Grid, vol. 5, issue
1, January 2014, pp. 371-380.

6. L. Ngamroo and S. Vachirasricirikul, “Optimization of SFCL and SMES units for multimachine
transient stabilization based on kinetic energy control,” IEEE Transactions on Applied
Superconductivity, vol. 23, issue 3, part 2, June 2013, pp. 5000109.

7. L. Ngamroo and S. Vachirasricirikul, “Coordinated control of optimized SFCL and SMES for
improvement of power system transient stability,” IEEE Transactions on Applied Superconductivity,

vol. 22, issue 3, June 2012, pp.5600805.

wind farm by SMES with optimal coil size,” IEEE Transactions on Applied Superconductivity, vol.
22, issue 3, June 2012, pp.5701504.

9. L Ngamroo, “Simultaneous optimization of SMES coil size and centrol parameters for robust power
system stabilization,” IEEE Transactions on Apinlied Superconductivity, vol. 21, issue 3, part 2,
June 2011, pp. 1358-1361.

a aw a' a J ¢ & A & d'l
HanamBURy/dalseAngauaiiasin @Rads vie duq)
Tﬂsunsuﬁmiums'zms1m"1vl"lumaamuﬂ“luuwemaﬁﬂﬂﬂn FEM KMITL &vanstavi
253609 I85 U5 9R Y AN e SuT 7 AUANUT W81 2554 TaonsuvindtimaTgyan

4 !
Bug
misdle namaasuaziates nnyeaszun s (Power System Dynamics and Stability) ISBN:

978-616-7367-46-Q. I.790: 244 ﬂﬂlw’lﬂ"lﬂi‘iﬂﬁ"lﬁ'ﬂi aamiuma TuTatnszeoumndudigunnts
MANIZIA RuWASIR 2 e 2558, 459 nih



IEEE TRANSACTIONS ON APPLIED SUPERCONDUCTIVITY, VOL. 24, NO. 5. OCTOBER 2014

5700805

Improving Low-Voltage Ride-Through Performance
and Alleviating Power Fluctuation of DFIG Wind

Turbine in DC Microgrid by Optimal SMES With
Fault Current Limiting Function

Issarachai Ngamroo and Tanapon Karaipoom

Abstract—The vital problems of doubly fed induction gen-

erator (DFIG) wind turbine are power fluctuation and low-
voltage ride-through performance. To tackle both problems, the
new circuit configuration and optimization technique of the su-
perconducting magnetic energy storage with fault current lim-
iting function (SMES-FCL) in a DC microgrid are presented.
The SMES-FCL circuit mainly consists of two DC choppers with
common superconducting coil (SC). During normal operation,
the SMES-FCL acts as the SMES unit to suppress the power
fluctuation of DFIG. When severe faults occur in the system,
the SC is automatically connected to the system and used as
the fault current limiter. Consequently, the fault current and the
terminal voltage drop of DFIG can be alleviated. The energy
function method is used to formulate the optimization problem
of SC inductance, initial stored energy, and proportional-integral
control parameters of choppers. Simulation study confirms the
superior control effect of the SMES-FCL over the conventional
SMES.

Index Terms—Doubly fed induction generator wind turbine,
energy function method, fault current limiter, optimization, super-
conducting magnetic energy storage.

1. INTRODUCTION

N recent years, the variable-speed wind turbine with DFIG
I has gained popularity as the smart renewable energy source
in the DC microgrids [1]. However, the DFIG wind turbine in-
evitably faces the crucial problems of power fluctuation during
normal operation and LVRT during the occurrence of faults
[2]. Without effective countermeasures, these problems may
seriously jeopardize the power system stability.

In the past, various circuit configurations of the combined
SMES and superconducting fault current limiter (SFCL) have
been presented [2]-[7] to solve problems in the AC power
grid. In [2], the SC is integrated into the rotor side converter
of the DFIG so that the internal currents and voltage in the
DFIG during faults can be suppressed. In {3], the series and
parallel compensation using SMES is used to alleviate power
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Fig. 1.

Study system.

and voltage fluctuations of the wind turbine. However, since the
SMES in [2], [3] has no any effect on the alleviation of terminal
voltage drop of DFIG during faults, the LVRT capability cannot
be guaranteed. In [4]-[7], the combined SMES and SFCL
are used to suppress the fault current and smooth the power
fluctuation in power systems without renewable energy sources.
Nevertheless, there are no any research works which apply the
combined SMES and SFCL to overcome both LVRT and power
fluctuation problems of DFIG in the DC power grid.

This paper focuses on the new circuit configuration and
optimization technique of the SMES with fault current lim-
iting_function (SMES-FCL) for improving LVRT capability
and smoothing power fluctuation of DFIG wind turbine in a
DC, microgrid. The control effect of SMES-FCL is evaluated
by time simulation study in comparison with the conventional
SMES. ‘

II. STUDY SYSTEM AND SMES-FCL
A. Study System

Fig. 1 shows the study DC microgrid which consists of
two identical DFIG wind turbines (DFIG1 and DFIG2) with
the same MW capacity [2], SMES-FCL, DC lines, and loads.
During normal operation, the power outputs of both DFIGs
highly fluctuate. On the other hand, when any faults occur near
the DFIG bus, the DFIG wind turbines may fail to ride through
the low voltage situation and be disconnected from the system.
To deal with both problems, the SMES-FCL is placed at the
terminal bus 3 of both DFIG wind turbines.

B. SMES-FCL Circuit and Controllers

Fig. 2 depicts the circuit of SMES-FCL which is mainly
composed of two DC choppers with the common SC. During

1051-8223 © 2014 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.icec.org/publications_standnrds/publications/rightsfmdcx.hm\l for more information.
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Fig.2. SMES-FCL circuit.

TABLE I
SWITCHING OPERATION OF DC CHOPPERS OF SMES-FCL

G

Normal operation During faults
Switches Charging Discharging Charging Discharging

mode mode mode mode
5, on off on off.
S, on off on off
D, off on off on
D, off on off on
S on “on off off
S, on on off off
D, on on on on
D, on on on on
Swi off off on on
Su2 off off on on

normal operation, the SMES-FCL which acts as an SMES unit,
is used to smoothen the power fluctuation of DFIG. wind turbine
by a control of power charging and discharging. During system
faults, the SC is automatlcally connected between bus 3-and
bus 4. After limiting the fault current and alleviating the DFIG
terminal voltage drop, the SMES-FCL returns to operate as an
SMES unit to eliminate the remaining power fluctuation. Table I
shows the operation of DC chopper switches of SMES-FCL.
Note that the SMES-FCL used in the DC grid does not require
the inverter like the SMES in [2), [3] which are used in the AC
grid. Besides, the FCL part do not require the series transformer
for the impedance transformation like the FCL circuit in [41-[8]
which are used in the AC grid. This significantly simplifies thc
control technique of the proposed SMES-FCL..

Fig. 3 shows the chopper controller of the SMES part. The
control objective is to keep the power flow at bus 4 constant
by exchanging the stored energy in the SC with the syst
The difference between the actual power at bus 4 (PBuss) and
the reference power at bus 4 (PB.M re f) is used as the input
signal of the first proportional-integral (PI1) controller. The
. output signal of PI1 is added to the reference current at bus 4
{(IBuss_res)- The adjusted signal of I Bus4_ref 1S subtracted
from the actual current at bus 4 (Ipy.4). As a result, the

IEEE TRANSACTIONS ON APPLIED SUPERCONDUCTIVITY, VOL. 24, NO. 5,0CTOBER 2014
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Fig _.

wpper controller of the SMES part.

I Sauls _ref

Fig. 4. Chopp

oller of the FCL part.

1/ The output of PI2 is the duty
cyclc deviation (AD). By adding AD by 0.5, th Juy cycle
signal (D) is achieved. Subsequently, the duty cycle signal is
compared with the sawtooth signal with 1,985 Hz to generate
the gate drive signals.of switches S1 S2 of DC chopper.

Ny
n’e- o .



NGAMROO AND KARAIPOOM: DFIG WIND TURBINE’S LVRT PERFORMANCE AND POWER FLUCTUATION BY SMES-FCL

The derivative of V' with respect to time can be cxprésscd by

i OV duw
6w, dt

L Ve db;
56 dt

@

As described in [9], dV/dt which is the negative value,
implies how the total system energy decays. The more negative
dV/dt is maximized, the higher and faster system damping can

be obtained. Since dw; /dt =

(Pmi — P.i)/M;, where M;, P,

and P,; are the inertia constant, the mechanical power, and
the electrical power of the ith-DFIG, respectively, substituting

dw; /dt into (2) provides

The kinetic energy function can be shown by

2.1
= Z EM; (w;(t) _-"-’O(t))2 ’

i=1

where wo(t) = (w1 (t) M1 + wa(£) M) /(My + Ms).
— wq(t)), the right si

Since OV /Ow; = M;(w;(t)

Z Vg P,m 3Vp ds; ZBVK 1
&u, f 85 dt Ow; M;

T
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Based on (5), (7), and (8), the multiobjective optimization
problem can be expressed as

Mininize 1/Vo - |APp(0]dt + Bsco. )

tg

Subject to

(a).0.01 < Lgc < 5H, (range of SC inductance),

(b) 0.01 £ Isco < 2 kA, (range of SC current),

(c) 0.00L< Kpy, Kpa, K1, Kr2 < 20, (range of PI pains).

The optimized SMES-FCL is compared with the SMES
‘unit with Lgg= 2.5 H and Igcg = 1.2 kA. The PI controller
parameters for the chopper of the SMES unit are optimized
by (7) with subject to the constraint (¢) in (9). In this work,
the particle swarm optimization [10] is used to achieve optimal
parameters of the SMES-FCL and the SMES unit.

IV. SIMULATION STUDY

The parameters optimization is conducted by MATLAB/
SimPowerSystems [11] under the wind speeds of DFIG! and
DFIG2 in Fig. 5, where £y = 0 s and £, = 10 s. In addition,
the temporary line to ground fault is applied -at the point F}
in Fig. l att = 4.0 s for 150 ms. As a result, the convergence

-curves of 1/Vg, IAE of APgys4, Lsc, and Escg are shown
in Fig. 6. The optimized parameters of SMES-FCL and SMES
are provided in Table II. Note that the SC inductance and the
initial stored energy of the SC in case of SMES-FCL are lower
than those in case of the SMES unit. Fig. 7 depicts the power
fluctuation at bus 4 under the wind speeds in Fig. 5 without
the fault. In cases of without controller, the power largely
fluctuates. On the other hand, both SMES and SMES-FCL are
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TABLE @I
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OPTIMIZED PARAMETERS OF SMES AND SMES-FCL

Parameters

SMES SMES-FCL
Lye (H) 2.5 0.99
Igcp (KA) 1.2 1.25
Egco MT) 1.8 0.77
Kp;. Ky 9.74,0.16 12.11, 5.65
Kpy Kpy 15.11,6.21 19.01, 3.22
1.6
---No controller
~=-SMES
1.4% ~—SMES-FCL
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TABLE [It
NECESSARY MW AND M CAPACITIES OF SMES

%

Capacity SMES SMES-FCL
MW 381 2.68
MJ 2.38 1.28

Fig. 10 depicts the power fluctuation at the DFIGI terminal
bus 1. Without any device and with SMES, the transient power
drastically-fluctuates. Since the fault is adjacent to the SMES
location, ‘the SMES control effect is entirely deteriorated. On

" the contrary, the SMES-FCL can effectively suppress the power

able to get rid of the power fluctuation effectively. Nevertheless,
the SMES-FCL provides better power smoothing effect than the
SMES unit.

Fig. 8 shows the terminal voltage of DFIGI at bus 1 with
respect to the allowable voltage criteria of the AWEA grid
code of USA [12]. Based on the time duration and the AWEA
voltage criteria, the wind turbine must withstand the terminal
voltage drop up to 15% of the nominal voltage for 625 ms. In
cases of without controller and with SMES, the terminal voltage
drop is lower than the acceptable criteria of the grid code. The
DFIGI cannot ride through the fault. In case of SMES-FCL,
on the other side, the voltage drop is in the acceptable rangg of
grid code. Subsequently, the voltage fluctuation is completely -
eliminated. Consequently, the LVRT capability of DFIG1{can
be augmented by SMES-FCL. Note that simulation results in
case of DFIG2 are in the same fashion as those of DFIGI.
Fig. 9 shows the maximum voltage drop during faults. In case of
SMES-SFCL, the maximum voltage drops at the DFIG terminal
buses 1, 2, and 3 are in the allowable criteria, i.e. at 85% of the
nominal voltage.

fluctuation and damp out the remaining power swing.

Finally, the necessary MW and MJ capacities of the SMES
for LVRT enhancement are given in Table ITI. The MW capacity
is obtained from the maximum power output deviation of
SMES. The MJ capacity is determined from the maximum dif-
ference between the initial stored energy and the energy output
of SMES. With the support of the FCL. part, the necessary MW
and MJ capacities of SMES in case of the SMES-FCL are less
than those in case of the SMES unit.

V. CONCLUSION

The SMES-FCL and parameters optimization for enhanc-
ing LVRT capability and suppressing power fluctuation of
DFIG wind turbine in a DC microgrid is proposed. Study
results ensure that the SMES-FCL with lower SC inductance
and MW/MI capacities provides better control effect than the
SMES. The SMES-FCL can be expected as the smart device to
contribute not only the stabilizing effect, but also the significant
economic merit in the future DC power grid..
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