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ABSTRACT

Due to energy crisis and global warming, the energy security is the challenging
problem nowadays To tackle this problem, the smart grid concept has been widely
applied. Fspeoally, the large installation of renewable energy sources such as wind
power, solar power etc., in the power grids is the vital strategy of the smart grid.

However,| these intermittent power sources may cause the severe power fluctuation
which resuLts in the power system mstablllty On the other hand, recently the wide
area blaq:kouts due to inter-area low frequency oscillations tend to increase
dramatica?lly. To enhance the system stability, this thesis proposes the optimal design
of supercbnducting magnetic energy storage (SMES) as a smart stabilizing device for
smart grid; stabilization. The optimization of superconducting coil size, stored energy
capacity énd power controller parameters are simultaneously and automatically
performe<§:i. In this study, the SMES with optimal design are applied to solve three
stability droblems in the smart grid. First, the optimal SMES unit is used to alleviate
power ﬂuictuation due to renewable energy sources in the microgrid. Second, the
multiple ESMES units with optimal design are employed to suppress the power
fluctuation in a six-area Interconnected power system with wind farm. Third, the wide
area robuést stabilizing control of multiple SMES units based on synchronized phasor
measurerﬁent units in the interconnected power system is carried out. The structure
of active Eand reactive power controllers of SMES for parameter optimization is
specified :;as the practical proportional-integral or phase lead/lag compensator with
single ian?Jt. Simulation study confirms the stabilizing effect of the proposed SMES.
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I‘Lgamﬂmmwﬁ%ﬁwmuﬂizmniu,m'asgﬁmﬂﬁmﬁqu{qﬁuﬁﬂﬁﬁagjmﬁaﬁamszma
savanluguaniiles msmmasvuumﬁwmﬂim‘[ﬂEJLawwvmsa%’wiwlﬂﬁwﬁ‘l%ﬁ?aLwﬁa
‘V\I’OaﬂiaL‘WE]NEWIﬂiuLLa‘lW‘WﬂWLWUG‘WSLLﬂﬂ'J’lJJG]E)\‘iﬂ’]iLUul‘UlﬂEJ'm‘Uu \losniinnissady
Yo3Usy wuumm"Jwmwamawwauammaam muuuumﬁ]awawmuwmamuﬁ‘lwﬂmm
mnan‘mmumsnwsamiuuuwamnsuLLﬁlWﬁwmwamwuunsuuanaaiul.waﬁnalw,l,ﬂ
wuwaamﬁawrﬁzmsmaammuanmm sruuiiiifedeninssuululasnia (Microgrid) [15]
mLUuLmepwuqmaammf'ﬂ‘uﬁzymvﬂ,una‘LmnﬂuawwLLasaﬂmsﬂaaammsaunimﬂ U
nsudnnszualwihannduunyuisufsialyviadesaindessuy ilesann
nszualviindaldanwdsnumuisuialiaiane vildmdsliilussuuunis
liifinnuidsmeunssuuuaedlylvls
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swsamawamu‘tﬂﬂmLnuauaulwmmmmmaamm’lmnssw‘tu‘[mnsm mseanuuuld
mﬂuﬂmimwuﬂmmwmLququawawuu’luaa‘lumnzwwmaqnﬁm’lwnﬁwu'awaqsuw
ATy [17) mLauamiaanLmemUﬂu SMES Taguennisaumnduanseiuseisaade
mLLUiamuu (state-space averaging method) uaﬂmnum‘lmsmsmuamsmauvuLLem
dasy mmmwuumiﬂsua Emlﬂn'nuulmmmimuﬂmmmuwaswmnaunamauwa‘lw
Ltiqmuuanwmuaummimmwa usia [16] uag [17] hﬂmnmammiaanwammmﬁm‘um
wamuauaummwaq SMES &y [18] uausn1sesniuy SMES fidnunsoannisunisves
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Lﬂuusnmmw muumsmmmaﬂnsmmLaaainww'[,mmiuumwaammmmwmmadw%
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uuwmwm%mmumnvnmmumﬁmsamﬂmmmaamaﬂwﬁwma SMES Tagly
"Jﬁﬂwsmqqﬂu Wy [19] dnaueTBnisanmsundsvesidsliihlussuuiiiungesuda s
INWAIIUANAIE SMES Iagoanuuuimuaunsmineilaseaiawuuilondie5ens
WATIAUITIV8355UY (system eigen values) AIYANUNSRIITIAINEIL TS
aﬂﬂ’]SLLﬂ’N‘UE)\‘iLL‘Nﬂ‘LJVIUﬁLLa&m']a\'i‘lWﬁWSﬂumEJEN‘UE-NS“UUIM&JF]’W\']EIW [20] huauens
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amimuw“lwiwmmu*uaamumanwaalw% (dominant power oscillation mode) iifn
Tndidesfumdinmun uaﬂmnummaam'ﬂumm‘uumwﬂwuluiﬂmawaﬂmmuLwa
@RI (multlpllcatlve stability margin: MSM) ummamanma d [21] taueni1si
SMES m‘l"uamnﬁumwaumﬂuuaumaalw“ﬂﬁ o gaidaudeesmasdnlni gy
aun‘uauwmsJm’smmzu'mmmaﬂw%mammuaaﬂw SMES  #esingasnyndsludidly
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wuwn'mwummamanuLwraamLum‘lw%wamuammm“lmymEJ SMES ilaaanseuudily
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I‘UI‘VIJJﬂLQW’]&,’WUVILLauIMNﬂﬂ’JUﬂumﬂﬂUEJﬂa’N mulumsaamwu PSS lelduuuinang
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mUﬂ:J‘VWl'ﬂ AnYilusy ﬁwamwmaﬂm'mn% (quadratic performance index) ummam
%39 [23] mLauamiaamLUU PSS wmmumnmanmammus Uulw%maawuwmwiﬂa
'lmﬁmmqamwma (gain schedulmg) mnwawlﬂuﬂmﬂsaumaunummmumwuw
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1 nsWeulusunsursufimesdmiusenuuuiifivasaundenuudmdniuy
Fhdaeneaelusunsy Matlab uaz Dymola $2ffu Object Stab [29]
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UamvdeefaFeunstanluliinmnenmsléidamisonta  Memailteilfin
Nanmu’lwmwm%ua miawu’luiﬂsamswam‘lﬂﬁ'ﬁﬂuuu’lm Tngndnlnfra1nndaanu
U Igu wu WaIuaY, wasuuaseiing (Judu mmuwaamuaummLLauuasJaemlu
Rl uaﬂmﬂmmaammmlvlﬁﬁmnwawwmnaummmmwm‘luamuﬁ‘lumﬂﬂamnc’ﬂm
lw:nnunLLa“LUuminsumaLmaqwamuLwaammmamLaeflus ARG iswlw%wgﬂu,w‘lwu
i ae i”UUIﬂN‘ZﬂEJlWﬁ’]E]ﬁ]QiEJ" (Smart  Grid) [32-33] ﬂmamluiﬂﬁ 2.1 Faduszuy
IﬂswwEﬂmlﬁwﬂmmﬂT,uIaamiaummmvmiaamimmmmmmimumsmwﬂmmwam
miaqmawamu‘l,w% m’lwmmamaqsummamas‘v‘uulvawnwaawamumaLaamn
d¢07m waatmamaml%lﬁﬂns #9186 (Distributed Generation : DG)

meamumunauwmm’lwamlw%uuLUuLmaqmt.umﬁlumwamuluamLaua
m’lwwaqmulv\lﬁmwamlmmﬂumwmulﬂmEJ LuamLmaqmmmlﬂﬁwwaw’1uwuunau
wam\aLmaivumum‘lwmaﬂﬂﬁﬂuiuwanmmma wananiimudeanisldngany
IWﬂ'mmuaJLmsmum‘uummumqnumsam‘[salﬂﬁ']Lmq'lwmmlﬂmnLuaqmnmﬂﬁmm
°lJEJﬂ§]1/ilJ"IEJﬁQLL’JﬂﬁE]iJLLauﬁﬂ’IUVlﬂ’l‘iﬂaﬁi'N mwmaivuumlﬂmwuw“l‘*ﬂwqmaalnaaanlﬂ
iemauauasienudonsidlifBadummeiivandedails uinisvenese Uuaaﬁwm'lw
mmmmmwaamaq‘lvxlﬁﬁum’mwuwlmmnmmmwwwwsawu  yalaganisluszuy
muuLuaivuu‘lw%maamammu‘lnamwnmanmmmmmmmwaqmaﬂﬂﬁwmnwamu
vudsuviemsuniswesidsinihseminduilussuy hldnisieuresszuylinings
fﬂuaeﬂnﬁmal‘uL°umLaﬁasmw?}qLﬁﬂqﬁiamsmﬂLaﬁaimwwmswwmﬂummqﬁﬂﬁlﬁﬂlw“}h
ﬂULUuummnfmmmﬂaanu’Luwmaqﬂs (e o’hEJmmﬁmiﬁﬂoﬁv'qaﬂnsaiﬁuaﬁmmw
3‘”U‘U1WW’m']ﬁ\‘1LWE)‘U’JEJﬁﬂmiLLﬂ’Jﬂ‘U@Qmaﬂlv\lﬁ’]ﬁ]ﬂuﬂ'ﬁ’lmﬂL‘UUE]EJ’]\‘lENLWﬁu‘\]uWﬂWi“UUJJ
Lanasmwupnmu fauineninugisah SMES wldvhasasamliudsyuulaseng i
aﬁ]asa%wamUammmmwmmaﬂw%hmmmaammm‘lﬂﬁwwamwuuL'muua“mmmq
°u'eNnwaa‘twﬁwsvmqu‘wmnmmmaivuulw%mm wethilosandafvasaungdany
LLumaﬂLLuummawm (Superconductivity Magnetic Energy Storage : SMES) 1%
wamauauaﬂumsiwsamawamu‘lﬂamaifmmmummmmm’tumsmLanaimw‘lﬁur{
su‘uulﬂLUuamamuamaunuaUnma auwmmwumauq Tneluuniesndnienis
DONUUY SMES mwsummmﬂusuudﬂswﬂEﬂ,w“ﬂwaa}aiavmmﬁnﬁwﬂwmmvaﬂm‘lms
nquaummgdmwamaaﬂmu

1

2.2 ﬂ'l']llLﬁquLLaL’ﬂ?UUixﬂﬂU‘anVT'?LﬁUﬁ&’ﬁ@JWﬁQQ‘TULLSjLﬁgﬂLLUUﬁ"’Jﬁ']é\‘IEJ'Jﬂ

6712Lﬁuazamwﬁwmusimﬁmwuﬁ’aﬁﬁ'aEJ'm (Superconducting Magnetic Energy
Storage) ﬁﬁa&iadw SMES ﬁ’maﬂﬂuiﬂﬁ 2.2 L‘fJuaUnszﬁazauwé’muﬁmmmﬁhw?a%’u _
madWﬁﬂﬂamawuwwulmm’lmmmmmmlmmLana'imw'lwLLnsuuulw'NwmaalmUuaem

= I
.
|

wuIARlun1sa319 SMES mLLiﬂUUﬂﬂUWLaUE)Iﬂ‘c’J‘UTJN'NLFTﬁ%E] Ferrier le¥n.a.

l

1969 Lwaﬁ'\'aqmsaiwaﬂﬂsmmuwaqmulummmmwasaamum’twwémwLn‘uauau
waamu‘tﬂﬁﬂﬂumwummmaﬂm{l‘fﬂw%uaEJLLaaﬂaamEJwawu'Lwﬁﬂuaaﬂm'lmmm
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anudisansnslindanulnigs uilassmssndnldgnujasidesanyarivedlasansgs
un dealua.a 1971 lofinisadefuuuy SMES  dusnidunadusafiuminende
Jareudu UszinAansgewinn iteviinsAnnidenganssunisvaulunisiusasdne
daliidngssuy dwsu SMES Musniignadrsduiiteldiusilussuulvihddaindy
luln.m.1981 SMES siigninsdineiiingusvasditeiiunnuaunsalumsdesiomdslnih
Wigetulnedussuulniiamdamun 500 kv luasdsitideusiaszwinsgunaneidiofuuein
Vavi

o

4=‘ g ! o ° Q.
JUN 2.2 MifvagaundauilmdnuuuiniBaen [36]

finunluli.e. 1986 USwnmM3 Ussimaduulivhnisadisuaznaaoy SMES wum
5 MJ Tneideudafuszuulvinidsfisedunseiy 6.6 kv ednwinisviaiesnmmlunsds
Preiasiniluateds daulude 1998 insiaun SMES Tdfneniwnsvihaugeiy
Imanq’ﬁé’aﬁﬁnmtﬁmﬁmﬁuﬁaﬁwéamm (International  Superconductivity - Technology
Center : ISTEC) wosUssnadu azwuinmaleiftemun SMES ulvssdeiiomuas
madlusuian SMES axiugunsaififiunumsiassuuliiiiidsesuan

sMES  ugunsafazaundanuimiundsnlygyaunuuimandaiaaninii
ﬂizuamsaﬁlwamuwa'sméf’;ﬁwﬁqaaﬂmU'léfamwmﬂﬁauﬁﬁqmmﬁﬁﬂ faduaandath
fananezdesdianmiuiniBinielindsnuiiivasanlibigydsduanuiou u
andhegianmdudiihdeialdfredlefeegluanmuindeniivansaudeiadons
Wand 3 Usgnsfauansluguil 2.3 Sausznause

1) guugiivindeusedirsnitgungiiingd (crtical temperature : 7))

2) ArruruanlunssualualndniideslA1uasnI1AIANMUILLNING

(critical current density : J,)
3) AautuwiivanvesaadmiidesiAdosnitAtauiuuiindningd (critical

Magnetic field : H,)
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J (Amps /cm?)

)

",

7580 70
4

g‘dﬁ 2.3 unuslana (phase diagram) vesansitiBeenn [35]

4‘ 1 4 o ] v Y d‘ 5 14 L d L °
Waanmwinaauvesannniasnrdesnulouluneamlsen1stady alnsata
v 0 a o v ¢t 1 )
wag’luamwL*fJummmumwummmumuLﬂuquwmumnmqmnqmanwmwm‘[aws
v o & ) <
a9 lusuansuguin 2.4

A
»
#717
—

[ (4
[ Yo L3
(] G
[ [
154 e
= =
= [
> =
= =
& g
= =
e =
{ T v
« [
< K vs
a v a v
T. gumgiitandon T, gamgiuInden

A < s e L % U/ ° ﬁ' o v ° QIJ A aa a
JUN 2.4 Wisuidgumm iU uvesmedthdsniusainiluiigungiing

efrigerators -
Ref l‘eu ators Chiller

VCB Inv.Tr Inverter  Prot

Voo & &
14

y Compressors
"

Changeover SW g7 ﬁ'é"f“calmgpo"rm’" Fﬁlf Cr,\:}) -

‘ I IMnnilor
Cont.Pannel

panel

To Load

2.5(n) falAsaaieeasyuy SMES [34] 2.5(9) gUnIniaTIvITEUY SMES [36]

gﬂﬁ' 2.5 99AUTYNBUVDITLUY SMES
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SMES Usenausis 4 dulugiqlaun mmavwo’w’uﬂwﬁamm, Lﬂ‘%mﬁwmwmﬁu, LUV
MUANLar1vTamdsuliih fagui 2.6

wnaIndBa89m (superconducting coils) Wudauivimiiniivazaundsels
ag’[uix@w’uﬁmmzamLﬁaw%’auﬁﬂ:ahEJﬁwé’alﬂﬁwaanlﬂajizwLﬁal,ﬁﬂmqﬁmﬁawm‘ﬂuis‘uu
Ihidsngy wseiulwihanusaidanisunds, walwidanses Jusy leevluainsi
vnldnusdaanlansnauszwinslulaendulimiion (NoTi) Tneenainsatves SMES
veiidnvaglasadadagui 2.7 Lm'mﬂéhﬂwzag"luamwﬂuéhﬁwéamm‘lﬁﬁmLf‘mag"lu

ads Y

5 g o e A ay d o ) v '
gUMNINGN muu‘umaaﬂmuwsgmﬁulﬂumqtyzmm?mLmewUUmLwasnmqquﬂwag

v
o oo

lusgauiirvualy

guﬂ‘ 2.6 UaHI1995I0 0352 UU SMES

GM-IT Refrigerator

GM Refrigerator for
Radiation Shield

GM Refrigerator
for Power Lead

HTS Power lead
Vacuum Vessel
Radiation Shicld

Helium Vessel

Superconducting
Magnet

2.7 (n) 99a1astdeen SMES (34] 2.7 () pmdnvenieluves SMES [34]

35U 2.7 lassassunannsaiideeinves SMES
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4 [ N . ] c‘ d:l | W  w d‘ o
A3BAINLEY (refrigeration system) Judwuideuderudsganimiter

a1 I -
wﬁwaamamsmmmwumamasnmszﬂuammmaqammuﬂwasﬂ,na ALFEAYDIBILALY
mmmumﬂivmm 4.2 93AanAaIUu (K)

suuummu (control system) mwu’mﬂwﬂumﬁwsamammlvslﬁwwuama
Ausy UULW@M SMES awmimuwsamamaql‘nlﬁﬂuﬂsmmmwmuamwalm uulnn
mmsmnt‘pmazmsmmuwLﬂuﬂnmmﬂ uanmnuiuuummm feanruRuidaliiia
luaLmaaniummaaﬂmmmmmmaLwa“lwwaqmulw#hwmuauaﬂwmmmaa‘lu‘uauwmw
muuiu‘uum‘uﬂmsmmﬂsumaNaazymzuﬁlmumnmumafﬂmm dyauann
yaaaitiBeean, idesinanandy tazansuUamdselvi

panuwuuly

31
v

s (DC urren;)

Transformer [ *1 3 5
P 4l ;} A e | VoS
= Y - / p SMES
Thrce-phase AC 4 6 9 cail

5U7 2.8 Tassasawesnasudamdsnulnidelviawes [37]

Voltage Source Converter DC-DC chopper
using IGBT using IGBT

{%l— i%’l— {%(l— Sl— X SMES
Transformer coil
= Q0= AR
Three-phase AC '
- EF(}— i i r)h—

DC link
capacitor

~a |

A X L7 = L} o o L7
19 2.9 lnseasrwenwsulamdsnulnisdaunassdnusesu [37]

Current Source Converter
using IGBT

—_
L 3 s 11
— =i =
Transformer
—N :
coit

Three-phase AC
A 1 4 4
l ]:_T_ 4{3 2,?2
L

T \AANS

=‘ v v L= . a
U 2.10 lnssainvensasulamdsnulwiwiaunasinfianssua [37)



15

295uUamasUlnA (power swntchmg and conditioning equipment) %1
Mu'mLuJaﬂvxlﬁwns.,uamsq'lmﬂuns.,uaaau Luaamnnsuualwﬁww‘lwa'lu'ummmmmuJu
Tihnssuanse daduleuh sMes Wienderusruulnihnszuaaduissniudedisune-
LG\E)SLWEJLLIJNSULLUUMNIWW} Isuamdnulwihawsawdeenls 3 vinlngqldud
wIsuamasuliivinglniawmes (Thyristor-based converter), 1995utasmdsaulneia
yilauvasinilauseiu (Voltage source converter), Wwlamdsnulniviinuvasniie
n3gud (Current source converter) ﬁ'\ﬁUﬁ 2.8-2.10

mmummanwamulw'ﬂ'lmtflwsamaﬂﬂﬁmsumUﬂumsaqmamaa‘lwﬂwsa
(Hundn wazannsamuauiaiwiaisulsneadntoy Lummnanwmumsﬂwﬂumi
vmm‘uaﬂwsamasmm’lﬁlummmmmumiswsamumaﬂwﬁwsqLLasmaqlwﬁuauau
wendaszaniule aaumquaawamuMﬁwuﬂLmaamLumLmﬂuuavvwswaqwamu
Twﬁwuﬂuwaamtumnsmauu’lwawwmmsnmmumwwwﬂmmwaas SRR RED)
LuJaawamu‘lwﬁwmmmmuqumiiuvﬁamamaa'lwﬁ'msauasnmqlwﬁmauaulﬁadwﬁ
dasy

EUﬁ' 2.11 d@1uusenaues SMES agnedne

lun1svi19aruves SMES mmsnasmalmmnsﬂw 2.11 Tasi3uainnisin
uswulnfinssuanseiiilse mumeum'luwansau‘hawﬁlmmnmsamLmﬂuMﬁ'umaqmu
wuauﬂmuamwmﬂaWu‘Mﬁwns"uamwLwamUwamu'lwmemmmmawm Une
wamuwLnuasau'lu‘zmmmmmmlﬂmnaumsw (2.1)

1
E,, = =L, I (2.1)
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o> DU

o @ o . v o
loent By, Wundsnuiifuasalywnannsa ()
[ | = ]
m WUAAMUWMTE I YeswRaIn (H)

m \Ouanssudlniilualusans (A)

S~

t

P o,- ~

;vi al mnuuwamuﬂuﬂnmuauaumuw%aqamuu,umanwLnﬂmnlwﬁwnsuuama
1wmuaa°luwﬂmﬂmaaﬂwm LuaqmnmmmmaeﬂuamwLﬂummmmwﬂﬂmﬂm
mumumawmmwumﬂumua muumlummmsamLasLﬂuwamumwsau'luwmﬂ t1)
mulﬂﬂw’mﬂmmﬂmmLLaomLUumaawasaammadWW'flmmivuuaa'mwuwwu'lm SMES
fu“wmu'mmwsasumaaiWﬁwwmnm*uaalu‘ummﬂmmwmﬂmlwmﬂiuttam\uﬂu
nsuuaaaulumqnmuauﬂsmr;uwmmva:uLwam’lws"wlw%hmamanﬂimwnauwna
amwmsmﬂnmamwmm

\flos91n SMES 1mnmmsazymamnmsmuwamu Fav SMES mmuaﬂnsmmu
auauwam}uwuﬂsuamnwwammtlsvmm 95-98 % mwazyLamummumw‘smmns thet
1u°ummmmlqmmmﬂumsmaauuﬂaauma‘tumwumisuwsamawamuaanmn‘ummﬂ
’lumanmmna'l'mul,nﬂn'ﬁmaaumJawaaammmmanuwmammmamLaamwmmu
mnmsasykaaaamawau,a nwsamaaniuua"l,wmuu,mmsmyLaamaaaummmlumnun
mumsazytawanuuauuﬂﬁmzumnLUumiawLaamnﬂwunuaﬂnmmm”lmwmﬂaq
wamuuavmsammamns UummwLauLwasnmamvmmawmammmamm‘lwu
qmwgummpuau

v o oaw v daaw ! L4
Tutegtutinideanunsaadrs SMES AiRsmEe 10 MW  uanaini aﬁnama}aw

LY [J =

Adeasng SMES ‘lwuwnmmawawu’lusumwaniaaniaamm (38-39] &un1sHAR SMES Tu

Bamdudifuntadn SMES il wieveiiRfaUssina 1-10 MW dulugjazi SMES U
Ui“anm"l"z'ﬂummmnasu'tvxlﬁwmm vy Miiatiesnwliunssuulindgs, dwduannis
meaamaﬂw% qummmmsalumimmaa‘LW‘Wn nwaunnlii, Wuunassne
maq‘Lw%m?Lum Budy [(341,36]

AT mmwmmamﬂ‘[ﬂaEjé’wuﬁ’aﬁﬁ?jwmuag& nnsetindntaevinlst SMES ldan

s
el 0 o

WGMUﬂWﬂJﬂﬂEJﬂ’]WEN‘Uu‘Lﬂ wn ﬁ']iJWiﬂI‘UﬂUS%JUUIWﬂ'W]Nﬂ'lﬁ\?ﬂ\i‘l]‘u Hamnau auaasamﬁ's‘uu

Y]

Uiuammwawuu,a::m‘uﬂuma\ﬂwwﬂmswsaﬂ15 AU SMES wﬂuaﬂnsmmua“au

o
waamuwuﬂnemwwmm"naﬂnsmmuasauwamuwmau6] Wy wummediadl (chemical

battery), mmuwammgﬂnwuu (flywheels), #3e ﬂuﬁwmauwamu (hydro-pumped
storage) mammu SMES ﬁ‘[amamuLﬂuaﬂn'ﬁmmuavauwamuwuuamﬂm‘luamﬂm
amqlinmumuwuiumiam SMES aqmwmaqmn mnwauamaﬂﬂ f. 2010
[371,[40] ‘memiUsumuiwm SMES IﬂEJLLEJﬂU'i"LﬁJ‘u?Nﬂ‘Ui”ﬂanaﬂ‘UEN SMES santfuass
dau leun aquwmwmwmua auwamunumumﬂumsLLanwumaq‘LWWn “lumumnu
auauwami[muﬂisnaumawmmwmuwamm mwnmmwu aﬂnsmﬂaqnuuauﬂwﬂu
mwuﬂuuamﬂs"mm 85,000-125,000 aeaansfawung ﬂaa M) druidursesuuasiy

]

A&alnAUs Unaumﬂa‘Unsmm‘wm aUnsmﬂaanuLLaumumeuuamUsumm 150-250
ki

v
o w

apaa1sRanlatng (kw) mmmwiwmﬂiuLuwamqm3Lquwumaq'lwﬂflwmﬁmﬂaumq

]
|
|
!
'
|
I
|
|
I
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Yy vy
& o

AevieiTufunsTdauYes SMES nandedaun SMES TUrafuszuulniinssuaadu 19ag

U < l

o [ 173 [ A L] v d' Qs U a‘
LLUmwummlﬂﬁwzuammulﬂmeuwmwmwmelwnssu,amsmﬂumsuaaaunmmsw
ﬁwﬁﬂmwaﬂwni wansadunssuanse wid SMES ludafussuvininssuanseiasd
LQWW“"N%LLUaQ‘leﬂﬂi"LLﬁG]i\“]LUUﬂi”LLﬂG}NLVHuu

LLzm SMES a]um'lmqummmmaﬂmaﬂwmaLﬁiuﬁmmsn%’w?aﬁhaﬁﬂé’ﬂw%
Iﬂaam'mﬁiu :Jmsamtaam Jovhlv SMES Sudugunsalvinatiosnwiilasuamaulonas
mmsnawmmaaammamawumﬂﬂwu wuamslumsanduvunisudn SMES Senady
Usumuwlﬂ‘iummauhmm a\‘mum*\1EJmmﬁmsnLLauwsumLLu'Jvmn'ﬁaﬂmuwu‘lu{]ﬂﬁmu
Taun ﬂ’l'i‘wGJ,J‘UTJ\‘iﬁ]iLL‘Ua\iNunﬂﬁdlﬂﬁﬂﬂuﬁmaﬂa\ﬂ mﬂ?jwmﬂmmEjamﬂwmmm
wmuwammuawu mswsum'aawﬁ‘lwmmmmmw’twmwmnnLtavmiaanu‘uu SMES 1w
mu'mmmuauﬂumﬂcmu E‘I’I'VI'S‘ULLu’JVﬂWﬂ\iﬁﬂuL‘Uu‘m‘Ua’Jf\]EJﬁI‘UFIﬂ“o"ﬂ‘UWIEJ'mWUﬁU

|
; ) -1 ¥ o o
2.3 WUUl Pﬁaﬁ?lENﬁ'uﬂUﬁ JAUNAINULULNANLLUUNIUE I8N
!
f

Power-Energy-Current

Calculation Block
Lsm

I

Ism(s) ‘+ PEI W l

Coil Current Controller - I

Lsmo
AuA— K (5) Pom s\l g I
Pl Ap b =111
| P Controller ~'C —2 [ 154, % I —_—
| < 2 2 /

| I)Sml + Qsml ™ S’an] - &——Lpgsm

. .
I %: + r % 1 e Qi
Ay ((Q (s) %) O

: Q Controller Vo +
| KV(S ) “ S Vs
L :

Voltage Controller l

SUT 2.12 wuusaes SMES

dwiuuuudaeswas SMES [41] Aldlun1sfnwuaseenuuuilassadretuandy
pu|

sun 2.12 mnsﬂ%kummumaaa SMES Usgnaunigdiusneqlaun K, p(s) uaz Ky (s) Ju

v

(;l"Jﬂ'JUmJﬂW.a\‘l‘LWﬁ'I‘\JNLLﬁ maq'lwﬁ'uauauw SMES . SuiuSednueanaiudisu n1g

mwuﬂ’lwmmumﬁiﬂsqamLﬂusﬂLLw‘Lmuaanums‘lmwuanmmmumwaanLmuwmaq
mmsnm‘hﬂfwulmsﬂuwNUQUm muuﬂamwum‘[ﬂiaaﬂwmmmmu’lwmﬂuuuwuau
Wty mmuawﬂmmswLLuuwlamaumsw (2.2)-(2.3) m‘luwu'«wu'ﬂtﬂ‘uaﬂms
LLﬂN‘?JEJ\‘lmaﬂlWﬁﬂUizU‘UlﬂJTﬂiﬂ’iﬂLLauiuUUlwﬁﬁﬂﬂadwuVIﬂ’J'l\iVI‘i]“ﬂaﬂ'Jma‘LUIHUVIVI 3

o
ey 4 Gl'ma']lﬂ'U

| 128569
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1
Ky(s)=K, (1 + Tipsj (2.2)

' 1
KQ(S)=KPQ(1+H) (2.3)

iQ

Wil K, ko K, Wudsnsuedndiuveimuguidsliinsdouasmdsinihaiion
ANUEIRY :
I (K% a a w e/ 0w a Y =4
T, Uas Ty LuAdnsveedufindavesfimunuidsiiiniuasiddwiiaiion

ANUAGU

II

wagldmmunuiililassasruuudmivimddusuniadduidesilldudle

L X oo d oy o 4 o
Ugminmsupdasgnineiuiivesssuulniidsiiuiiniedeaunisy (2.4) - (2.5) flznanlu

unil 5 dgly

K, (1+T,5)
K, (s)= =il 2.4
W)= =0 T o
K,(1+T,s)
K. — Zi2NT  i3% 7 2.5
o= T e

Tngft K, (s) uae K, (s) wnusnuauiddniiaTuasidsininatouves SMES
fanii=12
o, @ Y [ ! 1
K, wav K, Wueaswenesmeaien 7, 7,,7,, 7, 1Juaiiainig

o L

-] 174 d 1 [ ] U
ﬂ'li‘lﬂ SMES IUI‘IN’]‘ULW@aﬂﬂWiLLﬂ'J\‘l‘UENﬂ’]a\ﬂWﬁ'ﬂﬁnW%“LﬂUHqiﬁﬂﬂﬁitLﬂ’N‘Uaﬂ

ﬂ']ﬂ\‘llWﬁ’WiFE]I‘UV]']LﬂﬂEJ'iﬂ’]WIWLLﬂ‘Su‘UU‘Quﬁ]@GUWﬁ}ﬁUEUWﬂJV]LﬂﬂﬂTiLLﬂ'N‘U@Gﬂ']ﬂ\‘ivLWW']‘UEN

[ ]

Sy UUﬂau’lmmmmuamﬂuwuaaammm Au,uag Au, Taovluudrasldnng

LUaauLLanaqmmlw“}lwsma madﬂﬁuauauwaa‘lnanumLmuwmmm SMES  1Ju
ammmmuwwmmmummaaqmumﬂu muumﬂaanmmuamvmmm SMES Faidu
Lsaamﬂmwmqwmim mmwmmvmm SMES Lwaammmmwaamaalw%mn
Lmaamtumlwﬁ']wamwuuuauunaumm SMES Tiadisafudaideusafuundeiuin
‘lw“Nwwamiﬂmunau daunsinse SMES Tussuulwihidiuiinsesldnnssunisdim
Lwammmeuuamﬂmman'ﬁmmnasmw‘tmmi U [42]

9In3uR 2.12 ewudnnely SMES gasenauniefinsuaudn 2 i leun K, (s)

LUUFI'JF’]’JUF]ZJLLN@UVIU?I fu ﬂﬂﬂﬂﬂﬂﬂ‘dﬂuﬂ"lwu

Ky ()= Kyou (Vi V) - 2o
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4 u QU LY i L a U A
lneh K, Lﬂuamswmawaqmmuqmmﬂu 14 Lflum'u,saﬂué'wm  Uai

{7

v
LY

fiRsia SMES (pu), ¥, \Juduseiuate u Tafidnds SMES (pu)

i

|

l '3
'

dummuaudniifio K, (s) Husheupunszudluvaaaniathdannddisd

sm(s) (K +T—S]K ( smo) (27)

I

A LY LS { U e‘ U by =
[CE Lﬂuamwmaaﬂmu‘lﬂamn T, LﬂummwL'Jawaqmmmuauwmiw, K, du
[y Y I3 o o
snsengveImuguaTEudluvnaln, 1 1ulSuiunssuailvaluvaans (pu),
I, \utSnanssuadneda |

‘lumwgumsmmiﬂwﬂuniuLLaw1wa1u°ummmmmaamﬂlﬁlmummﬁ]umma
ietlasnisiinaniag SMES ‘lummimnawamulﬂL;Jammmmwwﬂnmnuswu‘tw%mm
LLasmnﬂnsuLLaiu'qummn’mm*ua*uwmaaamLwalzﬂ,mﬂmmaaﬂmauummsLUummENmﬂ
é’aﬁeuﬁ'aEJ'uamnﬂiuwﬁwg‘umalﬂm*mum‘uauL‘ummm“LLawlwa’Lu‘umamlulwmm'1
0.307; ofaaLUummam(l Juaggand 1.3817, mLUumaqaﬂ (I ) [43]

sm mm Sm _max

mniﬂw 2.12 véenlaezunsy PE| Lﬂumuwmwmwmmmmmnsuua I 97na"

U

maq‘lw%ﬁm R Imﬂuaumsmsmmm £y

= jP S, e (2.8)

\/ sm0 0"’ L ]szm base) (29)

Tneil B, \fusmdsnuduesnues SMES () Loy 5o UUAIGIUNSEUNE SMES (A1),

out,

L,, Wuearunileniwesweain SMES (H), P, Hufdsiniesedueenyes
SMES (pu), Q,,, \uiddlwiliaiouves SMES (pu), S, .., iWurrgrufdilndin

Sm

it ﬂ"uwamuwLnuaama‘luwﬂmmmmENa'm (E,) uwasAmdsmiSusiuiii

An

msﬂummmﬂ! (E,,,) ansnsarnadldss

|
! : E,=E, ~E, © o (2.10)

E = 0 SLsm[.vzmo Ism base (2 1 1)

L, - .
vsnndariasinieseuazidddnwinasioususonie sedgeeniugsvuu (P,

uaz Q,) anhsorwinlannaunisituaied
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V.i,AP (2.12)

57 sm

P =
Q ls smAQ (213)

°

i
o | 1w o w a s o w
lnefl 4P way 40 WuriuszneurdslrieSauasmasiviealounudgy
tlifanmsgeydaidonnsuasidelwieduasmdsliinatoudussn

o

Tu#
o 5 o o d o U

(P, war Q) awlumhdsludvioanaineasutasidslnfinues SMES

U89 SMES
(Converter | : CONV) FsflAwvinAu Fersasuasrindelniives SMES svunudrsflesau
Toudedusuniesasl

sm

.CONV =1/(1+T,s) (2.19)
et T, Wurnsinantensswasiddlni ()

2.4 mswwiwmsauﬁaﬂ

L{j DG‘ﬂqﬂi“‘U‘Um‘Uﬂﬂ‘t‘}’]LUUiuUUlWﬁ']ﬂWﬁ\‘i%‘iLL'VIUWJEJﬁQJﬂ'liWﬁ'JﬂVINE]UﬂUﬁ\? muu
ﬂ'ﬁE]EIﬂLLUL SMES ﬁ]x‘iﬁJﬂ’J’]SJ%'U‘ZIEJU L‘WE]aﬂﬂ’JWSJ‘UU‘UEJUIUH’ﬁﬂ’]‘U’JEU‘V]NﬂﬂN]ﬂ']ﬁﬁ]i
’JVIFJ']UWU'D“LJRNU’]’Jﬁﬂ’ﬁWIﬂ’]LWJ']"?IJJM?IW&J’]‘U’JEJEJE]ﬂLL‘U‘U SMES  [26] Imam‘lﬂﬂzymms
aamwummmns‘suuuunumnmmuamLL'LJS ﬂ']'iLLﬂﬁiU‘Vi']IﬂEJﬂ?ii‘Uﬂ')']ﬂJ‘lﬂU"liUIUﬂﬂiﬂ']ﬂ
memawsamsunﬁwmmaaﬁtmaﬂﬁw EmmvlumUsUEWﬁmwmewaw%ufﬁwaﬂzym'
ﬂ']i?)'e]ﬂLLUUﬁ[/Tﬂ']EJG]’JLL‘UTVI&JN@u‘l‘UU\iﬂUmN‘]S’JMBHWJH ﬂ\'i‘lJUﬂ']'ﬂ?ﬁuLUEJU‘UiJG]E]U'Jﬁﬂ’ﬁW']
ﬂ']L‘VilﬂuﬁiJWﬁﬂ‘\NLUUﬁ\‘WlQ’]LUu IﬂEJS”L'UEJU‘IJUG]EJ‘U’JﬁﬂWTQ 'Lwaﬂms‘uaamimmmamm

izwLLUULquLLainsawﬁmw menmlﬂ't%‘luiﬂmniuﬂaummasna‘"lﬂiummaw

S uaadesinidy

Muauagul 2.13 n'auﬁazsﬁLﬁums"??umaui%'msmﬂ'wmmsauﬁqmluﬁwﬁuﬁ 3
sgfasfinsaiuasinnudilalgidenou Tnedunisinsiielflsnduuusiasves
guvtiules anduvinisdmunfudseenuuuiazdenlutedy wiwniuduntsivun
Herduinguszesd Imaswaamﬁammmaumq‘]ﬁm'lwmaﬁ’aﬁ"

leLU‘JEJEJﬂLLUU (Design variables) fig mLLU'swmmmUsULUaaummamumﬂm
’Luivmwuumaumsmmmmuamwaﬂ mﬂvwﬂwLﬂmmwsaﬁqnwuﬂﬂﬂi“aaﬂLUaUuLLan
a Iﬂﬂﬂnmf:kummsmmmmvauwaﬂunmm‘uaqnumLLUsaamLuumnmwuamtms
muuaqwmﬂ ﬂamsﬂmLaanmLLUsaamwm GIENL‘U‘L!WJLLU?WJJN&ﬁlaﬁdﬂ‘UU'quSBﬂ\‘iﬂﬂﬂﬂ
ian uarmmumLLUsaanLLUU‘lummzummumnLﬁum1uﬁ%ﬂmwswﬁﬂﬁﬂssﬁw%mw
wazarwsnlunsidindshaoutiazanas

(eulutadu (Constraints) #o veulnudodeulaiidmualiudfudseonuuy
Lﬁaamnmuﬁ'uﬁ'us'ﬁﬁm‘ﬁ'aaﬁuﬁawwanﬁmas‘é’uqw%atﬂu%’aﬁwﬁ’wmanwmw, n13911n

v o 1 ] v o < 1 1 do w P o s = 5
AIBNINEINTANE ﬁ]u‘l’]'ﬂﬂﬁnLL‘U'SE]EJﬂLLUUEJF’T]E]Q”LU‘U’NVH]']ﬂﬂ L\‘]E]ul‘UU\iﬂUﬁ'UJ'l’iﬂL‘UEJUVI\‘i
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o A v o “; ﬂ‘ d 1
’luwaagﬂafmw‘%aaaums nsanduruvesieulvtiutududandululden uad
Y d v v oaM 1o w | v a a i ) °
ansadaReulydsduiliddgeenlafasireliussdniamuasausadilunisang
ATu

i
i
ﬂaﬁ%’uqﬂﬂszaaﬁ (Objective function) fia NMsAmuAgAUsTasAvaslymnITm
ungageegluivenvesdiusaenuuunaymsfitnedaneg Iasuaniteidu

o 174 LY {

aUsEasARzineIdasiunIsmAIIganionsmAgegavegauszasafinald nsivua
¢ v [~ Ty 1ad ] ) L a1 [ Ty 14
JaUsasAvgfaanululinng  willunsgauseasdldannsaduunliiiuesniduuiunald
YY) o & ' o ° v Y o v o
Aatulunsdiguilmsyssunuanvesileddugavssasddndudesdidunuiiazviouds
cd v ° ¢ o det & o o w o 4 13
AUsTAANABInIs st vuaileidugalszasiduluddfyinisezidanliinanisudly
i i ) = v
YymAnningaunaaussqinguszasdnudmuneianll

ANLRUNZ AL

1) MU
falUsesnwuu
d j W U
wazidoulydadu

A 4

4

2) AMVUR
AUTTAR
dug‘dLLUUW@ﬁ?‘fuﬁ"JLLUSaanLLUU)

A 4

Y

B A . o
3) YuABUITNTIMANMNEANTIER

4

Anaunlasu
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o/ U L4
wolanunadns

PINARBUNLASTY
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Ameuinldaulainunesauign
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"

Wﬁ\iﬁ]’lﬂlﬂiUﬂ'WiE]U‘\l'iﬂﬂ'ﬁﬂ‘iLUUﬂ'i'iWiﬂ'imu'i“’dNﬂﬁﬂLLa‘l Jududessitnig
mmamimsiauwlni‘unauwaivm‘lﬂ‘lmﬁm'iawmmm‘iﬂﬂgumaisﬂnwsalai wnzauriu
sy aanauwiulmwmmwsaiu aameuliamisathluldauldfaisfiansausly
LU@HULLU@GF’JLLUSB@HLLUU Ldau"lfiimnu ﬁimimnﬂs“mnmammm

{immmsaaniw‘uLtiiaﬂ'mssaivi'ialumuausiainf\iuiiiun'iivnnwnaianmaw
wiwqmiiaamﬁamiuaiszua\in’T,ﬂEi‘miNaui,iimnuauiua\immnmamnnmqq‘uaamiaamwu
Yey mmimi'i"aamam‘uaqﬁinmu‘vimﬁimLi,iJiLi‘U'U:iL\iau‘limaﬂwqa'immLiJEJquSULLUU
uwmsgruia |yl

mﬂ"wi'iqcﬂ (Minimization) f(x,) 3 n=L2,.,.N

Foulodsdu (subject to) g.(x.)20 cog=12,..,1 (2.15)
B (x,) =0 T N
xk <x, <x” ci=12,..,1

P Y
Toe? x, Wusuuseanuuy

i o ' o ' Y ¢
ﬁ]’iﬂg‘ULL‘U‘Ull'imiiﬁuwilﬂﬂadﬁmWWﬂ'iLmJ'ia'ﬁ?iiJ‘ViE‘jﬂﬁ]SLﬁu’l’iW\iﬁ‘Uu%!ﬂUizﬁdﬂ
o 1 OI v A 4 ow U A Q‘;
x,) zgnmnualivAigalaedesiarsanteulteduiedlusuisaunisuaz aaunis
n U q LY U

o @

sy uenaniliudsesnuuu x, 919avgnifndieTBUURUYLALTBUIYRA IR

Fodrialunisida

awsumsmmmLLUsaamwwaqﬂmmmmmuaumaﬂuuluaumwns]aiv
‘Ui“EJﬂGiﬂl"ilﬂ':l’illiWUﬁ']u‘Vi'Nﬂmﬂﬂ‘iﬂ(ﬂii‘wa‘w’iﬁ]ﬂL‘ViiJ’quiJJ‘Vi?iﬂ IﬂEJLSﬁJT\]’mi]ﬂVILUUﬂ'iLSNmu
LLa’JﬁNﬂEJEJLﬂa'e)‘uEJ’iEJ‘\]'iﬂﬁ]ﬂ‘i’iu\ﬂﬂﬂ\iaﬂﬂﬂﬁu\‘lﬂﬂﬂﬂ wmmnuulnuumﬁiEivia'mmuwmsmi
ﬁwuﬁ‘ﬁ'msir'ﬂ*ui‘]auimmi,vim.,a:mqﬂlwuﬂisﬁmmwmu dramdeniTnsfiiiavetiney
éi’qinmmnﬂsmgn"iizﬁtia\i?iqﬁ?i‘imﬁmﬁaagimuﬁﬁum?iLLé’qﬂﬁmﬁ’mLUa\iL‘i‘Junizmui‘%ms
uAludeyvn a1 Bidatugnssu (genetic algorithm) nnﬁnﬁwﬁu‘iuﬂ A.A.1975 lae John
Holland, aaiiaaiﬂ (ant colony) ﬂnﬂnﬂu‘uuluii A.A.1992 1ny Marco Dorigo Waz3Sngu
YA pa[ticle swarm optimization) nnnﬂﬂwuﬂluﬂﬂﬁw% Ing Kennedy uas
Eberhart  dmiuinerinusatuifaginisesniuu SMES  Afasmsnsaudmiuri
wadgsnmszuulnihdaeisngueynia




23

2.5 F5nguaynia

JUT 2.14 dnwuzmsenfusgsuiuvesfslamisgsuniieniuvaienms (44-45]

Fdnguaynia (Particle Swarm Optimization) wislddedadn PSO (28], [46) Hu
Sanafumandinaaninlduilvdymiaimnzay JudusaneifumdsUszrnsdnguuuy
wilsfoynmalunguiszrnsiaudetulunmsudlalagm soniserfeismadimaneulag
Busuainmsdeansueseymarseynirlunguessuiveisannaugossmiundulng 3
fitinnnsdsunuunginasumsmemsvesilslamsersunduan dugud 2.14

Fenguaynialadnistiauslull a.e. 1995 1 James Kennedy - uay Russell
Eberhart Tneifusaneivuiiinisldsuiusgunivaty  Jegtudnguoumailsiily
UszgndldiunisuitiyminismAmingauiigs (Optimal  Solution)  Tuvans quausie
sudslgmszuviniiigs wu Tgwnisidendenduulwilasdfmaniasvgaans
(Economic Dispatch), Ugymimsauaslvivuizan (Optimal Control) YgymIn15anausy
syuulwids (Power System Planning) LLasﬁmummimﬁhﬁmmzaugu']

dufunssuaumsniefadaiiums (Operators) wesisndusynintoziiusane
Fuveansidouilunisirdeuiiiieuunasuiumisasiieslumeynianadeniiaglu
Funmisiiduagimunzannds. nasviuduvisresusazeyatpssivdsuniudoya
anmuwndenindsuiudaniudeyedldonnelunquimeiuies unseViausazaynA
aglusiumiimngauuasinaedounlufimmadioafuudiiesnganisuiudeuiiems
wmgansipdouiluiign deyavesusazoynaszysznaufsraudlumsuiuasy
Fumsnaiauntsi 2.16 wagariuisivivesoynandsusuAsudumiinuannisi

2.17

v,-(k+1) = w-v¥ +¢, -rand, - (Pbest, - x¥)+c¢, -rand, -(Gbest, - x¥) (@216
£ kg (D (2.17)
o k 1 P o ° ' o 5 o =
et v e audalumswasusiunieseynian i luseunsinnun k+1

k o < < [ ' = . ° o
V; A9 ﬂ']']iJLi’J'LiJﬂ’]‘JLUaEJUW]LL‘WUJ‘UBQEJH!H?’IVI i luseunsvinsun &
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I
I
|
i
Lk o d . q.- o
4 g fuvisveseunan i Tuseunsyinaudn k+1
k L=l 1 | R ] ]

A8 AMULNUITBIBUNIAN | lussun1svinaun &

l
'

: v p
® A9 AInANLaRE

<

€1, 5 fie AAsTiAnnss

rand,, rand, fe Faavguszndng 0 fis 1
Pb}zsti fio dumisiifigaveseynin i
Gbest; fio fumisifigaluyn 1 oynn

(k+1)

A =4 U d A Q ] 1
‘ﬂ"!ﬂﬂumi‘t’l (2.16) uansflanisusuanuii v iielUasusunuawasLiay

aunAmuBIAUsENaULIRRBNTasRUsznou 3 diu laun  diulsnusznaudeatiwiin

Aoy @ gaiuAaSIvesBYNIAY vE Gumsihlidmeuinaumainvanglifia
agiuAImaULANY muwaaqLﬂumummauaumﬂﬂiumLaqLwalﬁ'lﬂﬂmﬂwam JEY
L‘UiFJ‘lJLVlEJU?ﬂ’JLENIHUQQUUﬂUﬂ'}‘UﬂGEluﬂﬂﬂ‘VIGWIEWWIMWLLMUGfJﬁ]QUUM’iBﬂW%ﬂWaﬂLQW"I“‘W
\38n71 Phest, muaﬂmﬂLﬂuaaummauaunmﬂsvmmwmmmmaamLaa‘luﬂﬁ]wunu

AfiffigmveingueymafiGonin Ghest,  ludutesvauiiaesuasaunisi (2.16) fite

SendesAyssnoul@eliviu (Cognitive  Component) uazmengavieifeFuniy
aaﬂﬂsvnaumqmﬂu (Social Component) Tunmmdmauiiffiantiuusazessusenauves
aun'lﬂwlmﬂamwwmﬁmwmmmﬂum drunsausenoulalSvuunulseaunnselain
msﬂummﬁmwmLmauaumﬂ Tuvoifiesdusnauliedanuunuyszaunsaiatnnsfium
YOINGUBYNNA

ﬁaﬁuwé’nmsﬁugw%ﬁ%n&jmaqmﬂ Husanesiudewsevinsfiudeynindes 1
(Individual |Particle) woenguuszainsyhausaufuiisuilutinm  ddhaulaluidngy
aunA AeApuiSeuderesdanestiy  vilvnistlyldaueiuduluegadiussdniam
Sauamesneuiamevhaulugud 2.15

93Ut 2.15 uamsduneunisvhauresiingueyniadanusnesugldded

_ 1. },'%'mmmsﬁ’muﬂwwsﬂﬁLmai’L‘%'méfuLLé’W‘i'lmiejm‘hLmﬁqLLasmwméwaqaqmﬂ
lunguuszeing suvisveseyneilliivindy N dufuvuiavesiuustuiigmidosnis
AU ﬁaﬁ'u%uu'mwaaaqn”lﬂiu  Fflwashiu N vdsnduimsdudiada v

' [ & oo 1w 2 ' 2 & [ Lo 1 o
YDILAALDUNATILIUIUVNAU N Ay mmmLiau%Lﬂum'mstaumasmw{lu

,
YA ﬁqﬁgyﬁflLmﬁﬂmjwaqaqmﬂwmﬁaulﬂmrw‘hLmimﬁué"mmm%’a v

2. § msuszifiuataumanzanvesifindutmane (Fitness Function) 20dus
AzaYNIA mms‘dsumummnmmu‘uuaUﬂULLmauﬁmmmmwmm gaundIntudavi
nsRsauagadunsded
2.1 frumsngameseyma x* faifniAmnumnsaniifiigaveseyma
thuq FaSendn Phest (Personal Best Fitness) T¥hnnstufindraany

winzauuazsimiteynalily Poestt
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v 1 L7 o A 1
Tuaumﬂmaanqumusnmmmaumﬂulﬂléiﬂamﬂﬁ%'miqu
WS OUVIAIUIUMNAH AT UAIN UL ALY DILARE AR AULED

o ° e v (k-1)
\@onAmauNANgauLNunIY Phest

(k+1)

WA DsLAAYaYNIA V]

il ausageyAIAINENNTT

xi(k+l) ¢s xt(c 4 kD)

1 Y J ° L= (J dad
W’]ﬂ']‘W\Tfi‘UUﬂ'J'liJWiﬂJ’]ﬂﬂil‘Uax‘iLLG]ﬁSﬂ’m'eJ‘ULLﬂ']Lﬂaﬂﬂ’WlEJUVlﬂ‘Vl?jﬂ

unueney  Phest™

No

UANSYINNUY E

A L . aQ o a 1
UM 2.15 wwuradaneifiunevinuvesitngueynia
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v

U 7l 2.16 ﬂunﬁ'dsuuJauumtmuwaﬂsnauaumﬂ

2.2 c'i'mmmmmzamaaaumﬂ x* dA1dnIAtANg auwmwammmnau

aumﬂ '[umms'uuwnmwuwamqmﬂuh Tﬂmsamwmmmmmvaum
wamu‘umamw (Global Best Fitness) #3s Gbest

3. 'mmsﬂsummmmmuaumsw (2.16) way memtLUsmLmuwmaumﬂ
ANENNST (2.17) vraamnuummsﬂivLuuﬂ']ﬂ'numm.,aumnﬁwvmmnUssaqmwmb
udnduluvindrlusunaudi 2 sunsy MIASUTUMSINIIY Fudrneuiiidy Gbest! T
GRELINTERANY

'LumsUsULUaaummuwaoaunm 8 siundaUaquuludeiumslusiiilsen
anwmmﬂsuaaﬂmmmummmnmsmﬂwaua‘uamqnwmmLﬂaawummmwsunau
muam‘lusﬂw 2.16 uanmnuanwmdumsﬂsumaaumwuwansnauaumﬂumvu
SULLUUIF]N?IS’NWU%’W (Topologies) iddnyag 4 5ULLuumuam'LuiUw 217 mnsﬂw 2.17
i]“‘WUT]IﬂNaiNLLUU Gbhest ﬂv‘lwmmammmonmwﬂwam

mnaanaswmanﬁnauaumﬂavwmwmsmwuﬂmmLLUs‘maqmuwamawqmnssu
Tumsfumemey fafunistmussasussng 9 bifiawmnganiulymiudlvagede
'LumsﬂummmauLUuIUama:JUs"awsmw mvcs*uumma'(.umsmwummmLLUwamsnau
ayNALiTaLuY mmu

1) fnbineandes (Inertia Weight) 3o @ (Huiilddwsuanainuiives
aummwamurmmsmaauwuaqnau IS1@WT0DONUUUAT @ 'lwm'imaaumaqaumﬂ
annsniaunivasle muummwunmmmawmmvam m'lmnmmmauﬂasumwms
AUMIAIRBUIETIUAZAINDUINTBULLAT LA Tﬂﬂm‘lﬂwauwm-uaqmmwunmmmaEJ
wgnAMuAlisEnIe 0.4 §309  Vanden Bergh loinausliluiveniinugindrdosnis
qusmu’[vxmﬂmsammmmau‘uaanauaunmmsmﬂsumumunmmLaaa @ uay
AATiAIMILS ¢, ¢, Wllaruduiusioauntsi (2.18)

w>%(c,-—c2)—-1 (2.18)
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t o ] . 1 ] J
) ANAINAIIULST (Acceleration  Constant) 3eAAMLSY ¢, ¢, Fzilnase

N

UsgdvBamlunsmdmey visdlan ¢ Wumslinesi@suSvuCognitive Parameter) 14

Q e o | s a o k < ° dad ° t o
?I'TVITUﬂ'TWUﬂaﬂUm%ﬂWiLﬂu‘UﬂﬂauﬂqﬂVlLUuPbest,. Wiﬂﬂ']ﬂ@u‘ﬂﬂﬂ?!ﬂﬂﬂ\‘]ﬁ']LLVIU\?‘U‘\]?‘UU

v a o9 v v a o ) ' . o da
011 ¢ dnwnagilidumaiureseynindnisniaunda (Oscillate) Tusaugd ¢, Afien
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eimm‘?aaﬁwLﬁﬂlﬂﬁwﬂ-ﬁuuuﬁﬁaawmm 5 8ufiu MnNsIATEElnuanuIssuuile
Anwiiliaduresnisuniesenineiuiisauasslvus TuausninINNITUAT 958NN
Lﬂ?aaﬁwLﬁﬂﬁazjﬂmaqmaaLwiazﬁlhﬁluﬁa G1 MU G6 dmdnlnuainainnisunisveanias
rﬁ’wLﬁﬂﬁagﬂmaqmaqmazﬁjaﬁum%aﬁmﬁmﬁagjmsanawﬁuﬁa G1 iU G4 wag G4 fv G6
dmsusumiaagdnnuiivinganveansinge SMES WuAssuuRansanainnis
AATILALIRA (residue) WNUINUAT 1 LagRuifl 6 unvdmiuinss SMES [51] iield
'lumsﬁuaﬁusmwlﬁuds uulny SMES umazavilvunfida 40 kA, 800 MJ, 1000 MVA
[42] uanmnuammmmumuwmmﬂaum‘lwun SMES wagdliniasesinaises
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Tefl Kl s (5) W2 K5, (s) \usmuauraslafinves SMEST uay SMES2 iy

U 4
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J
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%
YUAUBINFI AR 9T
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Pi (S)J (52)

K gypsi(5) = l: KQi (s)

d s o o/ « [ U o L
e K (s) vay Ky (s) LfJummUqmmmaalwﬁmiau,asmaﬂvxlﬁmﬁaumummu

284 SMES fail iji=12

- : o a a wa 4 vo o o %
wepuazmnsensthluldnueidunsujifesdonldfemuniilasaady
o o 8/ 14 i U 4 </
AU n/avasdudunilsieauns

K, (1+T;s)
(I+7,s)

K, (s)= (5.3)

K,(1+T,s)
(1+T}s)

Ky(s)= (5.4)

d U o @ a 0 < & u d
lagh K, (s) uae K, (s) wnusmuauidsluinaiauasmasiwiadouves SMES faii
i3i=12 | K, ues K, Wudnswewdmvey T, 7,,T,, T, Wudwaamae duiy

wisineivesiamuauTaiiiomn 12 67

o | o 1Y ~T P
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1 1 -J dlc'll 1 & s
Avmmin ienuasaIalumeenuuuluiiiinennaimiinggnussananduiedidy
loudheduunilemeisnisussunaiwa (Pade approximation) feaunns
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SMES  Uszpeusediudnqlaun K, (s) uazK,(s) Hummuguidsininiouee




57
o w - ° o/ QU QU Q) A L A dﬂ g
Adsiwdadeunudidy, K, (s) Wudnivauszduussfuita u qailAnds SMES,
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auqlinagliudaluund 2 vade 2.3 wuudhassves SMES
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SMES laia
VOULUAGSE
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utees SMES Mdlumsfinunilldfasanienuiusidunmaioade Tavee
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sm0 sm_max
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13UN 5.2 vasensimmeniamiiiisdesdivwuudnassssuulwifisausMES
1 w (%] [ 1 :f' e)dy v a1 =t d v 1
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| § P <f [ LYY '] 2/ ac
ILABIAIATUANMUNNILAUININTANDUAUUDITEUY G'(s) n2878 balanced
realization| [27], [57] ‘

n=‘ [V ) LY U 1 . .

MFUN 5.4 LLﬂﬂ\‘IE]uﬂU‘UEJ\‘ﬁuUUﬁﬂ’QUﬂUL“?lEJ‘Uﬂ‘Uﬂ'] Normallzed Hankel Singular
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5.4 NM1588NUUUAIAIUANAMUAITTIU IFUD

Lﬁawwnamwmsﬁmuuasﬂ'mmmi'mwnmiﬁ‘amiejamﬂﬁﬂuwaa‘lﬂmﬂﬂ'wﬁ
Hlumsesnuuusmuay fuiulunisesniuummuaunmuieTsiminauedwmuaali
wiusuminanmemwhiviueunuulilassaiiedmom 4 6 un arwliuiveuluzuids
NSUINLALNNTUINKNAY (additive and inverse-additive uncertainty) wnuaultuiveud
\finaannistuasuulasanmnsvinuesszuy dudnassinfumliuiueulugidenis
Qmwnﬁmm‘fhu,asmaan (inverse-input and inverse-output multiplicative uncertainty)
Lmummlu'LLu'uauﬁLﬁmmnnmﬂé‘auuﬂawamamﬂ'sqmﬂmsﬁamimué’wﬁ’u91”\1LLam'lug*U
#1 5.6 ymsmauduiusseniredyainndd (Vas Vo) WEEdUQIUVIO0N (1, Uy,
yasudonaliwiveuiiiatulussuy yhlkannsadeuvdenlassunsulmifiuenudendi
wuailiniuauiiiatuluszuulidaunidlumenvesuning A Sndrunilssuszuy
G(s) wagfmuau K(s) Wmeiulumenvesaming M vitldlassadawesssuuiiu
MA Ui 5.7

&1 Inverse-additive
Uncertainty
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Uncertainty

Output

EEs W Inverse-input e il Inverse-output
Control Center Multiplicative Reduced Nominal Multiplicative
Uncertainty Uncertainty
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L S, -K§
Minimize (5.11)
SG S ||,
Subject to b 26 s T 2O s
Ki,mjn < Ki s Kl,max’ Tij.min < T;j < le,max i=1’2’ j=1’2
et S=(1+GK)",S, =(I+KG)", |.|. Wumesueiusd (nfinite norm) wes
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Re

X :Mode Before
Control
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RSMES1:
14+0.2239s
K. in=11i1-Theerd 5.12
n(s) 1+0.1653s 5.1
KQI(s)=1.11031+—°'9@ (5.13)
1+0.0213s
RSMES2:
1+0.9346s
K. (s)=9.0008=1 2208 5.14
n(8) 1+0.34725 22
1+0.7783s
K., (s)=1.8480="T 2115 5.15)
02(5) 14+0.52225 :

Tunsfinwlsirdmuauamuildluioudisutusanmuauiioenuuulagisaiu
[58] #ihiAnitouluafissamamuudlunisesnuuudinditormunnisoonuuuresrsng
wiuazdutdwesitasnduigafuiilieenuuuimaivaunmy - Jgudnmngas
dwiunseenuuummunnlasTiaaduniulunuauns (5.11) feil

Minimize T MR i Y b gl (5.16)
¢<C e 020 e
Subject ta [ | B AISK \T X /< THoT \ 1 =7 BRI N 1D

Wevitntsuntydgmeawvuiganlunisesnuuuiinivaulaeisauauazle
U a ¢ g u v ' eﬂl 1 lld 1 1 ”
ANN31ELAB I UBIRIAIVANRIAUNITA ATl UslY¥egadl CSMES  (Conventional
SMES)

CSMEST:
W ) = 65T 3 08 (5.17)
1+0.2242s
KQ,(S)=3.1575M2{ (5.18)
1+0.1787s
CSMES2:
E..(y=sangit tooshs (5.19)
1+0.1636s
K e 1 2 (5.20)

1+0.2783s
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5
O : CSMES

damping riatio 0.04
R Nt st i (R (L Sy * RSMES

4.5 ity

4 e S S— J
second mode. :
3.5 b i s e v T I TEp— 4
; 700 ms
3lsaig BESRR ISRt S B WL oot I N | S 4
Ty= 30Q ms -area mades

(n)

5 (b ) B ¥/
! Damping ratio 0.04 “‘ O CSMES

Second modé. TaEs | * : RSMES
S o NIRRT R fhl SN LY o]
Pﬁe.ﬂ‘l =3.0 pu ;‘ :

e 1= Ml

) " Pueri 1=6.4P)

=

Imaginary

(@)

< = < Y dl
JUT 5.10 nsindeunveslnunsiuviaedlnuniile
I d 4 1 1 4 1 o @ 1 4
(n) fnmswdeuwdasiiamiaelugag 300-700 ms. Aeiddliidsdne P, | = 6.0 pu

(@) Simswdsunasrmdslnindsinslugag 3.0-6.4 pu. ifuaamua 7, + 7, = 600 ms.
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i]"nmwwi'ml,mawmmmmum CSMES uay RSMES ild LiJ'e]U']ﬁJ'TJLﬂi']"MLWE]ﬂ
Fhmmﬂuimmaw*wwuw sedituinaslnunnnanse mu’[,un'imw 1 999szuulull SMES
(No SMES), ¥UUCSMES uag RSMES mﬂ,usﬂw 5.9 wuhazasluluunseiniuiives
5%UU CSMES Uag RSMES nnawlﬂaa”luwumanasmw D suiieenuuull drulvunawis
wumLa"hmesni“mwaas $UU CSMES uag RSMES aa’l,uml,muammﬂU'mu No SMES
uuuam'mmi“w CSMES i@y RSMES 1uumanimumamaaﬂwm LLa"LJJ'au'm"I’JLﬂi’]uW
Lﬁ'a@mtvumu,asaﬁma'aumiwmwaﬂwuﬂmmmassmquﬁ’luamusmimmamm 4
nsdifauandluntsedl 5.2 aewuinlunsdidl 1 550U No SMES 95i8nsduntsvtnesuas
anaseg s ITunaEioTawlunsdifl 3 was ¢ dmSuTEUU CSMES way RSMES 92
wiilunsgifl 1 szuuisaesidormuamuileanuuly  dwunsdd 2 was 3 NI MUIVBY
CSMES  9zanasagunIniuasvinadesawlunsdldl 4 s?iaasgma'l,éfan'mnﬁniﬁquLm
lumendufiudmunu RSMES annsosnuiatiosnmasissutluynnadiléidueged

o ‘ s ] 1 i a Vet [
AT 5.2 AL LLﬁS8915’1ﬁ'JUﬂﬂiVIUNIULLﬂaBﬂimmﬂﬂ AYINTIININIUVDITEUU

No SMES CSMES RSMES
naci . dndu , dnT1dIu . dmsdIu
ALY miWUIN ALY Mt o AL ﬂ’ﬁ‘Vl‘u"N
-0.0800 = 2.8456/ | 0.0281 | -0.2477 £ 2.8899; | 0.0854 | -0.3693 3 2.85887 | 0.1281
1 -0.1058 = 3.7778/ | 0.0280 | -0.2180 % 3.8200/ | 0.0570 | -0.2360 & 3.8666 | 0.0609
—O.(|)163 +2.7429i | 0.0060 | -0.1592 + 2.8546/ | 0.0557 | -0.2812 & 2.8400; | 0.0985
’ -0.1149 * 3.8098/ | 0.0301 | -0.2310 + 3.8610i | 0.0597 | -0.2518 % 3.9397; | 0.0638
0.0090 & 2,6530; | -0.0034 | -0.1213 * 2.7953; | 0.0433 | -0.2571 % 2.7617; | 0.0927
’ -0.0853 + 3.6673/ | 0.0232 | -0.2004 % 3.6999i | 0.0541 | -0.2225 +3.7835; | 0.0587
0.1309 & 2.1707; | -0.0602 | 0.0193 X 2.3613 | -0.0082 | -0.0450 & 2.2309i | 0.0202
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Alleyiation of Power Fluctuation in Interconnected
Power Systems With Wind Farm by SMES
With Optimal Coil Size

Mongkol Sacjia and Issarachai Ngamroo

Abstract—The kirge penetration ¢f wind power into intercon-
nected power systems causes fhie severe poter fuctuation in tle-
fines. To allevmie power Ructuation, the superconducting maguetic
energy storage (SMES).can be applied. Nevertheless, the installa-
tiow of SMES s quife.costly: Especially, the superconducting coil
size which is tlle vital part of SMES, must be carefully specifted.
This paper pmpoees 4 new opfimization technique of power con-
traller parameters and coil sizes of mul¢iple SMES units for alle-
viation of tle-lime power fluctuation in interconiiected power sys-
teras with wind fayms. The structure of active and reactive power
controllers ofSMES is the proportional-infegral (PI). Based on the
mintmization ol' the variance of tic:line power fluctuatton snd the
Initial stored Fnergy of A SMES unit; the optiinal PI parameters
#ud cofl size can be. autommically tugied by a particle swarm opfi-
riilzation, Simulation study: inthe West. Japnn intetconnected sys-
tems confirms that- the proposed SMES with optimal coil size is
atile to effectiyely and robustly suppress power fluctuation against.
various wind power patterns and heavy power flow levels.

Index Terms—Particle siwarm optimization, power fluctuation,
supercondticting magnetic cicrgy storage, wind power.

[
I L. INTRODUCTION
E CEN[I‘LY' the wind power penetration into power sys-
tems has considerably increased, because wind energy
is clcan, me:lxlmustlhle and eco-friendly. However, the wind
power gem.rzlxtmn may cause power fluctuation.in tic-lines and
eventually system instability. To alleviate power Quctuation, a
supemouduc;ing magnetic energy slorage (SMES) unit, which
is able 1o cxchange active and reactive powers rapidly with the
power wstcms has been successfully applied [1]. Nevertheless,
the iustallation cost of SMES is very high. Especially, the super-
conducting cml should be suitably selected. In [1], the selection
of suitable cqﬂ size has not heen taken into account in the design
of SMES poyver controllers. This cannot guarantee the optimal
coil size of SMES A SMES unit with optlmul coil size which
provides sati efactory stubilizing cffect, is highly expected.
This paper presents a new optimization technique of multiple
SMES units Y'vith optimal coil sizes for alleviation of power ffuc-
tuation in interconnected power systems with wind farms. The
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of publication December 09 20LY; date of crirrent version May 24, 2012: This
work was supported by tlie King Mongknt's Institute of Technology Ladkiahang
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Six-area interconnected power system with wind farms and SMESs.

Fig. 1.

proportional-integral (PI) structure is used for active and reac-
tive power controllers of SMES. The PI control parameters and
the coil size arc optimized so that the variance of power fluc-
tuation in tie-lines and the initial stored energy in & SMES coil
are minimal. Simulation studies in the six-area interconnected
power system with wind farms under different pattems-of wind
power and power flow levels are carried out to verify the stabi-
lizing effect of the SMES with optimal coil size in comparison
with the SMES with large coil size.

II. STUDY SYSTEM AND MODELING

A. Stedy Sy‘slem

Fig. 1 shows the 60 Hz six-area interconuected power system
of Western Japan [2]. The area capacity ratio of areas | to 6
(&1, G2,...,G6) is 20:13:7:40:7:33. Each area is represented
by the Sth-order generator model equipped with the Ist-order
exciter and governor [3]. The wind farms are located in area
1 and have the maximum generation capacity of 500 MW. This
results in the power fluctuation in tie-lines. The wind farms con-
sist of scveral different sizes and types. Due to the number of
wind turbines and the inertia of the rotating wings, the-wind tur-
bines with same characteristic can be sorted. It is assumed that
all sorted wind turbines reccive the same wind speed-or an av-
erage speed. Therefore, ell wind turbines can be modeled by a
single equivalent wind turbine or a single average active power
source [4]. To suppress the power fluctuation, two SMES units
are installed at bus | and bus 6 [1]. Each SMES has a specifi-
cation as follows; 10 H of coil inductance, 800 M of energy
capacity, 40 kA of rated coil current, and 1,000 MVA of ap-
parent power capacity [1]. The SMES with 10 H coil size will
be compared with the proposed SMES with optimal coil size.

1051-8223/526.00 © 2011 [EEE
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Fig. 2. SMES:modzl with-active and reactive controflers.

B. SMES 'Contml Scheme.

Fig. 2 shows thu SMES model with active dnd reactive power
(P — Q) controfs. In the model, X, pils) and Kgy(as) are the P
and @ controllers of SMESi (i = 1, 2) which are represented
by PI controlleras

Kpi {s) = Kpee(1+ (1/Tp:s))
Kqi(s) = Kqoi (1 + (1/Tqis)) @

where, Kpg; and Kgci are proportional gains, Ts; and T
are integral galm The input signals of P and @ controllers of
SMES] and SMES2 are active power deviation (APy.) and
reactive power deviation (A@q.) in a tie-line from bus 11 to
bus 1 line 11-1) and from bus 16.to bus.6, respectively,

In this. model' the effect of the SMES eoil current (L) is
considered, smce the dyriamic beliavior of I, significantly af-
fects thie overall lperfonnance of SMES. As stiown-in Fig. 2, the
coil cutrent mn;roller (K'rem(s)) can be exprissed by

KIum(s) | (KPR + 1/(T13)) Kem(Iam - Iuml)) (3)

where, Ly is: lhe initial coil current or the reference value for
the close loop control of Iy, K pr and K,q, are controller
gains, and T is a time constant. Both ., and Jomg are the per
unit value. Iy, ln cotrolled to be equal to Jumg by Krem ().
Iymo also implies that the SMES has already &t initial stored
energy in the coil. In practice, I, can be nteasured directly.
Besides, I, is/not allowed to reach zero to- prevent the pos-
sibility of dlswntmuous conduetion under unexpected, distur-
‘bances. On the conlruw high Ty which is-gbove the maximum
allowable limit, may lead to loss-of superconducting properties.
Based on the: hardwarc .operatiomal -constraints, the lower and
upper coil c.urrent limits are-considered and assigned as 0.30
Lymo and 1.38 I,mo, respectively [1]. Here, Lo can be calcu-
lated from the Power- -Energy-Current (PEI) block which has a
relation as

2By,

i .
dorm = IZ Yo - e “)
i om0 I’“"‘qum biise
B = [ Pt Sumtae )
X

where, L,p, is the SMES. coil inductatice (F), E,ye is the in-

stantaneous cnqu output (J), B, is the active power output
(), Ssmbase aNd Ly page are thie SMES MVA capacity and

m
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the. SMES rated current (A), respectively. Note tha, Som,base
and Iy pase Which are equal to 1000 MVA and 40 kA respec-
tively, are selected as the MVA base and the current base of the
power system. Using (4), the energy stored in a SMES unit E,y,
(J) and the initial energy stored E,mo (J) can be determined by

Eam = Eamo Eoue (6)
Elm(] =0. 5L I sm0-—-act M

whiere, Iymo—act(= Temo X Jom base) is the dctual value of the
initial coil current (A). Besides, the voltage controlleris

Ky (8) = Kvem(Vie — Vas) ®).

where, K7, is.tlie gain, Vi and V, are the reference. and
the actual voltages at the SMES bus, respectively. The desired
active and reactive powers (P4 and Q4) can be calculated by

Pd = VtuInmAP ®

Q4 =Vealan AQ (10)
where, V;, L, is the estimated apparent power output, AP and
AQ are the active power fraction and reactive power fraction,
respectively. Note that, AP is achieved by the combined output
signals from the control loops of coil current and active power
while AQ is obtained by the combined output signals from the
control loops of terminal voltage and reactive power. In Fig. 2,
P, and @, are the power outputs of the SMES converter
(CONY). The converter transfer function with time constant
T, can be represented by

CONV =1/(1 + T.s) an

‘For each SMES unit, the PI parameters in (1) and (Zj, L, and

Tomo—act in (7) are tuned by the proposed optimization.

[Il. PROPOSED PARAMETERS OPTIMIZATION

The objectives of parameters optimization are as follows.

1) To achieve the sufficient initial stored energy in the SMES
coil. The values of Ly, and Iymg—ace, in (7) are optimized
so that the initial stored energy i$ minimal and sufficient.
for alleviating the power fluctuation.

2) To attain the satisfactory stabilizing effect of SMES. If
the variance of power fluctuation in the line 11-1 is min-
imized, the power fluctuation will be alleviated. The var-
ance (Var) of time ser'ies data z is defined by [5)

Var{z} = —1 Z(:z:. -7)?
i=1

wliere, n is the number of data, x; is the time series data of
active and reactive power flows in the line 11-1 (Pyieqp—y and
Qtie11—1), % is the average value of the data, and i is the counter.
Accordingly, the multi-objective optimization problem can be
expressed as
Mxmmlze

12

le’-IsmO 3 Lsmz am0.2
+Var{Pyer1-1}+Var{Quic11-1}
subject to
(8) 1<K pg; < 20, 1 < Tr; < 30, (Range of control parameters)
(b) 1<Kqc; < 20,1 < Ty < 30, (Range of control parameters)
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(c) 1<L4mi < 10 H, (Range of coil inductance)
() 4<Jymo—i < 40 kA, (Range of initial coil current),i =1, 2
(13)
where, Lgmi is the coil ‘inductance of SMESI and 1, m0-.; is the
initial coil current of SMESi. In (13), the first and second terms
represent the initial stored energy of SMES] and SMES2, re-
spectively. The third and fourth terms are the variance of active
and reactive power flows in the line 11-1, respectively. The par-
ticle swarm optimization [6] is used to solve for all optimal pa-
rameters in (13)

IV. SIMULATION STUDY

The constant values of the SMES model in Fig. 2 arc given as
Kpr=40,Tr =04, Kypn = 1, Ky gm = 10. T.. = 0.01, and
Vio = 0.95 pu. The parameters optimization is carried out when
Prie11..1 = 2.5 pu and the wind power case | as shown in Fig. 3
is applied to the system. Fig. 4 shows the convergence curve of
optimized parameters. Here, the SMES with optimal coil size
is compared with the SMES with Ly, = 10 Hand I, 0 =
25.51 kA [1] which is optimized by the third and fourth terms
in (13), and constraints (a) and (b). Consequently, the optimized
results are given in Table I. After optimization, both L,yn; and
Ismo-i of SMES with optimal coil size are less than those of
SMES with 10 H. This indicates that the lower initial stored
enemy is required for SMES with optimal coil size.

The stabilizing effect of the SMES with optimal coil size is
evaluated under three cases of wind power pattern as illustrated
in Fig. 3 and P11 = 2.5 pu. Fig. 5 depicts the power devia-
tion in the line 11-1 for wind power case 1. Without SMES, the
power flow severely fluctuates. On the other hand, a SMES unit
with cither optimal coil size or 10 H coil size can suppress power
fluctuation considerably. The stabilizing effect of the SMES
with optimal coil size is almost the same as the SMES with 10
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TABLE I
OpTIMIZED PARAMETERS RESULT
Type of SMES Optimized Parameters

Kpy(s) =4.2370(1 + (1/18.5113s))
SMES| K (5) = 9.0487(1 +(1/19.5087s))

SMES with Lo IO, gy = 253 1RA
10H coil size Ky (£) =8.2029(1+(1/17.44345))
SMES2 K () = 4.1099(1+(1/16.05635))

Ly = 10 H, Iy 1= 25.51 kA
K,,l(.v)= T H464(1 +(1/12.53865))
SMES1 Koy (8)=7.0749(1+(1/23.71855))

SMES with Lowy =498 H, [0 = 2064 KA

optimal coil size Ky (s) = 12.3548(1 « (1/15 86255))
Koz ts) = 5.1728(1 +(1/20.38875))

Loma =385 H, Iog 2 =21.04kA

SMES2

No SMES

w—— SMES with lOH coil size
SMES with optim unl size

11-1 deviation (MW)

400 500
Time (s)
Fig. 5. Active power deviation in the line 11-1 for wind power casc 1.
100
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Fig. 6. Active power deviation in the line L1-1 for wind power case 2.

H coil size. For wind power cases 2 as depicted in Fig. 6, the
stabilizing effect of the SMES with optimal coil size is hardly
different from the SMES with 10 H coil size.

Figs. 7 and 8 show the coil currentdeviation (Jgm—i — Lemo—i,
i = 1,2) for wind power case 2 of SMES| and SMES2, respec-
tively. Clearly, the coil current deviation of SMES with optimal
coil size is larger than that of SMES with 10 H coil size. This
is due to the fact that the SMES with a smaller coil size has to
exchange the larger amount electrical energy with the system.

Fig. 9 illustrates the distribution function [5] of Pyie11—1 for
wind power case 2. The distribution functions of SMES with 10
H and optimal coil size are almost identical. On the contrary,
the distribution function in case of no SMES has a lower peak
and spreads out from its mean value farther than those of both
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SMES cases. This signifies that the spread of power fluctuation
from its mean value in case of SMES with 10 H and optimal coil
size is lower than that of no SMES.

Finally, the variance of Pyj.11— for wind power case 3 when
the initial Pyie11-1 gradually increases, is shown in Fig. 10.
Without SMES, the variance dramatically increases. On the
other hand, the variances of SMES with 10 H and optimal coil
size hardly change. This implies that the SMES with optimal
coil size is very robust against the heavy power flow levels,
like the SMES with 10 H coil size.
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Although the initial energy storage values of the optimized
SMES (0.852 GJ + 1.061 GJ) in Table I is very high, the imple-
mentation of such storage level is possible for nowadays tech-
nology. As an example, the total energy stored in the magnet of
the Large Hadron Collider (LHC) which is the world’s largest
and highest energy particle accelerator developed by the Euro-
pean Organization for Nuclear Research (CERN) (7], is 10 GJ.
In addition, the International Thermonuclear Experimental Re-
actor (ITER) plans to complete the JT-60SA (8] and ITER-CS
[9] projects of superconducting coil with stored energy of 1.5 GJ
and 6 GJ in 2014 and 2015, respectively.

For the costs of SMES, they are cstimated as 1970 USD/AW
in the 100 MW/500 kWh SMES case [10]. These costs include
capital cost and operating cost for 30 years. If the | GWh class
SMES system is composed of several middle class SMES sys-
tems, the capital cost of SMES can be reduced by the effect of
mass production. Morcover, the SMES can be applied to solve
other power system problems such as frequency control, power
quality, load fluctuation. and load leveling ctc. Accordingly, the
proposed SMES with optimal coil size is very challenge for
practical realization.

V. CONCLUSION

A new optimization technique of muitiple SMES units with
optimal coil sizes for alleviation of power fluctuation in inter-
connccted power systems with wind farms has been presented.
The optimal control parameters and coil sizes of SMES units can
be achicved based on the minimization of a variance of power
fluctuation and an initial stored energy in a SMES coil. Simula-
tion results clearly confirm the control effect of the SMES with
optimal coil size. The proposed optimization not only creates a
practical controller with high performance for SMES, but also
makes a SMES unit more ¢conomical. A SMES unit optimized
by the proposed method can be expected as the smart storage
device to handle the large wind power penetration into the fu-
ture power grid.
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[tis well krnown that the supercondutting coil is the vital part of a superconducting magnetic energy stor-
age (SMES) unit. This paper deals with the power controller design of a SMES unit with an optimal coil
size for stabilization of an isolated microgrid. The study microgrid consists of renewable energy sources

Keywords: with intermittent power outputs l.e.. wind and photovoltaic. Since power generations from such renew-
Superconducting magnetic energy storage able sources are unpredictable and variable, these result in power fluctuations in a microgrid. To stabilize
Microgrid power fluctuations, a SMES unit with a fast control of actve and reactive power can be applied. The struc-

Renewable energy sources

Particle swarm optisization ture of a power controller is the practical proportional-integral (Pl). Based on the minimization of the var-

iance of power fluctuations from renewable sources as well as the initial stored energy of SMES, the
optimal Pl parameters and coil size are automatically and simultaneously tuned by a particle swarm opti-
mization. Simulation studies show that the proposed SMES controller with an optimal coil size is able to
effectively alleviate power fluctuations under various power patterns from intermittent renewable

sources.

@ 2011 Elsevier B.V. All rights reserved.

1. Introduction

Nowadays, the international community recognizes the critical
problem of energy shortage and global warming. Therefore, many
countries endeavor to utilize  environmental friendly renewable
energy sources, such as sunlight; wind and geothermal heat for
electric power generations. Such renewable sources are suitable
for power generations in the remote areas which are not connected
to the utility grid. Particularly, wind and photovoltaic (PV) power
generations are considered economically for supply of electrical
energy to a small isolated power system or a microgrid [1] where
the wind speed is considerable and the solar irfadiation has a good
level [2].

However, wind and PV are very intermittent in nature. The
power generations from wind and PV may cause a serious problem
of power fluctuations in a microgrid [3). To alleviate power fluctu-
ations, a superconducting magnetic energy storage (SMES) unit,
which is able to supply/absorb active power and reactive power
rapidly, can be applied (4]. Nevertheless, the installation cost of
SMES is very high. Especially, the superconducting coil size which
is the important part of SMES, should be suitably selected. A SMES
unit with an optimal coil size which provides satisfactory stabiliz-
ing effect, is highly expected.

* Corresponding author. Telffax: +66 2329 8330.
E-mdil address: samongkol@gmail.com (M. Saejia).

(1921-4534/$ - see front matter © 2011 Elsevier B.V. All rights reserved.
doi: 10.1016/j.physc.2011.05.200

This paper proposes a new power controller design of a SMES
unit with an optimal coil size for stabilization of power fluctua-
tions in a microgrid included with intermittent wind and PV power
generations. The structure of a power controller is the practical
proportional-integral (PI). Based on the minimization of the initial
stored encrgy of SMES and the variance of power fluctuations gen-
erated from wind and PV, the Pl controller parameters and the
optimal coil size of a SMES unit can be automatically tuned by a
particle swarm optimization (PSO) [S]. Simulation studies under
various patterns of wind and PV power are carried out to verify
the stabilizing effect of the designed SMES with an optimal coil size
in comparison with the SMES with a large coil size.

2. Study system and modeling

The study microgrid system in Fig. 1 consists of a 20 MVA diesel
generator, a 4 MVA wind power, a 1 MVA PV, and a 10 MW load
[6]. In general, the power capacity of all sources is designed to be
greater than the load power. Under any operating conditions, the
load power may vary below the maximum capacity. The diesel
generator which is a synchronous generator is represented by a
3rd-order model. It is equipped with a simplified 1st-order auto-
matic voltage regulator and a governor. The wind and PV power
generations at bus B3 are modeled by the random active power
source [3]. In order to alleviate power fluctuations from wind
and PV, a SMES unit is installed at bus B3. Fig. 2 shows a SMES
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Fig. 2. SMES control scheme.

model with a simultaneous active and reactive power modulation
control scheme [7].

In the model, Ky(s) and Kq(s) are active and reactive power con-
trollers, respectively, which are represented by a PI controller as

K3 (s) =Kpp(1 *Tlp—s) (1)

Ko(s) = Kpq (1 + r%s) 2)

where K> and K;q are proportional gains of active power controller
(P controller) and reactive power controller (Q controller), respec-
tively: Tp and Tjq are integral gains of P-and Q power controllers,
respectively. The input signals of P and Q controllers are active
and reactive power deviations in the line 2, respectively.

As shown in Fig. 2, Kign(s) which is the SMES coil current con-
troller, can be represented by

Kin(s) = (Krn 4 1) Komllim ~ i) @)
where Ky is the proportional gain; T is the integral gain; K, is a
SMES coil controller gain; fin is a SMES coil currents (per unit:
pu); Lmo is an initial value of SMES coil currenits {pu). In the SMES
model, the effect of Iy, is considered, since the dynamic behavior
of Ism significantly affects the overall performanice of SMES. In prac-
tice, Ism is not allowed to reach zero to prevent the possibility of dis-
continuous conduction under unexpected disturbances. On the

other hand, high lsm which is above the maximum allowable limit,
may lead to loss of superconducting properties. Based on the hard-
ware operational constraints, the lower and upper coil current lim-
its are considered and assigned as 0.30/;0 and 1.38/y,,o respectively
[8]. Here, Ly can be calculated from the Power-Energy-Current
(PEl) black which has a relation as

oo\ TR AT =
Eoue = /Psmdf * Sembase ®)

where £qy, is the SMES energy output (J); Ly, is the SMES coil induc-
tance (H)i Limpase is the SMES current base (A); P, is the SMES ac-
tive power output (pu) and Sy pase is the SMES MVA base. Using
Eqs. (4) and (5), the energy stored in a SMES unit (E,,) and the ini-
tial energy stored (Esmo) can be determined by

Esm - E‘mﬂ X Eml (6)
Esno = (1/2)Lamling * fmpase ™
Besides, K\(s) which is the voltage controller, can be represented by
KV(S) = Kvx.m(Vm \ Vts) (8)

where Ky, is the controller gain; V,o is an initial value of a terminal
bus voltage of SMES unit (pu); and V, is a bus voltage of SMES (pu).
The desired active and reactive power output of SMES (P4 and Q4)
can be expressed as

Py =VelimAP ©®
Qi = VilinAQ (10)

where AP and AQ are the active and reactive power fractions,
respectively. The SMES active and reactive power outputs (Py,
and Qsrm) are the output of the SMES controlled converter (CONV).
The converter with time constant T, can be represented by

CONV = 1/{1 +T¢s) (1m
3. Proposed control design

The control design objective is to obtain a SMES unit with a
sufficient stored energy and a satisfactory stabilizing performance.



“To achieve both objectives, thie design concept cai be explained as
follows.

1. Since the initial stored energy of SMES :is determined hy
(1/2)loulieq. 10 achieve the sufficient initidl stored energy of
SMES, L al1d ki are optipiizéd.

2. To enhance|the stabilizing- performance. the varjance of power
fluctuations from: wind and PV-figwer in gline'2 is considered.
If the variax?ce of. power:fluctugtions:can be minimized; power
fluctuations will be ireduced. &s given- in: [9). -the variance of
time series‘datd is defified by: ’

(12)

; X s theaverage va-
lue, i is the counter Here. x5S the time-series data-of active and

Based o the atiove concepty a:coil.size; an initial-coil current
and PI parameters are optimized simuiltaneously by the following
optimization' problétii;.

Miiitize 2L41% + VAriance(Fs, 0z (13)

‘Subject 10 K < K < Kinaxy. Tt < Tip < Frnax,y

K“m];\I <'K_'pq' < Km, Tm!n< T,’Q < Tm“

1 <l < 10H1.5 < fima < 3.5KA

Inthe-obijectivefunction:£q. (13); the first term represents the
initial stored- energy Gl SMES-whith is a-Tunctioh:of a coil induc-
tance and ai nlntial coll current. The second: termi- is a variance of

ive- (P; am‘l Qz) respec-

aitt of the: Pl controller,
uov and maxxmum values

mum valuas of e proportiona
‘respectively;: T un and.1are the m
of the. integral gain-of CONLT
tion procedure]| using:B50.[5]: can be: dcscnbed as follows

Step-1. Generate the objective
Step.2. lmuahze a populatmn of the parhclesthh random posi-
tions-and velocities.
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Step 3. Evaluate the objective function for each particle when
the. wind and PV power pattem in a line 2 of case 1 is. applied
to the system as shown in Fig. 3.

Table 1
SMES parameters.

Base values: Synpasy = 2 MVA, Vigsy = 480 V, Lipose #4.17KA
Ken= 40, Ty = 04, Kuy = 1.0, Kiyen = 1.0, To = 001, Vo =095 pu

Table 2
Optimization result.

Type of SMES Lim  hmo P controlfer Q controller.
H W e T Ka T

253927 03060 16.1532 0.1743
245282 00136 160862 0.0416

SMES with 10 H coil size  10.00 1.83
Proposed SMES withan  3.98 291
optimal coil size
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Step 4. Update the velocity and position of particle and increase
the iteration.

Step 5. When the maximum number of iterations is arrived,
stop the process. Otherwise go to step 3.

4. Simulation studies

Simulation studies in the microgrid shown in Fig. 1 are carried
out to examine the performance of the designed controller of a
SMES with an optimal coil size. The SMES parameters are shown
in Table 1. In the optimization, the parameters of PSO are set as fol-
lows: Kmin=1, Kmax =30; Tuin=0.001, Tiax = 1, PSO size = 25,
maximum iteration = 100, the maximum and minimum inertia
weight factors are set at 0.4 and 0.9 respectively. As a result, the
optimized parameters of a SMES with an optimal coil size are given
in Table 2. Note that, the SMES parameters are optimized by the
off-line tuning which took about forty mihutes per round. As a re-
sult, the optimized controller paramieters are fixed during any
operating conditions. Accordingly, the proposed SMES control can
be implemented on real time.Based on Table 2, the initial stored
energy of a SMES unit can be calculated from 0.5Lnl, =
0.5 x 3.98 x (2.91)* = 16.81 M). The designed SMES is compared
with the SMES with the same initial stored energy. The inductance

2
Case

Fig. 9. Variance of the active power flow in a line 2.

of the compared SMES is suitably set at 10 H. Thus, the initial value
of a coil current is equal to 1.83 kA. The Pl parameters of the com-
pared SMES are optimized by only the second term in Eq. (13). This
compared SMES is referred to as “SMES with 10 H coil size*, Con-
sequently, the Pl parameters of a SMES with 10 H coil size are given
in Table 2.

To evaluate the stabilizing effect of the designed SMES; three
cases of wind and PV power with different patterns dre generated
as illustrated in Fig. 3. To make clear about the dynamic character-
istic of the system, 300 s of simulation results are shown.

For case 1, the active power flow in a line 2 is depicted in Fig. 4.
Without SMES, the power flow severely fluctuates due to the ran-
dom power from wind and PV. On the other hand, a SMES unit with
either an optimal coil size or a 10 H coil size, can alleviate power
fluctuations. Nevertheless, the stabilizing effect of the SMES with
an optimal coil size is higher than that of the SMES with 10 H coil
size.

Figs. 5 and 6 show the active power output of SMES and the coil
current in case 1, respectively. The coil current of SMES with either
coil size fluctuates in its allowable limit (0.30/smo < fsm < 1.38l5mo).
It can be observed that the fluctuation of an active power output
and a coil current of a SMES unit with an optimal coil size is higher
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than that of a SMES unit with 10 H coil size. This is because the fact
that the SMES with a smaller coil size has to exchange the same
amount energy with the system by the larger coil current. Besides,
in cases 2 and 3 as depicted in Figs. 7 and 8 respectively, the
proposed SMES with an optimal coil size still shows superior
damping effect over the SMES with 10 H coil size.

Finally, the variance of the active power flow in a line 2 is
shown in Fig. 9. The variance in case of the proposed SMES with
an-optimal coil size'is less than that of the SMES with 10 H coil size
under any wind and PV power patterns. These study results signify
that even two SMES units have the same initial stored energy, a
SMES unit with a larger coil size cannot show satisfactory stabiliz-
ing effect as the proposed SMES with an optimal coil size.

5. Conclusion

A new design of a SMES controller with an optimal coil size for
alleviation of power fluctuations in the microgrid has been pre-
sented. The practical Pl structure is used for active and reactive
power controllers. To obtain the optimal PI parameters and coil
size, the optimization problem based on the minimization of an

initial stored energy and a variance of power fluctuations has been
solved by a PSO. Simulation results clearly confirm that the stabi-
lizing performance of the proposed SMES controller with an opti-
mal coil size is much superior to that of the SMES controller with
large coil size under various patterns of wind and PV power
generations.
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dfetabile network structures, may deteriorate the-wide-area stabilizing cantrol effect. To avercome this

probleni, tieinverse Input and output multiplicative model is propased to represérit unstructured-uireer- -
talficies due to system operations and communication delay in the robust centralized damplng controller

design of superconducting magnetic energystorage (SMES) based on WAMS. The'structure of centralized

conitraller for SMES Is:thie pract¢al 1st-order leadlag cormpensator. To autematically cune ttié coritrol

pArameters, the optimization problem based on the enhancement of damping performance.and system

robuststability margin Is achiieved by.particle swarm optimization. Simutation studies in the:WestJapan

six-arexinterconnecteil system confirm that the proposed robust SMES centralized centraller is superior

16:the conventional SMES eentralized controller in terms of damping performance and robustmess against

system and-time delay uncertainties.

© 2010 Elsevier B:V. All riglhits reserved.

1. Introduction

At present: jthe:wide-area disturbiari¢ss wnd to occur in many
im.erconnecte‘c[lépovmr»systems.zroﬁnd'xhewaﬂ d [1,2]. Such distur-
bances:not-only.cause the undamped inter-areapower oscillations,
but also resdltiin thie cascade trippirig:afid the partfal or complete
blackouts. To.overcomethisproblem,muchattention had beertpatd
to thew{d'e'.-ar'féa imonitoring systetmn (WAMS) biased on the phasor,
meastirément unit:( PMU) syhichtonized by:global position system
(GESY[3].

jE_spieéiallyg-l;he. wide-atea stabilizitig conttol. dpplication has
been-successfeilly performed-by:power system stabilizer [4]; flex-
ible ac transrﬁi‘ssion‘.sysﬁtem_s devices [5], and high voltage direct
current trafistiission [6]. Among of the stabilizing devices, super-
conducting magnetic energy storage {SMESY has been expetted as
a smart starage device. With propgt conirol, an SMES is able to
supply and absorb active antl teactivé-power quiickly and sirmulta-
i [he authors fraveproposed the SMES control based on
‘PMU. otiteonsideringtine delay todampout
the inter-ares}bscfillétions intheintetcotifiected power system [8].

‘However, ilt has been found that the communication delay in
widé-area stabilizing control may cause ttie system instability

+ Corves p,ondh‘lg author, Te): +66.23264550; fax: 6623264550
E-nriol] atifress: samongkol@gmail.com (M. Saéjia).
i
0373-7796/S- se"e_ front matter© 2010 El‘sevle‘r'{w:.ml‘rlghts'reserved.
doi:10.101’6/1?(5}1??.2010:“;013 ’
l

[9.10}. Accordingly, the time delay bas been taken-into account.in
the design of power systemn damping controlter [10-12]. Never-
theless, the controllers in these works have been designed: baged.
an the single value of time delay. As a result, when the:time. delay
deviates from the designed value due to various operating condi-
tions; the uncertainty in time delay may deteriorate the stabillzing
effect of the designed controller, Additionally, unpredictable net-
work configuration, various generating and loading conditions etc.,
cause system uncertainties. The damping controller designed with-
out.considering such uncertainties may fail.to damp out the power
oscillations. )

To tackle-the above situation, this paper proposes theinverse:
input and output multiplicative model to represent unstructured
uncertainties due to communication delay and systém operating:
conditions in the robust centralized damping controller design-of
SMES based on WAMS. Here, the practical 1st-order(¢ad{lag com-
pensatoris selected as thestructure of centralized controller. Based
ontheproposed uncertainty model, the parameters optimizationof.
theleadflag compensator can be formulated based ontheimprove-
ment of systern robust stability margin and damping performance.
Solving the problem by particle swarmoptimization(PSO). the opti-
mal control parameters can be obtained. Simulation studies in the
six-area interconnected power system have been carried out:to.
confirm the suparior robustness of the proposed SMES.controfler
against systemn and tirae delay uncertainties in cormparjson to the
conventional SMES controller.
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Fig. 1. Six-area interconnected power system with centralized control of SMES.

2. Problem formulation
2.1. Study system

The study system represents the 60 Hz six-area interconnected
power system of Western Japan [13] as depicted in Fig. 1. The area
capacity is 20:13:5:6.75:4016.75:33 with 1000MVA base. There-
fore, the total system capacity is 120,000 MVA. For two SMES units,
the total capacity is 2 x 1000 = 2000 MVA: Note that the capacity of
two SMES units is equivalent to 1/60 of the total system capacity.

Each transmission line is.double circuit. Each area is described
by the Sth-order synchrorious genérator model. A simplified 1st
order of automatic voltage regulator and governor are equipped
with each generator.

Based on modal analysis results in Ref. [13], there are two domi-
nantinter-area oscillation modes with poordamping in this system.
The first mode is associated with the oscillation between both
end generators (G1 and G6) while the secorid mode is assoclated
between both end and middle generators (G1 and G4, G4 and G6).
By the residue methiod in Ref. [ 14], areas 1 and 6 are selected as the
suitable location of SMES for stability enhancement. The capacity of
SMES is given in Table 1 [8]. [n addition, two PMUs are installed at
buses 11 and 16 to measure active and réactive power deviations
in a tie-line from bus 11 to bus 1 (APge111. AQye1q.1) and from
bus 16 to bus 6 (APgier6.6. AQsie16.6)- These power deviation signals
are transmitted to control center with the received time delay Ty;.
After the controller processing, the active and reactive power con-
trol signals (Pegi, Qcgir =1, 2) from control center are sent to each
SMES unit with the transmitted time delay Ty Normally, it is bet-
ter and more accurate for control center to use voltage and current
samples than power, Since the SMES model adopted in this paper

Fea [AI’ (] ]
Dem 81«

B Powe S, .[AP"""] Time
i e |40 gy
(7‘(:)

Fig. 2. Feedback control systemn with tirne delay.

uses the active and reactive power deviations as the input signals,
the power data are used for control center, The calculation time
of pawer data is assumed to be included in the time delay. In this
work. it is assumed that the data transfer is performed by satellite
communications. This time. delay is included the communication
link and processing time which has about 200 ms for one way (Ty)
[9]-

2.2. Systent niodel

The system in Fig. 1 can be represented by feedback control sys-
tem with time delayas depicted in Fig. 2. G(s)is the transfer function
of power system with SMES. K(s) s the transfer function of the cen-
tralized conwroller located at the control center which is defined
by

¢
Ksmes1(s)
K(s)= 1
&) lemssz(S)] M

where Koves1(s) and Kouesa(s) ate the power controller of SMES1
and SMES2, respectively. Besides, Ksyps($).1= 1,2 consists of power
controllers as

Kswsi(s) = [,’ﬁgﬁ” @)

where Kp(s)and Kgi(s)aretheactive and reactive power controllers.
respectively. The structure of each power controller is the 1st-order

Fig. 3. The SMES model and control scheme.
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Table 1
Capacity of a SMES{unit.

Power capacity ={1000 MVA, energy capacity =800 M}, rated voltage =25 kV, rated current =40kA, inductance = 10H

Iy —-Full-order 62th-order
y Reduced=drder:20th-ordér]
3

Magitude (d3)

Frequency(radlsec)

Flg.4. Fr'erenwfre'spo'nse’of fuill-ordér and!feduced-ordersystems.

Iead/lag compensator as

ooy Kl + Tirs) p
Kpi(s) = '1+;Tr25) (©)]
oy Kg(1%Tas) ,
%= T &

where Ky and:Kp are controller gainsand Ty, Tz, T, Ty ave time
constants. Totally there are 12 control parameters for two SMES
unifs, All parainéters are optimized by thié proposed method. The
fnput signals-of Kp{s) and Kg(s) are:the.active and reactive power
deviations in the corresponding tie-line, tespectively.

As stiown in Fg. 2; the time délay efféct can be represented
by e-Tes, where Ty is time delay: Here; the time delay term Is
approxlmatedlby Pade approximation.which.is represented by the
1st-order,poly{nomial as

1 o, L (Taf2)s

[l - 5
T 2
As. mdlcated in Fig. 2, G(syis thetransfer tunction of the system

embedded with the time delay efféct:

2.3. SMES model

The SMES model with simultaneous dttive and reactive power
medulation-control as shownin Eig. 3 is usediin this stady [8]. The
lnput signals éf each SMES unit are sent from. the control center. In
thie SMES mogel Kifs) is the bus voltage controllet and K (s) is
the coil current controller.

I

24, Model reduction-

As stiown ji Fig. 2; after both time delay terms are integrated
into- the power system mode! G5) with SMES; the order of the
ovetall system G(s) is 62. Herg, G(s) is défined as the nominal
plant medel lpcluded with comniiinication delay. To simplify:the
parameters optnmlzatlon of centralized controller, the balanced
tealization [15,16] is applied toredice tlie order of the system.

The approbnate reduced order is a. user-speuﬁed quantity that
determines the trade-off between accuracy and complexity. The
accuracy of the reduced-order systern can be evaluated by com-
paring the frequency response between the full-order system and

Flg 5. Feedback control system with inverse input and output multiplicative:per:
wurbations.

the reduced-order system from the plot of frequencyrresponse In=
this case, the order of reduced model is selected-at: .
nominat plant model is-reféired to as G4(s). The:pléts
responseof 20th-order system-and the ruﬂ-order “syste
trated in Fig. 4. There are two dominant modes in the vi¢!
the inter-area-oscillation frequency. Clearly, the first did
dominantinter-area oscillation modes of the reditced.order moidel.
have the same oscillation frequency and magnitude as these:of ¢he:
full order model. The resonarice frequency of both reduced atid frifl
model occurs.at about 2.9 and 3:9tadjs, respectively.

3, Proposed robust controller design

Since the ¢ommunication delay and systemn. operaling :
ditions can. be varied from the narmal operating poifit, these:
unstructured uncertainties can. be represented. by ‘Apgy and m
at the input arid outpuit of-G4(s) a5 shown in Fig.
Agr and Ap are defined as the inverse multiplicative:input: and
output perturbations, respectwely (15]. Note that wnh t exact:

theorem. the wbus_t stability condltlon agamstall poss]ble sys Jul
uncertainties is given by

|+ K@)+ Bpaf~" {emTsGis)e=Tat} (1 + p] || > 0 (6)
then,

1 "

Aty <= {2
” f"ea []‘I+.L(s)";1

where A, Is the all possible system sncertainties:

(Ap=Ap + Appy + Ay App) and L(s) = K(s) g e ThEg(s)e~Tus
Theright hand side of (7) implies the size of systertiund

or the robust stahlhtymalgln against system uncerta

imizlng ]]I + L(s)" , the robust stability margin of the ¢ld

systemis a maxlmum This concept can be applied to formiutate: tﬁe

optimization problem as

Minimize “I + [(s)"oo

Subjectto § = Lpecs. T = Ospec (8)
Kimin < Ki- < Ki maxs Tjmin < Ty < Tipmaxs b
i=1,2 j=1,2

where ||l is the infinite notm of transfer function, § and fsptc
are the actual and desired damping ratio of the dominait:ii
area modes, respectively: o and oige. are the actual: desired
real part of the efgenvalite corresponding to the dor
Kimax and Kimig are the maximum and minimum conerollé gains;
respectively; Tyma and Ty m, are the maximum. and. minimum
time constants, respectively. The optimization objective isTiotonty.
to Improve the robustness of the controller but also to-mave the;
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Fig: 6. (a) D-stability region and (b) Eigenvalues corresponding to local, inter-area and exditer modes in case 1.
dominant inter-area modes to the D-stability region as illustrated & 1+40.7336s
in Fig. 6(a). This optimization problem is solved by PSO [17]. Ky(s)~ 15628 1+0.0254s (9]
RSMES2:
4. Simulation studies R 1 +0.9066s
For parameters optimization by PSO, the design specification Z 1+0.9361s ;
and range of search parameters are set as follows: {spec=0.04, Kaals)= l'“341 +0.6487s (12)

Ispec == 0.1, Kimin = 1.0, Kimnax =10, Ty mia = 0.001 and Tjjimax = 1.0,
number of particles=24, maximum iterations= 100, accéleration
factors =2, and the minmimum and maximum ifiértia weights are set
at 0.4 and 0.9, respectively. The optimization is carrled out based
on the normal operating condition in case 1 asdescribed in Table 2.
The uncertainty handling information given in Table 2 consists of
four itemns as follows.

—t

. Uncertainty due to power flow in a te<}ine 11-1. This can be
shown by the tie-line active power deviation (APyeq.1) from
the normal power flow.

. Uncertainty due to communication time delay (ATy). This s the
deviation of time delay from the initial time delay. In this paper,
the initial time delay is set at 200ms.

N

The robustness of RSMES is cornpared with the SMES centralized
controller designed without considering the robustness which is
referred as “CSMES”, The CSMES is desigred to yield the damping
ratio and the real part.of the dominant inter-area mode same as the
design specification of RSMES. The optimization problem of CSMES
is formulated as (18]

Minimize J = Z [tme=¢]+ > fope -]

$xmpac oXopic
Subject 0 Kimin < Ki S Kimaxs Toruin STy < Tomaxs i=1,2, j=1,2
Note that, the objective of the optimization problem {13) is
to move the dominant inter-area oscillation modes to D-stability
region as shown in Fig. 6(a). Solving (13) by PSO, the CSMES cen-
tralized controllers are obtained as

(13)

3. Uncertainty due to the network structure. CSMEST:
4. Uncertainty due to the applied disturbance. . 1 40.7485s
Kn(s):—.b.5273ﬁ0_22425~ (14)
As a result, the robust centralized controllers-of SMES which is . 1571 +0.:70225
referred to as “RSMES”, are obtained as Kai(s)=3. 751 +0.1787s (15)
RIMES1: CSMES2:
1+0.3529s 1+0.9338s
Kpi(s) _6.7785m 9) Kpa(s) = 3.9479 016365 (16)
Table 2
Operating conditions {1000 MVA base).
Case Puerr.; (pu)  Timedelay. T4 (ms) Uncertainty handling information
ARjerya (pu) AT; (ms) Network structure Applied disturbance
1 46 200 0 0 No change A wmnporary 3 phase faultat
bus 2 at time =2.0’s for SOms.
The fault is cleared naturally
2 5.0 250 0.4 50 No change A 3 phase faultoccurs atone
line between bus 2 and 3 at
time =2.0s. The faulted line is
opened actime = 2.05's and not
reclosed
3 54 275 (13 % Nochange Same as case 2
4 58 275 12 75 One drcuit of line Same as case |
betweenbus 2 and 3 is

opened
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Damping rak0 0.04 ¢,

O : CSMES

350

Time(s)

Phase difference between bus 1 and bus 6 in case 2 when Pyey.; =5.0pu,

Te =250 ms, network no change and applied 3¢ fault at line between bus 2 and bus

Fig. 10.
3

(7)

i
(]
{ea
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]
‘

1+ 0.7220s

1+02783s
First, the eigenvalue analysis in the: full-order system model

is carried out for four case studies. The plot of eigenvalues cor-

responding to local, inter-area, and exciter modes in case 1 of

P IR S

i
'
e 1N
'
'

1.1936

500
400 - - -

Fig. 7. Locus of two daminant inter-area modes when (a) at Ry.qy.; =6.0 pu, vary Ty from 150 to 350 ms and {h) at T; = 300 ms. vary Py from 3.0 to 6.4pu.

4 peaeoau jo Aejep gy

Fig.8. Varying received rime delay (T ) of APeery 1 signalincase 1 (mean= 200 ms).

Kqa(s)

ts on other modes.

Next, the eigenvalue and damping ratio of two dominant inter-
area modes of four case studies are provided in Table 3. Without

same as that of NoSMES case. Accordingly, both CSMES and RSMES
de negative impac

have no effect on the local mode. For the exciter mode, both CSMES

and RSMES cause them to slightly move in the stable region. Con-
sequently, the SMES controllers designed in the simplified model

rarely provi

For the positions

they are almost the

.6(b). It can be obseryed

that two dominant inter-area modes can be mioved to the desired

D-stability region by both CSMES and RSMES
of local modes in case of CSMES and RSMES,

Fig

NoSMES, CSMES and RSMES is shown in

3.5
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Phase difference between bus 1 and bus 6 in case 3 when Pycyy.; =5.4pu,
twork no change and applied 3¢ fault at line between bus 2 and bus

Te =275 ms. ne!
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el -1 = 4.6 pu,

Time(s)

Fig. 9. Phase difference between bus 1 and bus 6 in case 1 when P,

T4 =200 ms, network no change and applied 3¢ fault atbus 2.
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