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structure H,, loop shaping control method)
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swazideareItunUITnIUUMISadagIueTeY 2, uuuTnseadaunniziensed
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2.1.1 MIIANUGIUII50Y (loop shaping)

A XA

N Aeeni
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|
|

|

|

|

I

K, :

K =W, K, W, ]'

d' A v % r
31]7121 ICUUNIATUIIY G HAZAINIUAUUUUMNNU K

13l 2.1 # Ao darlouAY (pre-compensator) LAZ T, fia AINGIWAWY (post-
‘:‘Q’ Q’

compensator) 1l 14 lumsndugliweszuuiitadugiu 6; = mem daufniugu

BUUAIY K =K 7, 1l K, Ao danduny B,

2.1.2 matdenmlanFiniwiin (weighting function selection)

Taoia luudaailadsuimgn w, uas w, wzdenlfesrunuizan 18iussdeed
ﬂmﬁuﬁﬁﬂlmaﬁemﬂﬂﬂmizuuﬁ%’ﬂﬁmgm (open loop of the shaped plant) [51-53] it

- ﬁﬁﬁmwmmaiamﬂﬂﬁ'qm (large open loop gain) HEUANURAT (low frequency
range) céﬁa%fhwaiﬁ’msmmemmmuz (performance tracking) Lmzmissi@éfmﬁ'ﬂgtym

) L ya &
FUNIU (disturbance rejection) seuu laaunnau
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- ﬁﬁ‘lﬁlﬁiﬁlﬂﬁl’sﬁﬂmﬂﬂﬁﬂom (small open loop gain) ﬁzhummﬁqa (high frequency
& y ' e g ' o
range) ez aann lATAUaBusnINAINY (robust stability) AYU uazeITORRA Ty
as 1 . . . et dgl
JUNIUAINGIVG (sensor noise rejection) 1éfunay
{ o o 3 J v :’ s LY 3 v o o
Tugi# 2.1 ssuuidaduguaituindefledduimin w uae m, Faiudileiau
v ]
shwdn w uag w, fvualddeauns (2.1) ms1eseuniisey G (ominal plant G)fe

4 a £ (4 . . .
TTUUNIDUNANUUDIANA (single-input single-output: SISO)

s+a

WI:KWs+b ’

Wy=1I (2.1)

. { ' ' J . J o <] T
laof Ky, a uaz b fANnndgud (positive values) uazd1 W, fvualdidusuuunses
Qs { 1 T d o a g 4 T
YUY (a<b) mwa1enus lsuuuigegavesszuraseudafiadufion
43
AUDA
v 4 7 o 3’ @ a 4 J .
aausfledduimiln w waz w, lussuunaledunaniiae dwe (multi-input single-
a J o
output: MISO) LA TSUUNAYIUNAND 18I0 1ANA (multi-input multi-output: MIMO) 3¢ 1HUA

v T E ]
Addaaunsh 2.2)-2.3) mudau Taefidunts 2.2)-2.3) faageluuni 3-4 deo'ld)

KWIS+a1 0
W 2N S S 22)
S+a2
% KW2s+b
2

{ 1 1 o 1 o o v
1067 Ky, ay, by, iy, ap 482 by Sauinndigud uagar w, dmualdilusuuunses

AYYUANVAGIHNY (a) <by LA ay <by)

i s+a i
K 1 0 0 0
: W1s+bl
0 Ky, it 0 0
S+b2
W, = . Wy =1 (2.3)
0 0 Ky 0
s+b;
s+a
0 0 0 K 4
L W4S+b4~

! { ' T o '
oW Ky, a1, by, Kyas ay, by, Kys, a, by, Kyy, ag 408 by Saunnniigud uazen

° [ 1 o { T
m fmualdiludwuunsesdyanannudgein (g <b, a, <by, a <by U0Z a; <by)
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2.1.3 MIAMHIUMAIURDIA DTN INAINY (robust stability margin)

[ 1 g,
) AN AM ¢ k— Perturbed
| + |- ||  Plant
| |
| +J+ 1 |
— Ns Mg [
1
Au| T T T ? |ar

Robust controller

31l 2.2 Ygmimsiuadosamaanmu &,

. v v o
TagMa Tdudannlduwdueuluszuy i dsduing exdudsiifatiulaelalg
Y 9 1 Py 1 =y o Py o
mansal 3aseni gy mswfeundasamisfinesvesszuy, manlaeualasiganis
=) A ) T L} l=l
wae woz Tnan Wudy dadom didunylduluenlussuui 1 Tasea?1s nstructured

3
system uncertainties) ag lignsauaaIdendnnsnengamansla aeiuisadsenoy

T o L 1 v 1
IRW1Z3IW (coprime factorization) 914 wmlszgndlFunuanyliuduenluszuy dqu

v E4
szvviifadugiu 6 Wulddonlugduuuvesdilsznoummies audredi ididiudsnd

(normalized left coprime factor) AENA1TH 2.4)

Gy = M5! Ny (2.4)

HAZITUUNTUNIU G, (perturbed plant G, ) Mo Iddaaumshi (2.5)

Gy =3 (Mg +AMg) ™ (Ng +ANg) : <1/y 2.5)

o ]

eo]

4 1 das 1 A T A = 1
el AMg unz AN flo Arflesndua1oTou (transfer function) i lins1ud GseFueiam

v H 4

analiuivenluszuy ¢ Auiullagmmsduedesnmamy 7, aansefiasfuuaiy
1 [ { Y o

nldnnd G, uag k dwandluglit 22 uazdaglszasd lumsesnuuunsaiuguuyy

Y v
amudy ludfivamvei i imdesnwluszuy ¢ uda uddeaz i lvtiatesnnluauisn

H v
- NHYUAUDN GA a8
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~ N A A a o & 11 A = P
Gluﬁllﬂ'li‘ﬂ (2.5) M l/y A8 AT IUNDUTDYTNINAINU ASUUATTIUINBLTOITATNNNIN
A Y 1 ' qs: A [ -4 1 Ao 4 &
wqmnﬂ"lﬁmm"lmmuﬂu“luiz‘uuuu ﬁ'li!']ﬁﬂ‘l"l‘ﬂzﬂ'lu?mllﬂ%']ﬂﬂ'l?lﬂ']ﬂf!ﬂ‘llﬂ\i Yy i
o

1 1 3 4 { 1 T & A\
Fond y,,, Tasm y,,, duuaasinafiuniigavesnnu liuiveuluszuy ey,

M ldanaunsi (2.6)

ymin = \/ 1 + /lmax (XZ) (2-6)

1080 1, (XZ) D A2 (eigenvalue) ARAWINAGAVRY XZ uazdmSuaumsdgd

Ao A A A Aoy d
AUy (state-space) Wﬂ’l‘ﬂf!ﬂ (A,B,C,D) U GS HHAT X Uy Z ﬂ'ﬂNaLﬂﬁﬂ‘V]uﬂ’llﬂuﬂ')ﬂ

& o = a . % % d’,
FIRTWIUINTUNTITIAN (Riceati) AU

(4-BsD7c) x+ x{4-BS7D"C)- XBSTBT X +CTRIC =0 @7

ag

(4-BS" DT Clz+ Z{u~BS D C) ~2C7RCZ+ B BT =0 2.8

] 9 H
lagf R=1+DD" wng S=1+D"D fAuiud y,, luaunish 2.6) amsafuInosnu

Y ) ¥
18T lidoefuIndTaum Giterative method) uaziiofvztuduadosnnanuluszuy G

' Jdo :‘ o 1 4
alenduiminludenliedmeldtenluves 10 <y < 4.0(51-53]

2.14 Wﬁﬁﬁﬁﬁqﬂixﬁdﬁ (objective function)

[

H F v 4
i]']ﬂgﬂ“l/l 2lm =1 At A1 K, ﬁ']i]']ﬁﬂ‘ﬂi]&’%ﬂgﬂLLUUﬂJﬂQﬁﬂJﬂTil‘lﬁliﬁﬂJﬂﬂu
K, = l'/Vl“lK(‘s') (2.9)

110 [51-53] fladv unzReuluisriluvesiamuguuunnmu & (s) Ao

H[;J(I—GSK«, ) [1 GS}

UnUAENMIN (2.9) asluaumsn 2.10) 12'ld

< Y (2.10)

o0
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I )
I-GW'K(s)) |I G, || < (2.11)
{W;‘K(s)}( K ) { } ’
[ 3 a -a d’dy 9 o o w o @ 1 dy
mum‘nmuwuﬁu"lﬂmmuaﬂaﬂﬁvmmqﬂiz'mﬂ 2 uuudaae T
a T W o o o
suuh 1 Aandudnglszaeddmsy
AN 1 ¢ @ g’ Y
- ponmlenFuI VN
Minimize y,,, (2.12)
d‘ Q U
Jou lvaiedu
KW,min SKW SKW,mzzx
amin fas amax
buyin <6< b,
a<b
2.13)

ymin,min < ymin < ymin,max

7o

4 1 ~ { ¢ o :l o o w
108N Ky i s Qi WO By, 7B W15 1TM05A N FAVDIHINFUMNIMINAWSIY, Ky e »
8y

=3 1 ) 4 ~ Jdao o @ o
Oy WAE by B0 AIMNTIIRDTGaNAYOIHNF UM WHIAY, Yo i 402 Vinin max

A1 o d = o o
19 a1 '}’min ‘V]ﬁ']ﬂqﬂ LLaZ’sIWIqﬂmiJa’lﬂ‘U

1 o o @
- WIATWITTURDIAINIUANLUUAINU

I -1
Minimize 1-GW'K(s)) |1 G (2.14)
LWIK(S)]( ) [ }
0
&l v
Fou iy
Kpin <K <Ky (2.15)
100l K, 402 K,y A0 A161%g0 uazgafigausimslines@aniuguuuunimy K

AUANY
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Minimize y;, + (2.16)
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KW,min < KW < KW,max

Amin <as< Anax

binin SO L by

a<b

ymin,min A ymin = ymin,max

|G,dB,{f < |GSIdB,If

K, .,<K<K (2.17)
min max

A 1 a = < o oy w o w
min 010 ﬂ'IW']TUJME)?GI'WI'CI@GU'E]QWQﬂ‘lfuu'l‘ﬁuﬂﬂ’lllﬁ']ﬂil, KW,max’

E4
-] L o

= 1 =) J = v Y
e WOE by A MIMNMRBSGRTIgAVRITBFUTIMdnOWANY, ¥, 0 1102

. )~
108N Kpp i s Gyuin WO b
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%'lﬂﬁllﬂ']iﬁ (2.16) W'lﬁ']lllﬂ'ﬁ]ﬁ‘ll@\‘lﬂ\‘iﬂ‘]fuu']ﬂuﬂ HASWITIUIADIVDIAIAIVANLDY

Y

Y
[ a. 1 1 J w o [
Ay K ldeenuuuniousudieds pso douaiflendutiviin laidenes ez audaenis

T
o ~a

USuAT pp, oAz ISR 1ve0senElavesssufidadagiu G iannandim
9n519819souEavesssuuNsey G Mduanuddl Taolld18as1mT roll-off Uszanm

£ o o
20 dB/decade [51-53] Fauans lAdegalfi 2.3



15

Magnitude (dB)
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2.2 35ngueLNIA (PSO)

' k4
U7 2.4 nanns uazuAaRUgIMYEY3T PSO
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3% SO Idinaueiunsausnas Kennedy 11az Eberhart [27] 14l a8, 1995 #1451
Y a T [ 1 v ] A 9
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symnvzindeudiedumislagerfensraBedumisvesdues uagdumisveseynia

9 A a 1 Y A 9 = & At bl t LY o Ao &
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Y a. @ 4 o o'
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S’;l) —a)vs )g +eprand( ). (pbest () )+c2 Rand (). (gbest () ) (2.18)

(t+l) ( ) (t+1)
X8 Ve (2.19)
Teeh
=} o 1
n Ao Iauaymalungy
A o Q
m Ao $1uUAuls
A 3 A o b4 . .
f A9 ATINNINTAUN (iteration)
Q) & g s 1 = 1 <
Vig o ANUEIWBIVYMAN j lUSOUN ¢ laegh
min (f) max
V Vg _V
) Ao uwﬂmmumﬁﬂﬂ’nmﬁaa (inertial weight factor)

¢, ey 0B AININUBIOATUIS (acceleration constant)
rand( ), Rand( ) #e m1ilaenmsgulugae[0,1]

(t) b= o 1 Qs > . d'
Xje fo muwm‘ﬂ%i}ummagmﬂm J Tusoud ¢
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A A & 3 o
MIADNM o Mrzautiv a3 ldaumsn (2.20)

Dmax T Omin iter (2.20)

@ = Wmpax — ]
iteryax

q': 9 U dl A
Taom 1udan o fivmnzaude o, =09 1ag ., =04

2.2.2 THABUMIAUHHIIUUYBIIT PSO
v

£ Y
seilouTUARUMIIAUTUIINY09IT PSO uand 1daeg1lh 2.5 TuasunsanlinaILYes

v
3% PsO a5110 ladaae 11l

v

FuneuN 1 MMUAR IS ITNDs S UALTIMNAYes PSO taziimsgualsuduveiiuim

v
Usgmnsveunazoyna Tauasn iteration = 1

:J 4 o o 1 do @ ) o 1
Funeui 2 mssramailsnduinglssaeidmiuudazoyain

U d' o = = o T A ~ 9 9 1 A
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[ § @ d o @ 1 @ ~ o =
‘U‘“ﬂﬂ'ﬂﬁ 4 TI9ATIANULTITINIUDYNIALAALAI DINAUNITN (2.18) wazninsilasu

dumsveseymauaazad Tagldaunish (2.19)
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Yuneun 5 u1usoulunsdun Ine@ea iteration = iteration + 1
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AVR) e uadesninussdu ldiuuuamnuluszunlsusaseniruaseesuiia lufa

v o =3

MNUUAY UAZALBAUVVUINDTE Iﬂiﬂﬁ%leUi’)\?{;l"Jﬂ’JUﬂmm‘Uﬂﬂﬂu‘UEN SVC uag AVR
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fio uuuil lod A3ddszneumwizswssyndiiedansilamvesany Tuiuduenly
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'i&’U‘]JVl‘l'iIﬂi\iﬁiN Tﬂmaauhlwmﬁmmuz UASIADYTNINAIN UL UWUTIUUDIITN1TIA
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1 Q/

nageunuUimestuiutlse@ninmpavesnisniugy uazanuamuiianidniugy

wiiafl lofvas SVC uag AVR foonuvy 1asdF Lyapunov [44-50]

3.1 HuUABITLUY (system modeling)

Consumer loads
150 kW 250 kW

SvC

Wind energy conversion system
150 kW

31 3.1 szuvlevsasenhunostuiia lwihaiuan uazfioa

= a o S & 4
LuLLendasyynaaal/anusWalasulasld
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SVC model
Thyristor-firing angle
' PID controller (24 0\+ Aa <rnw Thyristor firing delay Phase sequence delay
AI/I‘Bf(s)-*- Ko+ K]l + KDI'S Aa(S} -—/_ L Ka AB:S'VC(S) 1
_és LT TS +1 1+sT, 1+5T,
K sy (5) 7)2<a + Aa ABgyc
AQ; (s) Ky
Voltage gain Load | _
- +
AV (s) Ky + AQgyc(s)
1+sTq
sty +
Induction generator
AQs6(s) K3
Ky >
TAP o (5)
T |AE,(s) 1y A TN
1 y\g\ﬁ 2
1+5TG
Flux linkage Synchronous generator
+ +
Kq Ks [
Stabilizer Saturation function
AVf(s) SKF S ya
1+5Tx [
-— PID controller AVa’ (S ) AVa (S) jtf
pad k. K2 Kpys K4 _/— i3 ! A2al)
- W 7 A
+ <Y T8 +1 1 1+s5Ty Kg+sTg
KPA . ( S) AVR Exciter
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d '3 { o [ a a ' 4 o A v
g1 3.2 wupSeesihididududuvesssuy lsuSasgniuniesdudia ludhdeiuay

a ) = S & 4
LlﬂZﬁl"h’ﬁLﬁJ‘ULLﬂﬂﬂﬁﬁZ‘lﬂuﬂﬁﬁﬂ/ﬂTﬁJLiQcﬂ\ilﬂﬁﬂullﬂﬁﬂl‘lﬁ

wuusmesseuylugyn 3.1 Ae szuuleuiasznirunTesduila luihdeuaw uazfua

a o a 3 & { . . . .
suuuendassyiaadl/mnus¥ulaountasl (variable slip/speed isolated wind-diesel

hybrid power system) 1309 uila I\ FeIns e (synchronous generator: SG) NUSTUY

M15ATZAULLY [EEE type] UATISUU AVR Wsanasgansoesuile InfhAa (diesel

generator set) 1303 utlA I UNle21] (induction generator: 1G) lAWoudesusEUUMT

H ¥ Ed
asuuaIwdeaIuay (wind energy conversion system) IpgszuuAfnuINTvMIARAAvDS

mnIeesuila lWfhda 150 kw, vuadtavounsessuida lWisaiuay 150 kW uazuuia

=

2 [~ ] ] 1
avesIvan 250 kW @eazmiu ldszuuldeanuuuuiesdiafisananon1udonisvos
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[ v [ 9
Tnan uaz'ldine g msuanudoimsves Inanfiazenvziniulusuing 50 kW a2 SVC
Tdoonuuuunifiia 212.5 kVAR agaeids Ifwadoud ) luszuy Taenialiudanis

nldsulasvesInaatas dduaiion wagmsnfeuntasdds I siuanie Jynves

] 9 ] [ ¥ 1
mslfeuntlasuseiuliihssuy daluiefivzud lvllami sve way AVR Suhunldiie

waweids Ifuadouluszuy uazilimsalfsunlasve s eau A anas
° T ° d a 1 @ 1] 1]
suusraseifilwsuduvesszuy i lugdi 3.1 uandlddeg i 3.2 Taod
o 1 o o . ) F=9 o
srwazisaveavudrassim it ududulduans 13 lunianuan ¥ uazwislmosves

o 3 a a i o | a 1Y
seuu lduaas I3 lumanuan a duiuaumsdSglaameivlfidudadunaas | ddaums

AX = AAX + BAu (3.1)
AY =CAX + DAu (3.2)
X Jf 00— N7, [l 0
Tg Ty,
0 Y 0 0 0 0
1y
X oo Ke ol 0 0 0
TR T-10° e
K
A=| = 0 MPL 2/ 4 0 Xs (3.3)
0 0 0 0 AW 3o 0
Ta
0 0 0 kA eL 0
Ty Ty
0 0 &, L NRE i(—1+KVK2+K,,K3—K,,K8)
L Iy Iy, Iy i
T
0 0 00 % 00
B= x ¢ (3.4)
0 =4 00 0 00
Ty
C=[0 0 000 0 1] (3.5)
D=[0 0] (3.6)
Aa.= Kpgyc (5)(AV,er —AV) (3.7)

AV, =Kpapp (S)(AVref —AV _AVf) (3.8)
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Kn , Kpis

K s)=Kp +—+ 3.9)
psve (8)=Kpy PR (
K K
KPAVR (S)=KP2 +—12 +—D2s (310)
N Td2S+1

Tnefl AX=[AE;, AV, AV, AE, AByc ABge AV fie nnmesdaiuz, AE, fie

4 < ) ) {
-msudoulassadinvesusedu Iiihinszdu (exciter voltage), A7, Ao msilasuuilag

d o . ]
vuadnvossaau TWfeonuens (amplifier output voltage), AV, fie msiAeuuilas
d Q -7 H
vunadnesadu Iihfloundunsedu (exciter feedback voltage), AE, fin nsilasuudas
o 4 o o
vinainveusunadou Iide15wmesnteludnternal armature emf), AByy A 713

o I o <3 a a 4 .
Lﬂaﬂuuﬂawmmaﬂ‘umﬁﬂluﬂpm‘lnﬂaﬂmﬂnm)ﬂﬂﬁﬂim\iﬂﬁﬁﬂ%um‘lmﬁmai (thyristor

. = =] o 4 .
firing delay block), ABge f® nisilasusilasuwiadnvesdearduaudiaiion (reactive

4 =] Y dlz LY .
susceptance), AV fis Mifvuudasvinadnveasedu I n42e (bus terminal voltage),
da ~ { <
NAADTEUNARD Au=[Aa AV Tash Aa fio msitdoundasvuiatdnvoayunis
. o { [~
AU (firing angle) 1INAINIUANA loAvoe SVC, AV, o madeuniasvuainves

[ [ J o
Ty 1unIuquIINAInIuguil loAvee AVR, IAMBTIBIANARD AY =[AV] s3unlu

{ o3| { o
s 3.1 Wussuunszy ¢ laseadnvesdaniugy SVC uag AVR Ao uuudi lod 910

{ = 4 ° [
AU (3.9)-3.10) WIS 1R05 V09 Kpy, Ky, Kpp W0E 7, SIN5USVC U Kpy, Kpp,
Kpy 42 75 93U AVR Madedamunzaudgiimseenuuudiniauuuuninui la

UUAUD

Q ' 3 3 3 3
3.2 M9 m‘nuﬂﬁtymmi HINUHNIZTN (optimization problem formulation)
. 1 dy - o 1 t A & 3
ﬂmﬂmmiw1mmmsﬁu‘luuwu%mwﬂwmimmemﬂu 2 74U Iﬂﬂﬁ’lu‘ﬂﬁuﬁ%%!ﬂuﬂﬁ
J o g’ s’ 1. 4 [ ' P 4
1’1’]ﬂ’lmiJ'l$ﬁ3Jﬂl’é]\3W\iﬂ‘]fuu'muﬂ LLﬁZﬁ’Juﬁﬁf)\i%zLﬂuﬂ'li‘H'lﬂ'lL‘IriiJ'lzﬁiJ‘U’F)\iW'li'lilmf)i

v Ed
AINTUAUUUUAINUYDS SVC 1iag AVR Taoiiaaesdauilez 1435 PSO Haelunmsesnuins

dos o LY

3.241 ﬂ‘lﬁ!ﬁ@ﬂd]ﬁ\‘lﬂ‘”“ﬂ‘lﬁuﬂ
{ o o 3 1 J o :’ @ o o
g 3.2 szuudluuuy MISo duiuafssFuimin w; uag w, HMnualass

aunsi (3.11)

W, = Wy =1 3.11)
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{ 1 ' J t o v
Tavf Ky, ay, by, Kyp, ap Woz by, Sannnnigud uazan w, dmualddluduounses
Ty MANNDGIHIU (g < UAE a, <b,)

a g A 1 7 o :‘ @ 3 A a
Iﬂﬂﬂﬂﬁllﬁ')ﬂ'lilﬁﬂﬂﬂ'lﬂﬂﬂ‘lfuu']'H‘Hﬂuu‘ﬂzmﬂﬂltﬂﬂﬂﬂﬂwﬂﬁﬂﬂgﬂ (trial and error)

‘é A lls} ' k1 g & v o o & A4 4
PISLA DN LADYIUN VIS TUUY %zﬂmﬂluagﬂ‘uﬂi%ﬁﬂﬂﬁﬂlhﬂﬁ%ﬂtlﬂﬂ ANUHUINDNDY

dy 1 d o :‘ @ A a Y] dy
u,ﬁmlﬂl“ﬂtymu ﬂ'l‘W\?ﬂ‘lfﬂU']ﬁuﬂﬁ'uJ'liﬂmﬂﬂIﬂEJW%']iﬂﬂﬂ'lﬂﬁllﬂ'lﬁﬂQu

Minimize y,,, (3.12)

A v @
FRou vty

Ky 1,min < K1 < Kyt max
al,min < a < al,max= bl,min < bl S bl,max
K o,min < Kz < Ky max
a2,min 5 ay < a2,max s bZ,min < bZ = bZ,max
a <b,a,<b
7min,min = Pmin < ymin,max (3 '13)

{ v = o v
1080 Kyyi ins i Bumin > K mins A2 mim WO By e 7O AW THIRDI AT gRVD A1

14
o o o o = o
WMUNAWNAAY, Kpimars Qimars Bimaes Kwomaes Fomae WAE By e 79 MIN151T100F

J

3 [ H H
= e/ o Y o o A 1 o A =
qeigavesilendudmdnamuddy, y o uae A9 M P, NANGR UBTFINgA

Ymin,max

AUANY

322 MIMAUNMIZANVEINTITINDTHINILYNUBA SVC Hag AVR

ar § o o 3’ a { Ao o
wisnadenmilanduimidnluaunsi G.12) Sovdeouda szuviadugiu Gq

be
o =2 .

' s LY 3 =Y o @ ~ .
wimuatuwild doluminlmesmaruauuuuamuaiiafilefves SVC  uaz AVR

:i 9 a [ dy
’L‘I"IﬂJ'liﬂV]‘t]zi’Jﬂﬂu‘U‘llllﬂIﬂEJW‘U'lﬁﬂﬂﬁﬂ']ﬂﬂilﬂ'ﬁﬂ\iu

Minimize (3.14)

e o) i 6

oo]

Jou luafedy

Kptmin <Kp1 < Kpimax s Kitymin < K11 £ K1 max

KDl,min < KDI < KDl,max ’ le,min < T4l < le,max
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Kpymin < Kp2 < Kpomax s Kizmin < K1z < Kpo max

Kpomin < Kpa S Kpomaxs Tazmin < Td2 < Ta2,max (3.15)

& A 1o 4
1000 Kpymins Kitmins Kpimins Tatmins Kpimae » Krimar s K plmax WO Ty1mex OB AINYA
{ o) o o
unzgefigavesmslinesi loAves SVC AW dY, Kpypns Kipmins Koomin> Tazmins
1o Al § a o
Kppmars Kiomars Kpoma: W% T mee A0 MNTNIYA unzgafigaveswmisiiiinesdi lofves

o w a o 3 ¥ ) a,
AVR a8y Tagmsiimesninuatioonuuundoufiuaieis PSo

3.3 NaN1531a04

9 v 9
lumsma e anvesilenFuimdnnnaunisf 3.12) Wu wsiinesvesds pso
e o 1 e
fvuasane 1
Ky e[l 1000], a €[l 100], b e[l 100], Ky, e[l 1000], a, €[l 100], b, e[t 100],

Ymin €[1 4], IUIUVBIOYAIN = 50, TIUIUTOUGIFA =100, ¢ =2, ¢, =2, wW,,, =0.4

min
uagw,, =09

¥
o Y

1 o § d o LY { 1
ﬂiwslmigLs{’h‘ﬁmmammmsmmﬂaﬂ%uumummm‘lf?{mgﬂﬁ 3.3 Tagan

" Yuin = 1.1352

155 T T T T T T T T T

151 i

145} A

—
=N
T

1

1.35¢ 4

—_
w
T

1

Objective function

125+ i

1.2

1.15F .

1 1 1 1 1 1 ] 1 1 1 1
0 10 20 i 40 50 60 70 80 90 100

Iterations

4 1 o 3 J o :’ LY
31 3.3 namsgd s e uvesmsmailadfuimstn
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785s+41 0
w=| S+ Ll = (3.16)

0 859>~

s+94

Ao o =] Y d? 9 A A o @
ITUVUNIAAUTIY G i)\iﬁi']\i‘ilull']‘lﬂ LL'ﬁZLWf’J‘VI%2;’1’]'lﬂ'liﬂﬂﬂllﬂﬂﬂﬂﬂﬁﬂﬂﬁllﬂﬂﬂﬂﬂu

9
=4

Y83 SVC Liag AVR ﬂ'T’UEJ‘lJL‘lJGIﬂTi?SI’uWI LLa&‘W’lﬁﬁm@;ﬂl@ﬁ% PSO fmualadsil
Kp €[00001 575], Kp[0.0001 24000], Kpy €[0.0001 10], 7, €[0.0001 10], Kp,€[0.0001 100],
K}, €[0.0001 100], Kpp €[0.0001 10], 7,,€[00001 10], S1UIUVBIBYNIA =50, $1UIUTBY

FIgA =100, ¢; =2, ¢; =2, Wy, =0.4 AT W, =0.9

]
= 1

1 o ‘o w o @ o
anmsgihmifneuvesilsdduingiszasiuanalddegii 3.4 daunswldasves

[
as

a da A Y o =
.'J\i‘i@ﬂlﬂﬂ‘llﬂ\ﬁ%ﬂ‘u‘i’l%ﬂﬁmﬁ'm Gy HaZIsVUNITSY Gllﬁﬂ\‘ihlﬂﬂ\‘i‘i‘l]‘i’l 3.5

UG

NN wooow W
(03] (w2} w N P\ (a2}
T T T T ] T
1 ] 1 1 1

Objective function

N
E-N
T

1

N
N N
T T
1 L

1 '8 1 ] 1 1 1 1 1 1 l
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Singular Values

200

100

1005 - -

200 i - -

Singular Values (dB)

-300 - - -

-400

Frequency (rad/sec)

v

31 4.5 ST eudlavesssuundndug iy Gy unzszuuissy G

9 1
o Qo =

ﬂ\iuuﬂ’m"]‘ﬂﬂﬂLL‘IJ']Jﬂ\‘WIWV]ﬂ']Lﬂu?J"U’EN MT uag ES (PMT & PES) °luﬂ”mmﬁﬁmmmu

wendase wazkuwyeu Teansams IWives CMS As

K pygris (8) =0.4300+0.6607/s, Kpgg;s (s) =0.4397 +0.8951/s (4.21)

K puryg (8) =0.1493+0.3994/s , K pgsyq (5) = 0.1500 +0.3999/s (4.22)

9
TumsAnuinssiaesiunnuamy uagwanisfiuafosnmees PMT & PES 1@
a8 = o & ' v & = at
nlSsuisudInIuguYes MT uaz ES 1u [59-60] 138091 CMT & CES AQ1IUASaruNA™
fde lwihdueenves We, PV uas FC lugilil 4.6-4.8 wazmanlfsunilasInaauuudy

Tug1lf 4.9 Mdszgadidnldluszuy Me aeldmshauuuunendeass wazuuuFonlog
nsans



WP output (kW)

PV output (kW)

15.5 T

15

14.5

14

13.5

13

12.5

1 1 1 1 1 1
0 100 200 300 400 500 600 700
Time (sec)

10 4.6 rdslwihdrueonves we

10.4 T .

10.2

10

9.8

96

9.4

9.2

8.8

8.6

84 1 1 1 1 ] L
0 100 200 300 400 500 600 700
Time (sec)

o

1 4.7 s lWidrueenves pv

50



51

6 . , . . . :

BB~ s m e e -
BB == m = m e e -
B — = L =

o
N
T
|
1
i
]
]
I
1
]
!
|
|
|
i
!
|
|
|
i
1
]
|
|
|
1
t
]
I
|
|
1
!
I
|
|
i
]
]
l
|
|
1
1
1
|
I
I
|
|

FC output (kW)
[4,]

>
=)

A . -

L et PR a5 s -

1 [ L | I
0 100 200 300 400 500 600 700
Time (sec)

L3 o/

31 4.8 frdellihdueenves Fe

60 . L ; . . .
e it s o | | S S e U S |
Bol=d _ L Joraea’c NV 1 smi s oW Vil (gl Nl X I S
L RAN A @ TR - ]
521 9 7 sl g N INUUULTEL L L1 R Mg NI L7 A ) e
Y I Sl IR ) I SN s A R, ]

ol

461 - .8 - PN - - - -LE=JT<L_ & 2T T - J - _

Random load deviation (kW)

4 ----N_ M L q__a N NN -1

] TRt RPN A S R i DR R

40 L 1 1 1 L
0 - 100 200 300 400 500 600 700

Time (sec)

3 4.9 mafenudas Inaauuugy

Y

P 3 ot 1 a o
1103141 4.9 AnudesmaTnansziismgunnaimsndadideiives wp uaz pv

1
ad A o o '

1 £ 4 T ]
Tz 4.6-47 anudido dufu MT foenuuulasdiialy uaz3iituaue szdinsite
dds i luReanedh llluszuy luvaed B fivenuuuTae3eialy uazdsiiuaus

azhmdhadewduInaalashinsfudide i luszvudsuaaslugdd 4.104.11

MNAAL



52

80 T T T T T T

1 1 1 1 | 1
0 100 200 300 400 500 600 700
Time (sec)

U7 4.10 s IWihdmesnnieldmsniuguves Mt uas ES 537 ly)

40

1 1 1 1 1 1.
0 100 200 300 400 500 600 700
Time (sec)

.

11 4.11 i Wi eannieldmniunuves MT uaz ES GEfdueaue)

lunsdlvesmsdhamuuunonaseiiy msnlfeuntasmnidneldmsaiuguues PMT
Haz PMT & PES uaras 1ddegail 4.12 sxiiiu 18 hmsi@ounlasnimdanasldesiannay
PMT & PES iiloifiousiu PMT Suiansldifiut Bs aunsoflazdlfudemansiuadosnm
v0s MT lRedraun uozisuiderdumsaGoundasnnuiinielnsaiguues CMT & CES

18 PMT & PES ueraq laaasyn 4.13

L1}



53

PMT & PES

0.02
0.015
0.01

0.005 J& i

-0.005
-0.01

Frequency deviation (Hz)

-0.0156

-0.02

-0.025

-0.03 1 1 L 1 ]
0 100 200 300 400 500 600 700

Time (sec)

U1 4.12 msnlfenuasnuineldmsaluguues PMT 1ag PMT & PES

0.015

0.01

0.005

-0.005

Frequency deviation (Hz)

-0.01

-0.015

-0.02

1 1 1 ] 1
0 100 200 300 400 500 600 700
Time (sec)

U 413 m3ffeunlasnuinieldmsniuguaes CMT & CES ag PMT & PES
110319 4.13 msnfReuudasnnudnigldmsaiuguues PMT & PES fisfidindims
AILUANYDI CMT & CES
[] ] ¥ [ T
dmfuRou lymsihaunuudenTosnsams Iy msulfounasmds lWfhiiane

asoieun1eldnisnruguuns PMT tag PMT & PES uans lddagLd 4.14

a



54

Tie line power deviation (kW)

ARITTITT
i

e . T ——

wrpI3INNE

1 1 [ 1 1 1
100 200 300 400 500 600 700
Time (sec)

3UM 4.14 msnlfsuudasiide i imededonnield

N1IAIVANUDN PMT Ung PMT & PES

Tugiln 4.14 ssdaunaidin 183 wan1siuaBsnmass PMT & PES gen19es PMT uag

Twhwevdnadunamsaldouilashiddddihfimeddedounisldnisaquaes

CMT & CES 1ag PMT & PES uaas laaa31/9 4.15 wan1siuadesninause CMT & CES 61

U

E4 T
71989 PMT & PES A91iu PMT & PES fitsz@ninmluntsniuguiiqeni CMT & CES

Tie line power deviation (kW)

I 1 ! 1 1
0 100 200 300 400 500 600 700
Time (sec)

U7 4.15 mswfenudasids ldhimededeidounield

MINIVANYDI CMT & CES 1ay PMT & PES



55

A A 1 a a o 9
[#ONILATINTOUAINAIMUYDY PMT & PES somsilasuntasmnlinesssvunield

. - 4 - 2 4 d
mIauuuuLendase uazsuuuden Teansams Wiy a1 IAE vesmsilasundasnnud
(a7) wazmaeunilasiias lddhAmedsaeion (AR, ) meldside i druesnves
WP, PV uag FC lugii 4.6-48 wazmanldouilasInanuuugulugld 4.9 donuldds

qUNIS
700

IAE of &7 = [ |Aflde (4.23)
0

700
IAE of AP, = [ |APyJde (4.24)
0

LEI CMT & CES MPMT & PES |

-30%  -20%  -10% 0% 10% 20% 30%
31 4.16 A TAE wos AF meldmaiamuuunendass

|ECMT &CES WPMT & PES

1.8

14 H
1.2

0.8
0.6

0.4 -T

0.2

30% -20%  -10% 0% 10% 20% 30%
51l 4.17 A 1AE ves AP, meldmsvhaunuu@enTesndans Wb



56

{ ' ° a 4 a o

JUN 416 uaaA1 IAE vea Af mwldmshinuuuuuendase luvazimnines

SSVY Kgg, Trs, Ky, M ung D ulaoundasann -30% 89 30% 9nanlnd daugilit 4.17
' y o A a a a 4

UEAdAN IAE ¥09 AP, muldmsiauuuudenTeansans Wi luvasinniwesszuy

a 1 a a 4

Kgs, Tgs, Kypy M, D wag X, ulasunilasnin -30% 04 30% nnmiad Taewisiiwes

nfasulaaneldmsiaunuuendase uazuuudenlesnsams Wi uaaslddniss

N 4.1-42 MudIau

a a I v ° a
M1919N 4.1 W'\i'lllm85ﬂlﬂaﬂul!ﬂﬁﬂﬂWUiﬂﬂ’ﬁVﬂﬂ]u!L‘U’Ulwﬂﬂaiz

T s 42 48 54 60 66 72 78
K oor 0.028 0.032 0.036 0.040 0.044 0.048 0.052

7 8 9 10 11 12 13

D 0.7 0.8 0.9 1.0 1.1 1.2 1.3

H a da 4 ° 4 o
3191 4.2 Wsiwes ) dvulasne 1dmsmauuuudsey Teansanis T

T g 42 48 54 60 66 g/ 78
K o 0.028 0.032 0.036 0.040 0.044 0.048 0.052

7 8 9 10 11 12 13

D 0.7 0.8 09 1.0 1.1 1.2 13
X,. 0.0504 | 0.0576 | 0.0648 | 0.0720 | 0.0792 | 0.0864 | 0.0936

{ ' A :: 1 { a 4
110717 4.16 1 IAE 409 CMT & CES iuAN0619110 vaieIN135130a03 52U Uanas

Tuneasenudumsuldsuut/asvesn IAE lunsdlaes PMT & PES fa1fidiniives
1 o 1 4 A' 3 4

CMT & CES Uagzi¥uiauinu A11AE ¥09 CMT & CES lugiil 4.17 iiudugaunn iile
a 4 v 9 = a A 9 1
WUWOTIZVVAAAY TUN19ATINUTIY PMT & PES Hiainsiasuuilasves IAE fivleon

@ Q’: [ 1 4 a I'4

Y93 CMT & CES @414 PMT & PES Uaundnuagauinaensiasuudasnisiimes

PEATLT



57

refivgimanageuszuunielddenlunsdeounaminiine fszuuu 418
auudhiszuy MG TdhnuegluannzuuuienTosnians iWfhneldsddlWihdwesn
‘984 WP, PV uag FC Tuguil 4.18-4.20 uazmsMﬁauuﬂmTﬁaﬂtzuuduiugﬂﬁ 421 uagh
nn1 7= 400 UM @anauge MT ludwmsihauuuunendeass (Kpy,p,) 14daneen
Tuvaiefiganaugy Kppg,, Kpyrig W02 Kpps,e gansrhadndfiaa ¢ > 400 Surft uazly
szniumydtoesszuuiumniined K, Tgs, Kyr, M Wag X, 090 30% 91na11na
Fnu10AuNAISAT N0 (gain) YOI ES, FIAIKAININIAT (Gime  constant) VDY ES,
‘AqauautiA droop Y89 MT, f1AHIAMTOY (inertia constant) UAZAITUBALAUT T BE
AoiFou (tie line reactance) AR 30% NAUNA LazERITUA D 1ldouinnismiag
fifluson (positive damping) 1 ifumsmiaefidiusian (negative damping) -0.399 Tnfi
memiasiiflumauiuansefvfatuldideszuu M vamegluaneiilimdos
(unstable) HamM3siavevesfidallihdmeonneldmsniuauues MT wag Es 1w [59-60),

ARt uaue uazmsiddeundasmidelid iaedenoFounandldaasd i 4.22-4.04

Y

MURINY

16.2 T T ; 7 '

16

15.8

15.6

15.4

WP output (kW)

16.2

15

14.8

1 L 1 ! L 1
0 100 200 300 400 500 600 700
Time (sec)

o o

311 4.18 fds nihdueenves we (rsdinlfsulasmninesssuy)



10.2 T T

A0 === o e e

PV output (kW)

9.3

0 100 200 300 400 500 600 700
Time (sec)

3 °o_ @ { ) 4
31l 4.19 dsWihdeenves PV (nsdinffewasmnainesszuy)

¥ M g AR e A I S

[$,]
[}

24
~

o
[N)

»
)

FC output (kW)
[44]

b
o

>
~

»
N

4 1 1 | 1 1
0 100 200 300 400 500 600 700
Time (sec)

UM 4.20 fds Inihdeenves FC (nsdlnfowmlasmiimesssuy)



60

58

56

54

52

50

48

46

Random load deviation (kW)

42

v ] ' { =N 4
UM 421 msifdountlas Inaauuugu (nsdinAsunasmsfinesszun)

100

90

80

kw

_________________________ Y | gt ]
__________________________________________ . ,
100 200 300 400 500 600 700
Time (sec)

1] | 1 1
0 100 200 300 400 500 600 700

Time (sec)

-] -

71 4.22 dalwihdueenmeldmsniuquues MT uae ES

nsaileuudasmsiwesszuy Gina'lal)

59



60

80 —— - SN

0 100 200 . - 300 400 - _ 500 600 700
Time (sec)

o w

Ui 4.23 Adalwihdueenneldmsniuguues MT az ES
~ P a o add o
nstlasulaawsnlinesszuy Giminaue)

s PMT & PES |

B = - m U e CMT & CES

Tie line power deviation (kW)

400 500 600 700

0 100 200 300
Time (sec)

: = o w a 1o 4 = a J
3N 424 mandeuudasiids Iihisedededeuneldmsdsuudasmniimesszuy

U 4.22-423 umrAan PMT & PES swnsafiszaduguida lnihdueen’ld Tuma

aseiudn CMT & CES liannsafisgdamsnnu liaugavesiida i luszuy mc 18

@31l 4.24 CMT & CES liannsofegiuadosnmaesiids Iiihiimedadeden'ld

b4
[

Wuszuu MG Miegniwldnisniunuues CMT & CES gayduadosnwlunmsaiugu



61

Q ] 1 - a -4
Aunassiude PMT & PES Sanuasmusduinaentsaldeuidasmsdmesszuy
4 o [ @ 3 4 o o
wazamumsainnudadesvosdiniugu dufu PMT & PES amisofiazdanisfunis
i [-] -7 Y 1 1 g 1 % =) é L%
wasunilasiideldfhimedededonldedelilse@ninn Feduduiennuninu uazna

YBINIAILAUNANTIVBY PMT & PES dion/Seuifiouiu CMT & CES

4.5 ajwamsdiass

msvszgndld B ierlsudqamamsinadusnmanuduuunmuves MT 1840
wueluuni MIBRNUULAINIINNAFUTLF FUIUUAMUYES MT uay ES dmsunsein
waosawawiluszuy MG ﬁuafjum‘v’{ugwwm‘i'ﬁﬂwﬂuﬂﬁ%ﬂﬁmgm'sqsau H,, Uy
Inseafunmiznizas Tnssadraveedinuguuuuamuses MT was ES Ao uvuitle
wisifiinesvesianiugu MT uag BS Tu cMS meediamuzauiuindonsiudieds pso
wams$iaestuduin Bs aunsafizaliulqsnamatuadesnmanud lussun M 1ded
Hilszansnn uaﬂmﬂifuﬁ'aﬂ'mﬂmmumwumm MT uaz ES Sesenuunanedieduiug

[ v v { a 4 4 o i T
ﬂuﬁmmmwuamwmmmiLﬂﬁﬂuuﬂmmsmmaﬁwu LLﬂ&’Lﬁ@u‘lﬁJﬂ'ﬁ'ﬂ']\ﬂuﬁu(ﬂﬂﬁ']\i

fiu'ly



=
Unns

a3UnamsIve vazverauonuy

5.1 agiwanmside
a a J @ ¥ o aa @ ) v o a
Merinwusativil lAiuauedtmsesnuuudmauguuuuamudmsuiuadosnmn
IPUY MG Aawdtaugunsdadugiuaesey A, uuylassadanmzmizes 3381sznen
' o a o o o ] ] [
mwizswh idudsad 18dunlszgad1$lunissiasnna liuiveuluszuy v
msnlasuntasiidainisnda uazInan, nsulasundasamniwesvesszuy Wudy
dauideu lvvesanssouz uazedosmuaanuluisniugunisiadugiuaesey B, fvua
J Jo @ I a o o y T
B uaunisfleaiduiagyszasd 35 pso 1dihunilszgnaldiNeniauminzaves
a Jd o ' @ wa A’: a { o A w0 dy
WilneiAInIueteda TulA yennmiudeAvesismsoonuuuiiuauesiifede 1
a ' Jd o : @ F4d 3 @ wa a
- mwsaiwmsilensuinin ldededa Tudd laods1rennisansiaasgn
a :: @ ° Jd v :’ o
- aunsanszaatuaaulumsssnuuudniuguld Tashnmsesnuuuiladduimin
a LY q’/' o
uazeaNUYUWMINIMeIAIAIUAL IuTuaB LRSIy
{ [ o [ 2 o 1 1 o
- mnsanwzudlilgmonauigeresdaniuguld seessi i ioaemsia 114
Tumeliia
A o /g Y A U a o 3 A v a A
- s lusggnd lfinemamisiimesvosdanauauitil Insesafariiaoug

o/

18 Wy drrasenvusihvidmas, Wle, i led dudu

@V

- awnsafezoenuuudniuguii dygna deundudiudhdudyananfion Ginge
input feedback)’l?gl'

wait [d0innsmareutlse@ndnmmsniuauiuuAmuR STLFR e SVC Ay AVR

luszuylevsasenruniossuia Ilfhdaium uazfwantuiondass uazmsname

UszAnEammsniuguuuunmuiidniustuees MT taz ES luszuu MG Sudulders

Favuidinruguiteenuuudaeisivuaueiinnunimuesisndenisilasuniag

a o A o = 1 @
WIUADITEUY uamﬂu"lmamazmsmammsmmmu"lﬂ

k%4
5.2 valauanuy
9y @ awv 1 Ao dy
VDL UDLUUE uazuuamami‘wmuN1mimma"lﬂ1uemﬂmummﬂ"lﬂu
~ q Y J v :’ @ @ £
5.2.1 msmz"lu‘l‘vﬁaﬂ‘mumuﬂ W wag w, Ghlﬂ'lﬁﬂﬂﬂu‘ﬂﬂﬂ'Jﬂ'JUQiJ&L‘]J‘UﬂQ‘VIu YIS

Favaaa luMIR LI LaZUABMIENLUY



63

Qddll 1 (4

522 avsfiegnlSenfisnss pso U3B89 WU FFRugnssuBud, 35ewa (ant colony
optimization: ACO) [84-85] 13ludu

5.2.3 msﬁwﬁms*ﬁmmﬂ’m"hjmiuauimwmmuﬁ'uq (U LU inverse additive
perturbation [53], UV multiplicative perturbation [86] Fudu

524 msﬁ'ﬂzﬂisqﬂﬁi%"’?’ﬁmsaaﬂuwﬁmLﬁuaﬁuﬁaﬂw@wﬁﬂﬁuq“luizuu"lvl%

’ o w t L) o o 4
ey dduadosnmszuyIiihdids (power system stabilizer: PSS), gunsal FACTS
d v

WAy



[1]

[2]
(3]

[4]

[5]

[6]
[7]
8]
[9]

[10]

[11]

[12]

64

UITNYNTYN

M.A. Pai, D.P. Sen Gupta and K.R. Padiyar, Small Signal Analysis of Power Systems,
Harrow, UK : Alpha Science International Ltd, 2004.

T. Ackermann, Wind Power in Power Systems, John Wiley & Sons, Ltd, 2005.

S’Y. Obara, “Analysis of a Fuel Cell Micro-Grid with a Small-Scale Wind Turbine
Generator,” International Journal of Hydrogen Energy, Vol. 32, pp.323-336, 2007.
S’Y. Obara, “Equipment Plan of Compound Interconnection Micro-Grid Composed
from Diesel Power Plants and Solid Polymer Membrane-Type Fuel Cell,”

International Journal of Hydrogen Energy, Vol. 33, pp.179-188, 2008.

B. Kroposki, R. Lasseter, T. Lse, S. Morozumi, S. Papathanassiou and N. Hatziargyriou,
“Making Microgrids Work,” IEEE Power and Energy Magazine, Vol. 6, pp.40-53,
2008.

F. Katiraei, R. Iravani, N. Hatziargyriou and A. Dimeas, “Microgrids Management,” IEEE
Power and Energy Magazine, Vol. 6, pp.54-65, 2008.

S. Chowdhury, S.P. Chowdhury and P. Crossley, Microgrids and Active Distribution
Networks, London, UK : The Institution of Engineering and Technology, 2009.

R.H. Lasseter, “CERTS Microgrid,” IEEE International Conference on System of Systems
Engineering, pp.1-5, 2007.

S. Morozumi, “Micro-Grid Demonstration Projects in Japan,” IEEE Power Conversion
Conference, pp.635-642, 2007.

H. Camblong, J. Sarr, A.T. Niang, O. Curea, J.A. Alzola, E.H. Sylla and M. Santos, “Micro-
Grids Project, Part 1: Analysis of Rural Electrification with High Content of
Renewable Energy Sources in Senegal,” Renewable Energy, Vol. 34, pp.2141-2150,
2009.

N. Hatziargyriou, H. Asano, R. Iravani and C. Mamay, “Microgrids,” IEEE Power and
Energy Magazine, Vol.5, pp.78-94, 2007.

M. Barnes, G. Ventakaramanan, J. Kondoh, R. Lasseter, H. Asano, N. Hatziargyriou,
J. Opyarzabal and T. Green, “Real-World Microgrids- an Overview,” IEEE

International Conference on System of Systems Engineering, pp.1-8, 2007.



[13]

[14]

[15]

[16]

iy

[18]

[19]

[20]

[21]

[22]

65

E.M. Do Sacramento, L.C. De Lima, C.J. Oliveira and T. Nejat Veziroglu, “A Hydrogen
Energy System and Prospects for Reducing Emissions of Fossil Fuels Pollutants in
the Ceara” State—Brazil,” International Journal of Hydrogen Energy, Vol. 33,
pp.2132-2137, 2008.

S’Y. Obara, “Load Response Characteristics of a Fuel Cell Micro-Grid with Control of
Number of Units,” International Journal of Hydrogen Energy, Vol. 31,
pp.1819-1830, 2006.

F. Katiraei and M.R. Iravani, “Power Management Strategies for a Microgrid with
Multiple Distributed Generation Units,” IEEE Transactions on Power Systems,
Vol. 21, No. 4, November, pp.1821-1831, 2006.

K. Zhou and J.C. Doyle, Essential of Robust Control, Prentice-Hall, 1998.

F-C. Wang and H-T. Chen, “Design and Implementation of Fixed-Order Robust
Controllers for a Proton Exchange Membrane Fuel Cell System,” International
Journal of Hydrogen Energy, Vol. 34, pp.2705-2717, 2009.

Q. Zhao andJ. Jiang, “Robust SVC Controller Design for Improving Power System
Damping,” IEEE Transactions on Power Systems, Vol. 10, No. 4, November,
pp.1927-1932, 1995.

M. Pamiani and M.R. Iravani, “Optimal Robust Control Design of Static Var
Compensator,” IEE Proceedings Generation, Transmission and Distribution, Vol. 145,
No. 3, May, pp.301-307, 1998.

G.N. Taranto and D.M. Falcao, “Robust Decentralized Control Design Using Genetic
Algorithms in Power System Damping Control,” IEE Proceedings Generation,
Transmission and Distribution, Vol. 145, No. 1, January, pp.1-6, 1998.

Y.L. Abdel-Magid, M.A. Abido, S. Al-Baiyat and A.H. Mantawy, “Simultaneous
Stabilization of Multimachine Power Systems Via Genetic Algorithms,” IEEE
Transactions on Power Systems, Vol. 14, No. 4, November, pp.1428-1439, 1999,

M.A. Abido, “Robust Design of Multimachine Power System Stabilizers Using
Simulated Annealing,” IEEE Transactions on Energy Conversion, Vol. 15, No. 3,

September, pp.297-304, 2000.



[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]
[32]

[33]
[34]

66

Z-L. Gaing, “A Particle Swarm Optimization Approach for Optimum Design of PID
Controller in AVR System,” IEEE Transactions on Energy Conversion, Vol. 19, No.
2, June, ép.384-391, 2004,

S. Panda and N.P. Padhy, “Comparison of Particle Swarm Optimization and Genetic
Algorithm for FACT-Based Controller Design,” Applied Solf Computing, Vol. 8,
Issue 4, September, pp.1418-1427, 2008.

R.L. Haupt and S.E. Haupt, Practical Genetic Algorithms, 2™ Edition, Wiley-interscience,
2004.

M.A. Abido, “Particle Swarm Optimization for Multimachine Power System Stabilizer
Design,” IEEE Power Engineering Society Summer Meeting, Vol. 3, pp.1346-1351,
2001.

J. Kennedy and R. Eberhart, “Particle Swarm Optimization,” IEEE Neural Networks,
pp.1942-1948, 1995.

H. Yoshida, K. Kawata, Y. Fukuyama, S. Takayama and Y. Nakanishi, “A Particle Swarm
Optimization for Reactive Power and Voltage Control Considering Voltage
Security Assessment,” IEEE Transactions on Power Systems, Vol. 15, No. 4,
November, pp.1232-1239, 2000.

S. Panda and N.P. Padhy, “Comparison of Particle Swarm Optimization and Genetic
Algorithm for TCSC-Based Controller Design,” International Journal of Computer
Science and Engineering, Vol. 1, No. 1, pp.41_—49, 2007.

M.A. Abido, “Optimal Design of Power-System Stabilizers Using Particle Swarm
Optimization,” IEEE Transactions on Energy Conversion, Vol. 17, No. 3, September,
pp-406-413, 2002.

O.I. Elgerd, Electric Energy System Theory: an Introduction, New Delhi, India, Tata
McGraw-Hill, 1982.

J.F. Mannwell, J.G. McGowan and A.L. Rogers, Wind Energy Explained: Theory, Design
and Application, John Wiley & Sons, 2002.

T. Ackermann, Wind Power in Power Systems, John Wiley & Sons Ltd, 2005.

R. Hunter and G. Elliot, Wind-Diesel Systems, a Guide to Technology and Its

Implementation, Cambridge University Press, 1994.



[35]

. [36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44])

[45]

[46]

67

N.H. Lipman, Wind-Diesel and Autonomous Energy Systems, Elsevier Science Publishers
Ltd, 1989.

S.C. Tripathy, M. Kalantar and R. Balasubramanian, “Dynamics and Stability of Wind
and Diesel Turbine Generators with Superconducting Magnetic Energy Storage
Unit on an Isolated Power System,” IEEE Transactions on Energy Conversion, Vol.
6, No. 4, December, pp.579-585, 1991,

D. Das, SXK. Aditya and D.P. Kothari, “Dynamics of Diesel and Wind Turbine
Generators on an Isolated Power System,” Electrical Power and Energy Systems,
Vol. 21, pp.183-189, 1999.

F. Jurado and J.R. Saenz, “Neuro-Fuzzy Control for Autonomous Wind-Diesel Systems
using Biomass,” Renewable Energy, Vol. 27, pp.39-56, 2002.

M.G. Simoes and F.A. Farret, Renewable Energy Systems: Design and Analysis with
Induction Generators, CRC Press, 2004.

T.J.E. Miller,‘ Ed., Reactive Power Control in Electric Power Systems, John Wiley &
Sons, 1982.

LA. Erinmez, Ed., “Static Var Compensators,” CIGRE Working Group 38-01, Task Force,
No. 2, 1986.

A.E. Hammad and M.Z. El-Sadek, “Prevention of Transient Voltage Instabilities Due to
Induction Motor Loads by Static Var Compensators,” IEEE Transactions on Power
Systems, Vol. 4, No. 3, August, pp.1182-1190, 1989.

R. Mohan Mathur and Rajiv K. Varma, Thyristor-Based FACTS Controllers for
Electrical Transmission Systems, Wiley, 2002.

R.C. Bansal, “Modelling and Automatic Reactive Power Control of Isolated Wind-
Diesel Hybrid'waer Systems Using ANN,” Energy Conversion and Management,
Vol. 49, pp.357-364, 2008.

R.C. Bansal, “Automatic Reactive-Power Control of Isolated Wind-Diesel Hybrid
Power Systems,” IEEE Transactions on Industrial Electronics., Vol. 53, No. 4, August,
pp.1116-1126, 2006.

R.C. Bansal, T.S. Bhatti, D.P. Kothari and S. Bhat, “Reactive Power Control of Wind-
Diesel-Micro-Hydro Hybrid Power Systems Using Matlab/Simulink,” International
Journal of Global Energy Issues, Vol. 24, No. 1/2, pp.86-99, 2005.



[47]

[48]

[49]

[50]

[51]
(52]
[53]
[54]

[55]
[56]

[57]

[58]

68

R.C. Bansal, “Reactive Power Compensation of Wind-Diesel Hybrid Power Systems
Using Matlab/Simulink,” International Journal of Energy Technology and Policy, Vol.
3, No. 3, pp.237-252, 2005.

R.C. Bansal, T.S. Bhatti, D.P. Kothari, “A Novel Mathematical Modelling of Induction
Generator for Reactive Power antrol' of Isolated Hybrid Power Systems,”
International Journal of Modelling and Simulation, Vol. 24, pp.1-7, 2004.

R.C. Bansal, T.S. Bhatti and D.P. Kothari, “Automatic Reactive Power Control of
Isolated Wind-Diesel Hybrid Power Systems for Variable Wind Speed/Slip,”
Electric Power Components and Systems, Vol. 32, Issue 9, September, pp.901-912,
2004.

R.C. Bansal and T.S. Bhatti, “Reactive Power Control of Autonomous Wind-Diesel
Hybrid Power Systems Using Simulink,” Electric Power Components and Systems,
Vol. 35, Issue 12, December, pp.1345-1366, 2007.

S. Skogestad and . Postlethwaite, Multivariable Feedback Control: Analysis and Design,
2™ Edition, John Wiely, 2005.

D.C. Mcfarlane and K. Glover, Robust Controller Design Using Normalized Coprime
Factor Plant Descriptions, Lecture Notes in Control and Information, Springer-
Verlag, Berlin, Vol. 138, 1990.

D-W. Gu, P.H. Petkov and M.M. Konstantinov, Robust Control Design with MATLAB,
Springer, 2005.

P. Kundur, Power System Stability and Control, McGrawHill, Inc, 1993.

H. Saadat, Power System Analysis, 2™ Edition, McGrawHill, Inc, 2004.

T. Senjyu, T. Nakaji, K. Uezato and T. Funabashi, “A Hybrid Power System Using
Alternative Energy Facilities in Isolated Island,” IEEE Transactions on Energy
Conversion, Vol. 20, No. 2, June, pp: 406-414, 2005.

T. Senjyu, D. Hayashi, N. Urasaki and T. Funabashi, “Oscillation Frequeiicy Control
Based on controller for a Small Power System Using Renewable Energy Facilities
in Isolated Island,” IEEE Power Engineering Society General Meeting, pp.1-7, 2006.

D-J. Lee and L. Wang, “Small-Signal Stability Analysis of an Autonomous Hybrid

Renewable Energy Power Generation/Energy Storage System Part I:@ Time-



[59]

. [60]

[61]

| 62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

69

Domain Simulations,” IEEE Transactions on Energy Conversion, Vol. 23, No. 1,
March, pp. 311-320, 2008.

X. Li, Y.J. Song and S.B. Han, “Study on Power Quality Control in Multiple Renewable
Energy Hybrid Microgrid System,” IEEE Power Tech, pp.2000-2005, 2007.

X. Li, YJ. Song and S.B. Han, “Frequency Control in Micro-Grid Power System
Combined with Electrolyzer System and Fuzzy PI Controller,” Journal of Power
Sources, Vol. 180, pp.468-475, 2008.

Available at: <http://www.protonenergy.com/>.

Available at: <http://www.distributed-energy.com/>.

LJ. Nagrath and M. Gopal, Contol Systems Engineering, 3" Edition, Delhi, New Age
International Publishers, 1999.

T. Ohyama, A. Watanabe, K. Nishimura and S. Tsuruta, “Voltage Dependence of
Composite Loads in Power Systems,” IEEE Transactions on Power Apparatus and
Systems, Vol. 104, No. 1, pp.3064-3073, 1985.

S.M. Al-Alawi and K.A. Ellithy, “Tuning of SVC Damping Controllers Over a Wide
Range of Load Models Using an Artificial Neural Network,” International Journal of
Electrical Power & Energy Systems, Vol. 22, Issue 6, August, pp.405-420, 2000.

T.S. Bhatti, Interactive Excitation and Speed Governor Control of Power Systems,
Ph.D. Dissertation, Electrical Engineering Department, Indian Institute Technology,
New Delhi, India, May, 1984.

IEEE special working group on modelling of excitation systems, “Excitation System
Models for Power System Stability Studies,” IEEE Transactions on Power Systems,
Vol. 100, No. 2, pp.494-509, 1981.

K.R. Padiyar, Powér Systems Dynamics, Stability and Control, Bangalore, India, Interline
Publishing, 1996.

R.C. Bansal, Automatic Reactive Power Control of Autonomous Hybrid Power
Systems, Ph.D. Dissertation, Centre Energy Studies, Indian Institute Technology, New
Delhi, India, December, 2002.

H. Gorgun, “Dynamic Modeling of a Proton Exchange Membrane (PEM) Electrolyzer,”

International Journal of Hydrogen Energy, Vol. 31, pp.29-38, 2006.



[71]

- [72]

[73]

[74]

[75]

[76]

[77]
[78]

[79]

[80]

[81]

70

A. Marshall, B. Borresen, G. Hagen, M. Tsykin and R. Tunold, “Hydrogen Production by
Advanced Proton Exchange Membrane (PEM) Water Electrolysers—Reduced
Energy Consumption by Improved Electrocatalysis,” International Journal of
Energy, Vol. 32, pp.431-436, 2007.

F. Barbir, “PEM Electrolysis for Production of Hydrogen from Renewable Energy
Sources,” International Journal of Solar Energy, Vol. 78, pp.661-669, 2005,

K. Onda, T. Murakami, T. Hikosaka, M. Kobayashi, Notu R and K. Ito, “Performance
Analysis of Polymer—Electrolyte Water Electrolysis Cell at a Small-Unit Test Cell
and Performance Prediction of Large Stacked Cell,” Journal of the Electrochemical
Society, Vol. 149, pp.1069-1078, 2002. _

O. Ulleberg, “Modeling of Advanced Alkaline Electrolyzers: a System Simulation
Approach,” International Journal of Hydrogen Energy, Vol. 28, pp.21-33, 2003.

S. Kelouwani, K. Agbossou and R. Chahine, “Model for Energy Conversion in
Renewable Energy System with Hydrogen Storage,” Journal of Power Sources,
Vol. 140, pp.392-399, 2005.

M.J. Khan and M.T. Igbal, “Dynamic Modeling and Simulation of 2 Small Wind—Fuel
Cell Hybrid Energy System,” International Journal of Renewable Energy, Vol. 30,
pp.421-439, 2005.

B. Gou, W.K. Na and B. Diong, Fuel Cells: Modeling, Control, and Applications, Boca
Raton, CRC Press, Taylor & Francis Group, 2009.

J.J. Baschuk and X. Li, “A General Formulation for a Mathematical PEM Fuel Cell
Model,” Journal of Power Sources, Vol. 142, pp.134-153, 2005.

C. Marr and X. Li, “An Engineering Model of Proton Exchange Membrane Fuel Cell
Performance,” An International Journal for Physical and Engineering Sciences,
Vol. 50, pp.190-200, 1998.

J. Jia, Y. Wang, Q. Li, Y.T. Cham and M. Han, “Modeling and Dynamic Characteristic
Simulation of a Proton Exchange Membrane Fuel Cell,” IEEE Transactions on
Energy Conversion, Vol. 24, Issue 1, March, pp.283-291, 2009.

S. Yerramalla, A. Davari, A. Feliachi and T. Biswas, “Modeling and Simulation of the
Dynamic Behavior of a Polymer Electrolyte Membrane Fuel Cell,” Journal of

Power Sources, Vol. 124, pp.104-113, 2003.



71

[82] 1.J. Baschuk and X. Li, “Modelling of Polymer Electrolyte Membrane Fuel Cells with
Variable Degrees of Water Flooding,” Journal of Power Sources, Vol. 86,
pp.181-196, 2000.

[83] J-H Wee, K-Y Lee and S.H. Kim, “Sodium Borohydride as the Hydrogen Supplier for
Proton Exchange Membrane Fuel Cell Systems,” Fuel Processing Technology,
Vol. 87, pp.811-819, 2006.

[84] A. Colorni, M. Dorigo and V. Maniezzo, Distributed Optimization by Ant Colonies, Paris,
France, Elsevier Publishing, 1991.

[85] M. Dorigo, Optimization, Learning and Natural Algorithms, Ph.D. Thesis, Politecnico di
Milano, Italy, 1992,

[86] S. Dechanupaprittha, 1. Ngamroo, K. Pasupa, J. Tippayachai, K. Hongesombut and
Y. Mitani, “New Heuristic-based Design of Robust Power System Stabilizers,”
International Conference on Power System Technology, POWERCON, November,
pp.618-623, 2004,



72

' dy I dl Y o U 14 d‘ = 1 5 1 Y o ¥ € Y ¥
wnanstluenasianulidmsunisidnuienisfinwivingu ldeygnlriluldusslevisunisen

I i O L& a Oy agve & Y Y a = v & A ° v
Imﬁqﬂiﬂﬂ@q NIdU @ﬂV]QV']ﬂJ@JIW@@LLUaQLu@W'] LLaSG’]@\?@W\T@QﬂQL"i]'TGUENL@ﬂﬁ'ﬁﬂ/‘]ﬂﬂiﬂmuﬂqﬁuqlﬂisﬁ

+



MANUIN N,

meSnadaanyal uazdee

73



74

.Y J

N1 MeSUeNgyanyal

'D

dPpy
dPyp
Ey
fo

G

G547
Gy

IGS |dB,1f
I-IZ

"HT

AIN1THU

= %) a o
manlasulaanasgveanasnuLaeing
mslfeuilasnasgiuveandsnuau

) ) 1 <

MITUNAINUman TWdh

-
ANUDIZUY

4
I$VUNILY

ADATIVI189T0UEIAUTLUVNTZY G NeUANNDM

Q

STULNTATUFIN

v oo

MnsveeNseuillavesszuuntadagiu G fg1uany

DD,
Bo.

1

lalasau

dedmsuussylelasien
AONTIVIBVDIAITAVITEAULTIAU T HA
SRT 1Y IBVOIMINTEAY
LY ad 4
f19A51Ve8U0ITZUUBIAN 1aS larto s
ORI VLY IAIUTRET NN

b1
ADATIVEBUD LT ARLTOINA

1 Q.

ARuauA droop ¥04 14 Ingmes luti

q

L) ad [ o o
AN IUANUULAIMUIBITTIUBEN Tas laies lumsdiuuuuuendese
) . ad o o '
AIRUANMLLIAIMUYRTTUUBEaN Tns lames lumsmnuuniey Tee
n3amy I

Y] o o a
amuguuuuamuved lulasmed luilumsihanunuunendass

o o o d'l a
anuguuuunanuues lulasmes lud lumsheuuuisen Tosnsans
Tl

(-2 o o

BRIV YDINITAUIU InTanes

AINIAINNUNOE

T o o a ad o
amueenias liinsweslnanszuuddnlag lawes

1V Y

o @ a o 4" Py
mausenias Wi 195wesradFoinaa

o o

A1seneauning

fae e anma



" Fyp

" pini
Prc

LY
P
P

max
Prc

* pmin
Prc

v

e
max

Ppy
min

Fpy
max

min
Byp

9
96
or

Osvc

Mae e siinda laemnsesduiia Ifumiteni
e lfhasedudh

Tvaasguy

fde WiheseesInaa

] o @ a 4
aduoonsiadliiesweslulnsmes lu

v 9 o a Y] a
Maueensgs Wi 9swsandsnuasoing

e InfeSennan Tasnseasuiia lWf e Tasila

o o

fde I naedenoiow
T 9 o w o -7
mauesnigs l9Svewmwdsuay

A o o a a J
Asududueeniaclnfheiwes Inanssundidnlns lawes

)

o a o dsll a
Ausududeanige WS wwousadi¥omas

a v 9

ausududmoonmadliiieswedlulnsmos luyl

1 d' Y

Aaeigavesdiueontids infessweslnanscuudibn las lawes

L
T

adngavssdiveensias Iiieswes lvanszuusdnlas lawes

9

Y o

a @ a 4 dy a
sgavesdmesnide lvlfheswessaniFomas

= 9 o ar a '3 .ﬁl a
'I‘Vlfzﬂ"UE]\iﬂ'll!@ﬂﬂﬂ'mﬁll‘l"lﬁ'ﬁ]iﬂﬂlﬂﬂL“ﬁﬂﬁL%@LWﬁ\i

Wgavesmueeniide ifhSveslyTnames lusl
Thgavesdueenmas lifeTiveslu Insmeslud

4

q
@
t d' 9 - = Y o
ﬂ1qammfummuaaﬂmmMﬂmswmwmamummmEJ
é

= Y o a [ a
TVI’LIWU’ENﬂ'lu@'f)ﬂﬂ']ﬁﬂll“l’\lﬁ'l‘ﬂiﬂﬂl@ﬁWﬁﬂﬂTuLLﬂ\iﬂﬂ’mU

pui 9/ o o a 7]
Wgavesdmesndiag i wemdsnuay

Y

gavestiueantias Wi wemdnuay

a o Y o

Afnavesfraweiae M valouuuuada
s1deldfiadonild lansessuiia lWfuniioarih
anudeems Inaafmde Wi wailou

s Ivifuadoufinan Innsesiuiia Wi G Insiia

s vfuadlonfindn lnodasamemss lWdhefouuunada
AnuAUMUANYa

9 Jd A o A 2 o
mmmumummmwmmimmmﬂ"lwfﬂhmuﬂ’sm

75

ol 1 [ = : o A 4 o
anuamulsmesnéreaundsdulgugiiveunsosduila duniion

1 o a o
ANINFUDUAD

aatvauniaaiia Infuniieni



X tie

X

76

Aasdimanavesiasnyzaunssau i
] < a o w
Aavesuaannsdseediaue
AAAINIAUIMANIZFIAFUUVIITAAVULAUATS
AAIAINMILINIVBINITNTZAY
] o ad 4
AMALFIMIIAvesszuuUdanIag lawes
AINIAINNIAIVBIAIRUADITNIN
9

AR IN IR VDT AR T DING
] a a 4
Awramsdszismsgariu nsames

& o oy @
Hansurinin

s & 3 = s Y] 4
Suenuaugveuasesiwia Wi de IasTauuuauassnieldSou lvanie
907
'3 N Qo =Y = Y 4

Fusnuaugvounsoet e IWid Insdauuuouasenelditoulvaning
%N
= 4
SUBALAUTANYD
= e a ] < & o A P )
SuenLAUERINAINTUIBIManvuaTosfute 1WAt
= o |
SURNUAUSH1UTIRBIFDI
= 4 o A o a ~ o
SupnuaNS AR TUBuAT Bt ie IR untleanis
= 4 o"d's) 1 o a & o A = o
Suenuaud lamesninennndidulgugiveunseeduila v umiionth

o w

[
yuide Mihserhaussdu lWfnen uazusedu ifhersiunesniely

L]

yulanduiusfusenensams i uazszuulyinsnsa

9

1 oo A

AMABHANTTOUL
UszanSanveunsoeduiia WA un e
a o
YuMs eI Insanes
a PR
yun1sgawuan Insemosfisey
Py o ) ot a
nslasuulasvaanuesasdunuss uanin
PR [~ [ =1 a
msffeulasvinamnvesdygnuviesnainudennislszIanisgasuau
Py d
Tnsaees
4 a [9)
milaeuulasinamnueus iy livhnssdu
~ I~ o 1 < 4 4 o a
msasuasvinadnveswdsnuiman It Az anlumsesduila
T umiei
i 3 o P P 9
msasunlasvuiaanueauseau o5 mesnielunielditouly

ANIZAIAD



AF,

AQ,

AQgyc
AV

AV,

AV

AV,

Aa

‘12 e

ACO
AVR
CMS

‘DG

DS

77

msienudasvuadnvews i IWfefmmeineluneldidouly
annzdang

msuAeuudaswesnnud

anu liaugasdendese
mywAeuntlasdeenfaslnihns e nanszuusidn ns laes
msdountasludumsiinunuunendaszves InaaszuudidnTas
Tawses
msdoundadludrumsiaunnuidenTeansans fwes Tnaaszuy
fidnTns lawes

msavunlasduesndids i nswouwadisomas
mywAeulaside i uiuaud e

mswfsunlasduesnmse lWfwsedluTasmed o
asfsundadludumsiauuuuendaszuesdeen luTasmodlud
msffsusdadlugrumsinuuuusenlesnsanms lifhwesdwoon
TuTasmeslud

mswfsuilaswesige Wi fisosededon
nssundasiddifiuadiouvesTnaa

msffounlasird fhiafouvewrameide i adouuunade
manlAoumlasruadnvesssiu Wi
mssunlaadnuews s inihviesnves
mml?;ﬂuuﬂawmﬂLﬁmlmﬁ'numpmmuqumﬂﬁ'smuﬂuﬁ”laﬁmmﬁ's%”ﬂm
seaunsaay IWfen Tusia
manffountasnainueassiu it eundunsedu

o g
mmJaEJuLuIawmmaﬂmamumifqﬂ%mu

Trfaun
Fsnuseauusadu Il dnTuda
ITUUAILAN UazAamulsziliung
wieasudn Wi uuuaszae

UM EUA A AN UNTZ1Y



ES
FC

"GA

1G
Lead/lag

LFC

MG

-MIMO

MISO
MT
PI
PID

.PSO

PV
SG
SISO
SR
SvC
TCR
TR
TSC
TSR
uG

ad o
sguvtianIag lawoes
'8 dy =Y
e R
ad a w al
BuAndanasnu
w3esiuia lufuniioanh
Frraseuuniv VA mas
MINIVAUANIND 11an
TuTasnsa
a o
STUUNALBUNAN 010G A
- P o
T TN TTRIGRE AT
4
Tulasmes lusd
Y ~
danuguuuuiile
Qo = ~
AanduauUULT lod
ABnqueYMA
) a o
NAWULAIDR A
wsearuiia G Tasda
& a & o
FEUUNTBUNANTI IO RS

= iAo
FUDNADIDUN I

faerings i adeuuuuaan

a 4 =y 4
TnSamosaouInsasuonmos
nioutlas T

a d a o a 4
TnSawmesadadmidmos

a d a do 4
TnSamesaingsuonaos

nsans 1ndh

WAIIIUAY

78



MANHIN V.

= o d' o YV a Y
'51ﬂa3!@Elﬂ‘llﬂ\i!!ﬂ‘l]‘inﬂﬁ\‘l‘ﬂﬂﬂﬁ!ﬂu!‘lf\‘l!ﬁu

79



80

o d' o Y o5 =y v
1 uuudrasanilwilum adu

o o 1 g a 4 ' v {
Taoa ludszvvesfiqudnuazuuy hidwiudu elddeaensinyr Temansed

szunuszuuhldanulumsatuguanud uazusedu i dreszuudadu’la iesan

a1 a 4 = 4 0o q Yo o =
FUUANTINWITUAIUISUUNYUIAIANUINEIND miwmuﬂmmuﬂuizuuumﬂaﬂuuﬂm

i T $ = [ n’: a =Y 4 ? °
Tugrsuavg audoindunisdsundaududu dafuludneinusiddldatuaus

o i g o N v 1 ¥
wuusaesii lfuFududne Tl

o ) d o Y & o A W
1.1 !!‘U‘l]‘i]1i1?JQﬂﬂ!ﬂi’ﬂﬁﬂ‘iﬂli’N‘i%‘l]'l]vlﬁ‘ﬂ‘JﬂiS‘WJ'I\‘l!ﬂiﬂ\‘iﬂ‘lluﬂ“l‘l’\lﬂ'lﬂ\iﬁuﬁﬂ

UL ANLVUEND S
seuulevasevitunioeduida lfhfeiuoy uazfaa [44-50] TdRa1s iy
wuuraesndiamand InofinTossuilaliidslasdafuszuumanseduuuy IEEE type

k4 A 1 a & o =3 a 2 a I~ a A 9 o
laigoudenuyaniossuia ldf fra Gwaaangdnssuduniamniziag iy

d' -3 a d' © d' d‘l 1 o d' o ' = as v A
‘Lﬂi’tNﬂ’]mﬂll‘lf‘lﬁ"I!.‘H'LlEJ’]‘H'WIL“]YE]&IG]’f]ﬂ‘l]iS‘U‘Uﬂ']iL‘llﬁEJ‘NLL‘]Jﬁ\iWﬁ\N'mﬁll FULAYINUITS UV

svc reeimae WA vadowdud 1) luszuuTasszsudusuias i nadounnga Ias
wyessua lihdelnsda Taena ludimsnlaennlasweshideiiihessfie aunguesns
wlasuudlasvesnnud uazluimsudedumsalasunasvesiigs i waiiouiliina

$ U ‘é a ! L% 1 1
msfsuuasveusedu [31] Felaglnaudasnsdamannivesmsnszduaziiadesnd

MAIINIWINIURIRITUIAABY (prime-mover) 1IN HAZHANITADUTUBITIATVBITLUUNS

) g 1 I~ ' ) @ a
ﬂﬁ%ﬂuﬁﬂﬁqqﬂ@ﬂ']ﬂiﬁmi'nl']ﬂ LLﬁZUhJ’LT\‘iWﬂﬂ'iS,"VIUﬂ'ﬂ‘Wﬁ'Jﬁ‘llﬂﬁﬂ'liﬂ'.]‘i]ﬂilﬂ’ﬂllﬂi'ﬁﬁﬂ (load
v ¥
frequency control: LFC) Aatiun1sIFounDNY (cross coupling) 5$¥1919 LFC Lag AVR Fauen
a [ 3/
AnvanaIniu d

aumsanuaugamasidiuaiouneldfouluanizada (steady-state) Ao

Os +9svc =91 + 96 (¥1)

Taef Oy Ao Mds Iifuaiiounindalasnsesduila i delnniea, Oge Ao Mddld

wiloudninlae svc, g, Ao anudesms Inaamds Iidwaliou uaz g, fe didaeindh

A s a d’l o oy P o
Jerifouiinin Inensossuida Iduniloani

o [ - s o & & A a dg’ a 3 Y o v
dmiumsinszdanuaugamdsd ifaiioufimuinlussuylsusain Wimuald
Ag, A vurnveeninldeundasinaadidsidfuaiiou uaziiissannmisiinruves

4 1 3
§AIuRN AVR tag SVC dafumswandide IfuailouvesszuumuiuTaedwiusives



81

N +00gc  uReIiufa Idfualioundesnslasszuuszilfoundauiiosnnms

LY

¥ 14 1
wasudaslussdu lwih (ar) dafudauiBuvesiidd I adougni lussuusiny

F 4

A +A0syc —AQ; —80; Taviias Ifhwaileugniozmunssdu luihszunlu 2 madsdl

be

a [y o ' =3 . .
- TaoiumsFuwdsanusiman tudh (electromagnetic energy absorption: £y, ) 49
wieafuila A wmidlenhiidaswene d/di(E,,)

[] ] [ o
- Taaiums 1l Tvaadids Infeadauvesszuudlosonmsiuduluus svu Tud

E 9
Y a8

o, a 9 o
ﬂ\iuullﬁﬂQLﬂuﬁNﬂ’]ﬁV]‘Nﬂmﬂﬁ’]ﬁﬂiﬂlﬂﬂﬂ
AQsg +AQsyc —AQy — AQyg = d]dt(AEy, )+ Dy AV (¥2)

gazwdanuudman Iihndu 13 luesesduiia i wmiienide

1 2 1 2

{ ~ o 4 4 o -
Taedl I, Ly, uaz X, 9o nszudlih, anunilenh uagsuenuaudueunsosduila
Tihwmflenhmudidy Tasnsfinssnuuusiasssauyalagilszan [63] qaumsd (13)

v
ansaioulnylda st

1% 2 X 200 V2
EM ='—'ﬂ(V/XM) =l(V/xYA[) = (114)
2 2 Axf 4fX g
laghl £ Ao avwdssuy uazdmiuitouluiiszy) (nominal condition) aunsfi (v4) Weoulny
4
18l

B = (V")2 (¥5)

2
E_Mz(L] (%6)



82

] [} } 1 ]
Tagh ¥ =70 + AV uasifiesvinar AV Tsles deuauniss @6) \weuInild lnsdameow
AV? gonlduandl@deaums @)

= =14+2— @7)
vV

0
AEy, = Ey, w&:z[i—ﬁg]w (8)

. v v 1 &
lavfl 70 uag Ej fie A1fissy (nominal  value) woss ey INThidtTe uaswgay

wimdn Wi idu 3 lunSessuda Wi midonni
] 9 v [ 9 v ¥
dmSumaiuan luusesdu i Tnaatmiss ldfuaiiouiidousdetsuaszituiy lag
9
Dy =30, /37 (pu kVAR/pu kV) Ay lvaamde viuaienansouaaslugiuouves

usedu Iwdhuvuend Iwmuien (exponential) [64-65] feaunis

QL =Cy? (¥9)

d' A 1 d’ dyo Qo tﬁgl T o o =3
lagii ¢; Ao AnsiivasTnan uaziavdimds ¢ IuogiuridavesTnan lunsdivesmssuniy

Y
=1

o d‘ < Y o
YUIALEAN TUNITN (V9) fT']iJ'IiﬂWfJ‘NulﬂﬂQu
AQ, /A7 =q(0} /1) (¥10)

lavfl @} flo Ariissyvesanudesns Tnaadde I uaiiow Tuaunisi @2) i Dy
aunsadanldlaemsldaunsi wio) Tassmuald g, e Mrisaddeinfaiion
YBITZUL

VINEUMIN (¥8) M1sAEM Qp udwmumngy U luaumsd (@2) 128
8056 +AQsyc ~AQ; - AQy =28}, | (VOQR)d/dt (AV)+ DyAV (v11)

{ \ é { 4 Qsll L} 1
Tuaumsi (111) M g misvanilamenvnzRimeydugenuaaalune pu kVAR
8

0 > = blslw
ANHUAN EM/QR TTONWSVEY lAAITUNIS



83

Ej [0 =1/ (4nfkp) = Hy 12)

) A v ~ A o~ 1 o) A @ t 1 Aaw
TﬂEJVI Hp, fo ﬂ'lﬂ\Wl‘UE]\iﬁ'ZU‘U“h’\iiJﬁu'JULﬂu “sec” UDY kR 19 BATITIUYDIAINAA

o o

fde Al uafeouvesssvufuarsid IdfnadouriudimEn I8 819 ua (rated
“ . . dll [ ) d' o
magnetizing reactive power) vounIosduila lfhumilonir
snumaunsi @12) Wh ) luaumsd @11) 1214
AQss +AQsye —AQ; — Ay = 2H / v0d/di(AV)+ D, AV (v13)

MATUMIN (¥13) Mimsuilasardary (aplace) 9214

AV (s) =Ky [(1+5Ty )% [AQSG (5)+AQspc (s) - AQ; (5) - AQyg (s)] (v14)

Taed
7, = 2R (¥15)
DV
1
Ky 24 Y16
=D, (v16)

w d 4
v1.1.1 aumnananaInang
v & 4 Y] a Y] ) Y]
aumsndandinendos [66] vounsessnsnaluiide Insiauuy round-rotor §1MSY

MssUnIUYIIAAnAe
dfdt(AE,) = (AE ~AE, [T} (17)
lavfi AEg, fio manffouuasumadinveaus sdn lufhnssdu, AE, fie mafAsuuilag

<1 Y] P ) 1 1 { 1 v o
Gumﬂmmlmusmu"lvslﬁmﬁmmi(mﬂ“lumzﬂuﬁﬂmumamﬁuJﬁﬂuuﬂmiumﬂaﬂmﬁum

VULAUATY (direct axis field flux) eldiTen luan1azasda, 71y feo Masiimuimaniig

Fnguuvrns@iauuinuase vinaumsi 17) s AE, dmualdiiisy

!

X, -X
AE, =X—‘,1AE"I —(d—,d)coséAV (v18)
X X
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{ 1 o q 0o a =y o 4
Tael X, e Arsuenuaudueansessuia WG lasdavunnuasenieldteu laantoe
d
A3, X e Asuenuaudveunseetuis WihdsInstauuunuasenielddeu lvane

o'l ' o 4 t 3 { o 4
¥ang dmiumsdsundasvinadnTuaunsi @17) fimsudasadarsaunisf (u1s) oz
18

(1+5T5 ) AE, (s) = K5AE 4 (s) + KAV (5) (V19)
Tawdi

To =(XjT)0)/ X, ’ (1120)

Ks=Xa/Xy (v21)

K ={(X4 - X})c0ss} /X,  (122)

v1.1.2 aumansaanutialwlihdalasida

meldifenlvanzdng i oy suanldanaums [31]
056 =(E;7 coss-72) [x, (23)
o w 53 ~ a M Yo &
MMTUMITUAIUVIAEN dunts N (v23) Weulvaldded
8Qs; =(V cosd/Xy) AE, +{(Ey coss~27) [Xa}av (424)
1 i 5 ‘é QU T ]
Tavhl AE; Ao mswlfoundasvinadnvesussin o fiuwedneluzauiudadiude
4 T v 2 4 o }
msifoumlaslumdndaumuuinuasimeldfoulvanansdaag
nmsudasardawaunsh (24) 1218

AQsq (s) = KIAE, (s) + KAV (s) (v25)

Taeh

K, =(Vcosé)/ X, (426)

K, = (E"I cosd — 2V)/X"1 (227)
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ar (?) ) Stabilizer Saturation function
AP}(&) sK S ke
1+ sTp P
Ky ] 2a® ya~ & [T | Ea®
1+sT A K E T sT E
AVR Exciter

U W1 szuumsnsEAUILY EEE type-

v E4 1) )
Tugtid 91 szuumisnseduuuy BEE type- [67] 18AadssnfumSosdnuila i

v
= U

a o a 3 @ i 1a 1 d o
miﬂiuﬁﬂluizuu%‘um %']ﬂ‘ﬂﬂ@ﬂllﬂﬂguﬂill fmm‘iW\iﬁ"vumﬂiauﬁ‘luﬂﬂmﬁﬂﬂ%uamn

(saturation function: Sy ) g11soNvRe Idaaauns
AE (s AV, (s
()= gAY (9)

7, (5) = (A (5) = 7 (5 87,1 (1)

sKp

AV (8)= A (s)

v1.1.4 aumsnseanuia Wi

o ~ '8 q o o i o o Qs c?
uuudnesndinmaniveunsesuila IWH unilennii (48] Aruan ldsaesi

Rey Xy
o AN (o]
f ~— |
Vi l ?ij Rp§ Er Ry =2 (-s)
l Iy S
o

310 w2 wesauyaveunsesiuila il unioni

Mg v2 nssuaidvua 1 fe

(v28)

(v29)

(v30)
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__EV __E ws1)
Req +1Xeq RP

{ o s a
lagh R, X,, W0z X, fio ANNAIUMIUENYD, SuenUAUGaUYa LAY LBNLANGTIAATIN

’ T g & o a =1 Q o o A 9 4
ﬁu’]ﬂJlLlﬂﬂaﬂmﬂ\uﬂ5@\3ﬂ7luﬂ‘lwﬁ“ﬁuﬂqu1ﬁ1uﬂ']ﬂ‘ﬂ, R UAZ x A9 ANUATUNMUALIAUNDT

= J d o w A Y d ~ o d
UAZIUBNUAUTTIARNDTATIURTIAL, r2' 1319}7 xﬁ e ﬂ’J'lﬂJﬁWNW]UIiLﬁ’E]i uasmammuﬂimai
A 4 o 9 a o A 1 a A o a ~ 9 [ k4
ﬂmammmmuﬂguqumumﬂu, s A9 ﬂ'lﬁﬁﬂ‘llf]\‘llﬂi?)\iﬂ'lluﬂnl‘l'\m'lmuﬂﬁu'l NINITUN

gumsi (31) udwmm E w'ld

1 — (¥32)
RY _JXeq
Ry =Rp—R, (¥33)
dngdaumsh @32) ndez'la
RpX
TR SR R’ Alde (u34)

J
2, y2 2 _ y2
Ry+ X, Ry -X.,

o w

1891)31ng (apparent power) 1naa IaanTosduila lWfhwitionide

*

E-V ]_.Vz

U35
Req +leq JXM : ( )

Sig =P+ jQig = V[

v v } 14 :
unum E lugunsh @34) asluaunish @3s) daiumiddlnidnes uvazise Wi wadou

Pnaa Taanseariuila WA umtionife

PG =—~7_RY 3 y? (v36)
Ry +Xeq
X
O =—| —2—+ L 12 (¥37)

Ry +X2 Xy

NNANMISA (¥37) A1 Oy ARaLLAAIIiiAAszneuMdwLUdmds Hufe nTeeduila

WAwmTenhsuhds Iduadou amd Infd g s 1dsaaums
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*

I el (438)
Req + ]Xeq

unua E lugunsf (v32) asluaunmsi @3s8) az'la

=2R—1’2V2 (¥39)
Ry + Xeq

in

daumenves 72/x,, luaunsi @37) WBulaslugdvesmsasaundsonuminivthes

o w

] 9 ] v v v
luaun1sn @3) dsiuaunsveunsesdudaldd o i cuigd lwduaioudss

= Ted
NORRIRR

2 X
Oi61 = E-X Oig = {i} v? (v40)

Xy R}% +Xezq
o [ < Pt o8 a o P = 9o
FIMTUNMITUNIUVUIAEGN TUNITN (V40) 1‘14ﬂﬁﬂ!ﬁﬁl]ﬂ\?‘ﬂﬂ']ﬁJ']iﬂﬂ%ZL‘UEJu‘lﬂﬂ\iﬁilﬂ'li

AQjG) =——2_AV (¥41)
Ry +

nnguUii vz @1 Rp =2 (1-5) Ung R, =7 +r4 UnuA Rp ua R, Wanimshl (133) 9218
S
Ry =2(1-5)~(n +73) =22~ (255 + 1) (142)
S S
unuaaun1sn @42) 1€h 1 luaunsi (eo) az'ld

i61=— < r? (v43)
r2 [ 2
{?—(27'2 +r1)} +Xeq

) as [~ P P ] Vo
TN TUNMTTUNIUVUIAEN FUNITN (V43) fT'l?J']iﬂVlﬂSl‘UfJthﬂﬂ\?ﬁllﬂ'ﬁ

2r
Tz Ry Q145 = (R}% + X2, )AQIGI —-2X,,V (v44)
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wgnnauMsn @39) aumsdmsududmgswfhmena ludanseesuda Infuniiait

P
f1D

Rp

B =F, +Pcloss =
R +X2,

ViiP,. (v45)

Tagh P, A0 A1AINGaTensda (constant losses) luinSoesuiia i wmiieonit g msy
closs 6 0O

o A o a LY
AITUNIUIUIARN TUNITN (‘U45) mmmmzmau‘lﬂmﬁums

2r ”
{S—ZZ Ry (Byy = Pijoss ) - ;zz-Vz}AS = (R% +X2, )AP,,, —2RpVAV (46)

NAUNTA (V44) 1Dz (V46) MMsudauns laesisan as sonllzld

R}% + Xezq V2
—__ M |Jp <p, [_ T LA
[ QIGl m closs 2 RY QIGI

2X 2
= (R} +x2,)AB, + {—eq V[Pm — L —%J —2RPV}AV (147)
Y

1G1

M (¥47) Iagtlaunsindeg1d

961 AP + P4
72

m
loss —
2Ry

AQrc1 =
Pm - Pc

Mmsudasadarsaunish (v48) 0z'ld

2V

= RPQ]G] AV (51148)

Xe
RZ+x2 |74 y2
eq Alpl Ll

closs 2 Ry

AQi61(s) = Grci AR, (s)+

V2
Pm —Pclos _ﬁ;

R} + X2,

d' o = m o
NATUNITN (V49) ?{'ISJ’liﬂﬂ%$LMUu1ﬁN1ﬂﬂﬂﬁMﬂ1§

~ Rrrcn AV(s) (v49)

X, 3
P, — Py ———
[ m closs 2RY]
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AQ]GI (S) =K7APm (S)+K8AV(S) (GUSO)
Taod
K7 - QIGI — (‘1]51)
V
Pm - Pclass - E
2y RpQiG1

=2 2 | Ceq 2 (¥52)

Ry + Xeq P _p _ V

m clos. 2R

X.$
Ky = b (¥53)
Rp ~(Rp + X% ) 2Ry
RpX,
ZL W TN |t PLied (154)

¥1.1.5 aunNI3 SVC
Tagnalal sve [54] szneu lifaedaundnafe dauvesginsainaugy, dadi
wihfuurastie uazdmfidmihiduinan lae sve vnthidsunlsouussgu Wi

¥ v
aRnAIA 0N 5T WUReuN35Y naztenseumadoufuszuy M dgs favu sve S

o2

[y o w

Cs & 4 [Y
aduginselnruguindeilfluadendszsinnniiadlinnumusalunsnivquszdy

e

Y ’ 4 a { Qs [ { T A -
useau I Ataldaeh vielndiRossusedunsinimis Wmeszuu Ifdisige sve o
74 Q 4 o d Q T ‘é L] % [
Wsumloudufuszy uasduniivnhilsumld seevuuifuszuniiuaa 188

51U 03

&

HVAC bus

I

10 ¥3 2993 euyaves SVC
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- MINNU LazsHAvee SVC
1315095018 1442005 AN FuRUT T

N1511914UD9 SVC
useru I Adeemsarugu uaznszua lidwadouves sve Tasaedidnymsuanaiotu

L]

9
Yuogiusiinves SVC A
a o o
1. InSamesneuInsasuenines (thyristor controlled reactor: TCR)
d” A a A 1
ginssivilatiildmdsznouiiugude Suenines Fweeynsuduinsmaes

HUUABINANI (bidirectional thyristor) AU v4

Reactor % X; =0l
C

.
Thyristor
switch

|
|
, &
;
! 317 v4 2395999 TCR wazgtuuumsdonuszuy Tufhdige
i da (o v 9
TCR wfvuieriloudmsiuaudfisuald uaznrugudleyunsgasuy (firing
Y] 4 v [

=3 =1
angle) FuduAadivua 1t nSmmeshiay nnwanuduiussenitusedu i uag

limiting
180°

ua'llhves TCR uaaslddegalai vs
Current

Conduction angle o

¥ (pu)
L 0°
1.2 ;_/ 90° 130°  150°
/ i y y
/ L £ e——— . ' ]
pra— 7 z 7
Vrcf - 1.0 "7 /1 // ? //, SL°1
L ! 7 Vs P
/ / // o
08 i I / V4 ,//
F ! / // ~
! / 7 Ve 7
/ // /// ///
AN
! | H 4 ,// XL
! VA S
! ’I /l i
s
A
™1 a4 v’
i 7,77
L e’
L2 7
. 1 L L L T
06 08 10 ;i

510 a5 asanuduiufseneusedu lwih uagnszue Inhees TCr
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a ¢ a o a o .
2. InSawesain ¥a1115005 (thyristor switched capacitor: TSC)
d a tdyd v nﬂy A v a o ] ]
Q‘llﬂim%uﬂuuﬁﬂuﬂigﬂﬂﬂwuﬂﬂ«!ﬂﬂ ﬂu'lﬂ‘l]f]\‘iﬂ'lﬂ'l“lﬂﬁﬂiuﬂﬁﬂ HIUAAY

] 4 ’ @ a ¢ {
wihwansanuguildiinsdeudediduszuy1dde lnsanes fes1lfi v

L]

> 14
I ISVC
L -
Thyristor
4 switch
RN
C »J—I/C LI
C

31 ¥6 2995909 TSC wazgiluuumsaedussuyInidse

' Y] 4 1 4 P=Y 4 s o { o a '3
Wonssau IWfuddeu ldvna1idesnts s d@mesuueme i guaSasian
A ) ! s o 4 dg‘ [ Y] [
13900191053 U1 Tasiuanvesathdinesuusnsgiiuegiuviinvesusadu luda

aldeuly asanuduiussenius s lnih vasnssuaiiives TSC  uaasldas

T
I (4

{ { o a J o { 4
Ui v7 Tawnshidud 1 Ao nsdifduaindimme ¢ ihdussuy, ﬂﬂwsﬁ'uﬁ 2 o NIfINAY
= o 3 @ 1 !
aIniie C, 4z G, WRusUL ez iduT 3 8o nsEif Gu e Cp, C, WaE Cy 19N

AU

Ci*Ct Gy CrC,

Nt St )

reff

Z/-' S -

TSC characteristics |

—k- -

TSC current

31 w7 nsmlanuduiussernhaus s Inlih uaznszualifwes Tsc

' Y oA o o @ A - a ]
HBN1N TCR Iae TSC ummuqﬂﬂimwmugumm'M“ﬁnﬁmuaﬂﬁmwuﬂ LBU

Ja o a S a & 4 . .
SUONMBI DA (saturated reactor: SR), InSemesadadsuenmos (thyristor switched reactor:

TSR) Hludu



- sz Tomives sve
¥
Uszlomives sve luszuy dhddemansaeryd 188

1. Snuwsedn i Ifegluszdunsii nielndifes

92

¥
o o [ @ 3 [
2. dFvdguadesmwszun Tufhdde wu d5ulgsauautlavesssuy dudy

3. ¥wdsulysmdnlsgneusids

4. ud lvflywualieuga

1 9
210 [68-60] Hde I uaiiouinnelas SVC fuoa 1daeii

2
Osyc =V Bgyc

(v55)

5 o 5 ~ P ~ 1y 9
TINITUNTTIUNIUYUIALGN FUNITN (w55) fnlnsaﬂ%31‘”5“1“1’nlﬂiﬂﬂﬂ'liﬂ']iuﬂa\ja'lﬂﬂ'lcﬁ

ASErUNg
AQSVC (S) =K3AV(S)+K4ABSVC (S) (GUSG)
Tag?l
K3 =2VBgy. (¥57)
K, =02 (¥58)
AV (s)
_ PI controller o 0 + Aa < 7 Thyristor firing delay Phase sequence delay
AV"(’f(S)'*; Kos K; [Aals) —/— K, |3Bsye(s) 1 AB g (s)\
’ NN 1+ 5T, 1+ 5T, ?

zf2< ¥+ A

31 ¥8 uuvAes SVC

110317 ¥8 aumsiiglaniuzves sve [45] @oulddaaums

1
1+STd

ABSVC (S) = AB&VC (S)

, K
ABSVC (S) = 1+ saT Aa(S)

a

Aa(s)=Kp +%[Ame (s)-ar(s)]

(v59)

(v60)

(v61)



AMNANUIN A,

= Y o J
i‘lﬂ’n3!6ﬂﬂﬂl@ﬁﬂlﬂgﬁizﬂﬂqﬂﬂiﬂizﬂﬂ\‘l
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H' 3y a ' 4'4 o a [ = a
MmN a1 Jeyaszuv levsasgnhnuniessuila ihdaivay tazfauyuuendase

Wind capacity (kW) 150
Diesel capacity (kW) 150
Load capacity (kW) 250
Base power (kVA) 250

M3 a2 Jeyaniesiuia lnihdslasiia

P g (pu) (kW)

0 s (pu) (kVAR) 0.2
E  (pu) 1.1136
0 (°) 21.05
E' (pu) 0.9603
V (pu) 1
X 4 (pu) 1
X 4 (pu) 0.15
7 5

M1 A3 Jeyaniesiuia liliumiisni

P (pu) (kW)

0 i (pu) (kVAR) 0.189
P, (pu) (kW) 0.75
116 (%) 80
r=r',(pu) 0.19
x =% 5 (pt1) 0.56
s (%) -4.1




m319h a4 Joyalvan

P (pu) (kW) 1
0, (pu) (kVAR) 0.75
pf (lag) 0.8

maan as Jeyadde Iduailon

Qeve=0 16102 -9 (pu) (kVAR) 0.739
0 . (pu) (kVAR) 0.85
a (radians) 2.443985

M3197 A6 TOYAITUUMINTEAWILY IEEE type-1

X

T 4(s) 0.05
K, 0.5
T .(s) 0.715
K 1

S (s) 0
T (s) 0.55

M3190 A7 Joya SVC

0.005

0.001667
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a1 vdenlaszunsuiinlAfhududuves cms

Taosta ldudan linugaveatideiniedle  aunauesnsdouuyasnnyd
:ﬂﬂum1ﬂ’lilﬂfd;ﬂuLL‘].Ia\‘iﬂ’]'ma'frﬁ’nnﬁﬂ‘ﬁ‘ﬂZLLf’ﬂ"UlléﬁﬂEJﬁ’lﬂ‘liﬂ')‘l.lﬂiJﬂ'ﬂiJﬁiJﬂﬂ‘U’eN
fdalnfhesesenhaumasiiendeldih uaz Tnaaluszuy MG ﬁqguﬁaﬁsﬁuiﬂqﬂizmﬁ

dmFumsaruguanurugavestiasIiihesuieiuatesnmanud luss vy MG fmua

b4
Juan'lddauns
| AP=P%-PL 0 (a1)
Taeh
PG =PWP +PPV +PFC +PMT =PWP +Ppy +P;:nC" +APFC +P}{;’%' +APMT (\12)
Pl =P+ Py = P+ P £ AP (93)
dl -7 -7
Rou'lutfedy
By Pas 4priak (34)
PN Poy £ @5 (35)
PRIN < po < P (36)
plin < p, o < PO (37)
RN Py (38)

Taefi AP §o A liaugamdeliihess, PO fie arddelnfesefinga, PL Ao flnas
TEUY, Byp UAZ Ppy fin Midiuoontideluiedewes Wp uas PV a ey, P, Py ta2
P fin MidueendidalreSeves FC, MT uaz Inan ES mudidn, P, P yay pin
fo Ausududueeniida nin3ees FC, MT Lz Tnan ES AMRIAY, APre, APy LOY
APy fio mmssundasdiueentidelnfheseves C, MT uazlvan ES awdidy,
p, fla ArindalniheTaveslnan, pER, pmin, pmin | pmin |qs pmin g didifigavesdiu
gonae A 1939wes WP, PV, FC, MT uas Ivan ES audidy, RIS, pmax  pmex  pmax
uaz PE* fo sigefigavesdiueeniideiviheiiwes we, PV, FC, MT uazlnan ES
AWAIAY

nnaunsfi @) AP aunsafisihidaugaldlavaiugumsdouulasues APy,

APy U8 APgg luerunish (42)-(43)
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41.1 HUUd1999 WP Hag PV

MAouUa9AT§1U (standard deviation) Y89 WP uaz PV a1m130fiagd1ans

~ 4 Yo
NNAUARITNT [59-60] llﬂﬂ\iﬁllﬂ']i

dByp =0.8,/B, (¥9)
wp WP

dPpy =0.7/P, (910)
PV PV

4 1
Auiuuun$1aee WP waz PV ueras lddegali a1-92 mudhdy

Random output fluctuation

'

: 10000s+1 :
I I
! ]

White noise block LP filter

’é
1]

Pyp

@
%D

WP initial output

i a1 uuusiaes we

Random output fluctuation

| — 1
I 'Irn][[rr 1 I

! 1000051 | | : X

| White noise block _LP filter |

3
1]
é

Ppy

PV initial output

31 2 wuudaee PV

1037 91-02 AmsifRenuasasgiuves we uag PV Tuaumsd (9)-e10)

) LY 1 . { 1 . £ Y
Il gutumimsn/fsunlasdueenuuugu Gandom output fluctuation) ®4ldu191n
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UABNUUL white noise AUAINIDITYRIWANUAAIY (low-pass filter) 114 MATLAB/

Simulink tWo#vg $100amsildeunlasside gy

41.2 BUUIALY ES
7 o @ a a a a o
ES [70-72] Lﬂuqﬁnimamsuwam"lﬂﬂmu (Hy) uazeonayiau (0,) NUTgNs
Tasansanszuandie ludannudesmsiuandisiu 1wy szuuwdanunauny, sariify
v
a o
(FoINAY ua:msﬂs:qmi%"luQmmﬂssu Wudu ES HUY proton exchange membrane (PEM)
ﬂ ~ sldy Ay A W 1 P 1 ' 9 3 19 a
il ES ldwuntios niedaumiuinniiqe uazdiedemsadis uennmiudamusanaa H,
{ 4 IS a a 4‘ L ') LY
niinnuusqnige waziilszantmmiiszAuanunuiunszuage Tu ES uuy PEM Wuss
v ¥
ITNIN H, uaz 0, ¥931(H,0) dunsousnoeniiniulddieus undeu v (v) uag
A alnTenveaunadiiy (platinum) Tuvairinssdu Ifnszuans 18510000 lufiue Tua
) P o )

Taviwoisadoziinisuon  H, oonainluianaves 0, daulisaoulalasiou (H*) vz
A 9 ] A 4 @ o a 1 v ad ~ Y _ 9 1
InaougIsrUaAa uaznauINIWAUTLA TnaTwRuaianaseud nandu () udaoglu

@ { A 4 4
Wuvwves H, dwaaslugiil 93 1ssTemiduquos ES Ao aunsefiveldifuaiiousad

§ o 4 4 a <
womduienzudn lWihon H, uaz 0, dawmsuasgilifieadniion

Oxygen Proton Exchange Membrane
Solid Electrolyte
Angde Gathode

31 93 uwuiamsiauves ES

o v )
dmsznevves ES 1szaenlidie unasnelwihinszuaass, Jurh uazinies
v v
o U a @ 1=
womin-ias Sausd BS szaansondanléia H, uaz 0, demsuenifunilves H,0 udd
v ' Ed 1
fosdunteniniuignanieimdneenisg Tavdnd ES sxfintsaniuniossuila o,

o { 4 ; LY 1
wazdwmnmuszuumstlouiinelua nieszuumstlouiiunnalasszduogiuimiadh
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1a 4 o s 1 3 4 0o a d
Y84 H,0 o v Wo ES IddmivdssuniilunToaduila 1, szuumstlouiiuaInaily
=) A A s A Yo [ P 3 o Yo
Audenia (esnnduenduen H,0 uag 0, lasumsudaseniiue Tua wieudu o, 145y
Fd
MIsEee ANy H0 uateidelunsaifife SdedidalunisTousedSunamnn uay
=1 ] ° ) =2 3 dy o d‘ 9 o
Aanumuuiuvesnszueadt lunmsanyadalluyudiass BS uuumstlouiiueTualdthun
o 4 i ] a ' o
Yszgnaldlumsfinut ilesndulng ES ludugsie uaslumiememsnmadu Es
suumstlonfiueTua
o a o s 4 1 U
m3Usegnaly ES dsznenlddremswnda 0, dmiuinTesthenelavesauile,
a A g dy a o’.ﬂy a a A d o )
MIKan H, iailuiramfsveusadiomas, nsnas H, eidussuundeaudises, as
WA H, dmiualugumisianseuvesssiall, A1a51990Tasun Inns ¥ (chromatograph)
2 2 3 4 v &
vound, Mstugdiman uazmayey Tuilagiiu ES ifnwa szurinniagaamnssy Tae
1 1 [~ o [ ] v
daulngazflumsfinyin1ssiaes ES uazszuunWanunauny 154 Onda [73] TéWau
o a o aa 4 { a 4
wuUaeINNANAMAAITTINA 1NoN9 AT ES uuU PEM, Ulleberg [74] lAueag
o 9 o J f J .
upuimesdiniy Es ueam latiuuiiugiuvemguigunwamans (thermodynamics) Lz
) 9 ; Y 4 o/ o o
‘M3 louawaNuiou (heat transfer), Kelouwani [75] lafgoissuundenunaunuiinnu
MUANITWAUMIASTUYDI H, , Khan [76] 1diueusiuvuiiansvesszuundsnuniins
o 1 @ A o a o 4 dy a
Mauswtuveunsestulde Ifhwdnuay uazivadiyeinas
[ [y o 3 o
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It is well known that the power system controller designed by
Hq, control is complicated, high order and impractical. In power
system applications, practical structures such as proportional inte-
gral derivative (PID) etc., are widely used, because of their simple
structure, less ber of tuning par and low-order. How-
ever, tuning of controller parameters to achieve a good performance
and robustness is based on designer’s experiences. To overcome
this problem, this paper proposes a fixed structure robust H. loop
shaping control to design Static Var Compensator (SVC) and Au-
tomatic Voltage Regulator (AVR) for robust stabilization of voltage
fluctuation in an isolated wind-diesel hybrid power system. The
structure of the robust controller of SVC and AVR is specified by a
PID controller. In the system modeling, a normalized coprime fac-
torization is applied to rep possible 1 uncertainties
in the power system such as variation of system paramelers, gener-
ating and loading conditions etc. Based on the H.. loop shaping, the
performance and robust stability conditions are formulated as the
optimization problem. The particle swarm optimization is applied
to solve for PID control parameters of SVC and AVR simultane-
ously. Simulation studies confirm the control effect and robustness
of the proposed coordinated SVC and AVR.

The system in Fig. 1 is a variable slip/speed isolated wind-diesel
hybrid power system. The synchronous generator (SG) with IEEE
type-I excitation and AVR system is considered as the diesel gen-
erator (DG) set. The induction generator (IG) is connected to the
wind energy conversion system. The SVC is utilized to compensate
the reactive power in the system. The linearized model of system in
Fig. 1 can be shown in Fig. 2.

Figure 3 shows the response of bus voltage deviation under the

SVC

Wind energy conversion system

Fig. 1. A variable slip/speed isolated wind-diesel hybrid
power system

random load change and system parameters variation. The voltage
deviation in case of the compared SVC & AVR (CSVC & CAVR)
highly oscillates. CSVC & CAVR is very sensitive to system param-
eters variation. On the contrary, the proposed SVC & AVR (PSVC
& PAVR) can efficiently the voltage fl ion.
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Fig.2. Linearized model of the variable slip/speed
isolated wind-diesel hybrid power system
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Fig.3. Transient response of AV (changed system
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Robust Voltage Stabilization in An Isolated Wind-Diesel Power System

using PSO based-Fixed Structure H,, Loop Shaping Control
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Tt is well known that the power system controller designed by H.., control is complicated, high order and impractical.
In power system applications, practical structures such as proportional integral derivative (PID) etc., are widely used,
because of their simple structure, less number of tuning parameters and low-order. However, tuning of controller pa-
rameters to achieve a good performance and robustness is based on designer’s experiences. To overcome this problem,
this paper proposes a fixed structure robust He loop shaping control to design Static Var Compensator (SVC) and
Automatic Voltage Regulator (AVR) for robust stabilization of voltage fluctuation in an isolated wind-diesel hybrid
power system. The structure of the robust controller of SVC and AVR is specified by a PID controller. In the system
modeling, a normalized coprime factorization is applied to represent possible unstructured uncertainties in the power
system such as variation of system parameters, generating and loading conditions etc. Based on the He loop shaping,
the performance and robust stability conditions are formulated as the optimization problem. The particle swarm opti-
mization is applied to solve for PID control parameters of SVC and AVR simultaneously. Simulation studies confirm
the control effect and robustness of the proposed control.

Keywords: H,, loop shaping method, normalized coprime factorization, isolated wind-diesel hybrid power system, particle swarm
optimization, static var compensator, automatic voltage regulator

1. Introduction

According to the World Bank, more than 2 billion peo-
ple live in remote areas that are not yet connected to utility
lines. To serve those people, wind power systems are con-
sidered economically for supply of electrical energy to re-
mote and isolated areas where utility lines are uneconomical
to install due to high costs, right-of-way difficulties or envi-
ronmental concerns ’®. In addition, wind power is an inex-
haustible energy source, clean and economical. Nevertheless,
wind energy is intermittent and fluctuating in nature, power
generation from the wind is variable. To alleviate this prob-
lem, the wind power generations are generally designed to
operate in parallel with diesel generators . A hybrid wind-
diesel power system is very reliable because the diesel acts as
a cushion to take care of variation in wind speed. In general,
the induction generator is used as an energy conversion de-
vice in wind power generation. The major disadvantage of
induction generator is the requirement of reactive power for
its operation. Besides, most of loads in the system are natu-
rally inductive. The unbalance in generation and demand of
reactive power can cause the severe problem of large voltage
fluctuation at the generator terminals. The voltage fluctua-
tion will affect the quality of supply and even may damage

* Department of Electrical Engil

ing, Faculty of Engineering, King

’s Institute of Technology Ladkrabs
Bangkok 10520, Thailand

°* Center of Excellence for Innovative Energy Systems, King Mongkut's
Institute of Technology Ladkrabang
Bangkok 10520, Thailand

l:) 2009 The Institute of Electrical Engineers of Japan.

the system stability in absence of the proper voltage control.

To overcome this problem, the Static Var Compensator
(SVC) has been expected to be the cost-effective device for
voltage control ®®. In the previous works, SVC has been
applied to prevention of voltage instability and voltage col-
lapse in power systems ™, enhancement of power system dy-
namics* etc. Especially, in Refs. (10)-(12), SVC has been
used to control the generator terminal voltage in the hybrid
wind-diesel power system due to the mismatch between re-
active power generation and load. In these works, the pro-
portional integral (PI) based-voltage controller of SVC opti-
mized by the Lyapunov technique shows satisfactorily con-
trol effects. Nevertheless, control parameters of SVC have
been optimized while control parameters of automatic volt-
age controller (AVR) equipped with the exciter of the diesel
generator are not optimally tuned. This can not guarantee the
well coordinated control between SVC and AVR., To enhance
the coordinated control effect, the simultaneous optimization
of SVC and AVR is expected. Besides, these works do not
take system uncertainties such as variation of system parame-
ters, several generating and load conditions etc., into account
in (he optimization of control parameters. As a result, the
robustness of the SVC controller against system uncertain-
ties can not be guaranteed. The SVC controller may fail to
operate and eventually can not maintain the system stability.

To enhance the robustness of SVC against system uncer-
tainties, H, control has been applied to design robust con-
troller of SVC®4, The resulted H., controller is com-
plicated, high order and impractical. In power system ap-
plications, simple structures such as proportional integral
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derivative (PID) etc., arc preferred, because of their sim-
ple structure, less number of tuning parameters and low-
order. However, tuning of controller parameters to achieve
a good performance and robustness is difficult. To tackle
this problem, this paper proposes a fixed-structure robust He,
loop shaping control to coordinated design of SVC and AVR
for robust stabilization of voltage fluctuation in the variable
slip/speed isolated wind-diesel hybrid power system. The
structure of robust controller of SVC and AVR is specified
by a PID controller with single input. To take the robust sta-
bility of system into consideration, system uncertainties are
modeled by normalized coprime factor®®, To obtain the
optimal parameters of PID controllers, the performance and
robust stability conditions in the He, loop shaping technique
are formulated as the objective function. The particle swarm
optimization (PSO) “™™ js applied to solve the optimization
problem. Simulation studies show the superior robustness
and control effect of the coordinated SVC and AVR in com-
parison with that of SVC and AVR in Ref. (10).

This paper is organized as follows. First, Section 1 de-
scribes the problem of voltage stabilization in the study sys-
tem. Next the system modeling is explained in Section 2.
Subsequently, the proposed fixed-structure robust Hy loop
shaping control is given in Section 3. Section 4 shows simu-
lation studies. Finally, the conclusion is provided.

2. System Modeling

The system in Fig. 1 is a variable slip/speed isolated wind-
diesel hybrid power system®®. The synchronous generator
(SG) with IEEE type-I excitation and AVR system is consid-
ered as the diesel generator (DG) set. The induction genera-
tor (IG) is connected to the wind energy conversion system.
The reactive power load change and the wind power fluctua-
tion cause the problem of voltage fluctuation in this system.
To solve this problem, SVC and AVR are utilized to compen-
sate the reactive power in the system and alleviate the system
voltage fluctuation.

The linearized model of system in Fig. 1 can be shown in
Fig.2", System parameters are given in Ref. (10). The lin-
carized state equation can be expressed as

AX = AAX 4 BAY +«vovvnmneessssnesaionsidonnsl )

AY = CAX +DAU -+ vevvvieiiiaiicaiiianns @

Aa = Kpsye (5) (Av”j - AV) ................... )

AV = Kpayg (s) (AV,,, ~AV- AV,) ............ @)
N Kn . Kpis

Kesvc(s) = Kp+ ==+ P &)
K, Kpos

Keavr(s) = Kpp+ —2 4 —22_ . .oinee. ©

s Tas+]

where AX = [AEgy AV, AVy AE, AByyc ABsyc AVY
are the state vector. A is the small change of system vari-
able. Eyy is an cxciter voltage. Vj is an amplifier output
voltage. Vy is an exciter feedback voltage. E; is an internal
armature emf. By is an output signal from thyristor firing
delay block. Bsyc is a reactive susceptance of the SVC. V is
the bus terminal voltage. The input vector Au = [Ae AV]"
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Wind energy conversion system

Fig. 1. A variable slip/speed isolated wind-diesel hybrid

power system
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Fig.2. Linearized model of the variable slip/speed iso-
lated wind-diesel hybrid power system

Loy AE4(s)

where  is the firing angle from PID controller of SVC, V;
is the control signal from PID controller of AVR. The output
vector AY = [AV]. System Eq.(1) is referred as the nominal
plant G. Here, the controller structure of SVC and AVR is
specified by the PID as shown in Egs. (5) and (6). The PID
parameters Kpy, K;y, Kpy, and 14 for SVC and Kp), Kpa,
Kp, and T, for AVR are optimized by the proposed method.

3. PSO-based Fixed-Structure H,, Loop Shaping
Control

The proposed method is explained as follows:

3.1 Formulate the Shaped Plant G Figure 3 shows
the shaped plant Gs and the designed robust controller K.
The shaped plant can be set up by Gy = WaGW, as shown
in the enclosed solid line in Fig.3 where W, and W, are
weighting functions, K is the He controller. Because Gg
is a multi-input single-output (MISO) system, the weighting
functions W; and W, are formulated as
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Fig.3. Shaped plant G and robust controller X

s+ a;
”KWIJ+b1
W, = sta |t We=I-ne 16
0 Ky 2
s+by

where all parameters in W, are positive and @, < by, a3 < b,.
The automatic tuning of W, is explained in subsection 3.3.
The robust PID controller K = WKW, is enclosed by a
dotted line. The PID parameters optimization is described in
subsection 3.4,

3.2 Compute the Robust Stability Margin of the Sys-
tem In this work, variation of system parameters, vari-
ous generating and loading conditions etc., are defined as un-
structured system uncertainties. Because these uncertainties
can not be exactly represented by mathematic equations, the
coprime factorization is used to represent these unstructured
uncertainties. A shaped plant Gs is expressed in form of nor-
malized left coprime factor Gs = M;'Ns when the perturbed
plant G, is determined as follows:

Ca=((M.+AM,Y (N +AN) AN, AM,]l. < 1/7)
.................... (8)

where AMs and ANj are stable unknown transfer functions
which represent unstructured uncertainties in the nominal
plant G. The H,, robust stabilization problem can be estab-
lished by G, and K as depicted in Fig. 4. The objective of ro-
bust control design is to stabilize not only the nominal plant
G but also the family of the perturbed plant G,. In Eq.(8),
1/y is defined as the robust stability margin. The maximum
stability margin in the face of system uncertainties is given
by the lowest achievable value of 7. Therefore, ¥y, implies
the largest size of system uncertainties that can exist without
destabilizing the closed-loop system in Fig.4. The value of
Ymin Can be easily calculated from

Vain = VL + A (XZ) -+ v e vveinmnnneninansnnss ©)

where 1,,4,(XZ) denotes the maximum eigenvalue of XZ. For
minimal state-space realization (A, B,C, D) of G, the values
of X and Z are unique positive solutions to the generalized
control algebraic Riccati equation

(4-Bs7'D7C) X + X (4 - BS™'D7C)
=XBST'BTX + CTRI'C=00eevnnivniiiiains (10)
and the generalized filtering algebraic Riccati equation
(a-Bs7'07C)z+ (4~ Bs~1D7C)
—ZCTR'CZ+BST BT =0 +evevveannnn... (1

where R = I+ DD and § = I'+ DTD. Note that no iteration
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Robust controller
Fig.4. H, robust stabilization problem

ony is needed to solve for y,,,. To ensure the robust stability
of the nominal plant, the weighting functions are selected so
that 1.0 < ¥,y < 4.09909,

3.3 The Selection of the Weighting Functions  The
weighting functions in Eq. (7) are optmized based on the fol-
lowing optimization problem:

Minimize yYujg o+ oo vrernieiini (12)

Subject to

Kwimin S Kwi S Kwimas  @imin S 61 < @) o,

O1,min < by < by oy,

Kwamin < Kwz2 £ Kwomaxs  Gamin < @ < a3 max,

bamin S by < by g,

Yminmin S Ymin £ Yminmax, @& < by, a<bh
where KWl.mln, 81,miny bl.mim Kw2.mins @2 min and b2.mill are
minimum positive value of weighting parameters, Kwy gy,
A maxs Dmaxs Kw2.maxs 2,max aNd by, are maximum posi-
tive value of weighting parameters. This optimization prob-
lem is solved by PSO which is explained in subsectoin 3.5.

3.4  Generate the Objective Function In Fig. 3, the
designed robust PID controller K(s) can be expressed as

VAV AN /TS AY N IET T | 13)
By setting W, = 7, K can be defined as
Ko sWIIK(S) o omeeionieiiine i dianinnnss (14)

As mentioned in Refs. (15)~(16), the necessary and suffi-
cient condition of the robust controller K (s) is

[KIJ(I_GJ(”)-! [T G Syeeeriveninannin. (15)

£

Substituting Eq. (14) in Eq. (15) yiclds

1 _ ~1
[W." X (s)] (1-Gwik@) 1 64

<y

oo

This implies that when the left term of Eq.(16) is lower than
7, the robust stability of control system is guaranteed. Ac-
cordingly, the optimization problem of control parameters
can be formulated as

I _ -1
O 2l
................... an

Minimize
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Subject to

Kpioin S Kpy S Ketmaxs  Krimin < Ky < Ky s
Kpt.min £ Kpr < KDpi.maxs Tdl,min £ Tl < Tytmax,
Keomin < Kp2 € Keymaws  Kiznin < Kny € Kppma,
Kozmin < Kp2 < Kosmaxs  Tazmin < Tap < Taamax

where Kpimine Kitmine Kpvgins Td min, Kptmaxs Knymax
Kpi.max and Tgy gy are the minimum and maximum of PID
parameters of SVC, respectively. Ke2.mine Kiamine Koo mins
Ta2mins Kp2piaxs K12 s Kp2max and Ta2,max are the minimum
and maximum of PID parameters of AVR, respectively. All
parameters are simultaneously optimized by PSO.

3.5 PSO Algorithm The PSO algorithm ™ i ex-
plained as follows:

(1) Specify the parameters of PSO.

(2) Initialize a population of the particles with random
positions and velocities.

(3) Evaluate the objective function for each particle.

(4) Compare the fitness value of each particle with the
best position (pp.s). The best fitness among all best positions
is the best position of all particles in the group (gpes)-

(5) Update the velocity v; and position of particle x; by

biv1 = wbptcrrandy. (Ppesi—~X;)+ca.rands. (gpeq—x;)

................... (18)

Kip] S Xj U srvveerrrecnsiiearenerenonanansns (]9)
= Uy — omax = Wit

W = Wmay itermn X iter (20)

Subscript i is the iteration number. w is the inertia weight
factor. Wy, is the minimum inertia weight factor. w,, is the
maximum inertia weight factor. itermyy is the maximum iter-
ation. iter is the current iteration. ¢; and ¢, are the cognitive
and social acceleration factors, respectively. rand) and rand,
are the random numbers in the range (0, 1).

(6) When the maximum number of iterations is arrived,
stop the process. Otherwise go to step 3.

4. Simulation Results

Simulation studies are carried out to examine the robust-
ness of the proposed controller. In the optimization of weight-
ing functions in Eq.(12), the parameters setting of PSO
are set as follows: Ky € [1 1000], a4, € [1 100),
by € [1 100, Kwa € [1 1000], a2 € [1 100], by €1 100],
Ymin € [1 4], PSO size = 50, maximum iteration = 100, ¢; =
2, 02 = 2, Wpin = 0.4 and twygy = 0.9, The convergence curve
of the tuning of weighting functions is shown in Fig.5. Ymin
converges to 1.1352. Therefore, the weighting functions are

785.v+41
W = 5+56 Wy=1
! 0 g50St 12
s+94

Hence, the shaped plant Gs can be established. To opti-
mize the control parametes in Eq. (17), the ranges and setting
parameters for PSO are set as follows: Kp, € [0.0001 575],
Kn € [0.0001 24000], Kpy € [0.0001 10), 741 €

——[0.0001 10], Kp» € [0.0001 100], Kj, € [0.0001 100],

R B, 120 % 6 2, 2009 £
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Fig.5. Convergence curve of the tuning of weighting
functions

Objoctivs function
L~ o
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~
I

A ™ W Tw @ 0 0w W
Berzlony

Fig.6. Convergence curve of the objective function

Kp2 € [0.0001 10], 7, € [0.0001 10], PSO size = 50,
maximum iteration = 100, ¢, = 2, €2 = 2, Wy, = 0.4 and
Wmay = 0.9. The convergence curve of the objective function
can be shown in Fig. 6. Consequently, the proposed robust
PID controllers of SVC (PSVC) and AVR (PAVR) are

9001.8 0.0448s

7 Pty Tt | 2
0.0008  0.0001s

Kpavr (5) = 0.0097+ T0009s5T @)

In simulation studies, the effect of PSVC & PAVR is com-
pared with SVC & AVR in Ref. ( 10) which is called CSVC
& CAVR. The PID controller parameters of CSVC are opti-
mized by the Lyapunov method. That is, the control parame-
ters optimization is carried out so that the performance index
() based on an integral square error criterion (ISE) of voltage
deviation given by Eq. (24) is minimum.

n= f [AV(O)Pdt e vemreniiiinineniiinnnnn.. (24)

However, the CAVR in Refs. (10)=(12) is not equipped
with the PID controller. The CAVR consists of an AVR block
connected in series with the exciter block with feedback of
stabilizer as shown in Fig. 2. Therefore, there is no PID pa-
rameters optimization for CAVR.

In the parameters optimization of CSVC, the performance
index Eq. (24) is calculated for 2 seconds under a 1% step
increase reactive load. As a result, the performance index
curves of Kp, K; and Kp are shown in Figs. 7-9, respectively,
The values of Kp, X; and K that minimize the performance
index are 535, 23000 and 0.0001, respectively. Therefore, the

PID controller of SVC (CSVC) is ’_‘



x10

155 -
158
5
255 |
H
5 1548
&
1802
154 }
1.4
B I R

K
Fig.7. Performance index versus Ky

w10

1575

Podormance ndex

Fig.8. Performance index versus K;

210!

2 & g5

Pedomnance indas
£

B 2 3 [ 5 3 7 6 9 10

Fig.9. Performance index versus Ky

KCSVC (s) =535+ 23200

To verify the performance of the PSVC & PAVR, it is sup-
posed that the system is tested under a 5% step increase in the
reactive power load (AQ;) at f = 0.01 s. Transient responses
are shown in Figs. 10-12, respectively.

As shown in Fig. 10, the transient response of voltage de-
viation of CSVC & CAVR is very severe, On the other hand,
PSVC & PAVR greatly improves the transient response. The
oscillatory component is eliminated. In Fig. 11, the reactive
power deviation of PSVC (AQsyc) has no oscillatory com-
ponent iri comparison to that of CSVC. Fig. 12 shows that
the transient response of AEyq in the case of CAVR is very
severe while the steady state error still occurs. In contrast,
the transient response in case of PAVR is much smaller and
takes about 1.5 sec to be zero.

Next, the transient responses investigated under a 5% step
increase in the input wind power (APpy) at t = 0.01s are

——shown in Figs. 1315, respectively. The transient responses

PPty
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;‘, : et ESVC R CAR
2 T ;
!
A
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i I
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Fig.10. Transient response of AV (normal parameters)
for a 5% step increase of AQ;,
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Fig.11. Transient response of AQsyc (normal parame-
ters) for a 5% step increase of AQ,
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Fig.12. Transient response of AEgy (normal parame-
ters) for a 5% step increase of AQ,

of both voltage deviation and reactive power deviation in case
of PSVC & PAVR are significantly improved in comparison
to those of CSVC & CAVR. Fig. 15 depicts that the transient
response of AEy, can be largely improved while the steady
state error is completely climinated by PAVR in comparison
with CAVR.

With the random load change, it is assumed that the ran-
dom load change shown in Fig. 16 is applied to the system.
Transient responses are shown in Figs. 17-19, respectively.

From Fig. 17, it can be scen that the voltage fluctuation un-
der random load change is very severe in case of CSVC &
CAVR. On the other hand, the voliage fluctuation is highly
alleviated by PSVC & PAVR. In the same way, the reactive
power deviation of PSVC is lower than that of CSVC as de-
picted in Fig, 18. Fig. 19 shows that the transient response
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Fig.15. Transient response of AEyy (normal parame- Fig.19. Transient response of AEyy (normal parame-
ters) for a 5% step increase of APy ters) under the random load change
..: A o1 & CAVR. In addition, as depicted in Fig. 22, the amplitude
of AQsyc of PSVC is lower than that of CSVC, Fig. 23 de-
i i r picts that the PAVR provides much higher damping effect
z - - B than CAVR. The transient response of AE 'sa is extremely al-
£ » ) leviated by the PAVR.
2 o To investigate the robustness of PSVC & PAVR against the
aces & system parameters variation, the integral absolute error (JAE)
o o of voltage deviation is applied and defined as:
@ 3
o —— g o5 5 53 IAE of AV = r IAVId; ...................... (26)
0

Tene {svc)

Fig. 16. Random load change Figs.24 and 25 show the variation of IAE against the

increase in the reactive power consumed by the induction

PAVR is able to improve the transient response of AEyy. generator (Qyg) from 0.189 to 0.6p.u. under the random

Next, the random input wind power change (AP;y) sup- load change (Fig. 16) and random input wind power change

posed in Fig. 20 is applied to the system. Fig.21 shows that (Fig. 20), respectively. Note that the initial value of Qg is
—PSVC and PAVR provide better stabilizing effect that CSVC 0.189 p.u. The IAE of CSVC & CAVR increases while Q,g,_
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Fig.22. Transient response of AQsyc (normal parame-
ters) under the random input wind power change

o X10°
— PAVR
" i 9 —— —CcAR
12 T ¥
10 £ v
- : \
E) .
g !
4 Lo y
D \ -
8 7 iy N
2}
—\ 2
[ 3 B
2 N~
4 0.05 a1 015 07 035 a3
Time (anc)

Fig.23. Transient response of AEy (normal parame-
ters) under the random input wind power change
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Fig.25.  Variation of IAE against a change in Oy under
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increases. This implies that higher consumed reactive power
by IG significantly deteriorates the stabilizing effect of CSVC
& CAVR. On the other hand, the IAE of PSVC & PAVR
rarely changes. This implies that the PSVC & PAVR is highly
robust to the varjation in OrG.

In Figs.26 and 27, the variation of IAE is evaluated
when the reactive power generated by synchronous generator
(Osc) decreases from 0.2 to 0.04 p.u. Note that, the normal
value of Qs is 0.2p.u. Clearly, when Qs decreases, the
IAE increases significantly in case of CSVC & CAVR. On
the contrary, the IAE in case of PSVC and PAVR is almost
constant, PSVC and PAVR are able 1o keep stabilizing ef-
fect. These results confirm that the PSVC and PAVR arc very
robust to the variations of Q¢ and QOsc.

Finally, it is supposed that the reactive power demand of
load and IG increases while the reactive power produced by
SG decreases. These result in a decrease in the terminal volt-
age. Then, SVC injects more reactive power to the system.
In addition, the AVR tries (o increase the terminal voltage by
increasing the field flux voltage. This causes an increase in
E, of SG because E;, changes proportionally to the change
of field flux. Under this situation, it is assumed that QO and
Qic are increased by 70%, Qsg is decreased by 70%, E; is
increased by 5% and V is decreased by 5% from the initial
values. The transient response of bus voltage deviation un-
der the random load change and random input wind power
change are shown in Figs. 28-29, respectively. It can be ob-
served that the terminal voltage deviation in case of CSVC &
CAVR highly oscillates. CSVC & CAVR is very sensitive to
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Fig.26. Varation of IAE against a change in QOsc under
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the system parameters variation. On the contrary, PSVC &

PAVR can cfficiently suppress the voltage fluctuation. This
result confirms the superior robustness and voltage stabiliza-
tion of the proposed coordinated PSVC and PAVR beyond
the CSVC & CAVR.

5. Conclusion

In this paper, the PSO-based fixed structure H,, loop shap-
ing control for robust voltage stabilization in an isolated
wind-diesel hybrid power system has been presented. The
structure of stabilizing controller is specifed by PID. The pro-
posed method is applied to simultaneously optimize PID con-
trollers of SVC and AVR. The salient features of the proposed
method are as follows:

(1) Without trial and error, the weighting function in He,
loop shaping can be tuned automatically.

(2) The proposed method can be applied to optimize pa-
rameters of the controller with any practical structure such as
lead/flag compensator, proportional integral etc.

(3) With many power system controllers, the proposed
technieque is able to simultaneouly optimize controller pa-
rameters.

(4) The proposed method is capable of designing any
other power system damping controllers such as FACTS de-
vice, PSS etc.

Simulation results confirm that the robustness and sta-
bilizing cffect of the proposed controller are much higher
than those of the conventional controller under random load
change, random input wind power change and variations of
system parameters.
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Itis well known that the power output of microturbine can be controlled to compensate for
load change and alleviate the system frequency fluctuations. Nevertheless, the
microturbine may not adequately compensate rapid load change due to its slow dynamic
response. Moreover, when the intermittent power generations from wind power and
photovoltaic are integrated into the system, they may cause severe frequency fluctuation.
In order to study the fast dynamic response, this paper applies electrolyzer system to
absorb these power fluctuations and enhance the frequency control effect of microturbine
in the microgrid system. The robust coordinated controller of electrolyzer and
microturbine for frequency stabilization is designed based on a fixed-structure H, loop
shaping control. Simulation results exhibit the robustness and stabilizing effects of the
proposed coordinated electrolyzer and microturbine controllers against system parameters
variation and various operating conditions.
Crown Copyright © 2009 Published by Elsevier Ltd on behalf of International Association for
Hydrogen Energy. All rights reserved.

1. Introduction

States [6}, the Aichi, Kyotango and Hachinohe MG projects in
Japan [7], the MG project in Senegal (8], The KythnosIsland MG

According to the World Bank, more than 2 billion people
around the world currently live in remote areas that are not
yet connected to utility lines due to the limitations of invest-
ment costs, right of way difficulties and environment impacts
[1]. To tackle this problem, the MG system [2,3] has been
widely paid attentions. The MG is a cluster of the DG units, DS
units and loads [4]. The MG system can be independently
performed in an islanding mode and interconnected to the
main utility grid [S]. Nowadays, there are many MG projects
around the world such as the Consortium for Electric Reli-
ability Technology Solutions (CERTS) project in the United

* Corresponding author. Tel./fax: +66 2326 4550.
E-mail address: sitthidetv@hotmail.com (S. Vachirasricirikul).

0360-3199/$ - see front matter Crown Copyright © 2009 Published by Elsevier Ltd on behalf of i A iation for Hyd:

doi:10.1016/j.ijhydene.2009.06.050

in Greece (9], the Labein MG in Spain [10], etc. The studied MG
system consists of 100 kW WP, 25 kW PV, 100 kW MT, SKkWFC,
70 kW ES of HOGEN® [11,12], CMS, load and TR connected to
the UG. The capacity of MG system which is the possible
maximum power generations from all sources in the MG, is
equal to 230kW. Note that ES is treated as the load with
maximum absorbed power 70kW. Here, the initial power
generation in the MG is set to 100 kW which consists of 15 kW
WP, 10 kW PV, 70 kW MT and 5 kW FC. This power generation
balances with total loads 100 kW (50 kW ES and 50 kW load).
As the primary power source, WP and PV are designed for

gen Energy. All rights reserved.
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Nomencdlature fo system frequency
. . AP real power unbalance
MG microgrid P

DG distributed generation

Ds distributed storage

UG utility grid

CMs control and monitoring system
WP wind power

PV photovoltaic

MT microturbine

FC fuel cell

ES electrolyzer system
H,T hydrogen tank

TR transformer

Pyp wind power output
Pev PV power output
Pur MT power output
Prc FC power output
Pes load power of ES
Ptie tie line power

Xuie tie line reactance

Af change of frequency

APyr  change of MT power output

APpc change of FC power output

APgs change of ES load

APge  change of tie line power

Kemnis  proposed MT controller in islanding operation

Keesis  proposed ES controller in islanding operation

Kemrug  proposed MT controller in interconnected UG
operation

Kpesug  Proposed ES controller in interconnected UG
operation

Kur droop property of MT output

Kec gain of FC

Kes gain of ES

Tre time constant of EC
Tes time constant of ES
M inertia constant

D damping coefficient

Base  base capacity

providing the power to load based on the different power
demanding levels. In addition, the ES is designed to stabilize
the system frequency and tie line power fluctuations. The
power supply and demand balance control of the MG system
are carried out by CMS. However, due to the lack of power
supply from renewable sources, an MT is applied to supply the
base load. Normally, the solar and wind energy are intermit-
tent [13]. Consequently, the power production from WP and
PV is variable. The real power unbalance in generation and
load [14] causes severe frequency fluctuation in the MG
system and tie line power fluctuation when the MG system is
connected to the UG. To alleviate the frequency fluctnation,
the MT is used to supply power for load change. Nevertheless,
the MT cannot adequately compensate sudden load change

and improve the severe frequency fluctuation instanta-
neously. This i3 because the MT has slow dynamic response
due to the mechanical dynamic characteristics of governor
and turbine [15-18]. Generally, the time constants of governor
and turbine are in range 0f 0.2-0.5 s and 2.0-5.0s, respectively
[17,18). To enhance the MT control effect, the ES control
objective of HOGEN® is not only to build hydrogen for FC, but
also to absorb rapid fluctuating power. The ES power
consumption of HOGEN® can be controlled in the level of
millisecond by tuning the pressure in the customer piping
system. The electricity of ES is supplied by WP and PV. To
solve the fluctuation problems of frequency and tie line power
in the MG, the power outputs of MT and ES can be controlled
by the CMS [15,16]. However, the controller parameters of MT

Fig. 1 - A microgrid system.
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WP -Oufput
+

v Output
+

Load Output

APy AP, Output
£S -

AP, | AP, Output
AP £C *

AP, AP, Output
MT -

AP, | MAB, Output
CMS w -

Fig. 2 - Microgrid system diag

and ES in Refs. [15,16] are separately designed for the islanding
and interconnected UG modes. Hence, it cannot guarantee the
well-coordinated control effects of MT and ES. Besides, these
research works do not consider system uncertainties such as

the system parameters variation, various generations and
loadings, etc., in the control design. The robustness of the MT
and ES controllers against the system uncertainties cannot be
guaranteed.

To improve the robustness and coordinated control effect,
an H. control is one of the sophisticated design techniques
[19,20). Nevertheless, generally the designed H., controller has
a high order and is not easy to implement in real systems.
Thus, the practical controller structures such as lead-lag
compensator, proportional integral (), etc., are preferred
because of their simple structure and low-order. However, the
tuning of control parameters is very difficult to achieve the
high robust controller against system uncertainties.

This paper proposes a new robust design of coordinated
MT and ES controllers in CMS for stabilizing MG by using the
particle swarm optimization (PSO) [21,22] based fixed-struc-
ture Ho loop shaping control. With fast dynamic control
Tesponse, the ES is applied to enhance the frequency stabi-
lizing effect of MT. The structure of MT and ES controllers is
a Pl Based on the improvement of robust stability margin, the
PI controller parameters of MT and ES in both the islanding
and interconnected UG operations are simultaneously opti-
mized. In the H., loop shaping control, the performance and
robust stability conditions are formulated as the objective
function in the optimization problem. The normalized
coprime factor [23,24] is used to form system uncertainties.
Simulation results display the superior robustness and stabi-
lizing effects of the proposed coordinated MT and ES
controllers in comparison with the MT and ES controllers [15}

Robust controllers

Delay . In islanding mode: _
APy,
Switch.
AP
- APy,
K gsict Ky gsi l LA N
s Swlitch
ac 1 AR
Kis APgs v A"V
I Tesstl |7 % AP
Ms+D —4_“'__} ES
| Krc APy
Tecstl | g @})
Ul | APyr y.
? <1/,
m o L
. . APy,
Delay l’ S a5 — = *
1 Kp pirwy+ Ky 3170
Z s |Iswitch
N T” sirt (=W1/X, Kriiten
oL Ko pset Ki sy 1 AP,
F4 4 ) 5 Switch
Delay l _ _ﬁlu.,__ >
Rohustcontrellers
. APy vy In utllity grid mode
of  an) —@
uG

Fig. 3 - Linearized block diagram of CMS.
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5.8 -
2, Problem formulation
5.75
As depicted in Fig. 1, the MG system consists of the WP, PV,
5 57 4 MT, ES, H,T, FC, CMS, load, TR and UG. The MT is used to
T supply power to the MG system when the WP and PV
5 565 cannot sufficiently provide. The ES is utilized to produce
2 hydrogen (H,) as a fuel for FC by consuming some power
§ 56 outputs from WP and PV. The generated H, is stored in the
g‘ 555 H,T. Naturally, the power generations from WP and PV are
’ very unstable and intermittent. Thus, the real power
55 ] unbalance causes the frequency fluctuation. Moreover, the
frequency fluctuation under the interconnected UG causes
5.45 the tie line power fluctuation. To solve this problem,

1] 10 20 30 40 S50 60 70 80 90 100
Iteratlons

Fig. 4 - Objective function versus iteration.

This paper is organized as follows. First, problem formu-
lation is described in Section 2. Next, Section 3 shows system
modeling. Subsequently, Section 4 shows simulation results,
Finally, Conclusion is given.

a 155

the proposed coordinated MT and ES controllers in CMS are
applied to stabilize the MG system. Here, the performance
of ES is augmented to enhance the frequency stabilization
effect of MT. It is supposed that the amount of hydrogen
generated by ES in the hydrogen tank has more than 50% of
the hydrogen tank capacity [25,26] for operating the FC
throughout the test time period. Accordingly, the calcula-
tion details of hydrogen production or consumption are not
provided in this work.

b 104
102 4
15 % “
i
9.8
5 145 é‘ VWM
x £ 96
§_ 14 vl A n 'é_ 94 “'.
g. 2 o
3 H'J\ [ 3 ==l Py
= 135 Wi TR r B N n>. 9 H‘} ___.._M...
¥
8.8
13 5
8.6 W
125 " . 84 R . ) " . .
0 100 200 300 400 500 600 700 100 200 300 400 500 600 700
Time (sec) Time (sec)
c & d 6o
58 58 A
56 £ . A
E 5.4 5 [ ) S Y M.. R l\ ............................
X 52 E y
= ] !
a 5 o I
3 £ 1
o 438 o
e E |
L 48 E P
44 2 n
N ]
4 1
: L]
4 : a0 L R

0 100 200 300 400 500 600 700
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0 100 200 300 400 500 600 700
Time (sec)

Fig. 5 - (a) WP output. (b) PV output. () FC output. (d) Random load deviation (normal case).
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Fig. 6 ~ (a) Power outputs with the MT and ES controls
under normal case (conventional method). (b) Power
outputs with the MT and ES controls under normal case
(proposed method),

3. System modeling

The MG system diagram is depicted in Fig. 2. The proposed
coordinated MT and ES controllers in CMS are utilized to
minimize the feedback input signal of the real power unbal-
ance (AP) in the' MG system. The linearized block diagram of
CMS is shown in Fig, 3. The delay times of the islanding and
interconnected UG operations in Fig, 3 are for everySand 4s,
respectively. Note that the structures of ES and EC are high-
order models and have the nonlinear characteristics. Never-
theless, the frequency control problem in electric power
systems due to small disturbances can be generally studied in
alinearized system [17,18]. Hence, the transfer functions of ES
and FC are approximately represented by the first-order
transfer function (25,27]. Besides, the descriptions of WP and
PV models are explained in Appendix B,

Here, it is considered that the FC power output (Prc)is setto
a constant value of SkW throughout the test time period.
Accordingly, the FC power is not used for real-time control of
the power unbalance in the MG system, System parameters

v PMT_—— PMT & PES]

Frequency devlation (Hz)

300 400 500 600
Time (sec)

700

o

Frequency devlation (Hz)

0 100 200 300 400 500 600 700
Time (sec)

Fig, 7 - (a) Frequency deviation under islanding operation
with the controls of PMT and PMT & PES, (b) Frequen
deviation under islanding operation with the Is of
CMT & CES and PMT & PES.

are given in Refs. (15,16). The linearized state equation can be
expressed as

AX = AAX + BAu ]
AY = CAX +DAu @
APuris = Keneris (S)AP €]
APesiy = Kpesis(S)AP @
APyrug = Kewerug(5)APse )
APesug = Kpesug(5)APge (6
Konria(S) = Kp_wrris + Kiumis/s Y]
Kresis(S) = Kp_zsis + Ki_gsis/s (®
Kemrug(s) = Ke_mrug + Kivmug/s ©
Keesug(s) = Kp_sug + Kiesug/s (10)
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Fig. 8 - (a) Tie line power deviation under interconnected
UG operation with the controls of PMT and PMT & PES. (b)
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P ion with the s of CMT & CES and PMT & PES.

where the state vector AX = [AP;s APy, Af]". APgs, APy and Af
are small changes of ES load, tie line power and frequency,
respectively. The output vector AY =[AP APy.)", the control
output signal Au= [APyeri; APesis APyryg APpsy]™. APy, and
APgs;s are small changes in the islanding operation of MT
output and ES load, respectively, APyrug and APesg are small
changes in the interconnected UG operation of MT output and
ES load, respectively. Kpyris(s), Kpesis(s) and Kenerug(s), Kpesug(s)
are the proposed MT and ES controllers in the islanding and
interconnected UG operations, respectively. Note that all four
controllers are performed in the interconnected UG mode

Fig. 9 - (a) IAE of Af under islanding operation. (b) IAE of
APy, under interconnected UG operation.

parameters tuning of the controllers. Based on the system
generating and loading conditions, the control parameters can
be adjusted and implemented in real time [28].

The design description of the relevant control theory such
as H.. loop shaping control, PSO is given in Appendix A.

4, Simulation results

In this section, robust control design and simulation studied
are carried out. The lower and upper bounds of search
parameters and PSO parameters are set as follows: Kyy, Kz,
Kws, Kw4€[0.0001 1000, 1, az,03,a4€(0.0001 100], by, by, bs,
b4€[0.0001  100), 7mine[1 4], Kpymise[0.0001 1], Ky yrise
[0.0001" 1], Kpesis<[0.0001 1], Kirsiec[0.0001 1], Kp_uruge

while Keneris(s) and Kpesis(s) are operated in the islandin g mode,
The system (1) is a multi-input multi-output (MIMO) system
and referred to the nominal plant G.

The proposed robust controllers are implemented in the
CMS which consists of the robust controllers in islanding
mode (Kpmris and Kpesis) and the robust controllers in utility
grid mode (Kenryg and Kpesug) as shown in Fig. 3. In this paper,
the MATAB program is applied to develop the off-line
parameters tuning of the proposed robust controllers based
on the fixed-structure H.. loop shaping control. It should be
noted that the MATLAB program can be developed to on line

Table 1 - Changed system parameters under islanding
operation.

“System |

30% ~20% -10% 0% 10% 20% 30%

parameters :

Kes ™ 70 80 90 100 110 120 130
Tes 42 48 sS4 60 66 72 78
Ko 0,028 0.032 0.036 0.040 0.044 0.048 0.052
M 7 8 9 10 11 2 1
D 07 08 09 10 11 12 13
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Table 2 - Changed system parameters under interconnected UG operation.

System parameters -30% -20% -10% 0% 10% 20% 30%

Kes 70 80 90 100 110 120 130

Tes 42 48 54 60 66 72 78

Kur 0.028 0.032 0.036 0.040 0.044 0.048 0.052

M 7 8 9 10 1 12 13

D 0.7 0.8 0.9 10 11 12 13

Xie 0.0504 0.0576 0.0648 0.0720 0.0792 0.0864 0.0936
[0.0001 05], Kinmruge [0.0001 05], Kprsuge[0.0001 0.5], Consequently, the proposed MT and ES controllers (PMT &

Ki£sug€[0.0001 0.5], PSO sizes=50, maximum iterations
=100, ¢1=2, €;=2, Wpin=0.4 and Wmax = 0.9. Thus, the
weighting functions are suitably selected as

s +48.9961 S + 46.9839
Wiris = 910.9754m, Wesis = 806.7562m
(11)
S +41.9219 s+ 44,9197
Wit = 889.9907m. Wesyg = 886A9561m
(12)

Based on these weighting functions, the shaped plant G, can
be established. This results in Ymin = 2.5849. The convergence
curve of the objective function is illustrated in Fig. 4.

PES) in the islanding and interconnected UG operations of
CMS are obtained as

Keweris (s) = 0.4300 + 0.6607/s (13)
Kpesis (5) = 0.4397 +0.8951/s (14)
Kenpug(s) = 0.1493 + 0.3994/s (15)
Kpesug(s) = 0.1500 + 0.3999/s (16)

In simulation study, the robustness and stabilizing effects of
PMT & PES are compared with those of CMT & CES in CMS [15]).
Itis assumed that the WP, PV and FC outputs and the random

a 162 b 102 .
A 101
10
15.8 M’s‘\j«;‘
3 7 s o M AWAMV \
= 156 s M
g AU g b
5 N 9.7
3 154 3 ¥
: W RV 2 A
E a 96
15.2 '\\
95
& 9.4
148 . . E - 93
0 100 200 300 400 - 500 800 700 0 100 2000 300 400 500 600 _ 700
Time (sec) Time (sec)
c 6 d ¢
58 58
56 § 58
54 S 54
g 2
X 52 S 82
3 s 3 %
5 b L
o 48 o 4
8 48 g 46 y ‘ll
44 3 44 ¥
42 42
4 " i 40 : . .
0 100 200 300 400 500 600 700 0 100 200 300 400 500 600 700
Time (sec) Time (sec)
Fig. 10 - (a) WP output. (b) PV output. (c) FC output. (d) Random load deviati (changed sy P case).

129



7138 INTERNATIONAL JOURNAL OF HYDROGEN ENERGY 34 (2009) 7131-7142
a while ESs of both methods absorb power from the system as
100 - shown in Fig. 6(a) and (b).
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Fig. 11 - (a) Power outputs with the MT and ES controls
(conventional method). (b) Power outputs with the MT and
ES Is (proposed method). (c) Tie line power deviation
with changed system p

load deviation in Fig. 5 are applied to the MG system under the
islanding and interconnected UG operations. From Fig. 5, the
load demand is much higher than the PV and WP power
production. Therefore, MTs in both conventional and
proposed methods supply the insufficient power to the system

In the islanding operation, the frequency deviation under
only PMT and PMT & PES controls is demonstrated in Fig. 7(a).
The frequency fluctuation is significantly damped by PMT &
PES in comparison with only PMT. This shows that the addi-
tion of ES highly improves the stabilizing effect of MT. The
frequency fluctuation with the coordinated controls of PMT &
PES and CMT & CES in the islanding operation is shown in
Fig. 7(b). The frequency fluctuation under the control of PMT &
PES is lower than that of CMT & CES.

For the interconnected UG operation, the tie line power
fluctuation under only PMT and PMT & PES controls is shown in
Fig. 8(a). The stabilizing effect of PMT & PES on a tie line power
deviation s higher than that of only PMT. With the coordinated
controls of PMT & PES and CMT & CES, the tie line power fluc-
tuation is illustrated in Fig. 8(b). The power stabilizing effect of
CMT & CES is lower than that of PMT & PES. This indicates the
higher coordinated control effect of PMT & PES.

In order to investigate the robustness of PMT & PES against
the variation of system parameters in the islanding and
interconnected UG operations, the integral absolute error (IAE)
of frequency deviation (Af) and tie line power deviation (APy,)
under the WP, PV and FC outputs and the random load devi-
ation in Fig. S are determined as

IAE of Af — / ™ lafiae (17)
0

700
IAE of APy, =/ |AP|dt (18)
]

Fig. 9(a) demonstrates the IAE values of Af under the islanding
operation while system parameters K, Tgs, Kyr, M and D are
changed from —30% to +30% of the normal values. In Fig. 9(b),
the IAE values of APy, under interconnected UG operation are
calculated while system parameters Kgs, Tys, Kyvry M, D and Xy
are changed from -30% to +30% of the normal values. The
changed parameters under islanding and interconnected UG
operations are shown in Tables 1 and 2, respectively.

From Fig. 9(a), the IAE values of CMT & CES highly increase
while system parameters decrease. In contrast, the changes of
IAE values in the case of PMT & PES are lower than those of
CMT & CES. Also, the IAE values of CMT & CES in Fig. 9(b)
largely increase when system parameters decrease. On the
other hand, the PMT & PES gives a lower change in IAE than
CMT & CES. These show that PMT & PES is greatly robust to
System parameters variation.

Next, it is supposed that the system is operated in an inter-
connected UG mode under the WP, PV and FC outputs and the
random load deviation as shown in Fig, 10. At t =400 s, the MT
controller (Kpmmis) in the islanding operation is accidentally
disconnected while three controllers (Kpes;s, Kpmrug and Kpesug)
are still operating for t>400s in order to investigate the
robustness of the remaining controllers under the outage of one
controller. During the simulation, it is assumed that Kes, Tgs,
Ky, Mand Xy, aredecreased by 30% from the normal values, Dis
changed from 1to —0.399. This implies that the values of the gain
of ES, time constant of ES, droop property of MT, inertia constant
and tie line reactance are supposedly decreased by 30% from
their normal values. Also, D is reduced from positive damping to
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negative damping. The negative damping can occur when the
MG system is operating at the unstable point. Simulation results
of the power outputs with the MT and ES controls and the tie line
power fluctuation are shown in Fig. 11.

Fig. 11(a) and (b) shows power supplied by MTs and power
absorbed by ESs in both conventional and proposed methods,
Tespectively. Clearly, the power outputs of PMT & PES can be
controlled effectively. On the contrary, the CMT & CES cannot
manage the power unbalance in the MG system. Fig. 11(c)
explains that the CMT & CES completely fails to stabilize the tie
line power oscillation. The MG system becomes unstable, In
contrast, the PMT & PES is robust against system parameters
variation and controller outage situation. The PMT & PES
successfully alleviates the power fluctuation. This result
confirms the superior robustness and coordinated control
effects of PMT & PES over the CMT & CES.

5. Conclusions

In this paper, the application of ES to enhance the robust
frequency stabilization effects of MT has been presented. The
robust coordinated controller design of ES and MT for
frequency stabilization is based on a PSO-based fixed-structure
H., loop shaping control. With the PI structure, the proposed
robust controller can be easily implemented in real systems.
Simulation results confirm that the ES significantly improves
the frequency stabilizing effect of MT. In addition, the proposed
coordinated MT-and ES show the superior robustness against
system parameters variation and various operation situations.
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Appendix A

The proposed control design based on PSO-based fixed-
structure H.. loop shaping control is described as follows:

Al Loop shaping

A pre-compensator (W,) and a post-compensator (W2) in
Fig. A1 are employed to form the shaped plant G, = W,GW,,

Fig, A1- Shaped plant G, and robust controller X,

which is enclosed by a solid line. The designed robust
controller K= W1K. Wy is enclosed by a dotted line where Ka
is the H,, controller.

A2 Weighting function selection

In this section, the weighting functions (W, and W) are
chosen such that the open loop of the shaped plant has the
following conflict properties [23,24]:

- To achieve a good performance tracking and good
disturbance rejection, large open-loop gain (normally at
low frequency range) is required.

- To achieve a good robust stability and sensor noise
rejection, small open-loop gain (normally at high
frequency range) is required.

In Fig. Al, the shaped plant is established by weighting
functions. Because the nominal plant G is an MIMO system,
the weighting functions are selected as

Wie O 0 0
|0 We o0 0 B
Wisl 0 0 Wymg o0 | Wes
0 00 Wi

S+ay
S+b;y

s+
Wi = Kwi——L,  Wigis = Kuy
S+b;

S+a;

S+ a.
Wimyg = Kw:m. Wesug = Kwa 2

S+by

(a1)

where Wy, Wesjs and Warugr Wesug are the weighting
functions of MT output and ES load in the islanding and
interconnected UG modes, respectively, Kwi, a1, by, Kwa, a3, b,
Kws, @3, b3, Kwa, a4 and b, are positive values, because the peak
resonance of the open-loop system occurs in the low
frequency range. Therefore, W, is set as a high-pass filter
(a1 <by, ay<by, a3 < by, a5 < b,).

A3 H,, robust stabilization problem formulation

In this work, variation of system parameters, generating
and loading conditions etc., are defined as unstructured
system uncertainties. Because these uncertainties cannot be
clearly explained by mathematic equations, the coprime

[ 0ot 4 poros
Plant
[ s =8 {ms]
WY _ & & J
Au Ay
[k k—

Robust controller

Fig. A2 - H.. robust stabilization problem.
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factorization is used to represent these unstructured uncer-
tainties. A shaped plant G, is expressed in the form of
normalized left coprime factor G,=M;N,, when the per-
turbed plant G, is defined as

Ga = {(M, +aMy) (N, + 8N < I1AN, AMI <17} (a2)

where M, and AN, are stable unknown transfer functions
which represent unstructured uncertainties in the nominal
plant G. The H.. robust stabilization problem can be estab-
lished by G, and X as depicted in Fig. A2, The objective of
Tobust control design is to stabilize not only the nominal plant
G but also the family of perturbed plant G,. In (A2), Vy is
defined as the robust stability margin, The maximum stability
margin in the face of system uncertainties is given by the
lowest achievable value of . Therefore, ymia implies the
largest size of system uncertainties that can exist without
destabilizing the closed-loop system in Fig. A2. The value of
Ymin €an be calculated from

Tmin = V1+ Anax(XZ) (A3)

where ima<(XZ ) denotes the maximum eigenvalue of XZ. For

minimal state-space realization (A,B,C,D) of Gg, the values of X

and Z are unique positive solutions to the generalized control

algebraic Riccati equation

(A -BS™D"C)"X + X(A - BS-'DTC) — XBS-'B™X + CTR-'C = 0
(A4)

and the generalized filtering algebraic Riccati equation

(A-BST'DTC)Z +2(A - BS"'DTC)"-ZCTR-1CZ + BS-1BT = 0
(A5)

where R=1+DD"and S =1+ D™D, Note that no iteration on vis

needed to solve for y.,. To ensure the robust stability of the

nominal plant G, the weighting functions are chosen so that

1.0 < Ymin <4.0 [23,24].

A4 Generate the objective function

In Fig. A1, K., can be determined as follows:
Ka = WiK(s) (a6)

Because W, =1, the necessary and sufficient condition of the
robust controller K(s) [23,24] is

” [i{, }(' - GiK.) 1G]

L <y (a7)

Substitute (A6) in (A7), that is

” [{)vl—nx(s)] (- Gswy ‘K(S))'ilfG-I”w = (a8)

Therefore, the objective function can be defined as

Minimize v,y + “ [ i/V;’K(s)] (1- G.W;K(s)) 1G]

|

Subject to

Kwiamin < Kwit < Kwidmasy G1qmin < Q1 < @14 maxs
Dismmin < brs € brymax,

Yminmin < Ymin < Tminmaxs 01 <by, @2 <by, a;<bs,
a4 < by, [Glasys < [Galanars

Keamismin < Keowerie < Keomsman,  Kiwmismin < Kisers
< Ki MTiamax,

Ke esismin < Kp gsis < Kessismaxs  Kigsiamin < Kizsis < Kigsissmaz,

Ke stugmin < Kpaurrug < Ko wrugmaxs Ki mrugmin < Kiyrug
< Kinrugmax,

Kp_esugmin < Kp_ssug < Kp_psugma, Ki_esugmin < Kigsug
< KI_ESug.mn (Alo)

where Kuwigminy @14mmins b1amin and Kwi4maxi @1-4,maxs
b1_4,max are the minimum and maximum of the positive values
of MT output and ES load in the islanding and interconnected
UG operations, respectively. Yminmin 80d Yminmax are the
minimum and maximum values of yumin, respectively. |Glyg
and [Ge|ys,, are the open-loop gains of the nominal plantG and
the shaped plant G, at low frequency range, respectively.
Ke amisyminy K MTismin Ke_gsisimine Ki_tsisamin and Kp_yeriomas
Kimtis,maxs  Kp_ESis,maxs K rsismax are the minimum and
maximum of Pl parameters of Kpyry, and Kpesis, respectively.
Kp mrugmin, Kinrugmin, Ke_Esugmins Kiesugmin and Kp rugman,
Kimrugmaxs Ke_esugmax K1 esugmax are the minimum and
maximum of PI parameters of Kemrug and Kegsug, respectively.

In (A9), the weighting functions are selected by tuning the yuin
value so that the open-loop gains of the shaped plant G, are more
than those of the nominal plant G at the low frequency range and
the roll-off rates are approximately 20 dB/decade [23,24].

AS PSO algorithm

The PSO algorithm [21,22] is described as follows:

1. Specify the parameters of PSO. Initialize a population of
the particles with random positions and velocities
within upper and lower bound values of the problem
space. Set iteration count as iter=1.

2. Evaluate theobjective function for each particle using (A9).

3. Compare the fitness value of each particle with its best
position for particle (pbest). The best fitness value
among all the pbests is the best position of all particles in
the group ( gbest).

4. Update the velocity v; and position of particle x; by

Viys = W-V; +¢;rand, - (pbest — x;) + c;-rand, - (gbest — x;)

(A11)
Xipr = Xj + Viyy (A12)
W = Wmnax — ((Winax — Wrnin)/iterma) iter (A13)

where ¢; and c, are the cognitive and social acceleration
factors, respectively. rand; and rand, are the random
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Fig. B1 - WP model.

Random output fluctuation

White nolse block

LP filter

PV initial output

Fig. B2 - PV model.

numbers of range (0,1). w is inertia weight factor. Wy, and
Wmax are the minimum and maximum inertia weight factors,
Tespectively, iter and iterm.. are the iteration count and
maximum iteration, respectively.
5. Increment iteration for a step (iter=iter + 1).
6. When the maximum number of iterations is arrived,
stop the process. Otherwise go to process 2.

Appendix B

In this paper, the standard deviations of WP and PV are
mathematically evaluated as [15,16}:

dPyp = 0.8v/Pyp (B1)
dPpy = 0.74/Fpy (82)

The WP and PV models [15,16] are exhibited in Figs. B1 and B2,
respectively. The WP and PV standard deviations in (B1) and
(B2) are multiplied by a random output fluctuation derived
from the white noise block with a low pass filter in MATLAB/
SIMULINK in order to evaluate the random power fluctuation,
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