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ABSTRACT 

This research proposes thc coordinatcd control of superconducting devices, i.e. Superconducting 

Magnetic Energy Storage (SMES) and Superconciucting Fault CUlTent Limiter (SFCL) for stability 

improvement of the power system integrated with renewable energy sources, i.e. wind and solar falTl1s. 

The ineritable problems of wind and solar farms are the output power Ductuarion and the fault-ride 

through capability. To handle both problems, the parameters of SMES such as the inductance of the 

superconducting coil, the sufficient initial stored energy used for stabilization, and parameters of active 

and rCilc rive n()wer controllers arc o[ltimized. For the SFCL parameters. the resistance or the inductance of 

SFCL is optimally tuned. This research project not only coltributes the new knowledge of power system 

stabilizing control under the scenarios of renewable energy sources, but also es tablishes the system 

security towards the smart grid. 

Keywords: Electric power system, Renewable energy source, Superconducting devices, Power system 

stabilizing control 
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HVV1-l~V'lV ~.:)ri-lj;.mhrln?111uJ11l~1-11~'W\i)1:lJlJl !'lI'W 1'W-J'W~ 4 "\Jf.1f(~tlllJhI t12006 Mln?1I:VmlilD 


. 1~'W D~ !~ru tl-Jlnf.t2htJ [7J T?1lJ&1'll119J'h'W'l1~-1,fwn'fl'illtltl1Jm?1'fl:;;n.'!'1J'Wl?1'1JV-lnl~{l~vh~H~\i) 


1M'illtl'l'j~-l-ll'W GlJ~ .:)'1-11 MlJ Itl !rlmn?1ml:lJN'fl,~j tl.:)i'W 1 en::;lJ 11~-l'111,r~ ~1JlIt1tylTI-lJl1:i~lJ:i.fllV'lI~'W 


HG 1 'lfln?1 hl~hilD il.:j,f~1 J 'WD'il ~ 'limJ ~ ~l1"1f(I'Wq l:i tJ~ -1i'4:lJt) tl Tl:lJl\i) :i tll :i ~ 1-1'"]:lJl!~ tli'J D .:jtl'W!!G ~!1i'lJ 

d 9" JI 

!1:ij,)lJ~ .fllV'lJ ~ DlJ !H:lJItl'1J'W 
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ffnd'tJ'lh ::;!'YlfllvW 'illflWfW PDP20 I0 l1::;lJfIl'l~IPl~-l1! M~-l N~\9lfh~-l'1v'IVll'illfl'W~-l(1lJl!(1::; 
my I ) lYi\9lV!'l~lJ~'W eJcimJlfl l'l,n1'W N~m ::;'Yl 'IJ'UeJ-ll!rHI.J~ltJ'W~-l~lJU~:::U'ff.:JeJ l'Yl\9lV<A eJ'l ::; 'IJ'IJ 1vlVll fh~-l 

I 

li\.jJJH'WJ 1-wlJ 'ff .J~'W1'Wtl'W lf1\9l ~.:Jh1J'Wl'ltl.JlJf1l'J ;:YmmJun11N~m :::'1 'IJ'UeJ.:Jlm ci.J'W~.J.Jl'W11lJ'WlltJ'W~ 
'" U • 

jhl '1'~ '[ vlyJ 11l.! 'ffJll'fflJt)!Mcil~l~eJ M llJl\9l'l fll'J {JeJ.Jn't.nJUJm~l1~;tf1IPl~'W1m ::;'IJ'lJeJcil.J'il~ .J1l.J 

lrieJ ll.!'Wl'WlJl~ ~Li f1'l ru1'l1'1-11 t.J tJllPl (Superconducting devices) Mf1JfllllJ 'ff'W 't11 eJ ci 1.:J lJl fl 

I~tm lfl eJLi f1'l Urm~l~lJLi 'J::: ~h1~ N~ 1'W fIl 'l!! r1'Dum ll'i'lt' 1'ff(\tJ 'l i1lY~'l:::1J'IJ '1v~f~l'ff .:Jfll W Li f1'l ru1'11 
q u 'U 1 

1'ff(\tJ'l m'Wtwl 1lPltJm'W l :::eJcil-l t.J l'il 'ff::: 'fflJ'Y~~.:J.:Jl'W!! 'U'Ul'il'l11t.JtJl\9l (Superconducting Magnetic 

r:ncrgy Storage, SMES) !!(1:::l'il~lnlPlf1'l::;!l'ff~IPl'W~eJ.:Jl!'U'Ul'il'l11V-ltJl\Pl (Superconductrng Faull Currenl 

Lim iter, SFCL) SMES 11J'W ~Lif1'lru 'ff::: 'fflJ'W~.J.Jl'Wl!l.!m~fl~'ffllJ1Hlrn'IJrJ)Jfh~.J1vlVlll1~ -lIW:::rfflJeJ'14 

i'llll DeJ flll'i' B cil.J 1 lJ'W V'ff 'l::: U(1::; 'J llPll~ 1 [8.9J I'lnr-w ~ -l 'ff llJ 1'J I:1Li 'l::; tJfl~l 'lit ~ml IPl fl 1 'J l! fl1-l'U B.J 

Ifni") h lVlllm :::'IJ'lJI~eJ!'vhJI'ff(\tJ'l m'W'i~ ~l\9l'Utl.:J 'J:::1J'U lvlVllr11~.J 'M ril'W SFCL J'WI1J'W q Lim ru~ 
11 1lJl'l (1 <A BfllllJl'll'W 'Vll1.J M1 tJfIlllJ!M~ tJ ltlwul'l Li tJ 'It tl 'i 1Jnml'l tJri.:J\ ~eJ~lnlPl f1'l::;1( 'ff~IPl'W ~ eJ -l'll'i' 

°hj 1i).J~!f1lPlfll'l~lPll.J11'J l-W ';j :::1J'IJ~.:J'liltJLif'IJLi~ .J!'ff8tJ 'l m'Wi'lf1fhr~~'W 'M [10, II J 

or; H "1 'l n\9l1lJ tl Li f1'l ru I'll t!1t.J tJllPl'~.J 'ffeJ.J ~ bY llJl 'l1W ilDUJ m 1'i'1 'WI 'ff8 tJ J m '}~ 'll'i'm 1~ 1::: I'i'n. fl ~ 11tl B 

1"1 . I ~ .I <I 'o~'l'''''lvdq'';d," MES 'Jj 'WfIl'lu ';j 1J1.q.JI'ffotJ'lm1'1'V~~fll'ff\9lJ!![t ::: ~lPlfln!lIll.J'UeJ.:JfIl~.J "n~l 1Pl<Pl !'W'UW:::'1 SFCL 

f(l~J 'I'.i O~lnlPlm :::!!'ff~IPl'W~ tl.J ll'i'eJ ci1.J'l'l'Wvhlt! llPl115.Jlf1lPlfllllJ ~1Pl'W:i eJ.J~'W ~.JmlJl ::; n1JfIl,) Lii'1JLi'l.J 
I • 

ldTI tJ,) i1Wli'lfl~ [J 2] I'l.JJ'W fIl';j 111~Lim rul'lltht-ltJ l lPl.J-l 'ffB.JdlJ1Li'l:::qfl~'H,~~eJlJn'W11:::'111 M 

!! j~lif:\.J m! 'ff(\tJ';j m'W Mflll.J'Ul1.J~'W 'W eJ fl111fld ! l~tJ1MtlLif1'l ruJ.J 'ffeJ.J1'11-l1'W MeJ cil-llJD ')::; ~'1 ~ 1'1 (1 

',I 11:lhlv1B.JBBfl!! 'U'U Ml'U'W llPli1nlPl tl1~-l 'I'~ 5.J.:Jn! llf1:::ri WI 1') llJ!1'l B1 I'llfll1J'¥l1JeJci1.JIMlJl ::: l'YlJ 

1m -l.J1'W 11ltJdt!11'ff'W eJfluLi';j ::;l'Y1'W fll'lfll1JfJlJtlDI''lrulih'l11t.JtJllPl Mml SMES LHl::; SFCL 

.l vi \ ll i5 'IJ D1.J1 'ffQtJ,) i11'W'UtJ.J 'l::; 'IJ 'IJ '1 vl Vl1 r115~~~ 1Pl~.J I! M~.J ~ 1 tJ1~ 5.J.J 1'W '1lJ'W !ltJ'W ~11~ 1 n(1 lJII~::; 
U'ff .JB l'Vl~V 1'W.Jl'W11ltJ~'il::;1'11flUM lri l~m:lJl ::;~:lJ'U(Nriwn'J 11J1\9leJ1'U()~ SMfS 'l~!!nr-il ~hi'l~ tJJ111 

t1 tJllPl 'U'W 11Pl 'W 5-l.Jl'W 'ff::: 'fflJL~ lJl'l'W ~~1&1 'W lw fll'J 1'111 'ff(\U,) i11'V~ ri 1'W1'J llJII'lV1cllfll1Jf,JlJ r11~-lll~Vl;l 

~~j ~ L!~::: r11r;1.J hIVl 1 l'fflJ tJ'W ril'Wri 1'W 1'J llJII'l () {'UtJ-l SFCL Mmi ri 1f1l1lJI'l1'W111'W~IM lJl:::'fflJ U(1:::rl1 

ml.:J'll'W {J'UJt~tJl1!l'ilIii'1'W 'Yl1'W ~-WBtJ~~ !\~tJ!!r1'DUJM 1~ 1~'l1'i'1'W!~8tJ'l i1 WI') :::1J'U MI! rifll ';j It fll.J'U eJ.J 

,hel'} 1'l"IVj 1~ Ntll'l11 lfl!! M ~.J~ ltJ'Yl ~.J~lJ!!~::;!! bY -ltJ 1111'l Ufll) ~lPlm :::!ll'Y~1Pl 'V~ ~ B-1lritJd11Pl51Pll-l11 J 1'W 'l::; 'IJ'IJ 

fll j\1~:lJfn1lJ'ffl:lJ1"jol'Wfll'l'1!1J"ht!\,111:lJ~IPlYl~tl.J (Fault ride through capability) 'UD'lUM~.J~ltJ 

rlHl-l'l vl.yh'W5.J~lJ!! ~:::L! 'ff.JeJ 1111'l tJ !!~::: fll ';j !1~lJI 'ffOtJ'l i1 WI hI 'ff(1 Hl::;i'lfl ~ 'U eJ-l 'l ::: 1J'U H il~\ll mnlPl 

cl~ l.:j 'il':i !1J'W Iii''W i m -l fll'll1ltJ~'W () n 111fl 'il::; rleJ 1Mln<Pl eJ.J rlfllllJfl m.illJl'i'l'W fll ';j 1~11ft'O tJJ i11'W 'l::: 'U'IJ 

'I yjVj1r115.Jl~ eJ -llJl111fl!m~.J r111tJ Y'\ 'll'~~ lMlJ'WlltJ'W~ N~I'lr11~.J '1 vlvh~ ll.!'ffJll'fflJ eJmi -) V-l 'ff?l.JfIl llJ 
I • 

~'Wfl.Jl1 N'W 5-l-l1 'W 1,rnm::;'U1J 1vl Vl1 tl15~v fllii'lU ~ -l11::; IlJ'W ril'W ff1r1UJ 1'W fll'J 1'11I M';j::; 1J1J 'hlY! 1r115.JlJ 

~I ~ ~ "'::1 <I = 
fll1:lJlut W11 'Q'ltJ:::M'itJlu'Wft'lJl'l'YlmlPl (Smart Grid) 
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~ 	 ,I ' 1.2 1V1QU'j::;1J'lfl 

1) umytHllli fll:ilb ::;i:Yl'WflJ'U\'llJll 'W 1'1 rllJ'IJ V-H)D fl'j ru~';1l.ht ,1(J1~ '1~!! ri SMES U,,::; 

SFCL lviV!! ntrty'K l~ltH i:Y~lJ:i fl n~:i ::;'U'U 11 'V'lV'hfh;l.:J~~~~.:J!! 'l1~.:J ~llJnl~.:J 'llhIYh~1tJ 

~ "" " I'HI.:J " WI"::;!! i:Y.:J V11~\?IlJ 

2) Ulli:Y'Wvmfl-wfl'lm.ihlfllHll'lM'mm::;i:YlJ'\JD.:J SMES U{;l::; SFCL 

3) 1.l:i::;qfl~Glrnm'UfJlJ~Ulli:Y'WD 'l'W:i:::1J'UIlJ i-m fl~IPlIW::::i:::'U1J 'h~V'hfh~.:JI~DlJ ltJ-J 

1.3 'lJoUI'lJVlfll'j1,uU 

I) 'Q1.l fl'j ru~lUlt.:JlJ11Pl~tlllJl'W'il1:iru l~D SMES iW::: SFCL 


2) fll'lf1mnu::: Hfll:i~1{;lD.:Jm.:Jfl0lJ.w1I\?l0{U{;l:::'0'~'W 1111mmlJfltJlJ1~1I\?l e:d'hwH 


'lfD,\~~ln{ Digsilent ~1l:::,r~*v lviDDDflll'U'U SMES It{;l::: SFCL 


3) !! 'K ~.:J~ 1unl~.:J 'lvlth~1lJ'W~.:J.:Jl'W'l1l,J'WlllJ'W~1;j1l1:i ill 1~01~ ~.:J"lJl!"::; II i:Y.:J01Vl\?lV 


4) 'l::;'U'U~Hf1mn'il::;I~'W!I'U'U IlJ 1m fl~IPl!l":::)::;'U'U 'hl.yhnlrl.:JI~DlJ llJ.:J 


1.4 1Ilrm~hl'w'Wfll'j1,utJ 

1) 	 f1mm:::'U'U llJ 1m fl~~~.:J~~~.:Jlm~.:Jnll-w~ l'V'lfh'l1l:!tHllJ'W\'I~.:J"w' ":::Ili:Y.:JD1VlI'lV~1l::; 
o 'jI 0 

'W1lJ1'I11Pli:YD'U i:Y:i 1.:JU'U'U1l1"D.:J'l:::'U'U 

2) 	 'I'll fll) ~1"V.:J~1.:J'f10lJ.w1I\?lD {~llJfl1:i 1~1l1ill lmllJN~l~~ D.:J i:Y1W1~ i:Y~'fl1lmu.:J~1.:J'l 1'W 

:i::; 'U 'U Ivi D 'I'll m 1lJl'll 1 'l'il~1'\.11 i:Y~ tJ 'j fl n~ i1fl i '\J D.:J:i::; 'U 'U Il,,::;ri 1l1:i ill 1 N M:i::; l1'U'\J V.:J 

!I'l1~ .:Jnll-W~ 'll~thm:!'WllrJ'W~Vfll:i Ilfl-l.:J'1J tm)l~.:J '1 'V'l fh It! 'l ::;'U'U 

3) 	f1mllll'U'UihaD.:J SMES IW::; SFCL lvitJuUJl~~~.:J'tm::;'U'U 1~lfll'j'11~i:Ytl'Ufll5l'11.:J1'W 

SFCL 

5) 	 '0'~'Wl hbllmlJI'lDlJ1~111')tJ{ll~Duntrtym'l11~1~mm::;i:YlJ'UD.:J SMES Il"::; SFCL I'W 

'j'::;'U'UN.yhn1~-lftmn ­

6) Imu'UlViu'U SMES 1m::; SFCL ~'I'll'lM'mm::;i:YlJ~JuTh~thi:Y'\.wnlJ SMES IW::; SFCL 

~1'11'1M'111m:::i:YlJl!'U'Ui-ll~lJ l'W ~l'W fll) 'I'llli:Y~tJ:i fl1'W:i ::;lJ'U~JlJTh~D'hl~ 
6.1) fll:i ~lM.:J~ 1.:J1'l DlJ.w Jll'lvfl 'W 'l::;'U 'U '11Hhnl~.:J!! 'U'U 'h.il;myw) 1lJ lq,lfll'.i !fllPl 

nl~.:J 1'\'1 V'J l~ 'hji:Y~lli:YlJD'U tJ.:JU 'l1 ~.:J n11-w~ 'hi'vj 1'l1l.JtHllJ'W2D!t'U'U~1.:J'l It ,,::; lrl V til IPl 
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m'J ~\9lJ~ilJ~~h~'l i'w 'l ~'lJ'lJ I yjvhfh~~ ni Cllh ~llJ'W bl'm J f)'W~ til Hl1lbl'() (J'Hl WI 

'l~'lJ'lJ'UCl.:J SMES !!~~ SFCL ~i111bl''Wm!~~~!1fJlI'lJ!YI(J'lJ 

6.2) lb ~ IlJ 'W 'W~.:J.:Jl'W bl'~ bl'lH~ lJl'1''W'UCl.:J SMES ~ ~1!~'W 1'W m Hll!bl'D 1I 'l m".~ 1 'W fl'j ill 

SMES !!~~ SFCL ~i11!bl''WCll!f1~~!'iJ~1I'lJ!YlV'lJ 

6 3) lh :::dJ'W VI ~.:J~1'W bl'f)J !i\'1I 1 'W bl'm'W~ bl'f)J!i\'vtn-'lJI~'Wv1Ji11t~1I J\9l'U Cl~ SFCL '1 'W fl'j ill 
'U 	 u 'U u 

SMES !lf1~ SFCL ~i111bl''WCl!!f1~~!lR lI'I.JIYllI'lJ 

7) bl'g LJ Nf1f)l'l flflm !,~Cl!1i V'W 'lJ11tnl:lJl;)lIri ~Jl'j bl'l ';) 1111mJ 'Wl'W 11l1~ m J LJ 'lq:lJl'lJ'l m J 

'l:::v1'lJ'W 1'W 11l1?l !!f1~m'lLJ'l~'ljm ~i'lJlIl?l 

_ 1 	 ., ,.,; , lI) wv 
1.5 lJ';)::: !I'J'II'\.!'t'lf)lV"l1Hl~ IV"l';j'IJ 

J) 	 ~1'W11lV~ bl'llJl'lf)~yhJ'W!~'W 'lJ'Vlfl11lJll,r'lJ!~lJ (Full paper) 1ml 'lb1'1 'l ~'hl m'HIl'W 11l1~ 

~Clvl'W~1'W.umJf1IS1
,,~ 'U 

d' 9Jq 'q ,I 	 ' 
2) 	 V.:jflflJllJ~ !'I1lJ !'Wm'ilJ'J:::f1'1'\.jfl11JfJlJ'J~'LJ1~ SMES il~::: SFCL !Ylv,jf1J1J~.:J 

!bl'DlI'J m'W'l~'lJ'lJ I vl.yhfha~ 


3) !~ 'W riJ'W'I1~~'lJCl'Nl'W l;)Uffl'l1i''lJUflflmm ~i'lJ1J1t1!t1!ll 'VI 
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UYlYl 2 

f) l'j 'l1~Ul_h ~'l1 1:::: ~Yljjill 'W f) 1 1 cUl l-Jr11 'Wfl11l-J~fI'W 1e>~Hfl:::: f)1 1 flfl f)1 1 H f)1~'lJe>~ 11 lfl~1 ~Wl 
Q 

'lJ~ 'Jn~'Ii'Wfll-Jffi 0}I Ifl~e>~ 1111~fI	1vlw 11'H~[J1'1-hll~fl1Je>'W j;le>~m~1'W1::::UU~qf1l-J1m f)1f1vl1[J 

e>'l1f)'J0!11l-J SMES IW:::: SFCL 
Q 

111D'1-ill ~!'lJ '11 dlZl 'W fm l111~'WD nl':J 'lH'lJ'tJ~ ,:nh :::ir'VlTIfl1'W nl':J .u1:IJN1'Wl! 'J ~~'W '1 vHh ~1 N1 'W(low 

Voltage Ride Through) 'UD~n~limnJ~Hlfl~D~fl1!U~ll~~Il!1-1~lrll11'lfU~tJD'W~D~'Vl1~ (Doubly Fed 

In duction Generator: DFIG) qj':llJ~1!1-1l'Jm1J1nfl'mJr:l~'W ~ D-:J 1'W'J:::'lJ'lJ ~CJi':IJ1m n1mw:::nl'J lln1l't)J1-11 

nl'J unl-:J'lJD-:J tl1fl-:J hHh~D-:J1J11J1nnl'JVli1flth~'~ hlfhuD-:Jn-:JlimnJ DFIG ~ 1l-lfl-:j~ ~-:Jl1t)J1-11"r~nl'J 

~)mN1'W!! 'J -:J ~'W 1v1vh~l N1'Wll(1::: nl'J llnl-:J'UD~n1fl-:J 1\~f~ 1!Zl'W1l't)J1-11~:Un1J:::!n~~ 'W nll n-:Jli'W (1:IJ 0 FIG 

11iiD~ 1J:::U n1l't)J1-11~~n~11~-:J MUnl'J DDnt!'lJ'lJ 1m -:J ~31-:J'UD~ r;pJ m u!~:; ~:IJ'W fl~ -:J1'Wlll-l!1-1~ nu'lJ'lJ t~ Ul~ 

(Superconducting Magnetic Energy Storage: SMES) ~'Wl1-1l-l1'W'J:;'lJ'lJ~9jl:IJlmn1~ ~~ SMES d1J:; 
• 

....: ,-.. Cf d Q-' 0 Q> I c' A d. -::::1 ~ • d'd Cl 'jJ Q.I 

1.'VW II'l:lnn'W''Utl-:JI''l,H)"jj Wr11';i 11 I ril'l Tl'i :;;lUHltl 01'11 VHH;1 I:lJ I) blll1J::'!U WH-J ~ Uri J U! H In 0::' rl JJ ,HI-J-J I W!!U;;' 

o Q.I ".1 d' 
1J1n~m:;ll~YlD't1\il (Superconducting Magnetic Energy Storage With Fault Current limiting Function: 

S!v1ES-FCL) 1 tJy~ f D:IJ'l n'W 1'W'lil~~ln~1l't)J'1-il tl1fl~ 1 'j~ lh!nl-:J SMES-FCl 1l:; 1'llWW1~ rlfl1Un'lJ D 

SM ES iii DU1-1l!1~~:; ~:IJ'W fl-:J-:J 1'W "r-:Jh, I! (1:; fll Utl1fl-:J 1 rHhrvt D't1~ nu II nln D-:J tl1 fl-:J "11~ ~11 lrl Dl n~ 

fIl1:IJ~~ti~ D-:JDuml'lJ'Wfl'W1m ::::'lJ'lJ~CJi\l:IJ 1mn1~ SMES-FCL 'il::::1'l11-1l!l~I~'W~l~ln~m ::::!l~l'l'lUnl'J 

9iDl~1J'J 1~lhuD~'U~m~illl1lt-:JU1~ (Superconducting Coil: SC) l<U1J :;'lJ1J"1 ~Yl1DU1-:J5\ill 'Wlli1~-:J1J:; 

l~ 'W nl'J lln'iJt)J1-11nl) (1~(1-:J'UD-:Jll 'J -:J~'W hlYl11 'W 'J :;'lJ'lJII't1:; '1 'W ~ d U-:Jl ~:IJl'VlflU fl nl'J I~:utJ):; ~'j1 TI fll'Y'i'lH\-:J 

SM ES-FCL 1m:;'lJ'lJ l:u lmn1~Dnl'llU 1~uH1-1flnnl'J1TIVl-:Jni~!'Y'ifl~~1'WniDHDDntl'lJ'lJ nl'J1-1lril 

I'lJ 1:IJm~ull1l'j~fl~-:J1'W~::::~:lJI~:lJI'l'W'uD-:J'U~m~ SC ll't1:;'Wl'Jl:Ul\ilD5illfll'lJ1'J:uV1'lD (PI Controller) 1'W 

Vl't1nl) 'Vl~1:I'tl'lJ1J:;II~~-:J1lil~'Wl1 SMES-FCL 'il:;UtJ)::::~'VlTI ml!1-1UDnl1 SMES !!'lJ'lJ~-:J!~:U1'Wll~'UD-:J 

f) IJ l ~:utJ 'J:::: ~'j1 ifll'W f)1'J 9l'1:IJN1 'Wl!) ~~'W '1 Ym1~1N1'WIW::; f)1'j 't1 ~ f)1) IInl ~'U D~n1fl-:J '1'\"JYl1~un-:Jli'W (1:IJ 

onG fiDDQ1'WJ:;'lJ'lJ~9j'1:IJ lmn1~ 

2.1 IIUUil111()':) 1:;UU!lJlrrH)1 VI
• 
) :; 'lJ 'lJ tl 1 fl ~ 1 ~ f~ 1~ ;;'1:IJ 1 fl ) n 1~ ~ '1 i'fY n lJ 1U 1 fl J -:J 'ff ~1-:J II ~ ~ -:J 1'1~ ill '1~ ~ 2. I tJ):; n D 'lJ , tJ I'll U 

I l~ H'W(1:u~Hlfl~D~n11iJ~hJYl1m~tJll1l'lfU~tJD'W~D~'Vll~ (Doubly Fed Induction Generator DFlG) , 

'V'Wl~ 1.5 MW <Dl'Wl'W 2 'Ij~ iiiDn~li'W(1:U DFIGI u(1::::n-:Jli'W(1:IJ DFJG2U'W1)1:UI\ilD5~1:IJ [13] -qJJmw 

rY ::; ~:U'Wfl-:J ~l'Wlll-l!1-1 ~ ntl 'lJ'lJ i ~tJl~'Y'i ~D:lJ'jf-:Jli~ni'W 111 n~ ('):;U m~D't11'1 (Superconducting Magnetic 

Energy Storage With Fault Current limiting Function: SMES-FCL)mlJbi~~9j (DC line) l.w:;1 ml~ 

เอกสารนี้เป็นเอกสารที่สงวนไว้สำหรับการใช้งานเพื่อการศึกษาเท่านั้น ไม่อนุญาตให้นำไปใช้ประโยชน์ด้านการค้า 

ไม่ว่ากรณีใดๆ ทั้งสิ้น อีกทั้งห้ามมิให้ดัดแปลงเนื้อหา และต้องอ้างอิงถึงเจ้าของเอกสารทุกครั้งที่มีการนำไปใช้ 
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OilS 4 11 11,,' II) gr('lllnd 

F r"uil 
oc.tll~ l\tl l.tQ' ... I 

(Load A, Load n, ... , Load F)l'W':i::;'U'Unl~;Jl'1'\I.yh~il::;HfifnJ1'l:W1:YfIll ::;f1l~'1'h:lll.nJf)~(NormaIState) 

lJ.j;I~ 1:Yi1l1~!n~1'l11lJ~\PlvdfJ.:J (Fault Slate) ~'W !rifJrl.:JM'W"lJ DFIG vf.:J 2 'l1~ ~~l?inl~.:JlvJ~hpDFlG/ !!Cl::; 
p Dm;2 \illlJfIl'l'l~ 2.1 1'W 1:Y fIll ::; 'I.J f)~'il::; lnm]"tlJl-n nl&l.:J '}-vJ{(hu f) 1.:j1 ~ fJ.:JlJl 'illf)fll llJ!~ 1mJ l~1'l.:J~ ri;J ~bl 

1rr~::;'U 'U'\Jl\Pl!1:Y()t'J ~ fIl'l'HI"::;1.h '1 'I.J(h::;'U'Unl~.:J '1vHhflJ!11bl1 M!!Cl::;!rifJ~lblfJ.:Jf1l~ !n\?lm llJ~\Pll~ j ·o.:J~ 
~ 

1:Ylt'Jri.:J~CJibl.:Jm11U (Line to ground fault) ViV~ FI'il::;ri.:J~"m::;'VI'Uhj! n\Pl1:YfIl1~m.:j~'W'1'VH~lbl \Plbl.:J~U1:Y 

I U bl::; D1:Y 2 !ll'W~-lbll 1-1'rl.:JM'WbllJ DFIG ,t;J1:YfJ.:J ~fJ.:J'I.J ,,\PlilW.:J fJD f) 'ill m ::;'U'U!1l'W "hJl?illJlJll?I)] 1'W Grid 

Code'lJD.:J A WEA[ 1 3] ~.:jJ'W !1ifJ!!i1lft)Jrnvf.:jM;J\?IllJ~f)~rnJl~.:J~\PlJ-.:J~'l.Jmci' SMES-FCL )::;,.11 1.:J 
, • '11 " 

D{1''I'l 3 rl'Url.:JM'Wmrn.:J1:YD.:J'l1\?1 l\?1t'J)::;'U'Ufh~.:j 'lvJfh~CJillJ1m n'~\?114 \J::; H'I'll) lii!l?iv{) ::;'U'IJI'll:)J\?Il) 1.:J 
.,,; 
'VI 2.1 

J.5MW 

0.69 kY 

50 Hz 

~l'Wl'W pole 2 

0.003,0.003pu 

0.1 I, 0.07pu 

2.5 pu 

0.685 s 

0.OJ5ntm 

เอกสารนี้เป็นเอกสารที่สงวนไว้สำหรับการใช้งานเพื่อการศึกษาเท่านั้น ไม่อนุญาตให้นำไปใช้ประโยชน์ด้านการค้า 

ไม่ว่ากรณีใดๆ ทั้งสิ้น อีกทั้งห้ามมิให้ดัดแปลงเนื้อหา และต้องอ้างอิงถึงเจ้าของเอกสารทุกครั้งที่มีการนำไปใช้ 
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Sus 3 

DC line 

~--------- -- ---- '\ 

, 
, 
I 
I 
I 

..-- - ---- -- - -­ ..... 

Bus 3 
I ~ s.) ~~] 

, 

Bl~S4 

\?lllJml\l~ 2.2 11JlJ 1m 'H"~ l.:l'IJ'U ·:HJLl m ci'(1'~ (1'lJ'I"I rl'.:J.:IllJ!!lll'l1~nutJtJ t.:JUll9l (Superconducting 

Magnetic Energy Storage: SMES) 'llJ)~tJtJ~9! 'llJ1mn~I9l;1~'U'UQntJ'\r(1'~ 3 119luSMES ~innh~'I1rl'n 
ft~ (1' ~(1'lJ'V~rl'.:J.:JllJ \lvg:h~tJ 'l'lilll9lnmlnl.:J'UtJ.:Jtllrl'.:I \h~yh ;.:Jl'IllJ 1 m .:1(1'1 wutJ.:ISM ES ~tl~t.} mh 'lLl 

Current 

Limiting: FC L) ~ llJl<UllJ 111J lJ ~tl m ru i:'I~ i:'IlJ'I"Irl'.:J.:JllJUJJl'I1~ Ill! 'U'U t.:lLJ1\PI1~1 tJ lJi.:Il~ -:jjH''W ~ 1n\PI m ~l!f1' 

yjtJ(l~l;~\'l SMES-FCL ;.:Ii:'IllJlHlll(1'I9l.:ll.:l'il) \lyJYh~'M~.:Jm'l"l~ 2.3 119lLJ SMES-FCL~~tJtJQ'l~'I11N 

tr(1'~ 3 n'U'u{1'~ 4(tD'Ulm (JtJlViU'Utl'Ulll'l"l~ 2. J)1I9lurillJLl'l:::ntJtJ'lJtJ.:J 1m .:I(1'~l.:lV.:Ifl.:jllD.:II1J'W SMES 

!! a ~ FCL ;.:J tl:: vll.:l l'WuV nil (1') ::~tJnlJll~'IJ19l11119l<?llUlt.:)(J119l(Supercondllcting Coil: SC)V.:Jfl.:l'l'li 

~llJtl'WtJQ 1I'1Utll'lvll.:Jl'W'IJ'(H SMES-FCL 'il~\lmlti.:ll1JlJ 2 (1'ml::fltJ (1'fIlldn~ul1::(1'fIll::1nl9l 

เอกสารนี้เป็นเอกสารที่สงวนไว้สำหรับการใช้งานเพื่อการศึกษาเท่านั้น ไม่อนุญาตให้นำไปใช้ประโยชน์ด้านการค้า 

ไม่ว่ากรณีใดๆ ทั้งสิ้น อีกทั้งห้ามมิให้ดัดแปลงเนื้อหา และต้องอ้างอิงถึงเจ้าของเอกสารทุกครั้งที่มีการนำไปใช้ 
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hjjjml~Lif)~ SMES-FCL 1)~vl l'li\j'l~~'Plf11J !!nl;j'1J [)~nlrl'~ ll'lYh~d')'Pl1)lf)fl':lli\.j ~lJ DFlG 

~" l(InW\'h:llU lwci lU'\J[)~ SMES 1)lnf1lJmlJ~lJjjl\il'lf S,!W~ S] '\J[)~fl[)un[)1!\ilCl1~~jjllJl ':iflmlJ~1J 
./ =./ ~ 1"1 ~ 'jI 1 0 <0. d., .,. J'. ~ 

f1l'':i'lllJ1)!!{j~'Pljj'lll':i1)m~ l!jj !1'l~ll'fl!W~ UjjlU'\JCl'l FCL 1)~'Vll;jlUf)\ilmlJmf)'Plfll1mWn~':i[);j'\Ju IU 

1~ 1j 1J '}j1[)[)Q1ujji111~!n'PlmllJNm~~Cl 'Hfuw 'l ~;jjj l\?l'lf sJ!!{j~ S4 1)~'}j~~n'h;jlU!!~jjl\?l'lfS.)W~ s.] 

1)~111 ~ lum~u f11':i vll;j lU ~n1.J'1J Cl;j jjl\?l 'lfs] nlJ S}! (j~ jjl\il'lf s",nlJ S"2~ 1) ~l~ U f11 Hh;j l 1.J!~ eJ~ eJ 

'l .J}'1 1 'jI ~I 0./1 'jI ./ "' . ~ 'jI .1 ./ 0 ~ 'jI ~ 
1~'il':i 1"11" 1 1i!lJU1 ;j'il':ilJH1'il '}jjj lJ\l'HlJ Cjj'ljj~p.j~ l'}jm~!!jjr~eJ{j\?l\lf)'illn'Plf)J~!!jj'Pll()'\J'Pl()l'Pl\illUl 

B~()J'Pl'}j rl'nf11':i Yll ,:nui'l f)~lljjllJ l':i mhlJleJ~lJ llJ!~U~ fl'Vll-lf1l'':i i '}j{j'\J eJ~ m~!!jjll~Vhivll'1'l~ 

Norma l state 
Bus 3 

(' 
T 

11 ~i ~H? 


Bus 3 
r;=~=::::;;,Norm al stale 

lrl eJY; 'ill':i III ljjjnldf)Ql'}j~ eJ jjml~ln\?lnl~'l i l~yh!!f)l~~U lu J ~lJlJ\illlJml1~ 2.4 ( f)) !111~ (~) 

'il:;;!! jj\?l ~ '1 tin1U~f1'l~1-l f1l 'J '1'}j {j'\J eJ ~m ::l!jj 11~yh 11'1'[) ci WlI\il1 'ilU 1\?lLJ lU1'}jlJ\il'\JeJ.:J f)1'J '1111'il m ~!!jj\il l :U 

เอกสารนี้เป็นเอกสารที่สงวนไว้สำหรับการใช้งานเพื่อการศึกษาเท่านั้น ไม่อนุญาตให้นำไปใช้ประโยชน์ด้านการค้า 

ไม่ว่ากรณีใดๆ ทั้งสิ้น อีกทั้งห้ามมิให้ดัดแปลงเนื้อหา และต้องอ้างอิงถึงเจ้าของเอกสารทุกครั้งที่มีการนำไปใช้ 
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fJl'W~ 2.4 (n) ~l\ilqj S, !!~~s/il~'l'h:1l1,miil'li1~'D\~~~~lhlIYH'hlhl'Ul'lmI'lI'lTw1t-:]lJll'1 ~lhl~l\ilqjS", 

HO~S" ., 'D~'It~I'IYl1~lhl'lt~ il!1Jl'll~'D'lAil'hJ't1m~!!~lvll~h 1'It~N1mJl'lmI'lI'lTw1t~lJll'1 !!'Pi~l\ilqj S, !W~ 

,~'" u~ ~ll'Ilol'I D J lW~D4'D~Y1N1hl\il1lJLJn~!~8't1m~!!~I'~YJ1~llJl)"t1I'1t~'D1mr~~ 3 ILJD~~ 4 M 

'1:"-l,tr\J 1 'ltlJl'I 'li1 ~'D'V~ ~~-:]lhl I yJf~ 1m~!!~11'IVJ l'il~ I 'It ~N1hl ~l\ilqj'D 1n~l\ilqj S, I LJ iJ~'U1'I ~11'1I'lTw1t~lJll'1 
'1 ' ~ d cl '9 1 = d ~ ",I Y.I c! ~ d

11 1;l::; 'It~VJl'W~1\il'b'S2 !!j;]~nH)8Q!hl 'ltlJl'Il'I~'li1)"'Dm~!!~ !YiYi11illlJfIlYf\l1 2.4 ('U) 1:l'1\il'b' S,!!j;]~S,'D~ 

,.1 ~I'IYl1~lhlll'PiI\il181'1 D, lW~D2'D~111~lW!'\I1W~8 hr~llJl)" t1~ ~'li11'D~~~~lhl I vl1!h 1hl'Ul'lj;]ll'1l'll"sl 

t~lJll'1M ~lhl1:l'l\ilqj S311j;]~S4 !w~11'I181'1 D, 1l(j~D4 iJ~'fl~Y11~lhlliw~lJmjJm.J'hl 1'1tlJl'I'li11'DY~~~HW 

'I ~ ,r~ l I'l~Jhl 1 'ltlJ I'I~ ~'li11'D~~~ ~ 1'W Ilivh m ~!ljj 'hivh 'D~ I 'ltj;] N1hl'illn 11'1 181'1D 1LJ iJ~'UI'lj;] 11'11'lTW1
2

t ~lJll'1!l j;] ~ I 'It j;] N1'W 11'11 fJl'IDj ~ ~'It~n m)"Y11~1'W' 'W ~ fIl ld n~ ~ 'D ~1:l'llJl)" t1flJ1J f):JJ m)" I! nl.:J 'U8 ~ 
Ihtf~ 11~VJ 11t1j;]1'Il;l~ M 

Bus 3 

j 

Bus 3 Bus 4 

dj::-:(;h<lr~i n~ 
.... -.-.- .. -' .... - ~ 

เอกสารนี้เป็นเอกสารที่สงวนไว้สำหรับการใช้งานเพื่อการศึกษาเท่านั้น ไม่อนุญาตให้นำไปใช้ประโยชน์ด้านการค้า 

ไม่ว่ากรณีใดๆ ทั้งสิ้น อีกทั้งห้ามมิให้ดัดแปลงเนื้อหา และต้องอ้างอิงถึงเจ้าของเอกสารทุกครั้งที่มีการนำไปใช้ 
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!W ::; ! rl(lY;ill'J\Jjl~m1~ln~mllJ~~'W~(l~Vll-31rJyjl\?mJml~~ 2.5 (fl) IllJ~ ('U) il::;&wl~llm'Jlhnw 
'" I ~ ~ "1 1 ~ 0 ' ' '' "l "1,.1 "I ~ if

'IJ-e ·:1"(1" ,11'191 S, um;5: fl1J ~ (l~ D,Il(1 ::; D? V~'fl.:jVll~ll.JI'lil.JI~lJ!I(1~fll'J l'l1(1'lJ 'D~m::;ll~ mVi11N'lil'Jil IW::; 

~;iY 'lf1f j)v.:j'fl~mlJtll.JM'll :; tJfl~ I.wV~ll~ll(1'l'Vlctl sJ IW::;S4'il:;r!Q~'Vil~1'Wll(1::;(1'1I'1ctl S",1l(1::;5,,1 'il:; 

l11~1'W1l1~'W ~-3ln~ID'W 1.:jil'J 1J~~ ~~'W ~~J'W m::;ll(1'lrJ{.q1'il::;1'l1(1j)lfl'\J(1'~ 3 'ltJ'\J(1'~4 l~ V 'l'1-1(1~l'W 

1~ l(l~ D, ll(1::;~ll'lctl 5", lDV~'U~m~l'll'l11t-3V1~1l(1::;'1'1-1(1~1'W~)l'lctl5,,)W::;1~ l(l~ DJtJV~'\J(1'~ 4 ~~ 

lrl Dfl'j::; ll"(( lv,j.w 11 ~lJ ~ 'W tl ci uQ'mHl'W 'l1~ tll n~ fl'j ::;IWrJ (l (1<P11 '1-1 (1 ~1'W 'lJ ~ (11~ I'll'l11 t ~ V1~ 'il::; 

1m V1JI"((lJD 'W (1'5l~vlJvhl~'Wctl~ 1'l1'lJ~ fn~l'll'l11t~ tJ1~~'W [14J - [I 8](1'llJ1'J tl~~tJ'l1ri'flm'J'Vil ~1'W 'U(l ~ 
(1'll'1ctllln ::; 1~ l(l~ M~~ 1'I1'j 1~~ 2.2 

- ,­_ ... . 

5, or. off on off 

S2 on off on off 

D , off on off on 

D , off on off on 

S, on on off off 

S4 on on off off 
-

D, on on on on 

D, on on on on 

S"", off off on on 

S .,... ,l off off on on 

ill flm 'j (l TI 1Jl V1.:j il'j l rJ{.q III (1:; '1-1 ri'fl fll 'j 111~ 1l.J 'lJD .:j~D m ru SMES-FCL I'IllJ~ ;1~fl ~lllJlll~1 

if I~ u::; L(llJ 1 'j 11 (lTI1JlV;]~ fll'j n~fll 'j llrll~'lJD~thl~ '1 'l'Hhw:; f)l'j ~ 'tl~tl) :;ll (1"ll'~.w 11D'W "((lJ fll) 'MI9l.:jd 

เอกสารนี้เป็นเอกสารที่สงวนไว้สำหรับการใช้งานเพื่อการศึกษาเท่านั้น ไม่อนุญาตให้นำไปใช้ประโยชน์ด้านการค้า 

ไม่ว่ากรณีใดๆ ทั้งสิ้น อีกทั้งห้ามมิให้ดัดแปลงเนื้อหา และต้องอ้างอิงถึงเจ้าของเอกสารทุกครั้งที่มีการนำไปใช้ 
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Bus4

j
t+----+­

""/, 

.; ~ 0 J d'
ill'Wl1 2.6 'IH'l!1tll'i'VI1-l1'W'UfJ -Hl'l. tin)! SMES-FCL 

'" 0 ~ '1 10:1 \1-.l~ ~ \Ij IWI dd"; , '1-1~ W d 
Ps",,' IB"'}W~ VB",} rl8f1li]-:l ll,~l fl'J::;!lf1'I"l\"jl!!l'1 ::;!I.'J~~'W !vn~l~9f'VIf1'-1 1JfJ-11Jm13 

P8"" Ul'1::;1Bn,' fi8fhrl~ 'IyjYJ llW::; m ::;l! f1"Myh~CJi~ ri -1 'llJ rJ-1tJf1'~4 
An A at 0 W\II~1 I.1WI dddl W _I d' 
(j}-'s Ul'1::; 0./ rl8f1ll'1-1 't' YilUl'1::;m::;I!f1' 11 V' l~9f'VI 'YIm'Ul88fltlUmtu SMES-FCL

5 

!:U l'1'lllfi~ fl l'J \'!t1,jI~ CJfl11 ri -1 r1li1-1 \).,,~ ~ ll'W f1'l fJri.:J f1'llJ l) tl'YIl~ lr1li1-1 '[ y·lfl l'vi ri -1 'Ill V-1 tJf1'~ 3 cl~ 'illfl 

(2 I) 

1VW r1l &1-1 hivh:~ I,fi~ f1l1!! fll.:J 1)::; ~'W8Qfl1J!! 'J -11Pl'W '1 'I'l-rh VSUS3 !!l'1::;m ::;Uf1' 1'I'lfhlBUS] ~~ fHY -1lJ l lPl-nr'W tll . . 
?f llJl'Jtlrll1Jf,)lJl!J -11Pl'W '1 ylYJllw::;m ::;!!f1"l'1'lvh~CJim~rI-1Vl \Mf1lmfll~~I8-1 r'hi1-11 V'i'Nl ''W~~'hJ i m fl~~ 

lh::: 'lul~~~'W t!l?lm -11Pl'W 'h~f~l1l::;1~ 'W~ l'l 'YI~-1~ fJ8lJ ~1J 1~lJfhBcil 'W 'lil-1'l 'YI~-11vllJ'W 'YI~ 8!~'W fh~tlfl 
~ ~ 

fl lH 'W~1'Wf1l) ri~r1li1~ l"mll'W f1'l!1ri ~ ~~'illflf1'lJf1l'J ~ (2. I )nlJl'1~f1lmtll.J'UB~r1l~~ hi~l'i)~f1'llJl)tl 

'Vil 'h1I'W!1.JWrtJfJlJ flJ ::;!!f1'1 1~YJ l IE ..... ~ ri-1~lUlJl!vl nT'W lPl.nr'W f1l) l'1~tll) !!fl-j~'U8~r1l~~ hjYJ l'il::; M 
'illflfll'J'lfl~'i)lll'1~~f1''lfl~'ilYltl~,n'W'hl.yh~ri.J'illntJf1'~ 3 l11u~tJf1'~ 4 i~fJr1l~-11'1'lYJl~tJf1"~ 4 'i)::; 

f1' llJ l 'J tl 'YIl 'l~III fl f1'lJ f1l) 1Pl.J~ 

(2.7) 

d 0 '1 W0 ~ '[ .I WI And' :oil '" d' = d' W '1 IWI 0 ~ 
I lJD flllftl~ lff1ll'1.J 11Y l {j}-'5 lJm!1J'W1Jlnlf )8l'1 1J'illflfll)'lflJ'illll'1 ~~f1''lI lH1Hl'1-1-1l'Wl11'n \illlJl'1l~1J 

1!"~f1'llJl'J\1'Y1li'llnl~.J'h~vh & s M'illtlf1'lJf1l'JIPl.:Jt' 

(23) 
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(2.4) 

,,; 9 ".,; , " '1 j~1 d d A ,,; '1" _I d'
1J1nf1'lJm~'Vl (2.4) 1J:::Il'Cl'~~ b'\1t'WW11 ml'll1JfjlJm:::llf1' l' 1"I1~<Ji 0./

5 
'Vl mmJ1U(;I::;eHlfH.llJmru SMES­

FCL 1.r j)::;'CI'llJ1 Jflfl l1JfjlJfh;f~l~.yh~,r'Cl'~ 4 (PBu,4) hl(;l~mJunl~'Utl~n1rl'~'1yjvh~'1~ 1'1~,fh! fltlh! 

i Itl it tlf~nNfllJmru SMES-FCL 1)::;1'l1'\1,r1~m1Jf)lJfh~'~1,~vhlh!'CI'ltJri~~CJi~ltJm':im1Jf)lJm:::uf1' 

~W::;j)lf)flWI~ 26 m':iihfl~m::;Uf1'y~tl(;l~~ltJ'U~(;I1~I'1TW1t~tJ1~ lh!~CJi'llJ1m f)~~,flJ 'CI'llJ1J fl 

D~ 11 wtM~ tJ f1'lJm'W1':i '\11j>'h~lJYlu~'tICJ!~Jt)~'IJ~(;I1~Iil'rw1t~tJ'J~ 1J1t1'C1'lJm'j 

(25) 

(2.6) 

c':t .::::. o::t 0' w 0 ~ 

ZL flD t)lJfm~h!<Ji'UD~'IJ~(;I1~\o)llJ1rJ"tJ1~ 

v, ~ t) It ':i" Iilh! 11~ .yh~ 10) f)fl j tllJ'U~ ~11'11il'J111 t ~tJ 'J1'1 


I, At) flJ:::H'CI'~'l'\1(;1ti1lJ'U~i.111'11il1111t"tJ'J~ 

, . 

L 
IC 

ADri 11'1 'J1lJmU rJ1W 1'U t) ~'UI'1(;1l~Iil'JtJ 1V~rJ11'1 

~ 1 lJ fll'1 lJI'l ~ 111 ':i '1'\1 (;I 'U tl ~ f1J ~ II f1' '11~ Vl1 ~ CJi lri D '1,j tf11'1 f11)' f1J::; t ~ tJ lJ '\1 ~ D fl1 ~ Ufll ~ 'U t) ~ 
I I ,);:; !!f1"h·lvh'il::: ri ~ r1(;1 hll'VlDlJD'4 "rh! 'If f1) :::II'Cl' IJh! f1'lJm',i ~ (2.6) iiri 111lw:rh! vri ~ r1tl111t!~ ~1'1h! th~ vh~ 

~ T1j»'~ f.l lJ V
L 
iiri 1111 h!r,Jh! VIO) 1lJ 'I ,j ~1tJ!W::;!'llh!!~ rJ1 n1J ri 1VlJYlUl'1 lJ CJ! zJ'tm:um)'~ (2 5) 1J:::iJri l!lI'Wr,JW:J 

¥I 11JUI'lI 'W 111 ·m5 ~ n'W'U1 lJtI'l m ::;H'CI' ~!~lJ~lJ t) ci 1~,rm~ t1'lJ'\15 t) f1'.i::; II f1'1~ f.l(;llO)i 1'1 (;I ~ 1h! 'U~ (;I 'J~lvll111 
B~ [J 11'1~! 11 DlJ D'Y l'I'U i f1):;;!l 'CI' 1,1) dhi 11 ~ lJ~h! t) ci1" l'llJ.y] '\'1\1 11'1 ri ·m (;11 111 IJ ..J1'1h! '11'~ Vl1 ~\?l fl1'1 i DlJ V, 

J'~ lJ~h! Dci1~nl'1!~ 1IW:!; UlJYlUI'1h!CJ! z,. j)::;iJri1!~l.J~h!D ci1~lJ'\1lft1(;1[ 18J ~ltJm\p)~ lU'Cl'fl1'J::: !f)l'1m1lJ~1'1 
1~ ~ D~ 'h!':i::; 1J1J!ri D H9J 1'1 (;I 1 1'1 1'1l 111 t~ tJ 'J~1h! f11 ~ ~ 1)l~ f) ':i::; l! f1'yj t) ~~ I)::; l,j~ tJ1J! bflJ D h! f11~ U'VI) fl 

DlJl~II~ 'W'li1cU11,j U~ lh! ':i ::::1J1J~q; llJ1m fl~ I'1DV1~'I'llJril'l'\.J h ~ ~rl11'11bf11J1 'l fl MI m::; llbf'V~ DMl~l~lJ~.w 

Dci1~'ltm~()h! "M'1lrh':))l~l~ 1 
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2.3 f) l':i €Ie) m!1J1J~1fl11JfJlJUi:t::; I'll flUfI f)l'H'WlJ,j ':I::;:cr'Ylli.fllV1 

2.3.1 f)l':ltJtJm!1J1J~1fl11JfJlJ 

Sawtooth Signa l 

>= " tr 

I C L l\P~111'H)cJJlllUUlm~b1~I~ \,IJrIJUfJJJ1W~; JW ' UU~ ::'j,iL:) Uw'lr'ldIlJlJrJJJ;';'!U (ii CUlliJU;;U)2 

\illfll1JfJlJ UiJ::; 1'f1 ~ ~(1'hl'\H)~ FCL 1)::; '~tll:J \i1'J 11)~1JflJ ::;! !m~ tJiJl'l~~ i:YllJl~ tlIW\i1~ lI'l'fl.:JfI WI~ 2.7 

l Hl~ i:Yl1Jl:J fiB ~1Jl tJtll :J l11HW '11'1'fl;j~ 

f1l1 lJ I(1) ~ n1~ i;11'l fll 'j !! fll ~ 'U 1) ~ n1n~ 1\'I.v1 11 hi G1 flll::;,j fl ~ ~ 1Y(1' ~ 4 ~ ~ 'I'll fll ~ l \i1 ~ l\J D.J 1\,U 

fll1:1~ ll'Hhil5 ~ Po"" 1m tJ'LIlVllJ'lJ n'lJfll~.:)'1vJvhDl~V~ Pn"'J_,}lJhiD hI'\~\i1 1,rn'lJ \illm'lJf,llJYi '1'0 PI I ~~1hi 

~ Lr1)::;fll'l11-1~fll~~ 1~1ilDl~u~ Pc"" _,,, !l11r1'lJ I PUIW::;~l\Jl\Jlru!Bl,\l'Vj\Pl~ M1)lfl\illfll'lJi')1J-Yl'lD PI I 1)::; 

d t = c:9 O~l d 9)~ d,J cd<V 

Ill'l.Hll f1J::;U (1' r-J\i1 VI i;11I'li,." 9i~1)::;hI1 ,j!m V'lJ! 'VI V1Jf11Jm::;!! G1D 1~D ~ i8". , '"I IW::; vmnn V1J1 'YlV1Jhi1)::; 111 hi 

rilll :i::; ll (f b./s \i111J(1'1Jtll':i~ (24) ~~m::;!l(f 6J s ~1)::;llJhil'hu':)'lJDfll1m::;U(1"m::;'lJ'lJ1J::;I(D':)11~1J~iJ 

H~ tl i;1\i1i;1.:)\i1 11Jfl1'J i;11'l tll':i!l fll':)'UD':)fl1~':) l'VHh hm;'U'lJ 'fl~Jhi~ ,:)1-11 m ::;11()' b./s l,j'f1'fliJ'lJ n'U flJ::;llbi 

1)1~i8",,1)::; 1l'1rh~mm tJ'lJ ~l':)~llJ1.JV1.J ~1i1',rn'lJ \ill flJ'lJ f)lJYl '1 D P12U'Cl::;W1'11'Vj\i1'U 'O .:)\illfl1'lJf,llJ'W '1D Pl2 

1J::;/fhJ'ri11~ V':)I'lJ1.J~ li'l9ilfli:l (f""D ) II iJ::;,.h "] ,j'lJJf1fhfl':)~ 0.:; '1 ,rllJ1.Jri1~ li19i!flml i;1::; I1JJ tJ'lJll1 V'lJ r1'lJ 

ri'f1Jt)!ltw ~,j 'f1 ~1.J~w~Bv~.:!'M~l~t)! HWflJ'lJ\'J1JG11\i1'li IGJ3T 'UD':) (fil'l'li S/IW::;S,I~B .:)1)lf1l11'J H\ill 

fll'lJf)1J 'vllD PI lI~::; PI2 ~ri1 Kpf> KpJ, KII IW::; K,,1)::;I(1),:)11'11'lJtll';iD Df111 'lJ'lJril'\'nJ1lJlIi1D {~Drh.:) 
l'l1lJ1~ 1;'WI'1lVTIrvi1J,j ';I::; ii'Yl1jfllYl~'J'i)::; n~111 hifllV'l1 i:f.:) 

MonoSlable 
511'1,511'2 

{,IOI" _":1 '----_ _J ­
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ltHHlll:::ln~ml lJN~'W~e:mlo~m'lil ~l~l1;h'Yf -r'lJflW~~TIll9lc; Swl n'lJ Sw)U(1::: S) n'lJ S. 

l~~111~in-Hl'l 'lJ~ ~ \li ~TIlJ\l J or ~~~0 ~ !~ 0 flr:Yt\jt\j 1ru ~ 1:1'llJlJ () Li~'lJ 0 fl'l~111 n~m llJ tI~'W ~ O~ ~'W1'W 

'J"'u u M 1'Ii'W m:::u1:1'i'vlYh l!J~~'W 'lyjf,h l!~:::t'W'l ~.:J'l'W~1iMvhmJI~tlflflJ:::U'fflvJ vht~tl~\llfl!~'W 
~1 Li ~;~ rllflt\jll (1::: I ~'W fllllJ~Cl~ m'J ~o ()lfll1 ::: him :::!l1:1'~'~lJ~'Wlf'W (1~1:1~ mlJ.fl lt'l~ 2. 8 1~'Wi1 

fll'lJI'JlJ'lJtl~ FCL 1~()1~ r:Yi\Ji\JlruflJ:::1l1:1'1'1'~Yh\l1.:J 18 "," lm () 'lJlY1()'lJn'lJtl'j:::!!1:1'hl yhel',~v~ l';'U" j,.{ ~~~ 
, "11'''; '" 9i ~o.l9i1 " if '"d

'i'1l "J'Vl 1.5 pu'Yf';jtl 2250 A mm:::ll1:1' lrt'V1118 "'J lJflllJlflfll l 1.5 pu lCll'Vl~~mHl~'lJ(1tl'fl Comparator 11::; 

cY ,rfft\jt\j 1 ru h ~ fl 1 '[11n'lJ 'lJ ~ tl flllJ 1'W (1'!19l 1lJ (1 (M onos t ab l e)~~u ~ Cl flllJ 1'W 1:1' 119lllJ (1 \l::; vll'Yf'lf 1 ~~mU 

Q.I a. " Q..I a.­

~l iJj t)jlrufll'lJl'JlJ1:1'll9191IGBT S", flUS,,}l[l::; S , flUS. 

2.3.2 mfI'Wflf)l'jI~lJ 'l.h ::;ll 'Yl)jm'Vl'IJv.:Jt;!'I.hmu SMES-FCL 


1'W1J'Vl~MI~lJ t'Vl'fltlflm'J l~lJ'l.hdh1TIm'l'I'lJ Cl~~'l.Jmor SMES-FCL l'W';j::;U'lJ 'llJ lm fl~~~l() 

, , 

I d 0 Q..I ~ '3J ~ a' 0..> 

n IH IO fllt 'lJ 'lJ m 'j 'Yf 11'11fllllJ l'Yf'W tJl'W 11~(1~.:Jl'W 1:1'::: 1:1'lJI 'llJ r.l'W '\I o ~'U~m~ SC l!<l::; Vn'lllJl\9I 0 J I9llm'lJI'J lJ 

Vi 'I Clci l~mlJ 1::; 1:1'lJ lviClfll'lJfllJ fll'l un l~'lHH th:l~1'YJVllll fl::; m ';j ~, n~ fl'l:::U 1:1'1~Cl ~~~ ln~~'W 1~ tJlJ 

r~ , 1.h:::1:1' ~~'IJCl.:JmJ tlClflllUU ~Cl rm 'hiW.:Jn'li'Wl'l"'~~l'W l'WClClflIlU UfllllJ lPltl.:J fllJ l'l1'ln~fllJ ll fll~'IJ O~ 

Ti l "'~ '11"1Vl,,r0 tJ~ lJ'~ I!~::; fll 'l mrl 1'W "'~.:Jlll1:1'::; 1:1'lJli lJlPl'W~'lfu ()~ lJ'~~ 'l'li\h. 1:1'~ (J';j .fll'W1W::; ffllJl J () 

i'1~ 'lJltJl~illh::: 1:1' ~~'U Cl~fll'J ClCl flll 'lJ'lJ!~ 'WVl'-1 n'lf'W TIlJ fll'j M~-1~ 
11 '"n n 1';j Vl' -1 n'li'u l~~~ -11'W 11::; lJ n'l '111 vi Ou u flU 'lJ'lJ'I'11 'lliJl~otl11111lJ 1::: 1:1'lJ l'W TI f11l::;!n~ 'fllllJ NI91 

vd ~J-.1~ 'W 1 m ::;'lJ'lJ [19 l lrloln~m llJN~1~~ o-1~lll 'W 'l :::'lJ'lJ'il::: ri -1 N(1 '[ 'I1'jij"'-1-11'W l1l! ~~ 1:1'::; 1:1'lJ lw 1'lliiHJ{ 

11ft::: i'n llJl~ 1 h If! u{ '\J u~ n~'I1'W (1lJ DFIG I~ lJ~'W '0 UHQ' ~ lW::; l'Wnfll!~ tJ In'W rl l "'~ 'h.,jrh!w::; 

'l .Jv;l'Wbl'YJVh~mr,,r1:1'n~'I1'WfllJ DFIG 11 ::: 1:l~~-111'W.yj'l'l'Wl~ ri~vwMn.:j'l1lJ~lJ DFIG 'hJ1:1'llJlJ()'1l1lJ 

~i lUmllJN~'Vd u~~M !viCl~\l::;vll Mn-1'11'W~lJ'1l1lJN1'WfllllJ~~1~1 u-1d 'U~[ll~~l111t~vl~11 ::; !lmm'1l1 

rl 'lrl.:j 'l1"lYl ll!(1:::m ~~'W 11'Ivh~n~ (1.:n.ftm~lJ ~'W '1lPlvmlltJ ~WlllJl';j i\1l1:1'19l~?llJfll 'l'Y1~n'lfmnl-1HW vM 
¥t~ '0 

(2.7) 
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C! Q <::- cI 

ill ,(I) !IO~ ill/I) fltlflJllJ!'J 11 ,)ll'ltl'J'Utl;J DFJG I !IO~ DFIG2 

JM !l(;1~ J M ~tllllJ'Utl;J h !l'ltl5'Utl-l DFIG I llO~ DF1G2 

(2R) 

'iJlnJ:1'lJf)l')~ (2.8) J:1'llllHltl~'LJl(JM-:il ~1 dVldt ~fhllh.,lmm111l(J~-lnnJ:1'~J:1'lJYl1:1;J-11'Wl!(;1 ~ 111;J1'l'J-l 

nmr~I'lJ Q'11lri 11~ 'W (;1lJ"r1l1l (J;;).:j f)l ') m (J'~ 1:1;J HW <f!.n!ll l~ tl d Vldtij~ 11~'W (;1lJ l! J:1'~ -:) 111'I'K'W -:i 1 ~~ 1:1;J ·HW 

.rf-:J~ lJl'llJ I'll 1;1 'pH' ~r11 tl'l'l1l-1 ;mJ ~ n~ J:1'lJ l-W h II') tl {11::; \l nm (J Ylll-:J ;JllHl V n 'l,J ~ -l 01 dVldl lhll!~ lJ ftlJ 

?1'1Ifll'ifll'illnl.:J 

(29) 
dt M 

, , , 

M, ~tlrilf1;J.yjmlJJlfltl(J'Utl-:)nnllJi;1JJ DFIG <f!lVii 
.:!I o a..- eva..- (V I:'! 

Pm, fltlnl(;1-1Yll.:jni;1'Utl-:)n-l~lJ(;1JJ DFIG I'lTVli 

P)itlfh1:1-lYll;J hlYll'utl-ln-l"ylJi;1JJ DFIG <f!l~i 

Inl1l ~ l~'jJnl,)~ (2.9) llJJ:1'lJnl,)~ (2.8) 11~M 

(210) 

(21 J) 
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(212) 

(~(t)Ml +~(t)MJ 
~(t)=----~-"--'-- (2.13)

(M, +MJ 

(214) 

2 

~ =~] ~(t)-~(t))~ (215) 

i=1 

l~tJ.:Jil1111'w '11'mJ::;ln~m1lJ ~~yd tJ.:j 1m ::;'U'U!n~~'WI~'W'J:;;(J::;nm~'W "1 ~.:jJ'W ri l'\"m llJ!\'lD{ C). P,,,, 

U'fl::; VI' \l::;!n~ tIl'J 1,j~(J'WU,j Gl .rwmJlJl II hn::; u::;!Jm ~'W "1 ~.:j '11'llJl'J 1l1'l~11~ tJ lJ u) II'U tJ.:j '11'lJ tIl 'J ~ 

(2 1 4)yf.:j,\~.:jl'li~tJrYltJlJ Vc ~.:j\l::;l!,j'JN'WIW:i.:jnlJ P6 ~iJNGll~(Jm.:jliltJ dVIdt ~.:jJ'W f,pJmu! FCL\l::; 

11 mh1'vc ihhlYilJ~'W,\~~(J tIl 'JfnlJfllJ Fe' lMiJri1n~lJ~lJlltfJri1 dVIdt f\'il::;iJri11~'Wfl'UlJ1fi~lJ IDtJrl1 

r:t I ~ .J 9 y d t::S Q.I d~ d ~ ~ J 
(/ VlJrlJ f11ltJlJ Gl'UlJ1 lI'UlJ il::;!lff~.:j ! l1lH lJ 1l.:JtIlHl1(JYIGl.:J.:J1'W \ltl'W 'Yl '11'::; '11'lJ i'W 11!1i1 tJ'J tJ tJ 1I1J11Vl h'U'WUtl::; 

E-lf11(J'I"Itl.:J.:j1'W il m.reHJnm '\~,J~lJ 'J:::'U'U f\\l ::: I~l~!'11'~U'J il1'1"11 ~'JJ~!~ Jt-l~lJ 
IYI ~-lil1 mn~m llJ NVl1~ ~ tJ -l~ 'W lw ';J::; 'U 'U n-l11'W tllJ DFIG 'il::; I'1i'1 ti'11' fill::; 11 II~ l!Gl::; ~ l'W 'U tJ-l 

f! 11 f)J u! SMES 'il::;ntllJlJ1r\'nf1r1~Ml til) l! f)'.l-l'\JtJ-lr11tl-ll1~{i WJi'WI~lJ l~tJ~tl.:jtllJ '1 MtIl'wni.:J'\JtJ.:j 

r11tl.:J '\ yjYJ 1Gl~MUtJ(J~'t!~ 1~ U'1. i'11l 'l11rl l~UtJ(J~ i.J~9Jtl-lri1m llJ ~~"Hl1Vlrl''JJ1J'J u!1;.:jm l1t! i' (Integral 
, > 

Abso lute Error: IAE) ~.:jff1lJl':illl:U(J'WI1'JlJ'11'lJtIlJIf1'~-3U 

1, 

(2. J6)'\1l~l~U'B1J~i.J~'U'B.:J IAE &"JU.,'" =JIM",,"(01 cit 
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y 

I, ~tlni:l1i1'W~~~lM~'J~1J1J 

!li:l ~efll191 qtl 'I ~b1' ~ rl 'U tl~ nl 'I tl tl fll! 1J 1J~ tl nl 'J mrl:1Vl ~~~1 'W b1'~ b\'lJ Ii lJ~'W~.wtl (J~ It ~~ L"J5'Yl1 

U;,(UO 'l ml~ ~ ~ 1JdJrHl11'1 (J\,1'J ~vi tl'IJ'W 1~ '\J ~(j 1~ ~1tJ1 g~ (Jl ~ll [1~ m ~ ll b1' l~ mi'W 11'1 (J b1'llJ 1Hll:tW'WllJ 'W 

(2.17) 

~ (V .Q 'j) 

ESCI) f1m~(j~~l'Wb1'~,[(lJl'JlJ\i1'W 

Lsc Atlrl lfn1lJ!'l1 U(JltJ1 

( , 

,.n fi1~.wtlV~Itwlrel~ )=lI~ + JI~"' 4(t)ldt+Esa; (2.18) 

'0 

rl111j1JnT~ mrl1f11I91tllJ~.wtl (J~~~'\JiH(flJn1'J~ (2 . 18) ~1J~ Hi1jpSOI~tl~1J~t1j1Jmrl1 LSC' 

9 "'" 1 "' 1 ~ " ~ " 0 vl " Isco, Kpi' Kpc, KII l!(j~ KI] !11lJf111lJ!'l1lJ1 ~ b1'lJ ~VVI9I 'WlJI9IVl'JtllJfl'W lm:;;m:;;1J1'Wnl 'Jf1'W 111fl1l91tllJ il 

111H'Wl'1rl1 l"ll'J llJll9IV {vi1~'l l'W n1 'Jtltl fllllJ1J "H~~~ 
fi1m1lJ!'l1riv1tJ1YJfl~ltlQl'W'lil~'J~11·:h~ 0.0 I i:i~ 5 H 

rl1mmb1'l~mi'WtlQ''W'lil~ 'l~Wi 1~ 0.01 i:i~ 2kA 

rl1f1~~~lmlJl'llJ11itl K pJ , K p!' Kl/ll[1~ Kl}tlQ''W'lh:l'j~W,h~ 0.001 i:i~ 20 

, r-:. rI ~ 0 cv;% 
ll'TU 'Vi 1'1 llJll9ltl'J 'lJtl~'lJlJll! n1 ':i lDPS0n111'W~~~'W 

~1'W1'Wtl'4mf150 ~1 

o "'iJ1'W lm tllJ'lJtl~n11f1'Wm 100 'Jtl1J 
I 

L'Wnl:iflmnflr~~ Vtlfl:itU SM ES-FCL~tJlt,[('Wtll!\.j 1J~111n1'j1m VlJl'l1 (JlJtllJtlti m 
. 

tU SM ES. , 

ll il ~ 'i ~ lJlJ~ iliil'ir,;I'1~~Qtlm urmmpJ (No contro Iler ) 
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lw f11 'J mri 1f111lJI'\'! ~ (J J '111 m ~ II (\' l~ lJlPl'W l!~ ~ 'I'll 'J llJ llil eJ {~J 1'1 J 1J fllJ Vi '1 eJ ~ I'tun::; (\'lJ'U eJ-l 

f2111'iU! SMEs-FcUl~HhJ:illm:lJMatlab/SjmPowerSystem [2011'Wf11'J~1~eJ-l'J::;1J1J~-lfl1Vl~ 2.1 

mUl~fI1 1:lJI~J~lJlil-lfl1Vl~ 2.9l!~~~1~eJ-lflmillilfl11lJNIilVl~eJ'l~(\,1(Jci.:J~~Mmnfl~'i)1il F, 11J'Wmll
I • 

d Q.J d' '11 I 0 d. I 3J 0 

[ 50 m s Ylnm 4 s N~~Vl'!ifl1'JfI'Wmfl1f11lileJ1J'UeJ,,(\,lJfl1'JYI (2.18) (\,1lJ1'Jtlll(\,lil-lfl1'J~1'U1rI1f11lileJ1J~JeJ-l 

tll'WeJ(J~{)'lilll(\,Iil-l'M~-l.fllVl~ 2.10 1l~~1l(\,Iil-lfior11IileJ1J!l~o~meJlJ'1~Iil-l.flll"l~ 2.11 1l~~N~r11IileJ1J'UeJ-l 

Vi 1'J llJllilV{epJmw SMES-FCL~rl'Wmll(\,Iil-lMIil.:J1'l1Hl~ 2.3 ~-lVl1'J1ih\ileJ{~'i):;;HIm (J1J1-n(J1Jf11J 

tJll f)'j WSMES ~ l'li'ri 1f111lJ Nlill"lClllilfflJ\P WI; -l1l~ ~'W i'}J V.:Jf11 ~-l '1 yH11\illlJ(\'lJf11 'J~ (2.16)'1 'W f11'J 

i'1 i:Jflll1J1JVll'.lllJllil V{ IilJfI J1JfJ:lJVi 'lv'lJV-l~llf)'j WSMESlYi (J.:Jl!~'U 'W 11il'U1il OJIilIAJ'I11B.:J(JJIil 'UeJ-l~ll m W 
SMES 'i)::;\lflfhwWIil Mljfi1111tlifll1l!~~Vl~-l-l1'Wb'I':;; (\,'lJl~:lJIPl'W~'lJlflfl'i1~1l mw SMES-FCL 

%~~--~~~--~--7S--~--~--~8~~9~'02 7 
Time (5) 

! H. 
§ 3. 75 
u. 
> '" 

.~ 3.5 
is 
o 

3.25 

\
30~~--~~~~~~--~~~~==~~ 

10 20 30 40 50 60 70 80 90 100 
Number 01 Iteration 
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032 0.93 1. 2 

0925 1.1 
03 

" 0.92 
0.28 S _ 

,0.9 '5 ~ 0.9 -. 

l.- "" :r: 2: 0.9 

~ 026 '3:; 0.9 ' ~ 0 8 ':: 
-: ~ ~ ~O.8 

00.905 - 0.7 "'. 
0.24 III 


;5; 0.9 0.6 0.7 


0.22 0.6 0.895 05 

0.2 0.89 0.4 050 10 20 30 4D 50 60 70 80 90 100 

1.1 
, , 

,-----' , . -------- - - - - - ------
IAE Oft!. P8,,,'" ................ ... . 

J:/'c 

Number of Iterations 

SMES SMES-FCL 

i s(' (H) 

/s('o(kA) 

Esc" (MJ) 

2.S 

1.2 

1.8 

Ul}l} 

1.25 

0.77 

Kpl,KIl 9.74,0.16 12 . 11 ,5.65 

KpJ> K,Z 15.11,6.21 19.01,3.22 

f-.l~fll'j ~l ~tl-11 ~1J 'U1'\.j '(1' fll J~ tlfl~'Yi~ tJ '(1' ill J~!n~ nu Unl-1'tW-1r1 l~.:j "1lHhil ~Ul1'~ .:j "11'1'1'1.:jill'\'l~
I 

2 . 12 dJ'\.jr1l~.:j'lyj-Wl~,r'(1'~ 4 ~.:jfl':jil1I~B1~'U'U~h.J'1I'1'~l'li.:j'Qtlfl':irufl".J1Jf.)lJ1J~lfl~f1l'j!lfll.:j'IJB.:j 

flHl.:j 'h..j-W1VVl.:j'~':)l'mJ!1:~'t..ttl) ~ri'!l ~':) !l~ ~ m wCltlm UI SMES rl1"'.:) 'l'Vj-w1'i! ~U nl.nrBI'H1.:)vciWJ1fl!l1'i 

r),H!WJ .:.t) B'U'l ~1r11~.:j 'h~-W1 I pu~l1lJrff'Wtl'J ~ri'I;U'F) l!~::;l~v~~i.:jf.ltlmru SMES-FCL fh~.:) 'lyj-w 1'i!::; 

• V l.:::l I 

I.lll ) ':) 1~ B(Hl.:jnJ1fl':jUI SMES V(JHUlfl 

l~Btfll'l '(1' fll ,)~lfl~m 11JN~1'j ~ B.:j~'\.j 1'W 'J ::; 1J1Jil~ 11'1lJ1 'J 1.1!! 'ff~.:jf..j~ fll 'J ~1~f).:j 'I 1'1'1'1.:.t il WI~ 2. 13 ­

S.2 I l~(Ju'j-1I'1'\.j'h~yjl~,r'(1'~ I !!~::; 2 1l::;!~'\.jm-1I'11./h~yj1~M'\hu'(1''Uv.:jn-1'l1'\.j~lJ DFIG I !!C1~ DFIG2 

Vl1:lJr;l 11il1J It Ml-1Iil':)flll~ ~ 2. I 3 !l(1::; 5 . 14 'i)::; tl1 'W 'Ml1Yf.:.t m W'1ti~~i.:)Qtl m orfIJ'U fllJ!W::; SMEE 

II.J ~Iil'\.j 'hol-Wlil::; Q~ Q-1~Hrl'ltl 'J ::;lJlru 0 PU~.:j~1W.l1lJ1Vl 11 ~ 1'W n1 ~1fl~ AWEA (USA) ~1'1'f).J t1 

II 'j.:jI'1'W 'hHh Q~ Q.:) '1:u ~1wi 1 O. 15 put ~ 'WI ') m 625 ms[2 Jlei.:j f-jQ 111'n-1'l1'\.j ~ lJ 1'1'V.:j tl (11'l1'1,)IB':)V tJ n111 n 

'j ::; 1J'U ul'i Irlv~~i.:j Qtl m ru SMES-FCL 'i) ::;li~ 1!!J' .:)1il'W '1 yj-w 1Q~~-1~1~~tl 'j::; mru 0.7 5pul! Q::; l~OU '(1'~.:j 

1~ 't.1 m wJU1~.:j'IJV':) fll'i Q~Q.:j'IJ tJ.:.ttlJ .:) ~'W 'I 'Vl.yjlU~Q ::; lY'ff\>lllJfll'\'l~ 2.15U'i .:.t~'\.j hjVll~Q~Q.:jlJ1flfll1 85 
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r,J W" l'li U'\I Cl ~Il) ~ iu"lvHhlJ fl~ll ::; II~~ ~ ~~ fll) hi ~lUlJl\91) l~lU fl~ ~1fI~lI::; I'HU M Cl ciwil~t1l'W 11 ,r~ 
n7'i.ii 1~ <fl ~ i~ ~ tJ m WW:l'UfjlJltt;1::; SMES II) ~i'W 1 ,~f~ 111 ::; t;1~ t;1':)tf)'W lJ1 <fl) 1~ 1'W n~ ~1fi'~ttl9l1u mill 

SMES-FCL 1)::;~1'WlJ11il)1~1'Wt1~~ lfJ~ l'Wm'W~ 2.16 tw::; 5. 17 tt~~~D~m::;U~~Clt;1~~lT~~ I tw::;lT~ 

~ .2 (~ 1'1.Hl1iiJ 1)::;t'l1'WM11mrullJ~~i.:)~tJmwmiJfjlJm::;ll~1l::;'1~~u~,nh::;lJ1ru 3.25 pu 1'WlT~~'2 
tW::; J pu lulT~~ 2 lll9ltrlv~~i~~tJmw SMES-FCLm::;lli'Y~t~lJ~mrUll::;t;1~MClci1~lJ1flridU 
tl1~~hjvh~lT~~ I tw::;lT~~ 2 'lum'W~ 2.18 tW::; 5.191l::;tt~~.:)1,rt~uD~nUllfl1~'\ICl.:)ih~.:)hH~h 

Ocil~~~1'W'lh~tfi~1~Clt;1~lriO \hJ~~i~otJ m WfldiJfllJllt;1::; SMES triml1fll'l~~i~ SMES-FCL 1l::;t;1~
'" " 

n lJ ll n1.:)~'I~IW::;t<;)1 ti~.fn:l::;tJ n~ \hi'Cl ci1':)) d~t~ d trimt ~~ ~ r-mflU ;)1t;1Cl':)'\ICl.:)m1lJt~ d1) tlilo{lumYI~ 

2.20 tw::; 5.21 1,1'W 1~0 ciWlf~t'iJU --h SMES-FCL 1l::;t;1~fl1'Jttfll~'lJo.:)m1lJt~ diU h tlilofl~li[JlJfl11 

m ru~u"1 ml::;i'Y1lJ1nlll~~~ri1'\10':))~~~~lU~::;~lJlu SMES-FCL niJ SMES l'Wfllly\'lt~~[J)m'W~~ 

I1 U IIO{h\!rllfm f1 ~ flU ltfl1~ '\10,:) ill ~~ '1 ~{qltW::; fll) tt olr\\! rIl'UCl':) fll'lIf)~fI d llJ ~~'W ~ Cl~ lu 'l::; iJiJ i~ 

~~ .do cl I 

SMES 'Vl.:j'Vl'\l~t;1d~'UO':) SMES-FCL lJ'\IU1~It;1flm1 SMES 

16r-~--~--~--~~--~----c=======~ 
··· .. No coniroller 
--'SMES 

1.4 -SMES·FCLI 

O~~~--~--~--~~S--~--~--7-~--~,O 

, '/ 

\.-.,,/""--.l 

Time (s) 

1 . 5,--------~-------r"-,,.""':'N':""0-C-o""':'nl-ro':':'lle-r------u 

---SMES
1.25 

-SMES-FCL 
• i"" -. - Grid code of AWEA (USA) 

~ 

III ;~ "f \j
(jj 0.75 I~ : 1 I
1il 

: ~ : i ~:l i~ 0.5 , :~~: :: ~ 
0 .25 

1·J\V -L 
~ . 5 4 4.5 5 5.5 

Time (s) 
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1.5 

.25 

~ 
N 

~ 0.75 
ro 
~ 0 .5 

~ 
0.25 

1 .4'--~----~----~--r.::=======il 

~.5 

A./ 

4 

" No control ler 
- --SMES 
- SM ES -FC L 
_ .- G rid code 01AWEA (U SA) 

4.5 
T Ime (5) 

.. .,.... .­

5 5 .5 

.2 

~ 0.8 
(5 
> 0 .6 
E 
OJ 
E 0.4 

~ 0. 2 

o 

35 

3 

2.5 

~ 
C 
~ 
(; 

1 5 

°j5 

! . t= 
-- ---- --- , ------- ­

= 
E 

Bus 1 Bus 3­

_No conl rol ler 
...... SMES 

' SMES-FC L 

.--.~ -

=. ,-

Bus 4 

4.5 5 5.5 
Time Is) 

"". No conIroller 
---SMES 
- SMES- FCL 

เอกสารนี้เป็นเอกสารที่สงวนไว้สำหรับการใช้งานเพื่อการศึกษาเท่านั้น ไม่อนุญาตให้นำไปใช้ประโยชน์ด้านการค้า 

ไม่ว่ากรณีใดๆ ทั้งสิ้น อีกทั้งห้ามมิให้ดัดแปลงเนื้อหา และต้องอ้างอิงถึงเจ้าของเอกสารทุกครั้งที่มีการนำไปใช้ 



22 

25 

... -. No controller 

-- -SM ES 
- SMES-FCl 

,,'
,,~.-:' 

, ,,, ,' 
....'7,"7 .: ~:: ::.... 

0~ L:. 5----~'------4;"c.5,-------'---'~----.,J5.5 

2.5 

s· 
c. 
a; 1." 
~ 
"­
.~ 
:2 

0.5 

S.5 

25 

=> 
,9, 
a; 
~ 
0 
"­
.~ 
~ 

'(,me (s) 

..... No cont roller 
--- S ME S 
- SMES -FCl 

:•............ 

Ii.' ", 


~'d .X,i,.,.-----... :,·j ... r;-~---~~­
... :-: ... ---- ... ..... -.~ :: -:-­

I ~.; \, , ,, . 
" " " " ~ 

4.5 5 
Time (s) 

1.5 

0 .5 

S5 4.5 5 

..... No controller 

---SMES 
-SMES-FCl 

5.5 
Time (5) 

5.5 
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1 .22,-------~----~---___;=======iI·.. ·· No controller 

I---SMES 
-SMES-FCL 

1I~L,. .5,..--~-~----o'5.55----~----4"':
Tim e (s) 

1.22·,-------~----~---___;=====:=iI 
.... No controller 

--'SMES 
-SMES-FCL 

~ 1. 21 ' ,\ 

~ 1 2r-=__--.,;;.!}'.2'~::.:;)~ 
~ 1. 19 :1 
~ ~\ /\ f~~~-:~··· . ' . 
~ IIBt 

1.1~ 1;-.5----~~---;4-'-;.5-----:-----~5 5 

Time (5) 

~ Q ') ~ Q.I Q.I 

JlTHll 2.21 WHlJ! -:iJ IJ!\?l D'.i'UD -ltl.:]111UllJ DFJG2 

'U1.nl'l SMES SMES-FCL 

MW 3.81 2.68 

MJ 2.38 128 
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, 
Q 

lJ'tl'tl 3 

i:t'';j11r-H"1fll';j1~fJ
q 

,:n14l,)V~1111(i'iH)1m ~(ih:I'UeJ 'Hltln'Hu SMES-FCL 114 ~~1J1J~91"llJ hnn~1'I ~~iinl'J'I"II'lJ14 1 

}Jl1l 1f)~tlm ill SM ESII1J mf~l~lJl~ eJ 111'(i11Jl)f1 "1'1 m ~ It nl.:J'U eJ~ r11~.:1 "l'I"l.w lll"~ l~ :lJ1J ~~ i:Y'Yl ~fll<Vl m 'l 

«l:JJ~h14 fl11lJ ~I'I Vi ~ eJ.:J'UeJ.:Jn.:l ~14mJ DFIG IW~ tJ.:J eJ eJ f1l11J 1J1i11fl11JfjlJ-W 1eJ 'U14 11'l'U1'I "11'11i1':1111 t.:J V1 1'1 

J1i:l~ <V~ ~.:J.:J 1'W (i~ (ilJl~ml14 ~1 Vll1f1oWflnl'J !~lJtl'J ~ iY'Yl ~fl n~'lJeJ~1,ltl m ill SMES-FCL 11'1 VI 'Ii'l1~nnl) 

11 ,nl i14 y~ ~.:j.:j HmJllJ 1~ 1 lJ 114 n l'J eJ eJ nu jJ mn ~ 1lJ!l'leJ {19i 1.:1'1 ~.:J nl 'j eJ eJ nu1J1J eJV 1.:1 I'111Jl~ (ilJ 'il::: lil14 

f)'j ~m14 nl'JBV1.:JeJ<n 114mi~lv11jnl'J'I1lril!'l11Jl~(ilJ~~I'III1JjJ~.:JeJ'4mfl (PSO) f-l"nl'J1l1(1eJ.:J MU(iI'l.:J 

ll~I-}f'W i llf.:J.ill VMf1' fll 1:::11 n~~ Ifll'l nl 'l!! nl~'IJ eJ.:J r11 cl.:J 1'1"1 ~Il!l (1::: f1' m1::: lill'! fl11lJ NI'I '1-1 ~ eJ.:J 1'W 'l ~ jJ 1J 

~D m ill SMES-FCL 'il~f1'11Jl~ flYhl(i~V'J m'l"lI14~ ~1J1J~911lJ1m f)~ 1'1 MeJ ~l.:dJtl~ ::;iY'Yl~ f-l);j!'l1{j vnll 

Qdn J ill SMESti ~U:Ull'IJ'W 11'l'UV.:J 'UI'I "11'1.;)1111 t.:J V11'11W::;'I"ll:l.:J.:Jl14 (i::; f1'lJltlJ~14 ~1l11fJ14 MW1M] 'U eJ.:I 

" ~ ~ G < I " ~ ~ ,I;~:~ I ::~, ![~-f'C~ . ~~q _I ~ I~r10q,"!I~f)f) 'Yl~9 n<=;f'l! ,i\t1fC: 

1'W nl'J ~mJl~eJ 'ltl 'il::;l~'ill'Ju!lnl'Jfl1jJf1lJtl'J::;f1'l14~ mill SMES-FCL l14'J::;1J1JleJ9I"l1l 1m 

) l~ y] !1~vnl'l m J II nl.:J r11 ci'~ '1 'I"lvhu(1ai ~1Jtl1 ~f)n'li'llJ~l'WfI 11lJ ~l'Il~~ eJ.:j'IJv.:jn.:J~'W n1l DFIG 
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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 
Issarachai Ngamroo and Tanapon Karaipoom 

.1 lislfflct-The vital problems of doubly fed induction gen· 
cm lOI" (OFlG ) wi ne! turbine are power fluctuation ane! low­
vo lta ,:::e rie!e·through performam·e. To tackle both problems, the 
new circll it configuratioll and optimization technique of the su­
per 'cmdllc till!! magnetic energy storage with fault l'urrent lim· 
iting fUllctioll (S:\oIES· FCL) in a DC microgrie! are prescJlted. 
The SMES·FC L circuit mainly consists of two DC choppers with 
\' 01111111111 supen'onductillg coil (SC). During normal operation, 
the SI\IES-l' CL acts as the SMES unit to suppress the power 
/luctuation of DnG. When severc faults OCCUI' in the system, 
tr~ l' ("'C i" ;·~~~tl,~rT'·"lf;:r')H~· '('(lnnf'rfprt to thp (':yqp,n ",nn 11"1<'0 ::l~ 

till: fa ult mrrent limiter. Consequently, the fault ClIrrcnt and the 
I('rmina l voltage drop of DFIG can be allcviated. The energy 
fUllclion method is \I',rd to formUlate the optimization problem 
01 SC inductam' " initial stored energy, and proportional-integral 
, lIntrul par<llJ1etns of dwppers. Simulation stud), confirms the 
';uperiur cHll tr!)1 dIecl or the SMES·FCL over t.he conventional 
Sl\fES. 

Index Terms-Doubly fed induction generator wind turbine, 
eo('rJ:!J fu nd ion method, fault current limiter, optimization, super· 
wnduding magnetic energy storage. 

I. I N TRODUCTION 

I 'J rccc nt ye8rs. llle va riable·speed wind turbine wi th DFIG 
i1 <1~ ga ined popularity as the smart rene\\'ab le energy source 

in the DC microgrids r11. Howe ver, the DFIG wind turbine in­
evitably faces the crucial problems of power tluctuMiol1 during 
110 rlTl'I I operation and LVRT during the occurrence of faults 
12 J. Wililuu! effective countermeasures, these problem, 1TI3Y 
seriously jeopardize the power system st3bility 

[n Ihe past. va ri ous circuit configur3lions of the combined 
S 1ES and superconducting lault cu rrent limiter (SFCL) have 
ken prese nted 12J-l7] to solve problems in tile ,L\C power 
~!r iJ . In 121, the SC i ~ integrated into the rotor side convener 
or the DrlG so that th~ internal CUITents and VOltage ill the 
DrtC during faults can be s uppres~ed, III lJ I. Ihe serie::, and 
paralic I compcnsation lIsing SivH::S is lISCU 10 alic\i3lc power 
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and voltage fluctLlation ~ of the ,vinci turbin e. However, since the 
SMES in f21, [31 has no any effect on the alleviation of terminal 
voltage drop of DFIG during fault s. the LVRT capabil ity cannot 
be guaranteed. III [4]-[7], the combined SMES and SFCL 
are use~to suppress tile fault current and smooth the power 
Auctuation in power sy, leIll':; wi lhout renewable energy sources. 
Nevertheless, there me no any research works which appJy the 
combined SMES and SFC., to overcome both LVRT ~.lJld power 
fluctualion problems of DFlG in the DC power grid. 

This paper focllses on the new circuit conflguralion and 
opt imization technique of the SMES with fault current lim· 
iting function (SMES-FCL) for improving lVRT c:1pabilJlY 
and smoothing power fluctuation of DFIG wind turbine in a 
DC microgrid. The control effeci of SI"JES·FCL is eva] ualed 
by time si[)luliltion study ill comparj~on with the conv(!n tjoJl ~~1 

SMES. 

II STUDY SYSTEM .-\~{) SMES·FCL 

A. Sflltiv SI',lrem 

Fig. 1 ,hows the study DC mi crogrid which con,isis of 
two identical DFlG wind turbines (DFIG I 'anu DFIG2) with 
the same I'vlW cilpacity [21, SMES-FCL, DC lines, and loads. 
During normal operation , the power outputs of both DFIGs 
highly fluctuate. On the other hand. when <lny faults occur near 
the DFIG bu s, the DFIG wind tlIrbjnes lllel)' fail to ricle through 
the low vollage sitll:llion :ll1d be disconnected troIll the sySleI11. 
To cleal with both problems, the SMES-FCL is placed at the 
terlnin:1lbus:; of both DFlG willd turbines. 

B. SA1ES-FCL Cireuil and COl7lroiien 

Fig. 2 depic ts the circuit of SMES-FCL whic h is mainly 
composed of two DC choppers with the COi1lmO'l Sc. During 

IU') 1·8223 ~J 2014 IEEE. rersoo~J lISC i, pcrrnilied. hUI repuhlicntionlrcdiSlrihution reqUIre , IEEE I'cnnissi011 . 
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~ig. 2. SI'I-W S- f'CL cirelli!. 

TABLE I 
SWnCH I ~(; 0 1'1: J( :Yf f ON Of' DC CHUI'I'I:J(S Uf SMES-FCL 

"Iormaloperatioll During falillS 

S \\, ilche~ 
Ch;.lI ging 

mode 
Di~cl1 :.iJ~jf)g 

mode 
Clwging 

mode 
Discharging 

mode 

S, on (Iff on off 

S2 On "ff on (lrf 

D, oft .m oU on 

J) , off Oil off on 

S on (In off otT 

S,' Oil on niT nff 

Of (In on 011 o n 

D. on 0 /1 on on 

S'" off nff 1m on 

.5'1\2 (l ff "ff () 1l On 

1I0rlllill operation. the SI\:lES-FCL whi ch ac(s as an SMES unit. 
is used !(l smoothen (he power fluc(umion ofDF1G wind turbine 
by J control of power charging and discharging. During system 
faulL . the Sl.' is 3utomntically cOI1neCied between bus 3 and 
btls 4. Aftc r limiting the fault current lind IIll ev iating the DFIG 
te rmi 11<1 1 voltage drop. tile SMES-FCL retmns to operate as an 
S 1ES unit to eliminate th e remnining power fluctuation. Table 1 
Sl10WS the operation of DC chopper switches of SMES-FCL. 
'Jote thilt Ihe S;'vl E '-fCL used in the DC grid does not require 
rhe jnvefler like the SMES in [2J. [3J whicll are used in the AC 
grid. Besiues. the fCL part do not require the series transformer 
for the lmped;lncc transfurmation like the FCL circuit in l41-l8J 
whic h are used in the AC grid. Thi~ signillc;lnLly simplifies thc 
cuntrul lechnilJuc uf the proposcu SM E -PCL. 

Fig. 3 shows tile chopper controller of the SMES part. Thc 
control objectivc is to ,kcep the power flow at bus 4 constant 
by exchanging the stored encrgy in thc SC \-\lith the sys tem , 
The differencc bet\\'Cen the <l ctllal p()\\ler at hus 4 (P[J" ., ~) and 
the reference powcr ilt bus 4 (PfJ"" l_,·<.r) is used as the input 
. ignal of the first propoJ1iollal-illteg ral (PI I ) controlkr. The 
output signal of Pli is added to the reference current ,J! bus 4 
( [Ii ", I_{',, !). The adjusted signal of ',i"" '!_""f is su htracted 
frolll tlie actual current at bus 4 (I1i "' ~ ) . As a result. the 

Fig. 3. Choppcr (o[moilcr o f the SMES part. 

. C olllparator 

/ -.. >~ Irmrr _rf'J '--___J 

Monostahle 

Fig . .:t . Cbopper c()fI[rolkr or [he FCL pari . 

ill11ut signal of PI2 is obtained. The output of PI2 is the duty 
cycle deviation (6])). By adding !'J.D by 0.5 , the duty cycle 
signal (D) is achieved. Subsequently. the duty cycle sign3l is 
compared \-vilh (he sawtooth signal with .1.985 Hz to generate 
the g;lte drive signals of switches S 1 and 52 of DC chopper. 

is charged from the system to the 5C. On the other hand , 
when the duty cycle is Jess than 0.5. the stored energy in the 
SC is di scharged to the system. In this study, four Pl comrol 
paraJneters (]{P1 and [(Ii , 'i = 1. 2), the initial stored energy in 
lhe SC anc! the SC inductance are optimized simultaneou sly. 

Fig. 4 delineates the chopper controller of th e FCL part. The 
aim is to control the connection of t.he SC berwcen bus 3 and 
bus 4 when system faults occur. Here, 18 .,.,.1 is compared with 
the reference fault current (IJoILIl - ref =:3 kA). When i U-u.,1 is 
greater than l!rl1dt - r ,: {. the monostable circuit sends the [urn 
on sign;Jis to S,cl and 8",2 and (he turn off signals to S;j and SI. 
ACl·orolngly. the SC call hc automntically connected in series 
with the DC line . 

TTl. PROPOSED OPT1M1 ZA1 10f\ 
, 

The energy function method is <ldopted to formulate (he 
parameters optimization problem of SME5-FCL [9) . When ;lny 
f;lults take place in Ihe system, the kinetic energy storee! in 
the rotor and the rotor speed of DFIG highly iJlcre<lse. At the 
same time. rhe electrical power output and the terminal voJtage 
of DFJG sltudenly drop. To make th e DflG ride through this. 
low voltage ~ituatil)n , the 5C is connected in scries with the 
~J~telTl and acts as the fTL to suppress the increase in both 
fault Clrrrent and slOrcu kinetic energy. Cunsequently, the ahrupt 
decrease in both power \)utput and tcrmi nal v\)! tage of DFJ G can 
be alleviated. 

Thc energy function V ill this system can hc ex pressed by 

wherc \"" is the kinetic energy, Vp is the putenlial energy. 
..Jdtl and '-"'2 (1) arc the rotor SPeeds or- DFIG I "'Ild DF1G2. 
respectjvely. 01ll) and 112 {t) are the mtor angJes of DF1G I ~iJ1c1 

DFIG2':' respectivel y. and t is the lime. 
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The derivative of F with respect to time can be exprcssed by 

(2) 

As (h;scribed in [91, dV/dl. which is the ncg<ltivc va lue. 
mrlil' . liPW the tot,"1 sy~tem energy dec<.tys. The more negativc 
II, i de is maximizcd. the higbcr <l nd fas ter system damp ing can 
)e obLained. Since rJUJ-i / rlt (Pm ; - Pei )/!\]" \\··l1ere j\1.,., Pm; .. 
lOd P"., are the incl1ia .constant, the mechanical power, and 
he electrical power of the 'i th-DFIG. respectively, substituting 
L ',!ri! into (2) provides 

(3) 

he kllle iic energy function can be shown by 

(4) 

where c<:oll ) - (",·, (I).1j , : ~'2 (t).\J '2) /i.:\j 1 +- Jil ). 

Sincc iWf( / D~', = Jf,(",,',(i) ----'ott)). the right side of (3) 

Cl n be expre~scd by 

(5) 

where 

VI' = 4= ("": i (1) - :";1J(t)) p,.,. (6) 
, I 

PUl' 10 tile short period of the fault fl , Pm , ' and \:1' hardly 
c h~lIlgc . Arcurtl ingly. Ihe variation of the ii rst term on the right 
side 01 (5) is \ery ~ 11l311. On th e other side, V( . whieh relics on 
r'C/ ' di rec tly inAuellces dF/ dl. Here. the FCL part i ~ used to 
milx irni l'e Vc' by controlling jJci so that tlV/ dl becomes more 
lleg:Jtive . 

Afte r the cO lltrol of the FCL part as well as during l1ormol 
operation . the SMES part alleviates the power i'luclu;)tion. Here. 
the mi ll imilatioll of int~gr81 absolute error (lAc) of' POWCl 
L1evl<lliun at bus I U:::'Pn" , ,j is considered as 

I. 

f l' l)nV "'I (lll dl --7 :\linimwlI. (7) 

l n 

\\'herr~ I.n and t , arc the init ia l and final times of ~imulation . 

B(; ~ i d(;s. the SC inductance and thc ini tia l SC current arc 
optimally ttlDcd s() that the init ia l storcd cnergy in the SC is 
minimized <1\ 

where F , ( ',) is th e ini tia l stored energy, L.::c is tile SC indue­
t,\nce . and f .-Til is th e in iti al SC eU ITent. 

10 

9 
0 2 3 4 5 6 7 8 9 10 

Time (s) 

Fig. :; Wind ,peed.' of DFI(] I and DF1G2. 
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' ,0.925 1 ' L."OJ 

0 28 
~ \92 

_0.9 ·~Q.9 ' 5 
~ C9:r" E~'i)-:- 0.26 J.91 ':"08.­
; 0 8 '" :.:.,:"-.: C.!'0 0.905

0.24 l!J 
0;­ f J'e~ 09 0.6 

0.22 C.6 .. ~ . w0.890 0 5 

"- '; ' ­
0 10 2() 30 ' 0 :,c QV :J Oi) ~'J 

!\ u"bGt Jf Ilelatloos 

Fj~. 6. Converge nce curves 01' l / Ve. JAE or 0.Pn " .<1· L -"Co and Esc o. 

Based on (5). (7). ;)nd (8), the rnulti Objeetive optimization 
problem can be expressed DS 

t. 

Minimize l/Ve + ./ i0.Pu lls .!(t )! 111. 1' Esc{)· (9) 
L) 

Subject to 
(a) (J .Ol < Lsc :S J H, (range of SC inductance). 
(b) (Ull :S Isc tJ :S '2 kA, (range of SC current), 

(el U.OOl :S J(Pl.]{p·2,1·''-Jl.l(/~ :S 20. (range of PI gains). 

The optimized SMES-FCL is compared with the S!\1ES 


unit with Lsc = 2 . .') H and 1"( '0 cc. 1.2 kA. The PI con troller 
paramett,lJ's for the chopper or tile SMES unit are optimized 
hy (7) w'ith subject to the conqr<lint (C) in (9). 1n this work. 
the p,\\1icie swarm optimization 11 OJ is usetl to achieve npti ma l 
rarameters of th e SMES· FCL and th e SMES unit. 

IV SIMULAflO\,i STUDY 

The parameter, optimization is conducled by MATLAI3/ 
SimPowerSysterns [11 J under th e \vind speeds of DFlG I Dnd 
Df~lG2 in fig. 5. where tl) = 0 S ;,jnd 1,- = 10 ~. ]n Dddition, 
the ternpor<.tl), line to ground f;.lUit i~ appliccl at th e point F I 
ill Fig. I at t. '- ,\.o s for 150 rns. As a result , the convergence 
curves of 1!~'(': , IAE of 6Pn"". L"c. and E "C'1l arc shown 
in fig. 6. The oplimized p"r<.tmctn, of SMES-FCL and Si\,1ES 
are provided in Table ll . Note th<lt the SC inductance and the 
ini ti al stored energy of the SC in ea,e of SMES-FCL are lower 
than those in case of the SMES unit. Fig. 7 depicts the powcr 
Auctuatiol1 Dt bus 4 under the wind speeds in Fig . 5 without 
the fault. In C<lses of without controlle r. the power largely 
Auctll<ltes . 00 the other Iland, bpth SMES and SMES-FCL arc 

เอกสารนี้เป็นเอกสารที่สงวนไว้สำหรับการใช้งานเพื่อการศึกษาเท่านั้น ไม่อนุญาตให้นำไปใช้ประโยชน์ด้านการค้า 

ไม่ว่ากรณีใดๆ ทั้งสิ้น อีกทั้งห้ามมิให้ดัดแปลงเนื้อหา และต้องอ้างอิงถึงเจ้าของเอกสารทุกครั้งที่มีการนำไปใช้ 

http:ternpor<.tl


.. -

Il:l:E TR.-INSACTIONS r:.,.'l rlPP lI ED S UPERCO:-lDtJCTlV ITY. VOL. 24. ~O. 5. OCTOJlER 201~ 

TABLE II 
()f'I'l~l l/. ' l> P.,R,\METERS OF SMES ·\ND S\1ES · FCL 

"MameL r" SMES SMES·FCL 

Lse (H) ~ . 5 0.99 

l lUi \ k.~) 12 1.25 

E\ l'fI (~I.I) LX n.n 

K,>" K" 9.7-'1.0 .1(i 12.11.5.65 

Kr:. K" 15. I 1, 6.2 I 19.0 1.3.22 

illne \~I 

Flf 7 . Power Au\\· al bus ,1. 

1 5,---------r---------r-r===============~ 
... .. No con tr oller 

--'SMES
1. 25 - SMES·FCL 

Grid code 01 AWEA iUSA) 
"3' .s 
~ 0.75 
~ 
'6 
;;. 05 

025 

4.5 5.5 
Time (s) 

/· rg. H. Terrni",, / \'n][agc orDflG 1 JI bus 1. 

; ble to gel rid ofi ll e pOlter tluctuation effective ly. Neverthe less. 
the SMI::.S ·FCL provides be ller power smoolhing effect than the 
., 1ES unit. 

hg. 8 shows the termi n,)1 vol13ge or DF'IG 1 at bus J with 
re~pcct to Lhe allowable vo lLage criteri3 of the A\ VEA grid 
<'od t: or US ,\ l12J. Hased on the time duration and the AWEA 

llllage critC'ri;J. the wind turbine must wit llst and the te rminal 
vollage drop up to 15 (,'c. or the nominal ,·u ltage [ur Cl25 rns. In 

' ;J~ '~ 01'1\ il ilou tconLrollcr and with SMES.lhe terminal vo ll <.lge 
drop is IDIVC[' Ih an the aeceplable cri teria of the grid code. The 
)1'IC I c:mnol ride through thl.: faul!. In ca~c of SMES-FCL. 

Oil Ihe Iltller side. Lhe vollUge drop is in the accepwble range of 
grid COlh- . Sub~elJ u e ntly. the voltage l1uclua lio[1 is completely 
climinatc:d . COllscl.Juent ly. the LVRT capabilit y of Df-IG I can 
hc all gmcn tcd by SMES·FCL. NllIC Ih<11 simulalion n:sulis in 
ca~e of DF1G2 arc in Ihc same rashiDn <IS those of DFIG I. 
I ig. ') ~hU\\ s Ihe maximum vol wge drop during ~·aul t s. In case of 
Sf\ILS-S(·C L.the maximum volwge dmps <.II the DFIe; terminal 
buses 1. 2. and 3 are in the allowable Cl"iteria. i.c. at XYii of the 
nomi n,il voltage. 

1.4 
"3' IiNo con troller

f)5t3-h (,r norninaJ vol lage ~SMES2; 1 .2 
0­ I.: SMES-FCL 
-0 
0 _a___ ...j~ __ == != 
<ll ;=.- _...... . . ;!:!- -_ .. _--_. .;..- .. :.-­
OJ 0.8 - ' ~ = 

0 -E==0.6 -> -E _.E -:J 0.4 E c::;; :
'x 
E 

0.2 =­ro -=1::;; - -=
0 
Bus t Bus 2 Bus 3 Bus 4 

Fig. 9. Ma.~imum voltage drop . 
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.. 

Fig. 10. Power tiD" al blls 1. 

Ti\BLE JlI 
NE.C~SS,\RY !\!W A~I) MJ C"P\ClTJ ES or St\·lES 

Capacity S\.1ES SMES-FCL 

lvlW 3.81 2.68 

MJ 2.3S 1.23 

Fig. I() clep icts the po'vcr flllctuation at Ihe DF1G I terminal 
bus I. Wilhoul any device ~!J1d with SMES, the tT'an sie nl power 
drastica ll y RLlctuates. Since the fault is adj<.lcent to the SMES 
location. thc SMES cont rol effect is entirely deteriorated. On 
the contrary. the SMES- FCL can eH'cc tively suppress the power 
AuctU;Jlion and damp OUI Ihe remaining rower swing. 

Finally. the necessary rvlw <Jnd M] capacities of the SMES 
for LVRT enhancement are give n in Table Jl r. The M\V capacily 
i~ obtai ned from Ihe lllilx imum power OU lput devi<.l ti on of 
S:VlES. The M1 eapac ilY is determined from the maX irn llll) dif­
ference, between Ihe initial stored ene rgy " nd Ihe energy Olltpllt 
of SM&!';. \\lith Ihe suppo rt of Ihe feL part. the necessary fvlW 
ami M1 c;lpacilies of SMES in case of Ihe SMES-FCL are less 
Ihan th ose in Ci1se of Ih e SMES nnit 

V. CONC LL'SJO N 

The SMES-FCL and parameters optimiz.alion for cnhanc­
ing LYRT ca r;Jbility and suppress ing powcr iluc tu alion of 
DFlG wi nd lurbine in a DC microgrio is proposed. Study 
resu lt s ensure Ih;lI the S!'vlES-FCL with lower SC induct ance 
ano MW1M .! c<lpacities provide~ betler con trol effect than the 
S\'1ES . The SrI'IES·FCL can be expec ted a~ the ~mart dcvic't: to 
cOnl rihul e not only Ihe stabi liz ing effect, but also Ihe significant 
economic merit in Ihe future DC power grjd. 
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lh.lllIJ(·I- RI'Cl'nlly, a doubly f I'd induction g ('nerator ( OFlG) 
,.iud turbine has been extensively paid attentions as a renewable 
energy source in the D C microgrid. Huwever, t he inevitable 
prohlems of DFIG wind turbine a re low vol tage r ide through 
(L.YRf) due lot he 0 ccurrence 0 f faults as W I'll as the power 
n llclU OIl ion. To overcome both problems, a superconducting 
mOlp nl'lic en l'r['v s toraee (SMES) uni t which is able to pr ovidI' 
fast control of active and reactive power, can be used. This paper 
applies a S MES unit to enhance LVB.T performance and alleviate 
Iht! pow!'r Il llctuation of DFIG wind turbine in the DC microgrid. 
The S1\I ES ci rcuit is mainly composed uf the DC chopper. The Pl 
,'ont rollers 0 r D C ch opper a re us I'd I 0 conlrol the ex change 
cnerg b elween Ihe ~perconducting c oil a nd Ibe system. 

imlliat ion study using MATLAB/SimPowerSystems ensures the 
S:vtES control effect on both enhancing LVRT performance and 
\lnoolhing power Hucluation of DFIG wind turbine. 

Key words-slIperconductillg lIIagnetic en ergy storage; Inw 
vollage r ide I hrnugh capability; power! IlIclllation; doubly-fed 
induclioll gen eralor wind turbine; de lIIicrngrid 

I. STUDY SYST EM f\N DPROPOSED SMES CONTROL 

Fig. delineates the s rudy DC m icrogrid. Two D FlG wi nd 
turbines (OFIG-A a nd D FIG,B) are us ed to s upply G Iectric 
power to loads. At t he nonnal opcration. the power 0 utput 
fl ud uati on from D FIG w ind·t urbines causes the PI' oblem 0 f 
powcr quality. On the other hand , when th e faults such as short 
c ircuits take place. the DFIG wind turbine may not ride 
through the low voltage situation and be disconnected from the 
sys tem. This tTipping of D FIG wind turbine may re sult in the 
system instability [Ij. To tackle both problems, the SMES unit 
witL th e fast control of active and reactive p ower. can b e 
appJied. Here , the SMES unit is installed at bus I. 

Fig. 2 shows th e S MES circuit which is composed of 
capnc itor (C), DC c hopper, and superconducting c oi\' Fig. 3 
dl::pict s t hc cont roller 0 f D C chopper \V hicb is used to control 
the exchange encrgy between the superconducting coil a nd the 
system. T he po wer error s ignal which i s c aJculated from the 
difrerenc e between the ~ctual power now through bus J (PRu") 

and the reference power now through bus I (PBud r(l) is used as 
th e input of PI I controller. The output of PI I is the refcrence 
current flow through bus) (Illus l_,'<'f)' The current error signal 

~ 
~ I.T"" ­ 1 

I) Q , ''('['\- /1 

f~~1 
Figure I. DC l11i crogTid with DFIG wind turbines and SMES. 
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Figure 2. SM ES circuil. 
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Figure 3. COlilrolkr or DC chopper. 

whi ch is calcu lated from the difference between t he actual 
current now through bus I (ill,,, 1 ) and I llusl ,.,'/ is us ed a s the 
input of PI2 controller.· The output of the P12 is a duty cycle 
deviation (6.D) which is added to the reference valuc (+0.5). As 
a result, the duty cyc le (D) is appl ied to control the chopper so 
that the energy stored in the superconducting coil can b e 
appropriately exc hanged with th e system. When the duty cycle 
is greater than 0.5 (50 %), the current flo ws through the IGBT 
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switches S l aou S2. The electrical energy is charged from the 
~yst m 10 Iii supcrconducting coil. On the contrary, when the 
!lUI;' rei I : l ess th an 0.5, t he current flows through t wo 
diode·. II . (,l1crgy is di sc harged from the superconducting coil 
tu t he ~y:;tern . By comparing the duty cycle with a triangular 
carricrw (l 'l:io!Tl1wilh 1980 Hz,thegale drive signals ofSI 
and S2 can be obtaincd. 

TABLE I. PAR AMErERSOf SMES 

II. SJMULAT IONRESULTS 

In s imulation s tudy, t he MATLAB/SimPowerSystems IS 

used to evaluate the SMES control e ffcCL T he SMES 
parameters are appropriately selected as given in Table I. Fig. 4 
shows the wind speeds of DFJG-A and DFJG-B. Fig. 5 depicts 
Ihe DC pow cr at bu s I. Without SMES, the power DuctuatioJl 
i~ ve ry hi gh . 0 n t he other ha od, the S M ES can alleviatc the 
power flu ctuation effectively. The power smoothing cffect of 
SMES can be confirmed. 

Ncxt, to evaluate the S MES control effect 0 n the L VRT 
I- dpaollllyc.:niJdJlLLIIILIII , il io dooUllll.. u l i l"t liJC luuillUISlUUIIU 

occurs at point A in Fig. 1 at (= 4 s for ISO ms. Fig . 6shows 
the te!Tl1inal voltage of DFIG-A with respeclto thc acceptable 
mi nimum vo ltage of A WEA gr id code 0 fU SA [I]. Without 
SM ES, I h~ te rminal v oJtage drops below the allowable 
min;mum vo ltage of grid code. The DFlG wind I urbine cannot 
ride I hrough t he fault. As a result, the DFJG will b e 
disconnected from the system. Inc ase 0 f SMES, the decrease 
in the DFl( ; terminal voltage is in the acceptable range o f grid 
code .. Fi ,. 7 depicts the active p ower output 0 fD FIG-A. 
CI ;]rly, the: SM I:.S can suppress the transi ent power Ducnlation 
after the occurrence of fault. Simulation result s confirm Ihat the 
SMES placed at t he 0 FIG terminal not 0 nly effectively 
al leviates Iile p owcr O'utpUI lluctuation , b ut a Iso succcssfully 
supports the fau ll ride through capability of DFJG . 

Nevertheless, there are some problems which are necessary 
to be considered as follows . 

• 	 Wh'~ rl I he fault localion is a djacent 10 theS MES, the 
SM[ ~; (;() ntrol ef feel on an enhancement of L VRT 
capabil'ly is highly detcriorated. This may cause I he 
large !cmlinal voltage drop of DFIG wind turbine lower 
than the acceptable range of grid code, and Ihe tripping 
of DF IG . To handle this probl em, the improvement of 
SMES ci rcuit wilh fault CUlTent lim iting f unction is 
importantl y required. 

• 	 Si nce t he S MES paramelcrs i n Table J ar e s uilably 
sci ctel , Ihesc parameters cannot guarantee t he control 
oJiI ct 0 f' SMES at other operat ing conditions. The 
I)ptimiLa tioll technique ofSM ES parameters such as 
coil inductance. initial stored energy, and PI parameters 
of DC chopper is significantly required . 

These problems will b e solved by I IlC proposed n ew 
technique which will be presented in [2]. 

Figure 4. Wind speeds. 
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Figure 5. DC power at bus J. 
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Figure 6. Ternlin"1 voltage of DFIG-A 
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Figure 7. Ac tive power al lennina l of DFIG .. A. 

REFERENCES 

[I) 	 J. Schlabbac h." 1..0\\ vo lt age r ault ride through c rilcria I' or gt id 
connection o f wind turbin t: genera to rs," 5th inl erna lionai Conference on 
European eleclricily Markct. pp. 1-4. Lisboa. Portugal , 28-30 May 2008. 

[21 	 T. K araipoom, a nd I . N gam roo, "Improving I ow v oitage r ide I hrough 
perfomlance and a llevialing power nuctualion of 0 rIG wind lurbine in 
DC m icrognd by 0 ptimal SMES W Jlh rault c urrcnl I imjting function," 
IEEE Transactions on Applied SuperconduclivJly. (10 be published) 

เอกสารนี้เป็นเอกสารที่สงวนไว้สำหรับการใช้งานเพื่อการศึกษาเท่านั้น ไม่อนุญาตให้นำไปใช้ประโยชน์ด้านการค้า 

ไม่ว่ากรณีใดๆ ทั้งสิ้น อีกทั้งห้ามมิให้ดัดแปลงเนื้อหา และต้องอ้างอิงถึงเจ้าของเอกสารทุกครั้งที่มีการนำไปใช้ 




